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1. Introduction 

This document summarizes the work performed by KEMA and DMI during 2010 and 2011 to 
quantify the actual energy and demand savings due to the installation of 29 Custom Heating, 
Ventilation and Air-Conditioning (HVAC) measures installed through the Massachusetts Energy 
Efficiency Program Administrator’s (PAs) C&I New Construction & Major Renovation and C&I 
Large Retrofit programs in 2009. 

1.1 Purpose of Study 

The objective of this impact evaluation is to provide verification or re-estimation of electric 
energy and demand savings estimates for 29 Custom HVAC projects through site-specific 
inspection, monitoring, and analysis.  The results of this study will be used to determine the final 
realization rates for Custom HVAC energy efficiency measures installed in 2009.  Realization 
rates will be separately determined for National Grid, NSTAR, Western Massachusetts Electric 
(WMECO) and Cape Light Compact (CLC), as well as at the statewide level.  The evaluation 
sample for this study was designed in consideration of the 90% confidence level for energy 
(kWh) and the 80% confidence level for coincident peak summer demand (kW). 

This impact study consists of the following four tasks: 

1. Develop Sample Design 
2. Develop Site Measurement and Evaluation Plans 
3. Data Gathering and Analysis 
4. Report Writing and Follow-up 
5. Analysis Procedures 

1.2 Scope 

The scope of work of this impact evaluation covered the 2009 Custom HVAC end-use, which 
includes high efficiency HVAC equipment, HVAC controls as part of Energy Management 
Systems (EMS), O&M and retro-commissioning HVAC measures, and building shell 
improvements that impact HVAC loads.  This impact evaluation includes only measures which 
primarily reduce electricity consumption. 
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2. Description of Sampling Strategy 

The primary focus of the sample design was to examine various precision scenarios for the 
Custom HVAC programs in Massachusetts.  The initial design approach was to support the 
estimation of annual kWh savings realization rates separately for National Grid and NSTAR 
while including appropriate representation for WMECO and CLC.  The study population of 70 
Custom HVAC projects from the 2009 program year is summarized in Table 1. 

Table 1: Population Statistics 

Program 
Administrator Projects 

Total 
Gross 

Savings 
(kWh) 

Average 
Savings 
(kWh) 

Minimum 
(kWh) 

Maximum 
(kWh) 

Standard 
Deviation 

Coefficient 
of 

Variation 
National Grid 46 9,281,937 201,781 1,519 1,190,210 251,758 1.25 
WMECO 2 315,204 157,602 39,590 275,614 118,012 0.75 
NSTAR 21 4,496,199 214,105 3,313 773,846 196,401 0.92 
CLC 1 283,740 283,740 283,740 283,740 0 0.00 
Totals 70 14,377,080      

 
The goal of the study is to design a sample that will allow KEMA to estimate realization rates for 
a number of measurements (annual kWh, percent of kWh savings on-peak, summer on-peak 
kW, and winter on-peak kW) with a relative precision of ±10%.  While the primary variable of 
interest for the sample design was annual kWh savings, the PAs also were interested in 
coincident peak summer kW because it is used in the ISO-NE Forward Capacity Market (FCM).  
The target for annual kWh was set at the traditional ±10% at 90% confidence, while the target 
for summer kW was set at ±10% precision at 80% confidence during the design. The summer 
kW target is based on the ISO-NE overall portfolio precision requirements, but need not be 
achieved in each individual study because the FCM precision may be calculated for each PA’s 
overall portfolio of demand resources.    Both are assessed in the following sections.   

All of the sample design results for annual kWh were calculated at the 90% confidence level, 
while results for summer kW were calculated at the 80% confidence level. 

2.1 Annual kWh Sample Design 

KEMA presented several preliminary sample designs stratified by annual kWh for the 
Massachusetts PAs for the Custom HVAC end-use. The parameters considered in the sample 
design are the number of sample observations planned and the anticipated error ratio of 
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quantity being estimated.  The error ratio is a measure of the strength of the relationship 
between the known characteristic (i.e., tracking system savings) and the quantity being 
estimated (i.e., evaluated savings).   

The preliminary analyses looked at the impacts of samples of 10, 12 and 15 sites for National 
Grid, 8, 10 and 12 for NSTAR and 1 site each for WMECO and CLC.  Multiple scenarios were 
run with assumed error ratios of 0.60 and 0.80.The ranges of error ratios and sample sizes 
considered was based on the results of two recent Custom HVAC evaluations done for National 
Grid.  The 2005 study had 15 sample sites and an error ratio on the annual kWh savings 
estimate of 0.48.  The 2006 study had 11 sample sites and an error ratio of 0.85. 

Based on the results of the preliminary planning scenarios, samples were designed based on 
the population data provided by National Grid for HVAC 2009 sites for the four Massachusetts 
PAs.  After some discussion about budgets and desired results, samples were designed using 
an error ratio of 0.6 and sample sizes of 15, 12, 1 and 1 for National Grid, NSTAR, WMECO and 
CLC, respectively.  Table 2 shows the stratum cut points and distribution of sample sites in this 
scenario. 

Table 2: Sample Design based on Selected Scenario (15, 12, 1, 1) 

Program 
Administrator Stratum 

Maximum Total 
Gross Savings 

(kWh) Projects 
Total Gross 

Savings (kWh) 
Planned Sample 

Size 
National Grid 1 118,389 23 1,145,829 3 
National Grid 2 217,393 9 1,583,579 3 
National Grid 3 276,745 6 1,502,442 3 
National Grid 4 406,545 5 1,935,493 3 
National Grid 5 1,190,210 3 3,114,594 3 
WMECO 1 275,614 2 315,204 1 
NSTAR 1 142,112 10 740,735 3 
NSTAR 2 215,267 4 768,925 3 
NSTAR 3 325,715 4 1,115,287 3 
NSTAR 4 773,846 3 1,871,252 3 
CLC 1 283,740 1 283,740 1 

 

Table 3 lists the calculated precision estimates for this scenario, following stratification.  A 
precision of ±12.0% was estimated for the overall results from all four PA’s at the 90% 
confidence level.  While the expected precision for the WMECO group is extremely high, its 
influence on the overall precision is minimal due to its relative size. 
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Table 3: Estimated kWh Precision for Selected Scenario (15, 12, 1, 1) 

Program 
Administrator Projects 

Total Gross 
Savings (kWh) Error Ratio 

Planned Sample 
Size 

Anticipated 
Relative Precision 

National Grid 46 9,281,937 0.6 15 ±17.0% 
WMECO 2 315,204 0.6 1 ±83.3% 
NSTAR 21 4,496,199 0.6 12 ±14.6% 
CLC 1 283,740 0.6 1 ±0.0% 
Totals 70 14,377,080 0.6 29 ±12.0% 

 

2.2 Summer kW Sample Design 

Before deciding on the final sample design, the analytical team examined the estimated summer 
kW precision that could be achieved with a sample of this size. A sample design for the four 
groups and 29 sites was created.  The error ratios for summer kW savings realization rates in 
the prior National Grid studies ranged from 1.15 to 1.40, which are much higher than the Annual 
kWh savings error ratios.  An average error ratio of 1.2 was used in the model. Given the ISO-
NE requirement of 80/10 precision, this analysis was run at an 80% confidence level.   

Table 4 estimates the summer kW precision using these parameters.  Overall, the expected 
relative precision is ±17.9% at the 80% confidence level.  While this does not quite meet the 
ISO-NE requirement, it is acceptable since the requirement is not applied to individual 
programs; each PA must achieve 80%/10% it for their entire portfolio of demand resources. 

Table 4: Estimated Precision for Summer kW using Selected Sample Size 

Program 
Administrator Projects 

Summer kW 
Savings Error Ratio 

Planned Sample 
Size 

Anticipated 
Relative Precision 

National Grid 46 1,489 1.2 15 ±26.5% 
WMECO 2 37 1.2 1 ±129.8% 
NSTAR 21 916 1.2 12 ±22.7% 
CLC 1 60 1.2 1 ±0.0% 
Totals 70 2,503 1.2 29 ±17.9% 
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After discussions with the PAs about evaluation objectives, KEMA recommended, and the PAs 
agreed that they proceed with this sample design for 29 sites in Massachusetts.  This design is 
expected to produce good precision results state-wide and reasonable precision results for 
National Grid and NSTAR individually.   

2.3 Final Sample 

Table 5 presents the list of 29 projects selected as the final sample for Custom HVAC.  Note 
that projects that had not yet been fully commissioned at the time of the study were not 
considered for the evaluation.  The final sample required the selection of two back-up sample 
points.  NSTAR site CS7627 was a stratum 1 site that replaced CS7649, a stratum 2 site, 
because the primary selection was not yet commissioned, and there were no additional stratum 
2 sites available for back-up.  NSTAR site CS7824 replaced CS7487 because the primary 
selection declined the evaluation citing confidentiality concerns.  Both of these sites were in 
stratum 3.  Also presented in this table are the site assignments by evaluating company on the 
KEMA Team.  KEMA evaluated 20 of the 29 projects and Demand Management Institute (DMI) 
evaluated the remaining nine projects.      
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Table 5: Final Sample Selection 

Site  Program 
Administrator Stratum Project ID Evaluator Project Description ID 

1 National Grid 1 N528586 KEMA Office Building, VSDs on Chilled Water Pumps 
2 National Grid 1 N528932 KEMA Office Building, Demand Controlled Ventilation 
3 National Grid 1 N547560 KEMA College, Static Pressure Reset and VSDs on Lab Exhaust Fans 
4 National Grid 2 N529184 KEMA Manufacturing, Ultrasonic Humidifiers 
5 National Grid 2 N533806 KEMA College, New Heat Pumps and Condenser Unit 
6 National Grid 2 N549060 DMI High School, Reduced Summer Operation 
7 National Grid 3 N525455 KEMA Office Building, Retro-commissioning 
8 National Grid 3 N546844 KEMA School, Night Temperature Set Back, Weather Stripping, Lighting Controls 
9 National Grid 3 N561104 KEMA Manufacturing, Retro-commissioning 

10 National Grid 4 N526240 DMI Manufacturing, Process Exhaust Fan VSD 
11 National Grid 4 N535094 KEMA University, Lower Fan Speed by Replacing Cooling Coils 
12 National Grid 4 N545636 DMI College, Retro-commissioning 
13 National Grid 5 N525453 KEMA Office Building, OA Economization, Steam Leaks, and Reducing Ventilation Air  
14 National Grid 5 N525819 KEMA Museum, EMS Scheduling, Intelligent Ventilation, VSDs, Reduced Speed Unit Heaters 
15 National Grid 5 N530145 DMI University, VFDs on Dual Duct AHU Supply and Return Fans 
16 WMECO 1 WM08S554 KEMA Office Building, VSDs on Pumps, EMS Controls 
17 NSTAR 1 CS1312_A KEMA Office/Lab, High Efficiency Chillers 
18 NSTAR 1 CS7561 KEMA Medical, Energy Recovery Ventilation 
19 NSTAR 1 CS7787_B KEMA Office Building, Evaporative Condensing RTUs 
20 NSTAR 1 CS7627 DMI Medical, New Custom AHUs Instead of Commercial Grade AHUs 
21 NSTAR 2 CS7726 KEMA Office Building, New Chiller and Heat Exchanger 
22 NSTAR 2 CS7812 DMI Hospital, New Chiller 
23 NSTAR 3 CS7824 KEMA Manufacturing, New Chillers 
24 NSTAR 3 CS7626 DMI Hospital, New Custom AHUs Instead of Commercial Grade AHUs 
25 NSTAR 3 CS7921 DMI Office Building, New Chiller 
26 NSTAR 4 CS1312_B KEMA Office/Lab, Free Cooling Heat Exchanger 
27 NSTAR 4 CS1312_C KEMA Office/Lab, CO Sensors and Controls for Garage Ventilation 
28 NSTAR 4 CS7459 DMI Hotel, Replace PTAC Units with Heat Pumps 
29 CLC 1 CLC99999 KEMA Community Center, High Efficiency Brine Chiller Plant 
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3. Description of Methodology 

3.1 Measurement and Evaluation Plans 

Following the final sample selection of 2009 Custom HVAC applications and prior to beginning 
any site visits, KEMA and DMI developed detailed measurement and evaluation plans for each 
of the 29 applications. The plans outlined on-site methods, strategies, monitoring equipment 
placement, calibration and analysis issues.  The PAs provided comments and edits to clarify 
and improve the plans prior to them being finalized. 

 Evaluators utilized the savings analysis methodologies from the Technical Assistance Study 
(TA) whenever possible.  There were four instances where the TA methodology was found to be 
incorrect or inappropriate, and evaluators performed an analysis more appropriate to the 
measure being evaluated.  Adjustments to savings methodologies were presented and agreed 
to in the measurement and evaluation plans.    

The site evaluation plan played an important role in establishing approved field methods and 
ensuring that the ultimate objectives of the study were met.  Each site visit culminated in an 
independent engineering assessment of the actual (e.g. as observed and monitored) annual 
energy, on-peak energy, diversified summer peak demand, and diversified winter peak demand 
savings associated with each project.     

3.2 Data Gathering, Analysis, and Reporting 

Data collection included physical inspection and inventory, interview with facility personnel, 
observation of site operating conditions and equipment, short-term metering of usage and EMS 
trends.  At each site, KEMA performed a facility walk-through that focused on verifying the post-
retrofit or installed conditions of each energy conservation measure (ECM).  Several of the 
facilities utilized EMS controls which were either part of the application itself or controlled 
equipment that was included in the application.  Evaluators viewed EMS screens to verify 
schedules and operating parameters where applicable.  Instrumentation such as power 
recorders, Time-Of-Use (TOU) lighting loggers, TOU current loggers, and temperature loggers 
were installed to monitor the usage of the installed HVAC equipment and associated affected 
spaces.  EMS trends were also collected, when available.   

Savings analyses were used to estimate hourly energy use and diversified coincident peak 
demand.  A typical meteorological year (TMY3) dataset of ambient temperatures closest to each 
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facility was used for all temperature sensitive calculations.  Each site report details the specific 
analysis methods used specific for each project including algorithms, assumptions and 
calibration methods where applicable.  Several sites were analyzed using building simulation 
models, including eQUEST, PowerDOE, and Visual DOE.  

Engineers submitted draft site reports to the PAs upon completion of each site evaluation, which 
after review and comment resulted in the final reports found in Appendix B:  Site Reports.  This 
executive summary provides a concise overview of the evaluation methods and findings. 

3.3 Analysis Procedures 

In order to aggregate the individual site results from the Custom HVAC sample, KEMA applied 
the model-assisted stratified ratio estimation methodology described in References [1] and [2] in 
Appendix A:  References.  The key parameter of interest is the population realization rate, i.e., 
the ratio of the evaluated savings for all population projects divided by the tracking estimates of 
savings for all population projects. This rate is estimated for the overall Massachusetts program, 
as well as for individual PAs. Of course, the population realization rate is unknown, but it can be 
estimated by evaluating the savings in a sample of projects.  The sample realization rate is the 
ratio between the weighted sum of the evaluated savings for the sample projects divided by the 
weighted sum of the tracking estimates of savings for the same projects.  The total tracking 
savings in the population is multiplied by the sample realization rate to estimate the total 
evaluated savings in the population.  The statistical precisions and error ratios are calculated for 
each level of aggregation. 

The results presented in the following section include realization rates (and associated precision 
levels) for annual MWh savings, on-peak MWh savings, and on-peak demand (kW) savings at 
the times of the winter and summer peaks, as defined by the ISO New England Forward 
Capacity Market (FCM).  All coincident summer and winter peak reductions were calculated 
using the following FCM definitions:  

• Coincident Summer On-Peak kW Reduction is the average demand reduction that 
occurs over all hours between 1 PM and 5 PM on non-holiday weekdays in June, July 
and August. 

• Coincident Winter On-Peak kW Reduction is the average demand reduction that occurs 
over all hours between 5 PM and 7 PM on non-holiday weekdays in December and 
January. 
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Note that WMECO historically utilizes the seasonal peak kW reductions as defined by the FCM, 
but that the numbers in this report are based on the on-peak definition above.  Relative 
precision levels and error bounds are calculated at the 80% confidence level for demand values, 
since that is the requirement for participation in the FCM. For all MWh realization rates, the 
standard 90% confidence level is used. 

4. Results 

In preparation for analyzing the evaluation results collected for the Custom HVAC sample 
points, the original 2009 population stratum boundaries were used to calculate case weights for 
the each sample observation.  These weights reflect the number of projects that each sample 
point represents in their respective populations, and allow for the aggregation of results across 
strata and PAs. The final case weights for the study, which reflect sample substitutions, are 
shown in the last column in Table 6. 

Table 6: Custom HVAC Case Weights 

 

 

4.1 Major Findings and Observable Trends 

Figure 1 presents a scatter plot of evaluation results for annual kWh savings using all PA 
sample points. The dashed line represents a realization rate of one.  The slope of the solid line 
in this graph is an indication of the overall realization rate, and can be seen to be close to one.  
These sample data are scattered pretty widely around the trend line, which supports the 
estimate made during the design process that the error ratio would be relatively high. 

PA Stratum
Total 

Applications
Total Annual 

MWh
Applications in 

Sample
Case 

Weight
National Grid 1 23 1,146 3 7.67
National Grid 2 9 1,584 3 3.00
National Grid 3 6 1,502 3 2.00
National Grid 4 5 1,935 3 1.67
National Grid 5 3 3,115 3 1.00
WMECO 1 2 315 1 2.00
NSTAR 1 10 741 4 2.50
NSTAR 2 4 769 2 2.00
NSTAR 3 4 1,115 3 1.33
NSTAR 4 3 1,871 3 1.00
Cape Light Compact 1 1 284 1 1.00
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Figure 1: Scatter Plot of Evaluation Results for Annual kWh Savings 
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4.2 Presentation of Results 

Table 7 presents a summary of the site level results for this impact evaluation.     

Table 7: Detailed Site Results 

     Tracking Estimated Savings Evaluation Savings 
       On-  Peak Coinc.   On-  Peak Coinc. 
Site Application    Peak Sum. Wint.   Peak Sum. Wint. 
ID ID Stratum kWh/yr % kW kW kWh/yr % kW kW 
1 N528586 1 44,951 70% 13.3 0.0 30,292 80% 12.0 0.8 

2 N528932 1 17,112 100% 32.8 0.0 8,145 100% 9.6 0.0 

3 N547560 1 52,423 13% 0.0 0.0 78,866 38% 6.0 7.3 

4 N529184 2 166,985 48% 0.0 19.0 155,853 48% 0.0 17.7 

5 N533806 2 128,067 34% 1.9 38.9 170,166 24% 2.9 13.2 

6 N549060 2 193,357 70% 294.0 0.0 157,265 93% 236.9 0.0 

7 N525455 3 229,068 93% 191.0 143.0 238,010 104% 103.8 18.6 

8 N546844 3 247,548 47% 40.0 30.0 180,520 69% 3.1 13.0 

9 N561104 3 276,745 35% 26.0 26.0 184,918 46% 20.9 20.5 

10 N526240 4 383,976 48% 43.8 43.8 785,440 47% 115.0 84.6 

11 N535094 4 402,253 46% 40.2 39.7 565,947 47% 72.2 56.4 

12 N545636 4 338,400 37% 2.0 2.0 175,306 1% 2.3 4.0 

13 N525453 5 1,065,165 46% 87.0 42.0 1,066,509 53% 158.3 88.4 

14 N525819 5 1,190,210 44% 99.1 66.9 966,911 44% 118.2 96.7 

15 N530145 5 859,219 55% 177.8 138.0 751,003 63% 112.4 106.2 

16 WM08S554 1 275,614 N/A 16.7 7.1 154,392 46% 11.9 25.7 

17 CS1312_A 1 61,966 N/A 59.0 9.0 86,356 53% 31.0 0.0 

18 CS7561 1 3,313 N/A 5.0 0.0 711 54% 0.4 0.0 

19 CS7787_B 1 135,045 N/A 185.0 8.0 127,605 100% 120.7 3.1 

20 CS7627 1 111,223 N/A 11.8 25.7 74,219 66% 15.7 10.1 

21 CS7726 2 180,276 N/A 38.0 32.0 188,022 62% 7.3 10.7 

22 CS7812 2 194,599 N/A 46.9 0.0 263,831 48% 54.4 1.6 

23 CS7824 3 220,799 N/A 71.8 24.0 174,121 48% 41.2 2.0 

24 CS7626 3 325,715 N/A 68.2 36.0 457,190 46% 54.7 50.9 

25 CS7921 3 294,457 N/A 50.6 88.9 428,311 56% 95.5 15.3 

26 CS1312_B 4 435,331 N/A 0.0 67.0 471,805 42% 0.0 122.0 

27 CS1312_C 4 662,075 N/A 77.0 77.0 1,947,083 49% 279.9 280.9 

28 CS7459 4 773,846 N/A 0.0 242.1 134,414 44% 1.6 14.6 

29 CLC99999 1 283,740 100% 60.4 60.4 721,413 47% 62.6 107.5 

 

Table 8 summarizes the savings realization rates and primary reasons for discrepancies 
between the tracking and evaluation estimates of annual energy savings.  The site energy 
savings realization rates ranged from a low of 17% for Site 28 to a high of 294% for Site 27.  
Note that some of the ratios are “N/A” for the on-peak % and peak coincident demand 
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reductions because the tracking estimates were zero for some of these values.   

Table 8: Primary Site Discrepancies 

    Ratio Evaluated/Tracking  
      On-  Peak Coinc.  
Site Application   Peak Sum. Wint. Primary Reason for  
ID ID kWh/yr % kW kW Discrepancy 

1 N528586 67% 115% 90% N/A 
Tracking savings calculated non-interactively with other measures. 
Evaluation savings based on building as-built. 

2 N528932 48% 100% 29% N/A 
Building unoccupied. Evaluation assumed unoccupied 5 of the 13 years 
of the measure life. 

3 N547560 150% 293% N/A N/A Inconsistencies and errors in tracking calculations.   

4 N529184 93% 100% N/A 93% Units out of service for 1 year out of the 15 year life of the measure. 

5 N533806 133% 69% 157% 34% Metered data shows more aggressive set-back is being used. 

6 N549060 81% 133% 81% N/A 
Tracking calculation mistake that is magnified when a partial data set is 
extrapolated for entire summer periods. 

7 N525455 104% 112% 54% 13% 
Increased annual operating hours.  Tracking savings based on 50 
weeks per year. 

8 N546844 73% 146% 8% 43% Some measures not installed (weather stripping, night temp set back). 

9 N561104 67% 131% 80% 79% Equipment that was to be off was brought back on-line. 

10 N526240 205% 98% 263% 193% 
TA study did not include cooling savings; exhaust flow was further 
reduced beyond original estimates. 

11 N535094 141% 101% 180% 142% Lower fan turndown rates found onsite. 

12 N545636 52% 4% 115% 199% 

Lighting controls were not implemented, tracking did not account for 
interactivity between measures, AHU control not scheduled as 
aggressive as tracking. 

13 N525453 100% 115% 182% 210% 
Minor changes and discrepancies between monitored and tracking 
operation of equipment and temperature set points. 

14 N525819 81% 101% 119% 145% 
M1, setback savings significantly less due to diversity factor (80% 
tracking 30% evaluation). 

15 N530145 87% 115% 63% 77% 

Lower base-case fan energy and higher installed fan energy than 
predicted in tracking analysis.  Also, fewer annual operating hours 
compared to tracking estimate (5,840 evaluation vs. 6,155 tracking).  

16 WM08S554 56% N/A 71% 361% Site not using controls for chilled water and condenser pumps. 

17 CS1312_A 139% N/A 52% 0% 

Higher ton-hrs in the evaluation.  Tracking estimate assumed summer 
kW savings in the highest temperature bin, rather than during the 
summer peak hours. 

18 CS7561 21% N/A 9% N/A Error found in TA model that does not properly assess energy savings. 

19 CS7787_B 94% N/A 65% 39% 
Building unoccupied. Evaluation assumed unoccupied 2 of the 20 years 
of the measure life. 

20 CS7627 67% N/A 133% 39% 
Significantly lower supply airflow rates during unoccupied periods than 
predicted in the tracking analysis.   
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    Ratio Evaluated/Tracking  
      On-  Peak Coinc.  
Site Application   Peak Sum. Wint. Primary Reason for  
ID ID kWh/yr % kW kW Discrepancy 

21 CS7726 104% N/A 19% 34% 
Tracking estimate assumed kW savings in the highest temp bins, rather 
than during the actual summer and winter peak hours. 

22 CS7812 136% N/A 116% N/A 
Increase in savings is due to higher chilled water loads and longer chiller 
operating hours. 

23 CS7824 79% N/A 57% 8% 
The chiller curves (both base case and installed) used in the TA analysis 
did not match the manufacturer's performance data well.  

24 CS7626 140% N/A 80% 141% 
Differences in the airflow profile and its effects on fan operation and 
performance. 

25 CS7921 145% N/A 189% 17% 
Increase in savings is due to higher than predicted chilled water loads in 
evaluation vs. tracking. 

26 CS1312_B 108% N/A 0% 182% 

Offsetting differences between free cooling load (tracking estimate 
higher) and part load efficiency of the installed chiller (evaluation 
estimate higher). 

27 CS1312_C 294% N/A 363% 365% 
Significantly less runtime of garage supply and exhaust fans in the 
installed case (evaluation) than in the proposed case (tracking).   

28 CS7459 17% N/A N/A 6% 
Less full load heating hours (2,050 tracking, 925 evaluation). Less 
heating load served by heat pumps (55-60% tracking, 27% evaluation). 

29 CLC99999 254% 47% 104% 178% 
Estimated chiller loads were significantly higher in evaluation than in TA 
model. 

 

The site-level evaluation results were aggregated using stratified ratio estimation.  The PA 
realization rates are estimated, and then applied to each PA’s total tracking savings to 
determine their total measured savings. The state-wide realization rate is the ratio of the total 
measured savings to the total tracking savings, each of which is calculated by summing across 
the PAs.  Table 9 summarizes the state-wide results of this analysis.  The table shows the 
results for three of the four measures of savings. State-wide on-peak kWh savings was not 
calculated because two of the four PAs did not provide tracking system data on this 
measurement.  In the case of annual MWh savings, the realization rate for Custom HVAC 
measures was found to be 109.8%. The relative precision for this estimate was found to be 
±6.6% at the 90% level of confidence. The error ratio was found to be 0.48. Table 9 also shows 
the results for the on-peak summer and winter coincident demand savings, measured in KW.  
Since the design criteria for the demand realization rates were based on an 80% confidence 
level, the precisions and error bounds at this level are reported in the appropriate rows in Table 
9 and Table 10.  For the on-peak summer kW, the overall realization rate was 87.6%, with a 
relative precision of ±9.3% at an 80% confidence level.  For on-peak winter kW, the realization 
rate was a bit lower, at 86.4%. The grey cells in Table 9 and Table 10 represent the energy 
savings presented at 80% confidence, and demand savings at 90% confidence.  These cells are 
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grey because the precision at these confidence levels were not required, but included for 
information purposes only 

It is anticipated that WMECO will apply the on-peak summer and winter kW realization rates to 
their seasonal peak kW reductions.  In future evaluations, a seasonal peak kW realization rate 
will be calculated for use by WMECO. 

Table 9: Summary of Custom HVAC Results 

 

The results of KEMA’s analysis of realization rates by PA follow in Table 10.  National Grid, 
NSTAR and Cape Light Compact all had annual MWh savings realization rates greater than 
100%, at 100.5%, 123.7% and 254.3% respectively. Only WMECO had a low Annual MWh 
savings realization rate of 56%.  The realization rates for percent on-peak MWh savings for 
National Grid and Cape Light Compact, the only PAs providing this information from their 
tracking system, were 107% and 47%, respectively.   

Results for summer and winter on-peak kW savings varied widely. National Grid was pretty 
consistent with the summer and winter on-peak kW realization rates around 83%.  NSTAR 
varied more by season, with a summer kW rate of 93.6% and a winter kW rate of 74.9%.  The 
single evaluated sites in WMECO and CLC produced generally high realization rates for 
summer and winter on-peak kW. 

The relative precisions of these estimates for the PAs with only one evaluated site (Cape Light 
Compact and WMECO) are zero.  In the case of CLC, there is no error since the entire 
population of one project was sampled.  For WMECO, the one sample site drawn from a 
population of two determined the realization rate and contributed no variation, resulting in 
precisions very close to zero.  National Grid results, based on 15 evaluated sites include 
precisions ranging from ±10.7% at 90% confidence for annual MWh to ±27.1% at 80% 

Statistic Annual MWh
On-Peak 

Summer kW
On-Peak 

Winter kW
Total Tracking Savings 14,377                       2,503                 1,860                
Total Measured Savings 15,790                       2,192                 1,608                
Realization Rate 109.8% 87.6% 86.4%
Relative Precision at 90% Confidence 6.6% 11.9% 18.6%
Error Bound at 90% Confidence 1,040                         262                    299                   
Relative Precision at 80% Confidence 5.1% 9.3% 14.5%
Error Bound at 80% Confidence 810                            204                    233                   
Error Ratio 0.48                           0.68                   1.20                  
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confidence for on-peak winter kW.  For NSTAR, the best precision (±5.3%) was on annual MWh 
savings, and the worst was on summer kW (±15.0%).    

Table 10: Summary of Custom HVAC Results by Program Administrator 

 

4.3 Comparison to Prior Results 

While this is the first state-wide evaluation of the Custom HVAC program, it is informative to 
compare these results to those of prior studies done by individual PA's.  National Grid evaluated 

Statistic
Annual 
MWh

On-Peak 
MWh

% On-Peak 
MWh

On-Peak 
Summer kW

On-Peak 
Winter kW

National Grid
Total Tracking Savings 9,282               4,490                 48.4% 1,489                  1,001                  
Total Measured Savings 9,331               4,834                 51.8% 1,245                  825                     
Realization Rate 100.5% 107.7% 107.1% 83.6% 82.4%
Relative Precision at 90% Confidence 10.7% 10.8%  - 16.3% 34.8%
Error Bound at 90% Confidence 997                  522                      - 203                     287                     
Relative Precision at 80% Confidence 8.3% 8.4%  - 12.7% 27.1%
Error Bound at 80% Confidence 777                  407                      - 158                     224                     
Error Ratio 0.38                 0.38                     - 0.64                    1.26                    
WMECO
Total Tracking Savings 315                   -  - 37                        27                        
Total Measured Savings 177                   -  - 26                        97                        
Realization Rate 56.0%  -  - 71.3% 361.3%
Relative Precision at 90% Confidence 0.0%  -  - 0.0% 0.0%
Error Bound at 90% Confidence 0                        -  - 0                          0                          
Relative Precision at 80% Confidence 0.0%  -  - 0.0% 0.0%
Error Bound at 80% Confidence 0                        -  - 0                          0                          
Error Ratio 0.00                  -  - 0.00                    0.00                    
NSTAR
Total Tracking Savings 4,496                -  - 916                     771                     
Total Measured Savings 5,561                -  - 858                     578                     
Realization Rate 123.7%  -  - 93.6% 74.9%
Relative Precision at 90% Confidence 5.3%  -  - 19.2% 14.3%
Error Bound at 90% Confidence 294                   -  - 165                     83                        
Relative Precision at 80% Confidence 4.1%  -  - 15.0% 11.1%
Error Bound at 80% Confidence 229                   -  - 129                     64                        
Error Ratio 0.72                  -  - 0.81                    1.53                    
Cape Light Compact
Total Tracking Savings 284                  284                     100.0% 60                        60                        
Total Measured Savings 721                  339                     47.0% 63                        108                     
Realization Rate 254.3% 119.5% 47.0% 103.6% 178.0%
Relative Precision at 90% Confidence 0.0% 0.0%  - 0.0% 0.0%
Error Bound at 90% Confidence  -  -  -  -  - 
Relative Precision at 80% Confidence 0.0%  -  - 0.0% 0.0%
Error Bound at 80% Confidence  -  -  -  -  - 
Error Ratio 0.00                 0.00                     - 0.00                    0.00                    
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their Custom HVAC program in 2005 and 2006.  The combined 2005 and 2006 realization rate 
for annual MWh was found to be 81.1%, which is significantly lower than the findings in this 
study.  Their combined summer kW rate was lower and combined winter kW rate was higher 
(72.2% and 104.9% respectively). 

4.4 Implications for Future Studies 

The results of this analysis can be used to inform future sample designs.  During the design of 
this study, an error ratio of 0.60 was assumed for annual MWh savings and 1.20 was assumed 
for summer kW, based on limited historical information.  These were chosen to be conservative, 
and turn out to be fairly accurate.  Based on the findings of this study, the error ratios were 
slightly lower than anticipated:  the annual MWh error ratio was 0.48 and the summer kW error 
ratio was 0.68.  It turns out that the winter kW error ratio was as anticipated, at exactly 1.20.  As 
a result, the precisions levels were slightly better than what was required.   

On an individual PA basis, both National Grid and NSTAR results achieve the desired precision 
levels for annual MWh savings, and come reasonably close for summer kW.   

4.5 Conclusions and Recommendations 

Overall, the Custom HVAC program appears to be successfully providing energy and demand 
savings in the State of Massachusetts.  Below are major findings and recommendations that 
apply statewide, as well as to the individual PAs. 

4.5.1 Statewide 

Review tracking calculation methodologies.  Tracking calculation methodologies ranged 
from building simulations to single line calculations.  Performance contractor proprietary 
software was also used for tracking estimates in a number of cases.  Bin analyses, single line 
calculations, and proprietary software sometimes calculate on-peak energy savings and winter 
and summer peak demand savings using weighted averages or non-defined default multipliers.  
These different approaches and non-uniform averages and multipliers sometimes result in over 
or underestimation of peak savings values.  Even though a TA analysis may apply the correct 
peak hours, these other undefined factors can sometimes contribute to the savings variances.  It 
is recommended that evaluation calculations be performed with 8,760 hours spreadsheets.  The 
exception is for eQUEST and DOE2 simulations which can be recreated with those programs.  
The use of 8,760 hour calculations provides the ability to calculate performance 
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(baseline/existing and installed cases) to the unique weather or load profile for each hour.  The 
use of TMY3 weather data as the standard in the hourly calculations provides the most current 
weather data for annualizing savings, and should be used for all savings calculations. 

Cross-check TA report with corresponding analysis files.  Analysis files (building simulation 
or spreadsheets) should be provided by the TA engineer with the final TA report, and the PAs 
should make sure that the provided analysis outputs match the report text and screening tool.  
There were a few instances across PAs, in which the savings values in the TA reports and 
analysis files did not match, causing difficulties in identifying how the tracking savings were 
developed. 

4.5.2 Cape Light Compact 

There was one CLC sample site included in the 2009 Custom HVAC Impact Evaluation, which 
makes it difficult to propose recommendations regarding CLC’s program.  However, there are 
some observations that could be made from reviewing this sample site. 

Verify simulation model inputs.  This site produced an annual energy savings estimate that 
was 254% of the tracking estimate.  There were several reasons for this large positive 
discrepancy, but the primary reason was that the chiller plant loads were significantly 
underestimated in the tracking analysis.  Considering that this was a new construction project, 
and the tracking assumptions were based on the best information available at the time, it is 
reasonable to expect some differences between the tracking and evaluated chiller loads.  
However, there were a number of incorrect model inputs that were identified during the 
evaluation that contributed to the large increase in savings.  These were inputs such as 
constant speed pumps and fans that were actually on variable frequency drives (VFD) and a 
fixed brine supply temperature that should have been allowed to modulate in the model.  
Correcting these model inputs would help improve the tracking estimates for future projects.     

4.5.3 National Grid 

Review measure life for retro-commissioning measures.  Two retro-commissioning sites in 
the sample derived their tracking savings by utilizing existing EMS controls to optimize the 
scheduling of supply fans, return fans and air handling units.  Evaluators found that some fans 
at both of these locations were no longer operating based on the originally proposed schedules, 
but were running more hours than the pre-existing conditions.  Since the evaluation took place 
about a year after implementation of these measures, savings for these fans were set to zero for 
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a significant portion of their measure lifetimes (5 and 10 year measure life).  It is first 
recommended that similar measures are given the same estimate of measure life.  It is also 
recommended that National Grid considers giving this type of retro-commissioning measure 
something less than a 5 year lifetime since this type of measure isn’t always sustainable over 
these 5 and 10 year lifetimes.  A measure life of 2 to 3 years may be more appropriate if this 
measure continues to receive incentives.    

Review measures and categorize correctly.  It is recommended that all measure codes are 
reviewed to confirm that the measure is correctly categorized.  It appears that one sample site 
should have been categorized as a process measure rather than HVAC.  One other site 
included lighting occupancy sensor savings as part of the tracking savings.  This site did install 
occupancy sensors to control room dampers in addition to lighting fixtures, but the HVAC 
savings associated with the sensors were not claimed in the tracking analysis. 

Do not use heating degree day calculations for C&I measures.  Heating degree day 
calculations were used to estimate savings from implementing longer heating set back hours at 
one location.  Heating degree day calculations are a residential tool and is not applicable to C&I 
facilities.  Heating degree day calculations cannot accurately estimate impacts of core areas 
that have high internal gains and minimal exterior wall exposures.  Therefore, it is 
recommended that heating degree day calculations not be used as an acceptable calculation 
tool for future C&I HVAC projects. 

Update old versions of TA reports and analyses.  It is recommended that when revisiting an 
older eQUEST study to document savings in a more recent project, the analysis should be 
updated to the latest version of eQUEST to account of any differences in claimed savings 
between the versions of the modeling software.  Also, it is important that any changes in 
building operation since the original study be included.  There was one site in which the TA 
study was completed several years ago, but not implemented until 2009.  In this case, the 
evaluator could not match the savings in the study with the eQUEST files provided with the 
application.  It is expected that the difference is because an updated version of eQUEST is 
being used since the time of the original study. 

Consider interactivity of all measures for project savings.  It is important that the 
interactivity between all measures in a project be considered in the TA study.  The total savings 
for the measures in one site were calculated as a cumulative total of the measures instead of an 
interactive total, which resulted in a lower realization rate. 
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Consider all secondary sources of energy savings/penalties.  It is recommended that all 
secondary sources of savings and/or penalties be considered.  The measure analyzed at one 
site involved a reduction in exhaust airflow.  The tracking study calculated fan savings, but did 
not consider cooling savings associated with the resulting reduction in ventilation air.  At another 
site, the tracking study did not consider fan penalties associated with an increase in air handler 
discharge air temperature resulting from the implemented measures.   

Evaluators should record EMS schedules and set points when possible.  At one site, EMS 
data was not provided to evaluators, as promised.  A lightning strike required the EMS to be 
reset, and the trend data was lost and no new trends were started.  Despite not collecting any 
EMS trends, evaluators were able to estimate savings for this site by using a combination of 
power monitoring and EMS schedules and set points.  For the evaluation, it is important to 
capture and record as much information from the EMS system and scheduling screens during 
site visits.  This is the equivalent of spot measurements in an analysis.  This should be standard 
practice for evaluators when relying on EMS data, or anytime schedules and set points are 
available using EMS screen shots. 

4.5.4 NSTAR 

Review tracking system inputs.  It is recommended that the PA reviews the tracking system 
inputs to ensure that they match the tracking study report text and analysis.  At one site, the 
values from the tracking study for summer and winter peak demand reductions entered in the 
tracking system were switched (summer value entered as winter and winter value entered as 
summer) from the values stated in the report text. 

Require adequate savings documentation.  It is recommended that the PA ensures that the 
tracking study report text clearly describes the calculation of the summer and winter demand 
reduction along with the source of the demand reduction.  At one site, the demand reductions 
claimed in the tracking study could not be matched by the eQUEST files provided with the 
application. 

In addition, it is recommended that the PA ensures that the source of equipment performance 
for base and proposed equipment is clearly identified in the tracking study.  The source of the 
chiller performance curves used for two sites in their respective eQUEST models were not 
provided with the application documents. 
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4.5.5 Western Massachusetts Electric Company 

There was one WMECO sample site included in the 2009 Custom HVAC Impact Evaluation, 
which makes it difficult to propose recommendations regarding WMECO’s program.  However, 
there are some observations that could be made from reviewing this sample site.   

Consider more rigorous post-installation check-up.  This site produced an annual energy 
savings estimate that was 56% of the tracking estimate.  This project included EMS upgrades to 
automatically control the free cooling system, VFDs on chilled water pumps, condenser water 
pumps, heating hot water pumps and auxiliary pumps.  The reason for the decrease in savings 
was the result of the disabling of the EMS controls on the free cooling system, and the chilled 
and condenser water pumps operating at full speed.  The savings for these project components 
were set to zero because they are currently operating no different that the pre-retrofit condition.  
The evaluation found that the EMS free cooling controls were disabled due to concerns of 
frequent cycling on the lag chiller.  WMECO should try to identify non-performing measures 
such as this during a post-installation inspection.  It could be that the customer may need more 
education on how to control these measures, or that the measure ultimately doesn’t qualify for 
incentives. 

Ensure TA studies and supporting calculations are stored for future evaluations.  One 
other issue was that the evaluation team was not provided with the TA savings spreadsheets 
used to estimate the tracking savings for this project.  For the measures that were operating 
correctly, heating hot water and auxiliary pumps, the evaluated summer and winter demand 
savings were significantly higher than the corresponding tracking estimates.  Since the tracking 
savings calculations were not available, evaluators were unable to clearly identify where the 
differences in demand savings come from.  It is recommended that WMECO obtain and keep all 
savings calculations from the vendors performing the calculations.   
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Site ID: 528586 

Summary 

As part of an extensive HVAC renovation project in a multistory office building, the applicant 
installed two variable speed chilled water pumps on the building’s primary chilled water loop. 
These new pumps were installed in lieu of constant speed pumps of equivalent size and 
efficiency. 
 
Table 1 below presents a summary of the tracking and evaluation savings results for this 
measure. Gross energy savings were 67% of the tracking estimate partly because the TA 
analysis was conducted as if none of the other proposed measures had been implemented. 
These measures, which are discussed below, effectively reduce the building’s cooling load, 
thereby decreasing the chilled water demands of the building and lessening the opportunity for 
the VSD chilled water pump measure to generate savings.  In addition, the minimum pump 
speed assumed in the TA analysis yielded a lower minimum pump power draw than was 
observed in practice. Evaluation estimates of % on-peak energy savings, summer peak 
diversified kW savings, and winter peak diversified kW savings were closer to their TA analysis 
counterparts. 

Table 1: Summary of Tracking and Evaluation Savings Results 

Savings Quantity Tracking Estimate Evaluation Estimate Evaluation/ Tracking 

Annual Energy, kWh 44,951 30,292 67.4% 

Percent Energy On-peak 70.0% 80.5% 115.0% 

Summer Peak Diversified kW 13.3 12.0 90.4% 

Winter Peak Diversified kW 0.0 0.8 N/A 

 

Project Description 

This Design 2000plus project involved the installation of two variable frequency drives (VFDs) 
on two 93% efficient, 20 hp chilled water pumps. These two pumps were installed to control 
chilled water flow through two new 300 ton centrifugal chillers also installed as part of this 
project. The installed pumps maintain a constant loop differential pressure of 14 psig (32.3’ 
head). Two-way valves at all air handlers control chilled water flow. In the event that loop 
demand is insufficient to maintain the required minimum flow of 260 GPM through the chiller, a 
chilled water bypass opens. In addition to serving two chillers, the installed pumps also serve a 
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waterside economizer heat exchanger that activates when outdoor conditions permit.  Figure 1 
below presents a schematic of the installed plant appropriated from the building’s systems 
manual.  The VFDs and critical bypass valve have been circled. 

Figure 1: Plant Schematic 
 
The base case condition for this VSD chilled water pump measure consisted of running the 
installed pumps in a constant flow configuration without VSDs. Under this scenario, chilled water 
always flows through the loop bypass except under peak loading conditions. The base case 
chilled water pumps also serve the waterside economizer heat exchanger. 
 
In both the base case and installed case scenarios, the pumps operate as needed from 6 AM to 
6 PM on weekdays. On Saturdays, select tenants request space conditioning between 8 AM 
and 12 PM, during which period the pumps cycle on if there is sufficient cooling load. Outside of 
normal operating hours, aggressive cooling and heating setback temperatures of 85 °F and 55 
°F respectively keep plant operation to a minimum.  
 
The pumps provide chilled water to 5 tenant air handlers (AHUs 1 through 5), each of which is 
dedicated to two tenant floors. The pumps also serve an air handler responsible for conditioning 
the cafeteria and kitchen (AHU-7) and five fan coil units on the first floor. The building’s 
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remaining air handler, AHU-6, is part of an independent packaged system serving first floor 
lobby areas; it is not connected to the chilled water loop.  
To provide some context for this project, it is important to understand that multiple Energy 
Conservation Measures (ECMs) were installed in addition to the evaluated VSD chilled water 
pump measure. Installed ECMs included, 
 

A. EC Motors for new fan powered VAV boxes and fan coil units 
B. VFDs on tenant space air handlers (AHUs 1 through 5) 
C. A new VFD controlled VAV air handler for the restaurant and cafeteria (AHU 7) 
D. Two new 300 ton open centrifugal chillers (replacing two pre-existing 250 ton chillers) 
E. Demand Controlled Ventilation for AHU 7 

 
Each of these measures had to be accounted for in the baseline and installed evaluation models 
due to potential interactions with the VFD pumping measure. Measures A through C each 
reduce the heat load placed on the building; Measure A accomplishes this by introducing more 
efficient motors; Measures B and C reduce heat load by running the pre-existing motors at lower 
speeds, thereby reducing the power output and heat generation of the fan motors. Measure D 
affects savings by altering pump sequencing. Since the new chillers are larger than the old 
chillers, the load point at which the plant runs one pump instead of two shifts as a result of 
Measure D. The last ECM, Measure E, decreases building loads by minimizing the amount of 
unconditioned air brought into the building, which in turn reduces the required daily chilled water 
flow. This measure, as well as Measures A through C, therefore have the potential to either 
increase variable speed pumping savings by reducing the average flow rate, or reduce savings 
by decreasing the amount of time the plant runs; the analysis would ultimately indicate that the 
latter was true.  
 
Tracking Analysis 

Tracking savings were calculated using eQuest, a building energy simulation program built on 
the DOE2.2 engine. Savings were calculated using two parametric runs. The runs were 
differentiated by changing the base case single speed chilled water pump control strategy to a 
variable speed control strategy. Savings were simply taken as the difference between the 
installed and base case annual runs. 

Tracking Calculation Methodology 

 
In both the installed and base case versions of the model, the pump motor sizes were left 
undefined. Consequently, DOE2.2 automatically sized one pump to roughly 22 bhp, and the 
other to 20 bhp based on plant specifications. The two pumps were assigned different sizes 
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because they were attached directly to specific chillers (as opposed to their common loop) in the 
TA models. Since the two base case chillers were not identical (as discussed below), DOE2.2 
sized the pumps differently.  
In order to differentiate the base case and installed case strategies, only two changes were 
made to the simulation model. The chilled water pump capacity control method was changed 
from “one speed” to “variable speed” and the loop flow control strategy was changed from 
“constant flow” to “variable flow”.  
 
The aforementioned loop variables were only adjusted for one of the two pumps even though 
VFDs were installed on both chilled water pumps. According to the TA contractor, this approach 
was taken because the project’s final design had not been decided on at the time of reporting. 
Therefore, only a single pump was assigned a VFD in order to generate a more conservative 
savings estimate. (This particular aspect of the TA analysis is discussed further in the next 
section of this report.) 
 
After differentiating the base case and installed models, annual simulations of the base case 
and installed scenarios were run with Boston TMY2 data to assess savings, yielding the values 
presented in Table 1. The tracking energy savings listed in Table 1 were reproduced to within 
362 kWh (.8%) using the input files provided for the evaluation. The slight difference in savings 
was likely attributable to eQuest version differences.  
 
Aside from the measure specific parameters used to differentiate the base case and the 
installed case, it is also important to consider the context in which the savings were calculated. 
In particular, the other equipment and scheduling parameters input into the tracking model need 
to be addressed. Since this was a renovation project, the base case was generated by 
modifying the pre-existing building with equipment that likely would have been installed if the 
program were unavailable. The pre-existing building was modified in the following ways to 
generate an appropriate base case: 

• One of the two pre-existing 250 ton chillers was replaced with a new 250 ton screw 
chiller rated at .684 kW/ton under ARI conditions. 

• The pre-existing cooling tower was changed to a 2-cell cooling tower with one 20 hp, two 
speed fan per cell. The base case cooling tower was input with 8.97 MMBtu/h in heat 
rejection capacity under design conditions (78 °F outdoor wet bulb temperature and a 7 
°F approach). 

• The condenser water control strategy was changed such that the entering condenser 
water temperature (ECWT) would reset from 85 °F down to 75 °F based on outdoor 
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conditions. 

• A water side economizer system was added to the base case building. 

Since savings for each measure were assessed separately relative to this base case, the 
savings calculated for all measures (including the VSD chilled water pumps), did not account for 
potential interactions between measures. 
 
Tracking savings were calculated using the following building and occupant scheduling 
parameters: 

• On weekdays, all AHUs turn on at 5 AM. Tenant AHUs (1 through 5) shut off at 8 PM 
and the cafeteria fan (AHU-7) shuts off at 6 PM. While the fans are on, heating and 
cooling set points of 70 °F and 76 °F respectively are maintained. During unoccupied 
hours, the heating and cooling set points are setback to 64 °F and 82 °F respectively. 
Fans remain off during nights and weekends unless zone temperatures go out of the 
setback range. Ventilation air is kept off during unoccupied hours. 

• The building is assumed to be occupied (with associated lighting and plug loads on) from 
6 AM to 6 PM on weekdays. Some occupants are assumed to remain in the building until 
10 PM on weekdays. The building is assumed unoccupied during weekends and 
holidays. 

The approach used to assess savings for the TA report was generally appropriate given that 
none of the measures had yet been implemented. As such, it was perfectly reasonable to 
assess savings relative to a base case that did not include the implementation of other 
measures. The tracking analysis, however, was flawed because it failed to adjust the pump 
control for both chilled water pumps. This posed a problem because the chilled water pumps 
were both assigned to specific chillers in the model, not to the common loop as they exist in 
practice. Therefore, during any modeled period requiring two chillers (292 hours in the TA 
installed case), one pump was always assumed to operate at full speed unnecessarily. In the 
TA contractor’s defense, these issues exist only because the plant design changed after the TA 
report was finalized. 

Discussion of Tracking Analysis 

 
The net effect of this chilled water loop modeling discrepancy in the TA analysis was that 
measure savings were understated for the 292 hours during which both pumps were required to 
run in the proposed case model. Only during the course of the evaluation was it discovered that 
the two chillers almost never run simultaneously, ultimately making this modeling adjustment of 
less consequence in the updated evaluation models. 
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As an aside, if the TA contractor had known that the chilled water pumps are arranged in 
parallel on a common loop, they would have had to assign VFDs to both pumps. Since the 
pumps are arranged in parallel, simultaneous operation of both pumps requires that the pumps 
operate at equal speeds in order to achieve equivalent discharge pressures. Therefore, during 
all periods when the flow requirements of the plant exceeded the flow requirements of a single 
pump, both VFD pumps should operate at equal part loading. From an energy savings 
perspective, it also makes sense to run two pumps at equal part loads instead of running one 
pump at full load and the other at a very low part load.  
 
Aside from the pump control incongruity, no other serious issues were identified with the 
tracking savings analysis. However, since the project is now complete, hindsight allowed 
identification of other shortcomings in the savings calculation approach that were not readily 
apparent prior to implementation. The following key pieces of information were not available for 
the tracking analysis: 

• The installed pump motor sizes and efficiencies 

• Which measures, aside from the VSD chilled water pumps, were implemented 

• Current fan, heating, cooling, and occupancy schedules for the post-implementation 
period 

These additional data allowed calculation of evaluation energy savings within the context of the 
building as currently constructed. 
 
Evaluation Methodology 

In an effort to remain consistent with the tracking methodology, a modeling analysis approach 
was used for the evaluation. In contrast to the TA savings calculation approach, measure 
savings were determined in the context of the building as currently constructed. This means that 
pump savings were assessed by comparing the as-built building (with all measures 
implemented), to the as-built building with the base case constant speed pumping strategy.  The 
methodology was deemed appropriate since the TA approach did not attempt to account for the 
interactive effects of multiple measures being installed at the same location.  Since a detailed 
building model had already been built for this facility, the evaluation methodology was tailored 
specifically to gathering data to improve upon the pre-existing model.  
 
With that goal in mind, a two pronged evaluation approach was developed. The first component 
consisted of gathering relevant equipment and building operations data from the site contact. 
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These data were used to “tune” the model according to actual plant performance specifications, 
operating set points, and building scheduling data. 
 
The second key component of the evaluation was logging true power data from both of the 
installed VSD chilled water pumps. These data were used to refine the model’s pump parameter 
inputs and calibrate the energy consumption profiles of the modeled pumps to actual usage 
patterns. 8,760 hour parametric runs of the model were then performed using TMY3 data to 
assess savings from using variable speed pumps as opposed to constant speed pumps.  
 
After gathering data on site and adjusting model inputs, the analysis consisted primarily of 
calibrating the modeled VSD chilled water pumps to the metered data. The pump power 
consumption was calibrated on an hourly basis for the duration of monitoring period. A 
calibration target of 10% Mean Bias Error (MBE) was chosen for chilled water pumps based on 
the International Performance Measurement and Verification Protocol (IPMVP) Option D 
evaluation standard. However, an explicit requirement was not set for coefficient of variation of 
root mean square error (CV of RMSE) because only a single end use was calibrated for this 
analysis. In general, the IPMVP Option D requirements are based on the assumption of whole 
building calibration. Since the entire building was not calibrated in this case, and the calibrated 
end use exhibited significant hourly variations, it was deemed unreasonable to calibrate for CV 
of RMSE. Nonetheless, the model was calibrated to ensure that the general trends exhibited by 
the metered pumps matched the hourly behavior of the modeled pumps.  
 
After calibration, savings were assessed by running the installed and base case models with 
TMY3 data from Boston Logan International Airport—the nearest weather station—and 
calculating the difference in building energy consumption between them.  
 
Evaluation Data Collection 

Onsite data collection began with verifying that the proposed VSD pumps had been installed. As 
expected, two 20 hp variable speed pumps were installed. The installation of other proposed 
equipment—including two new 300 ton chillers, VFDs on AHU fans, DCV for AHU 7, and EC 
motors on fan powered VAV boxes and fan coils—was also verified to ensure the building 
model was informed by the proper as-built equipment.  
 
Following equipment verification, true power data loggers were installed on both VSD chilled 
water pumps. Table 2 below provides a summary of logging parameters. 
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Table 2: VSD Pump Monitoring Summary 

Metered Equipment Pumps 1 and 2 

Measured Parameter True Power, Voltage, Amperage, PF (3 Phases) 

Logger Make/Model Dent ElitePro Power Meter 

Transducer/Equipment 
Types Current Transducers and Voltage Clamps 

Installation 
CTs installed on the line side of pump VFDs; Voltage 
clamps attached at the line side disconnect 

Observation Frequency 15 Minutes; Time averaged readings 

Metering Period August 17th, 2010 to December 20th, 2010 

Metered by: KEMA evaluator & RISE electrician 

 
Following logger installation, plant and building operations were discussed with the site contact. 
The site contact provided the following key information regarding building and plant operations 
during the initial site visit and subsequent follow up phone calls. 

At the start of equipment metering, 6 of the building’s 10 floors were unoccupied. Over the 
course of the metering period, 5 floors additional floors were occupied according to the schedule 
presented in Table 3 below. At the end of the metering period, only floor 9 remained 
unoccupied. 

Building Operations  

Table 3: Floor Move-in Schedule 

Floor # Move In Date 

5 8/20/2010 
6 9/24/2010 
8 9/24/2010 
4 10/1/2010 
7 10/15/2010 

 

• An average floor is occupied from 8 AM to 6 PM on weekdays, although some people 
come in earlier and others leave later. On Saturdays, floors 2 and 3 are occupied from 8 
AM to 12 PM and floor 10 is occupied from 8 AM to 10:30 AM. Outside of these hours, 
weekend occupancy is minimal. 

• Plug loads and lighting equipment generally follow the same usage patterns as building 
occupancy. 
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• On weekdays, fan systems on all tenant floors (AHUs 1 through 5) are typically turned 
on at 6 AM and turned off at 6 PM. On Saturdays, the fan systems on floors 2 and 3 are 
turned on from  

• 8 AM to 12 PM, and the fan system serving floor 10 is turned on from 8 AM till 10:30 AM. 

• The kitchen fan system (AHU 7) runs from 6 AM to 2:30 PM on weekdays and remains 
off on weekends. 

• All building zones are heated to 72 °F and cooled to 76 °F during the winter. During the 
summer months, the building is heated to 70 °F and cooled to 74 °F. The site contact 
said that there is not a definitive seasonal change over point; the set points are switched 
when the weather patterns are noticed to have significantly changed. For the purposes 
of the evaluation, the summer temperature schedule was applied to the months of May 
through September. 

• Outside of normal fan system operating hours, the temperature set points in all zones 
are set back to 55 °F for heating and 85 °F for cooling. During the set back hours, fan 
systems only turn on to meet zonal set points. Outdoor ventilation air is not brought into 
the building during the set back periods. 

• Two open, centrifugal, 300 ton chillers rated at .573 kW/ton under ARI conditions with a 
Non-Standard Part Load Value (NPLV) of .38 kW/ton were installed. The design chilled 
water flow through each chiller is 600 gpm. The design pressure drop through the 
evaporator is 8.4’ of head. 

Installed Plant Equipment and Operations 

• The plant is operated such that a second chiller only comes online once the first chiller is 
fully loaded. 

• The leaving chilled water set point (LCHWT) remains fixed at 44 °F. 

• All air handlers have two way chilled water valves. Chilled water only flows through the 
bypass if the minimum water flow rate for the chiller cannot be met otherwise.  

• Chilled water flow is controlled based on a differential pressure set point of 14 psig (32.3’ 
of head) at the coils. 

• The ECWT set point is 85 °F with a 10 °F approach, although the ECWT resets to as low 
as 55 °F if outdoor conditions permit.  

• Although the plant operations manual states that the water side economizer turns on 
once the ECWT can decrease to 40 °F, the control logic does not actually follow this 
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simple scheme. The building engineer does not know the conditionals used by the fuzzy 
logic control scheme to activate free cooling. In DOE 2.2, water side economizers 
always operate regardless of chiller sequencing inputs if they can meet the load, 
otherwise the mechanical chillers operate.  

Following the site visit, the chiller vendor was contacted to obtain chiller performance data for 
the installed chillers. The vendor provided tabular listings of full and part load performance 
(kW/TR efficiency) as a function of ECWT and LCHWT for the new chillers. These data were 
subsequently used to develop two new multivariate quadratic performance curves for the 
chillers of the type required by eQuest. Both new curves took the form 

, where x and y are independent variables, and z is 
the Electric Input Ratio (EIR), a DOE2 specific variable relating instantaneous chiller power 
draw to full load chiller capacity at design conditions. The first EIR curve is a function of part 
load (x) and the chiller “delta T” (y = ECWT - LCHWT); the second is a function of LCHWT (x) 
and ECWT (y) as independent variables.  
 
Microsoft Excel’s Regression Tool was used to generate the necessary curves from the tabular 
data provided by the chiller vendor. Tabular data inputs for each of the independent variables (x, 
x2, y, y2, and xy) and the dependent variable (z) were used to generate curve coefficients (A, B, 
C, D, E, F). In the context of the evaluation, it was a luxury to have these equipment specific 
curves. Chiller specific performance curves more accurately reflect changes in chiller 
performance resulting from variable speed pumping than do the default eQuest curves. Table 4 
below contains the regressed coefficients for both curves. Figure 2 and Figure 3 provide three 
dimensional maps of the EIRfac = f(PLR, delta T) and EIRfac = f(LWCHT, ECWT) curves 
respectively. 
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Table 4: Chiller Performance Curve Coefficients 

 Coefficient EIRfac = f(PLR, dT) EIRfac = f(LCHWT, ECWT) 
A 0.0490 15.6737 

B -0.0287 0.0000 

C 0.3671 -0.0080 

D 0.0014 -0.3588 

E 0.0002 0.0001 

F 0.0058 0.0081 
 

Figure 2: Chiller EIR Scale Factor Map as a function of PLR and Chiller DT 
 

0.1
0.3

0.5
0.7

0.9
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42

PLR

EI
R 

Sc
al

e 
Fa

ct
or

Chiller DT = (ECWT-LCHWT) [F]

0.9-1

0.8-0.9

0.7-0.8

0.6-0.7

0.5-0.6

0.4-0.5

0.3-0.4

0.2-0.3

0.1-0.2

0-0.1

 
 
 
 
 
 
 
 
 



 
 

 

National Grid June 17, 2011 
 

B-12 

 
Figure 3: Chiller EIR Scale Factor Map as a function of LCHWT and ECWT 
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To complete the data collection process, weather data from a nearby weather station was 
obtained for the time frame coincident with chiller monitoring. These data, which were supplied 
by National Oceanic and Atmospheric Administration (NOAA), consisted of dry bulb, wet bulb, 
cloud cover, precipitation, wind speed, and wind direction parameters. Each of these 
parameters was processed and formatted using the command line DOE2.2 weather packing 
utility, DOEWTH.exe, to generate a weather file. In addition to formatting the input data, the 
DOEWTH utility uses input cloud cover data to generate estimated solar radiation data for the 
model using the ASHRAE Clear Sky Model.  
 

Evaluation Savings Analysis 

The evaluation analysis began by first reviewing the metered data collected with the ElitePro 
loggers. Figure 4 below shows measured true power readings from both chilled water pumps for 
the duration of the monitoring period. Notice that both pumps almost never ran concurrently. 
This finding agrees with the building engineer’s claim that he has rarely, if ever, had to run two 
chillers simultaneously. Also note that beginning around October 2nd, one pump almost always 
ran regardless of weekday or time of day. The building engineer was contacted to see if he 
could explain what was happening. He was surprised to hear that a pump was running at all 
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hours and thought the issue might have something to do with system adjustments made by the 
building’s controls contractor around the beginning of October. The controls contractor was 
asked to make changes to the free cooling system’s control strategy because the plant was 
staying in water side economizer mode longer than it should, resulting in unmet building load 
during normal business hours. The site contact stated that he would contact the controls 
contractor to see if the new issue would be resolved. 
 
For the purposes of model calibration, the data collected after October 2nd was discarded 
because the facility should not receive savings credit for running chilled water pumps during 
hours when they clearly should not have been running. For instance, a chilled water pump 
running at 30 Hz unnecessarily at 2AM on a Sunday morning should not be given credit relative 
to a constant speed pump running during those same hours.  

Figure 4: Pump 1 and pump 2 metered power profiles 
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Using data from the period preceding October 2nd, the power profiles of the two chilled water 
pumps were summed to generate a single profile. Because the two pumps only ran concurrently 
for seven hours prior to October 2nd, the summed profile is representative of the behavior 
typical of each pump running independently. The average weekday and Saturday profiles for the 
summed pumps during the period of August 18th through October 1st are included in Figure 5 
below.  
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Figure 5: Average weekday and Saturday profiles for summed chilled water pumps 
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Table 5 presents the average day power profiles in tabular form. A Saturday profile is presented 
in both Figure 5 and Table 5 as opposed to a weekend profile since neither pump ran on 
Sundays until after October 1st.  
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Table 5: Average Day Power Profiles for Meshed Chilled Water Pumps 

 Summed CHW Pumps  
Hour Ending Weekday (kW) Saturday (kW) 

1:00AM 0.2 0.09 

2:00AM 0.18 0.09 

3:00AM 0.18 0.09 

4:00AM 0.49 0.09 

5:00AM 0.36 0.09 

6:00AM 3.08 0.51 

7:00AM 5.85 0.80 

8:00AM 5.78 0.81 

9:00AM 5.65 4.26 

10:00AM 6.51 3.43 

11:00AM 7.06 3.94 

12:00PM 7.11 4.37 

1:00PM 7.00 1.58 

2:00PM 6.46 0.84 

3:00PM 6.15 0.12 

4:00PM 5.74 0.09 

5:00PM 5.73 0.09 

6:00PM 5.55 0.09 

7:00PM 0.70 0.09 

8:00PM 0.42 0.09 

9:00PM 0.28 0.09 

10:00PM 0.27 0.09 

11:00PM 0.27 0.09 

12:00AM 0.27 0.09 

Average 3.39 0.91 
 
After reviewing and processing the metered pump profiles, a number of changes were made to 
the TA simulation model. The model was first made to reflect the facility and equipment 
operations data gathered from the site contact (see “Evaluation Data Collection”). Next, the 
peak monitored power draw of a single pump, 19.02 kW, was input as the maximum power for 
each pump. Given that the nameplate brake horsepower of each pump is 20 HP and the pumps 
are 93% efficient, the theoretical peak power draw should have been only 16.04 kW 

( ) without accounting for VSD losses. Nonetheless, metered power in excess 
of 18.4 kW was observed for both pumps on three different days. On November 23rd, when the 
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peak power measurement was recorded, the metered power draw remained in excess of 18 kW 
for over 6 hours, suggesting that the peak was not simply a short load spike or a false 
measurement. For these reasons, the peak power consumption was left as 19.02 kW in spite of 
theoretical evidence suggesting it should be lower.  
 
In addition to making adjustments based on the metered data and the findings discussed in the 
“Evaluation Data Collection” section, the model was also changed to reflect the fact that both 
chilled water pumps were supplied with VSDs, not just one as modeled in the TA analysis.  
 
After model updates were complete, the first step in the calibration process was running the 
model with the NOAA 2010 data weather file generated for this project. The modeled chilled 
water pump power profile was then compared with the metered data for the overlapping time 
frame of August 18th through October 1st, 2010. Figure 6 below shows the modeled pump 
power profile as well as the actual pump data. The mean bias error in this initial calibration run 
was 12%, i.e. the mean of the modeled profile was 12% less than the mean of the actual profile. 
The following issues were identified with the initial calibration attempt: 

• The model did not capture pump behavior on the four days (September 15th, 16th, 21st, 
and 22nd) with the largest continuous load spikes. 

• Under minimum flow conditions, the modeled power draw was slightly less than the 
actual power draw. 

• The modeled pumps operated on weekends during periods when the actual pumps did 
not.  
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Figure 6: Metered and Modeled Chilled Water Pump Power Profiles 
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These problems were each investigated independently. To assess whether the metered load 
spikes occurring on September 15th, 16th, 21st and 22nd were due to an explicable 
phenomenon such as weather, the dry bulb and wet bulb temperatures were overlaid with the 
metered data. Figure 7 below contains the metered pump power as well as hourly wet bulb and 
dry bulb temperatures for the corresponding time interval.  
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Figure 7: Metered Power, Dry Bulb Temperature, and Wet Bulb Temperature for the 
Monitoring Period 
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Notice that the aforementioned load spikes did not take place on days with the hottest 
measured temperatures. In fact, the load spikes occurring on the 15th, 16th and 21st 
corresponded to the days with the lowest measured wet bulb temperatures in the metering 
period. These load spikes were likely related to water side economizer operation, which, as 
noted above, was not operating properly prior to adjustments made by the controls contractor 
around the beginning of October.  
 
The load spike on September 22nd was caused by an unrelated issue. On September 22nd, for 
the first time in the monitoring period, both chilled water pumps operated simultaneously for an 
extended period of time; since the metered profile in Figure 6 shows the sum of the two 
individual pump profiles, it resulted in an apparent pump load spike. Based on outdoor 
temperatures, September 22nd should not have been a peak load day necessitating the use of 
both pumps. Each of the four load spikes discussed above were therefore likely due to issues or 
anomalies that could not be addressed in the model. As such, it was deemed unnecessary to 
make model adjustments to attempt to account for these unexpected load spikes.  
 
To address the second issue—low pump power draw under minimum flow conditions—there 
were three options from a modeling perspective. The first option entailed increasing the 
modeled system static head to induce greater pump power consumption under all conditions. 
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This solution was deemed unreasonable because the chilled water pumps operate in a closed 
loop system without any static head. The second solution was adjusting the pumping efficiency. 
Ultimately this solution was rejected as well because adjusting the pumping efficiency would 
have affected the pumps’ power draw under all load conditions, not just at the minimum flow 
condition. The third and final solution was adjusting the pumps’ minimum speed ratio. Adjusting 
the minimum speed ratio would induce greater power consumption at the minimum flow 
condition while leaving pump performance under higher load conditions unaffected. Since this 
was the primary goal, the minimum speed ratio was adjusted from .4 to .6 after a series of 
calibration attempts. Assuming the pumps approximately follow the ideal affinity laws, this 
minimum speed ratio change corresponded to increasing the minimum flow from 240 gpm to 
360 gpm. Although the systems operation manual states that the plant’s minimum loop flow is 
260 gpm, there was no way of verifying that this value is used in practice. 
 
The last issue, which dealt with inaccurately modeled weekend pump operation, could not be 
resolved without falsifying the setback schedule provided by the site contact. There was no 
recourse available to resolve this minor issue since building loads were already at a minimum 
on Sundays. Weekend setback schedules were ultimately left as provided by the site contact in 
the model. 
 
After adjusting the minimum speed ratio parameter using a series of calibration runs, the final 
calibration yielded a mean bias error of 4.0%. Figure 8 below shows the results of the final 
model calibration. Figure 9 compares cumulative kWh registered by the meters and the model 
over the course of the metering period. Between the start of the calibration period on 8/18 and 
the end on 10/1, the model registered 2708 kWh of chilled water pump energy usage, while the 
meters registered 2828 kWh of equivalent pump usage. 
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Figure 8: Metered and Calibrated Model Chilled Water Pump Power Profiles 
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Figure 9: Metered and Calibrated Model Chilled Water Pump Cumulative Energy 

Consumption Profiles 
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In general, the modeled pump profile matches the actual pump power data well. On mild days, 
such as August 23rd through August 27th, the model captures the pump behavior nearly 
perfectly. The model also accurately assesses pump load on the hottest days between August 
30th and September 3rd. Where the model seems to struggle the most is on “in between days” 
such as August 18th, 19th and 20th (the first three days in Figure 8). From a modeling 
perspective, there was little recourse to correct these issues since adjusting pump parameters 
to account for these days would have skewed the model on other days.  



 
 

 

National Grid June 17, 2011 
 

B-21 

 
After calibrating the installed case model, a base case model was generated by making two key 
adjustments to the calibrated installed case model. First, the chilled water pump control strategy 
was changed from variable speed to constant speed. Second, the full load pump power variable 
was adjusted slightly to account for the fact that the base case pumps are not subject to variable 
frequency drives losses. Based on the paper, “How to Avoid Overestimating Variable Speed 
Drive Savings”, a full load power VFD loss factor of 4% was assumed. Full load pump power 
was therefore adjusted from 19.02 kW to 18.26 kW based on the assumption that the installed 
drives are 96% efficient at full load. Considering that the theoretical peak power draw of the 
motors sans VSDs should have been only 16.04 kW, this loss factor was likely conservative. 
 
With the installed and base case models complete, the final step in the analysis was running 
both models through an annual simulation with TMY3 weather data from the nearest weather 
station, Boston Logan International Airport. Figure 10 below illustrates the difference between 
the simulated installed and base case pump power profiles for two weeks in September and 
October.  

Figure 10: Installed and Base Case Chilled Water Pump Power Profiles 
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Hourly differences in building energy consumption over the 8,760 schedule were summed to 
calculate annual energy savings. % On Peak Energy savings were calculated by summing 
savings from the defined on peak hours of 6 AM to 10 PM on non-holiday weekdays and 
dividing by gross annual savings. Similarly, summer and winter peak demand savings were 
calculated by taking the average demand reduction from the hourly simulation outputs over the 
appropriate peak periods.  
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After concluding the analysis, annual energy savings were found to be only 67% of tracking 
savings. This discrepancy was the result of multiple factors. As previously discussed, evaluation 
savings were calculated in the context of the building with all of the other ECMs in place. Since 
there are interactions between the pumps, other primary plant equipment, and secondary HVAC 
equipment, having a more efficient base case building reduced savings. The change in savings 
related to using a more efficient base case was assessed by applying only the evaluation 
building scheduling and VFD pump measure related changes to the tracking models.  The 
savings achieved under this scenario were then compared to the evaluated savings. Including 
the other installed measures in the evaluation analysis (i.e. using a more efficient base case) 
ultimately resulted in a 2,782 kWh, or 6.2% reduction in savings relative to the tracking estimate.  
 

The second factor leading to the reduced savings estimate was the difference between the 
minimum pump speed ratios used in the evaluation and tracking analyses. The tracking analysis 
employed a minimum pump speed ratio of 0.4, while of the evaluation analysis used a minimum 
speed ratio of 0.6. Increasing the minimum pump speed ratio resulted in a 2,632 kWh (5.9 %) 
reduction in the savings relative to the tracking estimate. Note that this adjustment was not 
made because a minimum pump ratio of 0.6 was observed during the evaluation. Instead, the 
minimum pump speed ratio was changed since it was the best available means of calibrating 
the model to metered data. 
 

Switching from TMY2 weather to TMY3 weather also had an effect on the savings projection. 
However, using TMY3 data instead of TMY2 in the evaluation model actually increased 
projected savings by 688 kWh; the weather data were clearly not to blame for the reduction in 
savings. 
 
Other differences between the tracking and evaluation models, such as shortened weekday 
HVAC, occupancy, lighting, and plug load schedules and more aggressive setback schedules  
also contributed to the reduction in energy savings. To determine the effect of these 
considerations on the evaluated savings, only VFD pump measure and base case equipment 
related parameter adjustments were made to the tracking models; the tracking schedules were 
left unchanged. Savings calculated under this scenario were then compared to the evaluated 
savings. Based on this analysis, adjusting the building and setback schedules for the evaluation 
resulted in a 3,842 kWh, or 8.5% reduction in savings relative to the tracking projection.  
 
Other changes to model parameters, such as inputting actual pump motor specifications instead 
of letting DOE2.2 automatically size the pumps, and adjusting plant operating parameters 
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including the minimum condenser water temperature and the chilled water loop differential 
pressure set point, were likely responsible for the remainder of the savings reduction. All told, 
the differences between the tracking and evaluation models were myriad, making it difficult to 
assess how much weight to apply to each factor outside of those listed above. Regardless, the 
net impact of each of the aforementioned factors was a 33% reduction in realized energy 
savings. 
 
In contrast to energy savings as a whole, % on-peak energy savings increased relative to the 
tracking values. This was likely the result of using a lower heating setback temperature and a 
higher cooling setback temperature in the evaluation analysis. Using more aggressive set back 
temperatures effectively minimized any energy savings occurring outside of the on-peak period, 
thereby increasing the percentage of savings occurring during the on-peak period. 
 
Any assessment of the difference between the tracking and evaluated summer peak coincident 
demand savings is invalidated by the fact that different definitions of the summer peak period 
were used in the tracking and evaluation analyses. The peak period was defined as 3 PM to 5 
PM in the tracking analysis, whereas it was defined as 1 PM to 5 PM in the evaluation analysis 
according to the MA-LCIEC reporting guidelines. 
 
Winter coincident peak demand savings were non-existent in the tracking analysis. It is unclear 
why no savings were assessed, although it is possible that the tracking model did not exhibit 
pump load during the winter peak demand time frame. In the evaluation analysis, the chilled 
water pumps ran for 10 of a possible 84 hours during the winter peak demand period, hence the 
small amount of winter demand savings. 
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Site ID: N528932 

Summary 

This Energy Initiative measure consisted of installing CO2 based demand control ventilation 
(DCV) controls in a commercial office building. DCV sensors were installed in six air handler 
return air ducts, six critical building zones, and in one location outside of the building. The DCV 
system controls outdoor ventilation air flow as a function of interior and exterior CO2 levels.  
Table 6 below presents a summary of the tracking and evaluation savings results. Evaluated 
gross energy savings were reduced relative to the tracking estimate primarily because the 
building is currently unoccupied. Annual energy savings were reduced in proportion to the 
percentage of the measure’s effective useful life. The building is assumed to remain unoccupied 
for 5 years out of 10 year measure life. Gross energy savings were also reduced slightly by 
minor calculation errors present in the TA analysis. 
 
Percent on-peak energy savings were identical to the tracking projection because the measure 
is expected to be active only during the on-peak time frame. Summer peak diversified demand 
savings were reduced to an even greater extent than energy savings because the TA bin 
analysis incorrectly assumed that savings from only the highest temperature bin were 
representative of peak period savings, when in reality the peak period encompasses hours 
corresponding to a wider range of temperatures. 

Table 6:  Summary of tracking and evaluation savings results 

Savings Quantity 
Tracking 
Estimate 

Evaluation 
Estimate 

Evaluation/ 
Tracking 

Annual Energy (kWh) 17,112 8,145 48% 
% Energy Savings On-Peak 100% 100% 100% 
Summer Peak Diversified kW (FCM) 32.8 9.6 29% 
Winter Peak Diversified kW (FCM) 0.0 0.0 N/A 
 

Project Description 

CO2 based DCV controls were installed as part of a larger six measure retrofit and renovation 
project conducted in a three story, roughly 350,000 sqft. office building. The DCV measure itself 
consisted of installing 13 CO2 sensors throughout the building. One CO2 sensor was installed 
in the return ducting of each of the building’s six primary air handlers; six CO2 sensors were 
installed in critical zones throughout the building; and a final sensor was installed outside of the 
building to monitor ambient CO2 levels. The building’s EMS system polls each of the return and 
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interior sensors to ensure that the return and interior CO2 readings do not exceed building’s 
maximum set point or surpass the outdoor reading by 500 ppm. If the CO2 readings go out of 
range for a given critical zone or air handler, the outdoor air louver of the affected air handler 
modulates to increase the outdoor air flow until air quality set points are met. DCV controls are 
only overridden by the enthalpy economizer controls installed on each of the air handlers.  
 
When the building was occupied, the DCV system operated from 6 AM to 7 PM on weekdays. 
Outside of that time frame, the AHUs’ outside air dampers closed completely as part of the 
building’s set back scheduling. Evaluators confirmed that the building was occupied following 
installation of this measure through discussions with facility personnel.  Additionally, evaluators 
were able to view trend reports from the EMS that showed the building as it was being vacated.  
 
Of the remaining measures installed concurrently with the DCV controls, only the chiller 
renovation measure had an effect on the DCV measure savings. Since DCV reduces building 
load by minimizing the amount of unconditioned outside air brought inside the envelope, the 
efficiency of the plant serving those loads drives savings; using a more efficient plant reduces 
savings, while using a less efficient plant maximizes savings.  
 
To avoid double counting savings from the chiller renovation measure, the DCV measure 
analysis was conducted as if the proposed chiller had already been installed. The chilled water 
plant serving the building includes a new 400-ton VFD centrifugal chiller rated at an NPLV of 
0.411 kW/ton) as well as a pre-existing 400-ton VFD controlled centrifugal chiller of equivalent 
efficiency. Each chiller is served by its own pair of constant speed chilled water and condenser 
water pumps. Both chillers are connected to a common cooling tower with two variable speed, 
25 hp fans.  
 
Tracking Analysis  

Tracking savings were calculated using a Microsoft Excel bin analysis wherein hours were 
placed in 5-degree Fahrenheit dry bulb temperature bins. The weather data used in the analysis 
were based on a multi-year average (approximately 1973 to 1996) of weather data from a 
National Climatic Data Center (NCDC) weather station in Worcester, MA.  

Tracking Calculation Methodology 

The savings calculation is best explained by stepping through the procedure for a single 
temperature bin. To begin, plant load was calculated for the base case scenario by inputting the 
bin’s average dry bulb temperature into a quadratic load versus dry bulb temperature curve 
regressed from data collected in the summer of 2007. Outdoor dry bulb temperature data, 
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chilled water supply temperature, and chilled water return temperature were recorded for 
multiple weeks during that summer. Plant load was calculated using the chilled water 
temperature data together with the plant’s constant chilled water flow rate of 960 GPM. Load 
was then empirically related to outdoor dry bulb temperature for day time hours (between 6 AM 
and 7 PM) using the following equation: 

       (1)  

where, 

  = Plant load [tons] 

   = Dry Bulb Temperature [F]  

If the load was greater than 350 tons, the load was assumed to be split equally between two 
400-ton VFD chillers; otherwise, a single chiller was assumed to meet the load. If two chillers 
were operating, then two condenser water (CW) pumps (22.2 kW each) and two chilled water 
(CHW) pumps (18.7 kW each) were also operating; if a single chiller was operating, then only 
one CW and one CHW pump were required. 
 
Using the following biquadratic equation regressed from manufacturer’s performance data, the 
operating efficiency of each chiller was then calculated: 

 (2) 

where, 

  = Chiller efficiency [kW/ton] 

   = % of full chiller load  

   = Chiller entering condenser water temperature [F]  

In the above equation, the appropriate condenser water temperature was an unknown variable. 
A guess was first made for , and then the actual value was solved for using an iterative 
procedure. Based on the initial guess, the estimated chiller efficiency and power draw (simply 
efficiency time load) were calculated. These values were then used to estimate cooling tower 
load: 
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    (3) 

where,  

   = Cooling tower load [btu/h] 

  = Chiller load [tons] 

  = Chiller power draw (heat load) [kW] 

  = Condenser water pump power draw (heat load) [kW] 

   = Ton to btu/h conversion factor [btu/(h-ton)] 

   = kW to btu/h conversion factor [btu/kWh] 

Based on this load estimate, the required range of the cooling tower was calculated as follows: 

          (4) 

where, 

  = Required cooling tower range [F] 

   = Cooling tower load [btu/h] 

   = Condenser water flow rate (1,152 GPM per chiller) [GPM] 

   = GPM to lb/h conversion factor [lb/(h-GPM)] times the specific heat of  

       water [1 btu/(lb-F)] 

Using the original estimate of entering condenser water temperature,  (Equation 2), the 

leaving condenser water temperature, , was next calculated by adding  to 

. The cooling tower’s actual range at that  was then calculated from manufacturer’s 
performance data using the following regression equation: 

 

     (5) 

where, 

  = Cooling tower range at specified conditions [F] 

   = Condenser water flow rate [GPM] 

   = Leaving condenser water temperature [F] 

   = Ambient wet bulb temperature [F] 

Based on the results of this calculation, the minimum achievable  was calculated as: 

 

If this value was either below the chiller’s minimum ECWT or the desired ECWT set point based 
on the outdoor conditions (wet bulb temperature plus desired approach), then ECWT was set to 



 
 

 

National Grid June 17, 2011 
 

B-28 

the desired minimum since the tower could achieve the plant set point. In that case, the set 
point ECWT was simply input into Equation 2 above to determine chiller efficiency, and 
Equations 3 through 5 were iterated through one final time to establish values for cooling tower 
load and range. 
 

In the event that  was greater than the ECWT set point, then the value was compared 

to the initial  guess. If the values were less than .5 F different, then the initial guess was 

kept, otherwise the value of  was input into Equation 2 and the process was iterated 

through again. This procedure continued until the output value, , converged to the 

input value, . 
 
At the end of this iterative process, the following key parameters were known for the base case: 

• Chiller power draw 
• Cooling tower load 
• Cooling tower range at the current load conditions 

The last two points served as the basis of determining cooling tower fan power draw. To begin, 
cooling tower capacity at the specified  was calculated as: 

        (6) 

where, 

    = Cooling tower capacity at bin conditions [btu/h] 

 550   = GPM to lb/h conversion factor [lb/(h-GPM)] times the specific heat of  

       water [1 btu/(lb-F)] 

   = Condenser water flow rate [GPM] 

  = Cooling tower range at bin conditions [F] 

Cooling tower load fraction was next calculated from this result as, 

         (7) 

where, 

   = Load fraction 

   = Cooling tower load [btu/h] 

   = Fraction of cooling tower capacity available when no cooling tower fans  

      are operating 

   = Cooling tower capacity [btu/h] 
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Note that this equation includes the expression , which represents the tower’s cooling 
capacity in the absence of fan operation; the numerator therefore represents “the load met by 
the cooling tower without the assistance of fans”. This approach would have been fine if the next 
equation, which calculates fan speed, had not also implicitly accounted for the fact that fans only 
need to operate when the cooling tower load exceeds 10%. The net effect of accounting for this 
factor twice was underestimating cooling tower fan power. 
 

Continuing on, fan speed fraction was subsequently calculated directly from the skewed  
term: 

         (8) 

where, 

   = Fan fractional speed 

   = Load fraction 

Note that this equation is simply the equation of a line in the form of y = mx+b. In this case, the 

slope, m = , is the rate of change in fan speed with respect to load. Since the fans are 
presumed to only need to operate at 10% load or greater, this slope was deduced from the 

following pair of (load, speed) operating points: (100%, 100%) and (10%, 0%), or  . The 

y intercept (b = ), was calculated by inputting the known operating pair ([load, speed] = [.1,0]) 

into the linear equation and solving for b. For all load fractions less than .1, the value of  
was fixed at 0. Going back to the discussion following Equation 7, note that the maximum value 
Equation 7 can yield is .9, meaning that the maximum fractional fan speed in the TA analysis 
was only .89. 
 
Using fan speed, fan power was next calculated as,  
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        (9) 

where, 

  = Cooling tower fan power [kW] 

   = Number of cooling tower fans (2) 

   = Cooling tower fan horsepower (25) [HP] 

   = Horsepower to kW conversion factor [kW/HP] 

   = Load factor (.85 assumed) 

   = Motor efficiency (.936) 

   = Fractional fan speed 

   = Variable speed fan flow exponent 

In the event that  was less than the minimum fan speed of 30%, the fans were assumed 
to cycle. Under this scenario, fan power was calculated as, 

        (10) 

where, 

  = Minimum fractional fan speed 

Note that this equation is in error. It mistakenly uses  as an operating time scale factor to 
account for the fact that the fans do not need to run continuously at the higher minimum speed 

of .3. In reality, the scale factor should have been  since the fans need to cycle on at 30% 
speed for enough time to deliver the same amount of air they would have supplied if operated 

continuously at . 
After solving Equation 10, all equipment power draw terms for the base case were accounted 
for; total base case power draw was then simply calculated as:  

      (11) 

where, 

   = Base case power draw [kW] 

   = Chiller power draw [kW] 

  = Cooling tower fan power draw [kW] 

  = Condenser water pump power draw [kW] 

  = Chilled water pump power draw [kW] 
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The next step in the analysis was determining the installed case plant loads under the DCV 
scheme. To accomplish this, the TA contractor determined the load differential between the 
base case and installed case, and then subtracted that differential from the base case load 
determined using Equation 1. Since DCV affects ventilation loads, the ventilation loads under 
the base case scenario were first calculated.  
 
To begin, the base case minimum building outside air was determined by summing the 
minimum outside air flows (fixed values in the base case) from each of the 6 AHUs. For a given 
bin, this outside air flow was converted into ventilation load using the following equation: 

       (12) 

where, 

  = Base case ventilation load [tons] 

   = CFM to lb/hr conversion factor [(min-lb)/(CF-h)] 

  = Base case fixed outdoor air flow (39,800) [CFM] 

  = Outdoor enthalpy (based on bin dry bulb and wet bulb temperatures)  

       [btu/lb] 

   = Indoor enthalpy (assumed 72 F, 50% relative humidity) [btu/lb] 

   = Btu/h to ton conversion factor [Btu/(h-ton)] 

 

For the proposed case, outdoor air flow was determined using the ASHRAE commercial 
building ventilation requirement of 17 cfm/person, an assumed peak occupancy of 1,750, and 
diversity factors ranging from 68% to 75% by bin. For a given bin, the proposed outdoor 
ventilation requirement was therefore calculated as, 

        (13) 

where, 

  = Installed case outdoor air flow [CFM] 

   = ASHRAE office building minimum ventilation requirement [CFM/person] 

   = Assumed peak building occupancy [people] 

   = Occupancy diversity factor for a given bin  
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The occupancy diversity factor, , for each bin was calculated as the average diversity for the 
temperatures in that bin. This is easiest to illustrate by way of example. Assume for a given 
temperature bin, that of the 20 bin hours occurring between 6 AM and 7 PM, 4 of those hours 
occur at 10 AM and 16 of those hours occur at 6 PM. If the occupancy diversity at 10 AM is 
40%, and the occupancy diversity at 6 PM is 90%, then the average diversity factor for that 

particular temperature bin is ( ).  

 
Using the ventilation airflow calculated in Equation 13, the installed case ventilation load was 
then calculated using Equation 12, albeit with the installed case CFM. The difference in 

ventilation loads between the base case and the installed case: was 

then subtracted from the base case plant load, , to determine the installed case plant 
load. Using the installed case plant load, equations 2 through 11 were again used to determine 
the total plant demand. The difference between the base case and installed case plant demands 
was then simply multiplied by the number of bin hours to determine gross energy savings for a 
given bin.  
 
Savings were only calculated for temperature bins where the outdoor air enthalpy exceeds the 
indoor air enthalpy. When the opposite is true, either air side economizers meet building loads 
(and the DCV controls are overridden) or the building is operating in heating mode. Although 
DCV does yield heating savings in the building, all heating savings are gas based.  
 
Summer peak diversified demand savings were simply taken as the power draw differential 
between the base case and installed case in the highest temperature bin (90 F to 95 F). Savings 
were not assessed on the basis of the bin-hours actually occurring within the peak period.  

The fundamental methodology used to assess tracking energy savings was appropriate. The 
only issues with the analysis were minor calculation errors, such as those identified in Equations 
7 and 10 above. By contrast, the peak demand savings methodology was fundamentally flawed 
because it did not account for fluctuations in temperatures within the peak demand period. 
Instead, it simply assumed that the savings within the hottest temperature bin were 
representative of savings in all peak demand hours. In reality, the summer peak demand hours 
do not necessarily always correspond to the hottest temperatures. 

Discussion of Tracking Analysis 

 
The tracking analysis errors, both in terms of equations and methodology, were addressed in 
the revised evaluation analysis. 
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Evaluation Methodology 

Prior to conducting the evaluation, it was learned that the building had been vacated for 
economic reasons. Outdoor air dampers were shut and the DCV controls were deactivated. 
AHU supply and return fans were also deactivated.  
 
Since the building was (and is still) unoccupied, it was not achieving savings from the DCV 
measure. As such, gathering metered data would have been of no use because the affected 
equipment was off; even if the plant and AHUs occasionally cycled on while the building was in 
caretaker mode, any collected metered data would not have provided trends representative of 
occupied building operation.  
 
With these considerations in mind, the primary goal of the evaluation was confirming that the 
DCV measure, as well as the chiller measure affecting the DCV savings, had actually been 
installed. The DCV control strategies employed prior to the building’s vacancy were also of 
interest. 
 
Using the verification data collected while on site, the TA analysis was reviewed and modified. If 
calculation or methodological errors were identified in the TA analysis, they were corrected. 
Similarly, if data collected on site contradicted parameters in the TA analysis, adjustments were 
to the analysis.  

After revising the analysis, which yielded savings under the occupied scenario, savings were 
derated to account for the fact that the building is unoccupied. 

 

Evaluation Data Collection 

During the evaluation site visit, the installation of CO2 sensors was verified through a review of 
EMS parameters. The minimum and maximum CO2 set points for each interior sensor were 900 
ppm 1300 ppm, respectively. The status of all building air handlers was also reviewed. As 
expected, all supply and return fans in the building were off.  
 
The site contact was asked if any building trend data were available from the period before the 
building was vacated. He indicated that EMS trends did not go back to the period prior to 
vacancy. The site contact also stated that the building, which is part of a larger single company 
campus, was not in the market for new tenants. The company that owns the building intends to 
reoccupy the space if and when an improved economic outlook allows. The site contact could 
not provide a projection for such a date.   



 
 

 

National Grid June 17, 2011 
 

B-34 

Evaluation Savings Analysis 

The first step in the evaluation savings analysis was making corrections to the TA model based 

on the errors identified in the “Tracking Analysis” section. To begin, the term was 

removed from Equation 7 and the cycling scale term in Equation 10 was changed from  

to . Ultimately, this second change had no effect on the evaluation analysis since the 
fractional cooling tower fan speed was never less than 30% in any of the bins affected by DCV.  
 

In addition to these errors, fixed values were input for  in many of the bins, which 
essentially invalidated the iterative process used to determine chiller power and cooling tower 
power. This issue was resolved by using Equation 4 for all temperature bins and repeating the 
iterative procedure as intended.   
 
To resolve the final issue with the tracking analysis—the methodology used to determine peak 
demand savings—it was necessary to re-bin hourly weather data such that the proper 
distribution of temperatures was represented in the summer peak diversified demand savings 
calculation. Unfortunately, since the raw weather data used in the TA analysis was not provided, 
it was necessary to obtain a new set of data for the binning. TMY3 data from the weather station 
in Worcester, MA was ultimately chosen since Worcester is the closest TMY location to the site 
geographically and Worcester data were used in the TA analysis. Since it was already 
necessary to re-bin for the summer peak demand period, it also made sense to re-bin data for 
the overall DCV operating schedule as well (Monday through Friday from 6 AM to 7 PM). Data 
were binned using pivot tables in Microsoft Excel. Table 7 below provides the results of the 
binning for the overall operating schedule as well as the summer peak demand period. 
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Table 7:  Weather data re-binning results 

Dry Bulb 
Temp. 
Bin

Bin 
Hours

Average 
DBT (F)

Average 
WBT (F)

Average 
Enthalpy 
(btu/lb)

Average 
Diversity

Bin 
Hours

Average 
DBT (F)

Average 
WBT (F)

Average 
Enthalpy 
(btu/lb)

Average 
Diversity

85 to 90 8 86.5 67.9 32.3 0.89 5 86.0 71.4 35.1 0.95

80 to 85 85 82.2 69.1 33.4 0.77 37 82.0 70.8 34.8 0.95

75 to 80 220 76.6 64.7 29.9 0.77 80 76.7 64.2 29.5 0.95

70 to 75 234 72.5 63.2 28.7 0.73 54 72.8 62.6 28.3 0.95

65 to 70 313 68.1 60.5 26.9 0.72 53 68.5 59.6 26.2 0.95

60 to 65 349 62.6 56.3 24.1 0.64 19 62.8 56.5 24.2 0.95

55 to 60 253 57.2 50.8 20.8 0.63 6 57.7 53.5 22.3 0.95

50 to 55 191 52.6 46.2 18.3 0.65 6 52.2 50.4 20.5 0.95

45 to 50 210 48.0 43.0 16.7 0.70 0 - - - -

40 to 45 225 43.1 38.6 14.6 0.66 0 - - - -

35 to 40 298 37.4 32.8 12.1 0.68 0 - - - -

30 to 35 328 32.1 28.5 10.3 0.71 0 - - - -

25 to 30 203 27.7 24.4 8.7 0.64 0 - - - -

20 to 25 170 23.0 20.1 7.1 0.61 0 - - - -

15 to 20 106 17.6 14.9 5.4 0.61 0 - - - -

10 to 15 50 12.1 9.8 3.7 0.57 0 - - - -

5 to 10 29 7.6 5.6 2.5 0.67 0 - - - -

0 to 5 13 3.2 1.5 1.3 0.44 0 - - - -

-5 to 0 4 -1.5 -3.0 0.0 0.18 0 - - - -

Total 3289 260

Annual DCV Schedule Summer Peak Diversified Demand Period

 
 
As part of binning the data, the average outdoor air conditions and occupancy diversity 
corresponding to each temperature bin were also recalculated along with the number of hours in 
each bin. In Table 7, notice that the summer peak hours are distributed across a wide range of 
temperature bins. In fact, all summer peak hours in temperature bins below 70 F to 75 F 
correspond to periods when DCV does not yield any savings since the estimated indoor air 
enthalpy (26.6 btu/lb) exceeds the outdoor air enthalpy.  
 
Using the “Annual DCV Schedule” data corresponding to each temperature bin—enthalpies, 
diversities, and hours—annual energy savings were recalculated using the approach laid out in 
the tracking analysis (using the previously discussed corrections). Similarly, for the summer 
peak demand period, the data listed in the right half of Table 7 were used in the same analysis 
procedure to assess energy savings over the summer peak diversified demand period. Energy 
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savings in the peak demand period were then divided by the total number of hours in the 
demand period (260) to determine summer peak diversified demand savings.  
In the cases of both energy savings and summer peak demand savings, the values calculated 
using this methodology—16,291 kWh and 19.1 kW respectively—correspond to expected 
savings if the building is occupied. Before proceeding with a discussion of how these savings 
were translated into average yearly savings over the life of the measure, it is first worth 
addressing why they differ from the tracking values. Note that occupied energy savings only 
differed from the tracking savings estimate by 4.8%. Considering that the bin data were 
changed, and modifications were also made to correct errors in the TA analysis workbook, the 
shift in energy savings was modest.  
 
Demand savings on the other hand changed considerably because a completely different 
methodology was used to assess savings. In the original bin analysis (which employed a 
different set of weather data), the highest temperature bin was not 85 F to 90 F as indicated in 
Table 7; it was actually 90 F to 95 F. The demand savings occurring within this bin, which were 
ultimately assigned as the summer coincident peak demand savings, were 32.1 kW. Why this 
value differs by .7 kW from the tracking database value could not be deduced from the 
information available in the analysis workbook or the tracking report.  
 
By contrast, the savings calculated using the evaluation approach were based on the hours and 
demand savings in the 8 bins presented in Table 8 below: 

Table 8:  Demand savings across bins with summer peak hours 

Dry Bulb 
Temp. 
Bin Hours

Demand 
Savings

85 to 90 5 90.1
80 to 85 37 98.9
75 to 80 80 7.9
70 to 75 54 4.3
65 to 70 53 -
60 to 65 19 -
55 to 60 6 -
50 to 55 6 -  

 

Notice that the savings vary drastically across the bins. If, as in the tracking analysis, savings 
from only the highest temperature bin had been selected, then the evaluated savings would 
have exceeded the tracking savings by 175%. Instead, because many of the affected 
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temperature bins exhibit little to no savings and make up a considerable portion of the peak 
period, savings were reduced drastically.  
 
It might seem peculiar that the demand savings in the 85 F to 90 F bin in the evaluation analysis 
(90.1 kW) were considerably higher than the demand savings in the 90 F to 95 F bin in the 
tracking analysis (32.1 kW). However, the savings in the 85 F to 90 F bin in the tracking 
analysis, 88.3 kW, were also considerably higher than the 90 F to 95 F bin savings. The savings 
are minimized in the 90 F to 95 F bin because the less loaded chillers in the installed case 
operate at a lower efficiency point than the heavily loaded chillers in the base case. The same is 
not true in lower temperature bins, and thus the savings are magnified in the temperature bins 
between 80 F and 90 F where the indoor/outdoor enthalpy differential is still large and the base 
versus installed case chiller efficiency differential is advantageous for the installed case. 
Furthermore, in the 80 F to 85 F and 85 F to 90 F bins in the installed case, only one chiller, and 
thus one pair of CW and CHW pumps, is required to operate. In those same bins in the base 
case, both chillers, and thus both sets of CW and CHW pumps, are required to operate. 
 
After assessing energy and demand savings under the occupied scenario, the final step in the 
analysis was scaling savings to account for the building’s vacancy. In order to determine how 
much the savings should be scaled by, two parameters were necessary: the DCV measure’s 
effective useful life (EUL) and an estimate of how many years the building would remain vacant. 
An EUL of 10 years was appropriated directly from the incentive application. Of those 10 years, 
the building was projected, by evaluators, to remain vacant for at most five years based on the 
limited information provided by the site contact. According to the site contact, there are no 
immediate plans to occupy the building, but this may change as economic conditions improve.  
Using this reasoning, evaluators assumed a five year unoccupied period.  It is possible that this 
period may last longer, but based on these discussions with the facility, it is unlikely that 
occupancy will increase prior to that.  Under this scenario, the DCV measure would save energy 
for a total of five years. Average annual energy and demand savings were therefore estimated 
as 50% (5/10) of the amounts projected based on full building occupancy.   
 
This measure did not achieve any winter peak diversified demand savings because it only saves 
gas during the winter period. Percent on peak energy savings were 100% since the measure is 
projected to only generate savings between the hours of 6 AM and 7 PM on weekdays.  
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Site ID: N547560 

Summary 

The savings for this project result from operational changes in lab area exhaust fans.  Variable 
speed drives and static pressure controls were installed on existing exhaust fans.  New control 
strategies were programmed into the existing energy management system.  The new control 
strategy allows the exhaust fans to operate according to lab air requirements instead of 
operating at fixed speeds and capacities. 

Table 9 below presents a summary of the energy and demand savings achieved at this facility. 
Evaluated energy savings are 50% greater than the tracking values.  The savings variance is 
due to inconsistent operating hours and static pressure based power calculations used in the TA 
study between the existing case and installed case scenarios.  On-peak energy savings are also 
greater than tracking estimates.  No summer or winter demand savings were generated in the 
tracking calculations.  This was based upon the assumption that peak airflow is very likely to 
coincide with super-peak hours.  Seasonal demand savings are achieved through the operation 
of the variable speed drives and static pressure controls.   

Table 9:  Summary of Tracking and Evaluation Savings Results 

Savings Quantity 
Tracking 
Estimate 

Evaluation 
Estimate 

Evaluation/ 
Tracking 

Annual Energy (kWh) 52,423 78,866 150% 
% Energy Savings On-Peak 13% 38% 293% 
Summer Peak Diversified kW (FCM) 0 6.0 N/A 
Winter Peak Diversified kW (FCM) 0 7.3 N/A 
 

Project Description 

This project modifies the operation of existing exhaust fans serving science labs.  The exhaust 
fans operate 24 hours per day and 365 days per year.  Continuous ventilation is required 
maintain proper air balances and pressures within the building.  The existing case consists of 
four 30.0-HP fans each rated at 26,500 CFM.  The exhaust system has a maximum capacity 
79,500 CFM.  This is the equivalent of three fans operating at full capacity.  The fourth fan was 
installed as a backup unit.  Two fans ran continuously in the tracking baseline.  A third fan was 
brought online when lab activities and exhaust requirements exceeded the capacity of the two 
operating fans.  The fourth fan never operated in addition to the three primary units and 
remained as backup.  The exhaust fans operated with an air-bypass system in the existing 
case.  The required fans, two or three depending upon lab usage, operated at a fixed speed. 
The air-bypass system handled the excess of ventilation air that was not required by the labs.  
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Four 30-horsepower variable speed drives were installed to control the existing exhaust fans.  
The variable speed drives operate the fans with a fixed 1.25” static pressure set point and a 
minimum 70% fan speed.  Vendor and site information indicated that the 70% minimum speed 
is the lowest speed the fans could operate and still maintain the required exhaust stack.  This 
installed operation eliminates the need of the bypass system.  Operating the fans with the 
variable speed drives and 70% minimum speed operates the system more efficiently than the 
fixed speed tracking existing scenario. 

A second step in the measure achieved savings by reducing static pressure during unoccupied 
periods.  Fan operation was based upon a fixed 1.25” static pressure set point during all hours 
in the existing case.  A 1.0” unoccupied static pressure set point was programmed into the 
energy management system.  Programming was installed to permit polling of zone static 
pressure.  This control change allows fans to operate between the 1.0” and 1.25” static pressure 
set points during the unoccupied periods. 

Tracking Analysis  

Tracking savings were calculated with two sets of spreadsheets.  Savings for the variable speed 
drives and occupied operation were calculated in a 5% load bin spreadsheet.  Unoccupied static 
pressure changes were calculated in a second spreadsheet using a simple line item format.  
The two spreadsheets were not interactive. 

Tracking Calculation Methodology 

The assumed existing case for the variable speed drive measure reflected the constant speed 
operation and the impact of the bypass system. Existing case power was calculated for 8,760 
hours of operation using the maximum CFM exhaust capacity, system static pressure, fan 
efficiency, and motor efficiency.  Occupied and unoccupied periods were broken into two equal 
4,380 hour periods.  The existing case formula is: 

kWh = (CFM x SP x 0.746 X Hours)/ (6350 x Faneff x Motoreff) 

where: 

• kWh = annual existing case kWh 

• CFM = the maximum capacity of the exhaust system 

• SP = operating static pressure 

• 0.746 = kW per horsepower conversion factor 

• Hours = annual occupied and unoccupied operating hours 

• 6350 = air properties conversion factor 
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• Faneff  = fan efficiency 

• Motoreff = motor efficiency 

A 5.0% load bin analysis was used to estimate fan performance with the variable speed drives.  
Calculations began with the 65% - 70% bin and extended incrementally to the 90% -100% bin.  
Previous engineering studies determined that proper building pressurization could not be 
maintained below 70% fan speeds.  Static pressure and CFM are calculated for each bin.  The 
associated power is calculated with those values, the motor efficiency, and fan efficiency.  The 
calculated power is multiplied by the anticipated operating hours for each bin to obtain the kWh.  
The summation of the kWh for all bins yields the post implementation operation estimate.  This 
value is subtracted from the baseline to obtain annual energy savings. The CFM formula is: 

CFM = (%Speedbin x CFMmax)/100 

where: 

• CFM = CFM per bin rounded to the nearest hundred 

• %Speedbin  = the middle bin percent    

• CFMmax = maximum exhaust system CFM 

The static pressure formula is: 

SPbin = (CFMbin x CFMmax) ^2 x (SPfan – SPendduct) + SPendduct 

where: 

• SPbin = static pressure per bin 

• CFMbin = CFM per bin calculated above 

• CFMmax = maximum CFM of the fan system 

• SPfan – static pressure at the fan fixed at 3.0” 

• SPendduct = static pressure and the end of ductwork fixed at 2.0” 

Annual operating hours were calculated at 15 hours of operation per day for 365 days per year.  
These hours were assigned per bin by the following formula: 

Hoursbin = Hourstotal x Binpercent 

where: 

• Hoursbin = operating hours per bin 
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• Hourstotal = total annual operating hours (15 hours/day x 365 days per year) 

• Binpercent = Assigned operating percentage per bin 

The energy usage for the proposed case is calculated with the following bin formula: 

kWhproposed = (CFM x SP x 0.746)/(6350 x Faneff x Motoreff x 0.96 x Hours) 

where: 

• kWhproposed = total annual kWh per bin 

• CFM = cubic feet per minute calculated above 

• SP = static pressure calculated above 

• 0.746 = kW per horsepower conversion factor 

• 6350 = air properties conversion factor 

• Faneff  = 65% = fan efficiency 

• Motoreff = 90% = motor efficiency 

• 0.96 = undocumented multiplier assumed to be VFD efficiency 

• Hours = annual operating hours per bin 
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Figure 11 is a copy of the bin analysis for installation of the variable speed drives. 

 

Figure 11:  Variable Speed Drive and Baseline Calculations 
VAV LOAD  PROFILE / SAVINGS Fan  Static Pressure (in) = 3.00

MAX CFM = 79,500 Eff Fan= 0.650       Eff mot = 0.900       
FAN SYSTEMS: Total Hrs= 5475 Constant end of duct press= 2.00         
BHP= 57.78   Min % -------------Static Press. Reset----- ------------Const Static Press----------
 PCT LOAD PCT CUM 70 ACTUAL OPER HRS System VFD VFD Sys Press VFD VFD 
LO HI HRS % HRS PCT HRS CFM PER BIN Pressure kW kWh w/const statkW kWh

0 5 0.0 0 0 2,000 0 0.00 0.00 0 2.00 0.84 0.00
5 10 0.0 0 0 6,000 0 0.02 0.02 0 2.01 2.52 0

10 15 0.0 0 0 9,900 0 0.05 0.10 0 2.02 4.17 0
15 20 0.0 0 0 13,900 0 0.09 0.27 0 2.03 5.90 0
20 25 1.0 1 0 17,900 0 0.15 0.57 0 2.05 7.68 0
25 30 2.0 3 0 21,900 0 0.23 1.04 0 2.08 9.51 0
30 35 2.0 5 0 25,800 0 0.32 1.71 0 2.11 11.36 0
35 40 3.0 8 0 29,800 0 0.42 2.63 0 2.14 13.34 0
40 45 5.0 13 0 33,800 0 0.54 3.83 0 2.18 15.42 0
45 50 6.0 19 0 37,800 0 0.68 5.36 0 2.23 17.60 0
50 55 7.0 26 0 41,700 0 0.83 7.20 0 2.28 19.85 0
55 60 9.0 35 0 45,700 0 0.99 9.48 0 2.33 22.28 0
60 65 11.0 46 0 49,700 0 1.17 12.19 0 2.39 24.86 0
65 70 12.0 58 58 53,700 3176 1.37 15.38 48827 2.46 27.59 87619
70 75 11.0 69 11 57,600 602 1.57 18.98 11428 2.52 30.42 18323
75 80 10.0 79 10 61,600 548 1.80 23.21 12707 2.60 33.51 18346
80 85 9.0 88 9 65,600 493 2.04 28.03 13812 2.68 36.79 18128
85 90 7.0 95 7 69,600 383 2.30 33.48 12830 2.77 40.28 15437
90 95 3.0 98 3 73,500 164 2.56 39.43 6476 2.85 43.89 7209
95 100 2.0 100.00    2 77,500 110 2.85 46.22 5061 2.95 47.83 5237

Totals 100 100.0 5,475           111,142 170,299
Time Weighted Av Cfm= 58,173      

Existing Day-Night Operation: 8760  Annual baseline hours
Existing Fan  Energy Use for days 4380 hours/year 58,173     CFM = 105,408 kWh/ Yr
Existing Fan  Energy Use for nights 4380 hours/year 58,173     CFM = 105,408 kWh/ Yr  Avg kW

Total current Supply Fan power  = 210,815 kWh/ Yr 24.07
Based on Actual Static Press = 2.06 in w.c.  

 

The savings for the unoccupied static pressure reduction were calculated in a separate 
spreadsheet. The unoccupied period [5,110 annual hours] is defined as operation on Monday 
through Friday from 6:00 pm to 8:00 am.  The unoccupied period was further broken into annual 
on-peak [1,564 hours] and off-peak [3,546 hours] operation.  Exhaust CFM and static pressure 
was established for both the existing and proposed cases. These values and the fan efficiency, 
motor efficiency, and variable speed drive efficiency were used to estimate the existing and 
proposed brake horsepower and motor kW.  The motor kW was multiplied by the annual 
operating hours.  The difference between the existing case and proposed values generated the 
annual tracking savings.  The calculation for the existing and proposed unoccupied static 
pressure reduction is: 

kWhannual = ((CFM x SP)/(6350 x Faneff) x 0.7457 x Hours)/Motorreff/VFDeff 

where: 
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• kWhannual = annual existing and proposed kWh 

• CFM = 45,500 = exhaust air in cubic feet per minute 

• SP = existing (1.25”) and proposed (1.00”) unoccupied static pressure set point 

• 6350 = air properties conversion factor 

• Faneff  = 65% = fan efficiency 

• 0.7457 = kW per horsepower conversion factor 

• Hours = annual unoccupied operating hours 1,564 hours peak and 3,546 hours off-peak  

• Motoreff = 90% = motor efficiency 

• VFDeff = 98% = variable speed drive efficiency 
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Figure 12:  Unoccupied Static Pressure Reduction Calculations 

Unoccupied Hours
Total Occupancy hours 3,650                 5,110                    
Peak Hours 2,463                 1,564                    
Off-Peak Hours 1,187                 3,546                    

Calculation Assumptions Unoccupied Existing Case Proposed Case C
Airflow - CFM 45,500               45,500                  
Static Pressure Setting - in w.c. 1.25                   1.00                      
Fan Efficiency 65% 65%
Motor Efficiency 90% 90%
VFD Efficiency 98% 98%

Calculations Unoccupied Existing Case Proposed Case C
Fan Power - BHP 13.78                 11.02                    
Fan Power - kW 11.65                 9.32                      
Unoccupied Peak Energy Use - kWh 18,223               14,578                  
Unoccupied Off-Peak Energy Use - kWh 41,309               33,047                  

59,532               47,626                  11,906               
Super Peak Power Savings 0 0  

 

The tracking calculations employed a simple method of estimating the base and proposed 
scenarios.  A bin analysis was used to estimate savings for the installation of the variable speed 
drives and elimination of the air by-pass system.  Bin analyses are an effective way to estimate 
the performance of fan systems.  Savings from the reduction in the unoccupied static pressure 
set point were calculated using single line calculations. Single line calculations can provide 
accurate savings estimates for simple measures without multiple variables.  This methodology 
was appropriate for the static pressure reduction measure.  While the fundamental approaches 
were appropriate, the following concerns exist with the tracking methodology. 

Discussion of Tracking Analysis 

Inconsistencies were identified in the bin analysis.  Different operating hours were applied to the 
existing and installed scenarios.  This inconsistency resulted in claiming savings for reducing 
operating hours which was not part of the measure.  Also, there was no interaction between the 
bin analysis and line calculations for the unoccupied period static pressure reduction.  This 
resulted in different unoccupied hours and static pressure set points to be used between the two 
approaches for the same unoccupied period.     

No existing case power measurements were made.  Tracking savings are based upon an 
average power draw of 24.07 kW over the 8,760 annual hours.  This is the equivalent of two 30-
HP motors operating 48.5% loaded. The key variable is the configuration and impact of an air  
bypass system installed with the exhaust fan system.  The spreadsheet correctly identifies the 
design system capacity [79,500 CFM] and the 8,760 hour annual operation.  The pre-retrofit 
annual kWh is based upon 2.06” of static pressure.  Tracking documentation lists existing static 
pressure at 1.25”.  The load bin analysis begins at the 65% - 70% bin.  Nearly 60% of all 
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proposed operation is applied to the 65% - 70% bin.  The tracking documentation states that 
70% is the minimum expected lspeed.  The total annual operation in the bin analysis is also 
3,285 hours less than the existing hours.  The exhaust fans are required to operate 8,760 hours 
to maintain building pressure.  This inappropriate reduction in operating hours claimed savings 
from shutting the fans off which is not possible.  This increases the estimated savings in a way 
that cannot be achieved by the installed measure.  The bin calculations contain static pressures 
and kW that are well out of range of the stated baseline conditions.  A static pressure of 2.95” is 
calculated for the 95% - 100% bin with a corresponding 47.83 kW.  This is nearly 50% greater 
than the constant speed existing case condition of 24.07 kW.  The values in the “static pressure 
reset” columns are slightly less, but they are not linked to or included in the final savings.  All the 
calculated proposed static pressures are greater than the 1.25” existing value.  Because the 
calculated kW for each bin in the proposed case is greater than the existing case kW, there 
would be no savings if the correct hours [8,760] were used in the calculations.  The installed 
case would have greater annual kWh usage than the existing case. 

Demand savings were not calculated in the tracking spreadsheets.  However, the fans operate 
8,760 hours per year and the static pressure control modifications that were implemented have 
potential impact over the entire year.   

The calculations for the unoccupied static pressure reset are straight forward and correspond 
with stated baseline conditions.  There is little correlation to the variable speed drive 
calculations.  The savings excerpt from the spreadsheet is presented in Figure 12 above. 

Savings are based upon the reduction in static pressure from 1.25” to 1.0” during unoccupied 
periods.  The 5,110 unoccupied hours are used to calculate the savings form both peak and off 
peak periods.  There is no correlation between these hours and the 5,475 hours used in the 
previous calculation.  BHP and motor kW are calculated using the fan, motor, and VFD 
efficiencies.  These values are all within anticipated parameters. The 45,500 CFM is 86% of the 
capacity of two operating fans.  The two fan primary operation was confirmed by the site 
personnel. 

The calculated unoccupied static pressure reduction savings were broken into on-peak and off-
peak periods.  On-peak savings were calculated as 45% of total savings.  Off-peak savings are 
55% of savings. 

Evaluation Methodology 

A different calculation format was selected because of the inconsistencies in the tracking 
calculation variables, the lack of interaction between the variable speed drive and unoccupied 
static pressure reduction measures, and the blanket reduction to the proposed variable speed 
operation outside the calculation spreadsheet.  The savings were recalculated using an 8,760 
hour spreadsheet. This format was chosen because savings from the variable speed drives and 
unoccupied static pressure set points can be calculated interactively from the power and static 
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pressure trend data.  The 8760 format also provides the ability to specifically calculate on-peak 
and off-peak performance, as well as summer and winter demand savings, in each hour of 
occurrence.  Two fans operated continuously in the existing case and a third fan was brought 
online as needed according to lab usage.  Three fans operate continuously in the installed 
condition.  The 8,760 analysis also uses the trend data to estimate when the third fan would be 
operational in the existing case scenario in relation to on-peak/off-peak hours and 
summer/winter demand periods. 

The evaluation spreadsheet recalculates the savings from the monitored power of the fans.  
Three of the four exhaust fans operate continuously.  The fourth fan waits as backup.  Power 
monitors were installed on each of the three operating fans.  This data was analyzed and 
compared to outside air temperatures.  The regression analysis showed a poor correlation to 
temperature making this project non-weather sensitive.  A time-of-use logger was installed on 
the fourth fan.  The data from that logger shows that the unit did not operate through the 
monitoring period confirming the back-up status. 

Weekly operating profiles were created for each of the fans.  Each profile has a unique kW 
value for every hour of the week.  These profiles are used as lookup tables and provide the 
corresponding hourly inputs for the 8,760 hour spreadsheet.  The resulting formula for each of 
the 8,760 hour calculation is: 

kWweeklyhour = VLOOKUP(Hourday,Rangefan,Dayweek) 

where: 

• kWweeklyhour = kW value for each fan according to hour-of-day and day-of-week 

• VLOOKUP = lookup command to select hour-of-day according to day-of-week 

• Hourday = Hour of day from 8,760 hour spreadsheet 

• Rangefan = Data range containing weekly operating kW profile from power logger for 
each fan 

• Dayweek = day of week for each hourly occurrence. 

Lookup tables are created for each of the three fans and the VLOOKUP command is used to 
obtain the kW value for every hour for each day of the week for each fan.  The kW values for the 
three fans are summed to obtain total kW operation for each hour.  The summation of the 8,760 
hour operation yields total annual operation.  This methodology generates savings from the 
monitored operating profiles for the fans based upon hour-per-day and day-per-week. 

Existing case operation was calculated for 2-fan and 3-fan operation.   Each fan is rated at 30-
horsepower.  The kW for the existing case is calculated using the motor horsepower, motor 
efficiency, and motor load factor.  The TA study did not provide any estimated load factors.  The 
site evaluation uses a 70% load factor for two-fan operation and a 60% load factor for three-fan 
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operation.  These values were selected to accommodate the use of the by-pass system.  The 
operation of the third fan occurs when lab usage exceeds the capacity of the two operating fans.  
The incremental load increase from this third fan is smaller compared to the two operating fans.  
The third fan operates at full capacity in the existing case despite the small increase in load.  
This results in a greater movement of air through the by-pass system when the third fan is 
operational.  This was the reason for the reduction of the load factor to 60%.  The average load 
factor for the three operating fans in the installed case is 56.4%.  This provided another level of 
comparison for the 60% load factor.  The tracking motor kW calculation is: 

kWexisting = (HPmotor x 0.746 x LF)/Motoreff 

where: 

• kWexisting = kW for each exhaust fan 

• HPmotor = motor horsepower 

• 0.746 = kW per horsepower conversion factor 

• Motoreff = motor efficiency 

The kW trend data was used to estimate the CFM of the exhaust system for each of the 8,760 
operating hours.  This was done by creating a ratio of the kW of the operating fans to the 
operational kW of the two operating fans in the existing case.  The affinity laws were applied to 
this ratio.  An affinity factor of 2.5 was estimated as average operation.  This created a 
percentage of operation that could be applied to the maximum operating capacity [CFM] of two 
operating fans.  This provided the times when the calculated CFM exceeded the capacity of the 
two operating fans and estimated when the third fan would have operated in the existing case.  
The formula for calculating CFM from the trend data is: 

CFMsite = ((∑kWsite/0.746)/(∑kWexist2fan/0.746)/^(1/2.5)) x CFMexist2fan 

where: 

• CFMsite = CFM for each hour 

• ∑kWsite = sum of monitored kW of all three operating fans 

• /(∑kWexist2fan = sum of existing case kW for two operating fans 

• 0.746 = kW per horsepower conversion factor 

• (1 / 2.5) = root of the fan law affinity factor 

• CFMexist2fan = maximum CFM of two operating fans 

CFMsite is used to calculate when the third fan is required based upon the monitored kW data for 
the three operating fans.  The calculations identified hours when the calculated CFM of the 
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three operating fans exceeded the maximum CFM of two fans operating in the existing case.  
The existing case for each operating  

kWexisting = IF(CFMsite > CFMexist2fan,kWexist3fan,kWexist2fan) 

where: 

• kWexisting = kW of existing operating fans for each hour 

• CFMsite = site CFM as calculated above 

• CFMexist2fan =  maximum CFM of two operating fans 

• kWexist3fan = kW of three operating existing fans as calculated above 

• kWexist2fan = kW of two operating existing fans as calculated above 

Seasonal operation was discussed with site personnel.  These exhaust fans serve lab areas.  
However, this is a small facility with low to moderate lab use.  Large and extensive projects are 
rare and most lab use is limited to small classroom usage.  This low lab usage is what enables 
the unoccupied static pressure reduction.  Most of the fan energy is base load operation 
maintaining building pressures. The summer usage mirrors other times of the year.  The 
monitored data is representative to typical lab activity. 

Evaluation Data Collection 

The operation of the labs and exhaust fans was discussed with site personnel.  The baseline 
assumptions including static pressure, system CFM, the number of fans required, and 
occupied/unoccupied periods were identified.  The use of a bypass system in baseline operation 
was also discussed.  Data, trends, and control points were reviewed in the energy management 
system.  The ability for the energy management system to trend static pressure was confirmed.  
Existing trend reports were reviewed and provisions were made to download trends concurrent 
with power monitoring. 

Power loggers were installed to monitor the operation of the exhaust fans. One power logger 
monitored the operation of EF-1A and EF-1C.  The same breaker panel housed the circuits for 
both of these units.  A second power logger was installed in another panel to monitor EF-1B.  
These are the three primary exhaust fans identified by the site contact and conform to the 
documented equipment for the project.  A time-of-use logger [TOU] was installed to monitor 
back-up fan EF-1D.  The TOU logger provides on/off monitoring and was used to confirm the 
back-up role for EF-1D.  Table 10 below summarizes the key parameters for each of the 
installed data loggers.  
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Table 10:  Equipment Monitoring Summary 

Metered Equipment EF-1A, EF-1B, EF-1C EF-1D Static Pressure 

Measured Parameter 
True Power, Voltage, 
Amperage, PF (3 Phases) Start/Stop Static pressure 

Logger Make/Model 
Dent ElitePro Power 
Meter Dent CT Logger EMS 

Transducer/Equipment 
Types 

Current Transducers and 
Voltage Clamps Power clamp Pressure sensors 

Installation 
Breaker panels in attic 
electrical room 

Breaker panel in attic 
electrical room 

Integral with EMS and 
fan system 

Observation Frequency 
15 Minutes; Time 
averaged readings 

15 Minutes; Time 
averaged readings 

Hourly; Time averaged 
readings 

Metering Period 

September 7th, 2010 to 
November 9th, 2010 
63 Days 

September 7th, 2010 
to November 9th, 
2010 
63 Days 

October 8th, 2010 to 
November 9th, 2010 
32 Days 

Metered by: 
KEMA evaluator & RISE 
electrician 

KEMA evaluator & 
RISE electrician Site EMS operator 

 
Facility personnel were interviewed about the project and current operational status of the 
equipment.  The size and capacities were discussed and reviewed in the field.  The following 
points were uncovered during the site visit: 
 

• The existing case usage and changes were accurately stated in the report.  A bypass 
system was in place and two fans ran continuously at full capacity.  

• The third fan was brought online when exhaust requirements exceeded the capacity of 
the two prime units.  

• The fourth fan is not needed and was installed as a back-up unit.  The design system 
capacity can be met with three operational fans.  

• The exhaust system is enabled 8,760 hours per year.  The lab has mostly low to 
moderate use. 

• The existing  system static pressure was 1.25”.  The polling routines were programmed 
into the energy management system and are operational.  

 
Evaluation Savings Analysis 

The static pressure trend data was downloaded from the energy management system.  The 
trend data timeline was to be concurrent with the power logger monitoring period.  The data 
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from the EMS contained trends for the last 32-days.  The EMS operator uses the graphics 
screens to monitor his system.  The graphics provide a quick snapshot over time and variables 
outside normal operation are easily seen.  The database containing the points for the graph 
have not been accessed since the system was commissioned.  While we are able to see 
historical trends, we could not access more than the 32-day profile.  It is not known where the 
data is stored or in what format.  Export commands, screen captures, and other menu 
commands did not uncover expanded information.  The static pressure data collected provides 
a clear picture of fan performance.  Figure 13 and Figure 14 show the monitored static 
pressure. 
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Figure 13:  EMS Trend of Static Pressure for EF-1A 
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Figure 14:  EMS Trend of Static Pressure for EF-1C 
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The static pressure trends show the operation of the system and how closely that operation 
conforms to proposed variables.  Baseline operation was at a fixed 1.25” pressure.  The variable 
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speed drives clearly operate the fan system well below that value.  The 1.25” level is exceeded 
only when required by lab and hood usage.    

The trend data also shows that average unoccupied operation is just below the 1.0” installed 
static pressure set point.  This is confirmed shown in Figure 15.  The unoccupied period begins 
at hour 20 and extends to hour 8.  Average Saturday and Sunday operation is at 1.0” SP and 
below.  

Figure 15:  Average Weekly Static Pressure Trend 
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The monitored data from each of the power loggers was entered into analysis spreadsheets. 
Average, maximum, and minimum kW readings were generated.  Pivot tables were created to 
determine the hourly loads [kW] for every hour of the week.  Figure 16 shows the typical 
weekly operating profile for EF-1A. 
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Figure 16:  EF-1A Weekly Operating Profile 
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This chart defines the occupied and unoccupied periods.  Saturday and Sunday usage has 
minimal usage over the base load.  The Friday operation is also reduced and conforms to class 
schedules.  The small evening usage is indicative of a few students and teachers working 
extended hours.  However, the graph confirms the uniformity of lab operations with time and is 
class based.  The graphs for EF-1B and EF-1C closely match EF-1A performance.  The time-of-
use logger installed on EF-1D showed no usage during the monitoring period. 

The power data was also viewed linearly over the entire monitoring period.  The installation date 
is 9/7/2010 and the removal date is 11/9/2010.  The 15-minute monitoring data was converted 
into hourly values in a pivot table.  Figure 17 shows the operating profile for EF-1A throughout 
the 63-day monitoring period. 
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Figure 17:  EF-1A Operation throughout the Monitoring Period 
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Figure 17 shows the continuity of operation in the exhaust fan.  The unit operated over the 
entire monitoring period.  Classes start at the beginning of September.  A slight increase in fan 
base load operation is noticeable around 9/15/2010 and reflects classes going into full session.  
The average difference in hourly operation pre and post 9/15 is 1.32 kW which also includes the 
spikes due to increased lab usage.  The labs operate over the summer with specialized paid 
research positions.  The level of work is determined by available grants and funding.  The labs 
have reduced usage two weeks prior to commencement and at the end of August before 
classes begin.  Lab activities in the summer session are similar to winter usage. 

Data from the pivot tables were converted into lookup tables that provide average power 
consumption for every hour of the week.  Figure 18 shows the hourly power data for EF-1A. 
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Figure 18:  EF-1A Weekly/Hourly kW Lookup Table 
EF-1A

1 2 3 4 5 6 7
Hour Sun Mon Tue Wed Thu Fri Sat

1 8.0 8.1 8.1 8.2 8.1 8.0 7.9
2 8.0 8.1 8.0 8.1 8.1 8.0 8.0
3 8.0 8.0 8.0 8.1 8.1 8.0 7.9
4 8.0 8.1 8.0 8.1 8.1 8.0 8.0
5 8.0 8.0 8.0 8.1 8.1 8.0 8.0
6 8.0 8.1 8.0 8.1 8.1 8.0 8.0
7 8.0 8.1 8.1 8.2 8.2 7.9 8.0
8 8.0 8.3 8.3 8.5 8.5 8.3 8.0
9 8.3 8.6 9.1 9.3 8.8 8.8 8.2
10 8.3 9.2 10.2 9.8 9.6 9.1 8.3
11 8.4 9.5 10.8 9.9 9.9 9.3 8.4
12 8.4 10.4 10.5 9.8 9.8 9.3 8.4
13 8.4 10.8 10.3 9.9 9.8 9.1 8.4
14 8.5 12.1 10.8 10.6 11.1 9.2 8.4
15 8.6 13.3 11.8 11.8 12.4 9.1 8.4
16 8.6 14.0 11.9 12.2 13.0 9.1 8.4
17 8.5 12.8 11.0 11.3 12.3 8.9 8.4
18 8.4 10.7 9.4 9.8 10.5 8.7 8.2
19 8.3 8.8 8.5 8.6 8.6 8.5 8.2
20 8.3 8.7 8.4 8.6 8.3 8.2 8.1
21 8.2 8.8 8.2 8.4 8.1 8.1 8.1
22 8.2 8.7 8.2 8.3 8.1 8.1 8.0
23 8.2 8.7 8.2 8.2 8.1 8.0 8.0
24 8.1 8.4 8.2 8.2 8.1 8.0 8.0  

 

This table turns the kW data points into average hourly values to generate a profile of a typical 
week.  Note the continuity in kW throughout the weekend and early morning hours.  This 
provides additional confirmation that the static pressure control strategies are in place and 
working well.  The table also shows limited Friday lab usage during the school year.  The 
majority of lab operation is on weekday afternoons and Tuesday mornings.  The science labs 
operate with paid summer research programs from mid June through mid August.  These 
seasonal research programs operate Mondays through Fridays from 8 am to 4 pm, but lab 
activities can extend to 10 pm.  Summer usage is dependent upon funding and project type, but 
summer lab usage can have longer weekday operating periods than teaching sessions due to 
the paid nature of the research.  The labs have limited usage during two week periods after 
commencement and before school begins in September.  Work is still occurring as intern 
program work is being set up in June and research winds down in August as the labs are 
prepped for the upcoming school year.  The exhaust fans still operate during these reduced 
occupancy periods. 
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Similar lookup tables were created for exhaust fans EF-1B and EF-1C.  The hourly lookup kW 
value was entered into each corresponding cell in the 8,760-hour spreadsheet.  The summation 
of all three units generated the total annual kWh for the installed measure.  The on-peak and 
FCM summer and winter demand periods were set in the spreadsheet. 

The hourly power data profiles were used to estimate the CFM for each hour.  This value was 
generated as the ratio between the monitored power and the calculated existing case power. 
Existing scenario operation consisted of two fans with the third fan enabled as needed.  The 
design capacity of the two fans was used as the base for the power ratio.  This enables the 
estimation of third fan operation in the base scenario.  When the calculated CFM exceeded the 
capacity of the two fans the third fan was enabled. 

Pre-retrofit kW was calculated using a 70% average load factor for two fans and a 60% load 
factor when the third fan was enabled.    The 70% and 60% values were considered 
conservative values and within an acceptable range.  It is believed that the bypass prevented 
the fan load factor to drop significantly. 

Conclusions 

• The annual savings of 78,866 kWh are 50% greater than the tracking estimates [52,423 
kWh].   

• The variable speed drives were installed and control changes made.  The drives and 
controls are fully operational. 

• The fans operate continuously through the year. 

• Occupied static pressure [1.25”] and unoccupied static pressure [1.0”] stated in the TA 
report were confirmed through monitoring. 

• A 5.0% pressure bin analysis was used to calculate savings for the variable speed drives 
and occupied period controls.  The calculations were appropriate, but input 
inconsistencies contributed to the savings variance. 

• The bin analysis did not calculate savings across all 8,760 annual operating hours which 
reduced potential savings. 

• The installed calculations for the bin analysis used kW values that were greater than the 
existing case kW values. 

• Single line calculations were used to generate savings for the unoccupied period static 
pressure reduction.  This methodology was acceptable, but there were operating hour 
inconsistencies compared with the pressure bin analysis. 

• Summer peak demand savings [6.0 kW] and winter peak demand savings [7.3 kW] were 



 
 

 

National Grid June 17, 2011 
 

B-57 

calculated using the 8,760 hour evaluation spreadsheet.  No seasonal demand savings 
were incorporated in the tracking savings. 

• Data from installed power loggers and EMS trends verified the continuous operation of 
the fans and operating static pressures. 
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Appendix 
Figure A- 1:  EF-1B Weekly Operating Profile 
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Figure A- 2:  EF-1B Operation throughout the Monitoring Period 
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Figure A- 3:  EF-1C Weekly Operating Profile 
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Figure A- 4:  EF-1C Operation throughout the Monitoring Period 
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Figure A- 5:  EF-1B Weekly/Hourly kW Lookup Table 
EF-1B

1 2 3 4 5 6 7
Hour Sun Mon Tue Wed Thu Fri Sat

1 8.2 8.2 8.2 8.3 8.3 8.2 8.1
2 8.2 8.2 8.2 8.3 8.3 8.2 8.1
3 8.2 8.2 8.2 8.3 8.3 8.2 8.1
4 8.2 8.2 8.2 8.3 8.3 8.1 8.1
5 8.1 8.2 8.2 8.3 8.3 8.2 8.1
6 8.1 8.2 8.2 8.3 8.3 8.2 8.1
7 8.1 8.3 8.3 8.3 8.4 8.1 8.1
8 8.2 8.5 8.6 8.6 8.6 8.4 8.2
9 8.4 8.8 9.3 9.5 9.0 9.0 8.4
10 8.5 9.3 10.3 10.0 9.8 9.3 8.5
11 8.6 9.7 11.0 10.1 10.1 9.5 8.5
12 8.6 10.6 10.7 10.0 10.0 9.5 8.5
13 8.6 11.0 10.5 10.1 10.0 9.3 8.6
14 8.7 12.4 11.1 10.8 11.4 9.4 8.6
15 8.8 13.6 12.0 12.0 12.7 9.4 8.6
16 8.8 14.3 12.1 12.4 13.3 9.3 8.6
17 8.7 13.1 11.1 11.6 12.6 9.1 8.5
18 8.6 10.9 9.6 10.0 10.8 8.9 8.3
19 8.4 9.0 8.7 8.8 8.8 8.6 8.3
20 8.4 9.0 8.5 8.7 8.4 8.4 8.3
21 8.4 9.0 8.4 8.5 8.3 8.3 8.2
22 8.3 8.9 8.3 8.4 8.2 8.2 8.2
23 8.3 8.8 8.3 8.4 8.3 8.1 8.1
24 8.3 8.6 8.3 8.3 8.2 8.1 8.1  
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Figure A- 6:  EF-1C Weekly/Hourly kW Lookup Table 
EF-1C

1 2 3 4 5 6 7
Hour Sun Mon Tue Wed Thu Fri Sat

1 7.7 7.8 7.8 7.9 7.9 7.8 7.7
2 7.7 7.8 7.7 7.8 7.8 7.8 7.7
3 7.7 7.8 7.8 7.8 7.8 7.7 7.7
4 7.7 7.8 7.7 7.8 7.8 7.7 7.7
5 7.7 7.8 7.7 7.8 7.8 7.7 7.7
6 7.7 7.8 7.8 7.8 7.8 7.7 7.7
7 7.7 7.8 7.8 7.9 7.9 7.7 7.7
8 7.8 8.0 8.1 8.2 8.2 8.0 7.8
9 8.0 8.3 8.8 9.0 8.5 8.6 7.9
10 8.1 8.9 9.9 9.6 9.3 8.8 8.0
11 8.1 9.3 10.5 9.7 9.6 9.1 8.1
12 8.1 10.1 10.2 9.6 9.5 9.1 8.1
13 8.1 10.5 10.0 9.6 9.5 8.8 8.1
14 8.2 11.8 10.6 10.4 10.8 9.0 8.2
15 8.3 13.1 11.5 11.6 12.2 8.9 8.2
16 8.4 13.7 11.7 11.9 12.8 8.9 8.1
17 8.3 12.5 10.7 11.1 12.1 8.6 8.1
18 8.2 10.4 9.2 9.5 10.2 8.4 7.9
19 8.0 8.5 8.3 8.3 8.3 8.2 7.9
20 8.0 8.5 8.1 8.3 8.0 7.9 7.8
21 8.0 8.6 8.0 8.1 7.9 7.8 7.8
22 7.9 8.4 7.9 8.0 7.8 7.8 7.7
23 7.9 8.4 7.9 8.0 7.8 7.7 7.7
24 7.8 8.1 7.9 7.9 7.8 7.7 7.7  
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Site ID: N529184 

Summary 

This project is an Energy Initiative (EI) project that involved the replacement of electric steam 
humidifiers with ultrasonic humidifiers in a number of clean rooms. The clean rooms had a 
combined 70 kW demand load supplied by electric steam humidifiers. This was replaced with 9 
ultrasonic humidifiers rated at 660 Watts each (5.94 kW total). Ultrasonic humidifiers reduce 
energy use substantially because they do not need to heat the supply water to produce their 
humidification effects. Humidification is done through a piezoelectric element that consumes 
very little energy. 
 
The existing case for this measure is electric humidification. According to the documentation, 
the existing system used a total of 70 kW of electric humidification for clean rooms receiving 
new ultrasonic humidifiers. 
 
Table 11 below presents the summary of the tracking and evaluation savings results.  The 
ultrasonic humidifiers were not operating during the time of the evaluation.  Based on 
conversation with facility personnel, the facility where the ultrasonic humidifiers were installed is 
shut down and operations are being moved to a different facility. The ultrasonic humidifiers were 
transferred in the move and are expected to eventually be installed at the new facility which is 
still within National Grid’s service territory.  
 
An examination of the TA’s simulation input files show that humidity control is supplied by a hot 
water loop supplied by an electric boiler. The efficiency of the boiler was adjusted in the 
proposed case to mimic the higher efficiency of the ultrasonic humidifiers. The evaluators agree 
with this methodology but energy savings are pro-rated based on the one year the ultrasonic 
humidifiers are estimated to be offline. 

Table 11:  Summary of Tracking and Evaluation Savings Results 

Savings Quantity Tracking Estimate Evaluated Savings Evaluated/Tracking 
Annual Energy, kWh 166,985 155,853 93% 
Percent Energy On-peak 48% 48% 100% 
Summer Peak Diversified kW 0 0 NA 
Winter Peak Diversified kW 19.0 17.7 93% 
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Project Description 

The facility is a manufacturing plant that contains clean rooms, office space, and a cafeteria. 
The area of interest are the assembly, trillium test and stock clean rooms which are served by 
electric humidifiers ranging from 10 kW to 40 kW. These clean room electric humidifiers  were 
replaced with 9 ultrasonic humidifiers rated at 660 Watts each. The space is maintained at 45% 
relative humidity for all hours and it is expected the humidifiers are always available and operate 
on an as needed basis. 
 
Tracking Analysis Method 

Tracking savings were estimated using PowerDoe, which uses DOE 2.2 as its calculation 
engine, to simulate and compare energy use from baseline and proposed system models.  

The baseline case for this measure uses humidification coming from the plant system 
“humidification” boiler and has an electric input ratio of 1. In the installed case, the boiler electric 
input ratio was reduced to 0.07, presumably to model the lower demand of the ultrasonic 
humidifiers. The model assumes that all humidifiers belonging to the heating, ventilation, and air 
conditioning (HVAC) systems AHU-1 and AHU-2 would receive ultrasonic humidifier 
replacements, a total of 23 new ultrasonic humidifiers in all. Differences in the annual energy 
consumption for the baseline and proposed models are the estimated annual energy savings.  

In 2008, prior to the project’s implementation, the customer revised the scope down to replace a 
smaller number of electric resistance humidifiers in the clean rooms to 13 humidifiers, and 
further reduced later to nine humidifiers.  The kWH savings from the model results was revised 
down to just 9/23 or 39.13% of the original estimate, corresponding to installing only 9 ultrasonic 
units instead of 23.  This ratio represents a change in scope from the time the original TA 
analysis was done to the time the measure was installed.  
 
Evaluation Methodology 

During the initial telephone contact with one of the facility personnel, KEMA found out that the 
company was bought out around December 2009, and was in the process of moving their 
operations to a different facility. The ultrasonic humidifiers at the old facility were removed and 
transferred over to the new facility. At the time of the initial contact (late October 2010), the 
ultrasonic humidifiers were not yet installed but were expected to be used once the new HVAC 
system installation was complete. 
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Subsequent attempts to contact the facility personnel for additional information and to schedule 
a site visit, however, were unsuccessful.  Based on the initial phone conversation, KEMA 
estimates that the ultrasonic humidifiers are taken out of service for approximately one year. 
This measure’s useful life is 15 years and the energy savings are pro-rated based on the 
number of years it is expected to be operating. The energy and demand savings are 
approximated using the following equation: 
 

 
Where, 
 ESavings is the evaluated energy or demand savings in kWh or kW, respectively, 
 Tracking Savings is the annual energy or demand savings from the tracking, 
 Y is the number of years the humidifiers are expected to be in service (14), 
 EUL is the effective useful life (15 years)   
 

Discussion 

An examination of the simulation model shows that the energy savings claimed for this site is 
reasonable based on the inputs and assumptions found in the model. Because the ultrasonic 
humidifiers were indeed installed in the old building, KEMA determined that the energy savings 
for this site is valid and should be kept in the evaluation. If the humidifiers were 
decommissioned completely after the company was bought out, this measure would receive a 
substantial energy savings penalty. However, since the humidifiers, based on the best 
information available, are likely to be used in the future, the project will likely produce the 
prorated savings estimate presented here. 
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Site ID: N533806 

Summary 

The tracking analysis estimated savings for eight potential measures at the customer’s location. 
This evaluation studies energy conservation measures (ECM) one and eleven only, both of 
which are Design 2000Plus (D2) measures.  
 
ECM 1 involves the installation of high efficiency package terminal heat pumps (PTHP) and 
networked setback equipped thermostats in 56 faculty offices. The base case for this measure 
is package terminal air conditioning (PTAC) units with electric resistance heating meeting 
efficiency standards set by federal energy code and standard thermostats without networking or 
setback schedules. The tracking savings for this measure comes primarily from the heating end 
use. These savings are a result of the increased operating efficiency of a heat pump over 
electric resistance heating as well as implementing a setback in the temperature setting 
schedule. 
 
ECM11 involves a new computer room direct expansion (DX) system sized to meet the cooling 
load. The installed DX system has economizer controls, an ultrasonic humidifier, and a new 
outdoor condensing unit. The base case is an equally sized DX system with a fixed economizer 
and electric humidification. The tracking savings for ECM 11 come primarily from the use of the 
economizer controls and ultrasonic humidifier. 
 
Table 12 below presents the summary of the tracking and evaluation savings results.  The 
evaluation annual energy savings estimate is 133% of that predicted in the tracking estimate.   
 
The primary cause of the increase in energy savings is due to differences in ECM 1. The 
quantity of PTHP found installed onsite (56) is more than what is claimed in the tracking (50). 
The PTHPs installed are also rated at a higher efficiency for both heating and cooling than what 
was assumed in the tracking analysis. Furthermore, a more aggressive setback schedule based 
on metering data was used in the evaluation resulting in higher energy savings compared to the 
TA reported estimates.  
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Table 12: Summary of Tracking and Evaluation Savings Results 

Savings Quantity Tracking Estimate Evaluated Savings Evaluated/Tracking 
Annual Energy, kWh 128,067 170,166 133% 
Percent Energy On-peak 34% 24% 69% 
Summer Peak Diversified kW 1.87 2.93 157% 
Winter Peak Diversified kW 38.9 13.2 34% 
 
Project Description 

The building contains over 50 faculty offices that were served by PTAC units. These units had 
electric resistance heating as the main heat source and were equipped with thermostats that did 
not have a setback feature. The units were old and at the end of their useful life. The project 
involved replacing the PTAC units with newer models. ECM 1 recommended installing PTHPs in 
the faculty office units instead of a standard PTAC system. The energy savings come primarily 
from substituting the electric resistance heating with the more efficient heat pump. Additional 
savings come from the installation and use of a more efficient network enabled thermostat with 
setback schedules compared to a standard thermostat.  The PTHPs selelcted also have a 
higher rated cooling efficiency than a standard PTAC.   
 
The project also involved upgrading the DX system that serves a computer server room. The 
HVAC system for the computer room contains an air handler that has both chilled water and DX 
cooling coils. The cooling needs of the computer room are primarily served by the chilled water 
coils Monday through Friday from 5:30 AM to 9:00 PM with the DX unit turning on only when 
supplemental cooling is required during these times. Outside of these hours, the DX unit is the 
primary cooling source.  Prior to implementing the project recommendations, the DX unit turned 
on frequently because the air handler was undersized. The solution was to change out the air 
handling unit with a larger unit but with a similar design so that the cooling needs of the 
computer room can be met without the use of the DX system. ECM 11 is an upgrade to the new 
system which includes the addition of an ultrasonic humidifier and economizer controls. The 
base case for this measure is a similar unit that uses an electric steam humidifier and a fixed 
fraction economizer. 
 
Tracking Analysis Method 

Tracking savings were estimated using eQuest, which uses DOE 2.2 as its calculation engine, 
to simulate and compare energy use from baseline and proposed system models.  
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For ECM 1, the proposed model was created from the baseline case by changing the system 
type from PTAC to PTHP and altering the efficiency. The tracking used a baseline EER of 9.0 
for the PTAC unit while using an EER of 11.5 for the proposed case. The setback thermostat 
controls were modeled using different schedules for the baseline and proposed cases. 
 
For ECM 11, the baseline and proposed models simulated the computer room cooling system 
as a strictly DX system. The only difference between the ECM 11 baseline and proposed model 
was a shift from a fixed fraction economizer to a dual temperature based economizer (not 
enthalpy based as the final TA report shows) and a decrease in the zone humidity requirement 
from 45% to 5%. The latter adjustment was likely to model the ultrasonic humidifiers. The 
cooling for this zone was modeled as occurring from 6AM to 9PM then setting back to a higher 
temperature during the evenings.  
 
Evaluation Methodology 

Upon examination of the tracking eQuest models, KEMA confirmed that the savings matched 
what is reported in the tracking estimates although with very minor differences (<0.5%), which is 
likely attributable to the eQuest versions and DOE 2.2 engine used in the verification process. 
The evaluation analysis also used eQuest models but backed by metering data to estimate the 
overall energy savings. 
 
Electric power (kW) end-use data with 15-minute intervals were measured for four months on 19 
of the 56 PTHP units found onsite. The metering duration was planned for four months to 
establish both heating and cooling loads during the winter and summer months.  A time of use 
logger (TOU) was also installed at the DX condenser unit and air handling unit to measure how 
often the units cycle on and off. The TOU logger uses a current transducer to detect when the 
unit cycles on every one second and records the average on time at fifteen minute intervals. 
Table 13 below lists the details of the monitoring plan which was followed during the evaluation 
site visit. 
 



 
 

 

National Grid June 17, 2011 
 

B-70 

Table 13:  Details of Data Monitoring Plan 

Equipment Monitored Heat pumps 

Air 
handler/condensing 
unit 

Parameter Measured 
Volts, Amps and 
kW % ON 

Model of Measurement 
Equipment Dent ELITEpro  Dent TOU CT logger 

Type of Measurement 
Equipment 

Four Channel 
Power Logger Current transducer 

Installation of Monitoring 
Equipment 

Clamp-On CT’s 
and Voltage 
Taps Clamp-On CT 

Frequency of Observations 15 Minutes 15 Minutes 
Duration of Metering 4 months 4 months 
Energy Efficiency Measure Heat pumps Computer room AC 
Metered by KEMA KEMA 

 
KEMA processed the electric power data to identify the typical weekday and weekend average 
hourly kW profiles for the PTHP and TOU loggers. The data is used as calibration targets for a 
new calibration case eQuest model. The following section outlines the general procedure used 
to calibrate the model output with the metered data.   
 
Verification of Equipment and Operating Parameters 

For ECM 1, KEMA created the calibration case model starting with the TA proposed case model 
and made the following changes to reflect what was installed: 

• Changed the zone’s heating and cooling capacities in all zones belonging to the 
UVOFFICE air-side HVAC system to represent the actual total heat pumps found on 
site. The total zonal cooling equipment capacity was increased from 448,000 Btu/h to 
526,400 Btu/h. The heating was decreased from 571,200 Btu/h to 476,000 Btu/h. This 
was based on a total of 56 heat pumps with a cooling and heating capacity rated at 
9,400 BTUH and 8,500 BTUH, respectively. 

• Changed EER of PTHP units from 11.5 to 12.0 based on the model number found on 
site. 

• Changed heating COP of PTHP units from 3.2 to 3.6 based on the model number found 
on site. 

• Changed the simulation year to 2010 to match model weekdays and weekends to the 
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end-use monitored data. 

The metered data was then examined on a monthly basis and also by weekday and weekends 
to see how cooling and heating loads behaved. The following parameters were adjusted to 
match as best as possible the general load shape of the model’s output to the metered data: 

• Varied the cooling temperature set points during occupied and unoccupied hours 

• Varied the heating temperature set points during occupied and unoccupied hours 

• Varied people, equipment, and lighting load schedule 

When the model kWh outputs for the heat pumps satisfactorily matched the metered data, the 
resulting load schedules (people, equipment, and lighting) were transferred over to the model’s 
baseline. In this way, the equivalent internal load gains for the zones could be fairly compared 
side by side with the only change in variable being the HVAC system and set points. 
For ECM 11, KEMA created the calibration case model starting with the TA proposed case 
model and made a number of changes to the model to match either what was found on site or 
suggested by the metering data. Table 14 summarizes all the major changes made for the 
calibration case model. 
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Table 14: Comparison of Major Differences in ECM 11 eQuest Model Parameters for TA 
and KEMA Analysis  

eQuest Model Parameter or 
Description 

TA Value or 
Description for ECM 

11 
KEMA On-Site Value 

or Description 

KEMA Value or 
Description for ECM 

11 

Heating Baseboard heat None None 

Cooling set point 

76 F from 6AM-9PM, 
85 other hours, all 

days 

Data suggests 
constant value for all 
hours when DX unit is 

the only cooling 
source 

75 F all hours 
except between 

5AM-9PM 
weekdays which 
were set at 78 F 

Occupancy density 14 person/zone 0 person/zone 0 person/zone 

Equipment power density 10 W/sqft 

Metering data 
suggests a much 

higher equipment 
load 

20 W/sqft after 
calibrations 

Economizer type Dual temperature 

Metering Data 
Suggests Economizer 
based on OA-temp OA-temp 

Economizer temperature limit 
Dual temperature 

(N/A) 
Metering data 

suggests below 50 45 after calibrations 

Night cycle control Off Cycle Cycle 

Supply flow 3500 CFM 3800 CFM 3800 CFM 

Unit efficiency (EIR) 0.36 

0.3037 based on spot 
measurement and 

nameplate 0.3037 

Cooling Capacity 85,700 120,000 120,000 

 
The TOU data was then examined to see how the cooling loads behaved. The following 
parameters were adjusted to match as best as possible the general percent load shape of the 
model’s output to the metered data: 

• Varied the economizer’s outside air dry bulb high limit  

• Varied the equipment load and temperature set point schedules 
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Similar to ECM1, when the model outputs satisfactorily matched the metered data, the resulting 
equipment load schedules and temperature set-points were transferred over to the model’s 
baseline. In this way, the equivalent internal load gains for the zones can be fairly compared 
side by side with the only change in variable being the HVAC system.  
After the calibrations were completed, both baseline and installed models were re-run using 
TMY3 data. The difference in energy consumption of the baseline and installed cases are the 
evaluated savings reported in this document. Figure 19 below is the flowchart summarizing the 
calibration process used in the evaluation. Multiple iterations are usually done until a 
satisfactory load profile is obtained. 

Figure 19:  Flowchart for the Calibration Process 

 
 
The main equipment and operating parameters used to inform the KEMA eQuest model were 
based on a combination of metered data, information taken from its nameplate, and 
conversation with facility personnel. Calibration of the KEMA’s installed models used real time 
weather data for the period in question using the National Oceanic and Atmospheric 
Administration’s (NOAA) nearest weather station.  For this site, the closest station was in 
Fitchburg, Massachusetts. 
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For ECM 1, the installation of the heat pumps was verified visually while the load data for the 
heat pumps were measured via actual time series power measurements. KEMA was able to 
monitor 19 of the 56 heat pumps onsite. The heat pumps were chosen based on envelope 
characteristics, estimated occupancy type, floor location, and accessibility at the electrical 
panels. KEMA tried to obtain a representative sample so that a factor can be applied to scale up 
the metered data to 56 heat pumps. The scaled up power data is calibrated to the model 
outputs in a direct one to one, power to power comparison. 
 
For ECM 11 KEMA used a TOU logger on the condenser unit. A decision was made to use a 
TOU logger because it would capture the correct hours of operation and general loading of the 
DX unit for both the winter and summer duration. The major modeling parameters were 
captured through inspection of the DX unit, spot measurements, and the TOU data.  
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Figure 20:  Condenser Time of Use Profile for an Average Weekday and Weekend Day 
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As shown in Figure 20, the metered data showed that the condenser turns on consistently 60% 
of the time all day during the weekends and from 10PM to 5AM weekdays. Based on 
conversations with the onsite contact, cooling for the computer room is served solely by the DX 
unit during the weekends. The fact that the condenser unit must be turned on at all hours during 
the weekend suggested that the computer room already has a very high base load and the fact 
that the TOU does not vary much during the weekday day suggested that this system is driven 
chiefly from this internal load. However, this is only suggested by the TOU data; the TOU data 
does not necessarily translate perfectly into power consumption or percent loading and 
therefore KEMA cannot definitively claim that the cooling is totally load driven. Furthermore, we 
do not really know what happens during weekdays from 5AM to 9PM since the zone’s cooling is 
being chiefly supplied by the chillers. TOU data can, however, provide the correct hours of 
operation and general percent loading of the DX unit at various times of the day, which is key to 
model the DX unit. 
 
The chilled water coils provided the cooling from around 5AM to 9PM as confirmed by the 
weekday profile (notice the drop in time of use for the DX unit to 20% during this time period in 
Figure 20 above). By altering the equipment load and schedule in the calibration model to see 
how often the DX unit turned on, we were able to estimate the actual equipment load of the 
computer room. 
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To verify economizer control set points, the evaluation examined the TOU data and plotted it 
with the local weather. As shown in Figure 21, there is a decrease in condenser usage when 
outside air drops below a certain point suggesting that the economizer is operating at the lower 
dry bulb temperatures. This economizer setpoint appears to be around 45-50 °F.  
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Figure 21:  Condenser Time of Use Profile as a Function of Temperature 
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Various parameters can be extracted from the eQuest model to compare the TOU data for 
calibration. KEMA used the eQuest hourly power draw report for the condenser unit to calibrate 
it to the TOU data. Note that the hourly TOU for the condenser unit does not equate to its hourly 
power draw (e.g. – a 50% condenser TOU does not mean the condenser is drawing only half of 
the full load power during that hour). However, the TOU data does tell us how often the unit 
cycle on during that hour and that can be used as a legitimate basis for the percent loading 
seen at the condenser unit. This assumes that whenever the condenser unit turns on, it is being 
operated at full load. Therefore, a TOU reading of 60% would be assumed as the condenser 
operating at 60% load. In reality, the load of the condenser unit is more complex and will vary 
based on the outside air temperature and zonal loads. Although not exact, it served the purpose 
of informing us how the load schedule and set points should be adjusted to get the DX unit to 
come on during the right times and relative duration. This assumed percent loading is used to 
compare the eQuest output for ECM 11 which is in power (kW). Each hourly power outputs for 
ECM 11’s cooling end use during August 6th through November 30th were divided by the 
maximum hourly power during that time interval to give a percent loading. This eQuest percent 
loading value was compared with the TOU percent for weekdays and weekends. The equipment 
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loads and schedule were re-adjusted until a good match is seen (refer back to Figure 19 for the 
calibration flowchart).  
 
Savings Analysis 

Evaluated savings were calculated using DOE 2.2, the calculation engine in eQuest.  KEMA 
used eQuest version 3-63 the newest version available at the time of the analysis. KEMA 
followed the calibrations steps in the flowchart outlined in Figure 19.  
 
ECM 1 
The calibrated results for ECM 1 are presented below comparing the end use power draws of 
the heat pumps during a typical weekday and weekend for the interval August 6th to September 
30th. Notice how poorly the TA’s model correlate with the metered data in Figure 22 below. The 
TA’s model incorrectly assumed the same temperature set points for both weekdays and 
weekends when in reality, the heat pumps are essentially off during the weekends. In addition, 
the internal loads were overestimated during certain hours while underestimated in others. In 
the evaluation’s calibrated model, this is accounted for.  

Figure 22:  Average Weekday (left) and Weekend (right) Heat Pump Power Consumption 
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Admittedly, the heat pumps are very difficult to accurately model for two reasons. The first is 
that the metered data may contain some spurious data possibly as a result of some small 
residual noise that became amplified after the scale up factor (56/19) was applied to the 19 heat 
pumps. This is most apparent in the average weekday profile between the hours of 11PM to 
5AM. In the evaluation’s model, power draw is pegged at around zero while in the metered 
dataset, it hovers around 1.5 – 2.0 kW (Figure 22, left). KEMA is unsure whether this is indeed 
due to noise or whether a small number of offices at the facility consistently override the setback 
controls during off hours.  
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Secondly, the metered data during the summer and shoulder months spanning August to 
October has no real definitive internal load or weather dependency and therefore is very difficult 
to calibrate well. This is possibly due to a combination of erratic space occupancy during the 
August month (the project site was a school and the August month may have represented a 
transition period) and variable user preference during time periods when the outside air 
temperature was neither cold nor hot. The sporadic and unpredictable nature of these two 
factors made it particularly hard to calibrate the months for August to October well. This is 
shown in Figure 23.  

Figure 23:  Average Day Profile for Heat Pump Power Consumption by Month  
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Despite this drawback, the calibration for the overall weekday and weekend day profile shows a 
fair match, with a mean bias1

                                                 
1 Mean bias error is calculated using the following equation: 

 of 0.10 (10%) for the entire metering interval suggesting that 

( )
%100

1

1 ×
−

=

∑

∑
n

hr

n

hrhr

Measured

SimulatedMeasured
MBE

 

Where MBE is the mean bias error in percent,  Measured is the measured parameter of interest for that hour, and 
Simulated is the simulation model’s output for the that hour.  
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overall the model is accurately predicting the heat pump power consumption. The total 
simulated kWh and total metered kWh for the monitoring interval was 7,207 and 7,663 kWh, 
respectively.  
 
ECM 11 
The calibrated results for ECM 11 are presented below comparing the end use power draws of 
the computer room DX unit during a typical weekday and weekend day for the interval August 
6th to September 30th. 

Figure 24:  Average Weekday (left) and Weekend (right) Profile in Percent Loading for the 
computer room DX system 
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The TA’s eQuest model (red) as shown in Figure 24 is clearly inaccurate. The TA’s installed 
model assumptions resulted in the DX unit operating from 5AM to 9PM for all days. However, 
the evaluation notes that this was not how the DX system operated. Rather, the central chiller 
system turns on from 5AM to 9PM weekdays only, limiting the use of the DX system during 
those times. The DX system’s percent loading in the TA’s installed model is much too small. 
The operation hours also do not match. This is due to low equipment loads simulated in the 
TA’s installed model allowing the cooling system to behave as though power consumption was 
very weather dependent. The TOU data suggests the cooling is driven primarily by internal 
loads, though some weather dependency is shown during summer weekend days.   
In the evaluation model, this was corrected by doubling the equipment power density and 
setting a temperature schedule to match the DX unit’s true on/off schedule as suggested by the 
data. KEMA’s model is not completely internal load dependent however. As shown in the 
weekend profile in Figure 24, during the afternoon hours, there is an increase in the percent 
loading for KEMA’s model (blue/solid). Indeed, in the KEMA installed model there is also a 
strong element of weather dependency, but this relationship is only present during hours when 
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the DX unit should show that correlation (afternoon hours during weekend days). The final 
calibrated model had a mean bias error of negative 0.14 which is more than the ±0.10 value 
typically considered as a sufficient calibration target. However, since the metered data is only an 
approximation for the percent loading and not the actual percent loading, it is not necessary to 
calibrate any further. The TOU data served its use in helping the evaluation team estimate fairly 
the computer room’s loading schedule and duration as shown when examining the weekday 
and weekend profiles in Figure 24. 
 
Savings Results 

The annual kWh savings is the sum of the hourly savings over all hours of the year, as predicted 
by the evaluation eQuest models.  Hourly savings for this analysis were calculated by hourly 
subtraction of the evaluation installed case total kW from the evaluation baseline case total kW.   
 
After the hourly savings for this application were calculated for an entire year and appropriate 
holidays and peak periods were defined, KEMA applied the FCM (forward capacity market) 
definitions of on-peak kWh and summer and winter peak diversified kW to calculate the savings 
during these periods, as reported in Table 12 of this report. 
 
For the summer peak period, it is the non-holiday weekdays from June through August between 
1 pm and 5 pm. For the winter peak period, it is the non-holiday weekdays in December and 
January between 5 pm and 7 pm. 
 
The percent on-peak kWh savings was calculated by summing the kW reduction for all hours 
that fall within the defined on-peak period and dividing by the annual kWh savings.  The on-peak 
period is defined as the non-holiday weekdays between 6 am and 10 pm. 
 
Using this algorithm, the savings for ECM1 and ECM 11 are 143,386 and 26,781 kWh, 
respectively in contrast to the TA report estimates of 95,067 and 33,001, respectively. The total 
is reported in Table 12.   
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Examination of the Differences in Saving Estimates 

ECM1 
The evaluated savings for ECM 1 is roughly 151% of what is shown in the TA reported 
estimates. There are likely two major factors that resulted in the higher evaluated savings 
estimates for this measure. The first factor came from a more aggressive heating set point 
schedule used in the evaluation’s model. The thermostats at the site were network enabled 
which allowed for tighter space temperature controls. Both unoccupied and occupied setpoints 
were set at a lower value in order to calibrate the heat pump energy consumption with the 
metered data. In comparison to the TA model, this resulted in more modest energy consumption 
because the heat pumps do not have to work as hard to keep up the space temperature. The 
evaluation modeling resulted in a daily power profile closely resembling the metered data for 
that time period as shown in Figure 23 (for the November month). The higher temperature 
setpoints assumed in the TA model resulted in much higher energy consumption for the heat 
pumps than what the metering data suggest, particularly for the hours ending 11PM-4PM. The 
evaluation model heating setpoints are more appropriate based on the metering data collected.           
 
The second major factor that contributed to the large energy savings rate is the equipment 
efficiency used in the baseline and installed models. This efficiency gap (installed minus 
baseline) collectively results in a 40% difference between the TA and evaluation models for the 
cooling application. There was also very minor heating equipment efficiency difference in the 
installed case as well.  Table 15 summarizes the equipment efficiency differences that 
contributed to the greater savings rate in the evaluation model. 
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Table 15. Differences in Equipment Efficiencies Used in the Baseline and Installed 
eQuest Models for the TA and Evaluation Analysis 

eQuest Model 
Parameter or 
Description 

Evaluation Value Evaluation 
Source 

TA estimates TA source 

Baseline heat pump 
cooling efficiency 

EER = 8.5 (SEER 10-
0.16 X capacity in 
kBTUH) 

Federal PTAC 
minimum 
standards for Jan 
1, 1994 to Sept 
30, 2010 

EER = 9 Cites current 
energy code 
(EPACT), but 
cannot verify 

Installed heat pump 
cooling efficiency 

EER = 12 Nameplate EER = 11.5 Assumed 

Installed heat pump 
COP 

3.6 Nameplate 3.2 Assumed 

 
 
ECM 1 shows a significantly lower peak winter savings than what is in the TA reported 
estimates (12.1 kW versus 25.9). This is despite a larger equipment efficiency gap between the 
baseline and installed cases in the evaluation’s model.  
 
The cause of the lower peak winter savings is due to changes in the thermostat setback 
schedule made for the evaluation model. The metering data for the heat pumps during the 
winter season (Figure 23, November) suggest that the offices use the heat pumps well into the 
afternoon and later into the night. As a result, the heat pumps draw more power in the proposed 
case during this time which incidentally overlaps the peak winter hours. Since the temperature is 
not setback during these peak hours, the evaluation model shows a lower winter demand 
savings. In contrast, the winter peak reduction calculated in the TA model primarily resulted 
from the temperature being setback at around 5:00 PM for all the heat pumps in the building. 
The setback schedule used in the TA model therefore provides a large peak winter reduction 
since the setback occurs at the beginning of the peak period.  
 
ECM11 
The evaluated savings for ECM 11 is roughly 81% of what is shown in the TA reported 
estimates. The lower savings estimate is likely a result of differences in the economizers 
modeled. The evaluation assumed an economizer that turns on when the outside air reaches 
below 45°F as opposed to a dual temperature economizer in the TA’s installed model. This is 
supported by the condenser TOU data suggesting economizer operation that occurs around 45-
50°F.  
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The lower winter peak diversified savings (1 kW versus 6.5 kW in the TA reported estimates) is 
due to the correct operating hours used for the DX unit in the evaluation’s model. During winter 
(and summer) peak periods, the DX unit is essentially shut off and practically no difference 
exists between the baseline and installed cases. However, since the DX unit is modeled as 
though it takes care of the cooling for a small fraction of the load during these times, a small 
peak winter savings do show up when the unit is in economizer mode.  
 
For summer peak diversified savings, ECM 11 shows agreement with the TA model showing 
zero savings during that time. 
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EQuest Building Utility Performance Results 

Table 16: Evaluation’s Baseline Building Utility Performance Report from EQuest 

Baseline                                DOE-2.2-47d   12/21/2010    14:34:59  BDL RUN  1 
                                                                                                                         
REPORT- BEPU Building Utility Performance                                                   WEATHER FILE- WORCHESTER REGION MA 
--------------------------------------------------------------------------------------------------------------------------------
- 
 
                         TASK     MISC    SPACE    SPACE     HEAT    PUMPS     VENT    REFRIG  HT PUMP   DOMEST    EXT 
               LIGHTS   LIGHTS   EQUIP   HEATING  COOLING   REJECT   & AUX     FANS   DISPLAY  SUPPLEM  HOT WTR   USAGE    TOTAL 
              -------  -------  -------  -------  -------  -------  -------  -------  -------  -------  -------  -------  ------
-- 
 
Elec ELECTRICITY      
    KWH            0.       0.       0.       0.       0.       0.       0.       0.       0.       0.       0.       0.        
0. 
 
EM1  ELECTRICITY      
    KWH       528329.       0.  816638. 1102935.  160051.    4502.  127172.  593090.       0.       0.  105799.       0.  
3438514. 
 
Wood OTHER-FUEL       
                   0.       0.       0.     403.       0.       0.       0.       0.       0.       0.       0.       0.      
403. 
 
FM1  NATURAL-GAS      
    THERM          0.       0.       0.       0.       0.       0.       0.       0.       0.       0.       0.       0.        
0. 
 
 
 
 
           TOTAL ELECTRICITY   3438514. KWH        18.937 KWH     /SQFT-YR GROSS-AREA   18.937 KWH     /SQFT-YR NET-AREA 
           TOTAL OTHER-FUEL        403.             0.002         /SQFT-YR GROSS-AREA    0.002         /SQFT-YR NET-AREA 
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Table 17: Evaluation’s ECM 1 Building Utility Performance Report from EQuest 

ECM 1                                   DOE-2.2-47d   12/22/2010    14:30:43  BDL RUN  1 
                                                                                                                         
REPORT- BEPU Building Utility Performance                                                   WEATHER FILE- WORCHESTER REGION MA 
--------------------------------------------------------------------------------------------------------------------------------
- 
 
                         TASK     MISC    SPACE    SPACE     HEAT    PUMPS     VENT    REFRIG  HT PUMP   DOMEST    EXT 
               LIGHTS   LIGHTS   EQUIP   HEATING  COOLING   REJECT   & AUX     FANS   DISPLAY  SUPPLEM  HOT WTR   USAGE    TOTAL 
              -------  -------  -------  -------  -------  -------  -------  -------  -------  -------  -------  -------  ------
-- 
 
EM2  ELECTRICITY      
    KWH            0.       0.       0.   36608.    1072.       0.       0.       0.       0.   53922.       0.       0.    
91603. 
 
EM1  ELECTRICITY      
    KWH       528329.       0.  816638.  870789.  157208.    4502.  127172.  593090.       0.       0.  105799.       0.  
3203526. 
 
Wood OTHER-FUEL       
                   0.       0.       0.     403.       0.       0.       0.       0.       0.       0.       0.       0.      
403. 
 
FM1  NATURAL-GAS      
    THERM          0.       0.       0.       0.       0.       0.       0.       0.       0.       0.       0.       0.        
0. 
 
 
 
 
           TOTAL ELECTRICITY   3295129. KWH        18.148 KWH     /SQFT-YR GROSS-AREA   18.148 KWH     /SQFT-YR NET-AREA 
           TOTAL OTHER-FUEL        403.             0.002         /SQFT-YR GROSS-AREA    0.002         /SQFT-YR NET-AREA 
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Table 18: Evaluation’s ECM 11 Building Utility Performance Report from EQuest 

ECM 11                                   DOE-2.2-47d   12/21/2010    15:12:14  BDL RUN  1 
                                                                                                                         
REPORT- BEPU Building Utility Performance                                                   WEATHER FILE- WORCHESTER REGION MA 
--------------------------------------------------------------------------------------------------------------------------------
- 
 
                         TASK     MISC    SPACE    SPACE     HEAT    PUMPS     VENT    REFRIG  HT PUMP   DOMEST    EXT 
               LIGHTS   LIGHTS   EQUIP   HEATING  COOLING   REJECT   & AUX     FANS   DISPLAY  SUPPLEM  HOT WTR   USAGE    TOTAL 
              -------  -------  -------  -------  -------  -------  -------  -------  -------  -------  -------  -------  ------
-- 
 
EM2  ELECTRICITY      
    KWH            0.       0.       0.       0.       0.       0.       0.       0.       0.       0.       0.       0.        
0. 
 
EM1  ELECTRICITY      
    KWH       528329.       0.  816638. 1102935.  144647.    4502.  115796.  593090.       0.       0.  105799.       0.  
3411735. 
 
Wood OTHER-FUEL       
                   0.       0.       0.     403.       0.       0.       0.       0.       0.       0.       0.       0.      
403. 
 
FM1  NATURAL-GAS      
    THERM          0.       0.       0.       0.       0.       0.       0.       0.       0.       0.       0.       0.        
0. 
 
 
 
 
           TOTAL ELECTRICITY   3411735. KWH        18.790 KWH     /SQFT-YR GROSS-AREA   18.790 KWH     /SQFT-YR NET-AREA 
           TOTAL OTHER-FUEL        403.             0.002         /SQFT-YR GROSS-AREA    0.002         /SQFT-YR NET-AREA 



Appendices 
 

 

National Grid June 17, 2011 
 

B-88 

Supporting Files 

Table 19: Supporting Files from Evaluation Analysis 

File/folder name Description 

N533806 Site Report.docx Evaluation Report 

PeakSavingsCalcs.xls 

Contains the outputs for baseline and installed 
eQuest models as well calculations for peak 

definitions 

Raw Data 

Folder containing power monitoring data from 
heat pumps and TOU monitoring for condenser 

unit and air handler 

mwcc.Calibration.bin 
local weather file with relevant values for Aug 6 

to Nov 30 (ignore others) 

MAWorcester.bin TMY3 weather file for final run 

Final eQuest models 
Folder containing eQuest models for the final 

and installed baseline runs 
 

 



Impact Evaluation of 2009 Custom HVAC Installations  Site 6 
Application N549060  Page B-89 
 
 

 
 

Site ID N549060 

Summary 

This application saves 81% of the energy originally estimated in the tracking analysis.  The 

decrease in savings is primarily the result of an apparent calculation mistake that is magnified 

when a partial data set is extrapolated for entire summer periods.  Savings are reduced by 6% 

when historical data is normalized for the impact of weather.  Use of more complete data sets 

for entire summer periods reduces savings an additional 5% due to higher energy use in the 

installed case during the latter half of August.  Results are presented in Figure 6-1 below. 

 

A recently constructed large high school was originally found to operate 21 rooftop units (RTUs) 

and 350 unit ventilators (univents) throughout the summer months even though the school was 

mostly unoccupied.  A preliminary retro-commissioning review recommended that operation of 

the HVAC systems be limited to a single hour’s operation.  Fan and cooling energy savings result 

from the decrease in operating hours. 

Figure 6-1 

Application N549060:  Reduced Summer Operation 

 Tracking Value Evaluation Value 
Evaluation ÷ 

Tracking 

Annual Energy Savings 193,356 kWh 157,265 kWh 81% 

Fraction of Energy Savings during Energy 
Peak 

70% 93% 133% 

Summer Demand Peak Power Reduction 293.97 kW 236.9 kW 81% 

Winter Demand Peak Power Reduction 0.0 kW 0.0 kW 100% 

 
Project Description 

A large community built a new high school campus in 2007 for 3,500 students & staff.  The 

complex contains six separate high schools housed in six classroom wings, labeled sequentially 

Building C through Building H.  Building A is used for administrative purposes, Building B is a 

performing arts center, and Building I contains the athletic facilities and central cooling and 

heating plant.  A street bisects the complex, and the north side is referred to as the North 
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Campus while the other side of the street is the South Campus.  North Campus includes 

classroom buildings C, D, and E and Building B (performing arts) and is typically unoccupied 

during summer months with the exception of several rooms devoted to daycare.  The South 

Campus contains classroom buildings F, G, and H, Building A (administration, library), and 

Building I (athletics, central plant), and the cafeteria and kitchen (interconnection of all the 

South Campus buildings).  A schematic of the complex is presented in Figure 6-2 on the 

following page.   

 

The complex is served by three separate electric accounts, which will be referred to within this 

report by their final three numerals: 035, 037, and 039.  Account 035 serves the South Campus 

with the exception of the central plant.  Account 037 serves the central plant, and Account 039 

serves the North Campus.  All three accounts are on the large commercial billing rate, and 15-

minute interval demand data is available. 

 

The school is primarily conditioned and ventilated by 21 rooftop units (DX cooling/ gas heat), 

350 unit ventilators (2-pipe CHW/HW), and 113 exhaust fans.  RTUs serve corridors and large 

assembly spaces while univents serve classrooms.  Additional equipment includes 21 split 

systems serving electrical, elevator, and tel/data rooms, several heating and ventilating units, 

and hot water unit heaters.  The chilled water system and the hot water system operate 

automatically based on demand.  The heating system is turned off for the five warm months of 

the year and the cooling system is locked out during the cold months.  When school is in 

session, the HVAC equipment operates from 6:30 AM to 4:00 PM on weekdays, and is turned 

off on weekends.   
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Figure 6-2 

Facility Schematic 

 
The evaluated measure proposed to modify the schedules in the facility energy management 

system (EMS) to reduce summer period RTU, unit ventilator, and exhaust fan operation to a 

single hour between 6:30 AM and 7:30 AM.  This brief operating period removes any residual 

heat from the previous day, avoids buildup of humidity in the building, and exhausts fumes 

from floor treatments and painting.  Operating staff report that the warmest any space typically 

becomes during the setback periods is 85°F. 

 

Until recently, the facility operator had to manually go through each system and change the 

start/stop setpoints at the beginning and end of the summer period.  Several weeks ago a more 

straightforward system was programmed where a ‘summer schedule’ can now be assigned to 

all equipment in a particular building.  The facility operator notes that the controls contractor 

who initially configured the system made many mistakes.  While most equipment operates per 
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the desired schedule, operations staff  have found equipment that does not operate in 

response to the programmed EMS schedule. 

The summer operating period typically begins at the beginning of the second week of June and 

extends through the end of August.  Summer uses within the school include the following: 

 

• There are several spaces scattered throughout the complex that are used on weekdays 

between 5 AM and 5 PM throughout the summer. 

• Administrators are typically active in Building A in June, and HVAC systems are operated 

between 6:30 AM and 2:00 PM on weekdays for that month. 

• Summer school and summer programs typically use two classroom buildings in South 

Campus on weekdays between 8 AM to 1 PM or 2 PM.  Most summer programs occur 

during June and July, but some programs extend through the middle of August. 

• Exhaust fans operate as needed when the univents they are linked to are scheduled to 

operate. 

• The cafeteria and kitchen are active in June and July on weekdays between 6 AM and 1 

PM for summer breakfast and lunch programs. 

• The 21 split systems serving electrical, elevator, and tel/data rooms operate 

independently of the other HVAC systems and central plant, and cycle as needed to 

maintain desired space temperature setpoints. 

• The school’s IT department turns off the 1,027 computers, 50 copiers, and 194 printers 

when they are not required.  Some of this equipment is required to operate to support 

summer school activities. 

• Athletic  spaces are used, but HVAC systems are generally not turned on since most 

activity occurs outside.  Weight room and locker room systems may be used. 

• The kitchen has a large walk-in cooler and freezer equipped with scheduled electric 

resistance defrost. 

• Exterior lighting is active all night and operates in response to manually set mechanical 

time clocks.   
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• Interior safety/security lighting operates continuously and provides adequate 

illumination for circulation of maintenance staff.  Lights in hallways are periodically 

activated as needed to perform maintenance tasks while lighting in classrooms is 

controlled by occupancy sensors. 

• The central chilled water plant includes two 350-ton water-cooled chillers, only one of 

which is required to operate during the summer months.  Chiller, cooling tower, and 

pumping energy is monitored on Account 037.   

Electrical energy savings for this measure result from reduced fan operating hours, reduced 

ventilation loads, and the use of passive heat loss at night to reduce cooling loads.  There are no 

heating savings since the central boiler plant does not operate during summer months. 

 

The measure that is being studied was identified in 2008 as part of a preliminary retro-

commissioning review of the facility’s HVAC, lighting, and controls systems.  The final report of 

this effort included many recommendations, but the schedule change is the only suggestion 

that has been acted upon.  Summer programs and equipment control sequences have not 

changed significantly since 2008.  The only significant variable between the summers of 2008, 

2009, and 2010 has been the weather.   

 

Calculation Methodologies 

This section describes the methodologies employed in the original energy study, discusses 

aspects of the methodology that had significant impacts on final energy savings estimates, and 

describes the evaluation calculation methodologies. 

 

Tracking Analysis 

Energy savings and demand reduction estimates were calculated by the Program Administrator 

(PA) and not by the consultant who performed the original preliminary retro-commissioning 

assessment.  Savings are calculated by comparing the historical hourly energy use of the three 

facility accounts for the period between July 1 and August 17 in 2008 and 2009.  A spreadsheet 

analysis utilizing Microsoft Excel’s array functions was used to calculate the total energy use 

corresponding to specific time periods.  Total annual savings were calculated using all data 
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between 7/1 and 8/17.  Energy consumption during energy peak periods was based on 

weekday periods between 6 AM and 4 PM.  Energy savings values were calculated with a data 

processing spreadsheet and entered into a table.  These values are presented in Figure 6-3 

below. 

Figure 6-3 

Tracking Analysis Energy Use Savings for 7/1 to 8/17 

Energy Savings Demand
Account Total Peak Reduction

kWh kWh kW

035 53,303 34,255 88

037 44,907 43,030 106

039 88,643 54,198 159

Total 186,853 131,483 353  
 

The claimed total savings for the measure are calculated using the ‘peak’ energy savings 

presented in Figure 6-3 and the ratio of total summer weekdays to the number of weekdays in 

the monitoring period: 

 

Annual Energy Savings, kWh  =  131,483 kWh * (50 weekdays June, July, & August ÷ 34 
weekdays 7/1 to 8/17) 

=  193,357 kWh 

The percentage of energy savings occurring during energy peak periods is calculated based on 

the ratio of peak to total energy savings for the 7/1 to 8/17 period: 

 

% Savings During Energy Peak  =  131,483 kWh ÷ 186,853 kWh 

=  70% 
 

Summer peak demand reduction values are presented, but it is difficult to recreate these values 

using the original calculation spreadsheet.  The average demand reduction for Account 039 can 

be calculated by dividing the ‘peak’ energy savings by 340 hours (assuming 10 hours per day for 

34 days during the monitoring period).  This methodology does not work for the other 

accounts.  The total demand reduction for the measure is calculated as the sum of the demand 

reduction values for the three billing accounts. 

Winter demand peak reduction is 0 kW since all savings occur during summer months. 
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Discussion of Tracking Methodology 

The general methodology of the tracking analysis is reasonable given the availability of 15-

minute interval data.  Reductions in sensible cooling loads, dehumidification loads, and fan 

energy on a day-to-day basis are accounted for. 

 

There are several aspects of the analysis methodology that could be changed to improve the 

accuracy of the estimate. 

1. The  tracking analysis calculated savings for accounts 35 and 37 based on the pre-

retrofit operating hours of 7am to 5pm; however the HVAC equipment only operated 

until 4pm in the pre-retrofit case.  The tracking analyst confirmed that including 5pm 

was a calculation error. 

2. The tracking analysis used 34 ‘peak’ days (7/1/08 to 8/17/08) in the pre-retrofit 

calculations and ~33.5 ‘peak’ days (7/1/09 to 8/17/09 10am) in the installed case.  Both 

cases use the same ratio of summer weekdays to the number of weekdays in the 

monitoring period despite a different number of weekdays in the two monitoring 

periods.   

3. Savings could have been calculated using data for two more complete summer periods 

rather than extrapolating for the days in August had the savings been calculated two 

weeks later. 

4. The analysis assumes that ambient temperature does not affect energy use of the 

systems.  The period 7/1 to 8/17 in 2008 had 577 cooling degree days (base 55°F, 

CDD55) while the same period in 2009 was cooler with 472 CDD55.  The 18% reduction 

in cooling degree days is likely to directly impact the energy use of Account 037 (central 

plant).  The other two accounts are unlikely to be as impacted but there may still be an 

change in fan energy use and/or operating diversity as loads vary.  By not taking into 

account the impact of ambient temperature, the savings may be over-estimated. 

5. The ratio of savings occurring during energy peak periods is calculated in the tracking 

analysis by dividing the peak energy savings by the total energy savings.  This is incorrect 

since the proposed setback period occurs only during peak periods.  Any difference in 

energy use outside of weekdays between 6:00 AM and 4:00 PM is coincidental and not 
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the result of the schedule change. 

6. The summer demand peak reduction does not appear to have been calculated based on 

the summer demand peak definitions that were in use at the time that the original 

analysis was completed.  While the calculation spreadsheet could have been used to 

directly calculate the average demand reduction for weekdays between 1 PM and 5 PM, 

it appears that the total peak period energy use is divided by the total number of peak 

hours. 

Evaluation Analysis 

The evaluation uses the same general approach as the tracking analysis.  Metering data sources 

used in the evaluation are listed in Figure 6-4 on the following page.  The following list 

summarizes the steps in the evaluation analysis: 

• Obtain historical utility data, determine the bounds of the summer operating periods 

through discussion with the site. 

• Obtain historical weather data coincident with the utility power data, develop 

regressions relating total daily cooling degree days to energy use when air systems are 

active (referred to as  ‘occupied periods’). 

• Develop correction factors for each day based on weather data coincident with the 

utility metered data and the typical meteorological year (TMY3) for the nearest weather 

station. 

• Correct for temperature impacts and combine data for the three separate accounts into 

hourly energy values. 

• Since there are pre-retrofit and installed case operating periods in 2009, the data is 

averaged with data from 2008 and 2010 for comparable hours. 

• Use array functions to extract total energy use, peak energy use, and summer demand 

peak power demand. 

• Scale energy use for the pre-retrofit and installed cases based on the number of energy 

peak days in the pre-retrofit case and installed case summer seasons. 

• Calculate total energy savings, fraction of savings during energy peak periods, and the 
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summer demand peak reduction. 

Figure 6-4 

Data Sources Used in Evaluation Study 

 
North 
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9/30/2010 
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9/30/2010 

6/1/2008 to 
9/30/2010 
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Pre-retrofit 
or Installed 

Pre-retrofit 
and Retrofit 

Pre-retrofit 
and Retrofit 

Pre-retrofit 
and Retrofit 

Pre-retrofit 
and Retrofit 

Pre-retrofit 

Metered by Utility Utility Utility NOAA2 NOAA  
 

Historical interval data was obtained from the utility for the period 6/1/2008 through 

9/30/2010 for the three facility service accounts.  Data was provided as the energy consumed in 

each 15-minute interval (kWh).  The historical kWh values were multiplied by 4 to convert them 

to average power demand for each 15-minute interval.  Plots of this data are presented in the 

appendix of this report, and are referred to as ‘PowerMaps’.  The first PowerMap (Figure 6A-1) 

is the aggregate demand data for all three accounts and illustrates the summer periods for the 

three most recent years.  Figures 6A-2 through 6A-4 present data for each of the three 

individual accounts.  Figure 6A-5 contains all of the individual account PowerMaps on a single 

Historical Power Demand 

                                                 
2 http://www.degreedays.net/, data for NOAA weather station located 4 miles from evaluation site 

http://www.degreedays.net/�
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sheet and indicates the summer periods and hours when the air systems are considered to be 

active on non-holiday weekdays. 

 

The power demand data files are simplified to exclude non-summer data and condense the 15-

minute data into 1-hour intervals.  The school was contacted to determine the exact date of the 

last day of the typical school year in June and the first day of the typical school year in 

August/early September.   

Historical hourly cooling degree day data (base of 55°F db) was obtained from a NOAA weather 

station located 4 miles from the study site for 2008, 2009, and 2010.  Typical Meteorological 

Year, 3rd generation (TMY3) data for the same station was acquired.  TMY3 data for this 

particular sampling site is based on Sandia Method analysis of 12 years of data between 1993 

and 2005. 

Modifications Due to Weather 

 

The power demand data was filtered to determine the daily energy consumption for weekdays 

between 6 AM and 5 PM.  Plots were made for each electric account to determine the 

relationship between cooling degree days and energy use during periods when the air systems 

are active; see Figures 6A-6, 6A-7, and 6A-8 in the appendix.  Data from 2008 and the final week 

of June, 2009 correspond to pre-retrofit operation while data from July through August of 2009 

and 2010 are considered to be installed case. 

First-order regressions are generated in Excel for each plot to determine the general 

relationship and sensitivity between ambient conditions and energy use.  Adjustments are 

made to all data sets for weather impacts even though the relationship between occupied 

period energy use and cooling degree days appears to be fairly weak for Accounts 035 and 039 

(based on the R2 values).  The impact of this correction is relatively small for these two 

accounts.   

 

The pre-retrofit and retrofit regressions relating occupied period energy use to cooling degree 

days are used in conjunction with coincident historical cooling degree day data and TMY 3 

cooling degree day data to determine two average values for daily occupied period energy use.  

The ratio of these two daily energy use values is used to scale hourly historical energy use data.   
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Adjusted Hourly kWh  =  Historical Hourly kWh * (Daily Energy Use Calculated with TMY3 
CDD55 ÷ Daily Energy Use Calculated with Coincident CDD55) 

 

The next step in the analysis combines overlapping pre-retrofit and retrofit data to develop 

average operating years.  Each day of the summer periods is given a summer day number (e.g. 

June 26, 2009 and June 25, 2010 are both Day 1), and energy use data for similar weekdays and 

hours is averaged.  The energy use values included in this final processing step are screened to 

only include those hours when the air side systems are likely to be operating (e.g. night, 

weekend, and holiday weekday values are all 0 kWh). 

Development of Average Operating Year Data 

 

Pre-retrofit operating data covers the period June 24, 2008 through September 1, 2008 and 

June 26 to June 30, 2009.  The first four days of 2009 are averaged into the first four days of 

2008.  .  There are 70 days during the 2008 summer period, which starts on a Tuesday, and 48 

energy peak days. (The 2008 data includes two holidays:  Independence Day (July 4) and Labor 

Day (September 1).) Based on the interval data, it is assumed that the HVAC equipment 

schedules are not adjusted for holidays; therefore if a holiday occurs during a weekday the 

equipment will operate per the normal weekday schedule. 

 

Installed case periods include the summer of 2009 (July 1 to August 31) and the summer of 

2010 (June 25 to September 2).  Assuming the 2009 summer season starts on June 26, both 

2009 and 2010 summer seasons begin on a Friday.  The 2009 season has 67 days and 2010 has 

70 days.    Thus, the 2009 and 2010 installed case periods have 49 energy peak days.  (The 2009 

and 2010 installed case periods include Independence Day, but Labor Day occurred later in 

September after classes began.) 

 

The evaluation defers to the tracking analysis and uses 50 energy peak days in the typical 

summer.  Pre-retrofit energy use is scaled upward by the ratio 50 days ÷ 48 days.  The installed 

case energy use is scaled upward by the ratio 50 days ÷ 49 days.   
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Annual energy savings are calculated by subtracting the adjusted installed case energy from the 

adjusted pre-retrofit case energy. 

Project Savings 

 

Each hour in the final analysis sheet is assigned a peak code depending on whether it 

represents a demand peak period and/or an energy peak period.  Hours occurring during 

weekends, holidays (Independence Day, Labor Day 2008), or weekdays between 10 PM and 6 

AM are assigned a value of 0.  Energy peak periods (non-holiday weekdays between 6 AM and 

10 PM) are assigned a value of 1 except for those hours between 1 PM and 5 PM, which are 

assigned a value of 2.  Microsoft Excel’s array functions are used to calculate the energy use 

corresponding to energy peak and demand peak periods. 

 

The percentage of savings occurring during energy peak periods is the ratio of energy peak 

savings to total annual energy savings.  However, given the fact that the potential fan operating 

periods are all within energy peak hours, it can be claimed that all savings will occur during 

energy peak periods. 

 

Array functions are used to determine the total number of demand peak hours in each case.  

The average power demand during demand peak periods is calculated as the ratio of demand 

peak period energy to the demand peak hours.  The demand peak reduction in the summer 

months needs to be adjusted to account for the fact that there are no savings for much of 

June’s demand peak periods.  The typical summer season as defined in this report has 50 

energy peak days in June, July, and August, each with 4 demand peak hours.  The ratio of 200 

hours to the screening tool demand peak total time of 260 hours results in a scaling factor of 

77%.  This factor is applied to the demand peak reduction calculated for the School’s summer 

period. 

 

Summer Demand Peak Reduction, kW  =  (679.2 kW – 371.5 kW) * (200 hr ÷ 260 hr)  =  
236.7 kW 
 

The winter demand peak reduction is 0 kW since all savings occur during summer. 
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Verification of Equipment and Operating Parameters 

This portion of the report compares the major assumptions of the tracking analysis and 

evaluation analysis.  Reasons for discrepancies are presented as well as their qualitative impacts 

on final project energy savings realization. 

The tracking analysis used 34 ‘peak’ days in the pre-retrofit calculations and 33.5 ‘peak’ days in 

the installed case.  Both cases use the same ratio of summer weekdays to the number of 

weekdays in the monitoring period despite a different number of weekdays in the two 

monitoring periods.  The higher number of pre-retrofit data points leads to an increase in 

savings of ~4,000 kWh, which is 12% of the difference between the tracking and evaluation 

results. 

# of Days included in Tracking Analysis 

The  tracking analysis calculated savings for accounts 35 and 37 based on the pre-retrofit 

operating hours of 7am to 5pm; however the HVAC equipment only operated until 4pm in the 

pre-retrofit case.  The tracking analyst confirmed that including 5pm was a calculation error.  

Based on the tracking calculations it appears that the 4pm-5pm time period accounts for ~8% of 

the total measure savings (15,398 kWh out of 193,357 kWh).  The total difference between the 

tracking and evaluated savings is 36,093 kWh and the 4pm-5pm accounts for 43% of this 

difference. 

Tracking Analysis Data Processing 

The tracking analysis did not account for the impact of weather on energy consumption.  Figure 

6-5 illustrates the differences in cooling degree days for 2008, 2009, 2010, and the TMY3 data 

file used in the evaluation study.  Note that Figure 6-5 only includes cooling degree day 

information for weekdays.   

Impact of Weather 

 

The summer of 2008 was generally warmer than 2009 and the TMY3 data.  Normalization of 

power demand data tends to reduce pre-retrofit energy use but does not have as great an 

impact on installed case data. 
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When the impacts addressed above are taken into account and then the tracking analysis data 

is adjusted for cooling degree days the claimed savings are decreased by an additional 

13,714 kWh.  The impact of weather accounts for 38% of the overall difference between 

tracking and evaluation results. 

Figure 6-5 

Comparison of Study Period Cooling Degree Days 
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When the impacts addressed above are taken into account and then a full summer period of 

data is used to calculate savings, project savings decrease by an additional 2,616 kWh.  This 

accounts for 7% of the overall difference between the tracking and evaluation results.  Based 

on the PowerMaps and the surface chart presented in Figure 6A-9 in the appendix, energy use 

was found to be higher during the second half of August in 2009 and 2010.  The tracking study 

only used data for the first half of August. 

Impact of Additional Data 

The  tracking analysis assumed that there would be 50 summer non-holiday weekdays when 

the setback schedule would be used.  The evaluation found that this assumption to be 

reasonable and uses the same value. 

Summer Period 
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The tracking analysis estimated that the modification to the schedules would only impact 

energy use between 6 AM and 4 PM.  As can be seen in the PowerMaps, the scheduling change 

did reduce the energy use of the facility considerably during these hours.  Until recently, the 

process of changing schedules over to the summer operating mode was fairly laborious since 

the schedule for each piece of equipment had to changed individually.  The site can now change 

schedules for each building at one location on the controls desktop. 

Setback Hours 

The  tracking analysis assumed that facility energy use would be most impacted by the change 

in fan system scheduling between 6 AM and 4 PM.  The evaluation makes this same 

assumption.   

Savings Analysis and Verification 

The distribution of daily energy savings by time of day is illustrated in Figure 6-6 below.  

Distribution by week of the summer is illustrated in Figure 6-7.  Figure 6A-9 in the appendix 

presents a more complex chart that allows savings to be seen on an hourly basis for summer 

weekdays.   

Figure 6-6 

Distribution of Energy Use and Savings by Hour of Day 
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Figure 6-7 

Distribution of Energy Use and Savings by Week 

 
As expected, energy use is higher during the first few hours of each day since the intent of the 

measure was to operate fan systems as needed to reject remaining heat from the previous day 

and to bring in fresh air.  As can be seen in Figure 6-6 and Figure 6A-9, there is actually a savings 

penalty at the start of some days.     

 

The annual energy savings estimated in the tracking analysis is 193,357 kWh.  The evaluation 

estimates annual energy savings to be 157,265 kWh, resulting in an annual energy savings 

realization ratio of 81%.  The reduction in savings is due to inconsistency in the number of data 

points used in the tracking study (12%), a calculation error (43% of difference), normalization to 

a typical meteorological year (38% of difference), and use of complete summer period data sets 

(7%). 

 

The percentage of savings occurring during energy peak periods estimated in the tracking 

analysis is 70% while the evaluation finds this value to be 93%.  It appears that the tracking 

analysis did not recognize that all savings would be occurring during energy peak periods except 

for the July 4th and Labor Day holidays.   
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The summer demand peak reduction is estimated in the tracking analysis to be 293.97 kW.  The 

evaluation estimates the summer demand peak power reduction to be 236.9 kW, resulting in a 

realization ratio of 81%.  The factors impacting project energy use also impact summer demand 

peak reduction, namely: an apparent calculation error, normalization to TMY3 data, and use of 

complete summer period data. 

 

The winter demand peak reduction is estimated in the tracking analysis to be 0.0 kW, and the 

evaluation also estimates this value to be 0.0 kW for a realization ratio of 100%.  All savings 

occur during summer months. 
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Site ID: N525455 

Summary 

This retrocommissioning project reduces operating hours on air handling units that serve 
unoccupied spaces.  No new equipment is installed with this measure.  All scheduling changes 
were made to 57 existing air handlers. 
 
Table 20 below presents a summary of the energy and demand savings achieved at this facility. 
Evaluated energy savings are 3.9% greater than the tracking values.  On-peak energy savings 
are 12.0% greater than tracking estimates.  Summer peak demand savings are 46.0% less than 
tracking.  Winter demand savings are 87% less than tracking savings.  Tracking savings were 
calculated using 50 weeks per year.  Evaluation savings use 52 weeks per year.  Two units 
were brought back online negating savings for those units.   
 

Table 20: Summary of Tracking and Evaluation Savings Results 

Savings Quantity 
Tracking 
Estimate 

Evaluation 
Estimate 

Evaluation/ 
Tracking 

Annual Energy (kWh) 229,068 238,010 104% 
% Energy Savings On-Peak 93% 104% 112% 
Summer Peak Diversified kW (FCM) 190.0 103.7 54% 
Winter Peak Diversified kW (FCM) 143.0 18.6 13% 

Project Description 

This is a multi-tenant 2,000,000 square foot facility that is not fully occupied.  This measure 
reduces the weekly operation of 57 air handling units that serve the unoccupied spaces.  In the 
pre-retrofit condition, these units were scheduled by the EMS and had an average operation of 
23 hours per week.  Twenty-one of the units operated 10 hours per week or less. New operating 
schedules were programmed into the energy management system to operate the units serving 
unoccupied areas 0.5 hours per day for three days per week, or a total of 1.5 hours per week.  
This minimum level of operation is required to keep bearings from flattening and fan/motor parts 
from seizing.  In addition, the scheduling of these operating hours was moved from on-peak to 
off-peak periods. 

Tracking Analysis  

Savings for this project are calculated in a spreadsheet using single line calculations. Eight of 
the 57 air handling units have both supply and return fans.  The remaining 49 AHUs are 

Tracking Calculation Methodology   
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equipped with supply fans only.  Motor kW was calculated for each existing AHU using the total 
supply and return fan horsepower.  The fan power formula is: 

kWavg = (HP X 0.746 kW/HP X LF)/eff 

where: 

• kWavg  - the calculated kW load for each motor 

• HP – total of supply and return fan motor horsepower 

• 0.746 kW/HP – conversion factor horsepower to kW 

• LF – average motor load factor 

• eff – motor efficiency 

•  

Load factors were calculated using fan affinity laws based on average fan speeds that were 
established for each fan.  A 50% fan speed was applied to 52 of the fans.  A 74% fan speed 
was applied to the remaining five AHUs that served partially occupied spaces.  An affinity power 
exponent of 2.3 was applied to the fan speed to create the load factor.  The load factor formula 
is: 

LFavg = Speedavg ^2.3 

Where: 

• LFavg = average load factor 

• Speedavg = average fan speed 

• 2.3 = affinity power 

 

A 92% motor efficiency was applied to all motors and  used in the calculations.   

Existing and proposed operating schedules were identified for each fan for both on-peak and 
off-peak periods.  The calculated motor kW was multiplied by the difference between the 
existing and proposed operating hours for the on-peak and off-peak periods.  The sum of the 
on-peak and off-peak savings yield annual savings for each fan.  The formula for annual energy 
savings for each fan is: 

kWh = kWavg X (hoursextistig – hoursproposed) X 50 

where: 

• kWh = annual energy savings 

• kWavg = average motor kW as calculated above 

• hoursextistig = annual existing case operating hours per week 
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• hoursproposed = annual proposed case operating hours per week 

• 50 = 50 weeks per year 

Summer demand savings are calculated using the following formula: 
kWpeak = (HP X 0.746 kW/HP X LF X DF)/eff 

where: 

• kWpeak - the calculated peak kW load for each motor 

• HP – total of supply and return fan motor horsepower 

• 0.746 kW/HP – conversion factor horsepower to kW 

• LF – average motor load factor 

• DF – demand diversity factor 

• eff – motor efficiency 

The formula is similar to the motor kW equation.  Average fan speeds are raised to a minimum 
of 62% to account for potential fan operation above the cooling temperature set point.  The 2.3 
affinity power exponent is applied to the average fan speed.  The uniform default demand 
diversity factor of 80% is applied to all fans.  Summer demand is calculated for 40 of the 57 air 
handling units.  No equation is entered for the remaining 17 AHUs and peak kW reduction is 
entered as zero.  The summation of calculated kW for each fan is the summer demand savings.  
Winter demand savings is calculated as 75% of the total calculated summer demand savings, 
which ultimately represents a 60% diversity factor. 

The single line calculations provide an accurate estimation of annual savings.  Savings for each 
of the 57 fans are calculated individually as existing and installed schedules are assigned to 
each fan.  These schedules maintain the unique operation of each unit.  The average operating 
motor kW for each fan is used in the calculations.  The savings are also calculated for on-peak 
and off-peak operation for each unit.  Existing and installed schedules are broken into on-peak 
and off-peak periods and applied to the average motor kW.  The following factors add to the 
accuracy of the energy savings calculations: 

Discussion of Tracking Analysis 

• Individual on-peak and off-peak schedules for each of the units 

• Air-flow capacity [CFM] for each of the units 

• Average fan speeds obtained from existing EMS trends 

• An affinity power exponent of 2.3 that reflects fans operating at lower loads 
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The 2.3 affinity power exponent is appropriate and at the lower end of anticipated operation, and 
is a valid assumption.  The calculations could have been strengthened by using motor 
efficiencies applicable to listed motor horsepower in place of the default 92% average efficiency 
for all units.  These fans serve unoccupied spaces.  Space temperatures have been reduced to 
unoccupied set points [85°F summer and 55°F winter] and outside air dampers are closed.  Fan 
motors operate at minimum loads under these conditions.   
 
Summer and winter demand savings are based upon kW power calculated at peak conditions.  
This provides an accurate base for demand estimates.  Fixed default load diversity factors are 
used to finalize demand savings in place of linking demand performance to temperature and 
time-of-day.  The reason for assigning 0.0 kW for peak demand savings for 17 of the air 
handling units is not stated.  The units were not excluded because of existing operating 
schedules.  Units of the same size and similar operating schedules had calculated demand 
savings.  It is also unclear how the 80% summer demand load factor and 60% winter demand 
load factor were derived. 

Evaluation Methodology 

Savings were recalculated using the single line calculation format.  The savings table that 
includes the 57 air handling units was duplicated.  The existing and installed operating 
schedules were confirmed at the site through the energy management system.  The fan speeds 
and motor horsepower were also confirmed through site observation, site equipment schedules, 
and discussions with facility personnel.  Scheduling information from time-of-use logger, Elite 
power loggers, and the energy management system were used to generate operating 
schedules. 

Evaluation Data Collection 

Time-of-use loggers and Elite power loggers were used to monitor operation of the air handlers.  
The time-of-use loggers were installed on two units [AC7 and AC32] that operate for one half 
hour per day and three days per week.  AC32 was selected as a representative of a unit 
equipped with a large motor [60 HP].  AC7 [7.5 HP] was on a circuit available during the 
installation of an Elite power logger installed to monitor an EMS measure concurrent with this 
one.  An Elite power logger was installed to monitor the operation of FR5.  FR5 is a 30 HP unit 
that was mislabeled in tracking documentation as FR4. 
 
Screens for a representative sample of air handlers were reviewed during logger retrieval.  This 
was done to minimize the time taken during the first site visit.   More than one air handler can 
serve an unoccupied area.  The EMS operator selected typical units in each of these areas for 
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review.  The schedules for the typical unit are applicable for the rest of the units in that area.  
Review at the end of the monitoring period confirms operating conditions have been maintained 
and have not changed since monitoring began. 

Table 21: Equipment Monitoring Summary 

Metered 
Equipment 

Various air handlers 
by area FR5 AC7 and AC32 

Measured 
Parameter On/off scheduling. 

True Power, 
Voltage, 
Amperage, PF 
(3 Phases) Start/Stop 

Logger 
Make/Model EMS 

Dent ElitePro 
Power Meter Dent CT Logger 

Transducer 
Equipment Types Scheduling screens 

Current 
Transducers 
and Voltage 
Clamps Power clamp 

Installation At EMS head end 

Mechanical 
room breaker 
panel Breaker panels 

Observation 
Frequency 

Change-of-value 
start/stop 

15 Minutes; 
Time averaged 
readings 

15 Minutes; Time 
averaged readings 

Metering Period Current value 

August 11th, 
2010 to 
November 10th, 
2010 

August 11th, 2010 
to November 10th, 
2010 

Metered by: Site EMS operator 

KEMA 
evaluator & 
RISE 
electrician 

KEMA evaluator & 
RISE electrician 

 
Facility personnel were interviewed about the project and current operational status of the 
equipment.  Additional air-handling units were reviewed during the logger retrieval.  The 
following points were uncovered during the site visit:  
 

• Two units [AC3 and PH13] have been placed back into an occupied space schedule 
because of increased occupancy at the facility.  They currently operate 119 hours per 
week which is greater than the existing case.  These units were brought back online in 
March of 2010.  The evaluated energy savings were prorated to include the 16% of the 
measure life when the two air handling units were taken offline in response to this 
project.  

• Five different schedules are used for the units being evaluated as site personnel did not 
want all units coming on line simultaneously.  Schedules were set up according to plant 
location, and all operation takes place in the off-peak period. 
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• Site personnel stated that most motors should be near premium efficiency.  Observed 
units confirmed this.  Premium efficiencies were used for calculations in the evaluation 
according to motor horsepower. 

• Outside dampers remain closed during off-peak operation.  This measure places a 
deeper shut-off period for the units.  These units were serving unoccupied spaces and 
dampers were closed in the existing case. 

• No occupied/unoccupied temperature changes were made in conjunction with this 
measure. 

Evaluation Savings Analysis 

Existing occupied start and end times were provided in the technical assistance report for each 
of the air handlers.  These start/stop times were converted into a table that assigns operation for 
each hour for every day of the week.  Twenty-five unique existing operating schedules were 
identified.  Stop/start data from the energy management system and installed data loggers 
provided installed case schedules.  Nine unique installed schedules were created from this data.  
A typical existing case operating schedule is shown in Table 22.   
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Table 22: Typical Weekly Existing Operating Schedule 

55.0 Peak energy hours 5.0 Off-peak energy hours
Sch 7 60.0 Hrs/Wk 100% Sum D 0% Win D

Hour Sun Mon Tue Wed Thu Fri Sat
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6 0.0 1.0 1.0 1.0 1.0 1.0 0.0
7 0.0 1.0 1.0 1.0 1.0 1.0 0.0
8 0.0 1.0 1.0 1.0 1.0 1.0 0.0
9 0.0 1.0 1.0 1.0 1.0 1.0 0.0

10 0.0 1.0 1.0 1.0 1.0 1.0 0.0
11 0.0 1.0 1.0 1.0 1.0 1.0 0.0
12 0.0 1.0 1.0 1.0 1.0 1.0 0.0
13 0.0 1.0 1.0 1.0 1.0 1.0 0.0
14 0.0 1.0 1.0 1.0 1.0 1.0 0.0
15 0.0 1.0 1.0 1.0 1.0 1.0 0.0
16 0.0 1.0 1.0 1.0 1.0 1.0 0.0
17 0.0 1.0 1.0 1.0 1.0 1.0 0.0
18 0.0 0.0 0.0 0.0 0.0 0.0 0.0
19 0.0 0.0 0.0 0.0 0.0 0.0 0.0
20 0.0 0.0 0.0 0.0 0.0 0.0 0.0
21 0.0 0.0 0.0 0.0 0.0 0.0 0.0
22 0.0 0.0 0.0 0.0 0.0 0.0 0.0
23 0.0 0.0 0.0 0.0 0.0 0.0 0.0
24 0.0 0.0 0.0 0.0 0.0 0.0 0.0  

The weekly schedules are used to calculate on-peak energy hours, off-peak energy hours, total 
weekly operating hours, and percent operation during summer and winter demand periods.  
Tables were created for the 25 unique existing operating schedules and 9 installed case 
operating schedules.    These 34 unique schedules were analyzed to create the consolidated 
table below.  Table 23 shows the consolidated schedule data. 
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Table 23: Consolidated Weekly Operating Schedules 

Schedule
Schedule 

Case Hrs/Wk

Percent of 
Summer 

kW Hours

Percent of 
Winter kW 

Hours

Peak 
Energy 
Hours

Off-Peak 
Energy 
Hours

1 Existing 5.0 0% 0% 5.0 0.0
2 Existing 5.0 0% 0% 5.0 0.0
3 Existing 45.0 75% 0% 45.0 0.0
4 Existing 20.0 0% 0% 20.0 0.0
5 Existing 40.0 25% 0% 40.0 0.0
6 Existing 57.5 100% 0% 55.0 2.5
7 Existing 60.0 100% 0% 55.0 5.0
8 Existing 52.5 63% 0% 47.5 5.0
9 Existing 65.0 100% 25% 57.5 7.5

10 Existing 60.0 75% 0% 50.0 10.0
11 Existing 45.0 0% 0% 32.5 12.5
12 Existing 120.0 100% 100% 80.0 40.0
13 Existing 15.0 75% 0% 15.0 0.0
14 Existing 5.0 25% 0% 5.0 0.0
15 Existing 20.0 50% 0% 20.0 0.0
16 Existing 15.0 25% 0% 15.0 0.0
17 Existing 20.0 25% 0% 20.0 0.0
18 Existing 5.0 0% 0% 5.0 0.0
19 Existing 10.0 0% 0% 10.0 0.0
20 Existing 25.0 25% 0% 25.0 0.0
21 Existing 20.0 0% 0% 20.0 0.0
22 Existing 10.0 0% 0% 10.0 0.0
23 Existing 5.0 0% 0% 5.0 0.0
24 Existing 7.5 0% 0% 7.5 0.0
25 Existing 15.0 25% 0% 15.0 0.0
A Installed 1.5 0% 0% 0.0 1.5
B Installed 1.5 0% 0% 0.0 1.5
C Installed 1.5 0% 0% 0.0 1.5
D Installed 1.5 0% 0% 0.0 1.5
E Installed 1.5 0% 0% 0.0 1.5
F Installed 8.6 0% 0% 2.2 6.3
G Installed 2.6 0% 0% 0.0 2.6
H Installed 4.0 0% 0% 0.0 4.0
I Installed 119.0 100% 100% 80.0 39.0  

 Five of the installed schedules were created from EMS trends.  The remaining four schedules 
are from site monitoring equipment. Schedules A – E were created to match the 5 different 
installed schedules discussed above.  Schedules F – I were developed based on the metering 
data collected.   
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Evaluation savings were calculated using the tracking analysis algorithm.  The fan power 
formula is: 

kWavg = (HP X 0.746 kW/HP X LF)/eff 

where: 

• kWavg  - the calculated kW load for each motor 

• HP – total of supply and return fan motor horsepower 

• 0.746 kW/HP – conversion factor horsepower to kW 

• LF – average motor load factor 

• eff – motor efficiency, assumes to be premium motor efficiency. 

Load factors were retained from the tracking calculations.  The average load factors are derived 
from energy management system trends of fan speed for 3 AHUs and EMS screen captures for 
6 additional AHUs.  An affinity factor of 2.3 was applied to the fan speed to create the load 
factor.    The horsepower for the motors were reviewed and data matched documented 
horsepower. 
 
Annual energy savings is calculated for on-peak operation and again for off-peak operation for 
each unit.  On-peak hours are from 7 am through 10 pm on Mondays through Fridays.  An 
example of the weekly on-peak hours is shown at the top of Table 22.  The off-peak hours are 
the sum of the operating hours outside the on-peak range.  Total annual energy savings is the 
sum of the on-peak and off-peak savings.  The formula used to calculate on-peak and off-peak 
savings is: 

kWhon/off-peak = kWavg X (hoursextistig – hoursproposed) X 52 

where: 

• kWhon/off-peak = annual on-peak and off-peak energy savings 

• kWavg = average motor kW as calculated above 

• hoursextistig = annual existing case on-peak or off-peak operating hours per week from 
Table 23. 

• hoursproposed = annual proposed case on-peak or off-peak operating hours per week from 
Table 23. 

• 52 = 52 weeks per year 

Tracking documentation provided existing case operating schedules for each of the air handling 
units.  The AHUs were sorted by schedule.  A schedule table identical to Table 22 was created 
for each unique schedule.  The twenty-five existing operating schedules in Table 23 are 
summaries of the operating hours.  The schedule ID numbers listed in Table 23 were applied to 
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the corresponding AHU to provide the associated existing case operation as identified in 
tracking calculations.    Installed case operating schedules come from data loggers installed at 
the site and from review of EMS trends and schedules.  The operating schedules obtained from 
trending were applied only to the unit that provided the trends.  EMS schedules – the stop/start 
times listed in EMS control screens – provided the installed case schedules for all remaining air 
handlers.   Operation was changed from 50 to 52 weeks per year because no seasonal or 
holiday schedules are programmed into the EMS that exclude 2 weeks of operation. 
 
Summer and winter demand savings are calculated using the following formula: 

kWpeak = (HP X 0.746 kW/HP X LF X DFseasonal)/eff 

where: 

• kWpeak - the calculated peak kW load for each motor 

• HP – total of supply and return fan motor horsepower 

• 0.746 kW/HP – conversion factor horsepower to kW 

• LF – average motor load factor 

• DFseasonal – demand diversity factor from Table 23. 

• eff – motor efficiency 

A seasonal demand diversity factor derived from individual schedules for the air handlers 
replaces the fixed demand factor.  Seasonal demand is calculated according to schedule 
interaction with demand periods. 
 
Total annual energy savings and seasonal demand reduction for the application is calculated as 
the sum of the individual unit savings and reduction calculated above. 

Conclusions 

The evaluation savings for this project are 3.9% greater than the tracking estimates.  Two units 
were brought back online [PH12 and AC3].  This reduced annual savings by 4,567 kWh.  
Savings for these two units [761 kWh] is prorated to reflect the 16.7% of measure life the motors 
operated in the installed case mode.  The main reason for the increase in savings is two 
additional weeks of operation in the evaluation calculations over the tracking calculations.  The 
additional two weeks of operation added 9,125 kWh to annual savings. 
 
Tracking savings are based upon 50 weeks of operation per year.  There are no seasonal or 
holiday schedules that eliminate two weeks of operation.  EMS operators decided that level of 
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detail was unnecessary for units operating 1.5 hours per week during off-peak hours.  
Evaluation calculations are based upon 52 weeks of annual operation. 
A default 92% motor efficiency was used in tracking calculations.  Motors observed in the field 
were premium efficient units.  Site personnel stated that premium efficient units are predominant 
at the air handlers.  Evaluation savings use premium efficiencies according to motor horsepower 
in the calculations.  The higher motor efficiencies resulted in a reduction in savings of 2,624 
kWh. 
 
On-peak energy savings are 12% greater than tracking estimates.  This is due to the two units 
being brought back online, increased annual operation, and different motor efficiencies.  
Summer demand savings are 46.0% less than baseline estimates.  Winter demand savings are 
87% less than tracking.  This is attributed to calculation methodology.  Tracking savings apply a 
default demand diversity factor to all air handlers regardless of schedule.  The air handlers had 
an average operation of 23 hours per week in the existing case.  Twenty one of the units 
operated 10 hours per week or less.  Demand savings were calculated for these units even 
though operation was outside summer and winter demand periods.  Evaluation demand savings 
are calculated for each unit according to schedule. 
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Appendix 
Figure A- 7: FR5 Operation 
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Figure A- 8: AC7 Operation 
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Figure A- 9: AC32 Operation 
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Site ID: N546844 

Summary 

The tracking savings for this retrofit measure were from installing a new energy management 
system to expand HVAC control, weather-stripping operable windows, and installing occupancy 
sensors to control lighting throughout the facility.  The installed energy management system 
replaced an existing energy management system that required extensive upgrades and was no 
longer supported by the EMS vendor.  No new HVAC units were installed with the EMS. 
 
Table 24 below presents a summary of the energy and demand savings achieved at this facility. 
Evaluated energy savings are 27% less than the tracking savings.  Summer peak demand 
savings are 92.0% less than tracking.  Winter demand savings are 57% less than tracking.  
Primary reasons for the decrease in energy and demand savings were that the weather-
stripping measure was not done, tracking savings for occupancy sensors were over estimated, 
and the night temperature set-back was not done.   

Table 24: Summary of Tracking and Evaluation Savings Results 

Savings Quantity 
Tracking 
Estimate 

Evaluation 
Estimate 

Evaluation/ 
Tracking 

Annual Energy (kWh) 247,548 180,520 73% 
% Energy Savings On-Peak 47% 69% 146% 
Summer Peak Diversified kW (FCM) 40.0 3.1 8% 
Winter Peak Diversified kW (FCM) 30.0 12.9 43% 
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Project Description 

The facility is a two floor, 160,000 Ft2 School serving grades four to eight.  The school is 
electrically heated and most of the HVAC equipment dates back to the mid 1970’s construction.  
The site had an existing energy management system that was dated.  A new energy 
management system was installed to provide occupied/unoccupied scheduling for HVAC 
equipment.  This new energy management system replaced an existing EMS.  The head end of 
the existing EMS was no longer operational and communications with field sensors were lost.  
Facility personnel could no longer use the EMS to change operating schedules or receive data 
feedback from HVAC equipment.  Tracking savings are based upon extending EMS control to 
two gym heating ventilators, two heating ventilators serving the auditorium, and 80 unit 
ventilators located in classrooms.  The new EMS provides the ability to assign new 
occupied/unoccupied schedules to these units.  Savings are obtained from reducing the run 
time of supply and return fans by implementing longer unoccupied periods compared with the 
pre-installation schedules.  The shorter occupied schedules also provide heating savings by 
reducing ventilation air.  Outside dampers are closed during the unoccupied periods reducing 
the time ventilation air is supplied.  The following control/monitoring points were installed with 
the EMS: 

Heating ventilators 

• Fan start/stop 

• Supply fan status 

• Return fan status 

• Space temperature 

• Discharge air temperature 

• Return air temperature 

• Electric heat staging 

• Outside air damper position 

• Exhaust air damper position 

Classroom unit ventilators 

• Fan start/stop 

• Fan status 

• Space temperature 



 
 

 

National Grid June 17, 2011 
 

B-122 

• Discharge air temperature 

• Electric heat staging 

• Outside air damper position 

The TA report states that the school has aluminum casement and awning windows with poor 
weather-stripping.  Tracking savings were calculated for adding weather-stripping to these 
operable windows and repairing broken latches to assure tight closure. 
Occupancy sensors were installed to control lighting operation in classrooms, offices, rest 
rooms, and other areas of the school.  Classroom lighting was controlled with single-pole wall 
switches in the existing case.  The occupancy sensors were also wired to control the outside air 
dampers in classrooms.  In the existing case, the outside air dampers would be open to the 
minimum position when the units were in the occupied mode.  The EMS would close the outside 
air dampers on the unit ventilators upon entering the unoccupied schedule.  There were no 
controls or EMS programs in the existing case that would close the outside air dampers during 
occupied periods.. 
 
Tracking Analysis 

Tracking Calculation Methodology

Three calculation methodologies were used to generate the tracking savings.  A five degree 
Fahrenheit weather bin analysis was used to calculate EMS savings for the gym and auditorium 
heating ventilators.  Heating degree-day calculations were used to generate the EMS savings 
for the classroom unit ventilators and for weather-stripping the windows.  Single line item 
calculations were used for the occupancy sensor analysis. 

   

Weather Bin Analysis 

Weather bin calculations use Hanscom Field, MA weather data.  The temperature bins for 
Hanscom Field ranges from the -15/-10°F bin to the 95/100°F bin.  The weather data is also 
presented in three time-of-day bins.  These bins include the annual hours for the midnight to 8 
am bin (bin a), 8 am to 4 pm bin (bin b), and 4 pm to midnight bin (bin c).  These bins are used 
to calculate occupied and unoccupied periods.  The existing occupied schedule was identified 
as 6 am to 4 pm on Mondays through Fridays for the gym and auditorium heating ventilators.  
Proposed operation is from 8 am to 4 pm on Mondays through Fridays.  Occupied bin hours 
were calculated using the ratio of operating hours to total hours available in each temperature 
bin.  These calculations are performed for the existing case and for the installed case.  The 
occupied hour formula for each five degree Fahrenheit bin is: 

Hoursocc = dayocc/7 x ((hoursbina x hoursbinocc/8) + (hoursbinb x hoursbinocc /8) + (hoursbinc x 
hoursbinocc /8)) 
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where: 

• Hoursocc = Total occupied period hours per five degree weather bin 

• Dayocc = Days per week with occupied schedules 

• 7 = Seven days per week 

• hoursbina  = Hours from midnight to 8 am per weather bin 

• hoursbinb  = Hours from 8 am to 4 pm per weather bin 

• hoursbinc  = Hours from 4 pm to midnight per weather bin 

• hoursbinocc = Occupied period hours for bina, binb, and binc 

• 8 = Hours per bin 

The unoccupied hours are calculated by subtracting the occupied hours form the total hours for 
each bin. 

Hoursunocc = ∑hrsbin - hoursocc 

where: 

• Hoursunocc =Total unoccupied hours per five degree weather bin 

• ∑hrsbin  = Total hours of bina, binb, and binc 

• Hoursocc = Total occupied period hours per five degree weather bin (calculated above) 

The weather bin analysis includes the supply fan and return motor horsepower, static pressure, 
efficiencies, system capacity in CFM, and percentage of outside air obtained from the site.  
These values are used to calculate the operating kW of the fan motors using the following 
formula: 

BHP = ((CFM x SP) / 6365) / efffan 

where: 

• BHP = Brake horsepower for supply and return fans 

• CFM = System capacity in cubic feet per minute  

• SP = Static pressure 

• 6365 = Air equation conversion factor 

• efffan = Fan/drive efficiency 65% value for all units 

The calculated brake horsepower is converted to kW for use in the bin calculation with the 
following formula: 

kWbin = (BHP x 0.746) / effmotor 
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where: 

• kWbin = Supply fan and return fan motor kW per five degree weather bin 

• BHP = Brake horsepower (calculated above) 

• 0.746 = Conversion factor horsepower to kW 

• effmotor = Motor efficiency 

The kWbin is used to calculate the annual electricity required for the fans in each bin.  This is 
calculated as: 

kWhfan = kWbin x hoursocc 

where: 

• kWhfan =  Supply fan and return fan kWh for each five degree weather bin 

• kWbin = Supply fan and return fan motor kW calculated above 

• Hoursocc = Total occupied period hours per five degree weather bin calculated above 

Annual savings for the supply and return fans are calculate by subtracting the summed installed 
case operation from the summed existing case operation. 

kWhannual = ∑kWhexisting - ∑kWhinstalled 

where: 

• kWhannual = Annual kWh savings for the supply and return fans 

• ∑kWhinstalled  = The summation of kWh in the installed case 

• ∑kWhexisting = The summation of kWh in the existing case 

The system capacity in CFM and percentage of outside air, along with discharge air 
temperature [DAT] and return air temperature [RAT], which were obtained at the site, are used 
to calculate the electricity used to heat the ventilation air. The space temperatures were used as 
the RAT in the bin analyses.  Heating the ventilation air begins with calculating the mixed air 
temperature [MAT].  Mixed air temperatures are calculated as: 

MATbin = (OA% x bintemp) + (1-OA% x RAT) 

where: 

• MATbin = Mixed air temperature for each five degree weather bin 

• OA%  = Percentage of outside air 

• bintemp = Midpoint temperature of each five degree weather bin 

• RAT = Return air temperature 
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The MAT is then used to calculate the total energy required to heat the ventilation air in each 
five degree bin: 

BTUbin = (1.08 x CFM x (DAT / MATbin)) / 1000 

where: 

• BTUbin = BTUs required per bin the heat ventilation air 

• 1.08 = Conversion factor air properties/time 

• CFM = System capacity in cubic feet per minute 

• DAT = Discharge air temperature 

• MATbin = Mixed air temperature calculated above 

• 1000 = Conversion factor BTUs to MBTUs 

BTUbin is used to calculate the electricity required to heat the ventilation air for each five degree 
weather bin.  That formula is: 

kWhbin = (BTUbin x hoursocc x 1000) / 3413 

where: 

• kWhbin = Energy required in kWh to heat ventilation air per bin 

• BTUbin = BTUs required per bin the heat ventilation air calculated above 

• hoursocc  = Total occupied period hours per five degree weather bin calculated above 

• 1000 = Conversion factor BTUs to MBTUs 

• 3413 = Conversion factor MBTUs to kWh 

The calculations for MATbin, BTUbin, and kWhbin, are performed for each five degree weather 
bin in both the existing case weather bin analysis and installed case analysis.  The sum of 
heating kWh calculated across all bins in the installed case analysis is subtracted from the sum 
of the kWh of the existing case to calculate the annual savings. 

Heating Degree-Day Calculations 

Heating degree-day calculations were used to estimate the savings for weather-stripping the 
windows and for setting back space temperatures in classrooms served by the unit ventilators.  
Heating degree-day calculations were done for the existing cases and installed cases in order to 
estimate the annual savings. 
Occupied and unoccupied schedules were created for the weather-stripping and unit ventilator 
measures using the methodology to generate Hoursocc as described above.  Indoor occupied 
and unoccupied space temperatures were obtained at the site for the existing case.  Proposed 
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case occupied and unoccupied balance point space temperatures were estimated by the TA 
contractor.  These are not calculated values.  The balance point temperature marks the 
transition from cooling to heating for the calculation.  The balance point temperatures were used 
to calculate heating degree-days used in the calculations.  Heating degree-days are calculated 
as: 
HDD = ((Tempbal – bintemp) x hoursbin) / 24 

 

where: 

• HDD = Annual heating degree-days 

• Tempbal = Estimated balance point 

• bintemp = Midpoint temperature of each five degree weather bin 

• hoursbin = Total hours per bin 

• 24 = Hours per day 

Structural components and building dimensions are identified for the existing and proposed 
cases.  These factors are floor area, ceiling height, interior volume [ft3], wall area, roof area, 
vertical glazing area, glazed door area, skylight area, insulated wall panel area, steel door area, 
foundation perimeter, and foundation area.  R-values were applied to the structural building 
components.  A heat loss coefficient was created for each component by dividing the area by 
the R-value: 
BTU/hr-°F = area / R-value 

where: 

• BTU/hr-°F = Total heat loss in BTUs per hour for each five degree weather bin 

• area = area of the structural component in square feet 

• R-value = Resistance to heat loss in BTUs per hour per degree Fahrenheit 

The heat loss coefficient calculated above is then used to estimate the annual heat loss for each 
building component using the calculated heating degree-days: 
MMBTUcond = (BTU/hr-°F x HDD x 24) / 1000000 

where: 

• MMBTUcond = Annual heat loss due to conduction in million BTUs  

• BTU/hr-°F = Total heat loss in BTUs per hour for each five degree weather bin 

• HDD = Annual heating degree-days 
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• 24 = Hours per day 

• 1000000 = Conversion factor BTUs to MMBTUs 

Energy consumption due to air infiltration was calculated using an air change per hour [ACH] 
value.  The ACH is not a calculated value and is estimated by the TA contractor.  The ACH is an 
estimated percentage of the total volume of air in the heated space that is replaced per hour by 
outside air infiltration.  Air infiltration losses are calculated with the following formula: 
MMBTUinfil = (((1.08 x ACH x vol) / 60) x HDD x 24) / 1000000 

 

where: 

• MMBTUinfil = Annual heat loss in million BTUs due to infiltration 

• 1.08 = Conversion factor air properties/time 

• ACH = Percentage of total volume of heated air replaced each hour 

• vol = Volume of air in heated space in cubic feet 

• 60 = Minutes per hour 

• HDD = Annual heating degree-days 

• 24 = Hours per day 

• 1000000 = Conversion factor BTUs to MMBTUs 

Annual savings are calculate by subtracting the total MMBTUs from conduction and infiltration 
losses in the installed case from the total MMBTUs from conduction and infiltration in the 
existing case. 

Single Line Calculations 

Single line calculations were used to estimate the savings obtained from installing occupancy 
sensors on lighting fixtures in the school.  The calculation multiplies the difference in annual 
operation attributed to the occupancy sensors times the connected lighting load in kW.  This 
calculation is performed for each of the 152 spaces identified in the TA report.  The formula is: 
kWhlight = ((fixtqnty x FixtWatts) / 1000) x (hoursexist – hoursprop) 

where: 

• kWhlight = Annual lighting savings in kilowatt-hours 

• fixtqnty = Quantity of fixtures 

• FixtWatts = Wattage of fixtures 
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• 1000 = Conversion factor Watts to kilowatts 

• hoursexist = Annual lighting operation in the existing case 

• hoursprop = Annual lighting operation in the installed case 

Annual saving for each line is summed to obtain total annual savings for the lighting controls. 

Weather Bin Analysis 

Discussion of Tracking Analysis 

The weather bin analyses used to calculate savings for the EMS controls measure are 
appropriate for this analysis.  The calculations used weather data from Hanscom Field Air Force 
Base.  This is average weather data collected at air force bases and converted into a 5°F 
weather bin format. This weather station is near the school.  The air force weather bin data is 
annualized from monthly totals. The bin analyses took advantage of the three time-of-day bins 
included in each 5°F weather bin.  These time-of-day bins sum the bin temperature for midnight 
to 8 am, 8 am to 4 pm, and 4 pm to midnight periods.  This provides more diversity when 
estimating occupied/unoccupied operations as the percent of total bin hours.  The air force 
weather bin data used has not been updated to reflect climactic change and is less current than 
TMY3 weather data. 
 
The bin analyses contained details specific to the site and equipment.  Supply and return fan 
motors were identified along with motor efficiency, fan efficiency, CFM of the units, percentage 
of outside air, and static pressure of the fan systems.  This data was listed for both the existing 
and proposed case calculations.  The EMS controls were installed on existing equipment, so the 
existing and installed equipment values were the same.  This depth of data is necessary to 
generate good savings estimates. 
Calculations for the fans and electric heating were made separately.  Fan savings were 
calculated across all temperature bins.  Heating savings began at the 50°F to 55°F weather bin.  
This methodology is acceptable as it reflects the operation of the fans and electric heating as 
identified in the TA report.  
 
Heating savings are based upon the temperature differential of the mixed air and discharge air 
streams.  The mixed air temperature is the weighted average of the outside air and return air 
temperatures using the ratio of outside air and return air.  The outside air temperature is the 
midpoint temperature for each bin and return air is taken from the space temperature.  This 
methodology is acceptable as it provides a good estimate of the energy content in the supply 
CFM. 
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On-peak savings and summer/winter peak demand savings are difficult to estimate with the 
weather bin analysis.  On-peak savings and seasonal peak demand savings are time specific.  
Weather bin analyses are temperature based with limited ability to show at what time recorded 
temperatures occur.  The tracking summer and winter demand savings could not be traced back 
to the TA calculation spreadsheets. 
 

Heating Degree-Day Analysis 

The heating degree-day analysis was used to calculate annual savings for weather-stripping the 
operable windows.  Heating degree-day calculations were also used to estimate savings from 
implementing heating night set back temperatures in areas served by unit ventilators. 
The heating degree-day analysis contained specific detail. It contained calculated heat loss 
coefficients for nine structural building components and estimations of infiltration.  Heating 
degree-days were calculated using balance point temperatures estimated by the TA contractor.  
These custom heating degree-days were calculated for the existing and proposed calculations. 
Heating degree-day calculations are applicable for some residential energy calculations, but are 
not applicable for commercial and industrial measures.  The heat loss coefficients do not reflect 
the impact of adjacent areas, the true thermal mass of the school, impact of large core areas 
without exterior walls, windows or roof areas, and internal/solar gains.  Because savings are 
annualized, on-peak and summer winter demand calculations must be calculated using 
multipliers.  The weather bin methodology would have been a better choice and provided more 
flexibility in calculating savings. 
 

Single Line Calculations 

The single line calculations were used to estimate savings for the lighting controls.  Calculations 
were performed for 152 spaces in the school.  These spaces included the specific fixture 
quantities, fixture wattage, and operating hours.  Spaces were also labeled with specific 
locations and not general area notations.  The diversity provided and calculation methodology is 
acceptable and provides accurate savings results.  On-peak and summer winter demand 
savings can be estimated from hourly comparisons of existing and proposed weekly operating 
schedules.   
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Evaluation Methodology 

The weather bin analyses from the TA report were retained and used to generate the evaluation 
savings.  Existing case and installed case analyses were created for the gym heating ventilators 
and auditorium heating ventilators.  

Energy Management System Savings 

 
Supply and return fan motor horsepower values were obtained from equipment schedules from 
the as-built prints.  Unit CFM capacities were also obtained from the equipment schedules.  
Power loggers were installed to monitor a supply and return fan on a representative gym 
heating ventilator and on a representative auditorium unit.  The monitored kW was used in place 
of the calculated value derived from CFM, estimated efficiencies, and static pressure. 
 
Occupied/unoccupied schedules were obtained from the energy management system.  These 
programmed schedules were compared with the monitored operating schedules from the power 
loggers.  Supply air temperatures [DAT] and space temperatures [RAT] were also obtained from 
the energy management system.  The evaluation included the motor kW monitored by power 
loggers, and operating schedules monitored through the EMS and from site power loggers. DAT 
and RAT were monitored through the EMS.   
 
TMY3 weather data [Lawrence, MA] was used in the weather bin analyses.  The weather data 
was converted to 5°F weather bins.  Occupied/unoccupied hours were calculated from the 
existing case schedule and schedules obtained through monitoring for the installed cases.  The 
same calculations described in the Tracking Savings Methodology were used in the evaluation 
of the EMS savings. 
 

Weather-stripping and Night Set Back Savings on Classroom Unit Vents 

The weather-stripping was not installed at the school and was not considered according to site 
personnel.  No evaluation calculations were made for this measure. 
 
A five degree weather bin analysis was selected to evaluate the operation of the classroom unit 
ventilators in place of the heating degree-day approach.  This method was selected because of 
the limitations of the heating degree-day approach defined above.  The operation of the 
classroom unit ventilators differ from parameters used in the TA report calculations.  
Temperature EMS trends show that a night set back is not in place.  Temperatures vary only 
slightly by hour or by day.  However, the occupancy sensors installed to control lighting also 
control the outside air dampers on the unit ventilators.  Outside air dampers are closed when 
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rooms are empty during scheduled occupied periods.  Occupancy sensor status is a 
programmed monitoring point on EMS system screens.  The damper control was confirmed by 
watching the outside damper position in a classroom UV.  The classroom was unoccupied, 
lights were off, and OA damper closed.  The lights came on and damper opened when triggered 
by the occupancy sensor.  The weather bin approach is a better selection for this change in 
operation. 
 

Occupancy Sensor Savings 

The single line methodology was used to calculate evaluation occupancy sensor savings.  
Lighting loggers were installed to monitor the operation of selected lighting fixtures across the 
school.  Fixture quantities and type were reviewed and compared with tracking documents.  
Average operating schedules were obtained from the lighting loggers.  The hourly lighting 
operation was reviewed from the logger profiles and an equivalent baseline profile was created 
for each logger by applying 100% operation to hours with incremental operation in the 
monitored logger trend.  The exceptions were beginning and ending hours of block-of-hour 
operations because lighting is not turned on/off precisely at the beginning of the hour.  Stand 
alone single hours – hours with no operation in the preceding or following hours – were also not 
change to 100% operation.  On-peak and summer/winter demand savings are calculated 
according to the hourly differences between the monitored logger and adjusted baseline logger 
data. 
 

Evaluation Data Collection 

Elite power loggers and lighting loggers were installed in this project.  Trends from the school’s 
energy management system were also collected for use in the analysis.  Lighting loggers were 
installed in the main office, teachers’ staff room, boys lockers, and in classrooms 104, 118, 121, 
215, and 233.  A logger installed in a science lab stopped recording after 4 days of recording.  A 
logger installed in a boys’ room had questionable readings; 50% operation was listed for long 
periods, which may have coincided with 0% operation, but that could not be proved.  The boys’ 
locker room logger data was not used.  In total, eleven lighting loggers were installed throughout 
the school.  One logger failed in the field, and one logger provided suspect readings.  The data 
from those two loggers were not used in the evaluation. 
 
Six Elite power loggers were installed.  These loggers provided average power readings and 
identified operating schedules.  The loggers monitored supply/return fans and electric heat in 
the gym [HV1D], auditorium [HV2], and four classroom unit ventilators.  Another logger 
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monitored two circuits of electric resistance baseboard heating in classrooms.  A logger was 
also installed on AC 1A, which serves core offices and rooms.  It was later determined that unit 
AC 1A was not part of the tracking savings.  On-site monitoring lasted 110 days.   
 
Temperature trends were already in place in the energy management system.  These trends 
were downloaded and used in the evaluation savings.  Screen captures were also taken from 
the EMS monitor showing occupied/unoccupied schedules, equipment schematics, and 
temperature set points.  The EMS is not equipped to monitor power.  EMS trends were collected 
for 269 days.  Table 25 presents the equipment metering summary. 

Table 25: Equipment Monitoring Summary 

Metered 
Equipment 

Gym HV1D, UV 3A, 
UV128, UV129, UV230, 

OAT 

HV1D, HV2,UH3A, 
UV1, UV5, UV8, 

Electric 
Baseboards 

Lighting fixtures 

Measured 
Parameter 

Space temperature, 
supply temperature, 
outside air temperature, 
CO2 [gym unit only] 

True Power, Voltage, 
Amperage, PF (3 
Phases) On/Off 

Logger 
Make/Model EMS 

Dent ElitePro Power 
Meter 

Dent CT time-of-use 
logger 

Transducer 
Equipment 
Types 

Temperature sensors, 
CO2 sensor 

Current Transducers 
and Voltage Clamps Power clamp 

Installation Existing trend reports 
Mechanical room 
breaker panel Lighting fixture 

Observation 
Frequency 15-minute intervals 

15 Minutes; Time 
averaged readings 

15 Minutes; Time 
averaged readings 

Metering 
Period 

June 4, 2010 to February 
28, 2011 

November 4, 2010 to 
February 22, 2011 

November 4, 2010 
to February 22, 
2011 

Metered by: Site EMS operator 
KEMA evaluator & 
RISE electrician 

KEMA evaluator & 
RISE electrician 

 
Facility personnel were interviewed about the project and current operational status of the 
equipment.  As-built drawings were reviewed and the equipment schedules  were digitally 
photographed for reference.  Lighting counts and type were reviewed during the logger retrieval.  
The following points were uncovered during the site visit:  
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• The weather-stripping was not done and was not considered for the evaluation. 

• Limited night setbacks are occurring in the school.  The classroom temperature trends 
show little variance in daily temperatures.  Gym temperatures show that a night set back 
schedule is in place for those units. 

• The scheduling screens show that weekend schedules are not in place.  The same 
occupied/unoccupied periods entered into the system 7 days per week. 

• No holiday schedules were entered into the EMS.  This was confirmed through 
monitoring data, which identified operation on Thanksgiving, Christmas, and New Years. 

• The installed lighting sensors also control the outside air ventilation dampers in the 
classroom unit ventilators.  EMS system screens show the occupancy sensor on each of 
the unit ventilator system diagram screens. 

 

Evaluation Savings Analysis 

Energy Management System Savings 

The energy management system is used to provide better scheduling and reduce the occupied 
settings of the heating ventilators serving the gymnasium and auditorium.  The 5°F weather bin 
methodology was retained for the evaluation analysis.  Existing case weather bin analyses and 
installed case weather bin analyses were made for both the gym units and auditorium units.  
The TMY3 weather bin data was entered into the spreadsheets replacing the Hanscom Field 
weather data.  The tracking analysis algorithms described in the Tracking Analysis section of 
this report were retained for the evaluation.  Input values [kW, CFM, and temperatures]  feeding 
the algorithms are based upon collected EMS trend data.  Weather bins created from Lawrence, 
MA TMY3 weather data replaces the Hanscom Field Air Force weather data used in the tracking 
calculations. 
 
The pivot tables generated from the TMY3 weather data provided the counts for each 
temperature for each month of the year.  These hours were summed into 5°F bin formats by 
month.  The completed bin data extracted from the TMY3 weather data is shown in Table 26.   
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Table 26: TMY3 Weather Bin Hours 

Avg Temp 23.1 31.3 41.2 46.4 58.9 64.1 71.1 70.9 62.3 50.1 45.6 31.6
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total % of Ttl

90 95 92.5 2 3 3 8 0.1%
85 90 87.5 26 14 28 18 86 1.0%
80 85 82.5 29 19 100 113 6 267 3.0%
75 80 77.5 2 19 32 76 78 34 6 247 2.8%
70 75 72.5 6 12 58 122 203 177 102 29 709 8.1%
65 70 67.5 7 16 83 158 157 174 129 39 27 790 9.0%
60 65 62.5 5 1 31 50 102 151 136 138 197 72 79 962 11.0%
55 60 57.5 3 8 19 36 61 65 23 33 81 42 34 405 4.6%
50 55 52.5 10 5 83 62 163 102 7 13 121 166 102 3 837 9.6%
45 50 47.5 12 15 92 161 158 54 6 38 150 110 16 812 9.3%
40 45 42.5 37 72 121 224 27 4 12 102 131 51 781 8.9%
35 40 37.5 60 173 206 121 10 1 105 114 217 1007 11.5%
30 35 32.5 63 77 79 28 4 33 69 133 486 5.5%
25 30 27.5 175 168 67 8 2 49 204 673 7.7%
20 25 22.5 85 83 23 5 61 257 2.9%
15 20 17.5 120 41 8 49 218 2.5%
10 15 12.5 32 16 2 8 58 0.7%
5 10 7.5 59 13 2 74 0.8%
0 5 2.5 65 65 0.7%
-5 0 -2.5 14 14 0.2%

-10 -5 -7.5 4 4 0.0%
Totals 744 672 744 720 744 720 744 744 720 744 720 744 8760 100.0%

% of Totals 8.5% 7.7% 8.5% 8.2% 8.5% 8.2% 8.5% 8.5% 8.2% 8.5% 8.2% 8.5% 100.0%

Bin Temps

 

Data from the Elite power loggers provided the combined average kW of the supply and return 
fans.  This monitored fan kW replaces the fan motor kW calculated in the tracking savings using 
efficiencies, CFM, and static pressure.   
 
The monitoring period covered 110 days from November through February and included holiday 
periods.  No holiday “off” scheduling is included in the energy management system.  This is 
corroborated by site monitoring data.  The Elite loggers show scheduled operation on 
Thanksgiving, Christmas, and New Years.  The energy management system does not utilize 
separate summer scheduling capabilities.  It is for these reasons that the monitored weekly 
operating profiles are considered typical for the entire year.  The supply/return fan 110 day 
profile for the gymnasiums heating ventilator is shown in Figure 25. 
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Gym SF and RF - Monitoring Period Profile 
November 4, 2010 through February 22, 2011
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Figure 25: Gym Supply and Return Fan Operating Profile 

Operating schedules were also obtained from the Elite Power loggers.  The monitored data was 
converted into a 24 hour and seven day per week profile.  Table 27 shows the weekly operating 
profile for the gym heating ventilator.  The values in the table show the percent of time the fans 
operated during the monitoring period.  The table also shows the unit operating in the occupied 
mode during Saturday and Sunday. 
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Table 27: Current Gym Heating Ventilator Weekly Operating Profile 

2,657 Hrs/Yr 2,433  Occ OP 224 Unocc Op
1,931 Peak energy hours 726 Off-peak energy hours
Gym 51.1 Hrs/Wk 53% Sum D 2% Win D
Hour Sun Mon Tue Wed Thu Fri Sat

1 0.06 0.00 0.06 0.00 0.00 0.00 0.00
2 0.06 0.00 0.13 0.00 0.00 0.00 0.00
3 0.06 0.00 0.09 0.00 0.00 0.00 0.00
4 0.00 0.03 0.06 0.00 0.00 0.00 0.02
5 0.00 0.14 0.08 0.00 0.00 0.00 0.06
6 0.00 0.27 0.11 0.00 0.00 0.00 0.06
7 0.00 0.33 0.11 0.02 0.02 0.06 0.08
8 0.00 0.70 0.75 0.66 0.53 0.64 0.22
9 0.02 0.88 0.98 0.91 0.78 0.92 0.69
10 0.06 0.88 1.00 0.94 0.81 0.89 0.69
11 0.11 0.88 1.00 0.94 0.77 0.88 0.69
12 0.13 0.88 0.98 0.94 0.75 0.81 0.69
13 0.55 0.88 0.94 0.94 0.75 0.81 0.69
14 0.69 0.88 0.94 0.94 0.80 0.81 0.69
15 0.69 0.88 0.94 0.94 0.77 0.77 0.69
16 0.69 0.42 0.38 0.41 0.31 0.30 0.69
17 0.69 0.19 0.00 0.00 0.00 0.05 0.69
18 0.77 0.16 0.00 0.00 0.00 0.03 0.69
19 0.39 0.05 0.00 0.00 0.00 0.00 0.25
20 0.11 0.00 0.00 0.00 0.02 0.00 0.00
21 0.03 0.00 0.00 0.00 0.06 0.03 0.00
22 0.00 0.00 0.00 0.00 0.06 0.11 0.00
23 0.00 0.00 0.00 0.00 0.06 0.13 0.00
24 0.00 0.03 0.00 0.00 0.00 0.11 0.02  

The values in Table 27 show the average time the gym HV unit operated during the monitoring 
period.  Hours per year (Hrs/Yr), given in the top left corner of Table 27, is the sum of all 168 
weekly hour values times 52 weeks per year.  This provides the total annual operating hours.  
The monitoring period covered 110 days from November through February and provides an 
accurate snapshot of actual operation during that time.  This operation was considered “typical” 
for the rest of the year.  The monitored units are heating ventilators.  The units contain fans and 
electric resistance heating elements.  The monitored data also show “fan only” operation.  
These are periods when the fan operates to circulate air without a call for heat.  The trend data 
captures a representative sample of fan only operation.  EMS scheduling is general and does 
not include different weekend operation.  The same daily schedule is applied each of the seven 
days per week.  The daily schedule is applied to holidays.  Monitoring confirmed that HVAC 
units operated during school holidays.  No separate summer scheduling was programmed into 
the EMS.  There is still manual override of HVAC equipment in the field. HVAC units cannot be 
turned on during unoccupied periods, but operating unit can – and are – shut off when the EMS 
places them in the occupied mode.  This is a carryover from the manual tinkering that went on 
when the old and ineffectual EMS was in place.  The monitored trend data provides a snapshot 



 
 

 

National Grid June 17, 2011 
 

B-137 

of this scheduling and manual operation.   The on-peak hours are the summation of monitored 
data on non-holiday weekdays from 6 am to 10 pm.  Summer and winter demands are averages 
for the demand hours.  Peak summer demand hours are non-holiday Mondays through Fridays 
from 2 pm through 5 pm during June, July, and August.  Peak winter demand hours are non-
holiday Mondays through Fridays from 6 pm through 7 pm during January, February, and 
December.  Occ Op, also listed in Table 27, refers to the period when equipment is in the 
occupied mode of operation, which is defined by 8 am to 4 pm on Mondays through Friday, 9 
am to 8 pm on Saturday, and 1 pm to 6 pm on Sunday. The occupied hours obtained from the 
monitored data are multiplied by the percentages in Table 3 for each bin.  This provides the 
occupied hours for each bin calculation using the total monitored hours as the base.   This 
methodology was used to calculate savings for the heating ventilators. 
 

Bin-hrsocc = Occ Op x % of Ttl 

where: 

• Bin-hrsocc = Occupied hours per 5°F weather bin 

• Occ Op  = Total occupied hours from monitoring table 

• % of Ttl = Percentage of five degree bin hours to total annual bin hours 

Trends from the energy management system provided supply air temperatures and space 
temperatures.  Averages for these temperatures were made from November 1, 2010 through 
February 28, 2011 monitoring period.  These months were chosen as typical winter heating 
conditions.  The average supply air temperature was used as the discharge air temperature 
[DAT] and the average space temperature was used as the return air temperature [RAT] in the 
bin calculations. 
 
The weather bin algorithms described in the Tracking Calculation Methodology were used to 
generate the evaluation savings using the monitored motor kW, TMY3 weather data, monitored 
operating schedule, DAT, and RAT described above. 
 
Classroom Unit Ventilator Control Savings 

Savings for 80 classroom unit ventilators were included in the energy management system 
savings and are based upon reducing unoccupied space temperatures from 66°F to 60°F.  
Savings were calculated using heating degree-day calculations.  No occupied/unoccupied time 
frames were set as heating degree-day analyses annualize savings.  The monitored 
temperature data from the energy management system shows that night set backs are not in 
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place.  Figure 26 shows that average space temperatures for the four monitored unit ventilators 
are continuously in the 72°F to 74°F range. 
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Figure 26: Average Classroom Temperatures 

The average temperatures in Figure 26 are from November 1, 2010 through February 28, 2011 
and include weekends and holiday periods.  An Elite monitor was installed on two classroom 
electric baseboard units.  These trends show minimal baseboard usage.  Classroom 
temperatures presented in Figure 26 are due to unit vent operation and crossover from adjacent 
areas.   There are no savings for this night setback portion of the tracking savings.  However, 
occupancy sensors were installed in these classrooms to control lighting and outside air 
dampers on the classroom unit ventilators.  The dampers move to the closed position when the 
rooms are not occupied.  This reduces ventilation air that must be heated.  These sensors are 
also referenced in the classroom graphics screens on the energy management system.  
Ventilation reduction savings were calculated in place of the night setback savings because of 
their inclusion in the EMS. 
 
Savings for the ventilation reduction were generated with the same weather bin analysis 
methodology used for the gym and auditorium savings.  The methodology uses the algorithms 
described in the tracking analysis.  There are no fan savings for this measure because the 
occupancy sensors only close the outside air dampers and do not shut off the fans.   
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The CFM used in the analysis was totaled for the 80 classroom unit ventilators.  The minimum 
outside air damper position [20%] was obtained from equipment schedules and confirmed by 
facility personnel.  The operating schedules of four unit ventilators were obtained from Elite 
power logger trends.  These were averaged together to create a “typical” profile for the 
classroom unit ventilators.  The Monday through Friday period from 8 am to 4 pm was used as 
the occupied period.  This is when greatest occupancy occurs in the classrooms according to 
site personnel. Space temperatures were averaged for three classrooms to obtain an average 
space temperature.   
 
Lighting loggers were installed in five classrooms.  Analysis of the loggers shows an 8.2% 
average reduction in outside air use due to the sensors.   
 
The existing case and evaluation weather bin analyses use the estimated CFM, the 20% 
minimum ventilation setting, monitored space temperatures, and estimated occupied schedule 
in the calculation algorithms.  Control of the outside air dampers was confirmed through 
observation of the system screens in the energy management system.  Outside air dampers 
were closed in unoccupied classrooms.  Lighting sensor status is also shown on the EMS 
screens.  An unoccupied room was entered when the classrooms were in the occupied mode in 
the EMS.  The sensor status changed to occupied and the room lights were turned on.  The 
outside air damper moved to the 20% position at the same time the occupancy sensor activated 
the lights.  The evaluation weather bin analysis reduces the outside air ventilation setting by the 
average 8.2% reduction identified through the lighting loggers. 
 

Weather-stripping 

The weather-stripping of the operable windows was not done.  There are no evaluation 
calculations or methodology and the measure savings are set to zero.   
 

Lighting Occupancy Sensors 

Single line calculations were used for the evaluation savings.  Lighting loggers were installed in 
classrooms, locker room, office, and staff room.  The fixture counts and wattages from the 
tracking savings spreadsheet were used in the calculations.  The site evaluation confirmed the 
counts and types and they are applicable for the evaluation.  The site visit also confirmed where 
occupancy sensors were installed in the school. 
 
Annual operating schedules were created from the logger data along with corresponding 
adjusted baseline schedules.  These schedules are presented in Table 28. 
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Table 28: Lighting Schedules from Loggers and Average Reduction Percentage 

Schedule Percent Adjusted Logger
Number Reduction Area Base Hours Hours

1 10.4% Office 2,151 1,927
2 16.6% Locker 1,580 1,317
3 22.8% Staff 1,491 1,151
4 13.5% Classroom 1,610 1,393
5 14.4% Avg Logger 1,659 1,420
6 0.0% No Logger 0 0
7 14.4% Hallway 4,100 3,510  

A schedule number was assigned to each logger/space type.  A corresponding schedule was 
assigned to each of the 152 lighting line items.  The corresponding evaluation and adjusted 
baseline hours were assigned to each line by a lookup function using the schedule number. A 
corresponding baseline lighting logger was constructed from the installed lighting logger data.  
The percent operational value for every 15-minute monitoring period was reviewed.  Incremental 
operations – percentages less than 100% - were retained at the beginning and end of blocks of 
operation.  Lights are not turned on and off precisely on the hour.  The incremental percentage 
was considered as the metric defining occupied periods.  Also, stand alone values – values with 
no operation before or after the monitored 15-minute period – were also retained with the 
monitored incremental value.  All other incremental operation was converted to 100% operation.  
This incremental operation within the operating lighting periods was considered to be due to the 
installed occupancy sensor and the lights would have been on – 100% operation – without the 
sensor. Table 29 provides an excerpt of the lighting calculations. 
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Table 29: Lighting Calculations 

Sched Location Qty Watts Pre Hrs Conn kW Pre kWh Post Hrs Post kWh kWh Savings
4  101  15 45 1,610 0.68 1,087 1,393 941 146
1  MAIN OFFICE  53 45 2,151 2.39 5,130 1,927 4,596 534
1  MAIN OFFICE  1 37 2,151 0.04 80 1,927 71 8
6  OFFICE HALLWAY  5 45 0 0.23 0 0 0 0
1  TEACHERS OFFICE  21 45 2,151 0.95 2,033 1,927 1,821 212
6  TECH HALLWAY  2 45 0 0.09 0 0 0 0
6  TROPHY CASE HALLWAY  10 45 0 0.45 0 0 0 0
5  INSTRUCTIONAL MATERIAL  23 45 1,659 1.04 1,717 1,420 1,470 247
6  PANEL ROOM  2 45 0 0.09 0 0 0 0
1  FOOD DIRECTOR  4 45 2,151 0.18 387 1,927 347 40
7  2ND FLOOR HALLWAYS  48 45 4,100 2.16 8,856 3,510 7,581 1,275
4  227  26 45 1,610 1.17 1,884 1,393 1,630 254
4  ROOM OFF 227  10 45 1,610 0.45 725 1,393 627 98
4  220  15 45 1,610 0.68 1,087 1,393 941 146
4  219  12 45 1,610 0.54 870 1,393 752 117
4  218  12 45 1,610 0.54 870 1,393 752 117
4  217  9 45 1,610 0.41 652 1,393 564 88
4  216  15 45 1,610 0.68 1,087 1,393 941 146
4  233  18 45 1,610 0.81 1,304 1,393 1,129 176
3  MRS. B  4 45 1,491 0.18 268 1,151 207 61
5  MEN'S ROOM  2 45 1,659 0.09 149 1,420 128 21
5  BOYS  8 45 1,659 0.36 597 1,420 511 86
4  215  15 45 1,610 0.68 1,087 1,393 941 146
4  214  25 45 1,610 1.13 1,811 1,393 1,568 244
4  212  19 45 1,610 0.86 1,377 1,393 1,191 185
4  211  29 45 1,610 1.31 2,101 1,393 1,818 283
3  STAFF  15 45 1,491 0.68 1,006 1,151 777 229
6  BOOK STORAGE  11 45 0 0.50 0 0 0 0
4  210  34 45 1,610 1.53 2,464 1,393 2,132 332  

The same calculations described in Tracking Calculation Methodology were used in the 
evaluation savings analysis.  The savings are the connected kW times the difference in annual 
operating hours. 
 

Conclusions 

Weather-stripping 

The tracking savings are 60,662 kWh per year.  Evaluation savings are 0 kWh per year because 
the weather-stripping was not installed.  
Lighting Occupancy Sensors 

The tracking savings are 57,071 kWh per year.  Evaluation savings are 23,423 kWh per year.  
The tracking savings assigned a baseline of 4,160 annual hours to classrooms, staff room, and 
offices.  This is an 80 hours per week schedule.  The evaluation base case average classroom 
lighting operates just over 1,650  hours annually, based on the logger data.   
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The EMS controls analysis base case in the tracking analysis also used 4,160 hours, which is 
out of line with the evaluation hours used for the same analysis.  Occupancy in the evaluation 
EMS calculations was from 8 am to 4 pm on Mondays through Fridays.  This is a 40 hour per 
week schedule and is half of what tracking lighting savings are based on.  The 40 hour 
scheduled is more in line with actual operation. 
The occupancy sensors reduce lighting operating by an average 14.0% in the tracking savings.  
The average lighting reduction is 14.4% % from the logger data.  The majority of the savings 
variance is due to the inaccurate 4,160 annual operating hours used in the pre-installation 
savings calculations.   
 

EMS Controls – Classroom Unit Ventilators 

The tracking savings are 85,982 kWh per year.  Evaluation savings are 70,714 kWh per year.  
Temperature trends show that there was no night temperature set back in the classrooms.  
However, the installed occupancy sensors now control the ventilation dampers.  The outside 
dampers are closed during occupied periods by the occupancy sensors for 14.4% of the time.  
This reduces the amount of time that the ventilation air has to be heated by the electric 
resistance elements in the unit ventilators.  The evaluation savings are also increased by the 
high +70°F classroom temperatures.  More energy is required to bring the air supplied by the 
unit ventilators to the higher room temperatures.  
 

EMS Controls – Gym and Auditorium Heating Ventilators 

The tracking savings are 43,839 kWh per year.  Evaluation savings are 86,383 kWh per year.  
Differences in the discharge air temperatures [DAT] between the tracking analysis and 
evaluation cases are the primary reason for the increased savings.  The tracking savings 
calculations used DATs in the 60°F to 75°F range for most of the heating season.  The site 
evaluation found that these temperatures were too low.  They gym and auditorium are large 
spaces with high ceilings, so low discharge air temperatures cannot effectively heat the space.  
EMS temperature trends found the average gym DAT was 78°F.  The 78°F DAT was used in 
the tracking calculations.  This average DAT also includes times when the unit is not in the 
heating mode and the DAT defaults to approximate room temperatures.  The inclusion of non-
heating temperatures lowers the average DAT.  The average DAT used in the evaluation 
correspond with the times when the unit is in the heating mode.  The EMS did not have a trend 
history for the auditorium DAT.  A minimum 85°F DAT, obtained from EMS control screens, was 
used in all calculations.   
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Appendix 

Figure A1: Auditorium Operation through the Monitoring Period 

Auditorium Fan and Heat - Monitoring Period Profile

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

1 301 601 901 1201 1501 1801 2101 2401

Monitoring Hour

kW

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

National Grid June 17, 2011 
 

B-144 

Figure A2: Auditorium UV Weekly Operating Schedule 

1,783 Hrs/Yr 1,651  Occ OP 132 Unocc Op
1,709 Peak energy hours 74 Off-peak energy hours

Auditorium 34.3 Hrs/Wk 51% Sum D 1% Win D
Hour Sun Mon Tue Wed Thu Fri Sat

1 0.00 0.00 0.16 0.00 0.00 0.00 0.00
2 0.00 0.00 0.06 0.00 0.00 0.00 0.00
3 0.00 0.00 0.06 0.00 0.00 0.00 0.00
4 0.00 0.00 0.06 0.00 0.00 0.00 0.00
5 0.00 0.00 0.06 0.00 0.00 0.00 0.00
6 0.00 0.03 0.11 0.00 0.00 0.00 0.00
7 0.00 0.25 0.31 0.27 0.27 0.25 0.00
8 0.00 0.36 0.45 0.40 0.43 0.44 0.00
9 0.00 0.50 0.63 0.60 0.60 0.56 0.00

10 0.00 0.50 0.63 0.65 0.60 0.61 0.00
11 0.00 0.63 0.77 0.77 0.70 0.73 0.00
12 0.00 0.84 0.95 0.95 0.78 0.80 0.00
13 0.00 0.88 1.00 1.00 0.80 0.81 0.00
14 0.00 0.88 1.00 1.00 0.81 0.81 0.00
15 0.00 0.88 1.00 1.00 0.77 0.77 0.00
16 0.00 0.27 0.25 0.25 0.19 0.19 0.00
17 0.00 0.06 0.00 0.00 0.00 0.05 0.00
18 0.00 0.06 0.00 0.00 0.00 0.02 0.00
19 0.00 0.06 0.00 0.00 0.00 0.00 0.00
20 0.00 0.11 0.00 0.00 0.00 0.00 0.00
21 0.00 0.33 0.00 0.00 0.00 0.00 0.00
22 0.00 0.44 0.00 0.00 0.00 0.00 0.00
23 0.00 0.44 0.00 0.00 0.00 0.00 0.00
24 0.00 0.44 0.00 0.00 0.00 0.00 0.00  
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Figure A3: UV8 Fan & Heat Operation through the Monitoring Period 

UV8 -  Monitoring PeriodProfile
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Figure A4: UH3A Fan & Heat Operation through the Monitoring Period 

UH3A - Monitoring Period Profile
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Figure A5: UV5 Fan & Heat Operation through the Monitoring Period 

UV5 - Monitoring Period Profile
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Figure A6: UV1 Fan & Heat Operation through the Monitoring Period 

UV1 - Monitoring Period Profile
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Figure A7: Average Classroom Unit Ventilator Weekly Schedule 

2,650 Hrs/Yr 709  Occ OP 1,941 Unocc Op
1,226 Peak energy hours 1,424 Off-peak energy hours

Avg Class Rm 51.0 Hrs/Wk 29% Sum D 22% Win D
Hour Sun Mon Tue Wed Thu Fri Sat

1 0.33 0.34 0.29 0.27 0.23 0.27 0.28
2 0.34 0.35 0.29 0.28 0.23 0.27 0.27
3 0.30 0.32 0.30 0.31 0.28 0.31 0.31
4 0.37 0.36 0.32 0.32 0.26 0.30 0.31
5 0.34 0.35 0.32 0.33 0.27 0.32 0.29
6 0.36 0.33 0.29 0.33 0.29 0.32 0.31
7 0.38 0.36 0.33 0.33 0.30 0.31 0.34
8 0.34 0.33 0.32 0.35 0.32 0.32 0.30
9 0.35 0.32 0.39 0.36 0.30 0.31 0.34
10 0.38 0.37 0.37 0.35 0.36 0.36 0.31
11 0.34 0.39 0.42 0.42 0.38 0.38 0.36
12 0.36 0.34 0.39 0.35 0.34 0.36 0.30
13 0.39 0.31 0.29 0.30 0.30 0.31 0.36
14 0.35 0.31 0.33 0.33 0.34 0.32 0.32
15 0.36 0.33 0.32 0.33 0.29 0.34 0.30
16 0.34 0.29 0.29 0.29 0.28 0.27 0.29
17 0.32 0.25 0.23 0.20 0.25 0.23 0.31
18 0.30 0.25 0.21 0.22 0.22 0.22 0.30
19 0.35 0.24 0.19 0.22 0.23 0.23 0.30
20 0.32 0.23 0.20 0.20 0.26 0.22 0.31
21 0.31 0.26 0.22 0.20 0.24 0.26 0.27
22 0.33 0.25 0.23 0.24 0.25 0.25 0.32
23 0.38 0.27 0.27 0.20 0.26 0.27 0.34
24 0.33 0.29 0.27 0.23 0.28 0.28 0.32  
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Figure A8: Office Default Baseline Lighting Logger Schedule 

2,151 Hrs/Yr 1,786  Occ OP 793 Unocc Op
41.1 Peak energy hours 0.3 Off-peak energy hours

Office 41.4 Hrs/Wk 71% Sum D 12% Win D
Hour Sun Mon Tue Wed Thu Fri Sat

1 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 0.00 0.00 0.00 0.00 0.01 0.02 0.00
7 0.00 0.42 0.46 0.50 0.36 0.38 0.00
8 0.00 0.61 0.88 0.59 0.56 0.56 0.00
9 0.00 0.74 0.94 0.80 0.64 0.68 0.01

10 0.00 0.76 0.94 0.75 0.75 0.71 0.06
11 0.00 0.76 0.96 0.75 0.75 0.71 0.06
12 0.00 0.76 1.00 0.75 0.75 0.71 0.06
13 0.00 0.78 0.98 0.76 0.76 0.71 0.04
14 0.00 0.82 0.87 0.78 0.76 0.71 0.00
15 0.00 0.82 0.81 0.72 0.76 0.71 0.00
16 0.00 0.82 0.81 0.69 0.76 0.70 0.00
17 0.00 0.59 0.66 0.47 0.60 0.40 0.01
18 0.00 0.13 0.30 0.18 0.17 0.18 0.00
19 0.00 0.05 0.14 0.06 0.00 0.02 0.00
20 0.00 0.01 0.13 0.01 0.02 0.01 0.00
21 0.00 0.05 0.19 0.05 0.01 0.02 0.00
22 0.00 0.04 0.09 0.02 0.00 0.03 0.00
23 0.00 0.00 0.01 0.00 0.01 0.00 0.00
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
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Figure A9: Office Evaluation Occupancy Sensor Lighting Logger Schedule 

1,927 Hrs/Yr 1,656  Occ OP 793 Unocc Op
1,917 Peak energy hours 9.7 Off-peak energy hours
Office 37.1 Hrs/Wk 69% Sum D 9% Win D
Hour Sun Mon Tue Wed Thu Fri Sat

1 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 0.00 0.00 0.00 0.00 0.01 0.02 0.00
7 0.00 0.20 0.28 0.26 0.20 0.18 0.00
8 0.00 0.20 0.21 0.20 0.12 0.22 0.00
9 0.00 0.74 0.90 0.79 0.54 0.67 0.01

10 0.00 0.76 0.93 0.75 0.74 0.71 0.03
11 0.00 0.76 0.96 0.75 0.75 0.71 0.02
12 0.00 0.76 1.00 0.75 0.75 0.71 0.04
13 0.00 0.78 0.98 0.76 0.76 0.71 0.03
14 0.00 0.82 0.87 0.75 0.76 0.71 0.00
15 0.00 0.82 0.81 0.70 0.76 0.71 0.00
16 0.00 0.82 0.81 0.69 0.76 0.68 0.00
17 0.00 0.56 0.64 0.36 0.48 0.35 0.01
18 0.00 0.11 0.20 0.16 0.11 0.10 0.00
19 0.00 0.05 0.10 0.06 0.00 0.02 0.00
20 0.00 0.01 0.13 0.01 0.02 0.01 0.00
21 0.00 0.05 0.17 0.05 0.01 0.02 0.00
22 0.00 0.03 0.06 0.02 0.00 0.03 0.00
23 0.00 0.00 0.01 0.00 0.01 0.00 0.00
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
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Figure A10: Locker Default Baseline Lighting Logger Schedule 

1,580 Hrs/Yr 1,349  Occ OP 793 Unocc Op
29.9 Peak energy hours 0.5 Off-peak energy hours

Locker Rm 30.4 Hrs/Wk 57% Sum D 17% Win D
Hour Sun Mon Tue Wed Thu Fri Sat

1 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.00 0.00 0.03 0.00 0.00 0.00 0.00
3 0.00 0.00 0.06 0.00 0.00 0.00 0.00
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.00 0.02 0.00 0.00 0.00 0.00 0.00
6 0.00 0.00 0.00 0.00 0.00 0.00 0.00
7 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8 0.00 0.02 0.00 0.00 0.01 0.10 0.00
9 0.00 0.38 0.39 0.26 0.26 0.47 0.00

10 0.00 0.71 0.80 0.77 0.63 0.67 0.00
11 0.00 0.71 0.78 0.81 0.64 0.63 0.00
12 0.00 0.73 0.77 0.81 0.69 0.64 0.00
13 0.00 0.76 0.79 0.78 0.59 0.65 0.10
14 0.00 0.76 0.76 0.75 0.44 0.66 0.10
15 0.00 0.76 0.75 0.75 0.44 0.61 0.06
16 0.00 0.72 0.62 0.65 0.48 0.55 0.05
17 0.00 0.35 0.19 0.25 0.44 0.36 0.04
18 0.00 0.27 0.08 0.01 0.30 0.24 0.00
19 0.00 0.18 0.14 0.06 0.18 0.19 0.00
20 0.02 0.08 0.16 0.03 0.02 0.07 0.00
21 0.00 0.04 0.13 0.01 0.01 0.02 0.00
22 0.00 0.00 0.04 0.03 0.02 0.02 0.00
23 0.00 0.02 0.00 0.01 0.00 0.01 0.00
24 0.00 0.00 0.00 0.00 0.00 0.01 0.00  
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Figure A11: Locker Evaluation Occupancy Sensor Lighting Logger Schedule 

1,317 Hrs/Yr 1,124  Occ OP 793 Unocc Op
1,299 Peak energy hours 17.8 Off-peak energy hours

Locker Rm 25.3 Hrs/Wk 48% Sum D 15% Win D
Hour Sun Mon Tue Wed Thu Fri Sat

1 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.00 0.00 0.02 0.00 0.00 0.00 0.00
3 0.00 0.00 0.02 0.00 0.00 0.00 0.00
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.00 0.02 0.00 0.00 0.00 0.00 0.00
6 0.00 0.00 0.00 0.00 0.00 0.00 0.00
7 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8 0.00 0.02 0.00 0.00 0.01 0.08 0.00
9 0.00 0.29 0.23 0.21 0.22 0.24 0.00

10 0.00 0.62 0.66 0.65 0.54 0.51 0.00
11 0.00 0.53 0.64 0.65 0.44 0.52 0.00
12 0.00 0.59 0.62 0.68 0.59 0.60 0.00
13 0.00 0.64 0.69 0.61 0.53 0.58 0.05
14 0.00 0.64 0.59 0.58 0.34 0.57 0.10
15 0.00 0.74 0.75 0.69 0.38 0.51 0.06
16 0.00 0.64 0.56 0.50 0.46 0.47 0.01
17 0.00 0.25 0.09 0.17 0.44 0.32 0.00
18 0.00 0.22 0.06 0.01 0.25 0.24 0.00
19 0.00 0.18 0.14 0.06 0.15 0.19 0.00
20 0.02 0.06 0.16 0.01 0.02 0.07 0.00
21 0.00 0.04 0.12 0.01 0.01 0.02 0.00
22 0.00 0.00 0.01 0.03 0.02 0.02 0.00
23 0.00 0.02 0.00 0.01 0.00 0.01 0.00
24 0.00 0.00 0.00 0.00 0.00 0.01 0.00  
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Figure A12: Staff Default Baseline Lighting Logger Schedule 

1,491 Hrs/Yr 1,427  Occ OP 793 Unocc Op
28.7 Peak energy hours 0.0 Off-peak energy hours
Staff 28.7 Hrs/Wk 48% Sum D 5% Win D

Hour Sun Mon Tue Wed Thu Fri Sat
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 0.00 0.00 0.00 0.00 0.00 0.00 0.00
7 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8 0.00 0.06 0.06 0.06 0.01 0.06 0.00
9 0.00 0.70 0.82 0.65 0.51 0.63 0.00

10 0.00 0.76 0.87 0.75 0.58 0.65 0.00
11 0.00 0.76 0.88 0.75 0.63 0.65 0.00
12 0.00 0.76 0.86 0.75 0.63 0.67 0.00
13 0.00 0.76 0.82 0.75 0.62 0.71 0.00
14 0.00 0.76 0.81 0.72 0.55 0.71 0.00
15 0.00 0.76 0.81 0.63 0.49 0.70 0.00
16 0.00 0.53 0.69 0.37 0.28 0.47 0.00
17 0.00 0.07 0.16 0.14 0.01 0.03 0.00
18 0.00 0.00 0.08 0.02 0.03 0.01 0.00
19 0.00 0.08 0.12 0.12 0.03 0.05 0.00
20 0.00 0.00 0.07 0.06 0.00 0.00 0.00
21 0.00 0.00 0.06 0.06 0.00 0.00 0.00
22 0.00 0.00 0.03 0.01 0.00 0.00 0.00
23 0.00 0.00 0.00 0.00 0.00 0.00 0.00
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
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Figure A13: Staff Evaluation Occupancy Sensor Lighting Logger Schedule 

1,151 Hrs/Yr 1,095  Occ OP 793 Unocc Op
1,151 Peak energy hours 0.0 Off-peak energy hours
Staff 22.1 Hrs/Wk 37% Sum D 4% Win D
Hour Sun Mon Tue Wed Thu Fri Sat

1 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 0.00 0.00 0.00 0.00 0.00 0.00 0.00
7 0.00 0.00 0.00 0.00 0.00 0.00 0.00
8 0.00 0.06 0.06 0.06 0.01 0.06 0.00
9 0.00 0.66 0.81 0.60 0.48 0.60 0.00
10 0.00 0.56 0.79 0.58 0.52 0.55 0.00
11 0.00 0.52 0.68 0.47 0.51 0.56 0.00
12 0.00 0.52 0.58 0.55 0.48 0.58 0.00
13 0.00 0.48 0.45 0.44 0.44 0.44 0.00
14 0.00 0.51 0.46 0.49 0.35 0.48 0.00
15 0.00 0.62 0.61 0.45 0.36 0.60 0.00
16 0.00 0.41 0.68 0.28 0.25 0.41 0.00
17 0.00 0.07 0.15 0.13 0.01 0.03 0.00
18 0.00 0.00 0.05 0.02 0.03 0.01 0.00
19 0.00 0.06 0.09 0.11 0.03 0.05 0.00
20 0.00 0.00 0.06 0.06 0.00 0.00 0.00
21 0.00 0.00 0.06 0.06 0.00 0.00 0.00
22 0.00 0.00 0.02 0.01 0.00 0.00 0.00
23 0.00 0.00 0.00 0.00 0.00 0.00 0.00
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
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Figure A14: Average Classroom Default Baseline Lighting Logger Schedule 

1,610 Hrs/Yr 1,422  Occ OP 793 Unocc Op
30.7 Peak energy hours 0.2 Off-peak energy hours

Class Rm 31.0 Hrs/Wk 58% Sum D 10% Win D
Hour Sun Mon Tue Wed Thu Fri Sat

1 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00 0.01 0.00 0.00
3 0.00 0.00 0.00 0.00 0.01 0.00 0.00
4 0.00 0.00 0.00 0.00 0.01 0.00 0.00
5 0.00 0.00 0.00 0.00 0.01 0.00 0.00
6 0.00 0.00 0.00 0.00 0.01 0.00 0.00
7 0.00 0.03 0.03 0.01 0.02 0.02 0.00
8 0.00 0.15 0.17 0.14 0.10 0.15 0.00
9 0.00 0.46 0.47 0.43 0.34 0.45 0.00
10 0.00 0.73 0.81 0.69 0.57 0.69 0.00
11 0.00 0.76 0.85 0.74 0.62 0.69 0.00
12 0.00 0.76 0.86 0.74 0.64 0.70 0.01
13 0.00 0.77 0.84 0.75 0.59 0.71 0.03
14 0.00 0.80 0.81 0.73 0.57 0.69 0.03
15 0.00 0.79 0.77 0.69 0.55 0.65 0.01
16 0.00 0.74 0.63 0.53 0.50 0.51 0.01
17 0.00 0.41 0.31 0.34 0.30 0.23 0.01
18 0.00 0.16 0.11 0.22 0.12 0.10 0.00
19 0.00 0.05 0.04 0.10 0.04 0.04 0.00
20 0.00 0.02 0.06 0.07 0.04 0.01 0.00
21 0.00 0.03 0.07 0.08 0.05 0.03 0.00
22 0.00 0.06 0.08 0.04 0.05 0.02 0.00
23 0.00 0.02 0.01 0.01 0.02 0.01 0.00
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
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Figure A13: Average Evaluation Classroom Occupancy Sensor Lighting Logger Schedule 

1,393 Hrs/Yr 1,233  Occ OP 793 Unocc Op
1,384 Peak energy hours 9.6 Off-peak energy hours

Class Rm 26.8 Hrs/Wk 50% Sum D 8% Win D
Hour Sun Mon Tue Wed Thu Fri Sat

1 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00 0.01 0.00 0.00
3 0.00 0.00 0.00 0.00 0.01 0.00 0.00
4 0.00 0.00 0.00 0.00 0.01 0.00 0.00
5 0.00 0.00 0.00 0.00 0.01 0.00 0.00
6 0.00 0.00 0.00 0.00 0.01 0.00 0.00
7 0.00 0.03 0.02 0.01 0.02 0.02 0.00
8 0.00 0.13 0.14 0.12 0.09 0.13 0.00
9 0.00 0.44 0.46 0.40 0.31 0.42 0.00
10 0.00 0.63 0.75 0.61 0.51 0.60 0.00
11 0.00 0.64 0.71 0.65 0.53 0.62 0.00
12 0.00 0.65 0.73 0.65 0.51 0.58 0.00
13 0.00 0.68 0.68 0.65 0.54 0.61 0.01
14 0.00 0.71 0.67 0.58 0.51 0.61 0.03
15 0.00 0.68 0.69 0.57 0.47 0.56 0.01
16 0.00 0.59 0.57 0.45 0.44 0.45 0.01
17 0.00 0.35 0.26 0.27 0.28 0.20 0.00
18 0.00 0.15 0.09 0.17 0.12 0.08 0.00
19 0.00 0.05 0.03 0.07 0.03 0.04 0.00
20 0.00 0.01 0.06 0.07 0.04 0.01 0.00
21 0.00 0.03 0.06 0.07 0.05 0.03 0.00
22 0.00 0.04 0.06 0.04 0.03 0.02 0.00
23 0.00 0.02 0.01 0.01 0.02 0.01 0.00
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
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Site ID: N561104 

Summary 

Changes in facility usage and operation provide the base for this project.  Three Class 1000 
clean rooms were converted to other uses.  The existing equipment was oversized for the new 
functions.  Three return fans and an air-handler equipped with supply and return fans were 
taken out of service for this project.  Tracking savings are linked only with the elimination of the 
return fans and air handler. 
 
Table 30 below presents a summary of the energy and demand savings achieved at this facility. 
Evaluated energy savings are 33% less than the savings claimed in the tracking system.  On-
peak energy savings are 31% more than tracking estimates.  Summer demand savings are 80% 
of the original estimates and winter peak demand is 79% of tracking.  The variances are due 
primarily to differences in the expected and actual operation of the equipment identified in this 
project.  It was found during the on-site inspection that four of the five units expected to be 
offline had been brought back online, which reduces or cancels the savings for these fans from 
the point in time when this occurred through the remainder of the life of the measure. 

Table 30: Summary of Tracking and Evaluation Savings Results 

Savings Quantity Tracking Estimate Evaluation Estimate Evaluation/ Tracking 
Annual Energy, kWh 276,745 184,918 67% 
Percent Energy On-peak 35% 46% 131% 
Summer Peak Diversified kW 26.0 20.9 80% 
Winter Peak Diversified kW 26.0 20.5 79% 
 

Project Description 

Changes in production and operation at this site resulted in the elimination for the need of three 
Class 1000 clean rooms and lab areas.  The HVAC equipment was operating to serve 
unoccupied spaces.  This project generates energy savings by shutting off one supply fan and 
four return fans that were unnecessary at the time.   
 

Return fan 107 [40-horsepower] and RF-108 [10-horsepower] served two separate lab spaces.  
Each fan operated 8,760 hours per year in the pre-retrofit condition. 
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Return fan 103 [20-horsepower] served another lab area.  This unit operated 2,288 hours per 
year in the pre-retrofit condition. 
 
ACU-105 is a rooftop unit that served a storage area and has a total of 55-hp supply and return 
fans in the tracking analysis criteria.  The documentation states that the unit ran from 12 am 
until 6 am, 7 days per week through 20 winter weeks. Operation was only applied during the 
winter to prevent freezing of sprinkler pipes.  Total annual operation was estimated at 840 
hours. 
 

All units were to be brought off-line in the proposed case with no anticipated operation for any of 
the systems for an estimated 5-year measure life. 
 
Tracking Analysis 

Table 31 presents the single line item calculations that were used to generate the tracking 
energy and demand savings.  Nameplate motor horsepower was converted to kW with the 
0.746 kW/hp conversion factor.  A 70% load factor was applied to obtain the final kW for each of 
the units.   

Tracking Calculation Methodology 

Table 31: Tracking Savings Calculations 

Fan Number HP kW
On-Peak 

Hours
On-Peak 

kWh
Off-Peak 

Hours
Off-Peak 

kWh
Total 
Hours Total kWh

RF-103 20 10 1,248 13,034 1,040 10,862 2,288 23,896
RF-107 40 21 3,224 67,343 5,536 115,636 8,760 182,979
RF-108 10 5 3,224 16,836 5,536 28,909 8,760 45,745

ACU-105 55 29 0 0 840 24,126 840 24,126
Total kWh Savings 97,213 179,532 276,745

Existing

 

 
On-peak and off-peak operation was estimated for each unit.  On-peak operation was defined 
as the 13 hour period from 8 am to 9 pm on Mondays through Fridays during non-holidays3

                                                 
3 This on-peak period used in the tracking analysis is consistent with the energy peak period definition 
used through the 2005 program year.  The current on-peak period includes the hours from 6 AM to 10 PM 
on non-holiday weekdays throughout the year.  The tracking analysis for this project was completed in 
2009 and should have used the current on-peak period definition. 

.  All 
remaining operation was designated as Off-peak. 
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RF-107 and RF-108 operated continuously in the pre-retrofit condition with no seasonal or 
holiday adjustments.  The TA report stated that RF-103 operated for 11 hours per day (5 am – 4 
pm) on Mondays through Fridays, and that operation was also adjusted to account for 12 plant 
holidays.  This TA reported assumption equates to 2,728 hours per year.  However, the tracking 
savings appear to have been updated with a value of 2,288 annual operating hours.  It is 
unclear from the tracking documentation how or why this change was made, but seems to 
represent 44 weeks of operation per year rather than 52 weeks.  ACU-105 operation was 
estimated at 6 hours per day (12 am – 6 am) for 7 days a week and 20 weeks per year during 
the winter.  No holiday adjustments were linked to ACU-105. 
 

The single line item calculations provide a simple approach to estimate the impact of shutting off 
unneeded equipment.  The variables include the nameplate motor horsepower, a conservative 
70% load factor, and on-peak/off-peak operation based upon the operation of the equipment as 
defined by site personnel.  All of the fan motors are constant speed, with the exception of ACU-
105, and no heating or cooling loads were addressed.  Cooling interactions were included in a 
separate project application that installed new equipment in adjacent areas leaving the fans to 
be addressed here.  This format provides a fairly accurate assessment of savings provided that 
the assumed pre-retrofit and proposed equipment operating hours are correct.  The only minor 
improvement would have been to use instantaneous kW readings for the fans in place of 
estimating performance with a fixed 70% load factor. 

Discussion of Tracking Analysis 

 

Evaluation Methodology 

Savings were recalculated using the same methodology as the tracking analysis.  Power 
loggers monitored the fan operation of RF-103 from August 10, 2010 through September 24, 
2010 and ACU-105, from August 10, 2010 through November 10, 2010.  Pivot tables were 
created that showed hourly power consumption for each day of the week.  This data provided 
both the current operating schedules and average kW draw.  The average power 
measurements obtained from the RF-103 power logger replaced the calculated motor kW from 
the tracking analysis.  The ACU-105 supply fan was found to be operating on a VSD, which was 
not assumed in the original tracking analysis.  Since the VSD equipment was not included in the 
assumed pre-retrofit operation, it was not appropriate to use the observed average power data 
to represent the pre-retrofit condition.  Instead, the evaluators applied an estimated power draw 
to the pre-retrofit operation in the evaluation.  Evaluators utilized an average load factor 
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obtained from the power measurements taken on RF-103, RF-108 and the ACU-105 return fan 
to estimate the power draw of the ACU-105 supply fan.   
 

Time-of-use (TOU) loggers were installed on RF-107 and RF-108 from August 10, 2010 to 
November 10, 2010.  These loggers show the operating schedule of the fan, but not the power 
consumption.  An instantaneous power measurement was taken on RF-108 when the loggers 
were retrieved.  This is a constant speed fan.  This power measurement was used in the 
evaluation analysis in place of the calculated motor kW from the tracking analysis.  RF-107 was 
not operating at the initial site visit or during the logger retrieval so the evaluators were unable to 
obtain a power measurement for this fan.  Evaluators utilized an average load factor obtained 
from the power measurements taken on RF-103, RF-108 and the ACU-105 return fan to 
estimate the power draw of RF-107. 
 

The evaluation found that four of the five fans were once again operating as facility needs have 
changed since the implementation of this measure in November, 2009.  One of the four fans is 
operating with fewer hours than in the pre-retrofit condition, while the other three fans are 
operating more hours than the pre-retrofit condition.  Energy and demand savings for each unit 
were recalculated based on the amount of time, during a five year measure life, that each fan 
was estimated to have been off.  In addition, the evaluation recalculated savings for the one fan 
that now operates more hours than proposed, but fewer hours than in the pre-retrofit condition 
because it was determined that the lower operating level was influenced by the original energy 
efficiency project.  The evaluation assumes zero savings for each of the three fans that now 
operate more hours than the pre-retrofit condition from the point when these fans were brought 
back online through the remainder of the life of the measure.  The following sections detail the 
dates used to calculate savings for each fan. 
 

Evaluation Data Collection 

The operation of the equipment was discussed with site personnel.  The motor sizes were also 
reviewed at the site.  The pre-retrofit operation and usage was also discussed along with 
predicted future plant operation.  
 
Following equipment verification, data loggers were installed on the affected equipment. Two 
true power loggers were installed to monitor the operation of RF-103 and ACU-105.  ACU-105 
contains one supply fan and one return fan.  The power logger was set to monitor each of these 
fan loads independently.  Two time-of-use loggers were installed to monitor RF-107 and RF-
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108.  These loggers provide the on/off operating schedule for the fans.  An instantaneous kW 
reading was also taken on RF-108 when the loggers were retrieved.  Table 32 below 
summarizes the key parameters for each of the installed data loggers.  
 

Table 32: Equipment Monitoring Summary 

Metered Equipment 
ACU-105 SF & RF, and 
RF-103 RF-107 and RF-108 RF-108 

Measured Parameter 

True Power, Voltage, 
Amperage, PF (3 
Phases) Start/Stop Kilowatts 

Logger Make/Model 
Dent ElitePro Power 
Meter Dent CT Logger 

Yokagawa Clamp-on 
Power Meter 

Transducer/Equipment 
Types 

Current Transducers and 
Voltage Clamps Power clamp 

Current Transducer 
and Voltage Leads 

Installation 

ACU-105 installed in the 
control panel on the 
rooftop unit. RF-103 
installed in the MCC 
panel on line 1 

Logger installed in the 
MCC panel on line 1 

N/A – One-time 
measurement 

Observation Frequency 
15 Minutes; Time 
averaged readings 

15 Minutes; Time 
averaged readings 

N/A – One-time 
measurement 

Metering Period 

ACU-105 Extended 
Memory Logger 
August 10th, 2010 to 
November 10th, 2010 
RF103 Standard Memory 
Logger  
August 10th, 2010 to 
September 24th, 2010 

August 10th, 2010 to 
November 10th, 2010 

N/A – One-time 
measurement 

Metered by: 
KEMA evaluator & RISE 
electrician 

KEMA evaluator & 
RISE electrician 

KEMA evaluator & 
RISE electrician 

 
Facility personnel were interviewed about the project and current operational status of the 
equipment.  The size and capacities were discussed and reviewed in the field.  The following 
points were uncovered during the site visit: 

• The pre-retrofit usage and operational changes were accurately stated in the TA 
report.  When the project application was originally created, changes in facility 
operation no longer required the use of the identified spaces or equipment.  

• RF-107 and RF-108 did operate continuously in the pre-retrofit case.  The pre-
retrofit operating schedule for RF-103 was reasonable.  The site contact did not see 
the need for ACU-105 to operate to prevent freezing as noted in the report, which is 
why its operation was not necessary at the time this measure was implemented.  
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• Conditions and needs in the plant have changed since the measure was 
implemented.  Growth and increases in production require expansion into the 
spaces that were identified as unoccupied in the measure.  

• Equipment is being brought online as needed to meet the new occupancy schedules 
and production loads. 

• Monitoring data shows that RF-103, RF-108, and ACU-105 have been brought back 
online.  RF-107 is still unused.  Site personnel confirmed this operation and stated 
that while currently not needed, RF-107 could be brought back online in the future.  
There is no immediate timeframe for RF-107 usage.  

• Tracking documents list 55-horsepower for AC-105.  Data from the site shows a 40-
horsepower supply fan and a 20-horsepower return fan. 

 
Evaluation Savings Analysis 

The monitored data from each of the power and time-of-use loggers were entered into analysis 
spreadsheets. Monitoring profiles across time were generated to show the operation of the units 
that have been brought back on-line and to verify that RF-107 remained offline.  Figure 27 
presents the operating profile of the ACU-105 supply fan from August 10, 2010 to November 10, 
2010.  As shown in the figure below, this unit was operating from the time monitoring began in 
August, and throughout the monitoring period.  Discussions with facility personnel concluded 
that this fan had begun to operate again in May 2010.  This was the point when the decision 
was made by the facility to start ramping up the use of the space served by this unit.  The ACU-
105 return fan and RF-103 were determined to have been brought back online at the same time.  
The monitoring profiles for each of these units are shown in Figure 28 and Figure 29. 
 

The pre-retrofit average constant speed power draw for the ACU-105 SF was estimated to be 
19.3 kW based on the rated horsepower of the SF motors and the average combined load 
factors for ACU-105 RF, RF-108 and RF-103.  Though this unit’s power was monitored, 
evaluators did not find it appropriate to use the average operating power of this unit because of 
the variable speed drive.  It is clear that this unit operates differently than in the pre-retrofit 
condition because of the increased operating hours.  The pre-retrofit condition in the tracking 
analysis assumed this unit to operate between 12 am and 6 am each night, where the 
monitored data showed that this unit now operates all hours of the day.  Since the tracking 
savings estimated the pre-retrofit power of this unit by assuming a constant 70% load factor, 
evaluators applied the average monitored load factor (65%) from the other fans to this 40 hp 
motor.  Since this measure was only active for approximately six months, the effect of this 
updated load factor is very minor (<1% of the annual savings).  Figure 27 provides a dashed 
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line at 19.3 kW to show how this compares to the monitored kW of this fan, which averaged 9.4 
kW during operation.   

Figure 27: ACU-105 SF Operation from 8/10/10 to 11/10/10 

 

 

The power draw for the ACU-105 RF was estimated to be 9.8 kW based on power monitoring.  
This was the average power of the unit during all hours when the fan was operating.  Evaluators 
estimated the load factor to be 65% for this 20 hp motor.  This load factor was combined with 
other monitored load factors to estimate the power draw for the ACU-105 SF and RF-107. 
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Figure 28: ACU-105 RF Operation from 8/10/10 to 11/10/10 

 

 
The power draw for RF-103 was estimated to be 9.0 kW based on power monitoring.  This was 
the average power of the unit during all hours when the fan was operating.  Evaluators 
estimated the load factor to be 60% for this 20 hp motor.  This load factor was combined with 
other monitored load factors to estimate the power draw for the ACU-105 SF and RF-107. 
 

Figure 29: RF-103 Operation from 8/10/10 to 9/24/10 
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RF-108 was found to be off during the initial site visit on August 10, 2010, but brought back 
online shortly after as shown in Figure 30.  Aside from one hour where the fan came on early in 
the monitoring period, the fan remained off continuously until August 18, 2010.  Note that the 
kW in Figure 30 was a calculated value derived from a spot power measurement of 5.10 kW 
times the monitored percent operation of the fan.         
 

Figure 30: RF-108 Operation from 8/10/10 to 11/10/10 
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Table 33 presents the average daily percent operation of RF-108 as taken from the TOU CT 
logger between August 18, 2010 and November 10, 2010.  The spot power measurement of 
5.10 kW was taken when the logger was retrieved, and was used in the evaluation in place of 
the estimated value used in the tracking analysis.   Full energy and demand savings (5.10 kW x 
100% operation) were estimated based on the time period between November 2009 and August 
2010, or 15% of the five year measure life.  Reduced energy and demand savings were 
estimated for the remainder of the life of the measure.  The reduced savings were calculated by 
multiplying the fan kW times the values in Table 33 across all hours of the year and comparing 
that usage to the pre-retrofit usage for this fan.  The observed operation shown in Table 33 
equates to 7,625 hours per year, which is still less than the 8,760 hours per year used in the 
pre-retrofit condition.  Based on discussions with facility staff, the evaluators determined it 
unlikely that this fan schedule would have been adjusted at the time of this change had the 
program not been involved; therefore the pre-retrofit operating condition is still the appropriate 
baseline for this fan and it is appropriate to count the reduced savings in the evaluation 
estimate.   
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Table 33: RF-108 Average Daily Percent Operation from 8/18/10 to 11/10/10 

Hour Sun Mon Tue Wed Thu Fri Sat 
1 89.9% 75.0% 83.3% 91.7% 89.0% 83.3% 91.7% 
2 79.5% 75.0% 83.3% 90.9% 83.3% 83.3% 91.7% 
3 75.0% 75.0% 83.3% 90.9% 83.3% 83.3% 91.7% 
4 75.0% 75.0% 83.3% 90.9% 83.3% 83.3% 91.7% 
5 75.0% 75.0% 83.3% 90.9% 83.3% 83.3% 91.7% 
6 75.0% 75.0% 83.3% 90.9% 86.5% 83.3% 91.7% 
7 75.0% 82.2% 83.3% 90.9% 91.7% 89.7% 91.7% 
8 75.0% 83.3% 83.3% 90.9% 91.7% 91.7% 91.7% 
9 75.0% 83.3% 83.2% 90.9% 91.7% 91.7% 91.7% 
10 75.0% 87.6% 83.3% 90.9% 91.7% 91.5% 91.7% 
11 75.0% 91.7% 83.3% 93.8% 91.7% 91.7% 91.5% 
12 75.0% 91.7% 83.3% 100.0% 91.7% 91.7% 91.7% 
13 75.0% 84.6% 86.2% 99.2% 91.7% 91.7% 91.7% 
14 75.0% 80.7% 91.7% 100.0% 91.7% 91.7% 91.7% 
15 75.0% 83.3% 91.7% 100.0% 91.7% 91.7% 91.7% 
16 75.0% 83.3% 91.7% 100.0% 91.7% 91.7% 91.7% 
17 75.0% 83.3% 91.7% 96.6% 91.7% 91.7% 91.7% 
18 75.0% 83.3% 91.7% 91.7% 91.7% 91.7% 91.7% 
19 75.0% 83.3% 91.7% 91.7% 91.7% 91.7% 91.7% 
20 75.0% 83.3% 91.7% 91.7% 91.7% 91.7% 91.7% 
21 75.0% 83.3% 91.7% 91.7% 91.7% 91.7% 91.7% 
22 75.0% 83.3% 91.7% 91.7% 91.7% 91.7% 91.7% 
23 75.0% 83.3% 91.7% 91.7% 91.7% 91.7% 91.7% 
24 75.0% 83.3% 91.7% 91.7% 83.7% 91.7% 91.7% 

 
 
A second TOU logger was installed on RF-107.  This unit was not in use at the time of the site 
visit and site personnel had no plans to bring the fan on-line in the future.  The logger data 
confirmed that the fan did not run during the monitoring period as shown in Figure 31.  
Evaluators used the average load factor of 65% from the three monitored constant speed units 
to estimate the power of RF-107 (19.3 kW).  The evaluation assumed the same 8,760 pre-
retrofit hours as assumed in the tracking analysis.  Since there are no immediate plans to bring 
this fan back online, evaluators assumed full energy and demand savings for all five years of the 
measure life. 
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Figure 31: RF-107 Off During Entire Monitoring Period 

 
 
Table 34 shows a comparison of the average fan kW values assumed in the tracking analysis 
and used in the evaluation.  Note that the evaluation fan kW for RF-107 and ACU-105 SF were 
calculated using the average monitored load factor of 65%, which was obtained from the 
monitored values from the other three fans.   

Table 34: Comparison of TA and Evaluation Fan kW Values 

Fan 
Number 

TA Values Evaluation Values 

kW % 
Difference  

Motor 
HP 

Load 
Factor 

Motor 
kW 

Motor 
HP 

Average 
Monitored 

Load Factor 

Average 
Monitored 

kW 
RF-103 20 70% 10.44 20 60% 8.96 -14% 
RF-107 40 70% 20.89 40 N/A 19.28 -8% 
RF-108 10 70% 5.22 10 68% 5.10 -2% 
ACU-105 RF 

55 70% 28.72 
20 65% 9.76 

1% ACU-105 SF 40 N/A 19.28 
Total     65.28     62.39 -4% 

 

Table 35 presents a summary of the key savings parameters used in this evaluation.  This 
includes the monitored and estimated kW values for each unit.  The table also includes the 
annual operating hours and the percentage of the five year measure life that each fan was 
estimated to save energy.  The savings analysis was split into the following three periods that 
correspond with the dates when operations changed: 
 

• November 2009 – Start of the measure, all fans are shut off 
• May 2010 – RF-103 and ACU-105 come back on 
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• August 2010 – RF-108 comes back on  
 

Table 35: Key Evaluation Savings Parameters 

November 2009 - May 2010 

Fan Number HP Fan kW 
Baseline 

Hours 
Installed 

Hours 

% of 
Measure 

Life 

Annual 
kWh 

Savings 
RF-103 20 9.0 2,288 0 10% 2,066 
RF-107 40 19.3 8,760 0 10% 17,021 
RF-108 10 5.1 8,760 0 10% 4,502 
ACU-105 RF 20 9.8 840 0 10% 826 
ACU-105 SF 40 19.3 840 0 10% 1,632 
    Total Average Annual kWh Savings 26,048 
              

May 2010 - August 2010 

Fan Number HP Fan kW 
Baseline 

Hours 
Installed 
Hours4

% of 
Measure 

Life  

Annual 
kWh 

Savings 
RF-103 20 9.0 2,288 3,684 5% 0 
RF-107 40 19.3 8,760 0 5% 7,678 
RF-108 10 5.1 8,760 0 5% 2,031 
ACU-105 RF 20 9.8 840 8,634 5% 0 
ACU-105 SF 40 19.3 840 5,939 5% 0 
    Total Average Annual kWh Savings 9,709 
              

August 2010 - November 2014 

Fan Number HP Fan kW 
Baseline 

Hours 
Installed 

Hours 

% of 
Measure 

Life 

Annual 
kWh 

Savings 
RF-103 20 9.0 2,288 3,684 85% 0 
RF-107 40 19.3 8,760 0 85% 144,218 
RF-108 10 5.1 8,760 7,625 85% 4,943 
ACU-105 RF 20 9.8 840 8,634 85% 0 
ACU-105 SF 40 19.3 840 5,939 85% 0 
    Total Average Annual kWh Savings 149,161 
              
  Total Weighted Average Annual kWh Savings 184,918 
 

                                                 
4 Installed hours were developed from monitoring data for RF-103, ACU-105 SF and ACU-105 RF similar 
to how the installed hours were calculated for RF-108.  If the installed hours were found to be greater 
than the pre-retrofit hours, the savings were set to zero because the measure was considered to be 
voided at that point.  This was the case for RF-103, ACU-105 SF and ACU-105 RF. 
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Conclusions 

Energy and demand savings for this measure were achieved by identifying and shutting off 
unneeded equipment in the plant.  Clean room and labs were not used after business plans and 
production changed,and there was no need to continue operating equipment in unused spaces. 
 
However, the business plan changed within six months after the measure was implemented.  
The existing equipment was being brought back online as production increased.  Changes 
began in May 2010 as three of the five fans began to operate again.  In August 2010, a fourth 
fan came back online.  RF-107 is the only fan that continues to remain off, and there are no 
immediate plans to bring it back on.  Table 36 below shows the impact of the operational 
changes. 

Table 36: Evaluation Savings Calculations 

 

Fan Number Time Period HP
On-Peak 

kW
On-Peak 

Hours
On-Peak 

kWh
Off-Peak 

Hours
Off-Peak 

kWh
Total 
Hours

Percent of 
Measure 

Life
On-Peak 

kWh
Off-Peak 

kWh Total kWh
RF-103 Nov 2009 - May 2010 20 8.96 2,080 18,637 208 1,864 2,288 10% 1,878 188 2,066
RF-103 May 2010 - Nov 2014 20 8.96 0 0 0 0 0 90% 0 0 0
RF-107 Nov 2009 - Nov 2014 40 19.28 4,064 78,365 4,696 90,552 8,760 100% 78,365 90,552 168,917
RF-108 Nov 2009 - Aug 2010 10 5.10 4,064 20,726 4,696 23,950 8,760 15% 3,031 3,502 6,533
RF-108 Aug 2010 - Nov 2014 10 5.10 402 2,048 734 3,742 1,135 85% 1,749 3,195 4,943

ACU-105 RF Nov 2009 - May 2010 20 9.76 0 0 840 8,202 840 10% 0 826 826
ACU-105 RF May 2010 - Nov 2014 20 9.76 0 0 0 0 0 90% 0 0 0
ACU-105 SF Nov 2009 - May 2010 40 19.28 0 0 840 16,198 840 10% 0 1,632 1,632
ACU-105 SF May 2010 - Nov 2014 40 19.28 0 0 0 0 0 90% 0 0 0

Totals 85,023 99,895 184,918

Annual Savings Weighted Average Annual Savings

 
 
The majority of the realized savings are linked with RF-107, which is the only equipment that 
remains offline.  Savings for the other four fans were calculated based on the estimated percent 
of the five year life that these fans remained offline or operated with fewer hours than in the pre-
retrofit condition. 
 
Tracking estimates of summer and winter on-peak demand savings of 26.0 kW were taken only 
from the sum of the operation of RF-107 and RF-108.  These fans ran continuously during the 
year.  In the tracking analysis, ACU-105 had no pre-retrofit on-peak operation and no demand 
savings were claimed for RF-103 although this fan did have pre-retrofit operation during the 
summer on-peak period.  The recalculated demand savings were taken from the monitored data 
corresponding with FCM on-peak periods.  The evaluated summer demand reduction of 20.9 
kW was 80% of tracking values.  Likewise, the winter demand reduction of 20.5 kW was 79% of 
the tracking value.   
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Tracking demand savings are based on turning the fans off and the 26.0 kW value is the sum 
the connected load of RF-107 and RF-108.  All fan loads are constant speed in the tracking 
analysis.  The 10.4 kW load for RF-103 was applied uniformly to all operating hours and should 
have been included in the tracking estimate of summer on-peak demand reduction.  Evaluation 
demand calculations include the effects of RF-107, RF-108, and RF-103, but the savings are 
dominated by RF-107, which is still providing full savings at each summer and winter peak 
demand hour.   
 
This project was assigned a five year measure life.  The project was finalized in November, 
2009.  The change in operation of the equipment began in May 2010, and additional changes 
occurred in August 2010.  This provides full savings for six months of operation for three fans, 
nine months of operation for one fan, and full five years of operation for the remaining fan.  In 
addition, reduced savings are achieved over the remaining measure life for the fan that was 
brought back online but operates with fewer hours than in the pre-retrofit case.  No savings are 
achieved over the remaining measure life for the three fans that were brought back online and 
now operate more hours than in the pre-retrofit case.  The project was functioning as planned 
until business changes dictated that the equipment needed to be brought online in May 2010.  
The monitoring data reflects equipment operation that is being brought online to support 
changes in the use of the facility space addressed in this project.  Most fans are constant 
volume and already have long annual operation, so further changes are not expected with that 
equipment. Site personnel have no current plans to bring RF-107 on-line, so that unit is 
assumed to remain off through the remaining measure life.  
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Site ID N526240 

Summary 

The applicant, an existing cable manufacturer, installed variable frequency drives on each of 

two exhaust systems. This change allowed for exhaust flow to be significantly reduced in areas 

that were no longer in use or that did not require the exhaust flow that had been serving the 

spaces pre-retrofit. 

 

Exhaust savings cause cooling savings as well. The resulting electric savings were 205% of the 

original tracking analysis estimate, primarily because the original study did not include cooling 

savings and because exhaust flow was further reduced beyond original estimates. Results are 

presented in Table 37 below. 

Table 37:  Summary of tracking and evaluation savings results 

Savings Quantity 
Tracking 
Estimate 

Evaluation 
Estimate 

Evaluation/ 
Tracking 

Annual Energy (kWh) 383,976 785,440 205% 
% Energy Savings On-Peak 48.00% 47.01% 98% 

Summer Peak Diversified kW (FCM) 44 115 263% 
Winter Peak Diversified kW (FCM) 44 85 193% 

 
Project Description 

The applicant operates various equipment to produce cables for the telecommunications 

sector.  Fumes and chemicals are ventilated from the manufacturing process and exhausted 

through two separate exhaust systems. In this Energy Initiative project, variable speed drives 

were installed on the exhaust system, as required exhaust rates had decreased from original 

design conditions.  

 

Eleven RTUs provide supply air to the building, and each is served by the hot water loop. The 

hot water loop is served by a Cleaver Brooks FLX boiler, which is approximately 81% efficient, 

and gas-fired. Cooling is provided to each RTU either through packaged DX coils, or by the 

chilled water system, which includes two Trane RTAA chillers each sized for 200 tons. Chillers 

serve approximately 43% of the supply air while DX coils serve the remaining 57%. 
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Each of the two exhaust systems contains three fans. Pre-retrofit, the combined exhaust from 

the systems was 61,157 cfm. Total exhaust flows were projected to be 46,627 cfm after the 

completion of the project, and were actually 43,818 cfm as of a final balancing survey from 

December 2008.  

 

Tracking Analysis 

This section describes the methodologies employed in the original energy study, discusses 
aspects of the methodology that had significant impacts on final energy savings estimates, and 
describes the evaluation calculation methodologies. 
 

Tracking savings were calculated using the metered fan electric consumption for the pre-

retrofit case. Projected savings were calculated by assuming that the fan energy consumption is 

proportional to the cfm and pressure: 

Tracking Calculation Methodology 

 

 
 
Exhaust flows for each zone were known before the measure was pursued. The new projected 

cfm was calculated after the exhaust reduction for each zone was quantified. The exhaust 

reduction for each zone seems to have been estimated or approximated, because cfm 

reductions are typically 100%, 50%, or rounded to the nearest 100 cfm. The post-retrofit 

pressure was approximated as well. The changes in cfm for each zone are shown below. 

Table 38: Tracking Analysis CFM Projections 

Zone # Pre Retrofit CFM Post Retrofit CFM Projected CFM Reduction 
12 1,397 0 1,397 
13 1,632 0 1,632 
14 1,149 0 1,149 
15 2,520 0 2,520 
16 7,087 3,544 3,544 
17 3,201 1,500 1,701 
18 375 150 225 
19 7,825 5,000 2,825 
22 740 0 740 
29 939 200 739 
Total: 26,865 10,394 16,472 
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All of the exhaust cfm was assumed to be handled by one of the two exhaust systems after the 

installation of the VFDs. Of the three fans in this system, only two would operate. Because the 

other exhaust system would be shut down, the operational exhaust system would have an 

increased cfm from the pre-retrofit case, resulting in higher pressure. Static pressure in the pre-

retrofit case was found to be 7 in w.g., and was assumed to increase to 8 in w.g. after 

installation of the VFDs. It is unclear what kind of relationship between pressure and flow was 

assumed. System parameters are illustrated in Table 39 and Table 40 below. 

Table 39: Exhaust System 1 

 
Pre Retrofit Post Retrofit 

System CFM 27,845 0 
System S.P. (in w.g.) -10 N/A 

Total fan kW 84.6 N/A 
 

Table 40: Exhaust System 2 

 
Pre Retrofit Post Retrofit 

System CFM 33,672 46,627 
System S.P. (in w.g.) -7 -8 

Total fan kW 71.6 112.4 
 

From this analysis, total exhaust demand for both systems, pre-retrofit, was 156.2 kW and the 

installed demand was projected to be 112.4 kW. This results in a savings of 43.8 kW, and 

because the fans are assumed to run continuously throughout the year, this is the demand 

reduction for winter peak and summer peak. This demand reduction can be used to calculate 

annual energy savings as well: 

 

Tracking analysis seems to be relatively correct in the method used to calculate exhaust fan 

power savings. Assumptions are made about the post-retrofit demand and the system 

pressure, while pre-retrofit exhaust fan kW was measured directly. While post-installation 

Discussion of Tracking Analysis 
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metering was performed and showed final total exhaust demand of 95.9 kW, the claimed gross 

savings were based on the calculations which showed 112.4 kW. 

 

Cooling savings were not included in this analysis. While supply fans operate at the same point 

before and after the installation, the outside air decreased post-retrofit. This would reduce the 

required cooling on the supply air side. 

 

Evaluation Calculation Methodologies 

The evaluator has included in this analysis cooling and heating savings, which requires a more 

complex temperature dependent analysis. This is accomplished using a bin model, which counts 

the number of hours in each 5 degree temperature range between -10°F and 105°F. Weather 

data for this bin model was based on TMY3 data from Chicopee, MA. For each of the 23 bins, 

the number of hours during the year in that temperature range, as well as the average 

temperature and the average relative humidity for each bin, was calculated. The number of 

hours in each bin that occur during “Peak,”  “Winter Peak,” and “Summer Peak” periods are 

also calculated. 

 

Pre-retrofit exhaust flow was found in the tracking analysis to be 61,472 cfm. Additionally the 

pre-retrofit exhaust power was found from the tracking analysis to be 156.2 kW. Installed 

power was metered and found to 71.6 kW (the data collection process is described in more 

detail in the Evaluation Data Collection section).  

 

A post installation balancing report was performed in December of 2008, and the exhaust flows 

found in the balancing report were used in the evaluation analysis. The balancing report flows 

were justified for this analysis because fan speeds of the commissioning report were nearly 

identical to the recent fan speed measurements, and the commissioning report was completed 

two weeks before the balancing report. 

 

Annual exhaust fan savings can be calculated directly from the difference between the pre and 

post retrofit power draw (kW), multiplied by 8,760 hours/year. This results in 741,096 kWh of 

exhaust fan savings. 
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Based on the difference in cfm and the outdoor temperature, the additional heating and 

cooling loads could be calculated approximately. After talking with the facility manager at the 

site, it was found that the return air enthalpy could be approximated as 27 Btu/lb (assuming a 

temperature of 75°F and a relative humidity of 100% at the discharge air temperature of 52°F).  

 

The difference in cooling load between the existing and post-retrofit case was calculated by 

determining the difference in enthalpy between the outdoor conditions and the return air 

conditions and the reduction in cfm between the pre-retrofit and installed case. 

 

Actual cooling energy required is based on information provided by the facility manager over 

the phone. Of the supply air, 43% is served by a chilled water loop, and 57% is served by 

packaged DX coils in the RTUs. Efficiencies were assumed to be 1.25 kW/ton for the DX coils 

(based on past experience) and 1.33 kW/Ton based on literature for similar Trane RTAA 200-ton 

chillers. The weighted average for cooling performance was 1.284 kW/ton. Cooling 

performance was assumed to vary by 1% per degree above or below 95°F (1.297 kW/ton at 

96°F and 1.272 kW/ton at 94°F). 

 

Total energy savings for each bin was found from adding the cooling and exhaust fan demand 

reduction for each bin, and multiplying by the number of hours in that bin. The sum of savings 

across all bins represented the total savings. Savings during the “Peak,”  “Winter Peak,” and 

“Summer Peak” periods were calculated in the same way. Winter and summer peak demand 

reduction were found by averaging the demand reduction during these periods.  

 

Evaluation Data Collection 

Exhaust fan demand for the evaluation study was found by spot metering. Spot metering was 

justified after reviewing trend data over several weeks, and finding that fan speed stayed 

constant throughout the entire period. Because both fans in the exhaust system run in parallel, 

only one fan needed to be metered. The third fan in the system was metered as well, to ensure 

that it was not consuming any electricity. 
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Evaluation Savings Analysis 

Savings between the tracking and evaluation analysis have differences over 100% for two 

reasons: the exhaust flow was reduced more than expected, and the evaluation study includes 

cooling energy. The actual exhaust flow after project completion was 6% lower than originally 

projected in the evaluation study. This unrealized fan savings accounts for 89% of the difference 

between projected savings and actual savings. 

 

Cooling energy accounts for the other 11% of this difference. The resulting annual energy 

savings realization ratio is 205%. 

 

Because cooling was not included in the tracking analysis, the summer peak demand reduction 

has a higher realization ratio of 263%. The winter savings ratio is not as extreme, because 

cooling constitutes less load in the winter, and is 193%.  

 

These differences project a savings estimate of 785,440 kWh, or 401,464 kWh more than the 

original tracking estimate of 383,976 kWh.
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Site ID: N535094 

Summary 

This project is part of a Design 2000Plus (D2) project that involved the expansion of a book 
depository and addition of new air cooled chillers to the central cooling plant. The energy 
conservation measure (ECM) under evaluation is ECM 7, which involves the replacement of 
three direct expansion (DX) cooling systems with chilled water coils. These systems service 
archival storage modules that require fine temperature and humidity control. This measure was 
studied and implemented with the installation of a central cooling plant. Though coil replacement 
would normally be considered a retrofit project, the combined coil retrofit and central cooling 
plant project were properly processed as a lost opportunity (D2) project.  
 
The baseline for this measure are three existing DX systems used to cool modules 5, 6 and A. 
Under the DX system, the airflow circulation rates for modules 5 and 6 were 16,000 cubic feet 
per minute (CFM) while module A was 6,000 CFM.  Flow could not be decreased with the DX 
systems due to the potential for compressor damage and icing on the coils. According to the 
documentation, the new chilled water coils allows the system to reduce the air flow circulation 
rate to 40%. The energy savings come primarily from this reduced fan power requirement. 
 
Table 41 below presents the summary of the tracking and evaluation savings results.  The 
evaluation annual energy savings estimate is 141% of that predicted in the tracking estimate. 
Summer and winter peak diversified savings are similarly higher at 180% and 142%, 
respectively.   
 
The cause of the larger evaluation energy and peak savings are due to lower airflow rates found 
for the fresh air and supply fans in all three modules. The airflow rates range from 10% to 31% 
lower than what is assumed in the tracking analysis’ (TA) installed case. This was leveraged 
with metered power data showing that the supply fans do indeed draw very little power due to 
the variable speed drive (VSD) controls. These lower airflow rates when modeled, account for 
the larger energy and peak savings found in the evaluation’s estimates. 
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Table 41: Summary of Tracking and Evaluation Savings Results 

Savings Quantity Tracking Estimate Evaluated Savings Evaluated/Tracking 

Annual Energy, kWh 402,253 565,947 141% 
Percent Energy On-peak 46% 47% 101% 
Summer Peak Diversified kW 40.2 72.2 180% 
Winter Peak Diversified kW 39.7 56.4 142% 

Project Description 

Modules 5, 6, and A were initially served by the DX systems prior to project implementation. 
Each system included a fresh air unit that cools outside air to 41°F prior to entering a 
dehumidification wheel. The dehumidified outside air is then mixed with the re-circulated air. 
The air mixture then goes through a second cooling coil used to cool the air to the desired 
temperature before being supplied to the module zones. Figure 32 depicts the system flow 
diagram when dehumidification is required.  
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Figure 32:  Typical System Flow Diagram for Modules 5, 6, and A when de-humidification 
is Required 

 
This project was initially proposed as part of a retro-commissioning study done for the facility 
back in 2005. The energy conservation measure described in that study recommended turning 
down the circulation rates in modules 5, 6, and A. However, the measure was not implemented 
due to worries over compressor failure and freezing of the coils at the lower circulation rates. 
Since that time, the facility has undergone an expansion and has added additional storage 
space.  During the customer’s planning process for the expansion, a technical study was 
commissioned to determine the potential energy savings of a central chiller plant (four options) 
over installation of new DX cooling for the expansion – ECM8 (options A, B, C, and D).  The 
study also investigated ECM7 to convert existing DX units to chilled water coils and integration 
with the proposed chiller plant.  A new chilled water coil system would eliminate the potential for 
compressor failure and freezing of the coils associated with the DX system. The coil 
replacement in ECM 7 allowed the circulation rates to be reduced similar to what was 
recommended in the initial retro-commissioning study.  The two measures, coil replacement and 
central cooling plant, were paired together as a lost opportunity project.  The customer selected 
ECM8A – modular air-cooled chillers - due to fresh water use restrictions at the campus.  
ECM8A did not qualify for an incentive due to long payback, but it did enable the conversion of 
the air handlers under ECM7.  Though the coil replacement in ECM7, viewed in isolation, would 
appear to be a retrofit project, the customer implemented both ECM7 and ECM8 which were 
properly processed as a lost opportunity project. 
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Tracking Analysis Method 

Tracking savings were estimated using eQuest, which uses DOE 2.2 as its calculation engine, 
to simulate and compare energy use from baseline and proposed system models.  
The baseline case for ECM 7 was created using a DX system with a flow diagram similar to the 
one shown in Figure 32. The system supply airflow was set at 16,000 CFM for modules 5 and 6 
while the fresh air airflow was set at 1000 CFM. For module A, the system supply airflow was 
set at 6,000 CFM while the fresh air airflow rate was set at 560 CFM.  
 
For the proposed case, the DX units were replaced by chiller coils from the central plant and an 
additional air cooled chiller and tertiary pumps were added to the plant to account for additional 
loads from the modules. The system supply airflow rates were reduced from 16,000 to 9,337 
CFM in modules 5 and 6. Module A’s system supply airflow rates were reduced from 6,000 to 
2,810 CFM while its fresh air airflow rate was reduced from 560 to 300 CFM.  
 
The proposed case airflows were further revised post-implementation using 8 days worth of 
trend data obtained from the facility’s energy management system (EMS) during National Grid’s 
commissioning process. The adjusted airflow rates shown in Table 42 are conservative 
estimates based on that trend data that were eventually used to calculate the final tracking 
savings estimate.  This study compares evaluation savings with the post commissioning 
“adjusted” tracking savings results that were claimed for the project.  

Table 42. TA Adjusted ECM 7 Airflow Rates Post-Implementation 

  Original ECM 7 
Adjusted ECM 7 (post 
commissioning) 

Module A Recirculation Rate  2,810 CFM   5,500 CFM  
Module A Fresh Air Rate  300 CFM   550 CFM  
Module 5 Recirculation Rate  9,377 CFM   6,500 CFM  
Module 6 Recirculation Rate  9,377 CFM   6,500 CFM  

Evaluation Methodology 

Upon examination of the tracking eQuest models, KEMA confirmed that the savings matched 
what is reported in the tracking estimates although with some minor differences (+1.1%), which 
is likely attributable to the eQuest versions and DOE 2.2 engine used in the verification process. 
The evaluation analysis also used eQuest models to estimate the overall energy savings.  
Electric power (kW) end-use data with 15-minute intervals were measured for at least four 
weeks on the supply and fresh air fans for module A and module 6. Module 5 was not metered 
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because the supply and fresh air fans are assumed to have a similar energy consumption profile 
as module 6, since both are identical in equipment configuration and cooling zones served. The 
initial intent was to correlate the power consumption of the fans to its airflow output and use that 
value to adjust the airflow rates in the eQuest model. This would be done using a standard flow 
versus power curve from the Electric Power Research Institute (EPRI). However, the site had an 
EMS that provides an instantaneous readout of the unit’s airflow. Since this data was readily 
available, KEMA opted to use the EMS airflows in the eQuest model instead of extrapolating it 
from the power data. However, the power data was used to calibrate the fan power in the 
eQuest model. 
 
As shown in Figure 33 and Figure 34, when the metered data was compared with the EMS 
supply airflow obtained during the overlapping monitoring period, modulations in airflow are 
closely linked with modulations in power, peaking when airflow peaks and falling when airflow 
falls. We were not able to capture the outside air fan on module 6 because it resided on a 
different circuit. However, conversations with facility personnel indicated that the fan runs at one 
speed, so a spot measurement was taken instead of using an extra meter. The fresh air fans 
only added 0.5 kW to the overall module 6 power profile which is not included in Figure 34. This 
is to 
illustrate the relationship between the supply EMS airflow and metered power data. For module 
6 neither power nor airflow modulated much during the overlapping monitoring period.  
 
For module A, both the power for fresh air and supply fans are included because power lines for 
both fans converged at the circuit and we could not separate out the two. However, the fresh air 
fan for module A can also be assumed to be constant speed since the outside airflow did not 
change appreciably during the monitoring period. Taken together, the general trend for power 
modulation can be assumed as a result of modulation in the supply airflow rate. 
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Figure 33. Module A and Module 6 Power Profile From the Metering Effort 
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Figure 34. Airflow Profile from Facility EMS During Overlapping Metering Period 
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The facility had a robust EMS which recorded the actual parameter of interest (airflow rate). 
KEMA set up the EMS to store 60 days worth of data on the outside airflow rate, supply airflow 
rate, return temperature and humidity, supply temperature and humidity, and the outside air 
temperature and humidity on module 6 and module A. These parameters allow us to see the 
system operation for the entire metering period and help determine the fan turndown rate. The 
additional temperature and humidity measurements are used to determine the cooling loads 
seen at the coil, which can be used to calibrate the model satisfactorily. However, prior to 
downloading the EMS data, the data inadvertently got wiped out when the EMS underwent a 
system-wide adjustment the week of the return visit. Fortunately, the site contact retained data 
that was available from August 20th to October 20th in an unrelated report, which included all the 
parameters of interest. The evaluation’s analysis uses this dataset to augment the eQuest 
model for the final evaluation. Details of the parameters monitored are presented in  
 
Table 13 below. 
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Table 43:  Summary of Monitoring Plan. 

Equipment 
Monitored 

Supply air 
handler 5,6, 

and A 
Supply air handler 5,6, 

and A 
Fresh air fan 
5,6, and A N/A 

Supply and 
Fresh Air 

Fans 6 and 
A 

Parameter 
Measured 

airflow rate 
(CFM) 

return/supply relative 
humidity (%) and dry 
bulb temperature(°F) 

airflow rate 
(CFM) 

outside air 
temperature 

(°F) and 
relative 

humidity (%) power (kW) 
Model of 
Measurement 
Equipment EMS EMS EMS EMS 

Dent 
ELITEpro 

Type of 
Measurement 
Equipment N/A N/A N/A N/A 

Four 
Channel 
Power 
Logger 

Installation of 
Monitoring 
Equipment N/A N/A N/A N/A 

Clamp-On 
CT's and 
Voltage 

Taps 
Frequency of 
Observations 15 minutes 15 minutes 15 minutes 15 minutes 15 minutes 
Duration of 
Metering 3 months 3 months 3 months 3 months 4 weeks 
Energy 
Efficiency 
Measure ECM 7 ECM 7 ECM 7 ECM 7 ECM 7 

Metered by 
Facility 

personnel Facility personnel 
Facility 

personnel 
Facility 

personnel KEMA 

Verification of Equipment and Operating Parameters 

The time series EMS data for the outside airflow rates and supply airflow rates were plotted and 
examined on a monthly and weekly basis to identify any discernible operating patterns. The 
outside airflow rates measured by the EMS show that they are kept relatively constant despite 
any changes in the outside air temperature and humidity. A typical day pattern is shown below 
in Figure 35. Outside airflow rates for module A is kept at around 500 CFM while module 5 and 
6 are kept at around 925 and 800 CFM, respectively. These values do not fluctuate appreciably 
when viewed on a monthly basis. 
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Figure 35. Typical Daily Outside Airflow Rates for Module) 5, 6, and A 
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The airflow rates for the supply fan for modules 5 and 6 also do not fluctuate appreciably on a 
monthly basis; they are kept fairly constant at around 5,000 CFM. This is in contrast to the more 
conservative 6,500 CFM used in the TA’s installed model. The TA estimated a more 
conservative value because they only had access to eight days worth of data and could not 
conclude that the system operated the same throughout the summer and winter months. 
However, as shown by Figure 36, the 5,000 CFM supply airflow rate is kept throughout the 
entire August month and well into the colder October month. Therefore, turning down the supply 
airflow rates to 5,000 CFM in the model is a reasonable adjustment. 
 
In contrast, for module A, the supply fan airflow rates do indeed change throughout the day and 
also on a monthly basis. As shown in Figure 36 below, the airflow rate for module A peaks in the 
afternoon time during the hot August month, but remains relatively stable between 3,000 to 
4,000 CFMs during the cooler October month. This implies that fan airflow rates must be 
adjusted on an hourly and seasonal basis to account for differences in energy savings during 
those times. 
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Figure 36. Typical Daily Supply Airflow Rates for Modules 5, 6, and A During August (top) 
and October (bottom) 
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The cooling loads at the chilled water coils were also calculated and are used to calibrate the 
final eQuest model. The cooling loads were determined using a mass balance approach at the 
fresh air cooling coils and the supply cooling coils. Figure 37 shows the high level view of the 
mass flow diagram for each module which is all similar except for the state properties of the air 
entering and leaving the control boundary.   
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Figure 37. Mass balance at fresh air and supply cooling coils. Dotted lines represent the 
control boundary used in determining the coil loads. The numbers represent the different 

state of the air as it passes through the cooling system. 

 
 
At the cooling coils, the system’s load can be summarized using the following two equations 
from the mass balance approach. 

Equation 1. 1122 hmhmQ fa −=  

Equation 2. 332255 hmhmhmQsa −−=  

Where,  
 
Q  is the cooling load in btuh 
 
m is the mass flow rate of the air (lb/hr) 
 
h is the enthalpy of the air (btu/lbm) 
 
sa is the identifier for the supply air coil 
 
fa is the identifier for the fresh air coil 
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# is the identifier for the state property for which the air is in (1 through 5 as shown in 
Figure 37)  
 
The state properties of the air can be determined using a psychrometric chart or function if two 
state variables are known (such as temperature and relative humidity). State properties for the 
air at positions 1, 3, and 5 can be determined using the trend data. State properties at positions 
2 and 4 are assumed fixed based on documentation for the de-humidifier.  
 
The mass flow rate is determined based on the airflow rate and temperature of the air. In the 
analysis, it is assumed that there is a conservation of mass across the control boundary. In this 
way, the total cooling load at the coils can be calculated for each measurement interval. An 
average hourly load profile is created and compared with the eQuest outputs to verify that the 
cooling loads are appropriate. Figure 38 shows the cooling coil load profile from the analysis 
which will be used to compare the eQuest cooling coil outputs during the calibration step.
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Figure 38. Combined Cooling Coil Load Profile Using Mass Balance Approach for Modules 5, 6, and A  
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Savings Analysis 

Evaluated savings were calculated using DOE 2.2, the calculation engine in eQuest.  KEMA 
used eQuest version 3-63, the newest version available at the time of the analysis.  
 
KEMA started with the tracking’s ECM 7 eQuest model and made a number of changes based 
on what was observed in the EMS data and metered power data discussed in the earlier 
sections. Major changes include adjusting the supply and outside airflow rates for modules 5, 6, 
and A and adjusting the fan power to CFM rating. A comparison of the tracking model and 
evaluation model operating parameters are presented in Table 44 below.  

Table 44. Major Differences in Operating Parameters Between the Evaluation and 
Tracking Models 

Parameter 
ECM 7 Tracking 

model 
ECM 7 Evaluation 

model 

Unit A outside airflow rate (CFM) 
                                             

550  
                                              

500  

Unit A supply airflow rate (CFM) 
                                         

5,500  

 fraction schedule 
based on season and 

time of day  

Unit 5 outside airflow rate (CFM) 
                                         

1,000  
                                              

925  

Unit 5 supply airflow rate (CFM) 
                                         

6,500  
                                           

5,000  

Unit 6 outside airflow rate (CFM) 
                                         

1,000  
                                              

800  

Unit 6 supply airflow rate (CFM) 
                                         

6,500  
                                           

5,000  

Dessicant dryer exit temperature (°F) 
164, all hours in 
cooling season 

106, most hours in 
cooling season 

Supply fan A kW/CFM 0.001291 0.000856 
Supply fan A design airflow rate 

(CFM) 5,500 6,875 
Supply fan 5/6 kW/CFM 0.001526 0.00035 

Outside air fan 5/6 kW/CFM 0.000443 0.000625 
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Note the very low kW/CFM values used in the evaluation model for the supply fans, particularly 
for modules 5 and 6 which were on VSD control. According to the data, the fan operated at a set 
speed of 5,000 CFM and drew only 0.7 kW. However, the data is indeed accurate and is 
supported by a 0.6 kW spot power measurement taken during the installation of the data 
loggers when the fans were operating at a similar setting.  This is extremely low for a fan that is 
rated at 30 HP. Using a standard EPRI curve for a variable speed drive, we would expect a 
power draw of about 2.8 kW. It is possible that the actual design flow for this fan is much higher 
than the rated 13,500 CFM specified in the construction documents. This would mean that the 
fan is operating at the very extreme bottom of the flow versus power VSD curve. The predicted 
default power consumption cannot be relied on at this extreme end in the model, hence the 
kW/CFM was forced to such a low value to match the metered data. It is also possible that there 
may be a higher than expected duct pressure at the fan inlet that is caused by the recirculation 
and outdoor air fans. This would reduce the pressure gradient across the fan allowing the fan to 
perform less work. 
 
Next, the evaluation model was simulated using a weather file created by data supplied by the 
National Oceanic and Atmospheric Administration (NOAA). This weather file is used to compare 
the cooling coil outputs in the model with what was calculated from information supplied by the 
EMS system. Using the local weather file from NOAA minimizes the bias in the cooling coil 
outputs created from varying the weather. The desiccant dryer exit temperature schedule was 
than adjusted until the cooling coil outputs matched the calculated cooling coil output. As shown 
in Figure 39, the outputs matched exceptionally well at the peaks and valleys indicating that 
calibration was very successful. Likewise, the fresh air and supply fan average day power draw 
in the model also correlated well with the metered data (Figure 40). 
 
Next, a similar desiccant dryer exit temperature schedule was imported to the baseline model. 
This is to equalize the loads in the baseline and installed cases ensuring a fair comparison for 
the two models. Both eQuest models were simulated using standard TMY3 weather data for 
Worcester, MA 
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Figure 39. Final Cooling Coil Output Calibration Results compared with Calculated Coil Output 
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Figure 40. Typical Day Metered and Modeled Fan Power 
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Savings Results 

The annual kWh savings is the sum of the hourly savings over all hours of the year, as predicted 
by the evaluation eQuest models.  Hourly savings for this analysis were calculated by hourly 
subtraction of the evaluation installed case total kW from the evaluation baseline case total kW.   
 
After the hourly savings for this application were calculated for an entire year and appropriate 
holidays and peak periods were defined, KEMA applied the FCM (forward capacity market) 
definitions of on-peak kWh and summer and winter peak diversified kW to calculate the savings 
during these periods, as reported in Table 12 of this report. 
 
For the summer peak period, it is the non-holiday weekdays from June through August between 
1 pm and 5 pm. For the winter peak period, it is the non-holiday weekdays in December and 
January between 5 pm and 7 pm. 
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The percent on-peak kWh savings was calculated by summing the kW reduction for all hours 
that fall within the defined on-peak period and dividing by the annual kWh savings.  The on-peak 
period is defined as the non-holiday weekdays between 6 am and 10 pm. 
 
Using this algorithm, the annual energy saving for ECM7 is 565,947 kWh. Details for peak 
savings are also reported in Table 12.   
 

Examination of the Differences in Saving Estimates 

The evaluated savings for ECM 7 is roughly 141% of what is shown in the TA reported 
estimates. The higher estimated savings in the evaluation model is due to the lower fan 
turndown rate used in the supply and fresh air units. The lower fan turndown rates are justified 
from the EMS data spanning three months showing lower airflow rates compared to the TA 
estimates for all three modules. It is also backed by the metered data showing very low power 
draw for the supply fans.  
 
The lower fan turndown rate also accounts for the higher winter and summer peak diversified 
estimates. The higher savings rate during the summer time also comes from the lower summer 
cooling load estimated in the evaluation model. This lower cooling load results in a lower 
demand at the secondary and tertiary variable speed pumps providing a higher summer peak 
savings rate.   
 
There is also a small annual natural gas savings of 1588 therms that comes from the reduced 
fresh airflow rates in all three modules. The savings come from a decreased load on the 
desiccant wheel as a result of the lower airflow rates. 
 



 
 

 

National Grid         June 17, 2011 
 

B-196 

EQuest Building Utility Performance Results 

Table 45: Evaluation’s Baseline Building Utility Performance Report from EQuest 

REPORT- BEPU Building Utility Performance           Baseline                                WEATHER FILE- WORCHESTER REGION MA 
--------------------------------------------------------------------------------------------------------------------------------
- 
 
                         TASK     MISC    SPACE    SPACE     HEAT    PUMPS     VENT    REFRIG  HT PUMP   DOMEST    EXT 
               LIGHTS   LIGHTS   EQUIP   HEATING  COOLING   REJECT   & AUX     FANS   DISPLAY  SUPPLEM  HOT WTR   USAGE    TOTAL 
              -------  -------  -------  -------  -------  -------  -------  -------  -------  -------  -------  -------  ------
-- 
 
EM1  ELECTRICITY      
    KWH        84100.       0.   17376.     851.  458289.       0.   63825.  882787.       0.       0.       0.       0.  
1507231. 
 
FM1  NATURAL-GAS      
    THERM          0.       0.       0.   56406.       0.       0.     347.       0.       0.       0.       0.       0.    
56753. 
 
 
 
 
           TOTAL ELECTRICITY   1507231. KWH        12.098 KWH     /SQFT-YR GROSS-AREA   12.098 KWH     /SQFT-YR NET-AREA 
           TOTAL NATURAL-GAS     56753. THERM       0.456 THERM   /SQFT-YR GROSS-AREA    0.456 THERM   /SQFT-YR NET-AREA 
 
 
           PERCENT OF HOURS ANY SYSTEM ZONE OUTSIDE OF THROTTLING RANGE =100.0 
           PERCENT OF HOURS ANY PLANT LOAD NOT SATISFIED                =  0.0 
 
           NOTE:  ENERGY IS APPORTIONED HOURLY TO ALL END-USE CATEGORIES. 
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Table 46: Evaluation’s ECM 7 Building Utility Performance Report from EQuest 

REPORT- BEPU Building Utility Performance             ECM 7                                 WEATHER FILE- WORCHESTER REGION MA 
 
--------------------------------------------------------------------------------------------------------------------------------
- 
 
                         TASK     MISC    SPACE    SPACE     HEAT    PUMPS     VENT    REFRIG  HT PUMP   DOMEST    EXT 
               LIGHTS   LIGHTS   EQUIP   HEATING  COOLING   REJECT   & AUX     FANS   DISPLAY  SUPPLEM  HOT WTR   USAGE    TOTAL 
              -------  -------  -------  -------  -------  -------  -------  -------  -------  -------  -------  -------  ------
-- 
 
EM1  ELECTRICITY      
    KWH        84100.       0.   17376.     910.  337729.       0.   84544.  416623.       0.       0.       0.       0.   
941283. 
 
FM1  NATURAL-GAS      
    THERM          0.       0.       0.   54817.       0.       0.     347.       0.       0.       0.       0.       0.    
55165. 
 
 
 
 
           TOTAL ELECTRICITY    941283. KWH         7.555 KWH     /SQFT-YR GROSS-AREA    7.555 KWH     /SQFT-YR NET-AREA 
           TOTAL NATURAL-GAS     55165. THERM       0.443 THERM   /SQFT-YR GROSS-AREA    0.443 THERM   /SQFT-YR NET-AREA 
 
 
           PERCENT OF HOURS ANY SYSTEM ZONE OUTSIDE OF THROTTLING RANGE =100.0 
           PERCENT OF HOURS ANY PLANT LOAD NOT SATISFIED                =  0.0 
 
           NOTE:  ENERGY IS APPORTIONED HOURLY TO ALL END-USE CATEGORIES. 
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Supporting Files 

Table 47: Supporting Files from Evaluation Analysis 

File/folder name Description 
N535094.doc Evaluation Report 

N535094_Final.xls 

Contains the outputs for 
baseline and installed eQuest 

models as well calculations for 
peak definitions 

N535094_LoadAnalysis.xls 
Contains calculations to 

estimate facility load 

Raw Data 
Folder containing EMS raw data 

collected from site 

mwcc.Calibration.bin 

local weather file with relevant 
values for Aug 6 to Nov 30 

(ignore others) 

Final eQuest models 

Folder containing eQuest 
models for the final and 

baseline runs 
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Site ID: N545636 

Summary 
This application saves 52% of the energy originally estimated in the tracking analysis.  The 
tracking study did not fully account for interactivity between measures, and the implemented 
air handling unit time clock control was not as aggressive as analyzed.  Results are presented in 
Table 48 below. 
 
A college implemented six of eleven HVAC and lighting control improvements identified during 
a retro-commissioning effort.  The building is a 100,000 ft² former industrial facility that was 
reconditioned in 2004 for office, administrative, and gathering space.  The building also houses 
a café and kitchen and, since 2008, a library.  The improvements that were identified and 
undertaken are problems common to existing facilities. 
 

Table 48: Summary of Tracking and Evaluation Savings Results 

Savings Quantity Tracking Value 
Evaluation 

Value 
Evaluation ÷ 

Tracking 
Annual Energy (kWh) 338,400 kWh 175,306 kWh 52% 
% Energy Savings On-Peak 37.0% 1.3% 4% 
Summer Peak Diversified kW (FCM) 2.0 kW 2.3 kW 115% 
Winter Peak Diversified kW (FCM) 2.0 kW 4.0 kW 199% 

Project Description 
The retrocommissioning process identified eleven HVAC and lighting control improvements, 
which could provide energy savings and improve occupant comfort levels. Of the eleven 
measures proposed for implementation energy savings were claimed for seven of the 
measures, but the evaluation has found that only six of the measures have been 
implemented/result in savings. A list of the measures included in the tracking study is below. 

• 5.1:  AHU/RTU Scheduling 
• 5.2:  Lighting Scheduling 
• 5.3:  RTU-3 OA Damper 
• 5.4:  AHU-4 Return Fan VSD 
• 5.5: Zone Temperature Sensors 
• 5.6: Outside Air Humidity Sensor 
• 5.9: Chilled Water Plant Enable 

ECM5 Fix Zone Temperature Sensors appears to have been implemented based on the post 
inspection report. However, while repairing zone temperature sensors may improve occupant 
comfort and reduce maintenance calls it is not clear from site conversations, trend data or 
whole building interval data that this measure has affected building energy use; therefore it is 
not included in the evaluation. The tracking study claimed 19,000 kWh of annual energy savings 
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for this upgrade, which is 5% of the total measure savings; therefore, not including this upgrade 
in the evaluation will not have a significant impact on the calculated savings. 
A full description of each of the implemented measures is presented below. 

Tracking Analysis 
The analysis of six of the seven items that were included in the tracking savings was performed 
using bin models.  One common model template was used for five RTUs and five AHUs.  The 
effect of building loads on air systems is estimated by assuming that VAV fans run at full speed 
and cooling coils are fully loaded in the warmest bin and that reheat coils are fully loaded in the 
coldest bin. 
 
Cooling loads from the various air systems are used in a bin model for the central chilled water 
plant.  Condenser water temperature is assumed to range linearly between a high of 85°F and a 
minimum of 70°F, and chiller performance is adjusted accordingly (1.5%/1°F).  Primary CHW 
and CW pumps are assumed to be constant speed.  The power demand values of the secondary 
CHW pump and cooling tower fan are assumed to vary linearly with load, and the impact of 
operating on variable speed drives is not taken into account.  The impact of ambient conditions 
on cooling tower fan operation is not taken into account. 
 
Savings for Item 5.2 (Lighting Schedule Control) were estimated in a simple calculation based on 
estimated lighting power density, floor area, and number of potential reduced hours.  The 
impact of the change on fan, cooling, and heating systems was not calculated. 
The interactivity of the various recommended improvements is partially taken into account.  
The table below indicates which other measures have been assumed to have been 
implemented in the model for each improvement.   
 

Table 49: Tracking Analysis Interactivity 

Savings Calculation 
Measures Assumed to be Implemented 

5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.9 5.11 

5.1:  AHU/RTU Scheduling x  x      x 
5.2:  Lighting Scheduling  x        
5.3:  RTU 3 OA Damper   x       
5.4:  AHU 4 RA VSD    x      
5.5:  Zone Temp Sensors   x x x     
5.6:  OA Humidity Sensor x  x x  x   x 
5.9:  CHW Plant Enable x  x   x x x x 
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Evaluation Methodology 

Evaluated savings are calculated using an eQuest model that is calibrated to 2010 whole 
building 15-minute interval demand data. The model is based on a unique 2010 weather file 
specific to the local weather station in order to provide calibration of the model. It was 
determined that an hourly simulation model is necessary for this evaluation even though one 
was not used in the tracking analysis since the savings of multiple measures with interactive 
effects were claimed under a single measure. 
 
The first step in the evaluation analysis was to develop the installed case and adjust any 
parameters as necessary to calibrate the model. The evaluator calibrated the whole building 
energy simulation against electric utility data.  Whole building 15-minute interval data was 
provided by the electric utility provider for 2010.  This data was reduced to hourly average 
demand in order to compare to the hourly simulation outputs.  The hourly demand for each 
end user, lighting, plug loads, chiller, pumps and fans was output from eQuest. 
 
The actual energy use during 2010 was 1,914,666 kWh while the annual electric energy use 
calculated by the eQuest model is 1,935,239 kWh or 101% of the actual value. 
 
A month by month comparison of the eQuest model and the actual utility data is presented 
below. 
 

Table 50: Month by Month Model Calibration 

Month 
Evaluation 

Model 
Actual 
Usage 

% 
Difference 

January 131,636 155,086 15% 
February 121,932 144,827 16% 

March 156,201 157,704 1% 
April 167,891 157,496 7% 
May 167,644 163,876 2% 
June 178,182 167,087 7% 
July 192,734 193,085 0% 

August 188,362 184,189 2% 
September 172,096 174,564 1% 

October 168,117 151,447 11% 
November 155,231 144,057 8% 
December 135,215 121,249 12% 

Total 1,935,239 1,914,666 1% 
 
The steps taken to ensure calibration of the energy model include: 
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• Air handling unit operating schedules are based on trend data 

• Server room power density is based on conversations with the site.  A 40 kW 
uninterruptible power supply servers the server room and is ~80% loaded.  It is assumed 
that the UPS has an efficiency of 88%.  The room is cooled by dedicated packaged 
rooftop units, which operate continuously. 

• Classroom lighting is on occupancy sensors and therefore minimal lighting is assumed to 
operate on nights and weekends. 

• Average weekday, Saturday and Sunday demand profiles were developed from the 
eQuest models and actual interval data and compared to ensure similar profiles. 

 
Data Collection 
 
The site provided trends for all of the points listed below from December 22, 2010 to January 
20, 2011 in hourly intervals. 

• Outside Air Drybulb Temperature, Relative Humidity and Enthalpy 
• RTU-1 Fan Status and Outside Air Damper Position 
• RTU-2 Fan Status, Return Fan VFD Speed, and Outside Air Damper Position 
• RTU-3 Fan Status, Return Fan VFD Speed, and Outside Air Damper Position 
• RTU-4 Fan Status, Supply/Return Fan VFD Speed, and Outside Air Damper Position 
•  RTU-5 Fan Status, Supply/Return Fan VFD Speed, and Outside Air Damper Position 
• AHU-1 Fan Status and Outside Air Damper Position 
• AHU-2 Fan Status and Outside Air Damper Position 
• AHU-3 Fan Status, Return Fan VFD Speed, and Outside Air Damper Position 
• AHU-4 Fan Status, Return Fan VFD Speed, and Outside Air Damper Position 
• AHU-5 Fan Status and Outside Air Damper Position 
• Secondary CHW Pump VFD Speed 
• Chiller Status 
• Hot Water Supply Temperature 
• Secondary HW Pump Status 
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Although the trend data used in this study only covers one month in the winter when the 
college may be at reduced occupancy, the data provides sufficient details on building operation 
to model annual operation.  In particular the air handling unit operating schedules observed in 
the trend data will be consistent throughout the year.  Implementation of ECM 5.1 only 
resulted in the air handlers shutting down for 5 to 6 hours per night.  Variations in building 
occupancy throughout the year will not affect these schedules.  The other measures are 
modeled on an annual basis so variations in equipment operation throughout the year is 
captured in this evaluation. 
 
A summary of the air-side system trend points that were used in the evaluation analysis is 
presented below. 
 

Table 51: Trend Points 

Air-Side Equipment Trend Points 

Equipment 
Fan 

Status 
Return Fan 

Speed 
Outside Air 

Damper 
RTU-1 P - U 
RTU-2 U P U 
RTU-3 U P U 
RTU-4 P P P 
RTU-5 P P P 
AHU-1 P - U 
AHU-2 P - P 
AHU-3 U P U 
AHU-4 U U U 
AHU-5 P - P 

Where P = Provided but not used in the evaluation 
U = Used in the evaluation 

“-“ = Not Provided 
 
The trend points for chilled water and hot water pump speed as well as hot water supply 
temperature were not used in the evaluation analysis. 
 
Additional trends were provided for a majority of the same points from 4/1/10 to 11/8/10 
however this data was of limited usefulness because the points were in 8 hour intervals. 
 
Analysis of Each Measure 
 
Parametric runs in eQuest were set up for each of the individual ECMs including an interactive 
pre-retrofit run, which incorporates the pre-retrofit case for each measure. Each of the 



Impact Evaluation of 2009 Custom HVAC Installations Site 12 
Application EI 545636  Page B-204 

 
 

measures are run in eQuest using TMY3 weather data for a local weather station to provide 
savings for a typical year. 
 
It should be noted that approximately 1% of the annual hours in the installed case model are 
outside the space temperature throttling range. The pre-retrofit has ~20% percent of the hours 
that a system zone is outside of the throttling range. The unmet cooling/heating hours are 
because some of the improvements associated with the retro commissioning improve system 
operation and occupant comfort as well as providing energy savings. For example the failed 
outside air dampers results in under cooling for spaces that required cooling after the chilled 
water system has been shut down for the season. 
 
The section below provides a description of each of the seven measures analyzed in the 
tracking study along with the tracking and evaluation calculation methodologies used for each 
measure. 
 
5.1 Shutdown VAV Air Handlers During Unoccupied Periods 
 
Measure Description: This measure involves implementing time clock control of AHUs 3 and 4 
and RTUs 1 and 3, which will also allow the operating hours of the chilled water system to be 
reduced. The measure results in fan, cooling and heating savings. 
 
Tracking Analysis: The retrocommissioning study found that AHU-3, AHU-4, RTU-1 and RTU-3 
were operating continuously (8,760 hours per year), but the design intent calls for the units to 
shut down during unoccupied hours. (The report text states that RTU-2 was affected by this 
measure and did not list RTU-1; however the tracking analyst calculated savings for RTU-1 and 
not RTU-2. Both units are similarly sized; therefore it is not expected to have a significant 
impact on the savings whether savings are calculated for RTU-1 or RTU-2. The evaluation 
follows the tracking analysis calculations and determines savings for RTU-1.) It was found that 
some of the temperature sensors were not operating properly and therefore were not allowing 
the air handlers to switch into unoccupied mode. The site’s electrical and controls contractor 
replaced the faulty space sensors, which allowed the air handlers to follow the programmed 
operating schedule. 
 
The pre-retrofit tracking calculations used a temperature dependent bin model to calculate 
savings. The four air handlers affected by this measure were assumed to run in all temperature 
bins for occupied and unoccupied hours. Similarly, the chilled water system energy use was 
calculated for occupied and unoccupied hours. 
 
The bin model assumes that the building will be occupied for 4,580 hours with 4,174 
unoccupied hours. It is not clear why the total hours (occupied and unoccupied) do not total 
8,760 hours. 
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The installed case calculations are identical to the pre-retrofit case during occupied hours. In 
the installed case the units are assumed to be shut down for all unoccupied hours; therefore all 
of the unoccupied fan and chilled water system energy is saved. 
 
Evaluation Analysis: The evaluation uses trend data to determine the installed case air handling 
unit operating hours. The site provided hourly trend data for the period 12/22/10 to 1/20/11. 
The data show that time clock control for AHU-3, AHU-4, RTU-1 and RTU-3 has been 
implemented. The observed operating schedules are shown below. It should be noted that 
eQuest’s equipment schedules only allow systems be started on the hour, so any start/stop 
times for units that do not occur on the hour is rounded to the nearest hour. 
 

Table 52: AHU/RTU Schedules 
Day of AHU-3 Modeled
Week Start Stop Hrs

Sun 14:00 23:00 9.0
Mon 5:00 0:00 19.0
Tues-Fri 0:00 0:00 24.0
Sat 0:00 17:00 17.0

Total 141.0
Annual 7,332      

Day of AHU-4 Modeled
Week Start Stop Hrs

Sun - - 0.0
Mon 4:00 23:00 19.0
Tues-Fri 5:00 22:00 17.0
Sat 5:00 16:00 11.0

Total 98.0
Annual 5,096  

Day of RTU-1 Modeled
Week Start Stop Hrs

Sun 14:00 23:00 9.0
Mon 6:00 0:00 18.0
Tues-Fri 0:00 0:00 24.0
Sat 0:00 17:00 17.0

Total 140.0
Annual 7,280      

Day of RTU-3 Modeled
Week Start Stop Hrs

Sun - - 0.0
Mon 4:00 23:00 19.0
Tues-Fri 5:00 22:00 17.0
Sat 6:00 17:00 11.0

Total 98.0
Annual 5,096  

 
The installed case eQuest model allows the air handling units to cycle on at night via the “cycle 
on any” night cycle control to maintain night setback temperatures.  
 
According to the eQuest model, when the air handlers run all night a more stable space 
temperature is maintained. The higher space temperature in the morning, when the air 
handlers start up, causes the units to ramp up and operate at a higher supply airflow to cool the 
space to the occupied temperature setpoint.  A portion of the fan savings achieved by shutting 
down the units at night is offset by an increase in fan power during the morning warm-up. 
In the pre-retrofit case the evaluation models the air handlers as running continuously or 8,760 
hours per year. 
 
Verification of Equipment and Operating Parameters: The summary table below compares the 
reduction in fan operating hours for each of the four air handling units. 

 



Impact Evaluation of 2009 Custom HVAC Installations Site 12 
Application EI 545636  Page B-206 

 
 

Table 53: Reduction in Operating Hours 
Equipment TA Eval Eval / TA

AHU-3 4,174 1,261 30%
AHU-4 4,174 2,448 59%
RTU-1 4,174 1,494 36%
RTU-3 4,174 3,137 75%  

 
The difference in operating hours is due to the implementation of a less aggressive schedule 
than assumed by the tracking analysis. Also, the evaluation eQuest model indicates that the air 
handlers are required to run for a portion of the unoccupied hours to maintain space 
temperatures. An increase in fan operating hours (or decrease in hours saved) leads to a 
decrease in energy savings. 
 
 5.2 Lighting Schedule 
 
Measure Description: This measure proposed implementing time clock control of the common 
area lighting.  The retrocommissioning study found that the common area breaker panel 
included a lighting control panel, but it was not functioning.  The intent of the measure was to 
upgrade the control panel with the necessary equipment and controls to allow for the common 
area lighting to be shut off during unoccupied hours. 
 
Tracking Analysis: The tracking analysis assumed the common area lighting was running 
continuously in the pre-retrofit case.  The common area lighting demand was calculated using 
the following equation. 
 

Lighting Demand = Common Area Square Footage * Lighting Power Density * % of Lighting 
Affected 

Where: 
Common Area Square Footage = 74,669 sf out of 94,669 total building area 
Lighting Power Density = 0.65 w/sf 
% of Lighting Affected = 80% 
The improved controls were assumed to reduce the lighting operation by 5.42 hours per day or 
~1,978 hours per year. 
 

Evaluation Analysis: The site has implemented time clock control of the common area lighting 
with the schedule shown in the table below.  The classrooms and office space lighting is 
controlled by occupancy sensors, therefore these spaces are not affected by this measure.  The 
recital hall lighting is also not affected by this measure since it will have varying occupancy 
schedules. 

The base case common area lighting runs continuously on weekdays.  The lighting is off in both 
cases on weekends. 
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Lighting diversity of 10% during unoccupied hours is assumed to account for emergency lighting 
not included on the time clock control. 

Based on the schedules above common area lighting run time is reduced annually by 
1,229 hours. 

The lighting power density for each space in the evaluation model is based on the as-built 
drawings from construction in 2004.  The average lighting power density for the spaces affected 
by this measure is 0.98 w/ft2 resulting in a peak common area lighting demand of 74.7 kW. 

The annual lighting savings resulting from this measure is 91,763 kWh (74.7 kW * 1,229 hours). 

Verification of Equipment and Operating Parameters: The summary table below compares the 
input parameters used to calculate the lighting savings in the TA and evaluation analyses. 

Table 54: Lighting Savings Comparison 

Study Area LPD kW Hrs* kWh
TA 59,735 0.65 38.8 1,978 78,500
Evaluation 76,264 0.98 74.7 1,229 91,763
Eval / TA 78% 66% 52% 161% 86%
*TA hours reduction are estimated.  

The total building area in the eQuest model is 83,645 ft2, which is less than the total building 
area stated in the TA calculations for this measure of 94,669 ft2.  The basis for the TA building 
area is not clear.  The evaluated building area is based on the as-built building drawings.  The 
common areas that are affected by this measure covers 76,264 ft2. 

The lighting power density in the tracking analysis appears to be estimated while the evaluated 
lighting power density is based on the as-built drawings. 

 
5.3 Repair RTU-3 Damper Linkage 
 
Measure Description: This measure involves repairing RTU-3’s return air damper linkage to 
allow for economizer operation. The measure results in cooling savings. 
Tracking Analysis: The retrocommissioning study found that the return air damper was stuck 
partially open due to a damaged linkage control. The return air damper is intended to operate 
in coordination with the outside air damper during economizer mode. The tracking analyst 
found that the stuck damper resulted in the RTU only providing a maximum of 50% outside air 
during economizer mode. 
 
The tracking analysis calculations assume that the pre-retrofit outside air damper modulates 
between a minimum position of 10% to a maximum of 50% (occurs in economizer mode). It is 
assumed the 50% damper position corresponds to 50% airflow. 
 
In the proposed case, the RTU-3 economizer was allowed to operate as intended with the unit 
operating at 100% outside air when required. The economizer is assumed to operate based on 
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drybulb control. Cooling savings are claimed when the outside air temperature is between 55°F 
and 65°F. The total annual cooling load reduction is ~3,100 ton-hrs.  Chilled water system 
energy savings are based on an average chiller plant (chiller, tower, and pumps) performance of 
~0.90 kW/ton. 
 
The chiller performance at design conditions (85°F condenser water) used in the tracking 
analysis is 0.65 kW/ton.  Performance is assumed to improve 1.5% per degree reduction in 
condenser water temperature.  Condenser water temperature is assumed to follow an 11°F 
approach to outside air wetbulb temperature down to a minimum temperature of 70°F.  Chiller 
part load considerations were not taken into account and the minimum chiller performance at 
70°F is 0.504 kW/ton. 
 
Evaluation Analysis: Trend data for RTU-3 were obtained for the period 12/22/10 to 1/20/10, 
which confirmed that the RTU-3 outside air damper is opening to 100% and the air-side 
economizer is operating as designed. During a site visit, the evaluator also confirmed outside air 
damper operation by manually commanding the damper position to different positions and 
visually confirming the damper response.  
 
This measure is modeled in eQuest by using a outside air drybulb economizer in the proposed 
case with a maximum damper position of 100% and an outdoor temperature setpoint of 65°F 
(eQuest input is drybulb high limit). In the pre-retrofit case the maximum damper position is set 
to 50%. 
 
The evaluation modeling results found that the RTU-3 cooling load decreased by ~5% 
(~2,400 ton-hrs), which results in a ~0.7% decrease in the total chilled water load. Although 
there is a decrease in the chilled water load there is a very small increase in chiller energy use 
(~90 kWh). The decrease in load is offset by a worse chiller performance. There is a part load 
penalty in chiller performance associated with low loads; therefore, the lower chilled water 
loads results in a slightly worse installed chiller performance than the pre-retrofit case. 
 
Chiller performance at design conditions of 0.55 kW/ton (design conditions are 100% load, 44°F 
chilled water temperature and 85°F condenser water temperature) is based on manufacturer’s 
catalog data.  eQuest default curves for a centrifugal chiller with variable speed control are 
used to determine chiller performance at varying condenser water temperatures and chiller 
loading.  The condenser water temperature profile is similar to the tracking analysis; 
temperature is reset between 85°F and 70°F. 
 
Verification of Equipment and Operating Parameters: The table below provides a summary of 
the chilled water load and chiller performance. 
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Table 55: RTU-3 OA Damper Summary 
Parameter TA Eval Eval / TA

Pre-Retrofit CHW Load, ton-hrs 291,487 301,583 103%
Installed CHW Load, ton-hrs 288,304 299,908 104%
Load Reduction, ton-hrs 3,183 1,675 53%
Pre-Retrofit Chiller Perf, kW/ton 0.551 0.602 109%
Installed Chiller Perf, kW/ton 0.551 0.605 110%
Energy Savings, kWh 1,603 89 6%  

 
The lower than predicted chilled water load reduction leads to a decrease in energy savings. A 
worse chiller performance (TA to Evaluation) would tend to increase energy savings, but in this 
case the higher evaluated installed case kW/ton reduces the savings.  The average chiller 
performance is worse in the evaluation than in the tracking study because the tracking study 
did not take part load affects on performance into account. 
 
5.4 Restore VFD Operation – AHU-4 Return Fan 
 
Measure Description: This measure involves repairing AHU-4’s return fan variable speed drive 
to optimize the fan operation. The measure results in fan savings. 
 
Tracking Analysis: The retrocommissioning study found that the AHU-4 return fan variable 
speed drive was in bypass mode. The tracking analyst confirmed that although the energy 
management system would command the drive to vary the fan speed, the fan operates 
continuously at full speed. AHU-4’s supply fan speed varies; therefore, a constant speed return 
fan causes system operational issues in addition to wasting energy. 
 
Fan savings are claimed throughout the year for 8,754 hours (it is unclear why 8,760 hours is 
not used), with an average fan demand reduction of 4.9 kW. 
 
Evaluation Analysis: Trend data for AHU-4 were obtained for the period 12/22/10 to 1/20/10, 
which showed that the AHU-4 return fan was operating at part speed throughout the trend 
period. During the trend period the return fan operates between 30-40% fan speed. 
In the eQuest model AHU-4 design fan power is input under the kW/cfm field.  The fan kW is 
based on the design conditions listed in the as-built drawings; 18,000 cfm, 5 inches, 65% fan 
efficiency and 93% motor efficiency. 
 
The pre-retrofit case is modeled in eQuest by assigning AHU-4 return fan control to constant 
speed and the proposed case control is variable speed. 
 
Verification of Equipment and Operating Parameters: A comparison of the return fan operating 
hours and average fan demand is presented below. 



Impact Evaluation of 2009 Custom HVAC Installations Site 12 
Application EI 545636  Page B-210 

 
 

Table 56: AHU-4 Return Fan Operating Parameters 
Parameter TA Eval Eval / TA
Pre-Retrofit Demand, kW 4.9 6.7 137%
Installed Demand, kW 1.5 2.2 149%
Demand Reduction, kW 3.5 4.6 132%
Operating Hours 8,754 8,760 100%  

 
The values presented in Table 9 for the evaluation analysis are average annual demand values.  
Annual average fan demand is calculated by obtaining the fan annual energy use from the 
eQuest output reports and dividing by 8,760 hours (AHU scheduling is part of ECM 5.1).  The 
evaluation found that the return airflow / fan demand is higher than predicted by the tracking 
study.  The demand reduction is also higher in the evaluation leading to greater energy savings. 
 
5.5 Fix Zone Temp Sensors 
 
Measure Description: The retrocommissioning study found that several of the space 
temperature sensors, which are used to control the air handling unit discharge air temperature 
and VAV boxes, were not providing accurate temperature readings.  Several of the sensors had 
been overridden by building operations staff to resolve the known issue and ensure occupant 
comfort.  The TA study proposed recalibrating or replacing the defective sensors.       
 
Tracking Analysis: The tracking analysis primarily claims fan savings for AHU-4 and RTU-3 as well 
as chilled water system savings.  Approximately 3% of the claimed measures savings are AHU-2 
and RTU-1 fan energy, however these savings appear to be due to a typo in the tracking analysis 
spreadsheet.  Fan savings are claimed due to a lower assumed supply airflow rate with the 
calibrated temperature sensors.  A lower chilled water load results from the reduction in the 
supply airflow. 
 
Evaluation: The evaluation has not claimed savings due to the recalibration or replacement of 
the space temperature sensors.  Based on the information provided it appears that this is an 
operations and maintenance measure because the sensors are now in automatic control 
opposed to manual override.  The tracking analysis report does not include any detail on how 
the faulty sensors were negatively affecting air handling unit operation and the site does not 
report any significant change in building operation from this measure.  Since the building 
operators had overridden the faulty sensor readings prior to implementation of this measure it 
is expected that this minimized the impact of the failed sensors on the air handling units. 
 
5.6 Repair OA Relative Humidity Sensor for Economizer Operation 
 
Measure Description: This measure involves repairing the outside air humidity sensor used to 
control the outside air dampers for AHUs 1, 3 & 4 and RTUs 1 & 2. The measure will result in 
cooling savings. 
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Tracking Analysis: The retrocommissioning study found that the outside air humidity sensor 
was not providing accurate readings. The sensor was constantly reading 100%, which indicates 
that the outside air is too humid to operate in economizer mode.  The lack of economizer 
operation increase the number of hours that mechanical cooling was required.  
 
The tracking analysis modeled the pre-retrofit case with a constant outside air damper position 
of 10%. The calculations assumed that the proposed case includes economizer operation below 
65°F outside air drybulb temperature leading to a reduction in chilled water loads between 50°F 
and 65°F outside air drybulb temperature. (Chiller is shutdown below 50°F in both the pre-
retrofit and installed cases.) The calculated annual reduction in chilled water load is 
29,000 ton-hrs. The average chilled water system performance is 1.02 kW/ton, resulting in 
annual energy savings of ~30,000 kWh. 
 
Evaluation Analysis: Trend data for AHUs 1, 3 & 4 and RTUs 1 & 2 were obtained for the period 
12/22/10 to 1/20/10, and indicates that AHUs 1, 3 and 4 and RTU-2 operate in economizer 
mode (OA damper varies between minimum and maximum position). Trend data for RTU-1 
shows the OA damper stuck at minimum position (10% open). 
 
The installed case economizer operation is modeled as an enthalpy economizer with an 
outdoor enthalpy enable setpoint of 22 Btu/lb, which was observed on the site’s energy 
management system.  When the outside air enthalpy is greater than 22 Btu/lb the outside air 
damper will go to minimum position. The minimum damper position for each air handler is 
based on observation of the damper position trend data and is listed below. 
 

Table 57: Minimum Outside Air Damper Postition 
HVAC Min Damper
Unit Position

AHU-1 10%
AHU-3 31%
AHU-4 31%
RTU-1 10%
RTU-2 25%  

 
In the pre-retrofit case each air handling unit is modeled as having a fixed outside air damper 
position.  The fixed outside air damper position is modeled using the fraction of hourly flow for 
the minimum outside air control method.  The fixed damper position is equal to the observed 
minimum damper position as shown in Table 7.   
 
eQuest modeling results show both cooling and fan savings. Cooling savings result from 
increase in economizer hours and a decrease in the chilled water load. 
 
Fan savings result from a difference in the discharge air temperature. In the pre-retrofit case 
the chilled water plant is shut down when the outside air temperature is below 55°F. With the 
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outside air damper stuck at minimum position and the chiller plant shutdown, the air handling 
units are not able to make the discharge air temperature setpoint. A higher discharge air 
temperature results in the terminal boxes calling for a higher supply airflow to maintain the 
space temperature. The higher supply airflow increases the fan power. 
 
Verification of Equipment and Operating Parameters: A breakdown of the tracking and 
evaluated energy savings is presented below. 
 

Table 58: Breakdown of 5.6 Savings 
Equipment TA Eval Eval/TA
Chiller 14,691 kWh 2,414 kWh 16%
CHW / CW Pumps 14,076 kWh 53 kWh 0%
Cooling Tower Fan 1,060 kWh 74 kWh 7%
AHU Fans  kWh 1,625 kWh -
Total 29,828 kWh 4,166 kWh 14%  

 
• The evaluation found lower chiller savings due to a smaller reduction in chilled water 

load than estimated by the tracking study 

• The tracking study assumed that the use of economizer would allow the chilled water 
system, chiller, pump and towers to be shut off at a higher outside air temperature. The 
evaluation model does not show the chilled and condenser water pumps running for 
fewer hours as was predicted. 

• The tracking study did not estimate air handling unit fan savings due to changes in the 
discharge air temperature. 

5.9 Raise Chiller Plant Outside Air Enable Setpoint, Schedule Plant 
 
Measure Description: This measure proposes to reduce the annual run time of the chilled water 
system by increasing the outside air temperature below which the system is disabled. Since the 
air handling units have outside air economizer capabilities the chilled water system is only 
required when the building cooling loads cannot be met by the economizer. This measure will 
provide chiller, cooling tower and pumping energy savings. 
 
Tracking Analysis: The retrocommissioning study found that design intent was to shut down the 
chilled water system when the outside air temperature drops below 60°F; however the system 
was found to operate below 60°F. Also, there are chiller operating issues while at low loads in 
cold weather, which can be minimized by following the design intent. 
 
The tracking analysis text states that savings will be achieved by increasing the chiller disable 
temperature to 60°F, but the calculations assume that disable temperature was increased from 
60°F to 65°F outside air temperature. Pre-retrofit calculation assume the chiller plant will run 
down to 60°F outside air temperature with the plant being shut down below 65°F in the 
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proposed case. The annual load reduction is ~4,500 ton-hrs. A majority of the energy saving is 
due to a reduction in pumping (chilled water and condenser water) energy. 
 
Evaluation Analysis: During a site visit, the evaluator found that the chiller enable/disable 
setpoint is 60°F outside air temperature. This is modeled in the installed case eQuest model via 
snap operation of the chilled water loop. Snap operation enables the loop based on an outside 
air temperature. 
 
Although the tracking study assumes that savings occur in the 60-65°F, the evaluation has 
followed the tracking study text description of pre-retrofit case.  The pre-retrofit case uses a 
snap or enable/disable temperature of 55°F. 
 
The evaluation found that a portion of the chilled water system savings is offset by an increase 
the air handling unit fan energy use. Without the chiller plant or economizer operation for 
some of the units there are some hours of the year when the air handling unit discharge air 
temperature cannot be met.  The increase in discharge air temperature leads the terminal units 
to call for a higher supply flow. A higher supply airflow results in a increase in fan power.  There 
is interactivity between this measure and ECMs 5.3 and 5.6.  ECMs 5.3 and 5.6 deal with fixing 
economizer operation which increases the number of hours that the discharge air temperature 
can be met. 
 
Verification of Equipment and Operating Parameters: The evaluation assumes that all chilled 
water system run hours in the 55-60°F bin will be saved, resulting in a reduced chiller run time 
of 722 hours. The tracking analysis assumes that chiller run time will be reduced by 368 hours.  
The increase in chiller shut down time leads to an increase in savings. The increase in savings is 
partially offset by a fan energy penalty, which is not considered in the tracking analysis. 

Savings Analysis and Verification 

The tracking analysis calculated the total energy savings from the retrocommissioning effort by 
summing the savings calculated for each individual measure. The interactivity of the different 
measures is partially taken into account in the savings calculation for each measure. 
Total savings in the evaluation are calculated using an interactive installed case eQuest model 
which incorporates the installed case for each measure compared to a pre-retrofit case eQuest 
model. 
 
The annual energy savings estimated in the tracking analysis is 338,400 kWh.  The evaluation 
estimates annual energy savings to be 175,306 kWh, resulting in an annual energy savings 
realization ratio of 52%. 
A breakdown of the evaluated savings by end use is presented below followed by a list of the 
measures that result in savings for each end use. 
 

Table 59: Breakdown of Savings by End Use 
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End Use 
Annual 
Savings 

% of 
Total 

Chiller 28,345 kWh 16% 
Heat 

Rejection 
353 kWh 0% 

Space 
Heating 

201 kWh 0% 

Fans 42,103 kWh 24% 
Pumps 12,543 kWh 7% 
Lighting 91,763 kWh 52% 

Total 175,306 kWh 100% 
 

• Chiller  
o ECM 5.1 saves chiller energy due to reduced air handling unit run hours. 
o ECM 5.2 saves chiller energy due to lower cooling loads from the reduction in 

lighting run hours. 
o ECM 5.6 saves chiller energy due to an increase in air-side economizer hours. 
o ECM 5.9 saved chiller energy  due to a decrease in chilled water system run 

hours. 

• Fan 
o ECM 5.1 saves fan energy due to reduced fan hours. 
o ECM 5.2 saves fan energy due to lower cooling loads from the reduction in 

lighting run hours. 
o ECM 5.4 saves fan energy due to the improved control resulting lower fan 

operating speed. 

• Pumps 
o ECM 5.9 saved pumping energy due to a decrease in chilled water system run 

hours. 

• Lighting 
o ECM 5.2 saved lighting energy due to a decrease in common area lighting run 

hours 

 
Table 60 breaks down the savings by each measure.  The tracking analysis total savings is a 
cumulative total while the evaluation total savings takes into account the interactivity between 
the measures. 

Table 60: Measure by Measure Savings 
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Measure 
Tracking 

Value 
Evaluation 

Value 
Evaluation 
÷ Tracking 

5.1 Shut Down VAV AHUs during Unocc. 
Periods 

170,000 
kWh 

50,647 kWh 30% 

5.2 Lighting Schedule Control 78,500 kWh 100,768 kWh 128% 
5.3 Repair RTU-3 OA Damper Linkage 1,900 kWh 184 kWh 10% 
5.4 Restore AHU-4 RA Fan VSD Control 30,000 kWh 47,589 kWh 159% 
5.5 Fix Zone Temp Sensors 19,000 kWh 0 kWh 0% 
5.6 Repair OA Humidity Sensor 30,000 kWh 4,159 kWh 14% 
5.9 Raise CHW Plant OA Enable Sensor 9,000 kWh -243 kWh -3% 
Cumulative Total 338,400 

kWh 
203,104 kWh 60% 

Interactive Total 338,400 
kWh 

175,306 kWh 52% 

 
The interactive savings is less than the cumulative total due to interaction between the reduced 
fan run hours of measure 5.1 and fan VSD control of RTU-4 return fan in measure 5.4.  The 
savings from 5.4 are offset by decreasing the fan run hours in measure 5.1.  Also, there is 
interaction between measure 5.9, raise chiller enable setpoint, and 5.6, repair OA humidity 
sensor.  The fan penalty from 5.9 due to the higher discharge air temperature (see measure 5.9 
description) is offset by the fixing of the economizer controls. 
 
The percentage of savings occurring during energy peak periods estimated in the tracking 
analysis is 37.0% while the evaluation finds this value to be 1.3% resulting a realization ratio of 
4%.  A majority of the savings result from ECMs 5.1 and 5.2, both of which provide savings 
during unoccupied or off-peak hours.  
 
The summer demand peak reduction is estimated in the tracking analysis to be 2.0 kW.  The 
evaluation estimates the summer demand peak power reduction to be 2.3 kW, resulting in a 
realization ratio of 115%.  The calculation of the tracking analysis value is not presented in the 
report documents; therefore it is not clear why the evaluated demand is less than predicted.  
The evaluated summer demand reduction is minimal for the following reasons: 
 

• ECM 5.4 – A majority of the peak demand reduction is due to this measure.  VSD fan 
control results in demand savings whenever the fan is operating. 

• ECM 5.2 – Although the lighting savings occur during unoccupied hours, there is a 
resulting decrease in the building cooling load, which results in chiller savings 
throughout the day. 

• ECM 5.1 – The demand reductions associated with ECMs 5.4 and 5.2 are partially offset 
by the fan and chiller penalty due to this measure.  The decrease in air handler run 
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hours requires that the AHU fans and the chiller must work harder during occupied 
hours to bring the space back to the daytime temperature setpoint. 

 
The winter demand peak reduction is estimated in the tracking analysis to be 2.0 kW, and the 
evaluation found this value to be 4.0 kW, resulting in a realization ratio of 199%.  It appears that 
the evaluated winter demand reduction is greater than the summer demand reduction because 
the penalty associated with 5.1 is lower.  The winter building cooling load is lower therefore the 
air handlers do not need to work as hard to bring the building back to the daytime temperature 
setpoint.
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Site ID: N525453 

Summary 

The savings for this retrofit project are derived from three measures.  These measures are: 
using outside air economizers at the air handlers for ventilation in place of heat exchanger 
operation, repairing steam leaks on valves feeding heating coils in air handlers, and reducing 
ventilation air supply in 40 air handling units.  The savings are obtained from changing control 
set points, modifying and upgrading energy management system controls, and repairing 
malfunctioning equipment.  The changes were made to existing equipment.  No new fans, 
chillers, variable speed drives, pumps or other HVAC equipment were installed. 
 

Table 61 below presents a summary of the energy and demand savings achieved at this facility. 
Evaluated energy savings are 0.1% greater than the tracking value.  Two factors contributed to 
the small savings variance.  The evaluation found that the operation of the installed measures 
closely matched tracking data assumptions.  This consistency provided less opportunity for 
major changes.  The small variance is also the result of the “balancing out” of the three 
measures.  A savings shortfall in the outside air economization measures was offset by 
increased savings in the other two measures.  On-peak energy savings are 15.0% greater than 
tracking estimates.  Summer peak demand savings are 82.0% greater than tracking.  Winter 
demand savings are 110% greater than tracking.   

Table 61: Summary of Tracking and Evaluation Savings Results 

Savings Quantity 
Tracking 
Estimate 

Evaluation 
Estimate 

Evaluation/ 
Tracking 

Annual Energy (kWh) 1,065,165 1,066,509 100.1% 
% Energy Savings On-Peak 46% 53% 115% 
Summer Peak Diversified kW (FCM) 87.0 158.3 182% 
Winter Peak Diversified kW (FCM) 42.0 88.4 210% 

Project Description 

This is a multi-tenant 2,000,000 square foot facility constructed in the mid 1950s.  This is a two 
floor structure except for high-bay areas.  Nearly 1,500,000 square feet is devoted to 
manufacturing and warehouse spaces.  Manufacturing areas consist of both high-bay and low-
bay work areas.  The remainder of the facility houses offices, laboratories, an auditorium, 
cafeteria, and multi-media conference room.  The facility has central heating [natural gas/oil 

Facility Description 
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fired steam boilers] and a 10,000 ton cooling plant [centrifugal chillers, primary/secondary 
chilled water loops] that feed 120 air handling units.  
 
The facility currently has 13 tenants and is approximately 35% occupied.  Most of the 
manufacturing spaces were not occupied at the time of the evaluation.  Occupancy varies by 
tenant.  Lab and manufacturing tenants have 8,760 hour occupancy and the central plants 
operate accordingly to meet customer HVAC requirements. 
 
Measure 1: Optimize Air-Side Economization – Shutoff Plate-and-Frame Equipment 

This measure replaces existing chiller and plate-and-frame heat exchanger operation with 
enhanced air-side economizer operation [937,173 kWh and 88.0% of tracking savings].  The 
pre-retrofit scenario consisted of operating the chiller or plate and frame heat exchanger at 
outside air temperatures between 45°F and 60°F, and only the plate and frame heat exchanger 
below 45°F.  Mechanical cooling equipment is located in a central cooling plant.  The equipment 
includes three primary chilled water pumps [PCHWP 6, PCHWP 7, and PCHWP 7A],  two 
secondary chilled water pumps [CHWP 6 and CHWP 7], six condenser water pumps [CWP 6, 
CWP 7, CWP 7A, CWP 8, CWP 9, CWP 10], and eight cooling towers work with the heat 
exchanger.  These pumps and fans are brought online incrementally according to need and 
load.  Chilled water from the heat exchanger is pumped through cooling coils in the air handlers 
to provide cooling.  In this pre-retrofit condition, outside air dampers were set to the minimum 
position at the air handlers.  In the proposed case, the energy management system is used to 
operate the outside air dampers at each of the air handlers to meet the facility’s cooling loads at 
temperatures between 33°F and 60°F.  Using outside air at each of the air handlers for cooling 
during these hours replaced the need for chiller or plate and frame heat exchanger use.  This 
allows the pumps and cooling towers working with the heat exchanger to be taken off-line.  The 
heat exchanger, pumps and cooling towers are brought back online when outside air drops 
below 33°F, and outside air dampers revert back to minimum set points at the air handlers.  This 
is done to prevent the coils from freezing. 
 
Chiller controls are a second component of this free-cooling measure.  The TA report 
referenced pre-retrofit trend data that shows that a chiller sometimes operated when outside air 
temperatures were as low as 40°F  This chiller operation at low outside air temperatures was 
due to the ineffectiveness of the existing energy management system.  That EMS did not have 
the programming points required to effectively shut down the chillers, especially during rapid 
outside air temperature drops.  The outside air economizers can meet only a portion of the 
cooling load beginning at 60°F and the chillers were enabled to provide the additional capacity.  
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The project estimated that the economizers could provide full cooling at temperatures below 
55°F. The chillers were locked out below 55°F in the proposed case. 

Table 62: Cooling Equipment Operation by Outside Air Temperature 

Outside Air Temperature    
Dry Bulb 

Existing HVAC Equipment 
Operation 

Proposed HVAC Equipment 
Operation 

> 60°F Chiller w/ minimum OA at 
AHUs 

Chiller w/ minimum OA at 
AHUs 

55°F - 60°F Chiller primary, HX secondary 
with minimum OA at AHUs 

HX primary, chiller secondary 
with maximum OA at AHUs 

33°F - 55°F HX primary, chiller secondary 
with minimum OA at AHUs Maximum OA at AHUs 

< 33°F HX with minimum OA at AHUs HX with minimum OA at AHUs 
 

Measure 2: Repair Steam Leaks on Valves Feeding AHU Heating Coils 

The second measure repairs steam heating valve leaks [73,578 kWh and 6.9% of savings].  The 
TA report explained that the system graphics screen was reviewed in the energy management 
system for each air handling unit.  Steam leaks at the heating coils were identified in seven of 
the site’s 120 air-handling units.  Air temperatures before and after the heating coils were noted, 
and temperature differentials as high as 60°F were identified.  The heat from the steam leaks 
increase cooling loads during the non-heating periods when the chillers are operating.  The 
central boilers are taken off-line from May through September, so the steam leaks had no 
impact on summer cooling operation.  The savings occur when outside temperatures are 
greater than 60°F from October through April.  The central boilers are on line and the chillers 
are providing cooling above 60°F.  The steam leaks result in simultaneous heating and cooling 
losses.   
 
Measure 3: Reduce Outside Air Ventilation in Low Occupancy Spaces 

 

The third measure reduces outside-air damper settings at 44 of the 120 air-handling units, 
eliminating unneeded ventilation [54,404 kWh and 5.1% of savings].  Outside air dampers were 
set at fixed positions of between 10% and 20% in the existing case.  Measurements taken in 
occupied spaces prior to the retrofit found CO2 levels well below ASHRAE recommended 
values.  Savings are based upon reducing the outside air damper positions to 5.0% when the 
enthalpy of the outside air is above  the enthalpy of indoor air at 70°F and 50% relative humidity. 
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Tracking Analysis  

Measure 1: Optimize Air-Side Economization – Shutoff Plate-and-Frame Equipment 

Tracking Calculation Methodology   

 

Tracking savings for this project were calculated in three non-interactive spreadsheets.  The 
outside air economization measure savings were generated using two 5°F weather bin 
analyses, the first for reduced heat exchanger operation and the second for reduced chiller 
operation.    In this analysis, when in economizing mode, the plate and frame heat exchanger is 
taken offline along with primary/secondary chilled water pumping, condenser water pumps, and 
the cooling towers.  The tracking analysis spreadsheet estimates savings starting in the 55°F-
60°F bin and extends down to a truncated 32.5°F-35°F bin that was created to exclude 
operation below freezing.  Available free cooling hours were assigned to each bin.  These hours 
were derived from TMY2 weather data and modified by operating data from the site energy 
management system.  This EMS data provided the percentage of time that the central cooling 
equipment [chillers, pumps, and fans] operated during the selected bin hours described above.  
This prevented savings from being claimed when equipment was not operating as show by the 
EMS data.   
 
The power [kW] for the pumps and fans are taken from EMS trends of the central cooling plant.  
A 302-day trend report [June 2005 through March 2006] provided kW for the chillers, pumps, 
and fans.  The spreadsheet calculations used these average kW values for each bin and 
equipment type. The kW values for each equipment type were summed together within each bin 
and multiplied by the available cooling hours to obtain the bin kWh savings.  The summation of 
bin savings is the annual savings.  In summary, the bin calculation is: 

Annual kWh = Hours free cool X ∑ kW power 

Where: 

• Hours free cool = Adjusted annual free cooling hours > 32°F and < 60°F 

• ∑ kW power = kW of secondary and primary chilled water pumps, condenser water 
pumps, and cooling tower fans from energy management system trends 

The second portion of the outside air economization measure was to disable the chiller below 
55°F.  The TA report stated that the trend data for existing operation showed that the chiller 
operated into the 40°F-45°F bin.  Savings were calculated using 5°F weather bin analyses of 
three bins, the 50°F-55°F bin, 45°F-50°F bin, and the 40°F-45°F bin.  Chiller operating hours 
obtained from energy management system trends were applied to each bin.  The summation of 
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the EMS trend kW for the primary and secondary pumps, condenser water pumps, cooling 
towers, and chillers generated the total power savings.  This was multiplied by the chiller hours 
to obtain the bin savings.  The summation of bin savings is the annual savings.  In summary, the 
bin calculation is: 

Annual kWh = Hours free cool X ∑ kW power 

Where: 

• Hours free cool = Adjusted annual free cooling hours > 40°F and < 55°F 

• ∑ kW power = kW of secondary and primary chilled water pumps, condenser water 
pumps, chillers, and cooling tower fans form energy management system trends 

Measure 2: Repair Steam Leaks on Valves Feeding AHU Heating Coils 

Single line item calculations were used to estimate the steam leaks measure savings. The TA 
report stated that leaks were observed at  steam valves feeding AHU  heating coils.  Review of 
the 120 AHU system screens on the EMS identified seven leaking steam valves.  Savings for 
measure 2 consist of repairing these seven leaks. The observed temperature differentials before 
and after the heating coils during summer operation indicated that there were steam leaks.  The 
temperatures were identified on the EMS system screens.  The seven units were visited in the 
field to confirm that the leaks were live. The temperature differential was multiplied by the CFM 
capacity of the unit to obtain the total heat gain.  This heat gain was converted to tons and 
multiplied by the chiller efficiency.  This generated the power [kW] impact at the chiller.  The kW 
was multiplied by air-handler operating hours from April to October when outside air 
temperatures exceeded 60°F.  The summation of per-unit savings was the annual tracking 
savings for this measure. In summary, the line calculation is: 
 

Annual kWh = (((∆T X CFM X 1.08)/12000) X Chiller eff) X hours 

where: 

• ∆T = temperature difference before and after heating coil 

• CFM = capacity of the air-handler in cubic feet per minute 

• 1.08 = multiplier for dry bulb temperature calculations for air density and weight 
and 60 minutes per hour conversion factor 

• 12,000 = BTUs per ton 

• Chiller eff = Chiller efficiency in kW/ton 

• Hours = hours from April to October when outside air temperatures > 60 °F 
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Measure 3: Reduce Outside Air Ventilation in Low Occupancy Spaces 

 

Tracking savings from the reduction in outside air ventilation measure were also generated by 
single line calculations.  A table was created with each of the 44 air-handling units.  Existing 
occupied/unoccupied schedules were identified for each unit.  The occupied hours were 
compared to outside air enthalpy to create enthalpy-hours.  Five degree bins were created from 
the 90°F-95°F bin down to the 70°F-75°F bin.  The enthalpy at the bin midpoint temperature 
was used as the average for each bin.  Indoor enthalpy was fixed at 25.0 Btu/lb for all units 
based upon a 70°F indoor air temperature and 50% relative humidity.  The indoor enthalpy was 
subtracted from the average bin enthalpy and multiplied by the bin hours for each schedule to 
generate the enthalpy-hour value.  In summary, the line calculation is: 
 

Annual kWh = (((CFM X 60 X 0.075 X %OA X %reduction)/12000) X Chiller eff) X enthalpy-hours 

Where: 

• CFM = capacity of the air-handler in cubic feet per minute 

• 60 = minutes per hour conversion factor 

• 0.075 = air density factor 

• %OA = percent of outside air in existing case, assumed to be 10% for all units 

• %reduction = percent reduction in outside air fixed at 50% for all units 

• 12,000 = BTUs per ton 

• Chiller eff = Chiller efficiency in kW/ton 

• enthalpy-hours = ∑(bin hours X (enthalpy mid – enthalpy indoor)) 

where: 

 bin hours = hours per 5°F weather bin 

 enthalpy mid = enthalpy at the bin mid-point temperature 

 enthalpy indoor = indoor air enthalpy fixed at 25.0 BTU/lb based upon a 70°F 
indoor air temperature and 50% relative humidity 
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Measure 1: Optimize Air-Side Economization – Shutoff Plate-and-Frame Equipment 

Discussion of Tracking Analysis 

The 5°F weather bin and single line calculations provide a good foundation for estimating 
savings for this project.  The quality of the trend data and the equipment/scheduling from the 
energy management system enhanced the accuracy.  The free cooling measure tracking 
analysis relies heavily upon trends from the energy management system for the chiller, pumps 
and cooling towers.  The data used in the analysis covers over 300-days and extends from June 
2005 through March 2006.  This period covers significant swing and winter month operation that 
coincides with the outside air economization operation.  These are strong points that generate a 
solid foundation for savings calculations.  Table 63 is the free cooling bin analysis for the heat 
exchanger and pumps. 

Table 63: Free Cooling Weather Bin Analysis 

 

TMY  
Ratio 

Total  
TMY2  
Hours 

Primary  
Chilled  
Water  
Pump 

Secondary  
Chilled  

Water Pump 

Condenser  
Water  
Pump 

Cooling  
Tower  
Fan 

0.1% 690 65 - 70 1 31.7 14.8 130.5 215.8 - - 
1.3% 970 60 - 65 13 32.7 15.0 133.0 208.9 - - 
9.4% 821 55 - 60 78 36.9 15.0 129.5 206.3 387.8 30,079 

20.6% 641 50 - 55 132 37.8 15.3 129.1 188.7 371.0 49,012 
56.4% 689 45 - 50 389 36.2 14.3 128.2 169.9 348.5 135,445 
91.3% 691 40 - 45 631 38.1 14.2 126.2 103.8 282.3 178,176 
99.7% 969 35 - 40 966 37.8 13.8 122.8 37.7 212.1 204,954 

100.0% 778 32.5 - 35 389 37.6 13.9 118.2 22.4 192.1 74,725 
5,559 Total 2,599 672,391 
4,589 56.3% 2,585  Hours for bins 55-60 to 32.5-35 and percent of TMY2 
2,021 57.0% 1,152  Hours for bins 50-55 to 40-45 and percent of TMY2 

Number of  
Bin Hours  
When Free  

Cooling 

Temp. Bin               
(F) 

Average Equipment Power Draw (kW) 
Total  

Power  
Savings  

(kW) 

Total  
Energy  
Savings  
(kWh) 

 

Table 63 shows that savings were generated for temperatures 60°F to 33°F.  Table 63 also 
contains hidden rows with additional weather bin hours up to 95°F.  This additional weather data 
helped identify the weather station, provided confirmation that the weather data was valid, and 
showed that there were no savings at the higher bin temperatures.  The weather bin table was 
derived from Boston TMY2 weather data, and total TMY2 hours are listed on the left side of the 
table.  The TMY ratio is the percentage of free cooling operation for each bin.  The values used 
in calculating the TMY ratio are not clearly defined and are pasted from another source.  The 
heat exchanger is online 56.4% of the time in the 45°F-50°F bin.  The ratio jumps to 91.3% in 
the 40°F-45°F bin.  This ratio is applied to the TMY2 hours to identify the hours in the proposed 
case when the pumps and cooling towers are taken off-line and the outside air dampers are 
open at the air handlers.  Hours in the lowest bin are reduced by 50% to reflect the 32.5°F bin 
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midpoint temperature.  The pumps and cooling towers are brought back online and the outside 
air dampers closed at the air handlers below 33°F to prevent freezing.  Savings for this measure 
also include shutting off the chiller below 55°F.  Table 64 shows the calculation spreadsheet for 
that component. 

Table 64: Chiller Operation below 55°F 

TMY 
Ratio

Total 
TMY2 
Hours

Primary 
Chilled 
Water 
Pump

Secondary 
Chilled 

Water Pump

Condenser 
Water 
Pump

Cooling 
Tower 
Fan

Average 
Chiller 
Power 
Draw

85.7% 821 50 - 55 704 33.8 15.2 59.1 9.7 153.1 271.0 190,671
49.8% 641 45 - 50 319 33.5 15.8 60.8 9.9 84.7 204.7 65,298
7.0% 689 40 - 45 48 26.4 11.7 48.0 4.0 93.6 183.7 8,813

2,151 Total 1,071 264,782
49.8%  Percent of TMY2 hours

Temp. Bin              
(F)

Number of 
Chiller 

Operating 
Hours

Average Equipment Power Draw (kW)
Total 

Power 
Savings 

(kW)

Total 
Energy 
Savings 
(kWh)

 

 

The 5°F bins are constructed from TMY2 data and the source for the values for the TMY ratio 
are not identified as discussed above.  The TMY ratio is used to determine the actual hours the 
chiller operated bellow 55°F in the existing case.  The TMY2 hours in Table 64 are incorrectly 
shifted by one bin compared to the hours in Table 63. The TA analysis also included the same 
shift in monitored EMS hours.    For example, the 821 hours in the 55°F – 60°F bin in the chiller 
savings analysis corresponds with the hours in the 55°F – 60°F bin in the free cooling 
calculations.  Since both the EMS data hours and Total TMY2 hours were shifted, fixing the 
mistake results in a different TMY ratio than shown in Table 4 and different Total TMY2 Hours 
on each line.  This shift in hours results in nearly 7.0% greater free cooling operation than 
available bin hours.  These are erroneous values that are not supported by trend data and result 
in increased savings by 57,256 kWh per year. Table 65 shows the change in savings from 
inserting the correct bin hours from Table 63 into Table 64. 
 

Table 65: Corrected TMY2 Hours below 55°F 

TMY 
Ratio

Total 
TMY2 
Hours

Primary 
Chilled 
Water 
Pump

Secondary 
Chilled 

Water Pump

Condenser 
Water 
Pump

Cooling 
Tower 
Fan

Average 
Chiller 
Power 
Draw

78.9% 641 50 - 55 506 33.8 15.2 59.1 9.7 153.1 271.0 137,044
42.6% 689 45 - 50 293 33.5 15.8 60.8 9.9 84.7 204.7 60,040
8.2% 691 40 - 45 57 26.4 11.7 48.0 4.0 93.6 183.7 10,443

2,021 Total 856 207,526
42.3%  Percent of TMY2 hours

Temp. Bin              
(F)

Number of 
Chiller 

Operating 
Hours

Average Equipment Power Draw (kW)
Total 

Power 
Savings 

(kW)

Total 
Energy 
Savings 
(kWh)
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The yellow shaded areas highlight other data discrepancies between the data used in Table 63 
and the data used in Table 64.  The kW for the pumps and cooling towers were taken from over 
300-days of trend data that extended through the winter.  There were significant differences in 
the condenser water pump and cooling tower powers listed in the two calculation sets.  Only the 
pumps and fans are operational when the heat exchanger is used for free cooling.  When the 
chiller is operational, the mechanical heat from the compressor is added to the condenser leg.  
The power required by the fans and cooling tower would be greater than the plate-and-frame 
scenario and not less.  The values listed, 9.9 cooling tower kW for example, for a system 
operating with a chiller do not conform with the EMS trend data.   
 

Measure 2: Repair Steam Leaks on Valves Feeding AHU Heating Coils 

The calculations for the steam leak savings are concise and provide an accurate assessment of 
savings. Using the single line methodology is an appropriate format.  Fixed steam leak 
temperature differentials obtained from the EMS are used in the calculations.  This approach 
provides a valid temperature foundation for the single line calculation. The steam leaks have 
been repaired so the temperature differentials can no longer be observed.  Site personnel 
familiar with the project confirmed that the temperature differential values used in the tracking 
analysis were accurate.  Estimated hours were based upon schedules for the units during the 
heating season when outdoor air temperatures exceed 60°F and were tabulated from TMY2 
weather data.  The savings for this measure do not overlap with the savings in Measure 1.  
Measure 2 savings are achieved at outside air temperatures above those used to to estimate 
savings in Measure 1. 
 

Measure 3: Reduce Outside Air Ventilation in Low Occupancy Spaces 

Calculations for the ventilation reduction also provide accurate annual kWh savings estimates.  
Significant effort was made to identify the operating schedules for the each 44 air-handlers.  
Twelve distinct operating schedules were created as a result.  Enthalpy-hours were also created 
from the TMY2 data.  The enthalpy of the midpoints of the bins was used in conjunction with a 
fixed indoor enthalpy that was based upon a 70°F space temperature at 50% relative humidity.  
This unit specific level of detail increases the accuracy of the calculations. 
On-peak energy savings and summer/winter demand savings were calculated with default 
seasonal modifiers.  
 
Winter demand savings for the free cooling measure were calculated at 60% of 237 kW.  The 
source of the 237 kW value or how it was calculated were not shown in the spreadsheet.  The 
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60% is an estimated ratio of when operation occurs during winter demand hours.  No summer 
demand savings were estimated as free cooling operation is from October through April.   
 
The kW difference between the indoor and peak outdoor conditions was multiplied by 80% to 
generate summer demand savings for the air reduction measure.  Peak kW demand was 
calculated for each of the air-handling units in the outside air reduction measure.  The fixed 
indoor enthalpy [25.0 BTU/lb] was subtracted from the enthalpy at the 90°F-95°F bin [33.6 
BTU/lb] and multiplied by the outside air and proposed reduction percentages as well as the 
chiller efficiency.  It was assumed that the peak outdoor enthalpy [33.6 BTU/lb] occurred during 
peak summer demand hours.  Winter demand savings are not applicable for the air reduction 
measure since operation is from May through September.   
 
No winter or summer demand savings were estimated for repairing the steam leaks.  This is 
accurate as savings coincide with October through April operation when the chillers are off-line. 
 
The weather bin analyses provide accurate estimates for annual kWh savings.  Using monitored 
data from the EMS to identify the power consumption of the chillers, pumps, cooling tower fans 
provided a strong technical foundation for the bin calculations.  The bin analyses also used EMS 
operation to modify estimated operating hours per bin.  This minimized the possible over 
estimation of savings through misallocation of hours.  Savings occurred during winter heating 
hours for Measure 1 and during summer cooling hours for Measure 3.  This also minimized 
interactions in the middle temperature bins where limited heating or cooling is required.  On/off 
peak savings and summer/winter demand savings are calculated using weighted average power 
and operating hour values.  Bin analyses cannot pinpoint operation to exact time/temperatures 
and relies upon weighted averages and multipliers. 
 
The single line calculations were used to estimate savings for Measure 2.  Fixed temperature 
differentials for the waste heat attributed to each steam leak was used in the equation. This 
assumption is adequate to estimate the energy savings using the CFM for each air-handler and 
chiller efficiency.  Because the calculation variables [∆T, CFM, and efficiency] are fixed values, 
savings are the same for each hour.  On/off peak energy and summer/winter demand savings 
can be accurately estimated according to identified operating hours.   

Evaluation Methodology 

Savings were recalculated using the same weather bin and single line calculations used to 
generate the tracking savings.  TMY3 weather data was used in place of TMY2 weather.  TMY3 
weather is based upon more current observations than TMY2.  TMY3 weather from Lawrence, 
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MA was used because this location is closer to the site evaluated than available TMY2 stations.  
These calculation methodologies provide accurate estimates for annual energy savings.  TMY3 
weather data was sorted into lookup tables and 8,760 hour calculations to estimate on-peak 
energy savings and summer/winter demand savings in place of estimated load factors.   

Measure 1: Optimize Air-Side Economization – Shutoff Plate-and-Frame Equipment 

Outside air economizer savings were recalculated using the 5°F weather bin format.  Savings 
were calculated from 60°F down to 33°F.  Pivot tables were created from the TMY3 weather 
data to calculate on-peak and off-peak operation.  The TMY3 data was also used to identify 
operation during peak winter demand hours.  The variables used for the savings verification are: 

• Secondary chilled water pumps, primary chilled water pumps, condenser water pumps, 
cooling towers, and chiller hourly trend data of current operation.  This identifies the 
temperatures when equipment is brought on and off line.  The temperature range for the 
outside air cooling operation is established here.  

• Percent operation of pumps and cooling towers within the outside air economization 
temperature range.  The EMS has approach temperature set points that begin to close 
dampers and bring the plate-and-frame cooling system on-line before the outside air 
reaches 32°F.  This provides freeze protection when temperatures drop quickly.  Outside 
air dampers are also opened incrementally above 55°F.  The outside air economizers 
cannot provide full cooling above 55°F.  These percentages are required to account for 
this additional tower fan and pump usage. 

• Existing chiller, pump, and cooling tower fan loads.  Energy management system 
trending provides the kW of the operating system.  Savings are based upon shutting 
these units off when outside air at the air-handlers can the cooling capacity.  The 
existing cooling plant kW was used for the savings calculations.  Chiller efficiencies were 
calculated from EMS trend data. 

• On-peak and off-peak hours for each weather bin derived from TMY3 data.  This 
matches the correct operating hours with the calculated kW load for each bin. 

Measure 2: Repair Steam Leaks on Valves Feeding AHU Heating Coils 

The single line methodology was used to calculate savings from repairing the steam leaks.  The 
site evaluation confirmed that the repairs were made.  The seven units identified in the TA 
report showed no temperature differentials before and after the heating coils.  Trend data also 
confirmed that heating valves were in the closed position.  The CFM capacities of the 7 units 
were confirmed.  The savings variables are: 

• Available cooling operating hours above 60°F from October through April from TMY3 
weather data. 
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• CFM of the air handling units as stated in the TA report and confirmed by review of site 
equipment schedules. 

• Temperature differentials across heating coils from the existing case. 

• On-peak and off-peak hours above 60°F from TMY3 weather data 

Measure 3: Reduce Outside Air Ventilation in Low Occupancy Spaces 

Savings from the reduction of ventilation air was recreated in the same single line format used 
to generate the tracking savings.  Operating schedules were obtained for each of the air 
handling units. TMY3 weather was used to calculate the enthalpy hours for each of the air 
handlers based upon those schedules.  The CFM capacities, pre-retrofit case damper settings, 
and retrofit outside air damper positions were reviewed and confirmed.  Operating schedules 
were confirmed from the energy management system and monitored data.  The variables for 
this measure are: 

• The operating schedule as confirmed through the energy management system or 
monitoring equipment. 

• The total capacity of air-handling units in each operating schedule. 

• Confirmation of pre-retrofit outside air damper positions. 

• The retrofit outside air damper set point from review of EMS screens. 

• Enthalpy for 70°F indoor temperature and 50% relative humidity – pre-retrofit conditions. 

• Enthalpy-hours calculated from TMY3 weather data. 

Evaluation Data Collection 

The evaluation plan was to use data from power and time-of-use loggers installed during the 
site visit, trend data from the energy management system concurrent with site loggers, and data 
from the pre-retrofit case analysis.  Power loggers were installed on selected air-handling units, 
pumps, and cooling towers to obtain scheduling and power information.  A major manufacturing 
tenant has recently left the facility.  The facility is 35% occupied and the full capacity of the 
chillers/pumps/cooling towers is not required at this level of occupancy.  The installed loggers 
monitored operation of the pumps and cooling towers at this greatly reduced load.  These 
monitored values are not representative of an operating manufacturing facility and would have 
greatly impacted evaluation savings.  Historically, savings calculated for partially occupied 
facilities are pro-rated to estimate what the savings would be for a fully occupied facility.  The 
energy management system contains trend histories for the central cooling plant.  It was 
decided to use the historical cooling loads and electrical power trends from the EMS to calculate 
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the evaluation savings in place of using estimated future occupancy loads and operation.  The 
facility rotates through equipment on a regular basis to maintain the life of the equipment.  
Loggers were installed on the pumps and fans most likely to operate during the proposed 
monitoring period.  The EMS operator rotates usage across all pumps/fans to maintain uniform 
operation on all system components.  The loggers were installed on the units that were in 
operation at the time of the site visit, or on units to next be brought online as indicated by the 
EMS operator.  Time-of-use loggers were also installed on air-handlers to obtain operating 
schedules.  The units chosen were considered “typical” from the units listed in the TA report.  
The energy management system provided schedules and operation on multiple pieces of 
equipment (See Table 5 for descriptions of all data collected).  The EMS was a source for many 
of the operating schedules, trends confirming outside air damper position, and temperature 
data.  The EMS also monitors power for each of the primary/secondary chilled water pumps, 
condenser water pumps, cooling towers, and chillers.  That data was invaluable in evaluating 
the project performance. 
 
The knowledge of site personnel was very important for this project.  Our site contact has been 
at this location for many years, and stayed through a change of ownership.  The contact is 
knowledgeable of his facility and is also the key operator of the energy management system.  
This is important because much of the estimated savings were for conditions that were outside 
the scope of measurement.  As an example of, optimizing the free cooling relies on shutting off 
the chillers, pumps, and towers, but it’s not possible to monitor the kW operation of a pump that 
is not running.  The EMS operator was able to set up trends which demonstrated that the 
cooling profile for the building allowing the evaluation to easily understand how the building 
would have been operated under pre-retrofit conditions. He was also able to verify the pre-
retrofit case assumptions.  The same is true of the measure that repaired the steam leak.  The 
contact was there when the work was done and confirmed that steam leaks were present and 
that an in-house program to repair future leaks is in place. 
 
Four ELITEpro power loggers were installed to obtain schedules and average power readings. 
Three of the loggers monitored cooling tower fan 6A, condenser water pump 6, and primary 
chilled water pump 7.  A fourth power logger was installed in a first floor mechanical room and 
monitored the operation of AC102.  Two time-of-use loggers were installed to obtain the on/off 
schedules of air-handling units VU12 and FR5.  
 
The site contact set up trend logs to monitor equipment concurrent with the power and time-of-
use loggers.  The EMS monitored power for all central cooling equipment linked with the 
economizer optimization measure.  This includes chillers 6 and 7, primary chilled water pumps 
6, 7, and 7A, condenser water pumps 6, 7, 7A, 8, 9, and 10, and secondary chilled water pumps 
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6, 7, and 7A.  The eight cooling tower fans were trended in the EMS and combined into a single 
summed kW value to save programming and disk space. 
 
The EMS also provided heating valve position for FR12 for conformation of the steam leak 
measure.  Outside air damper positions were monitored by the EMS on units FR12, VU03, 
VU12, and FR12.  This provided the information to verify a representative sample of units in the 
reduced ventilation measure. 
 
Screens for a sample of air handlers were reviewed during logger retrieval.  Review at the end 
of the monitoring period confirmed that operating conditions were maintained and had not 
changed since monitoring began. 

Table 5:  Equipment Monitoring Summary 

Metered 
Equipment 

Chillers, Pumps, 
CTFs and air-
handlers listed 
above AC102 

CTF6A, CWP6, 
and PCHWP7 VU12 and FR5 

Measured 
Parameter 

Chillers, pumps, 
CTFs – kW 
AHUs - OA damper 
position, heating 
valve position, 
schedule. 

True Power, 
Voltage, 
Amperage, PF 
(3 Phases) 

True Power, 
Voltage, 
Amperage, PF (3 
Phases) Start/Stop 

Logger 
Make/Model Andover EMS 

Dent ElitePro 
Power Meter 

Dent ElitePro 
Power Meter Dent CT Logger 

Transducer 
Equipment Types 

Various sensors with 
AI/AO and DI/DO 
trend points 

Current 
Transducers 
and Voltage 
Clamps 

Current 
Transducers and 
Voltage Clamps Power clamp 

Installation 
Programmed at head 
end 

Mechanical 
room breaker 
panel 

CTF6A in VSD 
panel. PCHWP7A 
and CWP6 in 
disconnect 

Logger installed on 
line 1.  Breaker 
panels 

Observation 
Frequency 

15 Minutes; Time 
averaged readings 

15 Minutes; 
Time averaged 
readings 

15 Minutes; Time 
averaged readings 

15 Minutes; Time 
averaged readings 

Metering Period 
August 19th, 2010 to 
November 10th, 2010 

August 11th, 
2010 to 
November 10th, 
2010 

August 11th, 2010 
to November 10th, 
2010 

August 11th, 2010 
to November 10th, 
2010 

Metered by: Site EMS operator 

KEMA 
evaluator & 
RISE 
electrician 

KEMA evaluator & 
RISE electrician 

KEMA evaluator & 
RISE electrician 

 
Facility personnel were interviewed about the project and current operational status of the 
equipment.  The following points were uncovered during the site visits:  
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• A major manufacturing tenant left the facility leaving large portions unused.  This 
reduced the load at the central chiller plant.  Less cooling was needed because of the 
load reduction. 

 
• The equipment in the central plant did not switch between the different pumps and fans 

as often as anticipated.  The logger monitoring condenser water pump 6 showed no 
activity during the monitoring period.  This was confirmed through the EMS. 

 
• The primary chilled water pump also shows little activity.  The pump operated for 90-

hours during the 91.4 day monitoring period, or 4.1% of the time.  This pump operates at 
fixed speed and capacity.  Average operation was measured at 30.26 kW.  The EMS 
trend data showed an average usage of 31.14 kW and verified the time-of-use 
measurements. 

 
• The logger installed to monitor cooling tower fan 6A failed in the field.  The hub that 

connects the CT lines to the logger was loose and partially detached when the logger 
was retrieved.  It may have been detached after the logger was programmed and 
installed. 

 
• The site contact stated that the free cooling chiller disable set point was lowered to 50°F 

from 55°F.  This was confirmed by EMS trends.  
 

• Minimum outside air damper positions have been reduced to 2% instead of the proposed 
5% across all units in the air reduction measure.  This was confirmed by the EMS data. 

 
• Steam leaks were repaired.  No leaks at the coils were noted in EMS data during the 

monitoring period.  The EMS operator stated that system graphic screens are routinely 
reviewed for leaks.  Steam leaks are addressed promptly when discovered. 

 

Evaluation Savings Analysis 

Trend data from the power loggers, time-of-use loggers, and energy management system were 
analyzed and tabulated for use in the calculations.  Trend data for the chillers, pumps, and 
cooling towers were reviewed for the economization optimization savings analysis.  A 
regression analysis was performed against outside air temperatures to identify the performance 
of the chillers, pumps, and cooling tower fans.  Dry bulb temperatures from the EMS were used 
for the regression analysis because the chillers, pumps, and cooling towers are 
enabled/disabled by these EMS temperatures.  The correlation of site power to site temperature 
provides a solid base for the regression analysis.  Tracking calculations also used dry bulb bin 
temperatures to estimate savings.  Figure 41 shows the scatter plot for the chiller. 



 
 

 

National Grid June 17, 2011 
 

B-232 

Chiller kW to OAT

y = -0.0063x3 + 1.1817x2 - 62.054x + 975.4
R2 = 0.6783

0

100

200

300

400

500

600

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Dry Bulb Outside Air Temperature °F

kW

 

Figure 41: Chiller Regression Analysis 
 

The data plots total kW of the chillers against outside air temperature.  The time frame covers 
the 83 day period between August 19, 2010 and November 10, 2010.  The maximum 
temperature during that period was 98.9°F and the minimum 28.5°F.  Figure 1 shows a clear 
relation between temperature and chiller operation.  The R2 is an indicator of the correlation 
between kW and temperature; the higher the R2 better the correlation.  A perfect match would 
be an R2 of 1.0.  The 0.68 value is very good for average hourly trend data.  The graph also 
shows the clear 50°F chiller shutoff.  This verifies the lockout set point stated by the site contact.  
This temperature was used for the minimum chiller operating temperature in the bin 
calculations.  The same analysis was made for the pumps and cooling tower fans.  Figure 42 
graphs these loads. 
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Figure 42: Pumping and Cooling Tower Fan Regression Analysis 
 

The R2 of 0.73 shows that the tower fan and pumping have an even greater correlation to 
outside air temperatures than the chiller does.  The graph shows the reduction in pump and 
tower fan usage as temperatures drop.  The trend line shows that usage rises as temperatures 
drop below freezing.  This is consistent with control set points stated in the TA analysis and by 
the customer.  Tower and pump usage again declines at lower temperatures mirroring the chiller 
data.  There are scattered use points within the free cooling range because the fans and pumps 
cannot be quickly switched on and off.  The points within the free cooling range may occur when 
temperatures briefly drop into the free cooling range and then climb back.  The system 
changeover cannot respond to these quick temperature fluctuations.  The air handlers have 
approach temperature set points that begin closing outside air dampers as temperatures 
approach 32°F to protect the coils from freezing.  The data in Figure 41 and Figure 42 were 
used to identify the range of TMY3 hours that were converted into 5°F bins for use in the 
calculations.  The table converting TMY3 temperatures to 5°F weather bins is shown in Table 
66.  
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Table 66: Five Degree Weather Bin Data 

Bin Bin Mid Total Winter Winter
Number Temp Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Hours Hours Heating %

1 67.5 0 0 7 16 83 158 157 174 129 39 27 0 790 89 11.3%
2 62.5 5 1 31 50 102 151 136 138 197 72 79 0 962 238 24.7%
3 57.5 3 8 19 36 61 65 23 33 81 42 34 0 405 142 35.1%
4 52.5 10 5 83 62 163 102 7 13 121 166 102 3 837 431 51.5%
5 47.5 12 15 92 161 158 54 6 0 38 150 110 16 812 556 68.5%
6 42.5 37 72 121 224 27 0 4 0 12 102 131 51 781 738 94.5%
7 37.5 60 173 206 121 10 0 1 0 0 105 114 217 1007 996 98.9%
8 34.0 45 57 61 22 3 0 0 0 0 33 47 78 346 343 99.1%

172 331 620 692 607 530 334 358 578 709 644 365 5,940 3,533

Month

 

 

Table 67: Fan/Pump Operation by Temperature 

OAT
Count of 

Total
Count of 

Operating
Percent of 

Time OAT
Count of 

Total
Count of 

Operating
Percent of 

Time
DB Hours Hours OFF DB Hours Hours OFF

32.0 12 12 0.0% 50.0 151 2 98.7%
33.0 30 30 0.0% 51.0 131 3 97.7%
34.0 19 11 42.1% 52.0 146 11 92.5%
35.0 16 4 75.0% 53.0 165 18 89.1%
36.0 30 5 83.3% 54.0 195 61 68.7%
37.0 22 6 72.7% 55.0 304 88 71.1%
38.0 63 4 93.7% 56.0 248 87 64.9%
39.0 84 3 96.4% 57.0 263 119 54.8%
40.0 103 3 97.1% 58.0 247 133 46.2%
41.0 110 3 97.3% 59.0 240 187 22.1%
42.0 143 2 98.6% 60.0 249 222 10.8%
43.0 128 0 100.0% 61.0 203 191 5.9%
44.0 119 0 100.0% 62.0 184 181 1.6%
45.0 140 0 100.0% 63.0 324 318 1.9%
46.0 153 0 100.0% 64.0 257 253 1.6%
47.0 221 0 100.0% 65.0 186 185 0.5%
48.0 191 0 100.0% 66.0 240 237 1.3%
49.0 184 0 100.0% 67.0 192 192 0.0%

Hourly Fan/Pump Operating Profile Hourly Fan/Pump Operating Profile

 

The data in Table 67 is used in the bin analysis to determine the percentage of time the fans 
and pumps are off according to outside air dry bulb temperature.  This table identifies the 
temperature range for the free cooling optimization measure.  The data shows the number of 
hours for each temperature during the monitoring period.  The energy management system is 
set to begin opening outside air dampers at 60°F.  Space temperature, discharge air 
temperature, and chilled water temperatures are all monitored during this period.  There is 
incremental fan and tower operation as temperatures drop to 50°F.  When the system enters the 
free cooling mode, the energy management system is programmed to operate the pumps to 
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extract remaining cooling capacity in the chilled water loop.  The pumps are shut off  when the 
chilled water return temperature is 10°F greater than supply.  The pumps and tower fans are 
brought off-line as outside air economizers can accommodate the cooling load.  The table also 
shows that the pumps and tower fans operated for all 30 hours at 33°F.  This is the set point 
where the dampers are closed at the air handlers to prevent freezing and the water loop 
economizer is brought back online.  The operating percentages from this table are converted to 
5°F weather bins for use in the calculations as shown in Table 68. 

Table 68: Fan/Pump Bin Profile 

Bin Mid Temp Op %
1 67.5 0.3%
2 62.5 2.3%
3 57.5 40.0%
4 52.5 80.8%
5 47.5 99.8%
6 42.5 99.2%
7 37.5 93.0%
8 34.0 57.1%

Fan/Pump Bin Profile
Average Bin Operating Percent

 

Monitored power readings for the unused pumps and towers are not possible since the function 
of the measure is to shut them off at a specific temperature range.  The pre-retrofit case power 
data was used to identify what the equipment loads would have been without air-side 
economization.  Figure 43 shows the regression analysis for the pumps and cooling towers. 
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Baseline Fans/Pumps y = -0.1707x2 + 23.563x - 403.68
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Figure 43: Existing Case Fan/Pump Regression Analysis 
 

The power data from the pre-retrofit case was reviewed to create Figure 3.  The power of the 
primary and secondary chilled water pumps, condenser water pumps, and cooling tower fans 
was summed and compared to outside dry bulb temperatures.  The analysis shows a strong 
correlation to outside temperature.  These power values were accepted as typical operation and 
the pre-retrofit case data was valid for the evaluation savings.   
Measure 1: Optimize Air-Side Economization – Shutoff Plate-and-Frame Equipment 

The chiller operated from 55°F to 40°F in the pre-retrofit case.  Tracking savings were based 
upon securing the chiller below 55°F, but, as discussed previously, the set point for taking the 
chiller offline was changed to 50°F.  The pre-retrofit case chiller kW from the 50°F to 40°F 
temperature range is used to calculate savings in the bin analysis.  The chiller operates at 
temperatures above 50°F, eliminating projected savings between 50°F and 55°F. 
The free cooling measure begins when outside air temperatures drop below 60°F.  The energy 
management system opens the outside air dampers on the air handling units and takes the 
primary and secondary chilled water pumps, condenser water pumps, and cooling towers off-
line.  The savings are calculated using 5°F weather bins.  The bin calculation is: 

kWhbin = kWcp X hourbin X bin% 

where: 

• kWhbin = the annual kWh saving per bin 
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• kWcp = the total connected kW of the primary chilled water pumps, secondary chilled 
water pumps, condenser water pumps, and chillers per bin 

• hourbin = hours per bin from October through April.  Hours are compiled for both on-peak 
and off-peak periods. 

• bin% = the percentage of time the pumps, chillers, and cooling towers are disabled per 
bin [Table 10] 

Savings are calculated separately for on-peak and off-peak hours in each bin.  The sum of the 
on-peak and off-peak savings are the savings per bin.  The summation of all bins yields total 
annual savings.   
Winter demand savings occur when outside air temperatures are above 33°F.  Winter demand 
is calculated as follows: 

kWwinter = kWbinaverage X (hrsop / hrstotal) 

where: 

• kWwinter = winter kW demand savings 

• kWbinaverage = average kW from 35°F to 45°F weather bins.  The maximum temperature in 
the TMY3 Weather data during the peak period is 43°F 

• hrsop = winter demand period hours above 33°F 

• hrstotal = total winter demand period hours 

Measure 2: Repair Steam Leaks on Valves Feeding AHU Heating Coils 

Savings for repairing the steam leaks at the heating coils are based upon the review of the 
condition of the coils for the seven affected units at the energy management system.  The 
position of the steam valve, outside air temperature, and heating coil temperatures were 
monitored through the EMS.  Figure 44 shows the 15-minute incremental data from August 19, 
2010 to November 10, 2010.  Coil temperature closely followed outside air temperature during 
the cooling season.  This shows that no steam loss is blowing through the coil.  The status of 
the remaining units was verified through of the system screens in the energy management 
system. 
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Figure 44: FR12 Steam Valve Operation 
 

The right hand of the chart shows air-handler operation during the heating season.  The coil 
temperature rises proportionally in conjunction with steam valve operation.  The outlined box 
notes a slight diversion between coil and outside air temperatures.  This reflects changes in 
damper operation rather than steam leakage.  The steam valve was at zero during this time.   
The pre-retrofit case temperature differentials used in the tracking analysis were retained for the 
evaluation.  Savings are calculated for each unit with the following calculation: 

kWhunit = ((cfm X 1.08 X ∆t)/12,000) X eff x hours 

where: 

• kWhunit = the annual kWh savings for each air handler 

• cfm = the air handling capacity of the unit in cubic feet per minute 

• 1.08 = multiplier for dry bulb temperature calculations for air density and weight and 60 
minutes per hour conversion factor 

• ∆t = temperature across the heating coil 
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• 12,000 = BTUs per ton 

• Eff = efficiency of the chiller obtained from EMS trends 

• Hours = annual operating hour for the unit above 60°F October through April 

Tracking savings for PH11 was calculated using 23,200 CFM, but it was found to operate at 
43,000 CFM.  Operation of AC102 was reported at 20,000 CFM and AC82 was reported at 
7,000 CFM.  The units operate at 15,000 CFM and 2,320 CFM, respectively.  These differences 
increased air flow by 8.3%.  However, the units with the reduction in air flow [AC102 and AC82] 
had greater temperature differentials across the heating coils [29.6°F and 25.0°F] than PH11 
[10°F].  The weighted temperature differential in the pre-installation case is 20.9°F for all the 
units.  The evaluation temperature differential for all the units is 18.8°F.  This is a 10% reduction 
in the available quantity of waste heat. 
 
Measure 3: Reduce Outside Air Ventilation in Low Occupancy Spaces 

Savings for the reduction of ventilation air are based upon closing the outside air dampers to a 
minimum position.  The tracking savings used a 5.0% minimum outside air percentage, but site 
personnel have lowered the minimum percentage to 2.0% for most of the units.  These areas 
have low occupancy and there is little need for ventilation.  Six of the air handlers included in the 
TA analysis are 100% outside air units and serve spaces that require ventilation [labs, kitchens, 
etc.].  After the analysis, the site decided that ventilation reductions would  not be made on 
these systems.  Therefore, no energy savings are calculated for these six units.   
 
Portable CO2 monitors were used to monitor indoor air quality.  The findings were that the 
interior CO2 levels were significantly below the ASHRAE limits and the ventilation levels could 
be reduced.  CO2 sensors were not part of the energy efficiency recommendations and none 
were installed.  There are no plans to install these sensors in the future.  
 
Occupancy and use has changed for spaces served by three of the 44 total units since the air 
reduction measure was implemented.  When the  occupancy levels for these units [AC21, FR12, 
and FR05] changed, the minimum damper positions were reset to  pre-installation ventilation set 
points.  The evaluation analysis assumes that no changes were made to the schedules for 
these units and therefore no savings exist.  Figure 45 shows the outside air damper operation 
for FR12 before and after changes to occupancy. 



 
 

 

National Grid June 17, 2011 
 

B-240 

FR12 - OA Damper Operation

0%

20%

40%

60%

80%

100%

120%

1 751 1501 2251 3001 3751 4501 5251 6001 6751 7501

Monitoring Point

Pe
rc

en
t O

pe
ra

tio
n

 

Figure 45: FR12 Outside Air Damper Operation 
 

Many of the air-handlers included in this project have low occupied hours of operation.  Twenty 
one units, nearly 50% of the total, have occupied operating hours of 10 hours per week or less.  
Average weekly operation for all units is 20.9 hours per week.  There is little need for high 
ventilation rates in the low occupancy areas. Operating schedules remained the same for 41 of 
the 44 air handling units before and after the retrofit.  Occupancy increased in the areas served 
by the remaining three units. The new operating schedules for the three air-handling units in 
those areas have longer hours of operation than the pre-retrofit schedules for the same areas.  
The ventilation set point has also been changed in FR12 to provide 100% ventilation for 
selected periods.  Savings for these three units are zero.   
 
The evaluation spreadsheet calculates the savings for each of the air handling units in single 
line calculations.  The calculation for each unit is: 

kWhUNIT = (cfm X 60 X 0.075 X %OA X %RED X hoursENT X eff)/12,000 

where: 

• kWhUNIT = annual kWh savings per air handling unit 

• cfm = capacity of the air handler in cubic feet per minute  
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• 60 = minutes per hour 

• 0.075 = density of air 

• %OA = percent of outside air 

• %RED  = percent reduction of outside air 

• hoursENT  = enthalpy hours for each unit based upon operating schedule and TMY3 
weather enthalpy 

• eff = chiller efficiency 

• 12,000 = BTUs per ton 

Total annual savings for the reduction of ventilation air in the summation of savings of all units. 

Conclusions 

The evaluation savings for this project are 0.1% greater than the tracking estimates.  The small 
variance is due to how closely key control points and strategies match the tracking 
recommendations.  In addition, the savings shortfall in measure 1 is offset with greater savings 
achieved in measures 2 and 3.   
 

Measure 1: Optimize Air-Side Economization – Shutoff Plate-and-Frame Equipment 

903,077 kWh Evaluation 0.00 Evaluation Summer kW
937,173 kWh Tracking 0.00 Tracking Summer kW
-3.6% Variance N/A Variance

45% % On-Peak Evaluation 88.37 Evaluation Winter kW
39% % On-Peak Tracking 42.00 Tracking Winter kW

16.2% Variance 210.4% Variance

Optimize Air-Side Economization - Shutoff Plate-and-Frame Equipment

  
 

This measure accounts for 88.0% of total tracking savings and 85% of the total evaluated 
savings. 

• The installed case temperature range for this free cooling measure matches the pre-
installation case estimates.  The continuity of the temperature range provides a stable 
base for calculations. 

• The evaluation trend data shows that air-side economization begins at 60°F and extends 
down to 33°F, where the air dampers are closed to prevent coils from freezing. These 
operational points match pre-installation assumptions. 
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• The calculations include annual operating hours derived from weather data, pumping 
kW, cooling tower fan kW, and chiller kW.  Differences in these values between 
evaluation and pre-installation cases are described below. 

• TMY3 weather was used in the evaluation savings in place of the TMY2 data used in the 
TA study.  TMY3 data provides a more accurate base for weather sensitive measures.  
The use of TMY3 data resulted in an 8% increase [220 hours] for available free cooling 
over the TMY2 weather data. 

• In the TA report, different bin hours were used to calculate chiller savings from the hours 
used in the fan and pump calculations.  These additional hours overstated tracking 
savings by 57,256 kWh. 

• EMS trends show the chiller is disabled at 50°F in the evaluation case instead of the 
55°F set point in the pre-installation case.  This increased tracking savings by over 
127,000 kWh. 

• The power used for fans and pumps in the TA study were inconsistent between the 
plate-and-frame and chiller operation bin calculations.  Average pump/tower power in the 
plate-and-frame operation is 334 kW.  Average pump/tower power for the chiller 
calculations is 109 kW for the same weather bins [40 °F-55 °F].  Using the correct kW in 
evaluation calculations increased evaluation savings by approximately 110,000 kWh.   

Measure 2: Repair Steam Leaks on Valves Feeding AHU Heating Coils 

75,786 kWh Evaluation 0.00 Evaluation Summer kW
73,578 kWh Tracking 0.00 Tracking Summer kW
3.0% Variance N/A Variance

82% % On-Peak Evaluation 0.00 Evaluation Winter kW
39% % On-Peak Tracking 0.00 Tracking Winter kW

109.1% Variance N/A Variance

Repair Steam Leaks on Valves Feeding AHU Heating Coils

  
 

• All steam leaks have been repaired and provisions are in place to quickly repair new 
leaks at any of the air handlers.    

• Differences were found between the tracking calculations and the actual values for CFM 
of three units.  Tracking savings are based upon 123,300 CFM.  The evaluation found 
the total capacity is 133,480 CFM.  This is an increase of 8.3%.   

• While the CFM capacity increased, the average quantity of waste heat decreased by 
nearly 10%.  The weighted temperature in the TA report for the measure is 20.9°F.  The 
weighted temperature is the evaluation is 18.8°F.   

• The annual hours from the TMY3 weather data were also 2.5% greater than the TMY2 
analysis hours. 

• The additional savings from the increased CFM and TMY3 hours more than offsets the 
decreased savings attributed to the lower average temperature differential. 
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Measure 3: Reduce Outside Air Ventilation in Low Occupancy Spaces 

87,646 kWh Evaluation 158.53 Evaluation Summer kW
54,404 kWh Tracking 87.00 Tracking Summer kW
61.1% Variance 82.2% Variance

89% % On-Peak Evaluation 0.00 Evaluation Winter kW
100% % On-Peak Tracking 0.00 Tracking Winter kW

-10.9% Variance N/A Variance

Reduce Outside Air Ventilation in Low Occupancy Spaces

 
  

• Nine units were removed from the calculations.  The new damper positions were not 
applied to six 100% outside air unit.  The ventilation reductions were also not made on 
the three units with changed occupancy requirements.  This reduced savings by nearly 
11,600 kWh. 

• This loss of savings is offset by deeper outside air reductions for the remaining units, the 
single largest variable being the further reduction of the minimum ventilation rate from 
5.0% to 2.0%.  This increased savings by 29,400 kWh. 

• The differences between TMY3 calculated enthalpy-hours used in the evaluation and the 
TMY2 enthalpy-hours used in the TA study accounts for the remaining variance of 
15,442 kWh. 
 

Seasonal Peak Demand Reduction 

 
TMY3 weather data was used in the single line and bin calculations.  The weather data was 
tabulated into on-peak periods and according to summer and winter demand hours.  On-peak 
savings for the economizer optimization are 45.3%, 81.6% for steam leak repair, and 89.1% for 
the ventilation reduction.  Total on-peak energy savings are 15% greater than tracking 
estimates.  The difference is due to using calculated on-peak hours in place of estimated load 
factors.   
 
Winter demand savings of 88.4 kW are 210% greater than the 42.0 kW tracking value for the 
economizer optimization.  The reason for this variance is calculation methodology.  The TA 
study stated that total peak winter demand is 237 kW for measure 1 and measure 3.  This is not 
a calculated value and thers is no references to the bin analyses.  The 237 kW was multiplied 
by 60% to obtain a 142 kW peak demand savings for measure 1.  The source of the 60% 
multiplier is not indicated.  The 142 kW peak winter demand is listed in the calculation table as 
the final value.  There are no further calculations that show how the 40 kW demand savings was 
derived.  There is no summer operation and no potential summer demand reduction.  Repairing 
the steam leaks has no demand savings.  There were no temperatures above 60°F during the 
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winter demand period, so there were no winter demand savings for the ventilation reduction.  
Summer demand savings for the ventilation reduction [158.5 kW] are 61.1% greater than the 
tracking savings [87.0 kW].  The variances are due to using calculated demand hours from the 
TMY3 data in place of estimated load factors. 
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Appendix 

FR12 - OA Damper Operation
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Figure A- 10: FR12 OA Damper Operation 
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VU12 - OA Damper Operation
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Figure A- 11: VU12 OA Damper Operation 

VU03 - OA Damper Operation
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Figure A- 12: VU03 OA Damper Operation 
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FR05 - OA Damper Operation
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Figure A- 13: FR05 OA Damper Operation 
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FR5 Monitoring Profile
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Figure A- 14: FR5 Operation during Monitoring Period 
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VU12 Monitoring Profile
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Figure A- 15: VU12 Operation during Monitoring Period 
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Site ID: 525819 

Summary 

The applicant completed an extensive retrofit of an art museum complex located in northwest 
Massachusetts. A total of five measures were implemented at the facility. The first measure, 
identified as System Scheduling and Setback, was implemented to reduce plant and secondary 
equipment runtimes outside of normal operating hours via EMS setback scheduling. The second 
measure, titled Intelligent Ventilation, combined comparative enthalpy economizer retrofits with 
CO2 based demand controlled ventilation (DCV) to minimize building loads. The third measure 
consisted of installing variable frequency drives (VFDs) on secondary chilled and hot water 
pumps throughout the campus and replacing each secondary loop’s three-way bypass valves 
with two-way valves. The fourth measure entailed retrofitting constant volume air handlers 
across five buildings with inverter duty motors and VFDs. The last measure involved reducing 
the constant operating speed of 45 unit heater fans installed throughout the support areas of the 
facility. 
 
Table 69 below presents a summary of the energy and demand savings achieved at this facility. 
Evaluated energy savings were less than the savings claimed in the tracking system primarily 
because the system scheduling and setback measure did not result in nearly as much savings 
as claimed. Evaluated percent on-peak energy savings were nearly identical to tracking on-peak 
savings. Summer diversified peak demand savings were also nearly identical to claimed 
demand savings in spite of the fact that different peak hours were specified in the TA analysis 
than in the evaluation analysis. Estimated winter peak diversified demand savings exceeded 
tracking savings partially because different demand periods were used in the TA and evaluation 
analyses. Specific reasons for savings discrepancies are discussed later in the report.  

Table 69:  Summary of tracking and evaluation savings results 

Savings Quantity 
Tracking 
Estimate 

Evaluation 
Estimate 

Evaluation/ 
Tracking 

Annual Energy (kWh) 1,190,211 966,911 81.2% 
% Energy Savings On-Peak 43.8% 44.3% 101.1% 
Summer Peak Diversified kW (FCM) 99.0 118.2 119.4% 
Winter Peak Diversified kW (FCM) 66.9 96.7 144.5% 

Project Description 
This project was an extensive retrofit of the HVAC systems serving seven buildings of a mixed 
use art museum campus. Two of the buildings contain art galleries (Buildings 4 and 5). Another 
two buildings contain ancillary museum spaces including a restaurant, gift shop, theatre, 



 
 

 

National Grid June 17, 2011 
 

B-251 

administrative offices, and reception areas (Buildings 10 and 11). The remaining three buildings, 
numbered 1, 2 and 13, contain offices and commercial spaces unrelated to the museum 
functions. These spaces were leased primarily to help offset costs associated with running the 
museum.  
 
The museum buildings were built in the late 19th century using masonry construction 
characteristic of mills built in that era. The buildings, which allow ample day lighting through 
multiple windows, were converted to their current use beginning in 1999.   
 
Prior to the 2009 retrofit, the campus was controlled by an antiquated EMS system that did not 
allow nighttime setback. Most building spaces were set to roughly 75 °F for cooling and 72 °F for 
heating, and AHU fans regularly ran throughout the night. Primary plant equipment was also left 
on overnight to maintain set points.  
 
Primary plant equipment, which was not altered as a part of this retrofit, consists of a water-
cooled 300-ton open centrifugal chiller rated at .5251 kW/ton at ARI conditions. A secondary, 
150-ton air cooled chiller rated at 1.256 kW/ton under full load serves as a backup and provides 
additional cooling on peak load days. Eight staged 2,000-MBH gas fired boilers provide space 
heating via perimeter heating, unit heaters and primary air handler coils. Hot and chilled water 
are provided via a two pipe system. All buildings have to be switched over simultaneously from 
heating mode to cooling mode or vice versa. The buildings are switched from heating mode to 
cooling mode in late spring, and then changed back into heating mode in the fall. Prior to the 
retrofit, the majority of the campus’ secondary chilled and hot water pumps were operated at 
constant speed, leading to significant bypass through three way valves.  
 
The air side equipment associated with the central plant was similarly antiquated prior to the 
retrofit. All air handlers throughout the campus used fixed position outdoor air dampers set to 
20% flow to meet ventilation requirements. The air handlers in five of the campus’ buildings 
were constant volume. In addition, the unit heaters supplying support areas, such as 
maintenance and storage rooms, were operated at higher flow rates than necessary given the 
heating demands of the spaces they served.  
 
The campus retrofit was designed to address each of the HVAC deficiencies previously 
discussed. To begin, a new EMS system was installed, allowing for nighttime setback control of 
all buildings. Heating and cooling setback temperature of 60 °F and 80 °F were programmed 
respectively.  To address the ventilation and building load issues posed by using fixed position 
outside air dampers, comparative enthalpy economizers were installed on each of the campus’ 
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air handlers. In addition, CO2 sensors were installed throughout the campus buildings to allow 
for demand controlled ventilation. These two changes, which were packaged together as a 
single measure under the title Intelligent Ventilation, maximize the use of free cooling when it is 
available and minimize outdoor air ventilation otherwise.  
 
To minimize pump energy usage, VFDs were installed on each of the secondary chilled and hot 
water pumps. In addition, all three way flow valves at chilled and hot water end uses were 
replaced with two way valves; differential pressure based pump controls were also installed.  
Fan energy usage was similarly reduced by retrofitting 24 air handlers across five buildings with 
new inverter duty motors and VFDs. Many of the retrofitted air handlers contain both supply and 
return air fans. In these cases, both the supply and return fans were placed on VFDs.  
 
The fifth and final measure consisted of installing single-phase, manually-adjusted speed 
controls on 45 unit heaters. These controls were set to reduce fan flow by roughly 20%, thereby 
reducing fan motor load by approximately 30% according to the controls contractor. 

Tracking Analysis  
Tracking Energy Savings Calculation Methodology

Tracking savings were calculated using a spreadsheet based bin analysis. Annual hours were 
first placed in 5-degree Fahrenheit temperature bins and then further divided based on whether 
they fit within the occupied time frame or the unoccupied time frame. Since the campus 
buildings operate on a variety of unique schedules, the occupied and unoccupied schedules 
were developed by taking an average of the various area schedules. Ultimately, an occupied 
schedule of 8 AM to 8 PM Monday through Saturday was used in the TA analysis. All other 
hours were assumed representative of unoccupied building operation.  

   

 
Prior to calculating measure-by-measure savings, building block load estimates were derived for 
the each campus building for three scenarios: occupied, unoccupied without setback 
scheduling, and unoccupied with setback scheduling. In each case, block loads were estimated 
based on the following factors: 
 

• Temperature driven heat gain/loss through the shell 
• Radiant heat gain through windows 
• Infiltration 
• Sensible and latent occupant loads 
• Lighting loads 
• Plug loads 

For each temperature bin, thermally driven heat gains were calculated as, 
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  (3) 
where, 

  = Hourly conductive heat gain through walls and windows [Btu/h] 

   = Wall area [ft2] 

   = Wall U-value [Btu/(h- ft2-°F)] 

  = Window area [ft2] 

  = Window U-value [Btu/(h- ft2-°F)] 

  = Outdoor air temperature [°F] 

   = Space temperature set point [°F] 

 
Using north facing windows as an example, window solar heat gains for each cardinal direction 
were calculated as,  
 

     (4) 

where, 

  = Solar heat gain through north facing windows [Btu/h] 

  = North facing window area [ft2] 

   = Fraction of blinds/shades that is open while buildings are in use 

   = Average fraction of solar energy incident on the buildings (less than 1  
   due to cloud cover and other obstructions) 

   = Window solar heat gain constant  

  = Incident solar heat gain rate for North facing winds [Btu/(h-ft2)] 

 

An identical calculation was performed in each cardinal direction for each building. Solar heat 
gain rates, SHGR, were taken from Tables 15 and 16 in Chapter 27 of the 1993 ASHRAE 
Fundamentals Handbook. Since solar heat gain rates vary daily due to changes in the sun’s 
solar declination, unique SHGR were used for the summer and winter seasons. In the context of 
the bin analysis, bins with temperatures less than 55 °F were assumed to correspond to winter 
months and bins with temperatures at or greater than 55 °F were assumed to correspond to 
summer months. 
 
Next, building load due to infiltration was calculated as, 
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     (5) 

where, 

   = Infiltration load [Btu/h] 

   = Volumetric heat capacity of air [Btu/(ft3-°F}] 

  = Building volume [ft3] 

   = Air changes per hour [1/h] 

  = Outdoor air temperature [°F] 

   = Space temperature set point [°F]  

 

Occupant heat load for each building was calculated as, 
 

       (6) 

where, 

    = Occupant heat load [Btu/h] 

   = Building floor area [ft2] 

   = Occupant density [people/ft2] 

   = Sensible heat gain per person [Btu/(h-person)] 

   = Latent heat gain per person [Btu/(h-person)] 

  = Diversity in occupancy 

 
Lighting loads and plug loads for each building were calculated by multiplying power densities 
[W/ft2] by building floor area. These loads were then scaled by diversity factors accounting for 
variations in usage and occupancy.  
 
For a given building, loads from all sources were then summed to generate gross building load. 
Campus load for a given temperature bin was then generated by summing the loads from each 
of the seven affected campus buildings. Note that these calculations yielded space loads, not 
plant loads, since ventilation loads were left unaccounted for.  
 

Ultimately, the building load calculations just discussed were primarily used to calculate load 
differentials under each of the building occupancy scenarios (occupied, unoccupied-without-
setback, and unoccupied with setback). What this meant in the context of the analysis is 
discussed below in the measure specific calculation approaches. 
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Determining setback measure savings was predicated on establishing the difference in primary 
and secondary HVAC equipment power consumption caused by reducing building loads under 
the setback scenario. To start, an estimated plant load for the occupied campus was first 
established for each 5 °F temperature bin. The load profile for the occupied campus was 
generated by assuming a linear relationship between load and outdoor dry bulb temperature. A 
maximal load of 300 tons was assumed at 95 °F; the no load condition was assumed to occur at 
50 F. In equation form, the load versus dry bulb temperature was, 

M1: System Scheduling and Setback Analysis Approach 

 

         (7) 

Where, 

   = Occupied plant load as a function of dry bulb temperature [tons] 

   = Outdoor dry bulb temperature [T] 

 
To estimate building load under the unoccupied-without-setback scenario, the difference 
between the block loads for the occupied and unoccupied-without-setback scenarios was 
subtracted from the occupied campus load profile. In equation form, campus load for the 
unoccupied-without-setback scenario was calculated as, 

 

    (8) 

Where, 

  = Unoccupied-without-setback chiller load for temperature bin T 

   = Occupied chiller load at the bin’s average dry bulb temperature 

  = Block load in bin T under the occupied scenario 

 = Block load in bin T under the unoccupied-without-setback scenario 

 
Using a static chiller efficiency of .712 kW/ton, chiller power draw was next calculated for the 
unoccupied-without-setback scenario. The chiller efficiency was determined by applying an 80% 
weight to the 300-ton chiller’s efficiency (.577 kW/ton) and a 20% weight to the 150-ton chiller’s 
efficiency (1.256 kW/ton).  
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After calculating the chiller’s power draw, the plant load and chiller power draw were next added 
to determine the cooling tower load, . Cooling tower power draw was then calculated 
based on tower capacity and load. To determine cooling tower capacity at a given temperature, 
the cooling tower’s capacity under design conditions was scaled as follows: 
 

         (9) 

where,  

   = Capacity at current conditions [tons] 

  = Design capacity [tons] 

   = Entering condenser water temperature (85 °F) [°F] 

   = Average wet bulb temperature in a given dry bulb temperature bin [°F] 

  = Design cooling tower approach temperature [°F] 

 
Cooling tower fan flow was next calculated as a function of load percentage using a linear 
profile, wherein full flow was assumed to correspond to 100% load and no-flow was assumed to 
correspond to 10% load. Since the cooling tower fans operate at a single speed and cycle on 
depending on load, cooling tower fan power was calculated by multiplying full load fan power by 
the fan flow fraction. In equation form, cooling tower power was calculated as, 
 

       (10) 

where, 

  = Cooling tower fan power draw in a given temperature bin [kW] 

  = Full load cooling tower fan power draw [kW] 

  = Cooling tower load in a given temperature bin [tons] 

   = Cooling tower capacity in a given temperature bin [tons] 

 
With the chiller and cooling tower power draws calculated for the unoccupied-without-setback 
scenario, then next step in determining setback savings was calculating power draw under the 
unoccupied-with-setback scenario. For a given temperature bin, the following equation was 
employed to calculate power draw under the proposed setback scenario: 
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 (11) 

Where, 

  = Unoccupied-with-setback power draw [kW] 

  = Unoccupied-without-setback power draw [kW] 

  = Block load differential between the unoccupied without setback scenario  

      and the unoccupied with setback scenario [tons] 

  = Unoccupied-without-setback chiller power draw [kW]  

  = Unoccupied-without-setback chiller load [tons] 

  = Unoccupied-without-setback cooling tower power draw [kW] 

  = Unoccupied-without-setback cooling tower load [tons] 

 
With chiller and cooling tower power draws calculated for both the pre-retrofit condition (without 
setback) and proposed (with setback) scenarios, only pump and fan power draws remained to 
be calculated. Under both scenarios, the pumps and fans were assumed to operate at full flow. 
Given that savings for this measure were calculated as if none of the other measures had yet 
been implemented, it was appropriate to assume that the pump and fan power draws were 
constant variables under both scenarios.  
 
Finally, savings for a given temperature bin, T, were calculated according to the following 
equation: 

 (12) 

where, 

  = Setback savings in temperature bin, T 

   = Unoccupied campus hours in temperature bin, T 

  = Unoccupied-without-setback equipment diversity (80%) 

  = Unoccupied-without-setback equipment power (chiller, cooling tower, 

          pumps and fans) 

   = Unoccupied-with-setback equipment diversity (30%) 

  = Unoccupied-with-setback equipment power (chiller, cooling tower, 

       pumps and fans) 

At temperatures below 55 °F, the boilers were assumed to operate instead of the chiller. Under 
these circumstances, electrical savings were still calculated using the above equation, albeit 
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only with pumps and fans in the power terms. In heating mode, electrical savings were realized 
only because of the differing diversities used between the with-setback and without-setback 
cases.  

The tracking setback measure analysis was unsound in a couple of key ways. To begin, the 
methodology used to calculate power draw under the unoccupied-without-setback scenario was 

flawed. In Equation 9, the term 

M1: Discussion of Tracking Setback Measure Analysis 

 should have been  since the 
equation scales power draw as a function of the chiller load differential, , not the cooling 
tower load differential.  
 
The differing diversity factors used for the pre-retrofit and proposed cases were a second issue. 
The assumption implicit in using a lower diversity factor for the unoccupied-with-setback 
scenario was that setback scheduling would result in dramatic equipment run time reductions 
during the unoccupied time frame. The TA contractor cannot be faulted for using this 
assumption in his analysis; in general, run time reductions are the primary source of setback 
scheduling savings. Nonetheless, metered data collected as part of the evaluation would 
illustrate that equipment runtimes were not reduced markedly as a result of the new setback 
schedule. In the context of the TA analysis, run time reductions were responsible for 99.2% of 
the savings projected for this measure, making this assumption a significant issue.  

For the intelligent ventilation measure, comparative enthalpy economizers and CO2 based 
demand control ventilation were assumed to operate according to the following logic: 

M2: Intelligent Ventilation Analysis Approach 

• For temperature bins with cooling loads where indoor air enthalpy exceeds the outdoor 
air enthalpy, assume that economizers modulate to allow 20% outside air. 

• Since bringing in outdoor air either increases the campus’ heating load or cooling load in 
all other temperature bins, assume that demand control ventilation reduces outside air 
flow to 10% of total flow in occupied periods and 0% of total flow in unoccupied periods.  

To model the pre-retrofit condition, 20% outdoor air flow was assumed under all circumstances.  

For only the occupied hours, the savings calculation began by determining the load differential 
between the proposed and pre-retrofit conditions in each temperature bin. For a representative 
temperature bin, the load reduction was calculated as,  
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     (13) 

where, 

  = Load reduction for temperature bin, T, in the unoccupied case [tons/h] 

   = CFM to lb/hr conversion factor [(min-lb)/(CF-h)] 

  = Change in campus CFM flow resulting from either DCV or economizer  

      usage [CFM] 

  = Outdoor enthalpy in a given temperature bin [Btu/lb] 

    = Indoor enthalpy in a given temperature bin [Btu/lb] 

   = Btu to tons conversion factor [Btu/tons] 

 
For all occupied pre-retrofit cooling bins, the chiller loads were calculated using Equation 5. The 
loads for the proposed case were then generated by subtracting the  values from the 
pre-retrofit loads.  
 
For the unoccupied cooling bins, the proposed loads were assumed to equal the gross campus 
block load (without ventilation) from the unoccupied-with-setback scenario discussed at the 
beginning of this section. This approach was taken under the premise that the plant load would 
equal the block load since 0% outside air was specified during the unoccupied time frame. 
 
The pre-retrofit loads for the unoccupied cooling bins were assumed equivalent to the loads 
determined using Equation 6 (effectively the unoccupied-without-setback loads that served as 
the pre-retrofit condition for M1 as well).  
 
In all cases, primary equipment power draw was determined from loads by first multiplying load 
and the assumed chiller efficiency, .712 kW/ton. As with the setback measure, cooling tower 
power draw was determined according to Equations 7 and 8. Again, the load imposed on the 
cooling tower was assumed equivalent to the sum of the chiller load and the chiller power draw.  
Using the unoccupied case as an example, measure savings for a given temperature bin were 
next calculated as, 
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 (14) 

Where, 

  = Savings in temperature bin T from the economizer/DCV  

          measure while the building is unoccupied [kWh] 

  = Unoccupied hours in temperature bin, T [h] 

  = Unoccupied equipment diversity (30%)  

  = Pre-retrofit chiller and cooling tower power draw [kW] 

  = Proposed case chiller and cooling tower power draw [kW] 

 
Savings for all unoccupied temperature bins were calculated using a nearly identical equation. 
For occupied temperature bins, the savings calculation was only altered by removing the 
diversity factor term. For the Intelligent Ventilation measure, there were no electrical savings in 
heating bins (temperature 55 °F and lower) because the fans were assumed to operate 
identically under both scenarios; there were however significant gas savings due to the reduced 
heating load. 

Three issues were identified with the Intelligent Ventilation measure analysis. First, credit was 
given to the economizer measure for bringing in outdoor air at a rate equal to 20% of gross air 
flow when, in fact, fixed dampers were presumed to bring in 20% outside air under all 
circumstances in the pre-retrofit condition. Second, the pre-retrofit loads for the unoccupied 
hours were based on the unoccupied-without-setback load scenario discussed as part of the 
setback measure. The pre-retrofit loads should have been based on the unoccupied-with-
setback scenario since economizer measure savings were intended to be calculated as if the 
setback measure had already been implemented. Third, an unoccupied diversity of 30% was 
again assumed. In this case, the low proposed diversity biased measure savings low by 
reducing hours available for savings. 

M2: Discussion of Intelligent Ventilation Measure Analysis 

 

Variable speed pump savings were calculated on the basis of assumed linear relationships 
between campus hot and chilled water flow requirements and outside air dry bulb temperature. 
In both the occupied and unoccupied scenarios, chilled water flow was assumed to vary from 
0% at 55 °F to 100% at 100 °F. A minimum flow of 30% was used to override the linear profile at 
temperatures below 68.5 °F. Similarly, hot water flow was assumed to vary linearly from 0% at 

M3: Variable Speed Pump Analysis Approach 
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55 °F to 100% at -5 °F. Again, a minimum flow of 30% was used to override the linear profile at 
temperatures above 37 °F.  
 
Based on the assumed flow percentage in a given bin, VFD pump power draw was estimated as 
follows: 

  (15) 

where, 

  = Pump power draw in temperature bin T [kW] 

  = Full load pump power draw (either secondary chilled or hot water  

      pumps depending on the bin) [kW] 

   = Differential pressure set point (as a fraction of pump design differential  

       pressure) 

  = Percentage of full flow in temperature bin T 

  = VFD losses equal to 3% of nameplate drive horsepower [kW] 

 
In the pre-retrofit scenario, pumps were assumed to operate at 100% flow and consequently 
100% power under all circumstances.  
 
For a given temperature bin, variable speed pump savings were calculated as follows: 

    (16) 

where, 

  = Variable speed pumping savings in temperature bin, T 

  = Unoccupied hours in temperature bin, T [h] 

  = Unoccupied equipment diversity (30%)  

   = Occupied hours in temperature bin, T [h] 

  = Constant volume pump power draw [kW] 

  = Variable speed pump power draw in temperature bin, T [kW] 

Savings from all temperature bins were summed to determine gross measure savings. 
 

Three potential issues were identified with the tracking analysis. First, given that building 
tonnage load profiles had been developed for the previous measures, pump flow could have 

M3: Discussion of Variable Speed Pumping Measure Analysis 



 
 

 

National Grid June 17, 2011 
 

B-262 

been related to building load instead of outdoor air temperature. Second, as in M1, the use of a 
30% unoccupied diversity factor likely biased projected measure savings low unnecessarily. 
Third, a static value was used for VFD losses. Although this is often standard practice in energy  
analyses, VFD losses fluctuate as a function of motor loading and should be accounted for as 
such when possible. 
 
The cubic power versus flow relationship used to estimate VFD power draw was consistent with 
other empirical VFD curves for pumps without static head. The chosen pump profile was 
reasonably similar to the VFD pump profile used in DOE2.2 building simulations. A more 
appropriate pump curve could not be determined with any certainty without knowledge of each 
secondary loop’s system curve and each pump’s flow vs. head curve—neither of which were 
readily available.   

CV to VAV fan conversion savings were calculated on the basis of estimated linear relationships 
between chilled and hot water valve position (as approximated by flow percentage) and 
necessary fan air flow. 

M4: Variable Speed Fan Analysis Approach 

Table 70 below provides the extents of the linear relationships. 

Table 70: Interpolation points for linear relationships between water and air flow 

 Min Max 
Fan Flow 70% 100% 
Chilled Water Flow 50% 85% 
Hot Water Flow 50% 85% 

 
At chilled or hot water flows below 50%, fan speed was assumed to remain at 70%. At chilled or 
hot water flows above 85%, fan speed was assumed to remain at 100%. The chilled and hot 
water flows corresponding to each temperature bin were pulled directly from the flow rate versus 
outdoor dry bulb temperature relationships used for the variable speed pumping measure. Thus 
the fan flows were ultimately linearly related to outdoor dry bulb temperatures as well. 
 
As in the variable speed pumping measure analysis, flow rates were assumed equivalent in 
both the occupied and unoccupied scenarios. With the air flow rate percentages for each 
temperature bin determined, the next step in the analysis was assessing fan power draw for 
each bin. VFD fan power consumption was calculated as, 



 
 

 

National Grid June 17, 2011 
 

B-263 

      (17) 

where, 

 = Fan power draw in temperature bin T [kW] 

 = Full load power draw of all fans converted to VAV [kW] 

 = Percentage of full flow in temperature bin T 

 = VFD losses equal to 3% of nameplate fan horsepower [kW] 

 
For the pre-retrofit constant flow scenario, fans were assumed to operate at 100% flow and 
100% power in all temperature bins regardless of load. 
 
For a given temperature bin, variable speed fan savings were calculated as follows: 

    (18) 

where, 

  = Variable speed fan savings in temperature bin T [kWh] 

  = Unoccupied hours in temperature bin T [h] 

  = Unoccupied equipment diversity (30%)  

   = Occupied hours in temperature bin, T [h] 

  = Constant volume fan power draw [kW] 

  = Variable speed fan power draw in temperature bin, T [kW] 

Savings from all temperature bins were summed to generate gross energy savings. 

Three issues were identified with the fan measure savings analysis. First, fan savings were 
derived on the basis of the pump flow profiles, which were in turn derived from relationships with 
outdoor temperature instead of building load. This approach therefore perpetuated an issue first 
identified in the variable speed pump analysis. Second, a 30% unoccupied diversity factor was 
again used, biasing savings low. Third, as in M3, a static VFD loss factor was used; VFD losses 
could have been accounted for as a function of load. 

M4: Discussion of Variable Speed Fan Measure Analysis 

 
The VFD flow versus power curve used in Equation 15 follows directly from the affinity laws. 
Since the system does not have VAV boxes, and thus no static pressure set point, it was 
reasonable to use an affinity law based approximation of power draw for the variable speed 
fans.  
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To determine savings from reducing unit heater fan speed, a 20% fan reduction in fan speed 
was first assumed. Decreasing fan speed by 20% was estimated to reduce heater power draw 
by 30% based on independent tests performed by the controls contractor on similar units in their 
office located on the same campus. Operating hours in each temperature bin were determined 
using a unit cycling profile varying from 100% operation at 10 °F to 0% operation at 60 °F. For a 
given temperature bin, savings were calculated as, 

M5: Reduced Unit Heater Fan Speed Analysis Approach 

 

   (19) 

Where, 

  = Unit heater savings in temperature bin, T [kWh] 

   = Occupied hours in temperature bin, T [h] 

   = Unoccupied hours in temperature bin, T [h] 

  = Fan cycling fraction in temperature bin, T 

  = Full load power draw of all affected unit heaters [kW] 

   = Power reduction factor for reduced speed unit heaters 

The analysis approach used for the unit heater fan measure was simple and straightforward. It 
was reasonable to assume equivalent operation (equal cycling fractions) during occupied and 
unoccupied hours since local manual thermostats, which are not typically set back, control the 
unit heaters. Furthermore, since the unit heaters were generally located in lightly used spaces 
such as maintenance and storage areas, it was defensible to simply base the cycling profiles on 
outdoor air temperature as opposed to projected campus loads (as should have been done for 
the other measures).  

M5: Discussion of Reduced Unit Heater Fan Speed Measure Analysis  

On peak energy savings were calculated identically to gross energy savings; only the hours in 
each occupied and unoccupied temperature bin were reduced since fewer hours constitute the 
on-peak time frame. 

Tracking On-Peak and Demand Savings Calculation Methodology 

 
Summer peak demand savings were calculated by adding the demand reductions achieved by 
each measure in the 90 °F to 95 °F temperature bin. Winter demand savings were calculated by 
summing each measure’s demand savings from the 10 °F to 15 °F temperature bin. These 
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demand savings figures were therefore in no way linked to the actual temperatures occurring 
within each peak demand time frame.  

Evaluation Methodology 

The evaluation approach was designed to take advantage of the pre-existing framework 
provided by the TA analysis spreadsheet. Metered data, equipment specifications, and building 
operations data were collected with the goal of modifying the existing bin model with actual 
facility operating data. Metered chiller, pump, and fan power data were collected in hopes of 
developing relationships between equipment operation, occupancy, and outdoor conditions (dry 
bulb and wet bulb temperature). A chiller power versus temperature curve for instance could be 
used along with chiller performance data to modify the assumed building load profile in the 
existing model. Pump and fan power draw could then be similarly related to building load or 
outdoor conditions via the derived load curve or the collected weather data. 
 
In addition to data collected from metered equipment, the evaluators anticipated that EMS data 
would be provided by the facility. In particular, outside air damper position and CO2 level data 
were expected for a variety of air handlers. These data would have allowed verification of proper 
economizer and DCV operation as well as derivation of empirical damper position versus 
outdoor condition relationships. Additionally, space temperature and VFD speed percentage 
data were requested. Space temperature data would have been used to verify proper setback 
operation. VFD speed data would have been used with metered fan and pump motor data to 
derive empirical speed/flow versus power curves. Ultimately, the EMS data collected concurrent 
with the monitoring interval were never provided by facility contacts due to a lighting strike  in 
late September that caused a campus blackout and erased the EMS system’s memory.  The 
running trend reports were lost and new trending was not started when t EMS was brought back 
online.  Requests for additional data were made following the metering interval; however, the 
data were never made available following repeated correspondences.  
 
In addition to metering equipment, on site evaluation work included verifying that the proposed 
EMS controls, pump VFDs, fan VFDs, and unit heater controllers had been installed, and 
gathering equipment sizing and performance characteristics when available. Lastly, on site work 
consisted of recording EMS set points to inform the occupied and setback temperatures and 
operating hours used in the model. 
 
Following the site visit and metered data retrieval, the analysis ultimately hinged on making 
sense of what turned out to be trendless data. Ultimately, a good deal of discretion was required 
to employ all data collected on site and modify the pre-existing bin model. The “Evaluation 
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Savings Analysis” section of this report provides a step-by-step guide to the evaluation analysis 
and explains how the collected data were used in the context of the analysis. 

Evaluation Data Collection 
On site data collection activities were split between three evaluators. One evaluator toured the 
facility to verify installation of VFDs on 24 AHU fans (M4). The same evaluator verified the 
installation of VFDs on eight chilled water pumps as well (M3). The second evaluator collected 
motor horsepower and efficiency data off of fans where possible. 
 
The third evaluator discussed and reviewed the Andover Building Automation System controls 
with the facility’s controls contractor in order to verify the installation of the setback controls 
(M1), economizer damper controls (M2), and DCV sensors (M2). The controls contact provided 
instantaneous readings of damper positions, return air CO2 concentrations, and return air 
temperatures for multiple air handlers. In addition, he provided CO2 set points, heating set 
points, and heating setback temperatures for the areas served by the air handlers.  
 
Table 71 below provides a summary of the air handler equipment data collected by both 
evaluators while on site (related to M1, M2, and M4). Certain data, such as motor horsepower 
ratings and efficiencies were not observable in most cases. A motor inventory from the TA 
report was used to fill in data for inaccessible motors. Horsepower ratings taken from the TA 
inventory are italicized in Table 71. Fan motors that were ultimately subject to monitoring are 
bolded in Table 71. 
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Table 71: Fan data collected on site  
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1 AHU 1.1A SF 2   59.8 69   74.1 1065.0 1187.0 0% Yes 

1 AHU 1.1B SF 3   47.8             Yes 

1 AHU 1.2 SF 7.5   60 72 55 74 314.0 1186.0 0% Yes 

1 AHU 1.3 SF 10   59.8 72 55 74 485.0 1189.0 0% Yes 

2 AHU 2.1 3   59.5   65 85.5 467.2 1184.0 0% Yes 

2 AHU 2.2 3   59.5             Yes 

2 AHU 2.3 3   59.5             Yes 

2 AHU 2.4 3   29.9 69 60   793.0 1182.0 0% Yes 

2 AHU 2.5 3   17.9 74 65 74.9 586.6 1188.0   Yes 

2 AHU 2.7 5   51.8 71.7 60 73.2 661.5 1186.0 0% Yes 

2 AHU 2.8 5   10.8 73.9 60 74 607.4 1189.0 0% Yes 

2 AHU 2.9 5   29.8 74 60 77.1 505.4 1193.0 0% Yes 

2 AHU 2.10 5   19.7 70 60 70.4 915.3 1193.0 0% Yes 

4 AHU 4B1 SF 5   59.6 73.5 60 75.5 382.5 1189.0 0% Yes 

4 AHU 4B1 RF 3 90.2% 59.7 73.5 60 75.5 382.5 1189.0 0% Yes 

4 AHU 4B2 SF 7.5   37.7 71 60 72 754.7 1184.0 0% Yes 

4 AHU 4B2 RF 5 90.2% 0 71 60 72 754.7 1184.0 0% Yes 

4 AHU 4B3 SF 15   59.5 74 60 73.9 595.1 1184.0 0% Yes 

4 AHU 4B3 RF 7.5 91.7% 59.5 74 60 73.9 595.1 1184.0 0% Yes 

4 AHU 4B4 SF 5     71 60 72.1 711.7 1189.0 0% Off 

4 AHU 4B4 RF 3 90.2% 34.4 71 60 72.1 711.7 1189.0 0% Yes 

4 AHU 4B5 SF 10     72 60 75.6 499.6 1188.0 0% No 

4 AHU 4B5 RF 7.5 91.7%   72 60 75.6 499.6 1188.0 0% No 

5 AHU 5.1 SF 15     72   73.2 506.0 900.0   No 

5 AHU 5.2 SF  7.5         73.2       DK 

11 AHU 11.1 SF 10   59.7 72 60 73.0 631.6 1189.0 0% Yes 

11 AHU 11.1 RF 5   40.2 72 60 73.0 631.6 1189.0 0% Yes 

11 AHU 11.2 SF 10   28.4 72 60 68.0 437.1 1188.0 0% Yes 

11 AHU 11.2 RF 5   49.1 72 60 68.0 437.1 1188.0 0% Yes 

11 AHU 11.3 SF 7.5   59.7 71 60 76.0 534.8 1189.0 30% Yes 

11 AHU 11.3 RF 5   59.8 71 60 76.0 534.8 1189.0 30% Yes 

11 AHU 11.4 SF 7.5   44.9 74 60 73.2 1209.0 1187.0 50% Yes 

11 AHU 11.4 RF 3   44.8 74 60 76.0 1209.0 1187.0 50% Yes 
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The controls contact was also able to provide the set back schedules for select areas of the 
campus. In the buildings listed in Table 72 below, common schedules are applied to all air 
handlers. Units in other buildings have dedicated schedules EMS schedules that were not 
accessible during the evaluation site visit. Outside of the occupied hours listed in Table 72, units 
follow a setback temperature schedule. 

Table 72: Building occupancy schedule 

Building # Occupied Hours 

1 M – F:     7 AM to 7 PM 
Sa – Su: 8 AM to 8 PM 

2 M – F:     6 AM to 6 PM 
Sa – Su: 8 AM to 8 PM 

4 M – F:     8 AM to 8 PM 
Sa – Su: 8 AM to 8 PM 

5 M – F:     8 AM to 8 PM 
Sa – Su: 8 AM to 8 PM 

10 M – F:     7 AM to 7 PM 
Sa – Su: 8 AM to 8 PM 

 
Table 73 below provides specifications for the chilled water and hot water pumps affected by 
this project. The bolded items were verified on site and subject to data logging.  

Table 73: Pumps affected by the project 
Buildings 
Served 

Pump 
Name 

HW or 
CHW? HP Efficiency Notes 

4 4.1 HW 5 80.5%   
4 4.2 HW 5 80.5% Redundant with 4.1 
4 4.3 CHW 7.5 88.5%   
4 4.4 CHW 7.5 88.5% Redundant with 4.3 
5 5.1 HW 3 89.5%   
5 5.2 HW 3 89.5% Redundant with 5.1 

10 10.1 CHW/HW 15 93.0%   
10 10.2 CHW/HW 15 93.0% Redundant with 10.1 
11 11.1 CHW/HW 20 93.0%   
11 11.2 CHW/HW 20 93.0% Redundant with 11.1 

 
In addition to the data in the above tables, the controls contact was also able to provide typical 
cooling set points (74 °F to 76 °F), as well as the cooling setback temperature used for most 
systems (80 °F). The site contact, a building engineer, also discussed his typical methods of 
building control. Most notably, he stated that programmed EMS set points are kept as high as 
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possible in the summer and as low as possible in the winter. Set points are only changed to less 
conservative values at the request of tenants. The controls contact also stated that outside air 
dampers are regularly kept closed when economizers are not in use. He believes that infiltration 
alone is generally sufficient to the meet outdoor ventilation requirements of the old and drafty 
buildings that make up the campus. 
 
To collect equipment operating data in addition to that provided by the site contacts, a total six 
ElitePro data loggers were installed on various end users throughout the campus for a period of 
six months. Table 74 below provides a summary of the metered data collected as part of the 
evaluation. 

Table 74:  Equipment Monitoring Summary   

Metered Equipment Chiller  
Secondary CHW 
Pumps (2) 

Air Handler 
Supply Fans (3) 

Measured Parameter 

True Power, 
Voltage, 
Amperage, PF (3 
Phases) 

True Power, 
Voltage, 
Amperage, PF (3 
Phases) 

True Power, 
Voltage, 
Amperage, PF (3 
Phases) 

Logger Make/Model 
Dent ElitePro 
Power Meter 

Dent ElitePro 
Power Meter 

Dent ElitePro 
Power Meter 

Transducer/Equipment 
Types 

Current 
Transducers and 
Voltage Clamps 

Current 
Transducers and 
Voltage Clamps 

Current 
Transducers and 
Voltage Clamps 

Installation 

CTs installed on 
each phase; 
Voltage clamps 
attached at the 
disconnect 

CTs installed on 
each phase; 
Voltage clamps 
attached at the 
disconnect 

CTs installed on 
each phase; 
Voltage clamps 
attached at the 
disconnect 

Observation 
Frequency 

15 Minutes; Time 
averaged readings 

15 Minutes; Time 
averaged readings 

15 Minutes; Time 
averaged readings 

Metering Period 

July 21th, 2010 to 
December 22nd, 
2010 

 July 21th, 2010 to 
December 22nd, 
2010 

 July 21th, 2010 to 
December 22nd, 
2010 

Metered by: 
KEMA evaluator & 
RISE electrician 

KEMA evaluator & 
RISE electrician 

KEMA evaluator & 
RISE electrician 

 
One return fan was monitored in addition to the equipment listed in Table 74. However, that fan 
remained inactive for the duration of the monitoring period and no useful data were collected. 
 
To provide a sense of how the evaluated sample of fans and pumps compares to the population 
of fans and pumps affected by this project, Table 75 has been provided below. Note that these 
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samples were anticipated to be augmented with supplemental EMS data, which were never 
provided for the reasons enumerated previously. 

Table 75:  Comparison of sampled equipment to all equipment affected by the project 

Type of 
Equipment 

Monitored 
Quantity 

Monitored 
HP 

Total 
Quantity Total HP 

Fans 3 35.0 33 201.5 
Pumps 2 35.0 10 101.0 

 
Towards the end of the site visit, the installation of unit heater speed controls was verified on a 
sample of 28 units (M5). Controls were found installed as proposed. 
 
Subsequent to the site visit, the manufacturer of the campus’ primary chiller was contacted to 
obtain performance data. Table 76 below summarizes the part load chiller performance data 
provided. 

Table 76: Part load chiller performance data 
% Load Load 

(tons) kW Input 
Efficiency 
(kW/ton) 

100% 299 157 0.525 
90% 269 135 0.502 
80% 239 118 0.494 
70% 209 103 0.492 
60% 179 88 0.491 
50% 150 75 0.501 
40% 120 64 0.534 
30% 90 53 0.586 
20% 60 41 0.679 
17% 51 37 0.724 

 
To conclude data collection, weather data coincident with the metering period were collected 
from the National Oceanic and Atmospheric Administration (NOAA) for North Adams, MA, the 
town closest to the campus. These weather data included hourly readings of outdoor dry bulb 
temperature and dew point temperature that were used to generate curves relating outdoor 
conditions to chiller power draw. Weather data were also used to devise equipment diversity 
factors as a function of temperature. 
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Evaluation Savings Analysis 
The evaluation savings analysis began with a review of the collected trend data.  

Figure 46 presents the metered power readings of the 300-ton centrifugal chiller for the duration 
of the metering period. Notice that September 28th is the last date shown in figure. After 
September 28th, the campus was switched into heating mode and the chiller was not used again 
for the duration of the monitoring period.  

 
Figure 46: Metered Chiller Power Trend Data 
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The data provided in  
Figure 46 are based on only two phases of the chiller. The third phase was initially monitored, 
but the voltage clip was disconnected after the first eleven hours of metering, thereby 
invalidating the data from the third channel. Total chiller power was determined by summing the 
two unaffected phases and multiplying by 1.5. Since the chiller’s compressor is approximately a 
balanced three phase load, this metering issue should not have obscured the data significantly. 
This assumption was validated by evaluating the eleven hours of data during which all three 
phases of data were available. On average, the power recorded from all three phases was 
1.24% greater than 1.5 times the power of the two phases that were monitored for the entire 
monitoring period. Since the sample of data was relatively small, and the difference between the 
two approaches was minimal, it was deemed unnecessary to assume the scale factor should be 
anything other than 1.5. 
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Chiller data were next analyzed to identify trends relating power draw, time of day, and outdoor 
conditions. Using the NOAA weather data, average chiller power draw was plotted as a function 
of  time of day and outdoor wet bulb temperature (WBT) on a three dimensional graph. Two 
three dimensional plots—the first with perspective, the second facing the time-of-day/power-
draw plane—are presented below. 
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Figure 47: Average chiller power as a function of time of day and WBT (F) with 
perspective 
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Figure 48: Average chiller power as a function of time of day and WBT (F) 
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In analyzing these graphs, two important trends were identified. First, as expected, chiller 
power draw generally increased as a function of wet bulb temperature. Second,  

 

 

 

 

 

 

Figure 48 illustrated that two relatively distinct time regimes existed that fit reasonably well with 
the preexisting TA occupancy period assumptions. Notice that in the hours following roughly 8 
or 9 AM, the chiller power draw reached peaks not seen in earlier hours regardless of outdoor 
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wet bulb temperature. Similarly, around the hour beginning at 8 PM, the chiller power draw 
began to recede.  
 
Based on this graphical review, separate chiller versus wet bulb temperature trends were 
established for the 8 AM to 8 PM occupied time frame and the 8 PM to 8 AM unoccupied time 
frame. Wet bulb temperature was used instead of dry bulb temperature for the chiller trends only 
because the resultant coefficients of determination (R2 values) indicated a better fit when using 
wet bulb temperature data. Figure 49 and Figure 50 present the chiller power trends for the 
occupied and unoccupied time frames respectively. 

Figure 49: Occupied Pre-processed (left) and cleaned (right) chiller versus WBT trends 
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Figure 50: Unoccupied Pre-processed (left) and cleaned (right) chiller versus WBT trends 
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In both the occupied and unoccupied cases, the metered data were cleaned to remove 
significant outliers. This was deemed appropriate for the low lying points since power readings 
of less than roughly 77 kW clearly represented instances where the chillers were either starting 
up or shutting down in the middle of a monitoring interval. Since the monitoring intervals were 
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15 minutes long, it is conceivable that many monitoring intervals captured the chiller both while 
in operation and while shutdown. Similarly, the high power draw points in Figure 49 and Figure 
50 at low WBTs likely represent short periods of morning start up when residual unmet cooling 
loads were most likely to exist. Figure 47, which shows a protrusion of chiller power draw 
around the hours of 8 AM and 9 AM at lower wet bulb temperatures, lends credence to this 
theory.  
 
The chiller power versus wet bulb temperature curves in Figure 49 and Figure 50 were 
ultimately used later in the analysis to assign building loads to each temperature bin. However, 
it was first necessary to review the collected pump and fan data to assess whether any similar 
relationships existed. Figure 51 below presents the data collected from Pumps 11.1 and 10.2 for 
the duration of the monitoring interval.  
 

Figure 51: Monitored Pump 11.1 (red) and Pump 10.2 (orange) power profiles 
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As illustrated in Figure 51, Pump 11.1 ceased operation abruptly on August 25th and resumed 
operation only for a single hour in the month of December. Similarly, operation of Pump 10.2 
ceased for an extended period beginning at the end of September before resuming in mid-
October. In both cases, the pumps were likely shut down because redundant pumps exist. The 
facility generally alternates operation of redundant pumps to reduce wear and tear on any one 
pump. Luckily, Pump 10.2 remained in operation for the majority of both the monitored cooling 
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season (ending September 28th) and the monitored heating season. Pumps 11.1 and 10.2 both 
operate in the hot and chilled water loops. 
 
Unlike with the chillers, trends relating dry bulb temperature (DBT), WBT, or time of day to pump 
load were not readily identifiable. Figure 52 and Figure 53, which exhibit data from Pump 10.2, 
are provided for illustration. 
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Figure 52: Average Pump 10.2 power (kW) as a function of time of day and DBT (°F)  
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Figure 53: Pump 10.2 power readings in cooling (left) and heating (right) modes as a 
function of DBT (°F)  
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As demonstrated in Figure 52 and Figure 53, there was little relationship between outdoor dry 
bulb temperature, time of day and pump power draw. Figure 53 however illustrates that Pump 
10.2 generally operated within a relatively tight power range. This fact was used to estimate the 
range of pump operating flow rates. The metered trends for Pumps 11.1 and 10.2 were parsed 
to find the minimum and maximum power draws occurring continuously for at least two hours in 
both heating and cooling modes (cooling only for Pump 11.1).  
 
These values were then input into the following modified version of Equation 13 to solve for the 
estimated minimum flow rates in both heating and cooling modes: 

    (20) 

where, 

  = Minimum continuously monitored power draw [kW] 

  = Maximum continuously monitored power draw [kW] 

   = Differential pressure set point as a percentage of design pressure 

  = Minimum flow rate percentage (fractional form) 

 
Table 77 below presents a summary of the power inputs and flow rate outputs for Pumps 11.1 
and 10.2. 
 
Table 77: Minimum and maximum pump power readings (kW) and minimum flow rates 

 Pump 11.1 Pump 10.2 Rounded Average 
Minimum Cooling 
Power 

11.03 kW 7.25 kW 

Maximum Cooling 
Power 

13.66 kW 11.00 kW 

Minimum Cooling 
Flow 

90.5% 82.0% 86% 

Minimum Heating 
Power 

N/A 3.72 kW 

Maximum Heating 
Power 

N/A 10.71 kW 

Minimum Heating 
Flow 

N/A 57.8% 58% 

 (%) 
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The minimum and maximum flow rate estimates were subsequently used in the bin analysis to 
estimate the limiting extents of variable speed pumping operation.  
In addition to helping establish minimum and maximum flow percentages, the pump data were 
also used to determine pumping diversity factors. In the context of both the tracking and 
evaluation analyses, diversity factor was defined as the fraction of a group of hours that a given 
piece of equipment is deemed to operate. For pumps, ultimately four diversity factors were 
calculated for each 5-degree temperature bin: occupied-heating, occupied-cooling, unoccupied-
heating, and unoccupied-cooling. To calculate diversity factors, metered data points were simply 
organized into “on” and “off” groupings by temperature bin, time period (occupied/unoccupied), 
and heating or cooling operating mode using pivot tables. In the case of cooling diversity 
factors, a single set of the diversity factors was created by averaging the diversity factors from 
both pumps.   
 
Each diversity factor was next adjusted to account for the fact that cooling equipment is only 
available 5 months out of the year (May through September) and heating equipment is only 
available the remaining 7 months. Thus, for instance, if during the unoccupied time frame 20 
hours fell within the 90 °F to 95 °F bin, but 4 of those hours occurred in October, then the 
occupied-cooling pump diversity factor was scaled by 16/20, or 0.8, to account for the fact that 
the pumps cannot operate in cooling mode during the four bin-hours in October.  
Table 78 below provides a summary of the availability-adjusted monitored pump diversity 
factors used in the evaluation analysis. 
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Table 78: Availability adjusted monitored pump occupied and unoccupied diversity 
factors  

Operating 
Mode 

Temperature 
Bin Occupied Unoccupied 

Cooling 90-95 1.00 1.00 
Cooling 85-90 0.98 1.00 
Cooling 80-85 0.88 1.00 
Cooling 75-80 0.93 0.86 
Cooling 70-75 0.94 0.95 
Cooling 65-70 0.81 0.89 
Cooling 60-65 0.54 0.73 
Cooling 55-60 0.46 0.84 
Heating 50-55 0.64 0.29 
Heating 45-50 0.78 0.42 
Heating 40-45 0.88 0.68 
Heating 35-40 1.00 0.90 
Heating 30-35 1.00 0.95 
Heating 25-30 1.00 0.99 
Heating 20-25 1.00 1.00 
Heating 15-20 1.00 1.00 
Heating 10-15 1.00 1.00 
Heating 5-10 1.00 1.00 
Heating 0-5 1.00 1.00 

 
As in the tracking analysis, 55 °F was used at the cutoff point below which the campus switches 
over to heating operation. Although the metered chiller data indicate that there were instances 
when the chillers came on at temperatures at or below 55 °F, these instances were inconsistent, 
and most prominent in the morning hours. As with any temperature dependent bin analysis, a 
temperature cut off had to be established to demarcate the change from heating to cooling 
operation. Because the five degrees at or below 55 °F were the most indeterminate in terms of 
chiller operation, 55 °F was the most logical cutoff point.  
 
After defining a minimum cooling temperature, diversity factors were calculated for the chiller in 
each temperature bin and scaled according to chiller availability (May through September) in the 
same manner as the pumps. 
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Table 79: Monitored chiller occupied and unoccupied diversity factors 
Temperature 

Bin Occupied Unoccupied 
95 1.00 1.00 
90 0.98 0.87 
85 0.88 0.88 
80 0.91 0.72 
75 0.91 0.74 
70 0.76 0.59 
65 0.44 0.32 
60 0.33 0.03 
55 0.00 0.00 

 
After developing diversity factors for the chiller and pumps, the next step in the analysis was 
reviewing and preparing the fan data for the measure-by-measure calculations. Figure 54, 
Figure 55, and Figure 56 below present the three metered fan profiles for the duration of the 
monitoring period.  
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Figure 54: AHU 4B3 SF monitored power profile 
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Figure 55: AHU 11.1 SF monitored power profile 
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Figure 56: AHU 4B5 SF monitored power profile 
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Note that in each of the fan power profiles, the power draw fluctuated more dramatically during 
the cooling season (pre-October) than in the heating season. Supply Fans 11.1 and 4B5 appear 
to have switched to a bimodal “high” and “low” operating scheme for the duration of the heating 
season. The behavior of Supply Fan 4B3 was not as predictable, particularly at the end of the 
monitoring period when the power draw fluctuated dramatically. Nonetheless, the metered data 
suggested that the fans typically operate in a high/low scheme while in heating mode and 
fluctuate as a function of demand in cooling mode. Unfortunately, as with the pump data, no 
trends linking fan power draw with outdoor air conditions were readily apparent.  As evidence, 
power versus dry bulb temperature graphs for Supply Fan 4B5 in the occupied cooling and 
heating time frames are presented in Figure 57 below. Notice that while the cooling profile 
definitely has one power range with a higher concentration of data points (2.3 kW to 2.8 kW), 
the heating profile has a comparatively much higher concentration of data points in the high 
speed region (5 kW).   
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Figure 57: AHU 4B5 SF power readings in occupied cooling (left) and heating (right) 
modes as a function of DBT 
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Since the metered fan data proved of little use in identifying trends, they were used similarly to 
the pump data to assess minimum and maximum flow percentages. In addition, fan data were 
used to identify “high” and “low” speed flow percentages for the heating operating mode. 
 
For each fan, minimum and maximum continuous heating and cooling power draws were 
recorded. For heating operation, the average power draw corresponding to the apparent high 
speed operating mode was also recorded. Table 80 below presents the key power draws 
identified for each of the monitored fans. 

Table 80: Continuous pump power draws (kW) under varying heating and cooling 
conditions  

 AHU 4B3 SF AHU 11.1 SF AHU 4B5 SF 
Minimum Cooling Power 0.29 kW 0.20 kW 0.29 kW 
Maximum Cooling Power 6.00 kW 5.32 kW 5.36 kW 
Minimum (Low Speed) Heating Power 0.25 kW 0.20 kW 0.29 kW 
Maximum Heating Power 5.93 kW 5.40 kW 5.20 kW 
High Speed Heating Power 4.60 kW 4.25 kW 5.20 kW 

 
These power draws were subsequently used in a modified version of Equation 15 (presented 
below) to assess airflow rate percentages for each of the flow conditions. Fan flow percentages 
were calculated as, 
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        (21) 

where, 

  = Fan flow rate percentage at flow condition i 

  = Fan power draw at flow condition i [kW] 

  = Maximum fan power draw in either heating or cooling mode [kW] 

 
Using the affinity law based Equation 19; the flow rate percentages provided in Table 81 below 
were calculated. 

Table 81: Summary of key flow rates (%) under various heating and cooling conditions 
 AHU 4B3 SF AHU 11.1 SF AHU 4B5 SF Average 

(rounded) 
Minimum Cooling Flow 36.4% 33.5% 37.8% 36% 
Maximum Cooling Flow 100.0% 100.0% 100.0% 100% 
Minimum (Low Speed) Heating Flow 34.8% 33.3% 38.2% 35% 
Maximum Heating Flow 100.0% 100.0% 100.0% 100% 
High Speed Heating Flow 91.9% 92.3% 100.0% 95% 

 
The fan-averaged percentages in Table 81 were subsequently used in the measure specific 
savings analysis to assign extents to cooling flow curves and specify the heating flow rates in 
high and low speed operating modes.  
 
As with the pumping data, the fan data were further analyzed to define diversity factors. 
However, since the cooling fan data did not exhibit trends in diversity as a function of 
temperature, only two cooling diversity factors were created: one for occupied periods, the other 
for unoccupied periods. For the heating fan data, a similar set of two average heating diversity 
factors—one for occupied periods, the other for unoccupied periods—was developed. In 
addition, temperature dependent heating mode diversity factors were created. For the variable 
speed fan measure (M4) only, it was necessary to develop heating diversity factors to 
distinguish between the amount of time the fans spent in high speed mode and low speed mode 
at a given temperature. One set of such diversity factors was created for the occupied time 
frame, and another set for the unoccupied time frame. For each fan in the metering sample, 
high speed operation was defined uniquely based on a review of the fan’s power versus DBT 
plot. For instance, high speed heating operation for Supply Fan 4B5 in Figure 57 was deemed 
to include all points in excess of 3.5 kW. The temperature, occupancy, and fan speed 
dependent heating diversity factors from each fan were averaged to establish the final set of 
heating diversity factors. Table 82 below presents the final set of monitored fan diversity factors.  
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Table 82: Fan diversity factors 

Mode Temperature Occupied  Unoccupied  
High Speed Low Speed High Speed Low Speed 

Cooling  60-95 .87 (not speed dependent) .89 (not speed dependent) 
Heating 0-60 .93 (average) .93 (average) 
Heating 60-65 0.52 0.42 0.08 0.90 
Heating 55-60 0.45 0.52 0.06 0.90 
Heating 50-55 0.32 0.63 0.02 0.94 
Heating 45-50 0.31 0.60 0.01 0.91 
Heating 40-45 0.26 0.58 0.01 0.80 
Heating 35-40 0.30 0.61 0.15 0.74 
Heating 30-35 0.42 0.54 0.19 0.78 
Heating 25-30 0.47 0.49 0.33 0.66 
Heating 20-25 0.50 0.39 0.40 0.60 
Heating 15-20 0.30 0.70 0.30 0.70 
Heating 10-15 0.30 0.70 0.33 0.67 
Heating 5-10 0.52 0.42 0.08 0.90 
Heating 0-5 0.45 0.52 0.06 0.90 

 
The diversity factors in Table 82 illustrate a few interesting campus operating characteristics. 
Over the course of the cooling monitoring period, the monitored fans operated slightly more 
often (2%) during the unoccupied period than during the occupied period. Also, while 
decreasing temperatures generally led to increased high speed fan diversity in heating bins, that 
trend did not hold true in all cases. Much less surprisingly, the fans operated considerably more 
often in high speed mode during occupied periods than during unoccupied periods. 
 
With operating characteristics and diversity factors defined for the chiller, pumps, and fans, the 
final step in the analysis before proceeding with the measure by measure savings calculations 
was binning TMY3 hourly weather data for North Adams, MA. Weather data were binned into 
both occupied and unoccupied bins in 5-degree dry bulb temperature intervals. Hours were 
further binned according to each of the savings calculation frames: all annual hours, on peak 
hours, winter peak hours, and summer peak hours. Table 83 below presents the results of the 
TMY3 binning, as well as the average dry bulb and wet bulb temperatures for each 5-degree 
bin.  
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Table 83: TMY3 data binning 

   Gross Hours On Peak Winter Peak Summer Peak 

Temp. 
Bins  

Average 
DBT 

Average 
WBT Occ. Unocc. Occ. Unocc. Occ. Unocc. Occ. Unocc. 

90-95 92.5 74.3 4 0 0 0 0 0 0 0 
85-90 87.9 72.7 61 0 50 0 0 0 27 0 
80-85 81.9 68.4 148 1 125 1 0 0 39 0 
75-80 78.2 66.3 192 7 127 2 0 0 37 0 
70-75 73.2 64.1 480 87 319 30 0 0 81 0 
65-70 67.8 61.9 416 267 300 75 0 0 50 0 
60-65 62.7 57.6 459 483 358 141 0 0 15 0 
55-60 57.6 53.5 281 291 178 63 0 0 4 0 
50-55 53.8 49.8 401 593 263 120 0 0 7 0 
45-50 47.7 44.1 286 379 194 86 0 0 0 0 
40-45 43.5 39.8 274 438 169 89 3 0 0 0 
35-40 37.1 34.0 352 466 232 93 10 0 0 0 
30-35 33.4 30.5 296 299 195 59 16 0 0 0 
25-30 28.5 26.0 358 416 269 99 20 0 0 0 
20-25 23.1 20.9 171 229 128 51 14 0 0 0 
15-20 17.8 15.8 139 166 92 42 13 0 0 0 
10-15 12.6 11.3 37 106 22 29 4 0 0 0 
  5-10 9.0 8.0 23 103 13 21 2 0 0 0 
    0-5 3.2 2.8 2 49 2 11 0 0 0 0 
Total   8760 4048 82 260 

To calculate setback savings, it was first necessary to determine two things: 

M1: System Scheduling and Setback Evaluation Analysis 

• What would the unoccupied building loads in each temperature bin have been if the 
Intelligent Ventilation measure (the other load reducing measure) had not been 
implemented and only the setback measure had been implemented? 

• What would the pre-retrofit unoccupied building loads have been if neither the Intelligent 
Ventilation nor setback measures had been implemented? 

To address the first question, it was necessary to back-calculate what the unoccupied loads 
would have been by summing the monitored unoccupied building loads with the load reduction 
achieved by the Intelligent Ventilation measure in each temperature bin. 
 
The monitored unoccupied period loads for each temperature bin were first calculated by 
determining the unoccupied power draw using the power versus wet bulb temperature curve in 
Figure 50. The power values were then used in a quadratic curve regressed from Table 76 to 
estimate monitored unoccupied load for each temperature bin.  
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To determine the additional load that would have been present in each temperature bin if the 
Intelligent Ventilation measure had not been implemented, the following equation was used: 
 

   
 (22) 

where, 
  = Ventilation load reduction due to economizer/DCV [tons/h] 

   = CFM to lb/hr conversion factor [(min-lb)/(CF-h)] 

  = Base case campus airflow (pre-M4) for bin T [CF/min] 

  = Outside air fraction prior to economizer/DCV installation (20%) 

  = Outside air fraction post-economizer/DCV installation in bin T 

  = Outside air enthalpy in bin T [btu/h] 

  = Indoor enthalpy in bin T [btu/h] 

   = Btu to ton conversion factor [btu/ton] 

 

For this calculation,  was 0.2 since all outside air dampers were fixed at 20%. For all 

bins outside the economizer operating range,  was 0.0 (0%) based on the 
instantaneous CO2 readings observed during the site visit (Table 71). With the exception of the 
space served by a single air handler, the observed CO2 levels were considerably lower than the 
set points even though all but two of the systems were running without any outdoor air. The fact 
that the buildings were observed to run primarily without outdoor air ventilation confirmed the 
building engineer’s claim that outdoor air is rarely needed since the buildings are drafty.  
 
For temperature bins with economizer usage—i.e. those bin with cooling loads but higher indoor 
air enthalpy than outdoor air enthalpy (55 °F through 70 °F)—the  calculation was 
not as straightforward. In the two lower temperature bins, the theoretical amount of cooling 
available from the economizer (100% outdoor air flow) superseded the monitored building load 
for those bins. Since building loads existed in the unoccupied time frame in the 55°F/60°F and 
60°F/65°F temperature bins, the economizers were clearly not operating at full flow.  
 
Because economizer EMS data were not provided by the site contacts, economizer based load 
reductions had to be estimated using a secondary approach. To begin, the monitored 
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unoccupied loads and chiller diversities (as regressed from the chiller curve) for bins adjacent to 
and within the economizer region were tabulated. 

Table 84: Hourly plant load derivation  

A 
Temperature 
Bin 

 

B 
Unoccupied 
Monitored 
Load (tons) 

C 
Diversity 

(B x C) 
Actual 

Hourly Load 

75-80  159 0.84 134 
70-75 160 0.78 125 
65-70 163 0.64 104 
60-65 164 0.38 63 
55-60 150 0.03 5 

 
In the rightmost column of Table 84, chiller loads were multiplied by diversity to determine the 
average loads occurring within each bin. The chiller loads in the second column represent the 
instantaneous loads met while the chiller was operating within a given bin. Multiplying 
instantaneous chiller load by diversity therefore yields average plant load for a given bin. Also, 
note that the diversities in Table 84 are different from the diversities in Table 79 above because 
chiller availability was factored out of the Table 84 values.  
 
To determine the presumed effect of economizer operation, the drop in campus load between 
the two bins just outside of the economizer range (80°F/75°F and 75°F/70°F), was compared to 
the drop in load witnessed within the economizer operating range. For instance, the drop in load 
from 80°F/75°F to 75°F/70°F was roughly 9 tons, while the drop from 75°F/70°F to 70°F/65°F 
was 21 tons. From these figures, it was estimated that the economizers were responsible for the 
additional 12 ton drop in load between the lower two bins. Similarly, the economizers were 
assumed responsible for 32 tons of the load reduction between the 70°F/65°F and 65°F/60°F 
bins and 49 tons of the load reduction between the 65°F/60°F and 60°F/55°F bins.  
 
Before taking these numbers at face value, the amount of load reduction that would have 
occurred by simply allowing 20% outside air in the economizer bins (the pre-retrofit condition) 
was calculated. In the 70°F/65°F bin, allowing 20% outside air would have caused a 9 ton load 
reduction; in the 65°F/60°F and 60°F/55°F bins, the load reductions would have been 74 and 
118 tons respectively. As such, the only temperature bin in which the economizers could have 
possibly had a positive effect was the 70°F/65°F bin, where the estimated economizer based 
load reduction was only three tons (12 tons minus 9 tons). Thus, at least according to this 
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analysis performed using limited data, the economizers as currently operating yielded minimal 
load reductions. 
 
Using the  values for each cooling bin (both the DCV and economizer bins), the 
loads for the installed case bins were calculated as follows: 
 

     (23) 

where, 

  = Base case load for temperature bin T [tons] 

  = Monitored load determined from chiller curve [tons] 

   = Chiller diversity in temperature bin T  

  = Load increase due to lack of Intelligent Ventilation 

 
To generate loads for the pre-retrofit condition bins, additional loads resulting from the lack of 
setback controls had to be added to the installed case loads. Using the building load model 
developed for the TA analysis, the campus’ block load was first calculated for each cooling bin 
with the space temperature at 75 °F (the typical daytime cooling temperature), and then at 80 °F 
(the setback temperature).  The difference between the block loads, which was roughly 17 tons, 
was then added to the installed case loads to generate the pre-retrofit case for the setback 
measure. Table 85 below compares the loads used in the pre-retrofit and installed cases.  

Table 85: Setback measure unoccupied installed and pre-retrofit loads (tons) 

Temperature 
Bin 

Pre-Retrofit 
Load (tons) 

Installed Case 
Load (tons) 

90 – 95 436.2 418.9 
85 – 90 362.3 345.0 
80 – 85 259.5 242.1 
75 – 80 213.2 195.9 
70 – 75 167.1 149.8 
65 – 70 124.2 106.8 
60 – 65 80.5 63.2 
55 – 60 22.4 5.1 

 
Using the regressed chiller performance curve, chiller loads for both the pre-retrofit and installed 
case bins were converted to chiller power draw estimates. For bins with loads in excess of 299 
tons (the capacity of the primary chiller), loads were assumed to be divided in proportion to 
chiller size between the primary chiller and the 150-ton back up chiller. Since little information 
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was available on the backup chiller, the backup chiller was assumed to follow a performance 
curve with a shape identical to the primary chiller’s curve. The efficiencies used in the curve 
were however scaled in proportion to the difference in full load efficiency between the primary 
and back up chillers (.525 kW/ton versus 1.256 kW/ton). Since the backup chiller was air 
cooled, the efficiency figure accounted for condenser fan operation. For the primary chiller, 
cooling tower fan energy consumption was calculated using Equation 7 and Equation 8 from the 
tracking analysis above.  
 
With the plant power draws calculated for both the base and installed cases, the next step in the 
savings analysis was adjusting the monitored unoccupied pump diversity factors to account for 
the fact that higher loads were encountered in each temperature bin for both the M1 installed 
and pre-retrofit scenarios than observed in the metered data. (As an aside, it was unnecessary 
to adjust the chiller diversity factors since they were integrated into the load estimates [see 
Table 84 above and the ensuing discussion). 

Table 86: Unoccupied monitored pump diversity factors by temperature and load 
Temperature Bin 

(F) 
 

Monitored 
Chiller Load 

(tons) 

Unoccupied 
pump diversity 

factor 
90 – 95 195.3 1.00 
85 – 90 157.6 1.00 
80 – 85 141.7 1.00 
75 – 80 133.8 1.00 
70 – 75 124.9 0.99 
65 – 70 103.8 0.97 
60 – 65 63.2 0.87 
55 – 60 5.1 0.98 

 
The diversity factors in Table 86 (which do not account for pump availability as in Table 79) 
were mapped to the installed and pre-retrofit cases for M1 based on load using lookup tables. 
For instance, any load greater than 195.3 tons was mapped to a diversity factor of 1.00; a load 
of 71.6 tons was mapped to a diversity factor of .87. Table 87 below provides the final diversity 
factor mappings (sans availability factors) for both the installed and pre-retrofit cases. 
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Table 87: Pre-retrofit and installed case pump diversity factors by temperature bin 

Temperature Bin 
(F) 

 

Pre-Retrofit 
Pump Diversity 

Factors 

Installed Case 
Pump Diversity 

Factors 
90 – 95 1.00 1.00 
85 – 90 1.00 1.00 
80 – 85 1.00 1.00 
75 – 80 1.00 1.00 
70 – 75 1.00 1.00 
65 – 70 0.97 0.97 
60 – 65 0.87 0.87 
55 – 60 0.98 0.98 

 
It was unnecessary to remap air handler fan diversity factors since the static heating and cooling 
averages were used for both heating and cooling modes (see the top of Table 82). This 
approach was valid because the overall diversity factors (accounting for high speed and low 
speed operation in the heating case) varied minimally with respect to temperature. As such, it 
was only necessary to employ variable fan diversity factors for the variable speed fan measure 
(M4), since distinguishing between high and low speed operation was of consequence to the 
savings. For the M1 analysis, it was presumed that M2 through M5 had not been implemented 
to avoid double counting savings.  
Because fan diversity factors were left unchanged as a function of load, it was unnecessary to 
account for fans in the M1 analysis since their operation was assumed identical in both the pre-
retrofit and installed cases. 
 
The last step in the M1 analysis was calculating savings for each temperature bin. Savings were 
calculated as, 
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 (24) 

Where, 

   = Setback measure savings in temperature bin T [kWh] 

  = Unoccupied hours in temperature bin T [h] 

  = Chiller and pump availability in temperature bin T due to the seasonal  

      changeover 

  = Pre-retrofit chiller and cooling tower power in bin T [kW] 

   = Constant speed chilled water pump power [kW] 

  = Pre-retrofit pump diversity in bin T 

   = Installed case chiller and cooling tower power in bin T [kW] 

  = Installed case pump diversity in bin T 

 
Savings from all cooling bins were summed to assess savings from the setback and scheduling 
measure (M1). Even though the setback measure generated heating savings, only cooling bins 
were considered for this measure because the heating load reduction yielded only gas savings. 
Since this measure was assumed to be implemented prior to the remaining measures, variable 
speed fan and pump savings were not accounted for until later measures. Furthermore, since 
the monitored pump and fan diversity factors in both the heating and cooling regimes were in 
excess of the assumed pre-retrofit case diversity factor (80% in all bins) used in the TA analysis, 
the setback scheduling clearly did not result in significant fan or pump runtime reductions. Since 
99.2% of the savings claimed for M1 in the TA analysis were based on the assumption that 
equipment diversity (including the chiller, cooling tower, all pumps, and all fans) would decrease 
from 80% to 30% as a result of this measure, nearly all measure savings were lost.  

Table 88:  Summary of System Scheduling and Setback Measure Savings 

Savings Quantity 
Tracking 
Estimate 

Evaluation 
Estimate 

Evaluation/ 
Tracking 

Annual Energy (kWh) 542,671 8,692 1.6% 
% Energy Savings On-Peak 19.5% 27.6% 141.6% 
Summer Peak Diversified kW (FCM) 0.0 0.0 N/A 
Winter Peak Diversified kW (FCM) 0.0 0.0 N/A 

Savings from the Intelligent Ventilation measure, which was comprised of economizers and 
CO2 based demand control ventilation, were calculated on the premise that the setback 
measure had already been implemented. As such, the loads from the unoccupied installed case 

M2: Intelligent Ventilation Evaluation Analysis 
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in the M1 savings analysis (Table 85, column 3) were used to form the unoccupied pre-retrofit 
condition in the M2 analysis. The occupied pre-retrofit loads were similarly generated by adding 
the ventilation load reduction for each temperature bin, , to the diversity adjusted 
monitored load as in Equation 21 above. The values for  in occupied demand 
controlled ventilation based bins were identical to those used in the M1 analysis. For occupied 
bins with economizer operation,  values were again calculated by comparing the 
load reduction between the nearest two bins without economizer use to the load reduction 
between bins with economizer use; the portions of the latter in excess of the former (i.e. the 
outdoor air based load reduction) was then compared to the load reduction available through 
fixed damper operation at 20% outdoor air. Any outdoor air load reduction in excess of that 
available through the base case outdoor air dampers was attributed to economizer operation 
and assigned as .   
 
For the installed case bins, the monitored occupied and unoccupied loads (as regressed from 
the chiller performance curve), were simply multiplied by the observed diversity factors in each 
case to generate the installed case loads. For M2, the monitored chiller loads were the 
appropriate installed case because the remaining measures (M3 through M5) affected the 
power consumption of the pumps and fans, but did not alter the actual campus loads. Table 89 
below provides a summary of the installed and pre-retrofit loads for both the occupied and 
unoccupied time frames.  

Table 89: Intelligent ventilation measure unoccupied installed and pre-retrofit loads 
(tons) 

Temperature 
Bin 

Occupied 
Installed Case 

Load (tons) 

Unoccupied 
Installed Case 

Load (tons) 

Occupied Pre-
Retrofit Load 

(tons) 

Unoccupied 
Pre-Retrofit 
Load (tons) 

90 – 95 263.6 195.3 487.1 418.9 
85 – 90 254.8 157.6 442.2 345.0 
80 – 85 231.5 141.7 331.9 242.1 
75 – 80 216.1 133.8 278.2 195.9 
70 – 75 204.8 124.9 229.6 149.8 
65 – 70 180.4 103.8 186.5 106.8 
60 – 65 132.2 63.2 132.2 63.2 
55 – 60 127.8 5.1 127.8 5.1 

 
As with M1, chiller performance curves were used to convert loads into chiller power draws. In 
the one bin where occupied loads exceeded the campus’ gross capacity of 449 tons, both 
chillers were assumed to be 100% loaded. Equations 7 and 8 from the tracking analysis were 
again used to calculate cooling tower loads for the primary chiller.  
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Pumps were modeled to operate at constant speeds as in M1 since the variable speed measure 
(M3) savings were built off of this measure. This approach was taken to avoid double counting 
savings from M3. The monitored pump diversity factors, which map directly to the occupied-
installed and unoccupied-installed cases, were remapped to the pre-retrofit conditions according 
to load. The procedure used to determine the appropriate diversity factors for M2 was identical 
to the process employed for M1.  
 
A change in fan energy consumption was not accounted for in this analysis since static 
(temperature independent) fan diversity factors were again employed. Also, fans were assumed 
to operate at constant speeds in M2 to avoid double counting variable speed fan savings in M4.  
 
Savings for a sample occupied temperature bin were calculated using the following formula: 

 (25) 

where, 

  = Occupied M2 savings for temperature bin T [kWh] 

   = Occupied hours in temperature bin T [h] 

  = Chiller and pump availability in temperature bin T due to the seasonal  

      changeover 

  = Pre-retrofit chiller and cooling tower power in bin T [kW] 

   = Constant speed chilled water pump power [kW] 

  = Pre-retrofit pump diversity in bin T 

  = Installed case chiller and cooling tower power in bin T [kW] 

  = Installed case pump diversity in bin T 

 
Identical calculations were performed in each temperature bin for both the occupied and 
unoccupied hours. Savings from each cooling temperature bin, both occupied and unoccupied, 
were then summed to generate gross measure savings. Similarly to M1, M2 generated heating 
savings. However, savings in heating mode were derived from decreased boiler load, and thus 
were realized in the form of gas savings. Hot water pump savings were not achieved in heating 
mode because monitored pump diversity in all heating bins was 100%. Therefore, adjusting 
diversity based on load, as in the cooling regime, would not have resulted in a change in 
pumping energy consumption. 
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Table 90:  Summary of Intelligent Ventilation Measure Savings 

Savings Quantity 
Tracking 
Estimate 

Evaluation 
Estimate 

Evaluation/ 
Tracking 

Annual Energy (kWh) 46,245 74,875 161.9% 
% Energy Savings On-Peak 75.8% 69.7% 92.0% 
Summer Peak Diversified kW (FCM) 85.8 59.4 69.2% 
Winter Peak Diversified kW (FCM) 0.0 0.0 N/A 
 
Evaluated savings exceeded tracking savings partially because the tracking analysis assumed 
unoccupied diversity of 30% for all equipment in all unoccupied bins. Using this low diversity 
reduced savings by nearly 10,000 kWh relative to a more representative average diversity factor 
of 90%. Another factor affecting the savings estimate was the assumed minimum outdoor air 
flow during occupied hours. In the tracking analysis, a minimum outdoor air flow of 10% was 
assumed; in the evaluation analysis, this value was decreased to 0% based on conditions 
observed while on site and the building engineer’s claim that outside air is rarely needed to 
maintain air quality set points. There was therefore a larger load differential between the pre-
retrofit and installed case loads in the evaluation analysis, magnifying savings across all DCV 
temperature bins. Evaluation energy savings did not exceed tracking savings by an even 
greater margin only because the savings from the economizer component of the measure were 
estimated to be considerably less in the evaluation analysis than in the tracking analysis for 
reasons discussed previously. 

Since trends were not readily identified in the metered pump data, variable speed pump savings 
were calculated using the minimum flow rates determined through metered data review (

M3: Variable Speed Pumping Evaluation Analysis 

Table 
77) and assumed flow versus load profiles. For chilled water pumps, flow percentage was 
assumed to decrease linearly with load from the peak monitored load (264 tons) down to the no 
load condition. However, once load dropped below 227 tons (86% of peak load), the flow rate 
was assumed to remain at 86% of full flow based on the average minimum monitored cooling 
flow. Similarly, while in heating mode, the pump flow was assumed to vary linearly from 100% at 
peak load (2,231 MBH) to 0% at the no load condition. For heating operation, the minimum 
observed flow was 58%; the flow rate was therefore assumed to remain at 58% in all bins with a 
heating load less than 1,294 MBH. The loads for the heating bins were based on the block loads 
calculated as part of the TA analysis. Table 91 below presents a summary of the flow rate 
percentages calculated for both the occupied and unoccupied time frames. 
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Table 91: Unoccupied and occupied pump flow rates by temperature bin  
Operating 

Mode 
Temperature 

Bin 
Occupied 
Flow % 

Unoccupied 
Flow % 

Cooling 90-95 100% 86% 
Cooling 85-90 97% 86% 
Cooling 80-85 88% 86% 
Cooling 75-80 86% 86% 
Cooling 70-75 86% 86% 
Cooling 65-70 86% 86% 
Cooling 60-65 86% 86% 
Cooling 55-60 86% 86% 
Heating 50-55 58% 58% 
Heating 45-50 58% 58% 
Heating 40-45 58% 58% 
Heating 35-40 58% 58% 
Heating 30-35 58% 58% 
Heating 25-30 58% 58% 
Heating 20-25 58% 63% 
Heating 15-20 58% 73% 
Heating 10-15 63% 82% 
Heating 5-10 71% 89% 
Heating 0-5 84% 100% 

 
The installed case power draw for each bin was calculated as, 

  (26) 

where, 

  = Pump power draw in temperature bin T [kW] 

  = Full load pump power draw (either secondary chilled or hot water  

      pumps depending on the bin) [kW] 

   = Differential pressure set point (as a fraction of design differential  

       pressure) 

  = Percentage of full flow in temperature bin, T 

  = Fractional drive loss percentage (3%)  

 
Notice that unlike in the TA analysis, where VFD losses were assumed to be a static percentage 
of drive nameplate power, VFD losses were assumed to vary linearly as 3% of drive load in the 
evaluation analysis.  
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For each pre-retrofit condition bin, pump power draw was assumed equivalent to full load pump 
power. Energy savings for each temperature bin were calculated as,  
 

  (27) 

where, 

  = Variable speed pumping savings in temperature bin T 

  = Unoccupied hours in temperature bin T [h] 

  = Unoccupied pump diversity in bin T (see Table 78) 

  = Aggregated pre-retrofit pump power (either heating or cooling) [kW] 

  = Aggregated installed unoccupied pump power in bin T [kW] 

   = Occupied hours in temperature bin T [h] 

   = Occupied pump diversity in bin T (see Table 78) 

  = Aggregated installed occupied pump power in bin T [kW] 

 
Note that the diversity factors used in Equation 25 were the actual monitored diversity factors 
scaled for heating and cooling availability. Gross savings were calculated by aggregating pump 
savings from all heating and cooling bins. 

Table 92:  Variable Speed Pump Measure Savings 

Savings Quantity 
Tracking 
Estimate 

Evaluation 
Estimate 

Evaluation/ 
Tracking 

Annual Energy (kWh) 110,745 93,167 84.1% 
% Energy Savings On-Peak 63.9% 46.1% 72.0% 
Summer Peak Diversified kW (FCM) 8.4 5.5 65.9% 
Winter Peak Diversified kW (FCM) 13.8 17.8 128.7% 
 
Measure savings were less than estimated in the tracking analysis partially because the 
minimum flow rates used in the evaluation analysis (86% cooling, 58% heating) were 
considerably higher than the minimum flow rates used in the TA analysis (30% for both). Using 
flow profiles dependent upon load instead of outdoor air temperature also reduced the savings 
estimate. Since greater loads were observed in moderate temperature bins (as calculated from 
the metered chiller data) than originally predicted in the TA analysis, the moderate temperature 
bin flow rates were also greater, thereby further reducing savings. A small portion of the savings 
reduction (roughly 3,000 kWh) was offset by using a load dependent VFD loss estimate instead 
of a static loss estimate. 
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According to the TA report and analysis, the newly installed VFDs poll the chilled and hot water 
valves to determine the required flow rate. The system was originally intended to function such 
that, at valve positions less that 50%, the fans operated at 50% flow. Between valve positions of 
50% and 85%, the fan flow would increase linearly from 50% to 100%. When the valves were 
more than 85% open, the fan flow would remain at 100%. The TA report clearly notes that while 
these were the originally specified operating parameters, they were each adjustable.  

M4: Variable Speed Fan Measure Savings 

 
Based on the metered data collected, it appears that the operating parameters changed 
substantially. To begin, the three monitored fans were observed to reduce fan speed down to an 
average flow rate of 36% (as estimated with the affinity laws). Furthermore, the chilled water 
flow rate was never observed to drop below an estimated 86% during operation. If chilled water 
flow were used as a proxy for valve position (as it was in the TA analysis), then the observed 
minimum fan flow condition would presumably be associated with 86% chilled water flow.  
 
However, since 86% chilled water flow is likely sufficient to meet roughly 86% of plant loads, it 
stands to reason that reducing the fan flow rates down to 36% when plant loads are still 86% 
would result in extremely low discharge air temperatures. Although there is no way to confirm or 
refute the premise of this thought experiment, this line of reasoning was used to decide that fan 
flow should be related directly to campus load, not to chilled water flow, for the purposes of the 
evaluation analysis.  
 
As with the pumps in M3, cooling fan flow was assumed to vary linearly with building load until 
the minimum measured flow percentage of 36% was reached. Thus, fan flow was assumed to 
vary with cooling load from 100% at 264 tons down to 36% at 95 tons, at which point it 
decreased no further.  
 
Heating fan flow was assumed to be bimodal in character, meaning that the fans either operated 
in high or low speed mode. As discussed previously, this approach was taken since the metered 
data indicated a two flow regime during most periods for each monitored fan. Based on the 
metered data, average high and low speed flow percentages of 95% and 35% were calculated 
respectively (Table 81). Variations in operation as a function of temperature were accounted for 
using diversity factors. Figure 58 below plots the high and low speed diversity factors in both 
occupied and unoccupied time frames versus dry bulb temperature. While the trends were not 
definitive, in general, the fans spent more time in high speed mode and less time in low speed 
mode as temperature decreased.   
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Figure 58: Heating diversity factors as a function of dry bulb temperature 
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For both heating and cooling modes, the fan power for a particular bin was calculated as 
follows: 
 

     (28) 

where, 

  = Fan power draw in temperature bin T [kW] 

  = Aggregated full load fan power draw [kW] 

  = Fan flow percentage in bin T 

  = Fractional drive loss percentage (3%) 

For each cooling bin, energy saving were subsequently calculated as, 
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   (29) 

where, 

  = Fan savings in temperature bin T in cooling mode [kWh] 

  = Unoccupied hours in bin T [h] 

  = Cooling mode unoccupied diversity in bin T 

  = Pre-retrofit fan power draw (full load) [kW] 

  = Unoccupied cooling fan power draw in bin T [kW] 

   = Occupied hours in bin T [h] 

   = Cooling mode occupied diversity in bin T 

  = Occupied cooling fan power draw in bin T [kW] 

 
Energy savings were determined using two calculations for each heating bin. First, savings were 
calculated for high speed fan operation: 
 

 (30) 

where, 

  = Fan savings in temperature bin T in high heat mode [kWh] 

  = Unoccupied hours in bin T [h] 

  = High heat mode unoccupied diversity in bin T 

  = Pre-retrofit fan power draw (full load) [kW] 

   = High speed operation fan power draw [kW] 

   = Occupied hours in bin T [h] 

  = High heat mode occupied diversity in bin T 

 
An identical calculation was then performed for low speed mode; the high speed power and 
diversity values were simply replaced with the low speed power and diversity values. Savings 
from all cooling, high heat, and low heat bins were then summed to generate gross measure 
savings. 
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Table 93:  Variable Speed Fan Measure Savings 

Savings Quantity 
Tracking 
Estimate 

Evaluation 
Estimate 

Evaluation/ 
Tracking 

Annual Energy (kWh) 469,771 768,421 163.6% 
% Energy Savings On-Peak 64.0% 41.8% 65.3% 
Summer Peak Diversified kW (FCM) 4.8 53.3 1102.5% 
Winter Peak Diversified kW (FCM) 45.2 73.5 162.6% 
 
Evaluated M4 energy savings greatly exceeded the tracking savings primarily because the 
tracking analysis again assumed a 30% diversity factor for unoccupied fan operation. In 
practice, an average unoccupied diversity factor (accounting for both cooling and heating) of 
91% was observed for the monitored fans. Changing the fan diversity from 30% to 91% in the 
TA analysis would have resulted in a 284,977 kWh increase in the projected tracking savings. 
The remainder of the savings increase primarily resulted from decreasing the minimum fan 
speed in the evaluation analysis (35%) relative to the tracking analysis (70%). Applying VFD 
losses as a function of load, as opposed to a static loss independent of load, also yielded a 
small increase in savings.  
 
In contrast to the other adjustments, changing the connected fan load, , used in the 
evaluation analysis actually reduced the savings. In the tracking analysis was 157.0 
kW; in the evaluation analysis it was reduced to 127.0 kW based on the fan survey completed 
on site. Adjusting this factor reduced savings by 181,459 kWh after accounting for all the other 
modifications.   
 
Summer peak demand savings were over 11 times greater than originally predicted in the 
tracking analysis because the tracking analysis presumed that all peak hours occurred within 
the 95°F/90°F bin, when in fact the hours were actually distributed across a range of 
temperature bins (see Table 83). As such, substantial peak demand savings were realized in 
the evaluation analysis because fans were assumed to operate at significantly reduced flow 
rates for many of the peak hours. 

The unit heater fan speed reduction savings calculation approach used in the TA analysis was 
left completely unchanged. Since metered data were not collected for this relatively small 
measure, and only controller installations were verified while on site, there was no basis for 
making adjustments. However, savings were increased slightly for this measure because a 
different set of weather data were used in the evaluation analysis than in the tracking analysis. 
The evaluation employed TMY3 weather data; the type of weather data used for the tracking 

M5: Reduced Unit Heater Fan Speed Analysis 
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analysis is unknown. Winter peak diversified demand savings decreased significantly because 
the peak hours were spread across multiple temperature bins with varying duty cycles in the 
evaluation analysis; in the tracking analysis, savings were only calculated in a single low 
temperature bin (10 °F to 15 °F) with a high duty cycle (95%). 

Table 94:  Reduced Speed Unit Heater Fan Measure Savings 

Savings Quantity 
Tracking 
Estimate 

Evaluation 
Estimate 

Evaluation/ 
Tracking 

Annual Energy (kWh) 20,778 21,757 104.7% 
% Energy Savings On-Peak 42.6% 41.2% 96.9% 
Summer Peak Diversified kW (FCM) 0.0 0.0 N/A 
Winter Peak Diversified kW (FCM) 7.9 5.5 69.3% 

 

On peak energy savings, winter coincident demand savings, and summer coincident demand 
savings were calculated for each measure by simply changing the hours used in the bin model 
according to the values in 

Notes on On-Peak Energy and Peak Coincident Demand Savings Calculations 

Table 83 above. For the peak demand estimates, demand savings 
were calculated by simply dividing the energy saved across all of the peak demand hours by the 
number of peak hours. For the purposes of this analysis, on peak, winter peak, and summer 
peak hours were each defined according to the MA-LCIEC reporting guidelines: on-peak kWh 
hours were non-holiday weekdays between 6 AM and 10 PM; winter peak demand hours were 
from 5 PM to 7 PM on non-holiday weekdays in December and January; and summer peak 
demand hours were from 1 PM to 5 PM on non-holiday weekdays in June, July, and August.  
 
The evaluation method of calculating peak demand savings changed substantially from the 
approach used in the tracking analysis. Whereas the tracking analysis simply assumed the 
demand savings for specific temperature bins were representative of peak period savings, the 
evaluation analysis accounted for variations in temperatures within the peak periods by binning 
the hours occurring within the peak periods.
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Site ID: N530145 

Summary 

A university installed variable frequency drives on the supply and return fans of each of two 
dual-duct AHUs serving a library building and converted all terminal boxes to variable air 
volume. The base case was to repair the existing system’s terminal units, which were not 
working properly.  This change allowed for supply and return fan volumes to be reduced 
compared to running all fans at constant volume.  A reduction in supply volumes to the hot and 
cold deck also translates into heating and cooling savings. 
 
The resulting electric savings were 87% of the original tracking analysis estimate.  There was no 
single significant factor that led to this discrepancy, but rather a series of offsetting factors that 
tended to cancel one another.  Results are presented in Table 95 below.  An analysis of the 
contributions of each factor is presented at the end of the report. 
 

Savings Quantity 
Tracking 

Value 
Evaluation 

Value 
Evaluation ÷ 

Tracking 
Annual Energy (kWh) 859,219 751,003 87% 
% Energy Savings On-Peak 55% 63% 115% 
Summer Peak Diversified kW (FCM) 177.8 112.4 63% 
Winter Peak Diversified kW (FCM) 138.0 106.2 77% 

Table 95:  Summary of tracking and evaluation savings results 

Project Description 

The applicant is a medium size university, and the building impacted by the project is the main 
library on campus.  This application considered the conversion of two dual-duct AHUs to run as 
Variable Air Volume (VAV) units instead of Constant Volume (CV).    
 
The measure was considered as a lost opportunity measure due to the condition of the terminal 
units in the existing case.  It was reported that these terminal units did not properly function 
(mixing dampers were stuck in a fixed position).  Because of this, the control of the AHUs was 
modified so that the fans cycled on and off at full volume in response to temperature sensors in 
a few locations throughout the library.  The base case for the measure was to repair or replace 
the malfunctioning terminal units with new constant volume dual-duct units, and to leave the 
rest of the system as-is.  The base case considered by the application would allow the fans to 
run at full speed during all occupied hours, instead of cycling on and off.  The base case energy 
would have been significantly higher than the existing condition energy with the cycling fans.   
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The proposed case considered the installation of all new VAV dual-duct terminal units, Variable 
Frequency Drives (VFDs) on the supply and return fans, and new duct static pressure sensors.   
  

Tracking Analysis 

This section describes the methodologies employed in the original energy study, discusses 
aspects of the methodology that had significant impacts on final energy savings estimates, and 
describes the evaluation calculation methodologies. 
 

The tracking analysis used an eQuest hourly simulation model to predict savings for the 
proposed measure.  The tracking analyst had prepared this model for multiple buildings on the 
campus that are served by a central heating plant.  The measure was modeled by adjusting the 
parameters that control the operation of the dual-duct AHUs in question.  Although the actual 
building has two AHUs (North/2 and South/1), the eQuest model considered these as a single 
combined unit.  In order to calculate savings, the fan control type was changed from constant 
volume to variable volume, and a minimum fan flow ratio was specified.  A summary output of 
the tracking analysis is provided as an appendix.   

Tracking Calculation Methodology 

The tracking analysis seems reasonable overall.  In several instances, parameters such as 
performance curves for chillers, fans, and pumps were based on eQuest default library values, 
but this is not expected to have a major impact on the outcome.  In comparing the model files 
for the base and installed cases, there were several minor but unexpected differences. 

Discussion of tracking analysis 

 
As part of the original study, energy metering of the existing supply fans was conducted for the 
two 100-hp supply fans.  The metering was conducted over the period of a few days, and 
showed the fan cycling phenomenon that was described in the report.  It is not clear whether 
the meter data for the supply fans was factored into the eQuest model.  The model shows the 
base case fan kW as being calculated by the expected full flow of the fans and a kW/cfm 
parameter.  The reported fan kW from the eQuest hourly outputs does not match the metered 
data.  It is unclear why this discrepancy exists. 
 
The chilled water coils in the AHUs are served by a chiller that is local to the building.  The full 
load performance of the chiller in the model seems reasonable, but the hourly performance of 
the chiller in the installed case model run does not, indicating that one or more of the eQuest 
performance modifier formulae may be providing unlikely results.   
 
The date on the metering, as well as the original date on the energy study, was from several 
years ago (2004, 2005).  It appears that the university waited until 2009 to install the measure.  
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The measure was rescreened in 2009, but it does not appear that the model was updated to 
reflect any changes that may have occurred in the intervening four years. 
 
Evaluation Calculation Methodologies 
Attempts to Calibrate tracking analysis eQuest Model 
The goal of an evaluation study is to use the same methodology as the tracking analysis 
whenever possible.  In order to verify whether the tracking analysis eQuest model could 
provide reasonable results compared to the evaluator’s metered data collection, a model 
calibration effort was undertaken.  Approximately 95% of the electric savings claimed in the 
application is due to a reduction in supply and return fan energy.  The remaining 5% is cooling 
savings.  Our calibration efforts focused on the fan energy.  The tracking analyst provided the 
evaluator with separate model input files for the base and installed case runs.  Running the two 
models and generating a savings report did not provide results that matched those claimed in 
the application, although the discrepancy was small relative to the overall claimed savings.  One 
reason for this may be that the evaluator used the most up-to-date version of eQuest, and the 
tracking analysis was based on model runs from 2005. 
 
Base Case Calibration 
The base case model was relatively straightforward to calibrate.  The supply and return fans are 
expected to operate at a constant volume and kW for every hour that the fan system is in 
operation.  The base case model was calibrated by adjusting the fan operation schedule to 
match the observed schedule from the evaluator’s metering data, and by adjusting the fan kW 
to match metering data that was collected by the tracking analyst prior to the project being 
installed.   
 
Installed Case Calibration 
The calibration of the installed case model was not as straightforward, and was ultimately 
unsuccessful.  The first step in the calibration effort was to compare the model inputs to see 
how the tracking analyst modeled the savings from this measure.  While the evaluator expected 
that the only change would be to the fan control type for the AHU that serves the library, the 
evaluator found several other input changes that were not related to this measure.  While most 
of these discrepancies were minor and not expected to have a significant impact on the results, 
the evaluator determined that the best course of action would be to use the tracking analyst’s 
base case model and modify only those inputs related to the VAV conversion.  One major issue 
with the tracking analyst’s original model of the installed case was that the fans were scheduled 
to run at all times, which was inconsistent with the building’s actual operation where fans are 
shut down when the building is unoccupied.  It is unclear why this was the case. 
 
In order to calibrate the installed case model, the evaluator generated hourly reports for supply 
and return fan kW for all hours of the year and generated plots of fan kW vs. outside air 
temperature.  These plots were compared to the metered values.  Figure 59 shows a 
comparison of the supply fan kW readings.   
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Figure 59: Comparison of Supply Fan kW 

 
It was evident that the fan kW curves were not in close agreement except at very mild 
temperatures.  The metering data shows a strong correlation between outside air temperature 
and fan kW, while the model was indicating the fans did not spend much time above the 
minimum speed except when outside temperatures are at their extremes.  The evaluator 
attempted to determine why the fan curves did not agree and found that there were a few 
inputs in the model that did not agree with observations at the site.  These inputs included the 
settings for discharge air temperatures from the coil and into the zones, and infiltration of 
outside air into conditioned areas.   
 
The model originally used the default cooling discharge air temperature of 55°F.  The evaluator 
had metered the discharge air temperature and found it to be 63°F on average.  Selecting a 
higher discharge air temperature will require more fan CFM (and kW) for a given load.  The 
model also had the input for infiltration turned off.  The evaluator set the infiltration input to 
0.5 air changes per hour (ACH) to simulate the effect of air entering through doors, cracks, and 
windows.  Adding infiltration to perimeter zones would increase the heating loads for those 
spaces in the winter and the cooling loads in the summer.  The combined effects of these 
modifications can be seen in Figure 60.   
 
Although the modifications to the model did increase the modeled fan kW at high and low 
temperatures, and the overall curve is closer to what was observed in the metering, there still 
was a significant disagreement between the two.  To make more changes to the model beyond 
the corrections described above would require unproductive guesswork.  Instead, the evaluator 
determined that the tracking analyst’s model and methodology was incorrect and not practical 
or cost effective to use.   
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Figure 60: Comparison of Supply Fan kW (With Model Modifications) 

 
8,760 Hour Spreadsheet Model 
Because the tracking analysis methodology was deemed incorrect and not practical or cost 
effective to use, the evaluator used a combination of eQuest hourly reports, metering data, and 
facility EMS trend data to develop a 8,760-row spreadsheet model of the measure.  This 
approach was used because it allowed two months of fan kW metering data to be incorporated 
into the analysis.  The benefit of the 8,760 model approach is that eQuest hourly report outputs 
can be used for variables that are required for the analysis but are not impacted by the results 
of the metering.  Where these values are reasonable, they can be included in the evaluation.  
This methodology reduces extraneous sources of error that might arise if all-new estimates of 
these parameters were developed in a spreadsheet model. 
 
The evaluation spreadsheet model uses the steps shown in the table on the following page, 
with data sources as indicated. 
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Model Data Point Base Case Data Source Installed Case Data Source 
Hourly Weather TMY2 data from eQuest (same file as in tracking analysis) 
Schedule Type Days broken down into occupied and unoccupied periods with different occupied 

schedules for Weekdays, Friday afternoons, and weekends based on observation of 
installed fans during metering 

Chiller Operation Chiller is assumed to operate from 4/16-10/15.  This assumption is from the tracking 
analysis eQuest Model 

Peak Energy Definitions These are developed from the peak definitions supplied by the Program 
Administrator – peak energy is from 6a-10p on non holiday weekdays.  Summer 
peak demand periods are Jun-Aug, 1p-5p, and Winter peak demand periods are Dec-
Jan, 5p-7p 

Supply Fan kW The metering data that was provided 
with the tracking analysis was used.  
Fans were assumed to run at the 
metered value during all occupied 
hours. 

The evaluator’s metering data was used, 
along with regression formulae based on 
time of day and outside air temperature. 

Return Fan kW Metering was not provided for return 
fans, so the supply fan kW was scaled 
based on the observed ratio of SF to RF 
in the highest flow period of the 
evaluator’s metering period.  The 
correlation agreed well with the ratio of 
SF to RF kW in eQuest.   

The evaluator’s metering data was used, 
along with regression formulae based on 
time of day and outside air temperature. 

Supply Fan CFM The SF CFM was scaled from the value 
in the eQuest model based on the ratio 
of tracking analysis metered kW and 
eQuest fan kW. 

Trends were collected from airflow 
sensors for periods that coincided with 
the meter data.  Correlations were 
developed for fan kW vs. CFM.  SF kW in 
each hour was used to determine SF 
CFM. 

% of SF flow to cold 
deck 

The hourly reports from eQuest were used to develop this ratio.  Separate formulas 
were developed for base and installed cases from the respective model. 

Mixed Air and 
Discharge Air 
conditions 

These were developed from a combination of metering data and site interviews.  
They were assumed to be the same for both base and installed cases. 

Cooling Load This was calculated using the total SF flow, the % of the flow to the cold deck, and 
the difference in enthalpy between mixed return air and discharge air from the cold 
deck. 

Cooling Performance This was based on the hourly report of modified EIR (=1/COP) for the base case 
chiller.  The installed case chiller performance was not used because the data did 
not appear reasonable. (Maximum installed case of about 0.35 kW/ton) 

Heating Load Calculated based on the difference between mixed air and hot deck discharge air 
temperatures 

Table 96: Description of Evaluator’s Modeling Inputs 
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Evaluation Data Collection 

For the base case, the evaluator used the metering data that was collected by the Program 
Administrator as part of the original tracking analysis.  The evaluator installed recording kW 
meters (Dent Elite Pro) on each of the two supply and return fan motors from August 25 
through October 25, 2010.  In addition, the evaluator installed recording temperature and RH 
loggers (Hobo U12) in the return air stream, the hot deck discharge, and the cold deck 
discharge of one of the AHUs.  The evaluator also collected trend data from the facility EMS.   
 
Unfortunately, the trend data was not able to be exported in spreadsheet form; only daily .jpg 
screen shots were available.  The evaluator digitized some of the trends in order to develop 
correlations between supply fan kW and CFM, but otherwise they were not used.  Weather 
data was collected for the metering period using the NOAA weather station at the Worcester 
Airport.  This data was downloaded via the evaluator’s subscription to the NOAA website.   
 

 
AHU SA Fans 

(2 total) 

AHU SA and RA 
Fans 

(4 total) 

AHU Supply 
and Return 

Temps 

Energy 
Management 

System Trends 
Weather Data 

Parameter Power Demand Power Demand 
Temperature, 

RH 
Supply Fan 

Flow 
OA Tdb, Twb, 

RH 

Meter Type 
Dranetz BMI 

Meter 
Dent ElitePro 
Power Meter 

Onset 
Computer 

HOBO  U12 
Unknown Unknown 

Sensors 
Current 

Transducers, 
Voltage Probes 

Current 
Transducers, 

Voltage Probes 

Temperature, 
RH 

Unknown Unknown 

Installation Temporary Temporary Temporary Permanent Permanent 
Observation 
Frequency 

Unknown 
5-minute 
average 

5-minute 
instantaneous  

Daily 
Screenshots 

Hourly 

Metering 
Duration 

November 
2004 

8/25/2010 to 
10/25/2010 

8/25/2010 to 
10/25/2010 

Samples 
concurrent 

with metering 
period 

Concurrent 
with metering 

period 

Base or 
Installed 

Base Installed Installed Installed n/a 

Metered by 
Program 

Administrator 
Evaluator Evaluator Site NOAA 

Table 97: Summary of Evaluation Metering and Trend Data 
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Evaluation Savings Analysis 

The evaluator’s savings estimates agree reasonably well with the tracking analysis, particularly 
for total energy savings, percentage on peak, and winter demand reduction.  The summer 
demand reduction value has a greater discrepancy.   Overall, the annual energy savings are less 
than claimed in the original application because the evaluator found the base case fan energy 
to be somewhat less than the tracking analysis, and the installed case fan energy was 
somewhat more.   
 
The following table summarizes the discrepancies between the tracking analysis and the 
evaluation. 
 

Savings Quantity 
Tracking 

Value 
Evaluation 

Value 
Evaluation ÷ 

Tracking 
Base Case Fan (kWh) 1,033,405 953,130 92% 
Installed Case Fan (kWh) 206,816 237,998 115% 
Fan Savings (kWh) 826,589 715,132 87% 
Base Case Cooling (kWh) 322,288 114,584 36% 
Installed Case Cooling (kWh) 289,693 78,713 27% 
Cooling Savings (kWh) 32,595 35,871 110% 
Base Case Heating (MMBTU) 8,032 6,704 83% 
Installed Case Heating (MMBTU) 5,775 3,825 66% 
Heating Savings (MMBTU) 2,257 2,879 128% 

Table 98: Component Savings Analysis 
 
Discussion of Fan Energy 
While the energy use of the fans in the tracking analysis base and installed cases agree fairly 
well with the evaluator’s results, there are some discrepancies in total energy use.  These are 
due to differences in both demand (kW) and hours of operation.  These discrepancies are 
twofold: the provided eQuest files do not agree with the values reported in the tracking 
analysis, and neither the eQuest files nor the tracking analysis report agrees with the 
evaluation.  Table 98  above shows the values that were reported in the tracking analysis and 
claimed in the application.  Because the eQuest files cannot be tied directly back to the claimed 
savings for this project, it is not straightforward to identify the exact sources of error between 
the tracking analysis and the evaluation. 
 
Based on the evaluator’s collected metering data for the installed case, the fans run from 7:00 
am to 11:00 pm, or 16 hours every day.  During the metering period, which included Labor Day 
and Columbus Day, there was not an observed difference in schedule of operation for 
weekends or holidays, nor did the schedule appear to change when the school year began.  
Therefore, the evaluator’s model predicts 5,840 hours of operation (16x365) during the year for 
the AHUs for both the base case and installed case.   
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According to the hourly reports obtained from the tracking analyst’s eQuest files, there are 
6,155 hours of AHU operation in the base case model.  The 6,155 hours of base case operation 
is supported by text in the tracking analyst’s report, which states that fans are expected to run 
approximately 70% of the time during the year (70% x 8,760 = 6,132 hours).  Elsewhere in the 
report, however, contradictory text states that the fans will operate for 18 hours per day 
(18 x 365 = 6,570 hours).   
 
A further complication is that the eQuest hourly report’s total base case fan energy 
(1,145,125 kWh) is inconsistent with the value reported in the summary of the tracking 
analyst’s report (1,033,405 kWh).  It is unclear why this discrepancy exists.  Since the base case 
fan is constant volume (and constant kW), it seems unlikely that a simple change in the release 
version of eQuest would cause this great of a discrepancy. It is possible that the model input file 
that the tracking analyst sent to the evaluator is not the model that was used to generate the 
report.  This seems more likely given the length of time since the report was originally written 
(2005) and the time of the evaluation, and the fact that the tracking analyst has completed 
other projects for the customer both before and after this project was first studied. 
 
In the installed case model provided by the tracking analyst, there are similar problems.  The 
hourly report for the AHUs shows fan operation for all hours of the year, which is inconsistent 
with both the base case and the observations of the evaluator.  However, the annual installed 
case fan energy in the tracking report (206,816 kWh) is not that different than the evaluation 
results (237,998 kWh), and the discrepancy is not consistent with a simple scheduling error.  
The hourly report indicates 50% more hours of operation than the evaluation (8,760 / 5,840), 
but the evaluator predicts 15% more annual fan energy than reported in the tracking analysis.  
The hourly report’s total fan energy for the installed case also disagrees with the tracking 
report, predicting a total of 284,453 kWh in fan energy, which is 38% more than stated in the 
report.     
 
Discussion of Fan Demand  
Differences in modeled fan kW also complicate the effort to identify sources of error in the 
tracking analysis.  The evaluator predicts a base case combined supply and return fan demand 
of 163.2 kW based on the tracking analyst’s included supply fan metering data and an estimate, 
based on evaluation metering, of return fan demand.  The eQuest model’s hourly report 
predicts a higher value of 186.0 kW based on model kW/CFM selections.   
 
The tracking analyst does not indicate why the metered kW values were not used in the model, 
even though the meter data is included with the report.  The tracking analyst’s report text 
states that there was difficulty in calibrating the eQuest model with the metering that was 
conducted at the time of the original study.  This is unexpected because of the constant volume 
nature of the base case.  The evaluator was able to calibrate the base case model by adjusting 
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the operating schedule inputs and the fan kW.  This discrepancy in fan kW causes the tracking 
analysis to overestimate savings. 
 
As discussed above and shown in Figure 59 and Figure 60, it was not possible to make a reliable 
comparison between the tracking analysis and evaluator’s metering results for the installed 
case fan kW values.  Because the evaluator’s methodology uses curve fits of the metering data 
to predict installed case fan energy, the evaluator’s model does agree with the metering. A 
further result of the installed case eQuest model’s fan demand being insensitive to outside air 
temperature is to understate typical installed case fan kW values during operating periods, 
which leads to a corresponding error (overestimate) of peak demand savings calculations. 
 
Overall, the claimed savings in the tracking analysis is 859,219 kWh, compared to 751,003 kWh 
in the evaluation analysis, a difference of 108,216 kWh, or 13% of the tracking result.  Of these 
savings, the evaluation calculates that 715,132 kWh are fan savings, which make up 95% of the 
total evaluated savings.  The tracking analysis also predicts that a similar proportion (96%) of 
the total claimed savings arise from fan savings. 
 
Discussion of Heating and Cooling Savings 
The remaining electric savings are from a reduction in cooling energy.  These savings result 
from a reduction in the volume of air that travels through the cold deck of the dual duct 
system.  Since the cold deck runs at fixed discharge air temperature of about 63°F, reducing the 
amount of air that is brought from mixed air conditions to the cold deck discharge condition 
results in cooling savings.   
 
There are similar savings on the heating side of the dual duct system which results in a 
reduction of steam at the central boiler plant.  The evaluator calculated 2,879 MMBTU of 
heating savings and the tracking analysis claimed 2,257 MMBTU. 
 
It should be noted that the cooling and heating plant energy in the tracking analysis may have 
included other systems besides those that were affected by this project, where the evaluation 
only calculated cooling and heating energy for two AHUs in question.  This could explain the 
comparatively large discrepancies between the evaluation and tracking analysis for the base 
and installed heating and cooling energy values, even though the savings are in relative 
agreement. 
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Site ID: WM08S554 

Summary 

This project involves the installation of a new energy management system (EMS) along with the 
conversion of nine pumps on constant volume control to variable frequency drive (VFD) control. 
All converted pumps are part of the heating ventilation and air conditioning (HVAC) system that 
services the entire building. The project files show the VFD conversions include two 25 
horsepower (HP) chilled water pumps, three 30 HP condenser water pumps, two 7.5 HP 
auxiliary water pumps, and two 3 HP heating hot water pumps.  
 
The energy management system allows the building to take advantage of the free cooling at a 
higher cutoff ambient temperature through the use of the existing heat exchanger and cooling 
tower. The majority of the savings, however, comes from the use of the VFDs during part load 
operation when power consumption is significantly reduced. 
 
Table 99 below presents the summary of the tracking and evaluation savings results.  The 
evaluation annual energy savings estimate is 56% of that predicted in the tracking estimate. The 
winter and summer peak diversified saving is 361% and 71% of the tracking estimate, 
respectively. Percent energy on peak was not provided in the TA’s estimates, so no comparison 
can be made for these values.   
 
The cause of the reduced evaluation energy savings are due primarily to a zero savings 
assigned to the VFD measures for the chilled water pumps and condenser water pumps. It was 
found on site that the chilled water pumps and condenser water pumps operated at full speed 
with no modulation. Hence, the installation of the VFDs offered no advantage in comparison to 
the constant volume control scheme. The EMS was also assigned a zero savings. Although an 
EMS was installed, free cooling was disabled and instead done manually due to concerns of 
frequent cycling on the lag chiller. This setup is no different than the base case, hence, zero 
savings are also assigned for this measure.  
 
The large winter peak diversified savings are chiefly due to a higher demand savings for the 
auxiliary pumps and heating hot water pumps in the evaluation’s calculations. There are no 
details provided in the documentation for how these values were calculated, so a comparison 
cannot be made. However, the final estimates for these two measures appear very low and 
conflicts with values seen elsewhere in the documentation. For example, in one place, the 
demand savings for the auxiliary pumps show a 5.9 kW savings while elsewhere it is reported 
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as 10.51 kW. It is possible that the TA estimates failed to account for two auxiliary pump VFDs 
when reporting their final estimates. Also, when calculating the demand savings from the 
heating hot water pump, a 3 HP pump was used versus the 20 HP found onsite. Since the 
details of these calculations were not provided, KEMA cannot definitively verify the source of 
this discrepancy. 

Table 99:  Summary of Tracking and Evaluation Savings Results 

Savings Quantity Tracking Estimate Evaluated Savings Evaluated/Tracking 
Annual Energy, kWh 275,614 154,392 56% 
Percent Energy On-peak N/A 46% N/A 
Summer Peak Diversified kW 16.7 11.9 71% 
Winter Peak Diversified kW 7.1 25.7 361% 

 
Project Description 

The project involves a large multistory commercial building that is served by two lead/lag 
centrifugal chillers and three boilers. There is also a separate direct expansion (DX) system that 
serves the data center. Although the equipment is fairly old, it is still in good operating condition. 
The facility also has a heat exchanger that is used in conjunction with the cooling tower to 
provide free cooling when outside air temperature goes below 45 °F.  

The project involves the addition of an EMS and retrofitting various HVAC end use pumps with 
variable frequency drives. The EMS would allow the system to automatically switch to the free 
cooling mode at a higher outside air temperature (50 °F). In the base case, free cooling is 
manually done when outside air drops below 45 °F. The VFD measures include VFD retrofits at 
two chilled water pumps, three condenser water pumps, two auxiliary water pumps, and two 
heating hot water pumps. Prior to the installation of the VFD’s and EMS, all pumps were 
manually controlled and operated at constant volume. The new VFDs are designed to modulate 
their speed to match varying building loads throughout the day and year. 
 
Tracking Analysis Method 

The documentation provided uses a vendor developed spreadsheet to compare the pre and 
post-retrofit energy associated with all pumps and chillers. However, the actual tracking savings 
spreadsheets were not provided as part of the documentation. In addition, the only measures 
included in the documentation spreadsheet are for the condenser water pump and chilled water 
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pump VFD retrofits and EMS system. There is no documentation for the auxiliary pump and 
heating hot water pump VFD retrofit measures.   

The general approach used in the vendor spreadsheet uses a bin analysis to estimate the 
building load. The building load appears to be assumed as being linearly correlated to the 
outside dry bulb temperature. Factoring in an estimated efficiency for the chiller at different 
temperatures, the total hours for each bin are multiplied by the building load and chiller 
efficiency. All of the bins are then summed to arrive at an annual energy consumption value for 
the base case and installed cases. It is unclear how the actual savings are computed for the 
EMS system because the values found in the spreadsheet documentation do not match the final 
numbers. Furthermore, different part load chiller efficiencies are used in the baseline and 
installed cases despite identical operating conditions. There is no reasoning provided for this 
assumption. 

The savings for the condenser water pumps assume that both pumps operate continuously in 
the baseline case. In the installed case, one of the pumps turn off below an outside air 
temperature of 55 °F while the other turns off when the outside air temperature drops below 45 
°F. The pumps are assumed to be operating at full load in the installed case despite the 
installation of the VFD controls. Similar to the EMS measure, the actual energy savings do not 
match what is reported in the final results for the condenser water pump VFD measure. 
Furthermore, the assumed hourly power consumption for the condenser water pumps are very 
low and may not reflect the actual pumps in operation. The assumed hourly full load power draw 
in the documentation provided is 12.6 kW. This is for a 30 HP pump that is expected to draw at 
least 22.4 kW. However, since the final values do not match what is provided in the vendor 
spreadsheets, it is likely an alternative calculation method was done.   

The savings for the chilled water pump also assume that both pumps operate continuously in 
the baseline case. In the installed case, one pump stops operating at an outside air temperature 
below 55 °F while the other stops operating at an outside air temperature of 45 °F. The power 
for both pumps follow a third order polynomial equation as the outside air temperature bin rises 
from 55 °F to 99 °F. This modulation is most likely the modeling of the VFDs based on the 
estimated load and is consistent with typical VFD power versus flow curves. However, the 
maximum hourly power draw appears low similar to the condenser water pumps. The assumed 
hourly full load power draw in the documentation is 11.7 kW for a 25 HP. A 25 HP pump is 
expected to draw at least 18.6 kW at full load. KEMA also noted that the actual energy savings 
provided in the vendor’s calculation sheets do not match the final reported TA estimates 
provided to the evaluation team.  
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No documentation is provided for the auxiliary and heating hot water pump VFD measures other 
than the final savings estimates. 
 
Evaluation Methodology 

The evaluation estimated the energy savings using an 8,760 engineering spreadsheet 
calculation based off of metered data and typical meteorological year weather (TMY 3) for 
Chicopee, MA, the closest location available for the site. The final evaluated energy savings 
come from a mathematical model using regression analysis. 

Electric power (kW) end-use data with 15-minute intervals were measured at the condenser 
water pump, chilled water pump, auxiliary pump, and heating hot water pump for four months. 
The site contact indicated that similar end use pumps had identical operating schedules in 
cases when both pumps are simultaneously on and that the pumps in the lag or standby 
positions had very limited operation hours. The two exceptions are the chilled water and 
condenser water pumps which are fully operational during the winter months when free cooling 
is available. During these times, only the lead pumps are switched on. Based on this 
information, KEMA determined that monitoring the lead pumps provided enough data to 
evaluate the VFD measures. 
 
The EMS measure was initially planned to be evaluated by monitoring the chiller’s power data 
for four weeks. However, after interviewing the site contact, it became very clear that free 
cooling was disabled from the EMS and that it was manually initiated instead. The savings from 
the EMS comes from automatic initiation of free cooling, but the current operation setup was no 
different from the baseline and hence a zero savings was assigned to this measure. However, 
15 minute power data for the lag chiller was still monitored to see if there is any correlation 
between the VFD pump power with the chiller load. Details of the parameters monitored are 
presented in Table 100 below.  
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 Table 100:  Summary of Monitoring Plan 

Equipment 
Monitored 

Chilled 

Water 

Pump #1 

Condenser 

Water Pump 

#4 

Secondary 

heating 

water pump 

#15 

Auxiliary 

Pump #30 Chiller #2 

Parameter 
Measured 

Power 

(kW) Power (kW) Power (kW) Power (kW) Power (kW) 

Model of 
Measurement 

Equipment 
Dent Elite 

Pro 

Dent Elite 

Pro 

Dent Elite 

Pro 

Dent Elite 

Pro 

Dent Elite 

Pro 

Type of 
Measurement 

Equipment 

Four 

Channel 

Power 

Logger 

Four Channel 

Power 

Logger 

Four Channel 

Power 

Logger 

Four Channel 

Power 

Logger 

Four Channel 

Power 

Logger 

Installation of 
Monitoring 
Equipment 

Clamp-On 

CT's and 

Voltage 

Taps 

Clamp-On 

CT's and 

Voltage Taps 

Clamp-On 

CT's and 

Voltage Taps 

Clamp-On 

CT's and 

Voltage Taps 

Clamp-On 

CT's and 

Voltage Taps 

Frequency of 
Observations 15 minutes 15 minutes 15 minutes 15 minutes 15 minutes 

Duration of 
Metering 4 months 4 months 4 months 4 months 4 weeks 

Energy 
Efficiency 
Measure ECM 1 ECM 2 ECM 4 ECM 3 ECM 5 

Metered by KEMA KEMA KEMA KEMA KEMA 

 
Spot power measurements for all monitored pumps were taken during the installation of the 
power meters. The spot measurements were taken after the pumps were ramped up to full load. 
These values serve as the baseline power consumption for the pumps which the evaluation 
assumes as being on constant volume control. The values are corrected by multiplying the spot 
measurement by a 0.97 ratio to adjust for the additional power consumed by the VFD. 
 
The evaluation installed case comes from analyzing the power relationships between each 
pump with real time outside air temperature using regression analysis and taking advantage of 
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patterns seen in the power consumption data on a weekday and weekend basis. The analysis 
then uses TMY 3 data to extrapolate the savings to an entire year. The difference between the 
evaluation’s base case and installed case is the annual evaluated energy savings. This is 
further explained in the following sections. 
 
Verification of Equipment and Operating Parameters 

VFDs were found on all pumps described in the documentation. An EMS was installed at the 
site, but free cooling was disabled and instead initiated manually by the site technicians. In 
addition, the lag chiller was manually controlled due to concerns of equipment wear from 
frequent cycling. All pump horsepower ratings matched the documentation except for the 
heating hot water pumps which showed a 20 horsepower rating versus the 3 horsepower rating 
listed in the documentation.   
 
Savings Analysis and Results 

Based on the metering data, both the chilled water and condenser water pumps operate at one 
set speed. These pumps are on from 5 AM to 7 PM during the weekdays and from 5 AM to 2 
PM during Saturdays. There is no correlation between pump power draw and outside ambient 
dry bulb temperature as shown in Figure 61 and Figure 62. 

Figure 61: Condenser Water Pump Power Draw Versus Outside Air Temperature 
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Figure 62: Chilled Water Pump Power Draw Versus Outside Air Temperature 

 
 

The power draw for the condenser water pump is fairly constant at around 22 kW. The zero and 
scattered power draws below 20 kW shown in Figure 61 represent partial hour operation and off 
times.  

Similarly, the scattered power draw below 15 kW for the chilled water pump in Figure 62 also 
represents partial hour operation and off times. This can be concluded because the spot power 
measured for the chilled water pump during the site visit was around 15 kW. This value was 
measured during the summer time when the chillers were on. The higher power draws (16-18 
kW) found at the lower outside air temperature range can also be concluded as pump operation 
at full speed. This higher power draw is due to the system switching from mechanical cooling 
(via chillers) to free cooling during the winter and should not be confused with modulations in 
pump speed.  

The metered data as illustrated by Figure 61 and Figure 62 suggests that the chilled water and 
condenser pumps do not modulate at all during occupied times. The VFDs therefore are not 
being properly utilized. In addition, interview with the current lead facility personnel suggests 
that the HVAC equipment is turned off during unoccupied times prior to installation of the VFDs. 
Therefore, zero savings are assigned to the VFD measures associated with the condenser 
water pump and chilled water pump since the baseline and installed cases do not change 
despite the VFD retrofits. The tracking documentation provided asserts that the base case 



 
 

 

Western Massachusetts Electric Company June 17, 2011 
 

B-322 

operation for these pumps should be assumed as always on but the operation scheme as 
suggested by the lead facility personnel suggests otherwise.  
 
A zero savings is also assigned to the EMS measure. The automatic switch to free cooling when 
outside air temperature drop below 50°F was disabled. Free cooling is manually done hence no 
savings are attributed to this measure. 
 

For the heating hot water pumps, there are indeed some modulations in power found during the 
metering interval. During the winter months, the pumps remain on during unoccupied times (7 
PM to 6 AM). As the building becomes occupied in the morning and noon times, the power draw 
drops slightly due to an increase in load from the occupants. After 3 PM, when the building load 
gradually decreases due to people leaving the building, the power draw begins to climb back up. 
This can be seen in Figure 63. In Figure 64, the power draw of the heating hot water pump is 
plotted with the outside air temperature. There is a visible correlation between the power draw 
and outside air temperature. The coefficient of determination for the power draw based on 
outside air is 0.2661. This means that over 26% of the pump’s power draw can be attributed to 
the outside air dry bulb. The other 74% is likely a combination of factors but the most likely 
variable is the occupancy which can vary by day and hour 
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Figure 63: Heating Hot Water Pump Power by Hour of Day 

 

Figure 64: Heating Hot Water Pump Versus Outside Air Temperature. 
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A multivariable regression was done based on outside air temperature and time of day to 
account for both these variables in the heating hot water pump. The regression model was then 
applied to real time weather data for the site and compared side by side with the actual metered 
data. As shown in Figure 65, the power draw values predicted by the regression model coincide 
closely to what was metered. Note that the predicted power draws during times when the pump 
was off is not plotted. These times represent unpredictable shutoff of the pump, possibly due to 
maintenance or unexpected building closure that cannot be realistically forecasted by any 
mathematical model. The modeled power draw and measured power draws have an overall 
coefficient of variation of 0.16 with a 0.03 mean bias error suggesting a very good match. 

Figure 65: Evaluation Regression Model Using Outside Air Temperature Compared with 
Metered Data 

 
The metered data also shows some power modulation associated with the auxiliary pump, albeit 
very minor. There is a general increase in power consumption as the outside air temperature 
increases. This was modeled using the regression equation shown in Figure 66. When the 
regression equation was applied to the real time weather data for the site and compared with 
actual metered power, a coefficient of variation of 0.23 and mean bias error of 0.00 was 
achieved. Although both values indicate a very good match, this is more due to the fact that the 
power data did not vary much making the mathematical model easy to fit 
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Figure 66: Auxiliary Pump Power Versus Outside Air Temperature  

 
The annual kWh savings is the sum of the hourly savings over all hours of the year, as predicted 
by the evaluation regression model and baseline.  The baseline for the heating hot water pumps 
is full load operation during the winter months from October 14 through March 15 when outside 
air temperature drops below 62 °F. At higher outside air temperatures, the pump is turned off. 
The baseline for the auxiliary pump is full load operation for all hours. The spot measurement 
taken for the pumps during the meter installation serve as the estimated hourly power draw. 
Hourly savings for this analysis were calculated by hourly subtraction of the evaluation installed 
case total kW from the evaluation baseline case total kW.   
 
After the hourly savings for this application were calculated for an entire year and appropriate 
holidays and peak periods were defined, KEMA applied the FCM (forward capacity market) 
definitions of on-peak kWh and summer and winter peak diversified kW to calculate the savings 
during these periods, as reported in Table 99 of this report. 
 
For the summer peak period, it is the non-holiday weekdays from June through August between 
1 pm and 5 pm. For the winter peak period, it is the non-holiday weekdays in December and 
January between 5 pm and 7 pm. 
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The percent on-peak kWh savings was calculated by summing the kW reduction for all hours 
that fall within the defined on-peak period and dividing by the annual kWh savings.  The on-peak 
period is defined as the non-holiday weekdays between 6 am and 10 pm. 
 
Using this algorithm, the annual energy saving for this project is 154,392 kWh. Details are 
presented in Table 99 at the beginning of this report.   
 

Energy Savings Discussion 

For the two VFD retrofits (heating hot water pump and auxiliary pump) that were eventually 
analyzed the energy savings come fairly close to the TA estimates. The evaluated to tracking 
rate is 102% if only comparing these two measures. However, the demand savings differ 
substantially; the evaluated to tracking summer and winter demand savings are 201% and 
362%, respectively, when only comparing these two measures.  
 
The final calculation spreadsheet used to determine the tracking savings were not provided to 
the evaluation team so no definitive explanation can be provided for why the demand savings 
are so different. However, based on what is available, it appears that the tracking’s estimates 
used a substantially smaller power draw for the pumps retrofitted with VFDs. The TA estimates 
used a maximum base case power draw of 12.6 kW and 11.7 kW, for the condenser and chilled 
water pumps, respectively. However, the nameplate information found on site for these pumps 
show a power rating of 30 HP and 25 HP. Converting from horsepower to kilowatt yields a 
power draw of around 22.4 kW and 18.6 kW, values that are much higher than what is predicted 
in the TA estimates. If this mistake were carried over to the heating hot water pump and 
auxiliary pump calculations, this would explain the larger demand savings found in the 
evaluation. Furthermore, the TA used a heating hot water pump rated at 3 HP when the actual 
power of the pump is rated at 20 HP which will grossly understate the winter demand savings.   
 
The evaluation team finds it unlikely that the base case used in the TA estimates for the 
condenser water pump and chilled water pump is valid. Interview with the current lead facility 
personnel suggests that the operation of these pumps were the same in the existing condition 
as they are now and questions why the VFDs were installed in the first place. Hence, the 
evaluation assigns zero savings for the VFD retrofits for the condenser water pump and chilled 
water pumps. Zero savings are also assigned to the EMS since free cooling is manually 
initiated.
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Supporting Files 

Table 101: Supporting Files from Evaluation Analysis 

File/folder name Description 

WM08S554 Site Report 

FINAL.docx Evaluation Report 

WM08S554_PeakSavingsCalcs.xls 

Contains final 8760 energy 

and demand savings 

calculations 

Raw Data 

Folder containing raw 

metered data 

WM08S554_Analysis_All_Data Contains data analysis 
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Site ID: CS1312_A 

Summary 

This new construction application included the installation of four 1,650 ton water cooled 
centrifugal chillers in place of standard efficiency base case chillers.  These chillers serve 
primarily lab and office space cooling loads. 
 
Table 102 below presents a summary of the energy and demand savings achieved at this 
facility. Evaluated energy savings were 39% more than the savings claimed in the tracking 
system. Summer and winter diversified peak demand savings were however considerably less 
than claimed in the tracking system, primarily because demand savings were not properly 
calculated. A tracking system estimate of percent on peak savings was not calculated for this 
project.  
 

Table 102: Summary of Tracking and Evaluation Savings Results 

Savings Quantity 
Tracking 
Estimate 

Evaluation 
Estimate 

Evaluation/ 
Tracking 

Annual Energy (kWh) 61,966 86,356 139% 
% Energy Savings On-Peak N/A 53% N/A 
Summer Peak Diversified kW (FCM) 59.0 31.0 52% 
Winter Peak Diversified kW (FCM) 9.0 0.0 0% 

Project Description 

Four new chillers were installed in an eighteen story, 685,000 square foot biological research 
facility.  At the time the original TA analysis was submitted, the building was still under 
construction.  Each new chiller is an identical 1,650 ton water-cooled centrifugal unit.  The Non-
Standard Part Load Value (NPLV) of the new chiller model is 0.483 kW/ton. 
 
Four variable-speed 60-hp chilled water pumps deliver chilled water to the air handling units. 
Chilled water is also delivered to the tenants for processes requiring a chilled water loop. Heat 
rejection is done using five 100-hp variable speed cooling towers. When the outdoor wet bulb 
temperature allows, free cooling is enabled to produce chilled water using a separate 1,075 
GPM plate and frame heat exchanger. 
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Since this project was new construction, the baseline chiller was determined to be a standard 
efficiency chiller of the same size and type.  The NPLV for the selected baseline chiller was 
0.495 kW/ton. 

Tracking Analysis  

Tracking Calculation Methodology   

Tracking savings were calculated using a bin analysis approach.  Occupied and unoccupied 
operating hours were first placed into 5 oF bins.  An occupied peak building load of 4,884 tons 
was assumed for the 95 oF to 100 oF bin.  A linear relationship between load and outdoor dry 
bulb temperature was then used to approximate load in each bin, with the 52 oF being the point 
on the curve at which the free cooling heat exchanger would be enabled.  The TA analysis also 
assumed an unoccupied peak building load of 3,508 tons for the 95 oF to 100 oF bin.  For all 
bins with loads in which multiple chillers are required, the load was split evenly between the 
number of required chillers.  Savings for bins where free cooling could not be used were 
calculated as: 

  

where, 

  = Energy savings for bin i [kWh]   

  = Load in bin i [tons] 

  = Hours in bin i [h] 

  = Base case chiller efficiency at a given part load ratio [kW/ton] 

  = Installed chiller efficiency at a given part load ratio [kW/ton] 

In the above equation, PLR was calculated as the ratio of chiller load in a given bin to chiller 
capacity.  For both the base case and installed chillers, part load efficiencies were pulled from 
manufacturer data. 
 

Discussion of Tracking Analysis 

The approach taken to calculate energy savings was appropriate for this measure.  However, 
the calculation of the summer and winter peak demand savings were taken at the 97 °F and 57 
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°F temperature bins, respectively.  The effect is that the assumptions for summer and winter 
demand savings were inflated because these temperature bins do not accurately reflect the 
FCM defined peak demand reduction periods.  Using the FCM definitions for on-peak summer 
demand savings, the summer peak would occur between the 72 °F and 77 °F temperature bins.  
Likewise, the winter peak would have been 0 kW because this system would be operating in 
free cooling mode, or not cooling at all during the winter peak period.   
  

Evaluation Methodology 

A revised bin analysis approach informed by metered and trended data collected on-site was 
used for the evaluation.  The first key component of the evaluation was establishing 
relationships between the trended entering and leaving chilled water temperatures and the 
power draw of the monitored chiller.  Following this, relationships between outdoor conditions 
and the total estimated chiller load were established.  These relationships could then be used as 
a basis for estimating building load as a function of outdoor conditions. The second key 
component of the evaluation was gaining sufficient understanding of the plant operations 
through both metered data analysis and discussions with the plant operator to assess under 
what conditions free cooling is used and when no cooling is necessary at all.  
 
These data could then be used to conduct a bin analysis, wherein each bin corresponded to the 
appropriate set of plant operating conditions, as dictated by the outdoor conditions (dry bulb and 
wet bulb).  
 
In order to conduct the desired analysis, a site plan was devised involving metering one of the 
facility’s chillers.  This plan also established key trend points to collect to help inform the total 
plant loads.  The site plan also included a discussion of central plant and general HVAC 
operations with the building engineer to assist in interpreting the metered data collected during 
the evaluation.  
 
Following the site visit and data retrieval, savings were calculated using an hourly bin analysis 
with Boston Logan International Airport TMY3 data.  
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Evaluation Data Collection 

On site data collection began by first verifying that the new chillers and water side economizer 
heat exchanger were installed as proposed. All four of the new chillers and heat exchanger 
were found installed as expected.  
 
Following equipment verification, data loggers were installed on chiller 3 and primary chilled 
water pump 5.  True power loggers were installed on both pieces of equipment.  The plan was 
to monitor the primary chilled water pump along with the lead chiller for the duration of the 
monitoring period to identify the point when free cooling was enabled.  However, after 
approximately two months of monitoring and prior to the free cooling point, the monitored chiller 
and chilled water pump were shut off in favor of one of the other chiller/pump combinations. 
 
Evaluators also worked with the controls personnel to establish the trending capabilities of the 
energy management system (EMS).  The facility was already trending key parameters for their 
own use, and had data available for most points starting in February 2010.  The key trends used 
in this analysis included entering and leaving chilled water temperature for each of the four 
chillers. 
 
Table 103 below summarizes the key parameters for each of the installed data loggers and 
trends. See Appendix Figure 69 for a graph of the metered data for the duration of the 
monitoring period. 
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Table 103: Equipment Monitoring Summary 

Metered Equipment Chiller 3 
Primary Chilled 
Water Pump 5 Chiller 1 - 4 

Measured Parameter 

True Power, Voltage, 
Amperage, PF (3 
Phases) 

True Power, Voltage, 
Amperage, PF (3 
Phases) 

Entering/Leaving 
Chilled Water 
Temperature 
(deg F) 

Logger Make/Model 
Dent ElitePro Power 
Meter 

Dent ElitePro Power 
Meter Unknown 

Transducer/Equipment 
Types 

Current Transducers 
and Voltage Clamps 

Current Transducers 
(600A CTs) and 
Voltage Clamps 

Temperature 
Probes 

Installation 
Split Core CTs and 
Voltage Clamps 

Split core CTs and 
voltage clamps Unknown 

Observation 
Frequency 

15 Minutes; Time 
averaged readings 

15 Minutes; Time 
averaged readings 

5 Minutes; 
Instantaneous 
readings 

Metering Period 
July 22, 2010 to 
November 14, 2010 

July 22, 2010 to 
November 14, 2010 

February 28, 
2010 to 
December 31, 
2010 

Metered by: 
KEMA & facility 
electrician 

KEMA & facility 
electrician Facility EMS 

 
Building and central plant operations were discussed with the building engineer during the initial 
site visit, and through follow-up conversations.  He provided the following information regarding 
building and plant operations: 
 

• The central plant serves lab process and space cooling loads when not in free cooling 
mode.  

• A total of eleven air handlers provide air-conditioning and ventilation for the entire 
building.  

• Chillers rotate based on chiller runtime, and are staged on or off based on load. 
• Operation of all four chillers at one time does not occur, and facility peak load is 

approximately 4,000 tons. 
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• Free cooling is enabled when outdoor air temperatures drop below 55 °F, and chillers 
typically do not run between November and March. 

• Chiller usage is required 24 hours a day, seven days a week when outside air 
temperatures are above 55 °F. 

• When multiple chillers are required, the load is shared evenly amongst them.   
 

Subsequent to the site visit and metered data retrieval, weather data coincident with the 
metering period was collected for the Boston Logan Airport. These weather data included hourly 
readings of outdoor dry bulb temperature and wet bulb temperature that were used to generate 
curves relating outdoor conditions to chiller power draw. 

Evaluation Savings Analysis 

The first step in the evaluation was developing curves relating the trended entering and leaving 
chilled water temperature difference to the power draw of the monitored chiller 3.  To do this, 
chiller 3 power data from July 22, 2010 to September 29, 2010 (the point at which chiller 3 went 
off) were plotted against the difference in entering and leaving chilled water temperature.  A 
regression analysis was performed on this data to develop an algorithm for the relationship 
between the two parameters.   
 
Figure 67 provides the results of the regression analysis for chiller #3 and chilled water 
temperature.  Note that chiller 3 operated continuously across this period of 68 days.  The curve 
from Figure 67 shows a very strong relationship between chiller power and chilled water 
temperature difference.  Evaluators then applied the algorithm resulting from this regression 
analysis to the trended chilled water temperature difference of each of the other chillers to 
estimate the power for each chiller.     
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Figure 67: Chiller 3 Installed Power versus Chilled Water Delta Temperature 

 

 
The next step was to convert the total installed chiller plant power to capacity (tons) using the 
manufacturer’s power vs. load curve.  A relationship was then developed between the total 
chiller load and outdoor air conditions.  Evaluators plotted the total chiller load data against both 
outdoor wet bulb and dry bulb temperature.  The total load of all four chillers was best 
represented by its relationship with wet bulb temperature as shown in Figure 68.  Note that this 
chart includes the total estimated chiller loads between February 28, 2010 and December 31, 
2010.   
 

y = 2.0235x2 + 31.295x + 132.24
R² = 0.9387
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Figure 68: Total Chiller Plant Load versus Outdoor Wet Bulb Temperature 

 
 
With the building load curves established, the next step in the analysis was binning Boston 
Logan Airport’s TMY3 data.  Average dry bulb and wet bulb temperatures for each five degree 
dry bulb temperature bin were calculated along with the total number of hours in each 
temperature bin.  Evaluators then calculated the total chiller load using the algorithm generated 
from the regression analysis from Figure 68 above.   
 
The savings analysis was then conducted for each temperature bin.  A summary of this bin 
analysis is included in the appendix of this report in Table 104 and Table 105.  The following 
equation provides the savings calculation for temperature bins with mechanical cooling: 
 

 

y = 2.826x2 - 192.54x + 3144.2
R² = 0.942
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where, 

  = Energy savings for bin i [kWh]   

  = Load in bin i [tons] 

  = Hours in bin i [h] 

 N = Number of chillers required in bin i 

  = Base case chiller efficiency at a given part load ratio [kW/ton] 

  = Installed chiller efficiency at a given part load ratio [kW/ton] 

  = Base case chiller capacity [tons] 

   = Installed chiller capacity [tons] 

 
Note that in the above equation, N, the number of chillers required is based on the total 
estimated cooling load divided by the full load capacity of a single chiller.  The assumption in is 
that the load is split equally amongst all operating chillers in both the preexisting and installed 
cases.  This assumption was stated by facility personnel and verified through trend data.  The 
savings analysis only included chiller loads above 55 °F dry bulb.  According to the building 
engineer, this is the point at which mechanical cooling is not required because air and water-
side economization is enabled.  
 
Peak Period Savings 
 
Percent on peak energy savings, summer coincident peak demand savings, and winter 
coincident peak demand savings were all calculated by first re-binning the TMY3 data with only 
the hours corresponding to each definition. For percent on peak savings, the savings calculated 
using the “on peak period” binning were then simply divided by gross annual savings to yield the 
percent on peak savings estimate. For each of the coincident peak demand periods, the gross 
energy savings calculated for the peak period were divided by the total peak period bin-hours to 
estimate peak demand savings for both the summer and winter periods.  
 
Conclusions 

Building cooling loads were generally consistent between the tracking and evaluation estimates.  
One difference was that the tracking analysis assumed lower cooling loads during unoccupied 
hours.  However, the monitored power data showed no significant differences between occupied 
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and unoccupied cooling loads.  Therefore, there were more annual ton-hours estimated in the 
evaluation compared to the tracking savings.  This was one reason why the energy savings 
were 139% of the tracking savings estimate.  
 
The evaluated summer and winter coincident peak demand savings were however considerably 
less than the tracking estimates, achieving realization rates of 52% and 0%, respectively. This 
discrepancy resulted from an incorrect savings calculation method used in the tracking estimate. 
For both winter and summer coincident peak demand savings, the tracking approach identified 
the summer peak demand savings occurring within the highest bin (97 °F), and the winter peak 
demand savings occurring in the lowest bin that savings are still present (52 °F). Neither of 
these two periods represents the defined summer and winter peak periods.  The evaluation 
estimated peak demand savings as the average demand reduction during the defined summer 
and winter peak demand periods.  Using this method, the summer peak occurs between the 72 
°F and 77 °F temperature bins.  Likewise, the winter peak was 0 kW because this system would 
be operating in free cooling mode, or not cooling at all during the winter peak period.   
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Appendix 

Table 104: Evaluation Estimate of Chiller Loads 

 

Single Chiller Capacity 1650 Tons
Baseline 
kW/Ton

Installed 
kW/Ton

# of Chillers 4 A 2.826 A -1.5755 -1.5484
Total Chiller Plant Capacity 6600 Tons B -192.54 B 3.8854 3.8478

C 3144.2 C -2.7777 -2.7618
Cooling Balance Point 55 F R^2 0.942 D 1.0732 1.0589

R^2 0.98 0.9744
Form Total Tons = (A*WBT^2)+(B*WBT)+C Form kW/Ton = (A*% Load^3)+(B*% Load^2)+  

Average Average Total Cooling Total Number Individual Individual Baseline Installed Baseline Installed
Dry Bulb Wet Bulb Annual Load Load of Chiller Load Chiller Chiller Chiller Chiller

Temp Bin F F Hours Tons % Chillers Tons % kW/Ton kW/Ton kW kW
97.5 97 74 9 4,397 67% 3.0 1,466 89% 0.567 0.556 2,494 2,446
92.5 92 72 28 3,924 59% 3.0 1,308 79% 0.528 0.516 2,072 2,025
87.5 88 70 74 3,608 55% 3.0 1,203 73% 0.503 0.490 1,813 1,769
82.5 83 69 217 3,248 49% 3.0 1,083 66% 0.478 0.466 1,554 1,514
77.5 78 67 374 2,934 44% 2.0 1,467 89% 0.568 0.557 1,666 1,634
72.5 73 65 718 2,625 40% 2.0 1,312 80% 0.529 0.517 1,389 1,358
67.5 68 61 761 1,937 29% 2.0 969 59% 0.463 0.450 897 872
62.5 63 57 775 1,396 21% 1.0 1,396 85% 0.550 0.539 768 752
57.5 58 53 755 848 13% 1.0 848 51% 0.458 0.446 389 378
52.5 53 49 789 0 0% 0.0 0 0% 0.000 0.000 0 0
47.5 48 43 762 0 0% 0.0 0 0% 0.000 0.000 0 0
42.5 43 38 739 0 0% 0.0 0 0% 0.000 0.000 0 0
37.5 38 34 842 0 0% 0.0 0 0% 0.000 0.000 0 0
32.5 33 29 790 0 0% 0.0 0 0% 0.000 0.000 0 0
27.5 28 25 455 0 0% 0.0 0 0% 0.000 0.000 0 0
22.5 23 19 283 0 0% 0.0 0 0% 0.000 0.000 0 0
17.5 18 15 245 0 0% 0.0 0 0% 0.000 0.000 0 0
12.5 13 10 84 0 0% 0.0 0 0% 0.000 0.000 0 0
7.5 8 6 41 0 0% 0.0 0 0% 0.000 0.000 0 0
2.5 4 2 9 0 0% 0.0 0 0% 0.000 0.000 0 0

-2.5 -3 -5 10 0 0% 0.0 0 0% 0.000 0.000 0 0

Chiller Load
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Table 105: Evaluation Savings Estimates 

 

Average Average Total
Dry Bulb Wet Bulb Annual

Temp Bin F F Hours kW kWh Hours kWh Hours kWh Hours kWh
97.5 97 74 9 48 429 7 334 0 0 9 429
92.5 92 72 28 46 1,298 6 278 0 0 17 788
87.5 88 70 74 44 3,253 18 791 0 0 50 2,198
82.5 83 69 217 40 8,734 52 2,093 0 0 147 5,917
77.5 78 67 374 32 11,886 41 1,303 0 0 230 7,309
72.5 73 65 718 31 22,228 64 1,981 0 0 369 11,424
67.5 68 61 761 24 18,331 36 867 0 0 355 8,551
62.5 63 57 775 16 12,270 18 285 0 0 341 5,399
57.5 58 53 755 10 7,927 11 115 0 0 343 3,601
52.5 53 49 789 0 0 7 0 4 0 378 0
47.5 48 43 762 0 0 0 0 4 0 343 0
42.5 43 38 739 0 0 0 0 9 0 362 0
37.5 38 34 842 0 0 0 0 15 0 323 0
32.5 33 29 790 0 0 0 0 20 0 342 0
27.5 28 25 455 0 0 0 0 16 0 218 0
22.5 23 19 283 0 0 0 0 7 0 114 0
17.5 18 15 245 0 0 0 0 5 0 76 0
12.5 13 10 84 0 0 0 0 3 0 27 0
7.5 8 6 41 0 0 0 0 1 0 14 0
2.5 4 2 9 0 0 0 0 0 0 6 0

-2.5 -3 -5 10 0 0 0 0 0 0 0 0
Totals 260 8,048 84 0 4,064 45,616

Total 
kWh 

Savings
86,356

Summer 
kW 

Reductio
31.0

Winter 
kW 

Reductio
0.0

% kWh 
Savings 
On-Peak

53%

On-PeakTotal Summer Winter
Savings
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Figure 69: Chiller 3 Monitored Power 
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Site ID: CS7561 

Summary 

This project involves the installation of an energy recovery unit to one of the facility’s direct 
expansion (DX) air conditioning systems. The facility is a newly constructed drug and alcohol 
rehabilitation center. The measure under evaluation involves the addition of an enthalpy wheel 
to the DX unit serving the hallways. The baseline for this measure is a system using DX cooling 
for the hallways with no energy recovery. Energy savings come from using the enthalpy wheel 
to pre-condition the incoming outdoor air with the normally exhausted building air. 
 
Table 106 below presents the summary of the tracking and evaluation savings results.  The 
evaluation annual energy savings estimate is 21% of that predicted in the tracking estimate 
while the summer peak diversified saving is 9%. Percent energy on peak was not provided in 
the TA’s estimates, so no comparison can be made for these values.   
 
The cause of the reduced evaluation energy savings are due primarily to a lower enthalpy wheel 
heat exchange efficiency found in the field installation and a higher average enthalpy found at 
the return air (defined as room air entering the energy recovery unit).  
 
In addition, a major error was found in the TA’s Visual DOE models. To properly assess the 
savings attributed to the energy recovery unit, the only parameter to change in the installed 
case model should be the addition of the energy recovery unit. In the TA’s installed case model, 
the energy recovery unit was indeed added, but they also erroneously revised the DX unit 
efficiency rating. If the efficiencies of the DX unit were properly set to be the same in the 
baseline and installed cases, the energy savings from the energy recovery unit would only be 
905 kWh. The tracking estimate value of 3,312 kWh is largely due to the efficiency difference in 
the DX unit, which is not what is addressed in this measure. 

Table 106:  Summary of Tracking and Evaluation Savings Results 

Savings Quantity Tracking Estimate Evaluated Savings Evaluated/Tracking 
Annual Energy, kWh 3,312 711 21% 
Percent Energy On-peak N/A 54% N/A 
Summer Peak Diversified kW 5.0 0.4 9% 
Winter Peak Diversified kW 0.0 0.0 N/A 
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Project Description 

This project is a new construction project that started in the fall of 2007. The measure was one 
of four energy efficiency measures proposed for this site, and involves the addition of an energy 
recovery unit that supplies 3,190 cubic feet per minute (CFM) of outside air to one of the 
building’s DX unit. The two units are connected by two long insulated duct runs that are about 
30 feet long. 
 
Tracking Analysis Method 

Tracking savings were estimated using Visual DOE, which uses DOE 2.1 as its calculation 
engine, to simulate and compare energy use from baseline and proposed system models. The 
baseline for this measure was created using a DX system serving the hallway areas and had no 
heat recovery. The energy input ratio (EIR) for the DX system was set at 0.357. In the installed 
case, a heat recovery loop was added to the hallway DX system with an efficiency rating of 
0.75. The DX unit’s EIR was also revised downward to 0.28 in the installed case. It is unclear 
why this latter step was done. The measure is not intended to address efficiency differences in 
the DX unit. Regardless, the models were run using TMY2 data for the Boston area. The 
difference in energy consumption between the baseline and installed cases were reported as 
the total energy savings for this measure.  
 
It should be noted, however, that the appropriate modeling approach should be to leave the 
efficiencies of the DX unit the same in both baseline and installed cases. This would isolate the 
energy savings from the energy recovery unit, which only amounts to 905 kWh versus the 3,312 
kWh claimed in the TA estimates. 
 
Evaluation Methodology 

DOE 2.1 is very outdated and has been known to have limitations. For example, DOE 2.1 does 
not model enthalpy heat recovery and also cannot perform heat recovery when the temperature 
difference between outdoor air and exhaust air is less than 10 °F. Since the measure is an 
enthalpy wheel heat recovery unit, this is major problem. However, Visual DOE claims to have 
fixed the heat recovery problems associated with the DOE 2.1 engine by using a proprietary 
code. It is beyond the scope of this evaluation to examine the validity of the code so KEMA 
assumes that the code does indeed fix this problem. However, both Visual DOE and 
engineering calculations were used to estimate the savings for this measure. The engineering 
calculations serve as a quality check and also as a backup estimate in case the Visual DOE 
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outputs return an energy savings value that appears unrealistic. Both methodologies are 
outlined below. 
 
Temperature and relative humidity data with one minute intervals were measured for four weeks 
at the energy recovery unit. Temperature and humidity sensors were placed at the outdoor air 
compartment (1) as well as the supply (2) and return (3) ducts that connect the energy recovery 
unit to the roof top air conditioning unit (RTU). Refer to Figure 70 for the placement of the 
sensors. 

Figure 70: Energy recovery unit diagram. Numbers represent placement of sensors. 

 
 

Additionally, electric power (kW) end-use data with 15-minute intervals were measured at the 
RTU for four weeks to identify when the unit was in cooling mode. Initially another power meter 
was planned to be installed at the energy recovery unit, but since the unit draws a constant 
power when it is on, a decision was made to install a time of use (TOU) current transducer 
instead. Taken together, the two sets of data helps to identify when the enthalpy wheel is 
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working and at what times the efficiency should be calculated for the values to be valid. Details 
of the parameters monitored are presented in Table 107 below. 

Table 107:  Summary of Monitoring Plan 

Equipment 
Monitored Energy Recovery Unit Energy Recovery Unit RTU Air conditioner 

Parameter 
Measured 

Temperature and 

relative humidity for 

outside air, supply air, 

and return air % ON Power 

Model of 
Measurement 
Equipment 

Hobo Microstation H21 

and S-THB-M002 Dent TOU CT logger Dent ElitePro 

Type of 
Measurement 
Equipment Temp/RH sensor Current transducer 

Four Channel Power 

Logger 

Installation of 
Monitoring 
Equipment Placement Clamp-On CT 

Clamp-On CT's and voltage 

taps 

Frequency of 
Observations 1 minute 15 minutes 15 minutes 

Duration of 
Metering 4 weeks 4 weeks 4 weeks 

Energy 
Efficiency 
Measure Energy Recovery Unit Energy Recovery Unit Energy Recovery Unit 

Metered by KEMA/RISE KEMA/RISE KEMA/RISE 

 

The efficiency of the heat recovery unit is calculated using Equation 1 which is the general 
equation in determining the efficiency of an enthalpy wheel. 

Equation 1.   
oara

oasa

hh
hh

−
−

=η  

 
Where  η = overall enthalpy wheel efficiency 
  h = enthalpy of the air at the specified state (btu/lbm air) 
  sa = supply air state 
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  oa = outside air state 
  ra = return air state 
 
The average enthalpy wheel efficiency is then adjusted in the Visual DOE model and the 
simulation run is performed using TMY3 data from the Boston area. 
 
To crosscheck the values found in the Visual DOE model, an engineering spreadsheet 
calculation was set up using TMY3 weather data. An average return air enthalpy was assumed 
based on the metering data. Using the average efficiency found for the unit, each hourly supply 
air enthalpy was calculated using Equation 1. Next, the difference between the enthalpy of the 
outside air and supply air was calculated to determine the heat recovery that occurs at the unit. 
Information collected from the nameplate data such as the energy recovery unit’s rated flow and 
the RTU’s energy efficiency ratio are then used to back calculate the energy savings. This was 
done for each hour. The sum of all the hours for the year is the annual evaluated energy 
savings. Equation 2 distills the engineering calculation in equation form. Table 108 lists the 
source for the values used in the calculations. 
 

Equation 2. 
( )

000,1
60

×
×××−

=
EER

dCFMhh
P saoa  

 
Where  P = hourly power savings (kW) 
  h = enthalpy of the air at the specified state (btu/lbm air) 
  sa = supply air state 
  oa = outside air state 
  CFM = airflow rate of energy recovery unit 
  d = average density of the return air (lb/CFM) 
  60 = minute to hour conversion factor 
  1,000 = Watt to kilowatt conversion factor 
  EER = air conditioning unit’s energy efficiency ratio (BTU/kW-hr) 
. 
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Table 108:  Parameters and Source of Values Used in Engineering Calculation 
Spreadsheet 

Parameter Value/Description Source of Value 

Power  Calculated hourly power   Calculated  

Enthalpy outside air 
 Varies, outside air 

enthalpy in btu/lbm  

 Calculated from TMY 3 data 

and psychrometric chart  

Enthalpy supply air 
 Varies, supply air enthalpy 

in btu/lbm  

 Calculated using average 

return air metered data, 

Equation 1, and 

psychrometric chart  

CFM 

 3190 - return/supply 

airflow rate in cubic feet 

per minute  Site documentation  

d 
 0.071362 lb/cubic feet - 

density of return air  

 Based on average return air 

temperature from metering 

data  

EER 
 12.2 - Energy Efficiency 

Ratio  

 Rated from model 

number/nameplate  

 

Verification of Equipment and Operating Parameters 

An energy recovery unit was found installed onsite. The unit was connected to an 8.5 ton air 
conditioning system that served the hallway areas of the building. The energy recovery unit was 
always on based on the TOU data downloaded from the four week monitoring period. 
Additionally, the time series temperature data for the supply, return, and outside air were plotted 
alongside the RTU’s hourly power data. In this way, we can identify during what times the 
enthalpy wheel’s efficiency should be calculated. As shown in Figure 71 below, when the air 
conditioner is on, the return air dry bulb temperature is typically the lowest (most pronounced 
when the outside air temperature spikes). This condition is used to determine which efficiency 
values should be included in the final calculated average efficiency number used in the 
spreadsheet analysis and model. In addition, a quality control filter was used to exclude any 
efficiency values greater than 80% or less than 20%. The efficiency values beyond this range 
are excluded because they are not reliable and typically indicate that the outside air enthalpy is 
very close to or lower than the return air enthalpy. In these cases, very small differences caused 
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by equipment measurement tolerances and air stratification may either inflate or deflate the 
efficiency values.
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Figure 71: Time Series Data from Metering Effort Showing Dry Bulb Temperatures at the Energy Recovery Unit and 
RTU’s Power Draw 
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Figure 71 also shows that the typical return temperature for the hallway space is much higher 
than what this energy recovery unit is designed for. The average return air condition when the 
air conditioner is on (defined as when the power draw goes above 3 kW) is around 79.5 °F and 
58% relative humidity. Typical design values for this system are a dry bulb temperature of 75 °F 
and 50% relative humidity indicating that not only is the actual return air hotter, but also contains 
more moisture. The net effect is a much higher return air enthalpy.  
 
The overall efficiency calculated for the enthalpy wheel under these conditions is 0.466 as 
compared to the design efficiency of 0.75.   
 
Savings Analysis 

Evaluated savings were initially calculated using DOE 2.1, the calculation engine in Visual DOE.  
The final savings value used the engineering calculations. 
 
KEMA started with the tracking’s Visual DOE model and made a number of changes based on 
what was observed onsite and from values suggested by the metering data. The most 
significant change in the evaluation model was turning down the cooling EIR to represent the 
nameplate rating and reducing the efficiency of the energy recovery unit. A comparison of the 
tracking model and evaluation model operating parameters are presented in Table 109 below. 

Table 109:  Major Differences in Operating Parameters Between the Evaluation and 
Tracking Models 

Parameter Tracking Model Evaluation Model 

Cooling EIR (baseline model)                                          0.357                                             0.280  

Cooling Capacity- total/sensible 
(kBTUH/kBTUH)  130/105   102/82  

Heating Capacity total (kBTUH)                                                (6)                                             (181) 

Heating efficiency                                             0.80                                               0.82  

Weather file  Boston TMY2   Boston TMY3  

Energy recovery efficiency                                          0.750                                             0.466  

 
The model was then ran using TMY3 weather data. A comparison was made between the 
annual energy consumption of the baseline and installed models to determine the annual 
energy savings. 
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For the alternative spreadsheet analysis, Equation 1 and Equation 2 were used to determine 
each hourly energy savings. The equations were used in conjunction with averages for the 
return enthalpy and energy recovery efficiency. The sum of all 8,760 hours were calculated and 
then summed to arrive at an annual energy consumption.   
 
Savings Results 

The annual kWh savings is the sum of the hourly savings over all hours of the year, as predicted 
by the evaluation Visual DOE or spreadsheet models.  Hourly savings for this analysis were 
calculated by hourly subtraction of the evaluation installed case total kW from the evaluation 
baseline case total kW.   
 
After the hourly savings for this application were calculated for an entire year and appropriate 
holidays and peak periods were defined, KEMA applied the FCM (forward capacity market) 
definitions of on-peak kWh and summer and winter peak diversified kW to calculate the savings 
during these periods, as reported in Table 106 of this report. 
 
For the summer peak period, it is the non-holiday weekdays from June through August between 
1 pm and 5 pm. For the winter peak period, it is the non-holiday weekdays in December and 
January between 5 pm and 7 pm. 
 
The percent on-peak kWh savings was calculated by summing the kW reduction for all hours 
that fall within the defined on-peak period and dividing by the annual kWh savings.  The on-peak 
period is defined as the non-holiday weekdays between 6 am and 10 pm. 
 
Using this algorithm, the annual energy saving for the energy recovery unit is 418 kWh for the 
modeled case. The alternative engineering calculation alternative yields a savings of 711 kWh. 
KEMA chose to use the engineering calculation alternative to determine energy savings for this 
measure. A discussion is provided in the next section.   
 
Energy Savings Discussion 

As mentioned elsewhere in this report, the DOE 2.1 engine is old and outdated. It cannot be 
relied upon to calculate energy savings that come from an enthalpy based heat exchanger. The 
problem is that it was never designed to handle both latent and sensible heat transfers. The 
developers of Visual DOE claim to have resolved the problem, but we could not verify the 
results based on our engineering analysis. Although the values of the model do come relatively 
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close to the engineering calculations, there are a number of issues in the model, and along with 
key program limitations, cannot be easily resolved simply by changing the main input values. 
 
The model in the TA analysis was built under the premise that the HVAC system would self 
size. The same applies to the airflow rate. Ultimately, the airflow rate that the system eventually 
sized to was much larger than what is typically seen based on the air conditioner’s 
specifications. For example, the TA model shows an airflow rate of 5,807 CFM compared to a 
range of 2,550-4,200 CFM as seen in the specification guide. Furthermore, Visual DOE appears 
to use that 5,807 CFM as the airflow rate in the energy recovery calculations. With such a 
higher airflow rate (as compared to the one used in the engineering calculations), the annual 
energy savings should be much higher than the 711 kWh estimated in the engineering 
calculations. If the airflow rate were turned down to 3,190 CFM, similar to the value used in the 
engineering calculations and backed by design documentation, the energy savings only amount 
to a paltry 148 kWh, which appears very low. 
 
However, the return air enthalpy shown in the model appears to accurately predict the return air 
state. In addition, the outside air weather file used in the model is the same as the one used in 
the engineering calculations. This leads us to believe that there are major differences on how 
the enthalpy transfer is calculated from the return and outside airstreams in the Visual DOE 
program. The methodology is not transparent since we could find no documentation for it. Thus, 
the results of the engineering calculations are used instead for this evaluation. 
 
The much lower energy savings rate is a combination of a much higher temperature and 
humidity found in the return airstream. This reduces the amount of cooling energy recovery that 
can be exchanged with the outside air. There was also a lower enthalpy exchange efficiency 
found in the field for this unit. These two main factors account for the reduced energy savings. 
However, the TA estimates are not valid in the first place since the majority of the savings come 
from revising the DX unit’s efficiency rating in the installed case, and thus inflating the energy 
saving.
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Supporting Files 

Table 110:  Supporting Files from Evaluation Analysis 

File/folder name Description 
CS7561 Site Report 

FINAL.docx Evaluation Report 

CS7561_PeakSavingsCalcs.xls 
Contains the 8,760 hourly results as well 

calculations for peak definitions 

CS7561_Analysis Spreadsheet analysis for measure 

Raw data 
Folder containing the raw data collected 

onsite 
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Site ID: CS7787_B 

Summary 

The applicant installed two 153-ton high efficiency packaged roof top air conditioning units 
(RTUs) with evaporative condensers. These two systems serve as the primary cooling and air 
handling equipment for a new three story office building.  
 
Table 111 presents a summary of the tracking and evaluation savings results. Gross energy 
savings were only 94.5% of the tracking estimate primarily because the building was 
unoccupied at the time of the site visit. As a result, the lifetime average annual savings were 
derated slightly to account for the reduced savings caused by the current vacancy. This 
adjustment, as well as other minor factors affecting the savings estimate, will each be discussed 
further later in this report. 

Table 111:  Summary of Tracking and Evaluation Savings Results 

Savings Quantity 
Tracking 
Estimate 

Evaluation 
Estimate 

Evaluation/ 
Tracking 

Annual Energy (kWh) 135,045 127,605 94.5% 
% Energy Savings On-Peak N/A 100% N/A 
Summer Peak Diversified kW  185.0 120.7 65.2% 
Winter Peak Diversified kW  8.0 3.1 38.8% 
 

Project Description 

Two identical 17.4 EER, 153-ton packaged units were installed at this new facility. Each RTU is 
outfitted with two 40 hp variable speed supply fans capable of moving a combined 50,000 CFM 
at 5” static pressure. In addition, each unit includes a 30 hp variable speed return fan pulling up 
to 44,000 CFM at 2” static pressure. The refrigerant circuits in each unit are served by two 
screw compressors with variable slide valve controls.  
 
In contrast to typical large RTUs, these units use evaporative condensers as opposed to dry coil 
condensers. Each condenser consists of three 2 hp fans and 2 three horsepower spray pumps 
delivering 323 GPM of water across the condenser coils.  
 
The RTUs function as the primary cooling and air handling equipment for this 110,000 square 
foot, three story office building. They are designed to deliver 55 F supply air to VAV boxes. The 
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HVAC design calls for powered induction series VAV boxes with electric reheat in the perimeter 
zones and standard VAV boxes without reheat in the core zones. As will be discussed in the 
“Evaluation Data Collection” section of this report, these components have not been completely 
built out yet. 
 
The base case for this measure consists of two 153-ton packaged RTUs rated at 10.6 EER. In 
contrast to the installed case, the base case systems utilize air cooled condensers. The base 
case systems also include less efficient supply and return fans. As in the installed case, the 
base case supply and return fans used variable speed controls. The base case consists of 
identical VAV boxes to the installed case.  
 
Tracking Analysis 

Tracking Calculation Methodology   
Tracking savings were calculated using a simulation model built in VisualDOE, a front end tool 
for DOE2.1e. Two version of the model were constructed, one with the installed equipment and 
another with the base case equipment. Both models were then run through an annual simulation 
with TMY2 weather data to calculate annual energy consumption. Annual energy savings were 
taken as the difference in energy consumption between these two models.  
 
To construct the installed and base case models as they operate in practice, a key workaround 
was required in the modeling procedure due to the limitations of VisualDOE and DOE2.1e. As 
mentioned previously, the installed and base case systems were both designed to operate in 
the context of a VAV system with powered induction units. The only way to model a VAV system 
with reheat boxes in the perimeter zones and standard VAV boxes in the core zones is to use 
the DOE2.1e “Powered Induction Unit” system type. The key issue with this system type is that 
it only allows chillers to be input as the primary cooling equipment; packaged RTUs cannot be 
defined as the cooling equipment. As such, the modelers had to define the packaged RTUs as 
chillers instead of DX systems in order to model the air side of the system as it operates in 
practice. 
 
To model the installed case “chillers”, two 153-ton screw chillers were input in the model. The 
chiller kW/ton efficiencies were input to match the 17.4 EER ratings of the installed RTUs. 
Cooling towers were input into the installed case model to approximate the cooling performance 
of the evaporative condensers. The evaporative condenser spray pumps were modeled as the 
chillers’ condenser water pumps to approximate the energy consumption of the spray pumps. 
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The chilled water loops were modeled with no head, effectively zeroing out the energy 
consumption of the fictitious chilled water pumps.  
 
The base case system was similarly model as two chillers, albeit with higher kW/ton efficiencies 
to match the 10.6 EER ratings of the base case. Also, the base case chillers were modeled with 
an air cooled condenser to approximate the performance of the base case RTUs. As in the 
installed case, the energy consumption of the fictitious chilled water pumps was effectively 
zeroed out by inputting no loop head.   
 
Table 112 below lists the key parameters used to differentiate the installed and base cases in 
the tracking analysis.  

Table 112:  Summary of Tracking and Evaluation Savings Results 

Installed Case Base Case 
Supply Fan 

• Fan power, .0011236 BHP/CFM 
• Fan motor efficiency, 93.6% 
• Delta-T across the fan, 2.8 F 

Return Fan 
• Fan power, .00052 BHP/CFM 
• Fan motor efficiency, 93.6% 
• Delta-T across the fan, 2.8 F 

“Chiller” Efficiency 
• .690 kW/ton 

Heat Rejection 
• Cooling tower with six 1.5 hp fans  
• 12 hp worth of condenser water pumps (to 

approximate 4, 3 hp evaporative condenser 
spray pumps) 

Supply Fan 
• Fan power, .0015 BHP/CFM 
• Fan motor efficiency, 93% 
• Delta-T across the fan, 3.7 F 

Return Fan 
• Fan power, .0014 BHP/CFM 
• Fan motor efficiency, 92% 
• Delta-T across the fan, 3.5 F 

“Chiller” Efficiency 
• .1132 kW/ton 

Heat Rejection 
• Dry coil, air cooled condenser 
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Discussion of Tracking Analysis 
The modelers were essentially forced to choose between modeling the refrigerant side of the 
system or the air side of the system correctly. They chose the latter, which for all intents and 
purposes was likely the proper choice because the refrigerant side of the system can at least be 
approximated with plant equipment. If the refrigerant side had been modeled as installed, the 
powered induction VAV boxes, which directly affect the supply and return fans of installed 
RTUs, could not have been modeled at all. 
 
Using a newer version of DOE2.2 instead of DOE2.1e would not have provided the modelers 
with any additional recourse because the same issue persists in the more recent software. 
Given the available modeling options, the approach taken for the tracking analysis was 
appropriate.  
 
The primary flaw in the tracking savings projection was not in the analysis itself, but rather in the 
analysis documentation. Although the modeling workaround used for this project was 
necessary, it should have been noted and discussed in the tracking analysis report. Nowhere in 
the consultant’s report does it state that a workaround had to be used, or discuss the methods 
used to approximate the performance of the installed equipment. 
 
Evaluation Methodology 

Early on in the evaluation process, it was learned that the building was unoccupied. As a result, 
an abridged evaluation protocol was developed since collecting metered data would be of little 
use in verifying the equipment and load schedules of an empty building. 
 
After learning that the building was empty, it was decided that the modeling approach used in 
the tracking analysis was the appropriate methodology for the evaluation as well because it 
provides the best means of forecasting future energy savings under an assumed future 
occupancy. The primary goal of the evaluation was therefore verifying that the tracking model 
had the appropriate HVAC equipment and scheduling inputs to predict energy savings in the 
future.  
 
As in the tracking analysis, savings were determined by running annual 8,760 hour simulations 
for the base case and installed models and taking the difference to yield annual savings. 
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Evaluation Data Collection 

The on-site data collection protocol consisted primarily of verifying that the HVAC equipment 
had been installed as proposed. In addition, HVAC equipment schedules for the building in its 
unoccupied state were also discussed with the site contact. Prospects for future occupancy 
were also discussed to assess the effect of the building’s current unoccupied state on life time 
savings. 
 
During the site visit, both 153 ton RTUs were found installed as expected. However, since the 
building does not have any tenants, the air distribution system has not been completely built out. 
On the first floor, 11 VAV boxes had been built off the primary air distribution ring (which is 
common to the two RTUs). On the second floor, 8 VAV boxes had been installed and on the 
third floor no distributors or VAV boxes had been installed. The site contact stated that the VAV 
boxes on the first and second floors would likely have to be added to by tenants as part of the 
initial build outs. The distribution system on the third floor will have to be designed from scratch 
before tenants occupy the space. 
 
After verifying equipment installation, current building operations were discussed with the site 
contact. The building engineer stated that even though the space is unoccupied, they still run 
one RTU for four hours between 10 AM and 2 PM Monday through Friday to clean the building’s 
air and reduce interior humidity. For unoccupied operations, the supply air set point has been 
increased from 55 F (as it will be once occupied) to 60 F to minimize energy usage. Outside of 
the 10 AM to 2 PM time frame, all HVAC equipment is shut off completely. 
 
The site contact was next asked if he had any idea when the building was likely to be occupied. 
He stated that no occupants had yet been found, and he had little idea when the building was 
likely to be occupied. He did however state that building management’s intent was to find a 
single tenant willing to take up at least half of the building before trying to find smaller occupants 
to fill in the remainder of the space.  
 
After concluding discussions with the site contact, as-built building plans were reviewed to verify 
that the HVAC parameters in the design specification matched what had actually been installed.  
 
Evaluation Savings Analysis 

For the evaluation savings analysis, two sets of the building models were constructed. The first 
set was constructed with the current unoccupied building schedules and set points. The second 
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set was left with the typical office schedules used in the tracking analysis to mimic building 
operations under full occupancy. Table 113 below compares the building and occupancy 
schedules used in the “unoccupied” models with the schedules used in the “fully occupied” 
models.  

Table 113:  Comparison of schedules used in the unoccupied and occupied models 

Unoccupied Model Occupied Model 
Fan Availability Schedule 

• Mon – Fri, 10 AM to 2 PM 
Heating Availability Schedule 

• Always available when fans are on 
Cooling Availability Schedule 

• Always available when fans are on 
Office Heating Temperature Schedule 

• Mon – Fri, 10 AM to 2 PM, 70 F 
• System off other hours 

 
 
Office Cooling Temperature Schedule 

• Mon – Fri, 10 AM to 2 PM, 75 F 
• System off other hours 

Occupancy Schedule 
• Mon – Fri, 8 AM to 6 PM, 5% assumed for 

building showings 
• 0% occupancy during all other hours 

Fan Availability Schedule 
• Mon – Fri, 8AM to 6PM 

Heating Availability Schedule 
• Always available when fans are on 

Cooling Availability Schedule 
• Always available when fans are on 

Office Heating Temperature Schedule 
• Mon – Fri, 6AM to 7AM, 60 F 
• Mon – Fri, 7AM to 8AM, 65 F 
• Mon – Fri, 8AM to 6PM, 70 F 
• System off other hours 

Office Cooling Temperature Schedule 
• Mon – Fri, 8AM to 6PM, 75 F 
• System off other hours 

Occupancy Schedule 
• Varies between 50% and 95% occupancy 

from 8 AM to 6 PM weekdays 
• 0% occupancy during all other hours  

 
Aside from the schedules, the only other parameter used to differentiate the unoccupied and 
occupied models was the cooling supply air temperature. In the unoccupied models (both base 
case and installed), the supply air temperature was increased from 55 F to 60 F based on the 
information provided by the building engineer. 
 
In addition to creating unoccupied versions of the base case and installed case models, minor 
adjustments were also made to HVAC parameters used in the installed case tracking model to 
reflect as built conditions. Table 114 lists changes made to HVAC parameters in the installed 
case model following the site visit and project documentation review. 
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Table 114:  Comparison of evaluation and tracking installed case model parameters 

Evaluation Installed Case Model Tracking Installed Case Model 
Supply Fan 

• Fan motor efficiency, 95.9% 
Return Fan 

• Fan motor efficiency, 95.8% 
Cooling Coil Capacity 

• 3,672 kBtuh 
Cooling Tower Fans 

• 6, 2 hp fans 

Supply Fan 
• Fan motor efficiency, 93.6% 

Return Fan 
• Fan motor efficiency, 93.6% 

Cooling Coil Capacity 
• 3,675 kBtuh 

Cooling Tower Fans 
• 6, 1.5 hp fans 

 
As is apparent from Table 114, the changes made to the tracking version of the installed case 
model were relatively minor. Motor efficiencies were changed on the basis of results from fan 
tests performed at the installed air flow and static pressure conditions. The fan motor 
efficiencies used in the tracking model were likely input on the basis of the nameplate 
efficiencies. Cool coil capacity was adjusted slightly to match the system capacity listed in the 
manufacturer’s specification. Lastly, “cooling tower” fan power ratings were changed to 2 hp 
because the two installed evaporative condensers each contain three fans driven by 2 hp 
motors.  
 
After making these adjustments to the installed case model, the unoccupied and occupied 
versions of the installed and base case models were run to determine savings in the unoccupied 
and occupied scenarios. In contrast to the tracking analysis where TMY2 weather data were 
used, models were run with TMY3 weather data in the evaluation analysis since these newer 
data are more reflective of modern climate conditions.  
 
Hourly simulation outputs from the cooling, heating, fan, and heat rejection end uses were 
compared between the base case and as built runs. Hourly differences over the 8,760 annual 
schedule were then summed to calculate annual energy savings under the unoccupied and 
occupied scenarios. Figure 72 below illustrates the difference between the installed and base 
case RTUs during the month of June.  
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Figure 72:  Installed (red) and base case (blue) HVAC power profile for June, 1995 

 
For both the unoccupied and occupied scenarios, % On Peak Energy savings were calculated 
by summing savings from the defined on peak hours of 6 AM to 10 PM on non-holiday 
weekdays and dividing by gross annual savings. Similarly, summer and winter peak demand 
savings were calculated by taking the average demand reduction from the hourly simulation 
outputs over the appropriate peak periods. Table 115 below provides a summary comparison of 
each of the savings metrics from the occupied and unoccupied models.  

Table 115:  Summary of Tracking and Evaluation Savings Results 

Savings Quantity 
Occupied 
Savings 

Unoccupied 
Savings 

Annual Energy (kWh) 138,505 29,506 
% Energy Savings On-Peak 100% 100% 
Summer Peak Diversified kW  132.2 16.7 
Winter Peak Diversified kW  3.5 0.0 

 
Note that Summer Diversified Peak kW Savings for the occupied time frame are considerably 
greater than Winter Diversified Peak kW Savings. This result aligns with the fact that savings 
are primarily the result of the increased cooling efficiency of the installed equipment. 
Furthermore, any savings associated with using more efficient supply and return fans in the 
installed case are mitigated during the winter months because secondary fans in the reheat 
VAV boxes account for the majority of the fan load. For the unoccupied case, there are not 
Winter Diversified Peak kW Savings because the HVAC equipment is kept off during the winter 
peak hours. In both cases, all savings occur during the On-Peak period because the building 
HVAC only operates on weekdays between 8AM and 6PM even under the occupied scenario. 
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To determine the final energy savings from this measure presented in Table 106, weighted 
averages of the unoccupied and occupied savings figures were used. According to the Custom 
Screening Tool in the project file, the measure life for this project is 20 years. Assuming the 
building remains unoccupied for 2 years of the measure’s life at worst (including the year that 
has already passed), that leaves 90% of the measure’s life in the occupied category. As such, 
final savings for this project were calculated as the sum of 90% of the occupied savings and 
10% of the unoccupied savings, which represents the average annual savings over the lifetime 
of the measure.  
 
Ultimately, the building’s current vacancy had a minimal effect on the lifetime average annual 
energy savings. The savings reduction resulting from the building’s current vacancy was also 
partially offset by increased savings in the occupied period relative to the tracking estimate. 
Savings were increased by 3,459 kWh relative to the tracking estimate primarily because the 
fan motor efficiencies were changed slightly. Also, changed the simulation weather file from 
TMY2 data to TMY3 data may have slightly affected the savings estimate.   
 
It is unclear why the evaluated summer and winter peak diversified demand savings were so 
much less than in the tracking analysis. Even under the occupied building scenario, the 
evaluated summer and winter peak demand savings were considerably lower than estimated in 
the tracking analysis. Since the tracking analysis report does not discuss the methods that were 
used to calculate demand savings, it was not possible to examine the source of this 
discrepancy. It should be noted that the claimed tracking savings were reproducible to within 1% 
using the model files provided for the evaluation prior to making the evaluation modifications. 
Seeing as the tracking savings so closely match the evaluated savings, it can only be 
speculated that either a different calculation methodology or different peak time definitions were 
used to assess demand savings for the tracking estimate.  
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Site ID: CS 7627 

Summary 

This application saves 67% of the energy originally estimated in the tracking analysis.  The 

primary reason for the decrease in savings is due to significantly lower supply airflow 

rates during unoccupied periods than predicted in the tracking analysis.  Results are 

presented in Table 116 below. 

Table 116:  Summary of tracking and evaluation savings results 

 
 

Project Description 

This project proposed installation of a custom fabricated industrial grade air handling unit 

instead of a standard commercial grade unit to serve a new 36,000 sqft center within an 

existing hospital.  The installed unit is equipped with two 60-hp supply fans with VFDs 

that modulate to maintain a static pressure setpoint.  The base case unit is equipped with 

a single 150-hp supply fan with a VFD that is controlled the same as the installed unit.  

Both the base and installed units would be served by chilled water and hot water coils 

and operate 24 hours per day, 7 days per week.  The units would provide airflow to a 

network of variable air volume boxes serving the facility.  The design flow of both the 

base and installed units is 36,000 cfm. 

 

The proposed unit saves energy by reducing the pressure drop across the cooling coil 

which reduces the total pressure from 8.73” to 3.84” at design conditions.  This is 

documented in the specifications for the units, however the physical differences within 

the equipment that cause the reduction are unknown.  Airflow leakage from the units is 

also reduced from 7.5% to 1.0%.  The custom unit allows for a more appropriate fan 

selection and additional savings result by increasing fan efficiency from 70% to 71% at 

Savings Quantity Tracking Value
Evaluation 

Value
Evaluation ÷ 

Tracking
Annual Energy (kWh) 111,223 74,219 67%
% Energy Savings On-Peak 50% 66% 132%
Summer Peak Diversified kW (FCM) 11.8 15.7 133%
Winter Peak Diversified kW (FCM) 25.7 10.1 39%
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design conditions.  The supply fan savings reduce fan heat resulting in differences in 

heating and cooling loads. 

 

 

 
 

Tracking Analysis 

This section describes the methodologies employed in the original energy study, discusses 

aspects of the methodology that had significant impacts on final energy savings 

estimates, and describes the tracking calculation methodologies. 

 

Tracking Calculation Methodology 

The tracking analyst estimated energy savings for this measure in a temperature-

dependent bin model. Base case energy use was modeled for a single air handling unit 

equipped with a 150-hp variable-speed supply fan.  Proposed case energy use was 

modeled for a single air handling unit equipped with two variable-speed 60-hp supply 

fans, which both operate in unison.  Of the estimated 111,223 kWh savings, roughly 95% 

are due to reduced supply fan energy and 5% are due to reduced fan heat and chilled 

water plant energy use. 

 

Since the reduction in chiller plant energy is small relative to the reduction in supply fan 

energy, the evaluation assumed the same average chiller plant performance as the 

tracking analysis and did not perform metering of the chilled water system. 

 

The tracking analysis selected a commercial grade air handling unit as a base case unit.  

Carrier AHUBuilder was used to select a unit capable of providing 45,000 cfm.  This is 

equal to the capacity of the base case unit.  Cooling and heating coil specifications for this 
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Figure 73: System Diagram 
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unit were used to estimate the total static pressure at design conditions.  Design airflow is 

assumed to be 36,000 cfm, 80% of the 45,000 cfm air handling unit capacity.   

 

Fan motor power demand was calculated at four conditions: 80%, 85%, 90%, and 100% of 

design airflow.  Including design conditions, these four unique points are used in the 

supply airflow profile.  It is unclear what assumptions were made to distribute these 

points to their respective temperature bins, but the general methodology of developing a 

load profile appears to be reasonable.  Design flow is used for the 90-95°F bin, 90% is 

used from 85 to 90°F, 85% is used from 70 to 85°F, and 80% is used below 70°F.   

 

At each of the four conditions, supply airflow, total airflow (including leakage), and static 

pressure are calculated in order to estimate fan power demand.  The following 

expressions were used to estimate each of these values in the base case: 

 

Supply Airflow, cfm  =  % Design Airflow * 36,000 cfm 

Total Airflow, cfm  =  Supply Airflow * ( 1 + 7.5% Leakage) 

External SP, in =   ( Supply Airflow, cfm / 36,000 cfm )2 * 3.7 in @ 36,000 cfm 

Internal SP, in  =  ( Total Airflow, cfm / 45,000 cfm ) 2 * 6.7 in @ 45,000 cfm 

Total SP, in  =  External SP, in + Internal SP, in 

 

The following expressions were used to estimate each of these values in the proposed 

case: 

 

Supply Airflow, cfm  =  % Design Airflow * 36,000 cfm 

Total Airflow, cfm  =  Supply Airflow * ( 1 + 1.0% Leakage) 

External SP, in =   ( Supply Airflow, cfm / 36,000 cfm )2 * 3.7 in @ 36,000 cfm 

Internal SP, in  =  ( Total Airflow, cfm / 45,000 cfm ) 2 * 3.8 in @ 45,000 cfm 

Total SP, in  =  External SP, in + Internal SP, in 

 

Fan efficiency is reportedly based on manufacturer’s specifications, however no 

documentation is provided in the report.  The values used by the tracking analyst in the 

base case are within 2% of the proposed case unit and vary from 70% at design flow to 

64% at 80% of design flow. 
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Fan power is estimated using the following expression: 

 

Fan Power, bhp =  ( Total Airflow, cfm * Total SP, in ) / (6,356 * Fan Efficiency, % ) 

Fan motor power demand is estimated using the following expression: 

 

Fan Motor kW  =  Fan Power, bhp * 0.746 / ( 92% VSD Burden * 92% Motor Efficiency ) 

Air handling unit cooling loads are calculated based on the enthalpy of the return air and 

ambient conditions assuming constant 20% outside air for both the base case and 

proposed case units.  Since the base case unit has more leakage and greater total airflow, 

the cooling load is higher in the tracking analysis base case.  Annual ton-hours of cooling 

are estimated and the reduction in chiller plant energy is calculated assuming an average 

performance of 0.6 kW/ton. 

The tracking analysis energy model uses operating hours for four NSTAR periods including 

on-peak summer and winter periods and off-peak summer and winter periods.  These 

periods are defined as the following:  

 

On-Peak Summer: May to Oct, 6 AM to 11 PM, Mon-Fri 

Off-Peak Winter: May to Oct, 11 PM to 6 AM and Saturday/Sunday 

On-Peak Winter: Oct to May, 6 AM to 11 PM, Mon-Fri 

Off-Peak Winter: Oct to May Mon-Fri, 11 PM to 6 AM and Saturday/Sunday 

 

Supply fan and cooling load energy use is calculated for each of these periods.  Energy 

savings are the difference between the base case and proposed case energy use for each 

period. 

The percentage of energy savings occurring during energy peak periods is calculated 

based on the ratio of savings during peak periods to total energy savings.  According to a 

monthly summary table included with tracking report, the peak hours used were 6am-

11pm.  Based on the energy values included in the energy savings table, the percent on-

peak savings for the entire year would be 49.7%. 

 

Summer peak demand reduction values are calculated as the average demand reduction 

in June, July, August weekdays from 1pm-5pm.  Winter demand peak reduction values are 

calculated as the average demand reduction in December and January from 5pm-7pm.  

The demand peak reductions are 25.7 kW in the summer and 11.8 kW in the winter.  
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Evaluation Methodology 

The evaluator has applied a similar calculation methodology to the tracking analysis. Both 

studies use a temperature-dependent bin model to calculate base and proposed/installed 

case fan and cooling energy.  The bin hours used in the evaluation are different than the 

tracking analysis because a unique operating schedule was observed in the evaluation.  

The evaluator differs from the tracking analyst by accounting for savings from not only 

fan energy and reduced cooling loads due to leakage, but a difference in cooling loads 

due to reduced fan heat.  Energy usage is calculated using a combination of metered data 

and trend data that is extrapolated to an entire year.  The general outline for the 

evaluation methodology is below. 

 

1. Use relationship of metered fan power demand and trended airflow with 

outside air drybulb temperature to find the installed case supply fan demand and 

supply airflow for each temperature bin of the model during both occupied and 

unoccupied periods. 

2. Use the base case air handling unit specifications and airflow profile to find the 

base case demand.  

3. Use airflow profile to estimate differences in cooling loads. 

Evaluation Data Collection 

A summary of the metering and trend data used in this evaluation is provided below.  

Figure 74 in the appendix shows a summary of the key metered and trended points. 
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Table 117: Summary of Evaluation Metering and Trend Data 

 
Installed AHU 

Fan 

Air Side System 

Trends 
Weather Data 

Parameter Power Demand 
Supply Airflow and 

Fan Speed 

Ambient Dry Bulb 

Temperature 

Meter Type 
Dent ElitePro 

Power Meter 
Unknown Unknown 

Sensors 
Current 

Transducers 
Unknown Unknown 

Installation Temporary Permanent Permanent 

Observation 

Frequency 

2-minute 

average 
15-minute average 

1-hour 

instantaneous 

Metering 

Duration 

10/1/2010 to 

10/27/2010 

10/16/2010 to 

11/15/2010 

10/1/2010 to 

11/15/2010 

Base or 

Installed 
Installed Installed Installed 

Metered by Evaluator Site NOAA 

Evaluation Savings Analysis 

Operating Hours 

Figure 74 in the appendix shows a summary of the trending period and includes total 

supply airflow as well as amps for both of the supply fans.  As expected, amps and airflow 

tend to track one another.  The occupancy schedule is apparent as the motor amps and 

airflow increase significantly each morning and decrease significantly each night.  The 

extended durations of decreased activity is the unoccupied periods on weekends.   

 

Table 118 below shows the average supply fan amperage observed on specific weekdays 

during each hour of the day.  This table shows that the supply fans typically operate at 

high power demand from 4 AM to 10 PM on weekdays.  Site personnel report that they 

typically follow the nine-standard holidays as well.  These operating hours are labeled 

occupied hours throughout the analysis.  All other hours are unoccupied hours. 
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Table 118: Summary of Trended Supply Fan Amps and Operating Hours 

 
 

Installed Case Supply Fan Demand 

The evaluation found that the installed supply fans power demand is dependent upon 

outside air dry bulb temperature. The average supply fan power demand was found 

plotted against the temperature data as shown in Figure 75 of the appendix. The plot was 

fitted with a linear trend line which resulted in a R2 value of 0.2826 for occupied periods.  

Figure 76 shows a similar plot but for unoccupied periods.  In this case the trend line is 

flat with an R2 value that is near zero, and an average value is used in the bin model for 

unoccupied hours. 

 

It is reasonable to use outside air drybulb temperature as the independent variable for 

supply fan demand because both building cooling loads and required airflow are directly 

affected by the ambient conditions. Cooling loads include ventilation loads and building 

envelope loads, which both vary directly with outside air temperature. 

 

The profile developed for installed supply fan demand versus outside air dry bulb 

temperature (Figure 75) is used to calculate supply fan power in each temperature bin of 

the model during occupied periods.  For unoccupied periods, the average value observed 

during the metering period (9.3 kW) is used in all temperature bins.  The equation used 

for occupied periods is shown below. 

 

 Installed Supply Fan Demand (Occ) = 0.0899 * OA db + 6.4596 

 

Airflow Profile 

As mentioned above in the description of installed supply fan power demand, supply 

airflow was amongst the points included in the trend data.  Like the supply fan power 

Day of
Week 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Mon 4 4 4 4 11 11 11 11 12 12 12 12 12 12 12 11 11 11 11 11 11 11 5 4
Tues 4 4 4 4 12 12 12 12 12 12 12 12 12 12 12 12 12 11 11 11 11 11 5 4
Wed 4 4 4 4 12 12 12 12 12 12 12 12 12 11 12 11 11 11 11 11 10 10 4 4
Thurs 4 4 4 4 11 11 11 11 11 11 11 11 11 11 11 11 11 11 10 10 10 10 4 4
Fri 4 4 4 4 11 11 12 12 12 12 13 12 12 12 12 12 12 11 11 11 11 11 5 4
Sat 4 4 4 4 4 5 5 5 6 6 6 6 5 6 6 5 5 5 5 5 5 5 4 4
Sun 4 4 4 4 4 4 4 4 4 4 4 5 5 6 6 6 6 5 6 5 5 4 4 4

Hour of Day
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demand, supply airflow also is dependent on cooling loads and ambient temperatures.  

The same methodology was used to determine the relationship with ambient dry bulb 

temperature as the supply fan power demand.  Figure 75 and Figure 76 also show the 

relationship between supply airflow and ambient dry bulb temperature.  The equation 

used to determine supply airflow during occupied periods is shown below. 

 Supply Airflow (Occ) = 93.602 * OA db + 22,063 

 

As shown in Figure 76 and like the supply fan power demand relationship, the trend line 

during unoccupied is relatively flat and the R2 value is near zero.  The average supply 

airflow observed during the trending period is used in each bin of the unoccupied bin 

model. 

 

Since the airflow station is located downstream of the supply fans near the exit of the air 

handling unit, these airflow values are modeled as the airflow being delivered to the 

ductwork.  These values do not include the 1% leakage for the installed air handling unit.  

The actual supply airflow provided by the supply fans is assumed to be 1% higher than 

observed in the trend data.  The airflow provided to the ductwork is the same in the 

installed and proposed case. 

 

Base Case Supply Fan Power Demand 

This measure involves the installation of a new air handling unit and does not have any 

effect on the airflow requirement; therefore, the base and installed case airflow profiles 

that are provided to the ductwork are identical.  Although the base and proposed case 

airflow requirements are identical, it is necessary to calculate the airflow requirement to 

find the base case supply fan power demand.  Fan power is calculated based on the total 

airflow provided by the fan, which includes the airflow provided to the ductwork as well 

as the airflow lost due to leakage.  Please refer to the Tracking Calculation Methodology 

section for description of the equations that were used to calculate base case supply fan 

power demand for both the tracking analysis and evaluation. 

 

The evaluation uses the same general methodology for estimating base case supply fan 

power demand as the tracking analysis.  However, instead of calculating power demand 

at only four conditions, the evaluation calculates it at each unique condition in the 

various temperature bins. 
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Reduced Chiller Plant Loads 

This measure impacts the loads on the facility’s central chilled water plant in two ways.  

First, by equipping the supply fans with variable speed drives and reducing the motor 

power demand, less fan heat is introduced into the airstream. The reduced fan heat 

reduces the load on the chilled water coils which is served by the facility’s central chilled 

water plant.  Second, the reduced leakage rate of the installed unit reduces the amount 

of conditioned air that is lost into spaces that would otherwise not be conditioned. 

 

Since the difference in chiller plant energy use is small (<5%) relative to the supply fan 

energy savings, the chiller plant equipment was not metered as part of this evaluation.  

For the sake of consistency, the same chiller plant performance assumption that was 

made in the tracking analysis (0.6 kW/ton) is applied in the evaluation.  This value 

includes both chillers and cooling towers and is thought to be a reasonable estimate for a 

larger water-cooled chilled water plant.  Chiller plant energy savings due to cooling load 

reductions are calculated using the following expression: 

 

 Chiller Plant Savings, kWh  =  Chilled Water Load Reduction, ton-hours * 

0.6 kW/ton 

 

The reduction in chilled water load due to reduced fan heat is calculated using the 

expression below. 

 

CHW Reduction, ton-hours  = Fan Energy Savings, kWh ÷ 3.412 kWh/BTU ÷ 12,000 

BTU/ton 

 

Reduced air handling unit leakage reduces the load on chilled water and hot water 

coils.  The chilled water load has both sensible and latent components, and the total load 

is based on the difference in enthalpy between the supply airflow setpoint (55°F) and the 

mixture of return air and outside air.  Return air is assumed to be 74°F and 50% relative 

humidity, the same as assumed in the tracking analysis.  The outside air damper is 

modeled based on a minimum damper position of 20% with enthalpy 

economizer.  Outside airflow is calculated based on the total supply airflow and outside 

damper position.  With the outside airflow rate known, enthalpy of the outside and 
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return air mixture is calculated.  A summary of the enthalpy load calculations is shown 

below: 

 

Chilled Water Load, tons  =  4.45 * Total CFM * ( Mixed BTU/lb – Saturated 55F 

BTU/lb ) 

Total CFM  =  Supply CFM * ( 1 + % Leakage Rate ) 

Mixed BTU/lb  =  % OA Damper * Ambient BTU/lb + ( 1 - % OA Damper) * Return 

BTU/lb 

 

The chilled water and hot water load is calculated for both the base case and installed 

case.  Chiller plant energy savings result due to the reduction in chilled water loads.  The 

chiller plant energy required to serve the chilled water coils is calculated for both the 

base and proposed case using the following expression: 

 

Chiller Plant kWh  =  Chilled Water Coil Load, tons * 0.6 kW/ton * Bin Hours 

 

Chiller plant savings is the difference between proposed and base case energy use. 

 

Gas usage for both the base case and proposed case are calculated assuming a boiler 

efficiency of 80% in the following expression: 

 

Gas Usage, therms  = Hot Water Load, BTU / 80% Efficiency * Hours / 100,000 

BTU/therm 

 

Gas savings is the difference between the base case and proposed case usage. 

 

Project Savings 

Energy savings for this project are the result of reduced supply fan energy, a difference in 

chiller plant and boiler plant energy due to reduced fan heat, and reduced air handling 

unit leakage.  The difference in energy use between the base and proposed case is 

calculated for each of these three factors.  The total energy savings for the measure is the 

sum of the energy usage differentials. 
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A summary of the evaluation annual energy savings is presented below. 

Table 119: Summary of Evaluation Savings 

 
 

Energy use during the peak hours is summed and then divided by the total annual savings 

to find the percent on-peak savings.  Similarly the energy use during the summer peak 

and winter peak demand periods are summed and divided by the total hours in each 

period to find the average peak demand reduction.  

 

Verification of Equipment and Operating Parameters 

This portion of the report compares the major assumptions of the tracking analysis and 

evaluation analysis.  Reasons for discrepancies are presented as well as their qualitative 

impacts on final project energy savings realization. 

 

Table 120: Comparison of Major Inputs 

 
 

Occupied/Unoccupied Savings 

The evaluation found that the airflow profile in the tracking analysis was very similar to 

what was observed in the evaluation trend data during occupied periods.  As a result, the 

supply fan demand reduction and energy savings during occupied periods were 99% of 

what was estimated in the tracking analysis.  Since the airflow and energy savings are 

Supply
Fan
kWh kWh therms kWh therms

Base 212,675 - - 66,533 153
Proposed 142,652 - - 62,510 144
Savings 70,024 172 0 4,023 9

Fan
Heat

Airflow
Leakage

Tracking Evaluation Evaluation
Parameter Value Value  ÷ Tracking

Occupied Airflow (1,000,000 cf) 7,447 7,387 99%
Unoccupied Airflow (1,000,000 cf) 7,783 4,644 60%

Occupied Savings (kWh) 52,146 51,680 99%
Unoccupied Savings (kWh) 53,479 18,344 34%
Supply Fan Savings (kWh) 105,625 70,024 66%

Fan Heat Savings (kWh) 0 172 -
Air Leakage Savings (kWh) 5,598 4,023 72%
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close to 100% of the tracking analysis, the fan performance (kW/cfm) observed in the 

evaluation is close to 100% of what was predicted by the tracking analyst. 

 

The evaluation observed a significant discrepancy in airflow during unoccupied periods.  

The tracking analysis predicted the supply fans to provide a similar amount of airflow 

during unoccupied periods as during occupied periods.  The evaluation observed a 

setback during unoccupied periods and significantly less airflow was provided.  The 

reduction in airflow reduces both the base and proposed case supply fan power demand, 

and less energy is consumed during unoccupied periods than predicted in the tracking 

analysis.  The evaluation calculated 34% of the tracking analysis energy savings during 

unoccupied periods. This is the single largest discrepancy in the evaluation. 

 

Electrical savings due to reduced fan heat was included in the evaluation.  This is small 

relative to the overall energy savings (0.2%) and was not included in the tracking analysis.  

There is also a small amount of gas penalty that will occur during the heating season that 

was not accounted for in the tracking analysis. 

 

The evaluation calculated 72% of the energy savings resulting from reduced leakage and 

chiller plant loads than were predicted by the tracking study.  This is primarily the result 

of less airflow during unoccupied hours. 

 

Savings Analysis and Verification 

The annual energy savings estimated in the tracking analysis is 111,223 kWh.  The 

evaluation estimates annual energy savings to be 74,219kWh, resulting in an annual 

energy savings realization ratio of 67%.  As discussed in the previous section the increase 

in savings is due to decreased airflow during unoccupied periods.  

 

The percentage of savings occurring during energy peak periods estimated in the tracking 

analysis is 50% while the evaluation finds this value to be 66% resulting in a realization 

ratio of 132%.  The increase in percentage of savings during energy peak periods is due to 

the decrease in airflow and savings during unoccupied periods. 
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The summer demand peak reduction is estimated in the tracking analysis to be 11.8 kW.  

The evaluation estimates the summer demand peak power reduction to be 15.7 kW, 

resulting in a realization ratio of 133%.  The tracking analysis incorrectly claimed the 

winter demand reduction as the summer demand reduction despite calculating the 

reductions appropriately. There are two primary reasons for this discrepancy that are 

related to one another: 

 

1. The peak airflow observed in the evaluation (31,110 cfm) is 86% of the 

tracking analysis (36,000 cfm), even though the average airflow during 

occupied periods is similar. 

 

2. The evaluation demand peak reductions are based on the average 

reduction during the peak periods.  The tracking analysis reductions are 

equal to the demand reduction in the 90 to 95°F temperature bin.  This 

power demand in this temperature bin is greater than the average power 

demand using the evaluation peak period.  Since the peak airflow is 

overstated in the tracking analysis, the demand peak reduction is further 

overstated. 

 

The summer demand peak reduction is estimated in the tracking analysis to be 11.8 kW.  

The evaluation estimates the summer demand peak power reduction to be 10.1 kW, 

resulting in a realization ratio of 85%. 
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Appendix 

Figure 74: Summary of Key Metered and Trended Data 
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This plot shows a summary of the long term trending that was provided by the site including total supply airflow and amps for 
supply fans 1 & 2.  Supply fan amperage varies with  airflow, and the amperages for supply fans 1&2 are nearly equivalent for the 
duration of the periods.



Impact Evaluation of 2009 Custom HVAC Installations Site 20 

Application CS 7627 Page B-376 

 

Figure 75: Average Supply Fan Operation vs. Temperature - Occupied 
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This plot shows the relationship between total supply airflow, Supply Fan 1 kW, and ambient dry bulb conditions during 
occupied periods.  In both cases the trend lines show increasing supply airflow and fan kW as ambient temperature and 
cooling loads increase.  The coefficients of these trend lines are used in the bin model analysis to calculate the respective
values for temperatures above 40F.  The analysis does not extrapolate below the observed values.
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Figure 76: Average Supply Fan Operation vs. Temperature - Unoccupied 
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This plot shows the relationship between total supply airflow, Supply Fan 1 kW, and ambient dry bulb conditions during 
unoccupied periods.  Unlike the occupied period, there appears to be little relationship between these values and ambient 
conditions.  It is likely that the fan is operating at minimum speed.  Averages are used in the bin model analysis for supply
airflow and suplply fan kW during unoccupied periods.
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Site ID: CS7726 

Summary 

The applicant replaced one 320-ton centrifugal chiller with a new modular 320-ton centrifugal 
chiller. In addition to the new chiller, a plate and frame heat exchanger was installed for 
waterside economizer use under low load conditions. Both the chiller and plate and frame heat 
exchanger serve office space cooling loads. 
 
Table 121 below presents a summary of the energy and demand savings achieved at this 
facility. Evaluated energy savings were nearly identical to the savings claimed in the tracking 
system. Summer and winter diversified peak demand savings were however considerably less 
than claimed in the tracking system, primarily because demand savings were not properly 
calculated. A tracking system estimate of percent on peak savings was not calculated for this 
project. 

Table 121:  Summary of Tracking and Evaluation Savings Results 

Savings Quantity Tracking Estimate Evaluated Savings Evaluated/Tracking 
Annual Energy, kWh 180,276 188,022 104% 
Percent Energy On-peak N/A 62% N/A 
Summer Peak Diversified kW 38.0 7.3 19% 
Winter Peak Diversified kW 32.0 10.7 34% 

 

Project Description 

The new chiller and heat exchanger were installed in a 21 story, 275,000 square foot high rise 
office building. The installed 320-ton modular chiller consists of 4 80-ton compressor sections 
joined together to form a single chiller. Each compressor is outfitted with a variable speed drive 
that modulates motor speed as a function of load. Compressors are activated in a linear fashion. 
As the building load increases, additional compressors are activated until loads are met. The 
Non-Standard Part Load Value (NPLV) of the new chiller is .415 kW/ton. 
 
The installed chiller operates on a variable flow primary chilled water loop run by a single 91.7% 
efficient 20-HP pump. The variable flow condenser water loop is served by a 94.5% efficient 40-
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HP pump. Condenser water is piped to an open cell cooling tower located on the roof of the 
building.  
Under low load conditions, the installed chiller turns off and the condenser and chilled water 
loops are instead piped to a new 175-ton plate and frame heat exchanger. Under typical 
weekday conditions, this water side economizer is sufficient to meet building loads when the 
temperature drops below 45 °F.  
 
In addition to the new chiller and heat exchanger, the central plant consists of a 350-ton 
centrifugal chiller on separate constant flow chilled and condenser water loops. Typically, this 
preexisting chiller and the new chiller alternate operation every week to ensure equal wear on 
both chillers. Under high load conditions (greater than 350 tons), both chillers operate. During 
times when the load is expected to exceed the capacity of the new 320-ton chiller but not 350-
tons, the preexisting chiller runs.  
 
The new chiller replaced a less efficient 27-year old 320-ton centrifugal chiller. The plant did not 
have a water side economizer before installing the plate and frame heat exchanger. Under low 
load conditions, either the preexisting 350-ton chiller or the 320-ton chiller had to remain on to 
meet building loads. 
 

Tracking Analysis  

Tracking Calculation Methodology   

Tracking savings were calculated using a bin analysis approach. Operating hours were first 
placed into 2 oF bins. A peak building load of 400 tons was assumed for the 90 oF to 92 oF bin. A 
linear relationship between load and outdoor dry bulb temperature was then used to 
approximate load in each bin, with 40 oF being the no load point on the curve. Accordingly, load 
was assumed to drop 7.84 tons per degree oF change in outdoor temperature. For all bins 
where this curve produced a load of 100 tons or less, the curve was overridden and the building 
was deemed to have a minimum load of 100 tons. Why this approach was used is not clear. For 
all bins with loads in excess of 320 tons, the load was split evenly between the two chillers. For 
bins with loads less than 320 tons, each chiller was assumed to operate for half of the bin-
hours. For the installed case, free cooling was specified to take place at outdoor temperatures 
of 40 oF or less. Savings for bins where free cooling could not be used were calculated as: 
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where, 

  = Energy savings for bin i [kWh]   

  = Load in bin i [tons] 

  = Hours in bin i [h] 

  = Base case chiller efficiency at a given part load ratio [kW/ton] 

  = Installed chiller efficiency at a given part load ratio [kW/ton] 

In the above equation, PLR was calculated as the ratio of chiller load in a given bin to chiller 
capacity. For both the base case and installed chillers, part load efficiencies were pulled from 
look up tables. 
 
For periods during which free cooling could be used, savings were calculated as follows: 

    

where, 

  = Energy savings for bin i [kWh]   

  = Load in bin i [tons] 

  = Hours in bin i [h] 

  = Base case chiller efficiency at a given part load ratio [kW/ton] 

  = 350-ton preexisting chiller efficiency at a given part load ratio [kW/ton] 
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  = Power draw of the base case chiller’s condenser and chilled water     
       pumps 

  = Power draw of the second preexisting chiller’s condenser and chilled         
   water pumps 

  = Power draw of the installed chiller’s condenser water and chilled  
   water pumps, which still operate in free cooling mode.  

 

Discussion of Tracking Analysis 

The approach taken to calculate savings was generally appropriate. However, there were a few 
errors in the workbook that partially invalidate the savings estimate. The first issue was that the 
building was base loaded with 100 tons in all bins regardless of outdoor temperature. This had 
the effect of magnifying savings under low load conditions when free cooling was available. This 
error was further compounded in the analysis because the base case chiller’s load was not 
allowed to drop below 40% of full load capacity (128 tons) during any of its run hours. It appears 
as if this approach was used because the part load efficiency curve of the base case chiller 
stops at 40% of full load. It would have made more sense to simply assume that the chiller 
cycles to meet the actual building load at its 40% part load efficiency point instead of operating 
continuously as if the building load were actually 128 tons.   
 
The second major issue in the savings spreadsheet was that the condenser water and chilled 
water pumps for the installed chiller were both input as 15-HP pumps, when in actuality they are 
40-HP and 20-HP pumps respectively. Furthermore, the power draw variation of these variable 
speed pumps with respect to flow (flow was assumed to vary linearly with building load) was 
exaggerated. Metered data collected on site confirmed the building engineer’s claim that these 
variable speed pumps operate at a constant 100% flow set point during normal chiller operation. 
  

Evaluation Methodology 

A revised bin analysis approach informed by metered data collected on site was used for the 
evaluation. The first key component of the evaluation was establishing relationships between 
outdoor conditions and the power draws of the newly installed and preexisting chillers based on 
metered data. These relationships could then be used as a basis for estimating building load as 
a function of outdoor conditions. The second key component of the evaluation was gaining 
sufficient understanding of the plant operations through both metered data analysis and 
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discussions with the plant operator to assess under what conditions free cooling is used and 
when no cooling is necessary at all.  
 
These data could then be used to conduct a bin analysis, wherein each bin corresponded to the 
appropriate set of plant operating conditions, as dictated by the day type (weekend or weekday), 
time of day (day or night), and outdoor conditions (dry bulb and dew point).  
 
In order to conduct the desired analysis, a site plan was devised involving metering both of the 
facility’s chillers, as well as the condenser and chilled water pumps associated with the water 
side economizer. The site plan also included a discussion of central plant and general HVAC 
operations with the building engineer to assist in interpreting the metered data collected during 
the evaluation.  
 
Following the site visit and data retrieval, savings were calculated using an hourly bin analysis 
with Boston Logan International Airport TMY3 data.  
 

Evaluation Data Collection 

On site data collection began by first verifying that the new chiller and water side economizer 
heat exchanger were installed as proposed. Both the new chiller and heat exchanger were 
found installed in the mechanical room as expected.  
 
Following equipment verification, data loggers were installed on the affected equipment. True 
power loggers were installed on both the new 320-ton chiller as well as the preexisting 350-ton 
chiller. It was necessary to log both chillers because they operate simultaneously under high 
load conditions. Furthermore, it was important to verify that the weekly operation of the chillers 
alternates as claimed in the tracking analysis. In addition to installing true power loggers on the 
chillers, single phase amperage loggers were installed on the 40-HP condenser water pump 
and 20-HP chilled water pump associated with the new 320-chiller and the water side 
economizer. It was important to log these pumps in order to determine the conditions under 
which the water side economizer operates, but the chillers do not. Table 122 below summarizes 
the key parameters for each of the installed data loggers. See Appendix Figure 81 for a graph of 
the metered data for the duration of the monitoring period. 
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Table 122: Equipment Monitoring Summary 

Metered Equipment 
Chillers (New and 
Preexisting) Pumps (CW and CHW) 

Measured Parameter 
True Power, Voltage, 
Amperage, PF (3 Phases) Amperage (1 Phase) 

Logger Make/Model 
Dent ElitePro Power 
Meter 

ACR Owl 400 DC Voltage 
Logger 

Transducer/Equipment 
Types 

Current Transducers 
(600A CTs) and Voltage 
Clamps 

Current Transducers 
(50A) 

Installation 

CTs installed on the Line 
side of chiller VFDs; 
Voltage clamps attached 
at the line side disconnect 

CT installed in the MCC 
panel on the line side of 
the pump VFDs 

Observation 
Frequency 

15 Minutes; Time 
averaged readings 

5 Minutes; Time 
averaged readings 

Metering Period 
August 5th, 2010 to 
October 14th, 2010 

August 5th, 2010 to 
October 14th, 2010 

Metered by: 
KEMA evaluator & RISE 
electrician 

KEMA evaluator & RISE 
electrician 

 
Building and central plant operations were discussed with the building engineer after data logger 
installation was complete. He provided the following information regarding building and plant 
operations: 

• The central plant only serves space cooling loads.  
• Each floor is served by a constant speed AHU with chilled water coils. Outside air is fed 

to each zone from a single dedicated outside air AHU located in the building’s 
penthouse.  

• During weekdays between 6 AM and 6 PM, the fans run constantly. After 6 PM fans will 
only cycle on to meet each floor’s setback temperature. Fans are typically kept off on 
weekends unless a building tenant specifically requests space conditioning.  

• Chillers are allowed to run at all hours during weekdays in order to meet space 
conditioning requirements. On weekends, chillers are kept off unless a tenant requests 
space cooling. 
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• During chiller operation, condenser and chiller water pump VFDs are run at 100% 
speed. During free cooling operation, the chilled water and condenser water pumps are 
allowed to modulate.  

• Free cooling is activated under one of two conditions:  
o The plant operator overrides the plant controller and puts the building into free 

cooling mode 
o The outdoor dry bulb temperature drops below 45 oF. 

• The operating chiller is alternated every one to three weeks. Under high load conditions, 
both chillers are brought online.  

Subsequent to the site visit and metered data retrieval, weather data coincident with the 
metering period was collected from the National Oceanic and Atmospheric Administration 
(NOAA) for the Boston Logan Airport. These weather data included hourly readings of outdoor 
dry bulb temperature and dew point temperature that were used to generate curves relating 
outdoor conditions to chiller power draw. 
 
Evaluation Savings Analysis 

The first step in the evaluation analysis was developing curves relating outdoor conditions to the 
power draw of the two installed chillers. To begin this analysis, the metered data were broken 
into four groups based on time of day and day type. The four groups were, 
 

• Weekday Days – 6AM to 6PM (coincident with normal business hours) 
• Weekday Nights – 12AM to 6AM, and 6PM to 12AM 
• Weekend Days – 6AM to 6PM 
• Weekend Nights – 12AM to 6AM, and 6PM to 12AM 

It was necessary to split the metered data into these groupings because the relationships 
between chiller power draw and outdoor conditions are not consistent across different time 
frames—e.g. 80 oF at noon on a weekday might correspond to an 80% loaded chiller, while the 
same temperature on a Sunday afternoon might only correspond to 20% loading (assuming the 
chiller is on).  
 
The next step in this analysis was determining the best regression variable for relating outdoor 
conditions to chiller operation. Based on the metered data collected from NOAA, the available 
options were dry bulb temperature, dew point temperature, or some combination of the two. 
After trying to fit the data to both dry bulb and dew point temperature, it was clear that neither 
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regression variable was ideal. Instead, the chiller power data were fit to Temperature-Humidity 
Index (THI) values in accordance with the New England ISO’s THI definition: 
 

 

where, 

  = Temperature-Humidity Index   
  = Dry Bulb Temperature [oF] 
  = Dew Point Temperature [oF] 

Figure 77 and Figure 78 below provide the results of the regression analysis for the new 320-ton 
chiller and the preexisting 350-ton chiller respectively during the “Weekday Days” day type/time 
grouping identified above. For the regression results of the remaining three groupings, see 
Appendix Figure 82 through Figure 87.  
 

 

Figure 77: 320-ton Installed Chiller Power vs. THI Regression Curve for the “Weekday 
Days” Time Period 
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Figure 78: 350-ton Preexisting Chiller Power vs. THI Regression Curve for the “Weekday 
Days” Time Period 

Note that in generating the curves in Figure 77 and Figure 78, all data points where both chillers 
were operating were removed since they obscure the trends. High THI (80 or higher) dual chiller 
operation was accounted for subsequently in the bin analysis. 
 
From Figure 77 and Figure 78, it is clear that the building operates the preexisting chiller 
independently under higher load conditions than it operates the newly installed 320-ton chiller. 
Figure 77 shows the 320-ton installed chiller operating alone at THIs up to roughly 77, whereas 
the preexisting chiller operates independently at THIs as high as roughly 82 under typical 
“Weekday Day” conditions.  
 
After identifying chiller power vs. THI trends, it was next necessary to determine the THIs at 
which the building typically switches over to water side economizer operation for each of the 
four day type/time groupings. This was done by manually parsing the data sets to find the THIs 
at which the installed chiller’s condenser and chilled water pumps were operating, but neither of 
the building’s chillers were typically operating. Table 123 below lists the most common THI 
based free cooling change over points identified for each of the day type/time groups. 
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Table 123: THI Transition Points from Chiller Operation to Free Cooling for Each Day 
Type/Time Grouping 

Day Type/Time Grouping THI Changeover to Free Cooling 
Weekday Days 54 
Weekday Nights 56 
Weekend Days 58 
Weekend Nights 58 

 
The next step in the analysis was identifying the THIs at which neither chiller nor free cooling 
were necessary for each of the day type/time groupings. This was done for each grouping by 
developing building load curves as a function of THI. For the purposes of this discussion, the 
“Weekday Day” grouping will be used as an example.  
 
Using the regression equation in Figure 77, the midpoints of each 2 THI-degree bin from 46 THI 
to 76 THI (the theoretical extents of the installed chiller’s independent operation) were used to 
determine the installed chiller’s power draw for each bin. Then, using the installed chiller’s 
power vs. load curve (derived from the manufacturer’s part load efficiency curve), the chiller’s 
power draw (kW) was converted into load (tons). Figure 79 below presents the results of this 
analysis in the form of a building load vs. THI curve. 
 

 

Figure 79: THI vs. Building Load Curve Fit for the “Weekday Days” Time Period 

y = 0.0071x3 - 1.6065x2 + 126.28x - 3106.6
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Using the curve fit in Figure 79, the THI at which the building cooling load decreased to zero 
was estimated. This THI value was then used as the “no load point” at which neither the chillers 
nor the water side economizer need to operate.  
 
The curve in Figure 79 was also used to estimate the THI above which only the preexisting 350-
ton chiller can meet the load, as well as the THI at which both chillers are required to operate. 
From Figure 79, it was clear that the preexisting chiller has to operate at THIs above 77 (320 
tons) and both chillers would have to operate above THIs of 80 (350 tons). Note that these 
results fit well with the data in Figure 77 and Figure 78, which show that the new and preexisting 
chillers can operate alone at peak THIs of 77 and 82 respectively. Also of note is that the free 
cooling changeover temperature identified in Table 123 for “Weekday Days” corresponds to an 
estimated load of 133 tons, which is reasonable considering that the installed heat exchanger 
has a peak capacity of 175 tons. Taking into account all of these factors, the building load curve 
fit in Figure 79 was deemed appropriate for the bin analysis for the “Weekday Days” time period. 
A similar procedure was undertaken for each other day type/time grouping to associate building 
load with THI. 
 
The key results of the analysis up to this point were twofold: 

• Curves were generated mapping building load to THI 
• Relationships were developed associating various central plant operating states with 

THI. 
 

To illustrate the second point, Table 124 below shows a map of plant operating modes for the 
“Weekday Day” grouping based on the results of the preceding analysis.  
 

Table 124: Plant Operating Modes as a Function of THI for the “Weekday Day” Grouping 

Operating Mode THI Range 
Dual Chiller Operation 80+ 
Preexisting 350-ton chiller Operation 76 to 80 
Alternating Chiller Operation (Installed 320-
ton chiller and preexisting 350-ton chiller) 54 to 76 
Free Cooling Mode 46 to 54 
No Cooling Required 46 and below 
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The operating states in Table 124 for the plant as currently configured were then mapped to the 
corresponding operating modes for the base case plant. Table 125 below compares the 
operating modes for both cases. In particular, note that the free cooling mode in the installed 
case maps to alternating chiller operation in the base case. This operating mode mapping 
applied to all four day type/time groupings. 
 

Table 125: Comparison of Plant Operating Modes between the Installed and Base Cases 

Mode ID Installed Case Operating Mode Base Case Operating Mode 
A Dual Chiller Operation Dual Chiller Operation 
B Preexisting 350-ton chiller operation Preexisting 350-ton chiller operation 
C Alternating Chiller Operation (Installed 

320-ton chiller and preexisting 350-ton 
chiller) 

Alternating Chiller Operation (Base case 
320-ton chiller and preexisting 350 ton 
chiller) 

D 

Free Cooling Mode 

Alternating Chiller Operation (Base case 
320-ton chiller and preexisting 350 ton 
chiller) 

E No Cooling Required No Cooling Required 
 
With the building load curves and plant operations maps complete, the next step in the analysis 
was binning Boston Logan Airport’s TMY3 data. The dry bulb and dew point data in the weather 
file were first converted to THI values and then placed in 2 unit THI bins (70 to 72, 72 to 74, 
etc.). These data were further broken down into the four day type/time groupings since a 
separate bin analysis was used for each grouping. Table 126 below provides a summary of the 
hourly THI binning by day type/time groupings. 
 

Table 126: THI Binning Summary by Day Type/Time Grouping 

THI Values WD-Day WD-Night WED-Day WED-Night Total by THI 
84 to 86 1       1 
82 to 84 6       6 
80 to 82 19 2 9   30 
78 to 80 32 2 12 1 47 
76 to 78 55 9 31 2 97 
74 to 76 70 33 48 14 165 
72 to 74 117 71 61 45 294 



 
 

 

 

NSTAR June 17, 2011 
 

B-390 

THI Values WD-Day WD-Night WED-Day WED-Night Total by THI 
70 to 72 146 104 50 61 361 
68 to 70 158 119 71 57 405 
66 to 68 150 151 62 54 417 
64 to 66 118 160 53 69 400 
62 to 64 128 133 50 64 375 
60 to 62 147 143 69 76 435 
58 to 60 125 145 56 49 375 
56 to 58 156 149 48 69 422 
54 to 56 117 168 50 62 397 
52 to 54 109 148 45 29 331 
50 to 52 125 118 51 36 330 
48 to 50 134 109 45 57 345 
46 to 48 112 140 35 57 344 
44 to 46 139 125 60 70 394 
42 to 44 154 143 79 75 451 
40 to 42 151 142 56 63 412 
38 to 40 89 150 77 73 389 
36 to 38 126 129 37 76 368 
34 to 36 79 122 51 23 275 
32 to 34 63 50 14 13 140 
30 to 32 48 33 18 13 112 
28 to 30 50 63 21 29 163 
26 to 28 40 62 31 27 160 
24 to 26 30 44 14 24 112 
22 to 24 14 28 6 13 61 
20 to 22 15 12 6 9 42 
18 to 20 10 11 5 9 35 
16 to 18 7 9 5 7 28 
14 to 16 6 11 1   18 
12 to 14 2 6 2   10 
10 to 12   1     1 
8 to 10   1 1   2 
6 to 8   2 2 2 6 
4 to 6       4 4 
Total by Grouping 3,048 3,048 1,332 1,332 8,760 

 



 
 

 

 

NSTAR June 17, 2011 
 

B-391 

The savings analysis conducted for each THI bin was dictated by the installed and base case 
operating modes (see Table 125) associated with that bin. The subsequent sections break down 
the savings calculation for each operating mode pair as identified in Table 125 above.  
 
Before presenting these calculations, it is necessary to define the term “Operating Factor” since 
it appears in each of them. “Operating Factor”, OF, is defined as the fraction of hours in a day 
type/time group that plant equipment is allowed to run. For the “Weekday Day” and “Weekday 
Night” time frames, OF is equal to unity since the plant equipment operates at any time during 
those periods if there is demand. During the “Weekend Day” and “Weekend Night” time frames 
however, OF equals .39 and .21 respectively since the plant equipment is generally kept off 
during weekends unless HVAC is specifically requested by tenants. 
 
Mode A  
 
The following equation provides the savings calculation for bins with plant operation Mode A: 
 

 

where, 

  = Energy savings for bin i [kWh]   

  = Load in bin i [tons] 

  = Hours in bin i [h] 

  = Operating Factor 

  = Base case chiller efficiency at a given part load ratio [kW/ton] 

  = Installed chiller efficiency at a given part load ratio [kW/ton] 

  = Base case chiller capacity [tons] 

   = Installed chiller capacity [tons] 

Note that in the above equation, terms for the preexisting 350-ton chiller are not included. This 
is because in dual chiller operation mode, the preexisting chiller sees the same load in the base 
and installed cases. The implicit assumption in Equation X is that the load is split equally 
amongst the two chillers in both the preexisting and installed cases.  
 
Mode B 
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There are no savings for Operating Mode B because the preexisting 350-ton chiller is the only 
chiller operating in both the installed and base case scenarios.  
 
Mode C 
 
Savings for operating Mode C were derived using the following equation: 
 

 

where, 

  = Energy savings for bin i [kWh]   

  = Load in bin i [tons] 

  = Hours in bin i [h] 

  = Operating Factor 

  = Base case chiller efficiency at a given part load ratio [kW/ton] 

  = Installed chiller power draw as a function of THI [kW] 

   = Base case chiller capacity [tons] 

As with Mode A, Mode C does not include terms for the preexisting 350-ton chiller because this 
chiller operates equivalently in the installed and base cases. Also, the operating hours term is 
divided by two since the two chillers split operating hours in both the installed and base case 
scenarios.  
 
Mode D 
 
Savings for operating Mode D were calculated with the following equation: 
 

 

where, 
 
  = Energy savings for bin i [kWh]   
  = Load in bin i [tons] 
  = Hours in bin i [h] 
  = Operating Factor 
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  = Base case chiller efficiency at a given part load ratio [kW/ton] 

  = Second preexisting chiller efficiency at a given part load ratio  

      [kW/ton] 
  = Power draw of the 350-ton preexisting chiller’s condenser and 

chilled water pumps [kW] 
  = Power draw of the 350-ton preexisting chiller’s condenser and  

      chilled water pumps [kW} 

  = Power draw of the installed chiller’s condenser water and chilled  
         water pumps which operate in free cooling mode. [kW] 

The power draw of the base case pumps, , was calculated using the amperage data 
collected from the pumps associated with the newly installed chiller (the pumps are the same in 
both the installed and base case scenarios). Average amperage was calculated based only on 
the times when the installed chiller was running; all amperage data points could not be used 
because these pumps also operate in free cooling mode when the flow rate is allowed to 
modulate.  was calculated as follows for both the condenser and chilled water pumps: 
 

 

 
where, 

  = Phase-to-phase voltage (460) V 

  = Average logged amperage during chiller operation (A) 

  = Nameplate Power Factor  

  = Phase-to-ground to phase-to-phase conversion factor 

           = W to kW conversion factor 

 
Since amperage data for the preexisting 350-ton chiller’s condenser and chilled water pumps 
were not collected,  was estimated using the following equation for both the condenser 
and chilled water pumps: 
 

  

where, 
  = Nameplate Horsepower [HP] 
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  = Estimated Load Factor (.85) 
  = Nameplate Power Factor  
  = NEMA Premium Efficiency Motor Efficiency  
           = HP to kW conversion factor 
 
The power draw of the pumps used in water side economizer operation, , was calculated 
based on the average amperage recorded during free cooling operation. In spite of the fact that 
the condenser and chilled water pump VFDs are allowed to modulate during free cooling, power 
draw trends with respect to THI were not present in the data, necessitating the use of the 
average amperage readings recorded during free cooling operation. Figure 80 below is 
presented using data from chilled water pump to illustrate the lack of a defined trend. The 

 equation used for both the condenser and chilled water pumps is presented 
subsequently. 

 
Figure 80: Lack of Trend in CHW Pump kW versus THI Data 

 

where, 

  = Phase-to-phase voltage (460) V 

  = Average logged amperage during free cooling operation (A) 

  = Nameplate Power Factor  
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  = Phase-to-ground to phase-to-phase conversion factor   

  = W to kW conversion factor 
 
Mode E 
 
There are no savings in operating mode E because there are not any cooling demands on the 
plant equipment. 
 
Peak Period Savings 
 
Percent on peak energy savings, summer coincident peak demand savings, and winter 
coincident peak demand savings were all calculated by first re-binning the TMY3 data with only 
the hours corresponding to each definition. For percent on peak savings, the savings calculated 
using the “on peak period” binning were then simply divided by gross annual savings to yield the 
percent on peak savings estimate. For each of the coincident peak demand periods, the gross 
energy savings calculated for the peak period were divided by the total peak period bin-hours to 
estimate peak demand savings for both the summer and winter periods.  

Conclusions 

In spite of the significant changes made to the bin analysis savings calculation methodology, 
there was ultimately little difference between the evaluated and tracking savings estimates. With 
respect to energy savings, the project achieved a 104% realization rate. The evaluated summer 
and winter coincident peak demand savings were however considerably less than the tracking 
estimates, achieving realization rates of 19% and 34% respectively. This discrepancy resulted 
from an incorrect savings calculation method used in the tracking estimate. For both winter and 
summer coincident peak demand savings, the tracking approach identified the maximum 
savings occurring within the peak demand period as opposed to the average savings occurring 
during the peak demand period. In the context of the tracking bin analysis, this simply meant 
that the temperature bins with the greatest summer and winter peak demand savings were 
selected as representative of the peak demand savings.  
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Appendix 

Figure 81: Metered Data Trends: Installed Chiller (Red), Preexisting chiller (Blue), 
Condenser Water Pump (Green), Chilled Water Pump (Orange) 

 

 

Figure 82: 320-ton installed chiller power vs. THI regression curve for the “Weekday 
Nights” time period 
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Figure 83: 350-ton preexisting chiller power vs. THI regression curve for the “Weekday 
Nights” time period 

 

 

Figure 84: 320-ton installed chiller power vs. THI regression curve for the “Weekend 
Days” time period 
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Figure 85: 350-ton preexisting chiller power vs. THI regression curve for the “Weekend 
Days” time period 

 
 

Figure 86: 320-ton installed chiller power vs. THI regression curve for the “Weekend 
Nights” time period 
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Figure 87: 350-ton preexisting chiller power vs. THI regression curve for the “Weekend 
Nights” time period 
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Site ID: CS 7812 

Summary 

This application saves 136% of the energy originally estimated in the tracking analysis.  The 

primary reason for the increase in savings is due to higher chilled water loads and longer chiller 

operating hours.  Results are presented in Table 127 below. 

 

A hospital constructed a two-story addition to house a new emergency room and a 20 bed 

inpatient unit.  This Construction Solutions measure installed a high efficiency chiller with a full 

load performance of 1.07 kW/ton, the base case was a standard efficiency chiller that meets 

energy code requirements with a full load performance of 1.31 kW/ton.  While the proposed 

chiller operates more efficiency at full load, the majority of the savings occur when the chiller is 

lightly loaded due to more favorable unloading characteristics of the proposed machine.  This 

measure saves electrical energy due to improved chiller performance.  Chilled water load is the 

same between the base and proposed cases. 

Table 127:  Summary of tracking and evaluation savings results  

Savings Quantity Tracking Value 
Evaluation 

Value 

Evaluation ÷ 

Tracking 

Annual Energy (kWh) 194,599 kWh 263,831 kWh 136% 

% Energy Savings On-Peak 34.0% 47.5% 140% 

Summer Peak Diversified kW (FCM) 46.9 kW 54.4 kW 116% 

Winter Peak Diversified kW (FCM) 0.0 kW 1.6 kW - 

 

Project Description 

The new hospital wing is conditioned by two VAV air handling units with chilled water coils, 

which receive chilled water from a new 210 ton air cooled chiller.  Additionally, the new wing 

includes two DX rooftop units to provide cooling for dedicated areas.   

 

A constant chilled water supply temperature of 48°F is provided.  The chilled water system 

affected by this measure includes a primary only pumping configuration.  There are two 

primary pumps with a single pump running at a time and the pumps alternate lead status to 
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equalize runtime.  The pumps are each controlled by a variable speed drive, which runs 

continuously at full speed due to a bypass valve.  The bypass valve modulates as necessary to 

maintain a constant flow of 500 gpm through the chiller.   

 

The two air handling units served by the chilled water system include economizer controls; 

therefore, the chiller does not need to run year round.  According to the site, the chiller is 

automatically programmed to shut down when the outside air temperature drops below 55°F.  

Observed shutdown of the chiller is discussed in more detail in the evaluation methodology 

section. 

The installed Smardt chiller operates more efficiently than a standard air-cooled chiller at part 

load due to the use of oil-free centrifugal compressors with magnetic bearings.  The use of oil- 

free compressors minimizes friction losses and minimizes reductions in heat transfer from 

buildup of oil in the system. 

 

 

 
 
 
 

Chiller 

T T 

T T 

Chlr Ret Temp Chw Ret Temp 

Chw Sup Temp Chlr Sup Temp 

Figure 88: System Diagram 
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Tracking Analysis 

This section describes the methodologies employed in the original energy study, discusses 

aspects of the methodology that had significant impacts on final energy savings estimates, and 

describes the evaluation calculation methodologies. 

 

Tracking Calculation Methodology 

This measure was part of larger study that included three energy conservation measures 

(ECMs).  The other two ECMs analyzed were high efficiency lighting and static pressure reset for 

AHU-1.  Each of the measures was analyzed independently of the other and interactive effects 

were not considered.  ECM1/High Efficiency Lighting resulted in 3,426 kWh of cooling savings 

(~2% of total measure savings for ECM1) and ECM2/Static Pressure Reset results in 8,196 kWh 

of cooling savings (~15% of the total measure savings for ECM2).  These measures provide 

cooling savings due to a reduction in chilled water load.  Based on the average base case chiller 

performance, the reduction in chilled water load from ECMs 1 and 2 would be 7,788 ton-hrs, 

which is ~3% of the total base case building chilled water load. 

 

Since the reduction in load associated with ECMs 1 and 2 are minimal, and the tracking analyst 

did not consider interactive effects, the evaluation does not consider interactive effects among 

all of the measures in the tracking study. 

 

Energy savings and demand reduction estimates were calculated by the tracking analyst using 

eQuest hourly simulation software.  eQuest was used to model the entire new wing of the 

hospital and to determine the chilled water load for each hour of the year. 

 

The first step in eQuest’s calculation of chiller performance is to determine chiller capacity at 

the given hour based on the chilled water supply temperature and the outside air dry bulb 

temperature using the following equation. 

 

CapOp = CapNom * Cap-f(CHWT, Cond Air Temp) 

 Where: 

 CapOp = Chiller capacity at a given operating conditions 
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CapNom = Nominal operating capacity at rated temperatures (95°F outside air drybulb 

temperature and 44°F chilled water temperature) 

 

Cap-f(CHWT, Cond Air Temp) = Bi-quadratic polynomial expression for the variation of chiller 

capacity with chilled water temperature and entering condensing air temperature. 

eQuest uses electric input ratio (EIR) as the input for chiller performance.  EIR is a dimensionless 

number and is defined as Btu-electric input / Btu-capacity output or 1/Coefficient of 

Performance. 

 

eQuest applies two scale factors to the full load performance: performance as a function of 

chiller percent loading; and performance a function of chilled water supply temperature and 

condenser air temperature.  These two performance curves are combined to determine chiller 

performance for each hour of the year. 

 

EIRop = EIRnom * EIR f(CHWT, Cond Air Temp) * EIR f(PLR, dt) 

 Where: 

 

 EIRop = Electric input ratio at given operating conditions 

EIRnom = Nominal EIR at rated temperatures (95°F outside air drybulb temperature and 44°F 

chilled water temperature) 

 

EIR f(CHWT, Cond Air Temp) = Bi-quadratic polynomial expression for variation in performance 

with chilled water temperature and condensing temperature 

EIR f(PLR, dt) = Bi-quadratic polynomial expression for variation in performance with chiller load 

and chiller lift (condensing temperature - chilled water temperature) 

 

 PLR = Part load ratio (ratio of chilled water load to chiller capacity) at the given 

conditions 

 

Chiller power for each hour of the year is calculated by: 

 

Chiller Input Power, kW = EIRop * Chiller Cooling Capacity, Btu/hr * Chiller % Run 



Impact Evaluation of 2009 Custom HVAC Installations Site 22 

Application CS 7812 Page B-404 
 

 

 

 

Two models were developed; one for the base and one for the proposed case.  All of the inputs 

related to building cooling load are identical between the base and proposed case models.  The 

following adjustments were made to the base eQuest model to account for the improved 

performance of the proposed case chiller. 

 

• The base case nominal chiller performance at ARI conditions (44°F chilled water 

temperature and 95°F condenser entering air temperature) is 1.31 kW/ton (0.3717 EIR).  

The proposed case nominal chiller performance used was 1.07 kW/ton (0.304 EIR). 

• The chiller capacity curves were adjusted between the two models. Both models use 

curves from eQuest’s library, but it appears that the proposed model uses a capacity 

curve for a screw compressor while the base case uses a curve for centrifugal 

compressor.  The proposed case unit includes centrifugal compressors, so it is not clear 

why the capacity curve for screw compressors is used.  The curve used in the proposed 

case results in ~10% greater capacity than the base case unit at most operating 

conditions. 

• Different chiller performance as function of chiller part load (EIR f(PLR, dt)) is used in the 

two models.  The installed chiller operates more efficiently at part load than the base 

case unit.  The base case uses eQuest’s default part load performance curve for air-

cooled chillers with centrifugal compressors.  The proposed curve is a custom curve, but 

the source of the input data was not provided with the tracking study. 

 

A summary of tracking analysis savings is presented below. 

Table 128: Summary of Tracking Analysis 

 
 

The percentage of energy savings occurring during energy peak periods is calculated based on 

the ratio of savings during peak periods to total energy savings.  According to a monthly 

Annual Annual Average
Load Energy Perf

MMBtu kWh kW/ton

Base 2,754 342,492 1.49
Proposed 2,754 147,891 0.64

Savings 0 194,601 0.85



Impact Evaluation of 2009 Custom HVAC Installations Site 22 

Application CS 7812 Page B-405 
 

 

 

summary table included with tracking report, the peak hours used were 6am-11pm although it 

is unclear how the savings numbers in the summary table were obtained.  Based on the energy 

values included in the monthly summary, the percent on-peak savings would be 40%, while the 

TA reported 34% on-peak savings. 

 

Summer peak demand reduction values appear to be calculated as the average demand 

reduction in June, July, August weekdays from 12pm-3pm.  Winter demand peak reduction is 

0 kW since the chilled water system is shutdown during the winter peak demand periods. 

 

Evaluation Methodology 

The evaluator has applied a similar calculation methodology to the tracking analysis. Both 

studies use an 8,760 hour model to calculate base and proposed/installed case chiller energy.  

The evaluator differs from the tracking analyst by using a spreadsheet to develop the hourly 

model while the tracking analyst used eQuest as the calculation engine.  Base and installed case 

chiller power draw for each hour of the year is calculated using a combination of metered data, 

trend data and outputs from the tracking analyst’s eQuest model.  The general outline for the 

evaluation methodology is below. 

1. Use relationship of metered chiller demand with outside air drybulb temperature to find the 

installed case demand for each hour of the model. 

2. Use the installed chilled demand and performance to determine the chilled water load. 

3. Use the base case chiller performance and chilled water load to find the base case demand.  
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Evaluation Data Collection 

A summary of the metering and trend data used in this evaluation is provided below. 

Table 129: Summary of Evaluation Metering and Trend Data 

 
Installed 

Chiller 

Chilled Water System 

Trends 

Parameter 
Power 

Demand 

Chilled Water Supply 

Temp, Chiller Status and 

Outside Air Drybulb 

Temperature 

Meter Type 
Dent ElitePro 

Power Meter 
To be determined 

Sensors 
Current 

Transducers 
To be determined 

Installation Temporary Permanent 

Observation 

Frequency 

5-minute 

average 
15-minute average 

Metering 

Duration 

8/31/2010 to 

10/18/2010 

8/17/2010 to 8/31/2010 

9/23/10 to 10/18/2010 

12/10/10 to 1/7/2011 

Base or 

Installed 
Installed Installed 

Metered by Evaluator Site 

 

The site’s trend data for outside air temperature was compared to local weather station data 

(Logan Airport) from the National Oceanic Atmospheric Administration (NOAA).  It appears that 

the site’s outside temperature readings are affected by the sun because the readings track the 

local weather station at night while the site’s readings are typically significantly higher during 

the day.  The evaluation analysis uses local weather station data instead of the site’s trends in 

the analysis of the metered data. 
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Typical year weather data, TMY2 data for Boston, used in the 8,760 hour model is taken from 

the tracking analyst’s eQuest outputs. 

 

Evaluation Savings Analysis 

Installed Case Chiller Demand 

The evaluation found that the installed chiller demand is dependent upon outside air dry bulb 

temperature as would be expected. For each of the metered data points, the coincident 

drybulb temperature was found and chiller demand was plotted against the temperature data 

as shown below. The plot was fitted with a second order polynomial curve, which resulted in a 

R2 value of 0.86. 

Figure 89: Metered Chilled Demand versus Outside Air Drybulb Temperature 

 
 

Although the chiller was not metered from 12/10/10 to 1/7/11, the trend data indicated that 

the chiller did not run during this period.  The data indicating no chiller operation was 
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combined with the metered data and are used in determining the relationship between chiller 

demand and outside air temperature.  The additional trend data provides insight in determining 

the outside air temperature at which the chiller is no longer required to operate. 

 

It is reasonable to use outside air drybulb temperature as the independent variable for chiller 

demand because both chilled water load and chiller performance are directly affected by the 

ambient conditions. Chilled water load includes ventilation loads and building envelope loads, 

which both vary directly with outside air temperature.  The installed chiller is an air-cooled unit, 

so the condensing pressure is related to outside air drybulb temperature.  As outside air 

drybulb temperature decreases, the condensing temperature decreases and compressor 

performance improves. 

 

This site is a hospital and is occupied continuously; which results in chilled water loads that are 

only minimally dependent upon time of day. 

 

The profile developed for installed chiller demand versus outside air dry bulb temperature 

(Figure 89) is used to calculate chiller power for each hour of the model.  The equation used is 

shown below. 

 

Installed Chiller Demand = .0571 * (OA db)2 - 4.1954 * OA db + 71.776 

 

The metered data demonstrates that the installed chiller will unload to a minimum level and 

then will cycle between minimum loading and off to maintain the chilled water temperature 

setpoint.  According to the metered data, the minimum operating chiller demand is 9.41 kW.  

When the average chiller demand for a given time period is less than 9.41 kW, the chiller 

percent run for that time period can be calculated as average chilled demand divided by chiller 

minimum demand. 
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Figure 90: Chiller Operation at Minimum Loading 

 
 

 

Base Case Calculations 

This measure involves the installation of a new chiller and does not have any effect on the 

chilled water load; therefore, the base and installed case chilled water loads are identical.  

Although the base and proposed case loads are identical, it is necessary to calculate the chilled 

water load to find the base case chiller performance and demand.   

 

The general approach for calculating the base case chiller demand for each hour of the year is 

as follows: 

 

 Chilled Water Load, tons = Installed Chilled Water Load, tons ÷ Installed Chiller 

Performance, kW/ton 

 

 Base Case Chiller Demand, kW = Chilled Water Load, tons * Base Case Chiller 

Performance, kW/ton 
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The details on calculation of the chilled water load and the base chiller performance are 

presented below.   

 

The base case chiller demand for each hour is calculated using the eQuest methodology as 

shown below: 

 

Base Case Chiller kW = Base Case EIRop * Chiller Capacity, Btu/hr ÷ 3,412 kW/Btu/hr * Chiller % 

Run 

 

 Where: 

 

 EIRop = Electric input ratio at given operating conditions 

 

In order to determine the base chiller performance or operating EIR, the chilled water load 

must be known.  The calculation of the chilled water load is discussed in the following section. 

The evaluation analysis uses the same performance curves as the tracking analysis because the 

curves used are reasonable and there is not any compelling evidence to make adjustments to 

the curves.  Any adjustments to the performance curves would require the calculation of the 

chilled water load using trend data for chilled water supply and return temperatures.  

According to trends from the site, the chilled water temperature differential ranges from 0°F to 

6°F.  If the supply and return water temperature sensors have an accuracy of ±0.5°F; there is 

potential for significant error in the calculation of the chilled water temperature differential.   

 

 

Chilled Water Load 

The chilled water load for each hour of the model was calculated using the installed case chiller 

demand and chiller performance data. 

 

As discussed in the Tracking Analysis Methodology section, chiller performance is dependent 

upon the chilled water temperature, outside air temperature (or condenser entering air 

temperature) and the chiller percent load.  The equation below is for the installed chiller 

performance or EIR at a given hour in the model. 
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EIRop = EIRnom * EIR f(CHWT, OAdb) * EIR f(PLR) 

 

This equation can be re-arranged to solve for the part load performance scaling factor as shown 

below 

 

EIR f(PLR, dT) = EIRop ÷ (EIRnom * EIR f(CHWT, OAdb)) 

 

Each of the components of this equation is addressed below.   

 

Table 130: Description of Calculation of Chiller Part Load Performance Scaling Factor 

Variable Description of Calculation 

EIRop 

eQuest calculates the hourly chiller demand using the following equation,  

Installed Chiller Input Power, kW = EIRop * Chiller Cooling Capacity, Btu/hr * Chiller 

% Run 

In the evaluation hourly model the installed chiller input power, chiller cooling 

capacity and chiller % run are known; therefore, the equation above can be re-

arranged as shown below.  Cooling capacity is calculated from the manufacturer’s 

curve used in the tracking analysis. 

EIRop = Installed Chiller Input Power, kW ÷ Chiller Cooling Capacity, Btu/hr ÷ Chiller 

% Run 

EIRnom 
The nominal EIR is taken from the manufacturer’s performance data and is 0.304 or 

1.07 kW/ton. 

EIR 

f(CHWT, 

OAdb) 

The EIR f(CHWT, OAdb) is calculated from the performance curve used in the 

tracking analyst’s eQuest model, which is a default curve from the eQuest library. 

 

After the EIR f(PLR, dt) was calculated it was used to derive the PLR or chilled water load using 

the following biquadratic curve. (same curve used in the tracking analysis). 

EIR f(PLR, dt) = -0.073+0.7013*PLR+0.386*PLR2+0.0015*dt+0.0004*dt2-0.0036*PLR*dt 

Chilled Water Load, Btu/hr = Installed PLR * Installed Chiller Capacity, Btu/hr 

Base Case Chiller Demand 
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The base case chiller demand was calculated in the same manner as the tracking analysis. 

Base Case Chiller kW = Base Case EIRop * Chiller Capacity, Btu/hr ÷ 3,412 kW/Btu/hr * Chiller % 

Run 

 

EIRop = EIRnom * EIR f(CHWT, Cond Air Temp) * EIR f(PLR, dt) 

The chilled water temperature and condenser entering air temperature are assumed to be the 

same as the installed case for each hour of the analysis. The chilled water temperature was 

observed from trend data to be consistent at 48°F.  The condenser entering air temperature is 

equal to the outside air temperature with a minimum temperature of 65°F. 

 

The performance and capacity curves are the same as were used in the tracking analysis base 

case.  The tracking analyst did not use a specific manufacturer for the base case unit.  The base 

case chiller was a generic unit with full load performance meeting the state energy code 

requirements.  Since the eQuest library curves used in the tracking analysis are a reasonable 

representation of a generic air-cooled chiller, the same curves are used in the evaluation. 

 

Project Savings 

The demand reduction for each hour of the model is found by subtracting the installed chiller 

demand from the base case unit demand. 

 

A summary of the evaluation annual energy savings is presented below. 

Table 131: Summary of Evaluation Savings 

 
 

Energy use during the peak hours is summed and then divided by the total annual savings to 

find the percent on-peak savings.  Similarly the energy use during the summer peak and winter 

peak demand periods are summed and divided by the total hours in each period to find the 

average peak demand reduction.  

Annual Annual Average
Load Energy Perf

MMBtu kWh kW/ton

Base 4,285 468,612 1.31
Installed 4,285 204,781 0.57

Savings 0 263,831 0.74
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The evaluation found that the chiller runs for two hours out of the 84 hours in the winter 

demand peak periods, which results in an average demand reduction of 1.4 kW. 

 

Verification of Equipment and Operating Parameters 

This portion of the report compares the major assumptions of the tracking analysis and 

evaluation analysis.  Reasons for discrepancies are presented as well as their qualitative impacts 

on final project energy savings realization. 

Table 132: Comparison of Major Inputs 

 
 

Chilled Water Load 

The annual chilled water ton-hrs was found to be 56% greater in the evaluation than originally 

predicted by the tracking study.  An increase in chilled water load leads to an increase in energy 

savings.  The increase in ton-hrs is due to longer chiller run hours and an increase in load at any 

outside air temperature. 

 

The evaluation found that the chiller runs for 4,506 hours or 128% of the tracking study 

(3,511 hours.)  In the tracking analysis the chiller begins to cycle below 65°F outside air drybulb 

temperature and shuts off below 55°F.  In the evaluation the chiller runs continuously until the 

outside air drybulb temperature drops below 55°F and does not completely shut off until the 

temperature drops below 45°F. 

 

A comparison of the tracking analysis and evaluation chilled water load versus outside air 

temperature profile is presented below.  The chilled water load at any outside air temperature 

was found to be at least 20% greater than predicted. 

Parameter Eval TA Eval / TA

Annual Run Hours 3,511 4,506 78%
Annual Load, ton-hrs 357,125 229,475 156%
Avg Base Case Perf, kW/ton 1.31 1.49 88%

Avg Prop Case Perf, kW/ton 0.57 0.64 89%
Avg Perf Improvement 0.74 0.85 87%
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Figure 91: Chilled Water Load Profile 

 
 

Chiller Performance 

The evaluation found that the annual average improvement in chilled water performance of 

0.74 kW/ton is 87% of the tracking analysis performance reduction (0.87 kW/ton).  The 

decrease in performance savings is because of the higher chilled water loads.  The savings 

associated with the installed chiller are greater at low loads; therefore due to the increase in 

chilled water load (see Figure 91), the performance savings are less than predicted.  The 

decrease in performance reduction offsets a portion of the savings increase from the higher 

annual chilled water ton-hrs. 

 

Savings Analysis and Verification 

The annual energy savings estimated in the tracking analysis is 194,599 kWh.  The evaluation 

estimates annual energy savings to be 263,831 kWh, resulting in an annual energy savings 

realization ratio of 136%.  As discussed in the previous section the increase in savings is due to 

an increase in annual chilled water ton-hrs.  

 

The percentage of savings occurring during energy peak periods estimated in the tracking 

analysis is 34.0% while the evaluation finds this value to be 47.5% resulting in a realization ratio 

of 140%.  
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The summer demand peak reduction is estimated in the tracking analysis to be 46.9 kW.  The 

evaluation estimates the summer demand peak power reduction to be 54.4 kW, resulting in a 

realization ratio of 116%.  

 

The winter demand peak reduction is estimated in the tracking analysis to be 0.0 kW, and the 

evaluation found this value to be 1.6 kW.  The tracking analysis assumed that the chiller did not 

run for any of the winter peak hours, while the evaluation found that the chiller runs for two of 

the peak hours. 
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Site ID: CS7824 

Summary 

The applicant installed three 550 ton high efficiency centrifugal chillers in lieu of lower efficiency 
chillers. These chillers provide a combination of space and process cooling to a large 
pharmaceutical manufacturing facility. The facility operates on a variable schedule, which 
typically keeps one chiller operating 24/7, 365. Savings result primarily from improved chiller 
efficiency at nearly all part load conditions.  
 
Table 133 below presents a summary of the tracking and evaluation savings results. Gross 
energy savings were only 79% of the tracking estimate primarily because the chiller 
performance curves used in the energy simulation severely overestimated the performance 
differential between the installed and base case chillers. During the evaluation analysis, the 
savings reduction caused by changing these curves was partially offset by a savings boost 
resulting from greater observed chiller loads than predicted in the tracking simulation model. 
Tracking estimates of % on peak savings were not calculated for this project.  

Table 133:  Summary of tracking and evaluation savings results 

Savings Quantity 
Tracking 
Estimate 

Evaluation 
Estimate 

Evaluation/ 
Tracking 

Annual Energy (kWh) 220,799 174,121 79% 
% Energy Savings On-Peak N/A 48.3% N/A 
Summer Peak Diversified kW (FCM) 71.8 41.2 57% 
Winter Peak Diversified kW (FCM) 24.0 2.0 8% 

Project Description 

This Custom Construction Solutions project involved the installation of 3 chillers in a new 
290,000 square foot building. The installed centrifugal chillers are rated at 590.7 tons under ARI 
conditions (85 oF entering condenser water temperature [ECWT], 44oF leaving chilled water 
temperature [LCHWT]). They are each equipped with a variable speed drive to modulate 
compressor speed with respect to load. Full load efficiency of the installed chillers is .582 
kW/TR at ARI conditions; their Non-Standard Part Load Value (NPLV) is .365 kW/TR. 
 
The chillers are configured in parallel on a constant flow primary chilled water loop. The primary 
chilled water loop flow scales as a multiple of 1100 GPM for each additional chiller brought on 
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line. The plant operates with a leaving chilled water set point (LCHWT) of 41 °F and an entering 
condenser water temperature (ECWT) of 85 °F, although the ECWT is allowed to float as low as 
52 °F. 
 
All building loads are met by a variable flow secondary chilled water loop serving 17 air handlers 
and pharmaceutical manufacturing processes. Under all building conditions, only two chillers 
operate. The third chiller serves primarily as a backup. The designated backup chiller is 
regularly changed to ensure that all chillers are used equally. Heat rejection equipment for the 
central plant consists of a variable flow condenser water loop connected to an open cell cooling 
tower.  
 
The installed chillers serve a loosely defined manufacturing schedule of 7AM to 11PM, seven 
days per week. Large office spaces in the building operate from roughly 8AM to 6PM. The site 
contact indicated that manufacturing schedules are subject to change since the facility is still in 
the start up phase.  
 
Only the chillers differentiate the installed and base case central plants. The base case chillers 
are rated at 569 tons and .589 kW/TR under ARI test conditions; their NPLV is .374 kW/TR.  

Tracking Analysis  

Tracking Calculation Methodology   

Tracking savings were calculated using an eQuest simulation model originally made for LEED 
certification. As a result, it contained considerable detail regarding the building’s zones, HVAC 
systems and process loads. Savings were calculated using parametric runs, wherein the 
installed chillers were replaced with the base case chillers. Savings were simply taken as the 
difference between the installed and base case annual runs. 
 
The following adjustments were made to differentiate the installed and base case models:  

• The capacity of the installed chillers was set at 7.1 MMbtuh, while the capacity of the 
base case chillers was input as 6.9 MMBtuh. 

• The installed chillers’ ARI rated kW/TR efficiency was set at .583, while the base case 
chillers’ efficiency was set at .5757. (Note that neither of these values match the chiller 
cut sheet performance specifications). 

• Three performance curves were changed to differentiate the installed and base case 
chillers. Each of these curves takes the form, 
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, where z is the dependent variable, and x 
and y are two independent variables. 
 

The first adjusted curve yields a chiller capacity scale factor (z) as a function of LCHWT (x) and 
ECWT (y). This curve is normalized to a value of unity at ARI rated conditions. Figure 92 below 
compares the installed and base case curves at a fixed LCHWT of 41 °F while varying ECWT.  
 
The second curve produces another scale factor that adjusts the chiller “electricity input ratio” 
(EIR) as a function of LCHWT (x) and ECWT (y). EIR, according to the DOE 2.2 definition, is the 
dimensionless ratio of operating power to the nominal capacity of the chiller. As with the first 
curve, this equation is normalized to a value of unity at ARI rating conditions. Figure 92 below 
provides this EIR curve for the installed and base case chillers at a fixed LCHWT of 41 °F while 
varying ECWT. 

Figure 92: Capacity and EIR adjustment curves for the installed and base case chillers  

 

 

The third and final modified curve also produces an EIR scale factor. This curve however 
generates an EIR scale factor as a function of Part Load Ratio (PLR) and chiller lift (ECWT – 
LCHWT). According to DOE2.2, PLR is the ratio of chiller load to nominal capacity. Figure 93 
below compares the installed and base case EIR scale curves while varying PLR and holding lift 
constant at 44 oF. 
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Figure 93: EIR adjustment curves for the installed and base case chillers  

 

 
To shed some light on how these three curves are ultimately used in the simulation model to 
calculate chiller energy consumption, the hourly DOE2.2 chiller power draw calculation is 
provided below. 
 
DOE 2.2 first calculates chiller capacity in a given hour as, 
 

        (3) 
 
where, 
 

          = Chiller capacity in a given hour [Btuh] 

           = Nominal chiller capacity at ARI test conditions [Btuh] 

 = Capacity scale factor based on LCHWT and ECWT (discussed above) 

 
Next, based on the chiller load from the current hour, the program calculates PLR: 

 

           (4) 
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The chiller’s electrical input is then calculated as, 
 

       (5) 

where, 

             = Hourly Chiller Energy Consumption [kWh] 

             = Chiller capacity in the hour [Btuh] 

          = EIR at ARI test condition (inverse of ARI rated kW/TR efficiency)  

  = EIR factor as a function of LCHWT and ECWT (discussed 

above)   = EIR factor as a function of PLR and chiller lift (dT) (discussed 
above) 

              = Conversion factor from Btu to kWh 

 

Equations 1 through 3 illustrate how DOE2 directly uses the five variables modified in the 
parametric runs to calculate chiller energy consumption. Equation 1 uses nominal capacity and 
the capacity scaling equation, while Equation 3 uses nominal efficiency and the two EIR scaling 
equations. 

Discussion of Tracking Analysis 

The tracking analysis approach was appropriate; however, values for the key parameters 
differentiating the installed and base cases were generally incorrect. First, the base case 
nominal capacity and kW/TR ratings were incorrect. Second, and more importantly, the scale 
factor curves for both chillers did not fit the manufacturer’s chiller performance data 
satisfactorily. Table 134 below compares the curves used in the evaluation and tracking 
analyses in terms of fit to the manufacturer’s tabular ARI performance data. For each curve, 
goodness of fit is indicated by a coefficient of determination (R2 value). Notice that the R2 values 
for EIRf(LCHWT,ECWT) curves used in the tracking analysis are actually negative. This 
indicates that a better fit would have been provided by simply using the average value 
determined from the manufacturer’s data set instead of the curve fits.  
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Table 134:  Comparison of analysis parameters from tracking and evaluation 

 Evaluation Tracking 
 Installed Base Case Installed Base Case 
Chiller Capacity 7.1 MMBtuh 6.8 MMBtuh 7.1 MMBtuh 6.9 MMBtuh 
kW/TR Efficiency 0.582 0.589 0.583 0.576 
R2 - CAPf(LCHWT,ECWT)  1.00 0.99 0.99 0.90 
R2 - EIRf(LCHWT,ECWT) 0.97 0.72 -4.47 -3.58 
R2 - EIRf(PLR,dT) R2 1.00 1.00 0.99 0.12 
 
Using incorrect performance curves undoubtedly had an effect on the savings since the installed 
chillers typically operate at part loads where the performance curves input in eQuest primarily 
dictate chiller efficiency. 
 
In addition to the errors noted in Table 134, other central plant parameters affecting both model 
runs were in error. However, these errors were identified after the tracking system review and 
site visit. They are therefore discussed in the “Evaluation Savings Analysis” section of this 
report. 

Evaluation Methodology 

In an effort to remain consistent with the tracking methodology, a modeling analysis approach 
was used for the evaluation. Since a detailed building model had already been built for this 
complex facility, the evaluation methodology was tailored specifically to gathering data to 
improve upon the preexisting model.  
 
With that goal in mind, a two pronged evaluation approach was developed. The first component 
consisted of gathering relevant equipment and building operations data from the site contacts 
and the chiller manufacturer. These data were used to “tune” the model with actual chiller 
performance specifications and operating set points.  
 
The second key component of the evaluation was logging true power data from each of the 
installed chillers. These data were used to calibrate the energy consumption profiles of the 
modeled chillers to actual usage patterns. 8,760 hour parametric runs of the model were then 
performed using TMY3 data to assess savings from using the installed chillers instead of the 
base case chillers. 
 
Following data collection, the analysis for this project consisted primarily of calibrating the 
modeled installed chillers to the actual metered data. The chiller power consumption was 
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calibrated on an hourly basis for the duration of monitoring period. Modeling calibration targets 
were based on the International Performance Measurement and Verification Protocol (IPMVP)  
 
Option D requirements for mean bias error (MBE) and coefficient of variation of root mean 
square error (CV of RMSE). The IPMVP requires that hourly calibrated simulation models 
achieve MBE of less than 10% and a CV of RMSE less than 30%. After calibration, savings 
were assessed by running the installed and base case models using TMY3 data and calculating 
the difference in central plant energy usage between them. 

Evaluation Data Collection 

Onsite data collection began by simply verifying that the proposed chillers had been installed. 
As expected, three centrifugal chillers were installed and operational.  
 
After inspecting the chillers, true power data loggers were then installed on each unit. Table 135 
below provides a summary of logging parameters. 

Table 135:  Chiller monitoring summary   

Metered Equipment Chillers 1, 2, and 3 
Measured Parameter True Power, Voltage, Amperage, PF (3 Phases) 
Logger Make/Model Dent ElitePro Power Meter 
Transducer/Equipment 
Types 

Current Transducers (1000A or 1500A CTs) and 
Voltage Clamps 

Installation 
CTs installed on the Line side of chiller VFDs; 
Voltage clamps attached at the line side disconnect 

Observation Frequency 15 Minutes; Time averaged readings 
Metering Period August 4th, 2010 to September 20th, 2010 

Metered by: KEMA evaluator & facility electrician 
 
Following logger installation, plant and building operations were discussed with the site contact. 
The site contact provided the following key information regarding plant operations:  

• The three chillers are arranged in a parallel configuration. At any given time, up to two 
chillers are operating, with the third functioning as a backup.  

• The chillers operate on a constant flow primary loop that feeds a variable flow secondary 
loop.  

• Chillers are staged such that the second chiller only comes on once the first chiller 
reaches 80% of full load amperage. (Note that based on logger data, chiller staging was 



 
 

 

NSTAR June 17, 2011 
 

B-423 

ultimately modeled to reflect second chiller operation at loads greater than 333 tons, 
which corresponds to roughly 60% of full load amperage.) 

• The maximum ECWT is 85 oF; the minimum ECWT is 52 oF. 

• The chilled water set point temperature is 41 oF. 

• Loads on the secondary chiller loop consist of 17 air handlers serving a combination of 
office and manufacturing spaces.  

• Table 136 below provides a summary of the air handlers on the secondary chilled water 
loop.   

 

Table 136:  Air handlers served by the secondary chilled water Loop 

Air Handler 
Name 

AHU Capacity 
[Btuh] 

Supply 
CFM 

Variable 
Speed Fan? 

AHU-8600 2,319,660 20,264 Yes 
AHU-8100 543,600 41,180 Yes 
AHU-8110 421,140 33,960 Yes 
AHU-8120 90,070 7,500 Yes 
AHU-8130 81,070 6,540 Yes 
AHU-8140 105,040 7,920 Yes 
AHU-8150 66,600 5,400 Yes 
AHU-8170 2,294,220 25,100 Yes 
AHU-8180 190,540 15,360 Yes 
AHU-8190 259,020 20,410 Yes 
AHU-8200 125,300 10,140 Yes 
AHU-8210 956,800 25,700 No 
AHU-8220 679,800 17,240 No 
AHU-8240 690,200 15,620 No 
AHU-8250 606,000 14,470 No 
AHU-8300 1,267,700 35,570 Yes 
AHU-8310 1,127,100 35,000 Yes 
Total 11,823,860 337,374   

 
• In addition to providing space cooling, the chillers also serve a number of processes 

related to the manufacturing of pharmaceuticals. Since the site contact was not involved 
in manufacturing ,and access to these process areas was not permitted, load information 
directly related to the manufacturing processes could not be collected. 
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• Manufacturing typically takes places 7 days per week from 7 AM to 11 PM. However, the 
facility is still in start up and operating hours are likely to change. Office areas are 
typically occupied Monday through Friday from 8 AM to 6 PM. 

Following the site visit, the chiller vendor was contacted to obtain chiller performance data for 
both the installed and base case chillers. These data include tabular listings of part load 
performance (capacity and kW/TR efficiency) as a function of ECWT and LCHWT. They also 
include tables listing full load capacity and efficiency variations with respect to ECWT and 
LCHWT. These data were subsequently used to develop new multivariate quadratic 

performance curves of the form  using Microsoft 
Excel’s Regression Tool. Excel’s Regression Tool takes tabular data inputs for each of the 
independent (x, x2, y, y2, and xy) and dependent variables (z). It then generates the curve 
coefficients (A, B, C, D, E, F) and indicates the goodness of fit with an R2 value. The 
coefficients of determination for the evaluation analysis curves are provided in Table 134 above.  
 
To complete the data collection process, weather data from a nearby weather station was 
obtained for the time frame coincident with chiller monitoring. These data, which were supplied 
by National Oceanic and Atmospheric Administration (NOAA), consist of dry bulb, wet bulb, 
cloud cover, precipitation, wind speed, and wind direction parameters. Each of these 
parameters were processed and formatted using the command line DOE2.2 weather packing 
utility, DOEWTH.exe, to generate a weather file. In addition to formatting the input data, the 
DOEWTH utility uses the cloud cover data to generate estimated solar radiation data for the 
model using the ASHRAE Clear Sky Model.  

Evaluation Savings Analysis 
The evaluation analysis began by first reviewing the metered data collected with the ElitePro 
loggers. Figure 94 below shows measured true power readings from all three chillers for the 
duration of the metering interval. Notice that no more than two chillers were operating at any 
time. For the purposes of the analysis, the three chiller profiles were “meshed” into two chiller 
profiles such that the model could be calibrated to the performance to two regularly operating 
chillers. This was done by appending data from one chiller onto the profile of another once the 
first chiller turned off. For instance, around 9/1/2010 in Figure 94, Chiller 2 turns off and Chiller 3 
turns on; in this case, the profile of Chiller 3 was added to the profile of Chiller 2 to make one 
continuous operating profile. 
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Figure 94: Metered chiller performance profiles 

 
 
The average weekday and weekend profiles for “meshed” chillers A and B are provided in 
Figure 95 below. Figure 95 also provides the sum of both chiller profiles, which was ultimately 
used for calibrating the model. Table 137 presents the average day power profiles in tabular 
form. 
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Figure 95: Average weekday and weekend profiles for meshed chillers A (blue), B 
(green), and the sum (red) 

 

 

Table 137:  Average Day Power Profiles for Meshed Chillers    

 
 Chiller A Mesh Chiller  B Mesh 

Hour Ending 
Weekday 
(kW) 

Weekend 
(kW) 

Weekday 
(kW) 

Weekend 
(kW) 

1:00AM 102.79 64.67 126.51 93.67 
2:00AM 106.12 61.4 124.05 85.78 
3:00AM 105.35 62.51 126.58 90.8 
4:00AM 105.56 63.23 119.08 85.69 
5:00AM 101.77 66.72 118.21 87.5 
6:00AM 102.37 62.38 121.38 87.44 
7:00AM 107.92 62.91 123.46 90.4 
8:00AM 115.11 66.24 128.76 102.06 
9:00AM 118.13 75.22 132.58 120.17 
10:00AM 127.92 93.52 145.45 121.37 
11:00AM 132.48 94.42 150.58 117.67 
12:00PM 136.86 92.85 149.27 119.29 
1:00PM 133.8 99 149.84 118.56 
2:00PM 132.09 99.84 144.05 123.3 
3:00PM 135.88 100.6 150.58 121.07 
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 Chiller A Mesh Chiller  B Mesh 

Hour Ending 
Weekday 
(kW) 

Weekend 
(kW) 

Weekday 
(kW) 

Weekend 
(kW) 

4:00PM 135.5 101.23 147.78 119.86 
5:00PM 132.92 96.41 143.06 115.37 
6:00PM 128.96 97.98 137.82 115.06 
7:00PM 125.11 93.36 133.17 112.91 
8:00PM 126.86 88.61 132.43 109.14 
9:00PM 116.16 85.43 129.06 107.95 
10:00PM 122.22 84.65 128.89 107.74 
11:00PM 117.8 76.65 123.47 109.24 
12:00AM 114.9 70.6 122.84 107.33 
Average 120.19 81.68 133.7 107.06 

 
Following review and processing of the metered chiller profiles, three modifications were made 
to the chiller model. These changes, listed in Table 138, were made to reflect the equipment 
operating conditions gathered from the site contact and the chiller staging data gleaned from the 
metered power profiles. Table 138 lists both the new parameter values and the tacking analysis 
values. 

Table 138:  Central Plant Parameter Modifications 

Parameter Evaluation Value Tracking Value 
Minimum ECWT [F] 60 70 
LCHWT [F] 41 40 
Chiller Staging Two chiller operation 

when load exceeds 333 
tons 

No staging specified; 
DOE2 defaults used 

 
Note that the minimum ECWT input for the evaluation is still higher than the value supplied by 
the site contact (52 °F). This was necessary because DOE2 limits the minimum ECWT to 60 °F. 
 
After modifying these parameters in the model, the first step in the calibration process was 
running the simulation model with the NOAA 2010 data weather file and comparing the results 
to the metered data. Figure 96 below shows the modeled chiller power profile as well as the 
actual chiller data. Note that power data from all chillers is summed to generate single profiles. 
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Figure 96: Average weekday and weekend chiller profiles for the pre-calibration modeled 
(blue) and actual (red) chillers 

  
 
From Figure 96, it is immediately apparent that the model grossly underestimates the load 
placed on the chillers. This was not entirely surprising since the facility runs manufacturing 
processes with loads that are likely difficult to quantify. A first attempt at calibrating the model 
was made by placing additional lighting loads and plug loads in the building. This approach 
quickly proved infeasible because the loads required in conditioned spaces to generate 
sufficient load on the chillers were unreasonably large.  
 
A completely different approach was therefore taken to calibrate the model. Since this project 
only altered the installed chillers, it is energy neutral from the perspective of air handlers and 
process end uses. The plant components that are directly affected by this measure include the 
chillers, condenser water pumps, and cooling tower pumps and fans. The CW pumps and 
cooling towers are affected because the installed and base case chillers reject different amounts 
of heat to the CW loop due to their differing efficiencies. Because only plant equipment is 
affected by this measure, the model was ultimately calibrated by placing a large process load on 
the primary loop.  
 
The first step in this process was estimating the required magnitude of the calibration load. This 
was done by first roughly calculating the maximum differential between the metered and 
modeled daily power profiles. From Figure 96, it is clear that the actual chillers drew up to 120 
or 130 kW more than the modeled chillers at certain times. Using 130 kW, and an assumed 
chiller efficiency of approximately .35 kW/ton, it was estimated that up to an additional 370 tons 
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of chiller load was required to calibrate the model. This value was then used as a starting point 
for adding process loads to the chiller loop. After much experimenting, final weekday and 
weekend process load profiles were derived. Figure 97 below provides the load profiles in 
graphical format; Table 139 lists the loads on an hour by hour basis. 
 

 

Figure 97: Weekday and weekend loads added to the modeled chiller loop 
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Table 139:  Weekday and weekend loads added to modeled chiller loop 
Hour 
Ending 

Weekday 
Load (Tons) 

Weekend 
Load (Tons) 

1:00 AM 212 0 
2:00 AM 204 58 
3:00 AM 181 96 
4:00 AM 154 96 
5:00 AM 197 162 
6:00 AM 224 212 
7:00 AM 201 212 
8:00 AM 224 308 
9:00 AM 212 366 

10:00 AM 251 366 
11:00 AM 262 366 
12:00 PM 258 366 
1:00 PM 247 366 
2:00 PM 154 270 
3:00 PM 154 174 
4:00 PM 154 174 
5:00 PM 154 174 
6:00 PM 143 154 
7:00 PM 154 154 
8:00 PM 154 193 
9:00 PM 193 174 

10:00 PM 193 147 
11:00 PM 193 174 
12:00 AM 174 135 

 
With the addition of these loads, the modeled chiller hourly energy consumption was calibrated 
to an MBE of -.01 and a CV of RMSE of .23, which are both well within the IPMVP Option D 
calibration requirements. Figure 98 below shows the calibrated and actual performance of the 
chillers over the metering period. Figure 99 illustrates the calibration results over average 
weekdays and weekends.  
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Figure 98: Actual (red) and calibrated (green) chiller power consumption profiles  

 

Figure 99: Actual (red) and calibrated (green) average weekday and Weekend power 
consumption profiles  

   
 

With the model calibrated, annual energy savings were calculated by running the installed and 
base case versions of the model with weather data from the nearest TMY3 weather station 
(Boston Logan International Airport). Hourly simulation outputs for the chiller, pump, and heat 
rejection end uses were then compared between the two runs. Hourly differences over the 
8,760 schedule were then summed to calculate annual energy savings. Figure 100 below 
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illustrates the difference between the installed and base case chiller energy consumption 
profiles during a single week in July. 

Figure 100: Installed (blue) and base case (red) chiller profiles for a single week  

 
 
 
% On Peak Energy savings were calculated by summing savings from the defined on peak 
hours of 6 AM to 10 PM on non-holiday weekdays and dividing by gross annual savings. 
Similarly, summer and winter peak demand savings were calculated by taking the average 
demand reduction from the hourly simulation outputs over the appropriate peak periods.  
 
As mentioned at the beginning of this report, the difference in savings between the tracking and 
evaluation analyses is largely attributable to the incorrect installed and base case chiller curves 
used in the analysis. There are however a number of other factors that confound the savings 
analysis and make it difficult to assess how much of the savings differential is attributable to 
each factor. These include, 

• The large difference between the tracking estimated chiller loads and the actual chiller 
loads. As indicated in Table 139, the average weekday chiller load was as much as 262 
tons greater than the modeled load and the average weekend chiller load was up to 366 
tons greater than the modeled load. 

• Plant parameters affecting both the installed and base case models needed adjustment, 
particularly those listed in Table 138. 
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• Incorrect nominal efficiencies and capacities were input into the model for both the 
installed and as built chillers during the original tracking analysis (see Table 134). 
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Site ID CS7626  

Summary 

This application saves 140% of the energy originally estimated in the tracking analysis.  The 

primary reason for the increase in savings is due to differences in the airflow profile and its 

effects on fan operation and performance.  Results are presented in Table 140 below. 

Table 140:  Summary of tracking and evaluation savings results 

Savings Quantity Tracking Value Evaluation Value 

Evaluation ÷ 

Tracking 

Annual Energy (kWh) 325,715 457,190 140% 

% Energy Savings On-Peak 49% 46% 94% 

Summer Peak Diversified kW (FCM) 68.2 54.7 80% 

Winter Peak Diversified kW (FCM) 36.0 50.9 141% 

 

Project Description 

This project proposed installation of two custom fabricated industrial grade air handling unit 

instead of standard commercial grade units to serve a new 120,000 sqft center within an 

existing hospital.  The two installed units are equipped with a single 150-hp supply fans with 

VFDs that modulate to maintain a static pressure setpoint.  The base case includes three units, 

each of which are equipped with a single 125-hp supply fan with a VFD that is controlled the 

same as the installed unit.  Both the base and installed units would be served by chilled water 

and hot water coils and operate 24 hours per day, 7 days per week.  The units would provide 

airflow to a network of variable air volume boxes serving the facility.  The total design flow of 

both the base and installed system is 120,000 cfm. 

 

The proposed unit saves energy by reducing the pressure drop across the cooling coil which 

reduces the total pressure from 7.13” to 4.23” at design conditions.  This is documented in the 

specifications for the units, however the physical differences within the equipment that cause 

the reduction are unknown.  Airflow leakage from the units is also reduced from 7.5% to 1.0%.  

The custom unit allows for a more appropriate fan selection and additional savings result by 
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increasing fan efficiency from 68% to 73% at design conditions.  The supply fan savings reduce 

fan heat resulting in differences in heating and cooling loads. 

 
 

 

Tracking Analysis 

This section describes the methodologies employed in the original energy study, discusses 

aspects of the methodology that had significant impacts on final energy savings estimates, and 

describes the tracking calculation methodologies. 

Tracking Calculation Methodology 

The tracking analyst estimated energy savings for this measure in a temperature-dependent bin 

model. Base case energy use was modeled for three air handling units each equipped with a 

single 125-hp variable-speed supply fan.  Proposed case energy use was modeled for two air 

handling units each equipped with a single variable-speed 150-hp supply fan, which both 

operate in unison.  Of the estimated 325,715 kWh savings, roughly 95% are due to reduced 

supply fan energy and 5% are due to reduced fan heat and chilled water plant energy use. 

Since the reduction in chiller plant energy is small relative to the reduction in supply fan energy, 

the evaluation assumed the same average chiller plant performance as the tracking analysis and 

did not perform metering of the chilled water system. 

 

The tracking analysis selected a commercial grade air handling unit as a base case unit.  Trane 

selection software was used to select a unit capable of providing 40,000 cfm.  Three of these 

units are used in the base case, and the total capacity is equal to the total proposed case 

capacity.  Cooling and heating coil specifications for this unit were used to estimate the total 

 

AHU1 

AHU2 

return air 

return air 

SP 

supply air to 
ductwork 

2x 150hp 

  cf airflow station 
supply airflow 

Figure 101: Installed Case System Diagram 
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static pressure at design conditions.  Design airflow is assumed to be 30,000 cfm, 75% of the 

40,000 cfm air handling unit capacity.   

 

Fan motor power demand was calculated at four conditions: 80%, 85%, 90%, and 100% of 

design airflow.  Including design conditions, these four unique points are used in the supply 

airflow profile.  It is unclear what assumptions were made to distribute these points to their 

respective temperature bins, but the general methodology of developing a load profile appears 

to be reasonable.  Design flow is used for the 90-95°F bin, 90% is used from 85 to 90°F, 85% is 

used from 75 to 85°F, and 80% is used below 75°F.   

 

At each of the four conditions, supply airflow, total airflow (including leakage), and static 

pressure are calculated in order to estimate fan power demand.  The following expressions 

were used to estimate each of these values in the base case: 

 

Supply Airflow, cfm  =  % Design Airflow * 30,000 cfm 

Total Airflow, cfm  =  Supply Airflow * ( 1 + 7.5% Leakage) 

External SP, in =   ( Supply Airflow, cfm / 30,000 cfm )2 * 3.7 in @ 30,000 cfm 

Internal SP, in  =  ( Total Airflow, cfm / 40,000 cfm ) 2 * 6.7 in @ 40,000 cfm 

Total SP, in  =  External SP, in + Internal SP, in 

 

The following expressions were used to estimate each of these values in the proposed case: 

Supply Airflow, cfm  =  % Design Airflow * 30,000 cfm 

Total Airflow, cfm  =  Supply Airflow * ( 1 + 1.0% Leakage) 

External SP, in =   ( Supply Airflow, cfm / 36,000 cfm )2 * 3.7 in @ 30,000 cfm 

Internal SP, in  =  ( Total Airflow, cfm / 45,000 cfm ) 2 * 3.8 in @ 40,000 cfm 

Total SP, in  =  External SP, in + Internal SP, in 

Base case fan efficiency is reportedly based on manufacturer’s specifications, however no 

documentation is provided in the report.  The values used by the tracking analyst in the base 

case are within 5% of the proposed case unit in each temperature bin and vary from 68% at 

design flow to 60% at 80% of design flow. 

 

Fan power is estimated using the following expression: 
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Fan Power, bhp =  ( Total Airflow, cfm * Total SP, in ) / (6,356 * Fan Efficiency, % ) 

Fan motor power demand is estimated using the following expression: 

 

Fan Motor kW  =  Fan Power, bhp * 0.746 / ( 92% VSD Burden * 92% Motor Efficiency ) 

 

Air handling unit cooling loads are calculated based on the enthalpy of the return air and 

ambient conditions assuming 33% minimum outside air for both the base case and proposed 

case units.  Since the base case unit has more leakage and greater total airflow, the cooling load 

is higher in the tracking analysis base case.  Annual ton-hours of cooling are estimated and the 

reduction in chiller plant energy is calculated assuming an average performance of 0.6 kW/ton. 

 

The tracking analysis energy model uses operating hours for four NSTAR periods including on-

peak summer and winter periods and off-peak summer and winter periods.  These periods are 

defined as the following:  

On-Peak Summer: May to Oct, 6 AM to 11 PM, Mon-Fri 

Off-Peak Winter: May to Oct, 11 PM to 6 AM and Saturday/Sunday 

On-Peak Winter: Oct to May, 6 AM to 11 PM, Mon-Fri 

Off-Peak Winter: Oct to May Mon-Fri, 11 PM to 6 AM and Saturday/Sunday 

Supply fan and cooling load energy use is calculated for each of these periods.  Energy savings 

are the difference between the base case and proposed case energy use for each period. 

The percentage of energy savings occurring during energy peak periods is calculated based on 

the ratio of savings during peak periods to total energy savings.  According to a monthly 

summary table included with tracking report, the peak hours used were 6am-11pm.  Based on 

the energy values included in the energy savings table, the percent on-peak savings for the 

entire year would be 49.1%. 

 

Summer peak demand reduction values are calculated as the average demand reduction in 

June, July, August weekdays from 1pm-5pm.  Winter demand peak reduction values are 

calculated as the average demand reduction in December and January from 5pm-7pm.  The 

demand peak reductions are 68.2 kW in the summer and 36.0kW in the winter.  
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Evaluation Methodology 

The evaluator has applied a similar calculation methodology to the tracking analysis. Both 

studies use a temperature-dependent bin model to calculate base and proposed/installed case 

fan and cooling energy.  The bin hours used in the evaluation are different than the tracking 

analysis because a unique operating schedule was observed in the evaluation.  The evaluator 

differs from the tracking analyst by accounting for savings from not only fan energy and 

reduced cooling loads due to leakage, but a difference in cooling loads due to reduced fan heat.  

Energy usage is calculated using a combination of metered data and trend data that is 

extrapolated to an entire year.  The general outline for the evaluation methodology is below. 

 

1. Use relationship of metered fan power demand and trended airflow with outside air drybulb 

temperature to find the installed case supply fan demand and supply airflow for each 

temperature bin of the model during both occupied and unoccupied periods. 

2. Use the base case air handling unit specifications and airflow profile to find the base case 

demand.  

3. Use airflow profile to estimate differences in cooling loads. 

 

Evaluation Data Collection 

A summary of the metering and trend data used in this evaluation is provided below.  Figure 

103 and Figure 104 in the appendix shows a summary of the key metered and trended points. 
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Table 141: Summary of Evaluation Metering and Trend Data 

 
Installed AHU 

Fan 

Air Side System 

Trends 
Weather Data 

Parameter Power Demand 
Supply Airflow and 

Fan Speed 

Ambient Dry Bulb 

Temperature 

Meter Type 
Dent ElitePro 

Power Meter 
Unknown Unknown 

Sensors 
Current 

Transducers 
Unknown Unknown 

Installation Temporary Permanent Permanent 

Observation 

Frequency 

5-minute 

average 
15-minute average 

1-hour 

instantaneous 

Metering 

Duration 

9/9//2010 to 

10/6/2010 

11/2/2010 to 

11/9/2010 

9/9/2010 to 

11/9/2010 

Base or 

Installed 
Installed Installed Installed 

Metered by Evaluator Site NOAA 

Evaluation Savings Analysis 

Operating Hours 

Figure 103 and Figure 104 in the Appendix show summaries of the metering and trending 

periods.  Trend data coincident with the metering period was unavailable due to issues with the 

EMS.  However, both the metered data and trend data show the supply fans operating at 

constant power demand and airflow for the duration of the periods.  The supply fans operate 

24/7 with no setback and are not dependent on cooling loads or ambient air conditions.  One, 

8,760 temperature-dependent bin model is used for the analysis, with the same bin hours as 

the tracking analysis. 

 

Installed Case Supply Fan Demand 

As shown in Figure 103 of the Appendix, the evaluation found that the installed supply fans 

power demand is not dependent upon outside air dry bulb temperature. The average supply 

fan power demands observed during the metering period is used in each temperature bin. 
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Airflow Profile 

As mentioned above in the description of installed supply fan power demand, supply airflow 

was amongst the points included in the trend data.  Like the supply fan power demand, supply 

airflow also is independent of cooling loads and ambient temperatures.  The average supply 

airflow observed during the trending period is used in each temperature bin. 

 

Since the airflow station is located downstream of the supply fans near the exit of the air 

handling unit, these airflow values are modeled as the airflow being delivered to the ductwork.  

These values do not include the 1% leakage for the installed air handling unit.  The actual supply 

airflow provided by the supply fans is assumed to be 1% higher than observed in the trend data.  

The airflow provided to the ductwork is the same in the installed and proposed case. 

 

Base Case Supply Fan Power Demand 

This measure involves the installation of a new air handling unit and does not have any effect 

on the airflow requirement; therefore, the base and installed case airflow profiles that are 

provided to the ductwork are identical.  Although the base and proposed case airflow 

requirements are identical, it is necessary to calculate the airflow requirement to find the base 

case supply fan power demand.  Fan power is calculated based on the total airflow provided by 

the fan, which includes the airflow provided to the ductwork as well as the airflow lost due to 

leakage.  Please refer to the Tracking Calculation Methodology section for description of the 

equations that were used to calculate base case supply fan power demand for both the tracking 

analysis and evaluation. 

 

The evaluation uses the same general methodology for estimating base case supply fan power 

demand as the tracking analysis.  However, instead of calculating power demand at only four 

conditions, the evaluation calculates it at each unique condition in the various temperature 

bins. 

 

Reduced Chiller Plant Loads 

This measure impacts the loads on the facility’s central chilled water plant in two ways.  First, 

by equipping the supply fans with variable speed drives and reducing the motor power 

demand, less fan heat is introduced into the airstream. The reduced fan heat reduces the load 

on the chilled water coils which is served by the facility’s central chilled water plant.  Second, 
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the reduced leakage rate of the installed unit reduces the amount of conditioned air that is lost 

into spaces that would otherwise not be conditioned. 

 

Since the difference in chiller plant energy use is small (<5%) relative to the supply fan energy 

savings, the chiller plant equipment was not metered as part of this evaluation.  For the sake of 

consistency, the same chiller plant performance assumption that was made in the tracking 

analysis (0.6 kW/ton) is applied in the evaluation.  This value includes both chillers and cooling 

towers and is thought to be a reasonable estimate for a larger water-cooled chilled water plant.  

Chiller plant energy savings due to cooling load reductions are calculated using the following 

expression: 

  

Chiller Plant Savings, kWh  =  Chilled Water Load Reduction, ton-hours * 0.6 kW/ton 

The reduction in chilled water load due to reduced fan heat is calculated using the expression 

below.   

CHW Reduction, ton-hours  = Fan Energy Savings, kWh ÷ 3.412 kWh/BTU ÷ 12,000 

BTU/ton 

 

Reduced air handling unit leakage reduces the load on chilled water and hot water coils.  The 

chilled water load has both sensible and latent components, and the total load is based on the 

difference in enthalpy between the supply airflow setpoint (55°F) and the mixture of return air 

and outside air.  Return air is assumed to be 74°F and 50% relative humidity, the same as 

assumed in the tracking analysis.  The outside air damper is modeled based on a minimum 

damper position of 33% with enthalpy economizer.  Outside airflow is calculated based on the 

total supply airflow and outside damper position.  With the outside airflow rate known, 

enthalpy of the outside and return air mixture is calculated.  A summary of the enthalpy load 

calculations is shown below: 

 

Chilled Water Load, tons  =  4.45 * Total CFM * ( Mixed BTU/lb – Saturated 55F BTU/lb ) 

Total CFM  =  Supply CFM * ( 1 + % Leakage Rate ) 

Mixed BTU/lb  =  % OA Damper * Ambient BTU/lb + ( 1 - % OA Damper) * Return BTU/lb 

 

The chilled water and hot water load is calculated for both the base case and installed 

case.  Chiller plant energy savings result due to the reduction in chilled water loads.  The chiller 
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plant energy required to serve the chilled water coils is calculated for both the base and 

proposed case using the following expression: 

 

Chiller Plant kWh  =  Chilled Water Coil Load, tons * 0.6 kW/ton * Bin Hours 

 

Chiller plant savings is the difference between proposed and base case energy use. 

Gas usage for both the base case and proposed case are calculated assuming a boiler efficiency 

of 80% in the following expression: 

 

Gas Usage, therms  = Hot Water Load, BTU / 80% Efficiency * Hours / 100,000 

BTU/therm 

 

Gas savings is the difference between the base case and proposed case usage. 

 

Project Savings 

Energy savings for this project are the result of reduced supply fan energy, a difference in chiller 

plant and boiler plant energy due to reduced fan heat, and reduced air handling unit 

leakage.  The difference in energy use between the base and proposed case is calculated for 

each of these three factors.  The total energy savings for the measure is the sum of the energy 

usage differentials. 

 

A summary of the evaluation annual energy savings is presented below. 

Table 142: Summary of Evaluation Savings 

 
 

Energy use during the peak hours is summed and then divided by the total annual savings to 

find the percent on-peak savings.  Similarly the energy use during the summer peak and winter 

Supply
Fan
kWh kWh therms kWh therms

Base 821,238 - - 169,343 14,957
Proposed 374,822 - - 159,104 14,052
Savings 446,416 1,512 -307 10,239 904

Fan Airflow
Heat Leakage
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peak demand periods are summed and divided by the total hours in each period to find the 

average peak demand reduction.  

 

Verification of Equipment and Operating Parameters 

This portion of the report compares the major assumptions of the tracking analysis and 

evaluation analysis.  Reasons for discrepancies are presented as well as their qualitative impacts 

on final project energy savings realization. 

Table 143: Comparison of Major Inputs 

 
Supply Fan Savings 

The evaluation found that both the peak airflow and the total volume of delivered air observed 

in the trending period was less than what was predicted in the tracking analysis. Reduced 

airflow will tend to decrease energy savings. 

 

Fan performance was quantified as the ratio of total annual energy use to air volume 

(kWh/mmcf).  The evaluation found the average installed case fan performance to be 

12.3 kWh/mmcf which is 85% of the 14.5 kWh/mmcf estimated in the tracking analysis.  This 

improved performance is a result of the decreased airflow.  Static pressure and fan power 

increase exponentially with airflow.  

 

Figure 102 below shows the relationship between fan performance (kW/cfm) and the 

percentage of full capacity airflow.  This plot shows the points that the tracking analysis used to 

estimate fan power.  It also shows the average value that was observed in the installed case by 

the evaluator.  The evaluation observed each installed fan to operate at 64% of capacity, which 

is below the minimum value used for calculations in the tracking analysis.  However, it appears 

that this point would fall along the same performance curve if the tracking analysis value were 

Tracking Evaluation Evaluation
Parameter Value Value  ÷ Tracking

Total Delivered Airflow (mmcf) 38,063 30,458 80%

Installed Fan Perf (kWh/mmcf) 14.5 12.3 85%

Base Case Fan Perf (kWh/mmcf) 22.6 27.0 119%
Supply Fan Savings (kWh) 310,634 446,416 144%

Fan Heat Savings (kWh) 0 1,595 -
Air Leakage Savings (kWh) 15,081 9,179 61%

Total Savings (kWh) 325,715 457,190 140%
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extrapolated below 80%.  This suggests that the improved performance observed in the 

evaluation is due to the lower flow rates and not an error in the tracking analysis’ fan 

performance methodology. 

 

Average base case fan performance was estimated to be 27.0 kWh/mmcf in the evaluation 

which is 119% of the 22.6 kWh/mmcf estimated in the tracking analysis.  This difference is due 

to the airflow discrepancy and the exponential relationship between fan power and airflow. 

The airflow profile estimated in the tracking analysis required three base case fans that 

operated at 80% capacity for the majority of the bin hours.  Only two fans are required in the 

evaluation, each of which operates closer to capacity at 96.5%.  Figure 102 below shows that 

fan performance is exponentially worse at the evaluation condition than the average tracking 

analysis condition. 
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Figure 102: Base Case Fan Performance 

 
Fan Heat Savings 

Electrical savings due to reduced fan heat was included in the evaluation.  This is small relative 

to the overall energy savings (0.3%) and was not included in the tracking analysis.  There is also 

a small amount of gas penalty that will occur during the heating season due to changes in fan 

heat that was not accounted for in the tracking analysis. 

 

Cooling Load Savings 

The evaluation calculated 68% of the energy savings resulting from reduced leakage and chiller 

plant loads than were predicted by the tracking study.  This is primarily the result of the 

decreased airflow. 
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The annual energy savings estimated in the tracking analysis is 325,715 kWh.  The evaluation 

estimates annual energy savings to be 457,190 kWh, resulting in an annual energy savings 

realization ratio of 140%.  The increase in savings is due to improved fan performance and is 

offset by decreased airflow.  

 

The percentage of savings occurring during energy peak periods estimated in the tracking 

analysis is 49% while the evaluation finds this value to be 46% resulting in a realization ratio of 

94%.   The decrease in percentage of savings during energy peak periods is due to the constant 

airflow profile observed in the evaluation. 

 

The summer demand peak reduction is estimated in the tracking analysis to be 68.2 kW.  The 

evaluation estimates the summer demand peak power reduction to be 54.7 kW, resulting in a 

realization ratio of 80%.  The primary reason for this discrepancy is the constant airflow profile 

observed in the evaluation. 

 

The winter demand peak reduction is estimated in the tracking analysis to be 36.0 kW.  The 

evaluation estimates the summer demand peak power reduction to be 50.9 kW, resulting in a 

realization ratio of 141%.  This discrepancy is due primarily to the differences in fan 

performance that result from the airflow differences. 
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Appendix 

Figure 103: Supply Fan 1 and 2 kW throughout Monitoring Period 
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This plot shows a summary of the power metering that was performed on the two supply fans using a Dent power meter.  The fans 
appear to opperate at similar speeds and do not appear to have an occupancy schedule.  Furthermore, fan speeds do not appear 
to be dependent on ambient temperatures or cooling loads.  Average values are used in the energy analysis.
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Figure 104: Supply Airflow Trend Data 
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This plot shows a summary of the supply airflow trending for AHU10 and AHU11.  Similar to the supply fan metering, the supply 
airflow does not appear to vary based on an occupancy schedule or ambient conditions.  Average supply airflows are  used in the 
energy analysis.
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Site ID: CS 7921 

Summary 

This application saves 145% of the energy originally estimated in the tracking analysis.  The 

primary reason for the increase in savings is higher than predicted chilled water loads.  Results 

are presented in Table 144 below. 

 

A 510,000 ft2 government office building completed major renovations including installation of 

two new 650-ton water-cooled chillers.  This Construction Solutions measure installed two 

chillers with variable speed drive control instead of base case unit that meets energy code 

requirements.  While the proposed chiller operates more efficiently at full load, the majority of 

the savings occur when the chiller is lightly loaded due to more favorable unloading 

characteristics of the proposed variable speed machine.  This measure saves electrical energy 

due to improved chiller performance.  Chilled water load is the same between the base and 

proposed cases. 

Table 144:  Summary of tracking and evaluation savings results 

Savings Quantity Tracking Value 
Evaluation 

Value 

Evaluation ÷ 

Tracking 

Annual Energy (kWh) 294,457 kWh 428,311 kWh 145% 

% Energy Savings On-Peak 37.0% 56.3% 152% 

Summer Peak Diversified kW (FCM) 50.6 kW 95.5 kW 189% 

Winter Peak Diversified kW (FCM) 88.9 kW 15.3 kW 17% 

 

Project Description 

A 510,000 ft2 government office building completed major renovations including installation of 

two new 650-ton water-cooled chillers.  The construction solutions measure reviewed 

installation of two chillers with variable frequency drive control compared to baseline 

equipment meeting the minimum efficiency requirements of the building energy code. 

A majority of the time a single chiller can handle the chilled water loads, but both chillers are 

required to run during times of peak cooling load.  The site alternates which chiller is 
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designated to be the lead chiller to equalize the run time between the two units.  The 

sequences of operation call for switchover to water-side free cooling to occur automatically 

when the outside air wetbulb temperature drops below 34°F; however, the trend data indicates 

that the mechanical cooling can operate when the outside air drybulb temperature drops as 

low as 28°F (outside air wetbulb of ~25°F).   

 

The chilled water system maintains a constant supply temperature of 45°F.  The condenser 

water temperature is reset based on the outside air wetbulb temperature down to a minimum 

temperature of 65°F. 

 

Chilled water loads in the building are variable air volume air handling units, some of which do 

not include economizer capabilities.  Central make-up air units duct outside air directly to the 

air handling units.  A plate and frame heat exchanger was installed as part of this project to 

allow for water-side free cooling when outside air temperatures allow. 

 

Additional renovations at this site include new chilled water pumps (primary and secondary), 

new condenser water pumps, new cooling towers, new lighting fixtures, daylight harvesting, 

heat recovery for a make-up air unit and new glazing. 

 

Tracking Analysis 

This section describes the methodologies employed in the original energy study, discusses 

aspects of the methodology that had significant impacts on final energy savings estimates, and 

describes the tracking calculation methodologies. 

 

Tracking Calculation Methodology 

This measure was part of a larger study that included five energy conservation measures 

(ECMs).  The other four ECMs analyzed were optimized lighting system, daylight harvesting 

controls, exhaust air heat recovery and optimized glass.  Each of the measures was analyzed 

independently of the other and interactive effects were not considered.  Table 145 summarizes 

the savings for all ECMs. 
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Table 145: Summary of All Measures in the Tracking Study 

 
 

ECMs 1, 3 and 5 result in cooling savings due to a reduction in chilled water load.  Based on the 

average base case chiller performance, the reduction in chilled water load from ECMs 1, 3 and 5 

would be ~86,000 ton-hrs, which is ~5% of the total base case building chilled water load. 

Since the reduction in load associated with ECMs 1, 3 and 5 is minimal, and the tracking analyst 

did not consider interactive effects, the evaluation does not consider interactive effects among 

all of the measures in the tracking study. 

 

Energy savings and demand reduction estimates were calculated by the tracking analyst using 

eQuest hourly simulation software.  eQuest was used to model the entire building and to 

determine the chilled water load for each hour of the year. 

 

The first step in eQuest’s calculation of chiller performance is to determine chiller capacity at 

the given hour based on the chilled water supply temperature and the outside air dry bulb 

temperature using the following equation. 

CapOp = CapNom * Cap-f(CHWT, Cond Air Temp) 

 Where: 

 CapOp = Chiller capacity at a given operating conditions 

CapNom = Nominal operating capacity at rated temperatures (95°F outside air drybulb 

temperature and 44°F chilled water temperature) 

Cap-f(CHWT, Cond Air Temp) = Bi-quadratic polynomial expression for the variation of 

chiller capacity with chilled water temperature and entering condensing air 

temperature. 

 

ECM Total Cooling % of Est. CHW % of Total
Description Savings Savings Chiller Measure Load Reduction CHW Load

ECM1 Lighting 698,272 24,587 8% 39,553 2%
ECM2 Chiller 294,457 293,435 100% - -
ECM3 Daylighting 225,973 10,143 3% 16,317 1%
ECM4 Heat Recovery -806 -33 0% -53 0%
ECM5 Glass 40,273 19,277 7% 31,011 2%
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eQuest uses electric input ratio (EIR) as the input for chiller performance.  EIR is a dimensionless 

number and is defined as Btu-electric input / Btu-capacity output or 1/Coefficient of 

Performance. 

 

eQuest applies two scale factors to the full load performance: performance as a function of 

chiller percent loading; and, performance as a function of chilled water supply temperature and 

condenser air temperature.  These two performance curves are combined to determine chiller 

performance for each hour of the year. 

EIRop = EIRnom * EIR f(CHWT, Cond Air Temp) * EIR f(PLR, dt) 

 Where: 

 EIRop = Electric input ratio at given operating conditions 

EIRnom = Nominal EIR at rated temperatures (95°F outside air drybulb temperature and 

44°F chilled water temperature) 

 

EIR f(CHWT, Cond Air Temp) = Bi-quadratic polynomial expression for variation in 

performance with chilled water temperature and condensing temperature 

EIR f(PLR, dt) = Bi-quadratic polynomial expression for variation in performance with 

chiller load and chiller lift (condensing temperature - chilled water temperature) 

 PLR = Part load ratio (ratio of chilled water load to chiller capacity) at the given 

conditions 

 

Chiller power for each hour of the year is calculated by: 

Chiller Input Power, kW = EIRop * Chiller Cooling Capacity, Btu/hr * Chiller % Run 

 

Two models were developed; one for the base case and one for the proposed case.  All of the 

inputs related to building cooling load are identical between the base and proposed case 

models.  Also, the base and proposed models use the same chiller capacity curves.  eQuest’s 

default curve for a water-cooled chiller with a centrifugal compressor was used.  Both units 

have a cooling capacity of 650 tons at the design conditions (42°F chilled water temperature 

and 85°F entering condenser water temperature). 

 

The following adjustments were made to the base eQuest model to account for the improved 

performance of the proposed case chiller. 
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• The base case chiller performance at design conditions (42°F chilled water temperature 
and 85°F entering condenser water temperature) is 0.590 kW/ton (0.168 EIR).  The 
proposed case chiller performance at design conditions is 0.579 kW/ton (0.165 EIR). 

• Different chiller performance as a function of chilled water and condenser water 
temperature (EIR f(CHWT, ECWT)) is used in the two models.  Both models use custom 
curves.  The tracking analyst provided a spreadsheet with data points used to generate 
the custom curves.  The installed chiller operates more efficiently at lower condenser 
water temperatures than the base case unit.   

• Different chiller performance as a function of chiller part load (EIR f(PLR, dt)) is used in 
the two models.  Both models use custom curves.  The tracking analyst provided a 
spreadsheet with data points used to generate the custom curves. The installed chiller 
operates more efficiently at a combination of part load and low condenser water 
temperatures than the base case unit.  At 85°F  condenser water the scaling factor for 
chiller performance at full load is similar between the VSD and non-VSD chillers.   

 

A summary of tracking analysis chiller savings is presented below in Table 146. 

Table 146: Summary of Tracking Analysis 

 
 

The percentage of energy savings occurring during energy peak periods is calculated based on 

the ratio of savings during peak periods to total energy savings.  The tracking analysis used peak 

hours of 8am-9pm.  Based on the hourly results from eQuest, the percent on-peak savings 

would be 48%, while the TA reported 37% on-peak savings. 

 

Based on the eQuest model schedules it appears that the summer peak demand reduction was 

calculated as the average demand reduction in June, July, August weekdays from 12pm-3pm.  

Using the hourly outputs from eQuest and this definition of summer peak demand reduction, 

the evaluator calculates an average reduction of 93.0 kW while the claimed reduction is 

50.6 kW.   

 

Annual Annual Average
Load Energy Perf

MMBtu kWh kW/ton
Base 21,042 1,077,664 0.61
Proposed 21,041 783,449 0.45
Savings 1.20 294,215 0.17
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Based on the eQuest model schedules it appears that the winter peak demand reduction was 

calculated as the average demand reduction in December and January from 5pm-6pm.  Using 

the hourly outputs from eQuest and this definition of winter peak demand reduction, the 

evaluator calculates an average reduction of 5.5 kW while the claimed reduction is 88.9 kW.   

 

Evaluation Methodology 

The evaluator has applied a similar calculation methodology to the tracking analysis. Both 

studies use an 8,760 hour model to calculate base and proposed/installed case chiller energy.  

The evaluator differs from the tracking analyst by using a spreadsheet to develop the hourly 

model while the tracking analyst used eQuest as the calculation engine.  Base and installed case 

chiller power draw for each hour of the year is calculated using a combination of trend data and 

outputs from the tracking analyst’s eQuest model.  The general outline for the evaluation 

methodology is below. 

 

1. Use relationship of trended chiller demand with time of day and outside air drybulb 

temperature to find the installed case demand for each hour of the model. 

2. Use the installed chiller demand and performance to determine the chilled water load. 

3. Use the base case chiller performance and chilled water load to find the base case demand. 

4. Calculate the reduced heat rejection load and cooling tower fan savings from the lower heat 

of compression. 

 

Two hourly models are developed in the evaluation; one for the lead chiller and one for the lag 

chiller.  The lead chiller alternates between Chiller 1 and Chiller 2.  When the chiller plant is in 

single chiller mode, whichever chiller is running is the lead chiller.  When two chillers are 

running, both chillers were observed to run at nearly identical load and demand.  The 

evaluation assumes that the chillers share the load equally when the plant is in two chiller 

mode. 

Evaluation Data Collection 

A summary of the metering and trend data used in this evaluation is provided below. 
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Table 147: Summary of Evaluation Metering and Trend Data 

 
Chilled Water System 

Trends 

Parameter 

Chiller 1 and 2 Demand, 

Chilled Water Supply 

Temp, Condenser Water 

Supply Temp, and 

Outside Air Drybulb 

Temperature 

Meter Type To be determined 

Sensors To be determined 

Installation Permanent 

Observation 

Frequency 
5-minute average 

Metering 

Duration 

8/10/2010 to 9/30/2010 

12/1/10 to 12/31/2010 

Base or 

Installed 
Installed 

Metered by Site 

 

Typical year weather data, TMY2 data for Boston, used in the 8,760 hour model is taken from 

the tracking analyst’s eQuest outputs. 

Evaluation Savings Analysis 

Installed Case Chiller Demand 

It is necessary to determine how often the lead and lag chiller run and the chiller demand when 

the units are operating.  The evaluation found that the installed chiller demand is dependent 

upon time of day and outside air dry bulb temperature as would be expected. 

Based on the chiller demand versus time of day profile developed (see Figure 105 below), the 

chiller demand is higher during occupied hours than during unoccupied hours.  Based on the 

trend data occupied hours are defined as Monday through Friday 5am to 5pm.  Holiday 

operation is assumed to be similar to weekends and falls under unoccupied operation. 
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Figure 105: Total Chiller Demand versus Time of Day 

  
Two chiller demand profiles for occupied and unoccupied periods were developed; one for the 

lead chiller and one for the lag chiller.  The lead chiller demand and percent run is dependent 

upon outside air drybulb temperature.  Lag chiller percent run is dependent upon outside air 

drybulb temperature, but when the chiller runs it operates at a relatively constant demand.  

The lag chiller demand is calculated as the average demand for all observed operating points. 

The plots used to develop the demand versus outside air drybulb temperatures are attached to 

this report.  Table 148 includes the equations used to find the chiller demand and percent run 

time for each hour of the evaluation model. 
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Table 148: Chiller Demand Profiles  

Chiller Time Period % Run Demand when running 

Lead 

Occupied 

Hours 

% Run = -0.0010*OAT2 + 

0.1205*OAT - 2.5314 

Lead Chiller kW = 0.0225*OAT2 

- 0.2476*OAT + 88.215 

Unoccupied 

Hours 

% Run = 0.0017*OAT2 - 

0.1198*OAT + 2.1363 

Lead Chiller kW = -0.001*OAT2 

– 3.425*OAT – 93.005 

Lag 

Occupied 

Hours 

% Run = -0.0007*OAT2 - 

0.1353*OAT - 5.8298 
230.4 kW 

Unoccupied 

Hours 

% Run = -0.002*OAT2 - 

0.0414*OAT – 1.9704 
179.5 kW 

 

The relationships between chiller demand, time of day and outside air drybulb temperature are 

used to calculate the installed chiller demand for each hour of the typical year model.   

 

Base Case Calculations 

This measure involves the installation of new chillers and does not have any effect on the 

chilled water load; therefore, the base and installed case chilled water loads are identical.  

Although the base and proposed case loads are identical, it is necessary to calculate the chilled 

water load to find the base case chiller performance and demand.   

The general approach for calculating the base case chiller demand for each our of the year is as 

follows: 

 Chilled Water Load, tons = Installed Chilled Water Load, tons ÷ Installed Chiller 

Performance, kW/ton 

 Base Case Chiller Demand, kW = Chilled Water Load, tons * Base Case Chiller 

Performance, kW/ton 

 

The base case lead and lag chiller run time at a given outside air temperature is assumed to be 

the same as the installed case because the capacity of the base and installed units is the same. 

The details on calculation of the chilled water load and the base chiller performance are 

presented below.   
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The base case chiller demand for each hour is calculated using the eQuest methodology as 

shown below: 

Base Case Chiller kW = Base Case EIRop * Chiller Capacity, Btu/hr ÷ 3,412 kW/Btu/hr * Chiller % 

Run 

 Where: 

 EIRop = Electric input ratio at given operating conditions 

 

In order to determine the base chiller performance or operating EIR, the chilled water load 

must be known.  The calculation of the chilled water load is discussed in the following section. 

The evaluation analysis uses the same performance curves as the tracking analysis because the 

curves used are reasonable and there is not any compelling evidence to make adjustments to 

the curves.  Any adjustments to the performance curves would require the calculation of the 

chilled water load using trend data for chilled water supply and return temperatures.  If the 

supply and return water temperature sensors have an accuracy of ±0.5°F; there is potential for 

significant error in the calculation of the chilled water temperature differential.   

 

Chilled Water Load 

The chilled water load for each hour of the model was calculated using the installed case chiller 

demand and chiller performance data. 

 

As discussed in the Tracking Analysis Methodology section, chiller performance is dependent 

upon the chilled water temperature, outside air temperature (or condenser entering air 

temperature) and the chiller percent load.  The equation below is for the installed chiller 

performance or EIR at a given hour in the model. 

EIRop = EIRnom * EIR f(CHWT, OAdb) * EIR f(PLR) 

 

This equation can be re-arranged to solve for the part load performance scaling factor as shown 

below 

EIR f(PLR, dT) = EIRop ÷ (EIRnom * EIR f(CHWT, OAdb)) 
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Each of the components of this equation is addressed below.   

Table 149: Description of Calculation of Chiller Part Load Performance Scaling Factor 

Variable Description of Calculation 

EIRop 

eQuest calculates the hourly chiller demand using the following equation,  

Installed Chiller Input Power, kW = EIRop * Chiller Cooling Capacity, Btu/hr * Chiller 

% Run 

In the evaluation hourly model the installed chiller input power, chiller cooling 

capacity and chiller % run are known; therefore, the equation above can be re-

arranged as shown below.  Cooling capacity is calculated from the manufacturer’s 

curve used in the tracking analysis. 

EIRop = Installed Chiller Input Power, kW ÷ Chiller Cooling Capacity, Btu/hr ÷ Chiller 

% Run 

EIRnom 
The nominal EIR is taken from the manufacturer’s performance data and is 0.304 or 

1.07 kW/ton. 

EIR 

f(CHWT, 

OAdb) 

The EIR f(CHWT, OAdb) is calculated from the performance curve used in the 

tracking analyst’s eQuest model, which is a default curve from the eQuest library. 

 

After the EIR f(PLR, dt) was calculated it was used to derive the PLR or chilled water load using 

the following biquadratic curve. (same curve used in the tracking analysis). 

EIR f(PLR, dt) = 0.2359+0.2429*PLR+0.1671*PLR2-0.0043*dt+0.0001*dt2+0.0066*PLR*dt 

Chilled Water Load, Btu/hr = Installed PLR * Installed Chiller Capacity, Btu/hr 

 

Base Case Chiller Demand 

The base case chiller demand was calculated in the same manner as the tracking analysis. 

Base Case Chiller kW = Base Case EIRop * Chiller Capacity, Btu/hr ÷ 3,412 kW/Btu/hr * Chiller % 

Run 

EIRop = EIRnom * EIR f(CHWT, Cond Air Temp) * EIR f(PLR, dt) 
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The chilled water temperature and condenser water temperature are assumed to be the same 

as the installed case for each hour of the analysis. The chilled water temperature was observed 

from trend data to be consistent at 45.3°F.  The condenser water temperature is equal to the 

outside air wetbulb temperature plus 9°F with a minimum temperature of 65°F. 

 

The tracking analysis base case performance and capacity curves are reasonable, therefore the 

curves are used in the evaluation.   

 

Cooling Tower Fan Savings 

There is a reduction in the heat rejection load due to a lower heat of compression.  Trend data 

for cooling tower fan speed and spot metering of fan power were used to estimate cooling 

tower fan energy.  The site manually set the cooling tower to run at 15, 25, 35, 45 and 60 hertz 

and fan power was spot metered at each of the fan speeds.  The plot below shows the 

relationship between fan power and fan speed.   

Figure 106: Spot Metering of Cooling Tower Fan Power 

  

Fan power was calculated for each of the trend points using the power versus speed 

relationship determined from spot metering. 

 

The trend data for fan speed did not indicate any relationship with outside air temperature.  

The calculated cooling tower fan power calculated for each of the trend points was found to be 
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0% to 4% of the total chiller demand.  Over the entire trend period the cooling the fan energy 

was 1.6% of the chiller energy.  

 

Since there is not any strong dependence of cooling tower fan energy on outside air conditions, 

and fan energy is a small percentage of the overall chilled water system energy, the simplified 

formula below is used to calculate base and proposed cooling tower fan energy for each hour of 

the model. 

Cooling Tower Fan Energy, kW = Chiller Demand, kW * 1.6% 

Project Savings 

The demand reduction for each hour of the model is found by subtracting the installed chiller 

demand from the base case unit demand. 

 

A summary of the evaluated annual chiller energy savings is presented below. 

Table 150: Summary of Evaluation Savings 

 
 

Additionally, the measure results in 6,538 kWh of cooling tower fan energy savings due to the 

reduction in heat rejection load. 

 

Energy use during the peak hours is summed and then divided by the total annual savings to 

find the percent on-peak savings.  Similarly, the energy use during the summer peak and winter 

peak demand periods is summed and divided by the total hours in each period to find the 

average peak demand reduction.  

 

The evaluation found that the chiller runs for ~14 hours out of the 84 hours in the winter 

demand peak periods, which results in an average demand reduction of 15.3 kW.  Savings 

during winter peak periods are due to the lead chiller operating down to 28°F outside air dry 

bulb temperature.   

Annual Annual Average
Load Energy Perf

MMBtu kWh kW/ton
Base 37,153 1,147,128 0.37
Installed 37,153 725,354 0.23
Savings 0 421,774 0.14
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Verification of Equipment and Operating Parameters 

This portion of the report compares the major assumptions of the tracking analysis and 

evaluation analysis.  Reasons for discrepancies are presented as well as their qualitative impacts 

on final project energy savings realization.  The table below is for the lead chiller, which 

accounts for ~95% of the total measure savings. 

 

Table 151: Comparison of Major Inputs for the Lead Chiller 

 
 

Chilled Water Load 

The annual chilled water ton-hrs was found to be 181% of the tracking study load.  An increase 

in chilled water load leads to an increase in energy savings.  The increase in ton-hrs is due to a 

higher chiller water load at a given outside air temperature as shown in the figure below. 

Figure 107: Comparison Chilled Water Load versus Outside Air Drybulb Temperature 

 
 

Parameter Eval TA Eval / TA

Annual Run Hours 4,892 5,808 84%
Annual Load, ton-hrs 2,894,776 1,603,549 181%
Avg Base Case Perf, kW/ton 0.37 0.62 59%

Avg Prop Case Perf, kW/ton 0.23 0.45 51%
Avg Perf Improvement 0.14 0.17 80%
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The increase in annual chilled water load from the increase in load at each outside air 

temperature is partially offset by fewer chiller run hours.  Although the evaluation found that 

mechanical cooling is engaged down to 28°F, the lead chiller begins to cycle below 55°F.  The 

tracking study assumed that the lead chiller did not begin to cycle until 45°F . 

 

Chiller Performance 

The evaluation found that the annual average base chiller performance is 0.37 kW/ton, which is 

59% of the tracking study (0.62 kW/ton).  Similarly, the evaluation found that the proposed 

chiller average performance of 0.23 kW/ton is 51% of the tracking study (0.45 kW/ton).  Since 

both the base and proposed chillers operate more efficiently than predicted the improvement 

in chiller performance is only 0.03 kW/ton less than originally predicted.  The small decrease in 

chiller performance improvement partially offsets the increase in savings from the higher 

chilled water loads. 

 

Chiller performance is better in both cases due to the use of lower condenser water 

temperatures than predicted by the tracking study.  A comparison of the condenser water 

versus outside air wetbulb temperature profiles is presented in Figure 108 below.  The tracking 

study assumed a minimum condenser water temperature of 76°F, while the evaluation found 

that the site allows the temperature to reset to 65°F. 

Figure 108: Condenser Water Temperature versus Outside Air Wetbulb Temperature 
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Savings Analysis and Verification 

The annual energy savings estimated in the tracking analysis is 294,457 kWh.  The evaluation 

estimates annual energy savings to be 428,311 kWh, resulting in an annual energy savings 

realization ratio of 145%.  As discussed in the previous section the increase in savings is due to 

an increase in annual chilled water ton-hrs.  

 

The percentage of savings occurring during energy peak periods estimated in the tracking 

analysis is 37.0% while the evaluation finds this value to be 56.3% resulting a realization ratio of 

152%.  While it is not clear how the tracking percent on peak savings is calculated, the primary 

reason for an increase in on-peak percent savings is due to a higher percentage of the annual 

ton-hrs occurring during occupied (and peak) hours.  

 

The summer demand peak reduction is estimated in the tracking analysis to be 50.6 kW.  The 

evaluation estimates the summer demand peak power reduction to be 95.5 kW, resulting in a 

realization ratio of 189%.   

 

The winter demand peak reduction is estimated in the tracking analysis to be 88.9 kW, and the 

evaluation found this value to be 15.3 kW, resulting in a realization ratio of 17%. 

It is not clear how the tracking demand reductions are calculated, therefore reasons for 

discrepancies between the evaluation and tracking results cannot be identified.



 
 

 

NSTAR June 17, 2011 
 

B-465 

Site ID: CS1312_B 

Summary 

This new construction application included the installation of a heat exchanger rated at 7,236 
MBH, or approximately 600 tons, with controls to enable free cooling for the facility’s process 
chilled water loads when outdoor conditions allow.  In the base case, the chillers would have 
been allowed to operate all year round to maintain a 42 °F chilled water loop temperature. 

Table 152 below presents a summary of the energy and demand savings achieved at this 
facility. Evaluated energy savings were 8% higher than the savings claimed in the tracking 
system. Winter peak demand savings were 82% higher than claimed in the tracking system. A 
tracking system estimate of percent on peak savings was not calculated for this project.  

 

Table 152: Summary of Tracking and Evaluation Savings Results 

Savings Quantity 
Tracking 
Estimate 

Evaluation 
Estimate 

Evaluation/ 
Tracking 

Annual Energy (kWh) 435,331 471,805 108% 
% Energy Savings On-Peak N/A 42% N/A 
Summer Peak Diversified kW (FCM) 0.0 0.0 0% 
Winter Peak Diversified kW (FCM) 67.0 122.0 182% 

Project Description 

A 7,236 MBH heat exchanger was installed in an eighteen story, 685,000 square foot biological 
research facility.  At the time the original TA analysis was submitted, the building was still under 
construction.  The heat exchanger was sized to meet the potential process chilled water needs 
of the facility.  Space cooling was to be provided by 100% outside air economization.   

When outdoor air conditions are appropriate, typically below 41 °F, the cooling tower is able to 
produce chilled water for the system.  This allows the chiller to be shut down in favor of the free 
cooling heat exchanger.   

In the baseline, the chillers would be allowed to operate year round to provide chilled water to 
the building for process loads.   

Tracking Analysis  

Tracking Calculation Methodology   
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Tracking savings were calculated using a bin analysis approach.  Operating hours were first 
placed into 5 oF bins.  Process chilled water loads were assumed to be 394 tons across all 
hours within each bin below 42 °F.  Cooling tower fan energy was calculated based on the 
percent capacity of the cooling tower within each wet bulb temperature bin.  Cooling tower 
capacity was rated at 600 tons at 30 °F wet bulb with a 10 °F approach.  Cooling tower fan 
power was estimated to be the full load power of the 100 hp cooling tower fan times the percent 
load on the cooling tower.  Savings for bins where free cooling was proposed were calculated 
as: 

  

where, 

  = Energy savings for bin i [kWh]   

  = Load in bin i [tons] 

  = Hours in bin i [h] 

  = Chiller efficiency at a given part load ratio [kW/ton] 

  = Cooling tower power in bin i [kW] 

In the above equation, PLR was calculated as the ratio of chiller load in a given bin to chiller 
capacity.  Part load efficiencies were pulled from manufacturer data. 

Discussion of Tracking Analysis 

The approach taken to calculate energy savings was generally appropriate for this measure.  
However, evaluators identified two issues with the tracking calculations, which both resulted in 
lower energy savings claimed for the measure.  First, the TA analysis assumed a 0.483 kW/ton 
value for the efficiency of the chiller at 394 tons.  This load represents approximately 24% 
capacity of the chiller, where the efficiency used in the TA analysis corresponds with the chiller 
operating at 70% load.  At 24% capacity, the installed chiller should operate at approximately 
0.58 kW/ton, according to manufacturer data.  This resulted in a lower savings estimate for this 
measure.  In addition, the TA analysis calculated cooling tower energy for the proposed 
condition at all hours in the bin analysis, but did not consider this energy as part of the pre-
retrofit condition.  It is also likely that the cooling tower fan would not operate at these low wet 
bulb temperatures because of freezing.  The TA analysis method for the calculation of winter 
demand reduction was also not clear.   
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Evaluation Methodology 

A revised bin analysis approach informed by metered and trended data collected on-site was 
used for the evaluation.  The first key component of the evaluation was establishing the outdoor 
temperatures where water-side free cooling could be enabled, and the loads that are required to 
meet the process chilled water needs.  Evaluators were able to leverage data from a concurrent 
evaluation of this facility’s new efficient chillers.  Monitored data from that measure were used to 
develop total chilled water loads for the facility in all temperature bins.  Since this measure was 
based on utilizing the heat exchanger for free cooling at low outdoor air temperatures, 
evaluators analyzed the chiller loads at temperatures below 50 °F.  Evaluators selected this 
temperature to begin viewing chiller loads because it corresponds to the time when the building 
space cooling load is being handled by 100% outside air economization.  Therefore, the 
assumption is that any chiller loads below 50 °F represents only process chilled water loads.   

In order to conduct the desired analysis, a site plan was devised involving metering one of the 
facility’s chillers and primary chilled water pumps.  This plan also established key trend points to 
collect to help inform the total plant loads.  The site plan also included a discussion of central 
plant and general HVAC operations with the building engineer to assist in interpreting the 
metered data collected during the evaluation.  

Following the site visit and data retrieval, savings were calculated using an hourly bin analysis 
with Boston Logan International Airport TMY3 data.  

Evaluation Data Collection 

On site data collection began by first verifying that the water side economizer heat exchanger 
was installed as proposed.  The heat exchanger, as well as the four chillers, was found installed 
as expected.  

Following equipment verification, data loggers were installed on chiller 3 and primary chilled 
water pump 5.  True power loggers were installed on both pieces of equipment.  The plan was 
to monitor the primary chilled water pump along with the lead chiller for the duration of the 
monitoring period to identify the point when free cooling was enabled.  However, after 
approximately two months of monitoring and prior to the free cooling point, the monitored chiller 
and chilled water pump were shut off in favor of one of the other chiller/pump combinations. 

Evaluators also worked with the controls personnel to establish the trending capabilities of the 
energy management system (EMS).  The facility was already trending key parameters for their 
own use, and had data available for most points starting in February 2010.  The key trends used 
in this analysis included entering and leaving chilled water temperature for each of the four 
chillers and heat exchanger load. 
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Table 153 below summarizes the key parameters for each of the installed data loggers and 
trends.  

Metered Equipment Chiller 3 

Primary 
Chilled Water 
Pump 5 Chiller 1 - 4 

Heat 
Exchanger 

Measured Parameter 

True Power, 
Voltage, 
Amperage, PF 
(3 Phases) 

True Power, 
Voltage, 
Amperage, PF 
(3 Phases) 

Entering/Leaving 
Chilled Water 
Temperature 
(deg F) Load (Tons) 

Logger Make/Model 
Dent ElitePro 
Power Meter 

Dent ElitePro 
Power Meter Unknown Unknown 

Transducer/Equipment 
Types 

Current 
Transducers 
and Voltage 
Clamps 

Current 
Transducers 
(600A CTs) and 
Voltage Clamps 

Temperature 
Probes Unknown 

Installation 

Split Core CTs 
and Voltage 
Clamps 

Split core CTs 
and voltage 
clamps Unknown Unknown 

Observation 
Frequency 

15 Minutes; 
Time averaged 
readings 

15 Minutes; 
Time averaged 
readings 

5 Minutes; 
Instantaneous 
readings 

5 Minutes; 
Instantaneous 
readings 

Metering Period 

July 22, 2010 to 
November 14, 
2010 

July 22, 2010 to 
November 14, 
2010 

February 28, 
2010 to 
December 31, 
2010 

January 1, 2010 
to December 31, 
2010 

Metered by: 
KEMA & facility 
electrician 

KEMA & facility 
electrician Facility EMS Facility EMS 

Table 153:  Equipment Monitoring Summary 

 
Building and central plant operations were discussed with the building engineer during the initial 
site visit, and through follow-up conversations.  He provided the following information regarding 
building and plant operations: 

• The central plant serves lab process and space cooling loads when not in free cooling 
mode.  

• Air-side free cooling is enabled when outdoor air temperatures drop below 55 °F. 
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• Water-side free cooling is enabled when the cooling tower can produce 42 °F chilled 
water.  

• Chillers typically do not run between November and March. 
• Chilled water is required 24 hours a day, seven days a week. 
• Process chilled water loads are currently very small. 
• The tenant with the highest process chilled water needs has their own chiller.   

 
Subsequent to the site visit and metered data retrieval, weather data coincident with the 
metering period was collected for the Boston Logan Airport. These weather data included hourly 
readings of outdoor dry bulb temperature and wet bulb temperature that were used to generate 
curves relating outdoor conditions to chiller power draw. 
 

Evaluation Savings Analysis 

The first step in the analysis was to determine the temperature at which the heat exchanger is 
typically enabled.  Table 154 presents a summary of all the hours below 50 °F during which a 
chiller operated without the heat exchanger.  Evaluators determined when the heat exchanger 
was in operation based on trends provided by the customer.     
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Table 154: Summary of Free Cooling DB Temp Cutoff and Estimated Load 

Average DB 
Temp (F) Total Hours 

Hours Chillers 
Operate w/o Heat 

Exchanger 

Percent of Hours 
Chillers Operate 

w/o Heat 
Exchanger 

Total Chiller Load 
(Tons) 

33 69 1 1% 138 
34 69 0 0% N/A 
35 83 0 0% N/A 
36 92 1 1% 168 
37 93 0 0% N/A 
38 67 2 3% 401 
39 87 3 3% 330 
40 124 5 4% 228 
41 129 10 8% 181 
42 141 35 25% 180 
43 119 24 20% 175 
44 131 46 35% 160 
45 129 49 38% 177 
46 124 62 50% 181 
47 165 83 50% 188 
48 130 78 60% 187 
49 134 73 54% 192 

Total 1,073 450 Average Tons 180 
  

The table above shows the average chiller load during hours when a chiller is operating and the 
heat exchanger is not.  As shown above, at temperatures below 42 °F, a chiller is rarely needed.  
This temperature cutoff is consistent with the TA assumption.   
 
The second step was to determine the estimated chilled water loads required by the building 
during the free cooling period.  The above table was used to identify these loads by analyzing 
the chiller loads in the shaded section of the table, which are at temperatures between 42 °F 
and 49 °F.  This range of temperatures corresponds to the hours during which space cooling 
needs are being met fully via outside air economization.  Therefore, the loads seen on the chiller 
can be assumed to be process related.  The chiller loads in this temperature range are fairly 
constant, and not temperature dependent.  Evaluators calculated the average chilled water load 
across these temperatures, and used this as the estimated process chilled water load.            
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With the estimated process chilled water loads established, the next step in the analysis was 
binning Boston Logan Airport’s TMY3 data.  Average dry bulb and wet bulb temperatures for 
each five degree dry bulb temperature bin were calculated along with the total number of hours 
in each temperature bin.   
 
The savings analysis was then conducted for each temperature bin.  A summary of this bin 
analysis is included in the appendix of this report in Table 155 and Table 156.  The following 
equation provides the savings calculation for all temperature bins with water-side heat 
exchanger operation: 
 

  

where, 

  = Energy savings for bin i [kWh]   

  = Load in bin i [tons] 

  = Hours in bin i [h] 

  = Chiller efficiency at a given part load ratio [kW/ton] 

 
Peak Period Savings 
 
Percent on peak energy savings, summer coincident peak demand savings, and winter 
coincident peak demand savings were all calculated by first re-binning the TMY3 data with only 
the hours corresponding to each definition. For percent on peak savings, the savings calculated 
using the “on peak period” binning were then simply divided by gross annual savings to yield the 
percent on peak savings estimate. For each of the coincident peak demand periods, the gross 
energy savings calculated for the peak period were divided by the total peak period bin-hours to 
estimate peak demand savings for both the summer and winter periods.  

Conclusions 

There were two significant differences between the tracking and evaluation savings calculations 
that essentially offset each other.  First was the tracking assumption for the average process 
chilled water loads of 394 tons.  This estimate was more than double the evaluation’s estimate 
of 180 tons.  The evaluation’s estimate was based on estimated chiller loads at temperatures 
between 42 °F and 49 °F.  This temperature range was assumed to represent the hours during 
which chillers would be providing chilled water strictly for process loads.  The tracking estimate 
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was based on an assumption of predicted future building use since the building was still under 
construction.  In addition, it was found that the tenant with the largest process chilled water 
loads has its own chiller, and is not being served by this plate and frame heat exchanger.  A 
discussion with facility engineers also supports the evaluation’s estimate of a lower heat 
exchanger load.  According to facility engineers, the process loads are a small percentage of 
the total capacity of the system, which was sized to meet any potential future needs.  The 
reduced heat exchanger load resulted in a decrease in savings of approximately 55% of the 
original tracking savings. 
 
This reduction in savings was almost completely offset by the different estimates of chiller 
efficiency used by the tracking and evaluation savings estimates.  The TA analysis utilized a 
chiller efficiency of a 0.483 kW/ton, which corresponds to a chiller operating at 70% capacity 
according to the manufacturer’s part load curve.  However, the TA assumed load of 394 tons is 
approximately 24% capacity of the chiller.  At 24% capacity, the installed chiller should operate 
at approximately 0.58 kW/ton, according to manufacturer data.  As stated above, the evaluation 
found the chilled water load to be less than predicted at 180 tons, or approximately 11% 
capacity.  Evaluators assumed an efficiency value of 0.75 kW/ton based on the lowest point on 
the chiller part load curve.  This difference in efficiency values resulted in a 55% increase in 
savings. 
 
In addition, the evaluation did not calculate cooling tower power for the installed system as was 
done in the tracking analysis.  The reason for this was because cooling tower fans would have 
been operating with the chiller had this measure not been implemented.  In addition, the cooling 
tower fans would not have been operating in either the pre-retrofit or installed cases at 
temperatures below 32 °F, in order to prevent freezing.  This resulted in an increase in energy 
savings.    
 
The evaluated winter coincident peak demand savings was considerably higher than the 
tracking estimate, achieving a realization rate of 182%.  It is unclear where the discrepancy is 
though because the tracking estimate is not clearly defined.  The tracking savings estimates 
chiller kW savings of 190 kW in each temperature bin minus a small amount of cooling tower fan 
power.  There is no indication of how the tracking estimate of winter peak demand reduction of 
67 kW was calculated from there.     
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Appendix 

 

Table 155: Evaluation Estimate of Heat Exchanger Loads 

 

Single 
Chiller 

Capacity 1650 Tons Average Chiller Load 
 

    
Tons 180 

 
       

       
 

Average Average Total Cooling Individual Installed 

 
Dry Bulb Wet Bulb Annual Load Load Chiller 

Temp Bin F F Hours Tons % kW/Ton 
97.5 97 74 9 0 0% 0.000 
92.5 92 72 28 0 0% 0.000 
87.5 88 70 74 0 0% 0.000 
82.5 83 69 217 0 0% 0.000 
77.5 78 67 374 0 0% 0.000 
72.5 73 65 718 0 0% 0.000 
67.5 68 61 761 0 0% 0.000 
62.5 63 57 775 0 0% 0.000 
57.5 58 53 755 0 0% 0.000 
52.5 53 49 789 0 0% 0.000 
47.5 48 43 762 0 0% 0.000 
42.5 43 38 739 180 11% 0.750 
37.5 38 34 842 180 11% 0.750 
32.5 33 29 790 180 11% 0.750 
27.5 28 25 455 180 11% 0.750 
22.5 23 19 283 180 11% 0.750 
17.5 18 15 245 180 11% 0.750 
12.5 13 10 84 180 11% 0.750 
7.5 8 6 41 180 11% 0.750 
2.5 4 2 9 180 11% 0.750 

-2.5 -3 -5 10 180 11% 0.750 
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Table 156: Evaluation Savings Estimates 

 
Total Savings Summer Winter On-Peak 

Temp Bin kW kWh Hours kWh Hours kWh Hours kWh 
97.5 0 0 7 0 0 0 9 0 
92.5 0 0 6 0 0 0 17 0 
87.5 0 0 18 0 0 0 50 0 
82.5 0 0 52 0 0 0 147 0 
77.5 0 0 41 0 0 0 230 0 
72.5 0 0 64 0 0 0 369 0 
67.5 0 0 36 0 0 0 355 0 
62.5 0 0 18 0 0 0 341 0 
57.5 0 0 11 0 0 0 343 0 
52.5 0 0 7 0 4 0 378 0 
47.5 0 0 0 0 4 0 343 0 
42.5 135 99,675 0 0 9 1,214 362 48,826 
37.5 135 113,568 0 0 15 2,023 323 43,566 
32.5 135 106,554 0 0 20 2,698 342 46,128 
27.5 135 61,370 0 0 16 2,158 218 29,404 
22.5 135 38,171 0 0 7 944 114 15,376 
17.5 135 33,045 0 0 5 674 76 10,251 
12.5 135 11,330 0 0 3 405 27 3,642 
7.5 135 5,530 0 0 1 135 14 1,888 
2.5 135 1,214 0 0 0 0 6 809 

-2.5 135 1,349 0 0 0 0 0 0 

 
Totals 

 
260 0 84 10,251 4,064 199,890 

 

Total kWh 
Savings 471,805 

Summer 
kW 
Reduction 0.0 

Winter kW 
Reduction 122.0 

% kWh 
Savings 
On-Peak 42% 
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Site ID: CS1312_C 
Summary 
This project involves the installation of carbon monoxide sensors and controls to parking garage 
supply and exhaust fans in a newly constructed biological research facility.  Energy savings 
come from using the fans a fraction of the time that they are utilized in the base case. 

Table 157 below presents the summary of the tracking estimate and evaluation savings results.  
The evaluation annual energy savings estimate is 294% of that predicted in the tracking 
estimate.  The summer peak kW saving is 280 kW and the winter peak kW savings is 281 kW.   

Table 157: Summary of Savings 

Savings Quantity Tracking Estimate 
Evaluation 
Estimate Evaluation/Tracking 

Annual Energy, kWh 662,075    1,947,083  294% 

Percent Energy On-peak N/A 49% N/A 
Summer Peak kW Savings 77 280 364% 
Winter Peak kW Savings 77 281 365% 
 

The increase in savings is primarily due to a dramatic difference in post-installation fan run-time 
between the tracking assumptions and evaluation results.   

Project Description 
Carbon monoxide sensors and controls are installed to cycle parking garage supply and 
exhaust fans based upon monitored air quality in this measure.  The parking garage is six 
stories with five of the levels underground.  Sixteen supply fans [15-HP] and sixteen exhaust 
fans [15-HP] provide ventilation, for a total of 32 fans. 

In the base condition, 12 supply and exhaust fans operated continuously at fixed speed and the 
other twenty fans operate continuously between 6:00 am and 10:00 pm.  With the carbon 
monoxide sensors installed, fan operation is controlled by CO levels monitored by the sensors.  
Fans are started when CO levels exceed 25 ppm for 90 seconds and are deactivated when CO 
levels of 20 ppm are monitored for 2 minutes.   

Tracking Analysis Methods 
The annual kWh reduction was estimated to be 662,075 kWh.  This was based on a reduction in 
runtime from 100% to 60% from 6:00 am - 7:00am, and 7:00 pm - 10:00 pm, and from 100% to 
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80% from 7:00 am - 7:00 pm on weekdays.    On weekends, the runtime was reduced to 60% 
for all hours between 6:00 am and 10:00 pm.  In both the base case and the proposed case, it is 
assumed that only 12 of the 32 fans are run 100% of the time, so no savings were estimated 
during these hours.  It is not clear on what the assumption of 12 fans running during the night is 
based.  The initial estimate assumed power draw of 387 kW for all thirty two 15 HP fans.   

Evaluation Methodology  
A revised time of day bin analysis approach informed by metered data collected on-site was 
used for the evaluation.  The first step was to revise the assumed power of the supply and 
exhaust fans based on spot power measurements.  The average power draw was reduced from 
12.1 kW to 8.8 kW. The next step was to develop weekday and weekend operating profiles for 
the supply and return fans based on time-of-use monitoring.  

Evaluation Data Collection 
On-site data collection began by verifying that the carbon monoxide sensors had been installed, 
and that the EMS was programmed to allow the supply and exhaust fans to operate as needed 
based on CO levels.  Evaluators identified all of the supply and exhaust fans located throughout 
the garage, and confirmed the motor size of 15 hp.  None of the fans were operating at the time 
of the site visit, but building personnel were able to manually start one of the fans for evaluators 
to take a spot power measurement.  The spot power measurement of 8.8 kW for the 15 hp fan, 
was used in the analysis to revise the assumed power of the fans. 

Evaluators installed three time-of-use (TOU) CT loggers on three of the fans, on three different 
levels, specifically on the first, third and sixth levels.  The TOU loggers were used to monitor the 
runtime of the constant speed fans.  Table 158 presents a summary of the equipment 
monitored. 
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Table 158: Equipment Monitoring Summary 

Metered Equipment 
(3) 15 hp Exhaust 
and Supply Fans 

Measured Parameter Percent Runtime 

Logger Make/Model 
Dent TOU CT 
SmartLogger 

Transducer/Equipment 
Types Current Transformer 

Installation Clamp-on CT 
Observation 
Frequency 

15 Minutes; Time 
averaged readings 

Metering Period 
July 22, 2010 to 
November 14, 2010 

Metered by: 
KEMA & facility 
electrician 

 
Garage supply and exhaust fan operation was discussed with the building engineer during the 
initial site visit.  He provided the following information regarding the garage ventilation: 

• Through observation of the CO sensors via the EMS, the garage fans do not run often.  
The lower floors (3 – 6) hardly ever run. 

• All fans on an individual floor come on when one CO sensor on that floor is triggered. 

Evaluation Savings Analysis 
The data collected by the CT loggers revealed that the run time of the fans dropped 
dramatically, for all levels.  Figure 109 shows all three of the monitored fans and their operation 
profile over the monitoring period.  As shown, the fan on the first floor of the parking garage 
turned on the most often.  The chart also illustrates that when the fans did turn on, they were on 
for a short period of time. 
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Figure 109:  Operation of Three Monitored Fans 

 

 

To calculate the savings, each logger data point was sorted into one of 48 bins- one bin per 
hour of the day for both weekday and weekend/holidays.  For each of these unique bins, the 
runtime was summed and an average percent runtime was determined.  Then, the runtime 
savings were determined by normalizing by the revised baseline power and subtracting the 
normalized runtime from the base case runtime.  The power savings were determined by 
multiplying the runtime savings and the base case power and the annual energy savings were 
determined by multiplying the kW power savings and the number of hours in the year.  The 
savings calculations are shown in Table 161 in the appendix. 
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Savings Analysis and Verification 
The annual kWh savings is the sum of the hourly savings over all hours of the year.  As 
mentioned above, hourly savings for this analysis were calculated by subtracting the base case 
run time from the measured runtime to get runtime savings per hour of the day.  The runtime 
savings were then multiplied by the base case power consumption to get power savings.  
Accordingly, the power savings were multiplied by the number of hours in the year to determine 
energy savings.   

KEMA determined the supper peak period to be non-holiday weekdays from June through 
August between 1:00 pm and 5:00 pm.  The summer power savings are shown in red in Table 
161.  For the winter peak period, it is non-holiday weekdays in December and January between 
5:00 pm and 7:00 pm.  The winter power savings are shown in blue in Table 161.  

The percent on-peak kWh savings was calculated by summing the kW reduction for all hours 
that fall within the defined on-peak period and dividing by the annual kWh savings.  The on-peak 
period is defined as the non-holiday weekdays between 6:00 am and 10:00 pm.   

Using the above definitions, the annual energy savings from the carbon monoxide sensors is 
1,947,083 kWh.  The summer peak power savings are 280 kW. The winter peak power savings 
are 281 kW.  The percent on-peak energy savings is 49%. The annual energy and demand 
savings increased dramatically over the original tracking estimate.  As discussed above, the 
fans were found to operate a very small percentage of the time.  This was verified through 
monitoring and discussions with facility personnel.  
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Appendix A: Savings Calculations 
Table 159: Tracking Estimate Calculation 

 

 

Fan Base Total
Base Power Case Weekday Weekend Power Energy Power Energy Power Energy Savings

Hour Weekday Weekend Case Weekday Weekend Weekday Weekend kW kWh kWh kWh kW kWh kW kWh kW kWh kWh
0 261 104 100% 100% 100% 0% 0% 145 52986 37889 15097 0 0 0 0 0
1 261 104 100% 100% 100% 0% 0% 145 52986 37889 15097 0 0 0 0 0
2 261 104 100% 100% 100% 0% 0% 145 52986 37889 15097 0 0 0 0 0
3 261 104 100% 100% 100% 0% 0% 145 52986 37889 15097 0 0 0 0 0
4 261 104 100% 100% 100% 0% 0% 145 52986 37889 15097 0 0 0 0 0
5 261 104 100% 100% 100% 0% 0% 145 52986 37889 15097 0 0 0 0 0
6 261 104 100% 60% 60% 40% 40% 387 141296 60622 24156 155 40415 155 16104 56519
7 261 104 100% 80% 60% 20% 40% 387 141296 80829 24156 77 20207 155 16104 36311
8 261 104 100% 80% 60% 20% 40% 387 141296 80829 24156 77 20207 155 16104 77 20207 36311
9 261 104 100% 80% 60% 20% 40% 387 141296 80829 24156 77 20207 155 16104 77 20207 36311

10 261 104 100% 80% 60% 20% 40% 387 141296 80829 24156 77 20207 155 16104 77 20207 36311
11 261 104 100% 80% 60% 20% 40% 387 141296 80829 24156 77 20207 155 16104 77 20207 36311
12 261 104 100% 80% 60% 20% 40% 387 141296 80829 24156 77 20207 155 16104 77 20207 36311
13 261 104 100% 80% 60% 20% 40% 387 141296 80829 24156 77 20207 155 16104 77 20207 36311
14 261 104 100% 80% 60% 20% 40% 387 141296 80829 24156 77 20207 155 16104 77 20207 36311
15 261 104 100% 80% 60% 20% 40% 387 141296 80829 24156 77 20207 155 16104 77 20207 36311
16 261 104 100% 80% 60% 20% 40% 387 141296 80829 24156 77 20207 155 16104 77 20207 36311
17 261 104 100% 80% 60% 20% 40% 387 141296 80829 24156 77 20207 155 16104 77 20207 36311
18 261 104 100% 80% 60% 20% 40% 387 141296 80829 24156 77 20207 155 16104 77 20207 36311
19 261 104 100% 60% 60% 40% 40% 387 141296 60622 24156 155 40415 155 16104 155 40415 56519
20 261 104 100% 60% 60% 40% 40% 387 141296 60622 24156 155 40415 155 16104 155 40415 56519
21 261 104 100% 60% 60% 40% 40% 387 141296 60622 24156 155 40415 155 16104 56519
22 261 104 100% 100% 100% 0% 0% 145 52986 37889 15097 0 0 0 0 0
23 261 104 100% 100% 100% 0% 0% 145 52986 37889 15097 0 0 0 0 0

Avg 100% 83% 73% 17% 27% Totals 2684632 1515549 507274 404147 257663 303110 661809

Energy Savings
Weekday Weekend Peak

Hours Proposed
Percent Run Time Runtime Savings Proposed Case
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Table 160: Tracking Estimate Summary 

 

661,809       Total Energy Savings kWh
46% On-Peak % Energy Savings

77 Summer Peak kW Savings
77 Winter Peak kW Savngs

Tracking Estimate Summary
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Table 161: Evaluated Savings Calculations 

 

Fan Fan Base Total
Base Power- BaPower- MeCase Weekday Weekend Power Energy Power Energy Power Energy Savings

Hour Weekday Weekend Case Weekday Normalize  Weekend Normalize  Weekday Weekend kW kW kWh kWh kWh kW kWh kW kWh kW kWh kWh
0 261 104 100% 0.0% 0.0% 0.0% 0.0% 100% 100% 106 282 38544 0 0 106 27562 106 10982 38544
1 261 104 100% 0.0% 0.0% 0.0% 0.0% 100% 100% 106 282 38544 0 0 106 27562 106 10982 38544
2 261 104 100% 0.4% 1.1% 0.0% 0.0% 99% 100% 106 282 38544 292 0 104 27270 106 10982 38252
3 261 104 100% 0.4% 1.1% 0.0% 0.0% 99% 100% 106 282 38544 295 0 104 27266 106 10982 38249
4 261 104 100% 0.4% 1.1% 0.0% 0.0% 99% 100% 106 282 38544 295 0 104 27266 106 10982 38249
5 261 104 100% 0.4% 1.1% 0.0% 0.0% 99% 100% 106 282 38544 295 0 104 27266 106 10982 38249
6 261 104 100% 0.4% 0.4% 0.0% 0.0% 100% 100% 282 282 102784 303 0 280 73195 282 29286 102481
7 261 104 100% 0.4% 0.4% 0.0% 0.0% 100% 100% 282 282 102784 295 0 280 73202 282 29286 102489
8 261 104 100% 0.4% 0.4% 0.0% 0.0% 100% 100% 282 282 102784 306 0 280 73191 282 29286 280 73191 102478
9 261 104 100% 0.4% 0.4% 0.0% 0.0% 100% 100% 282 282 102784 295 0 280 73202 282 29286 280 73202 102489

10 261 104 100% 0.5% 0.5% 0.0% 0.0% 100% 100% 282 282 102784 350 0 280 73147 282 29286 280 73147 102434
11 261 104 100% 0.4% 0.4% 0.0% 0.0% 100% 100% 282 282 102784 295 0 280 73202 282 29286 280 73202 102489
12 261 104 100% 0.4% 0.4% 0.0% 0.0% 100% 100% 282 282 102784 298 0 280 73200 282 29286 280 73200 102486
13 261 104 100% 0.4% 0.4% 0.0% 0.0% 100% 100% 282 282 102784 311 0 280 73186 282 29286 280 73186 102473
14 261 104 100% 0.5% 0.5% 0.1% 0.1% 99% 100% 282 282 102784 370 28 280 73128 281 29259 280 73128 102386
15 261 104 100% 1.1% 1.1% 0.1% 0.1% 99% 100% 282 282 102784 792 16 279 72705 281 29271 279 72705 101976
16 261 104 100% 0.5% 0.5% 0.0% 0.0% 100% 100% 282 282 102784 334 0 280 73164 282 29286 280 73164 102450
17 261 104 100% 0.4% 0.4% 0.1% 0.1% 100% 100% 282 282 102784 295 20 280 73202 281 29267 280 73202 102469
18 261 104 100% 0.1% 0.1% 0.4% 0.4% 100% 100% 282 282 102784 57 106 281 73441 281 29180 281 73441 102621
19 261 104 100% 0.0% 0.0% 0.0% 0.0% 100% 100% 282 282 102784 35 0 281 73463 282 29286 281 73463 102749
20 261 104 100% 0.0% 0.0% 0.0% 0.0% 100% 100% 282 282 102784 0 0 282 73497 282 29286 282 73497 102784
21 261 104 100% 0.0% 0.0% 0.1% 0.1% 100% 100% 282 282 102784 0 40 282 73498 281 29247 102744
22 261 104 100% 0.0% 0.0% 0.3% 0.7% 100% 99% 106 282 38544 0 74 106 27562 105 10908 38470
23 261 104 100% 0.0% 0.0% 0.0% 0.1% 100% 100% 106 282 38544 0 14 106 27562 105 10968 38530

Avg 100% 0% 0% 100% 100% Totals 1952896 5515 299 1390940 556143 951729 1,947,083  

Hours
Percent Run Time

Measured Base- normalized

Energy Savings
Runtime Savings Measured Weekday Weekend Peak
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Table 162: Evaluation Estimate Summary 

1,947,083               Total Energy Savings kWh
49% On-Peak % Energy Savings
280 Summer Peak kW Savings
281 Winter Peak kW Savngs

Evaluation Savings Estimate
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Site ID: CS 7459 

Summary 
The applicant, an existing hotel, installed heat pumps in an effort to reduce heating energy 
consumption. This change allowed for electric energy to be more effectively used to heat the 
rooms in the hotel. 
 
The resulting evaluation electric savings were 17% of the original tracking analysis estimate, 
primarily because the tracking study overestimated heating loads. Results are presented in 
Table 163 below. 

Table 163: Summary of tracking and evaluation savings results 

Savings Quantity Tracking 
Estimate 

Evaluation 
Estimate 

Evaluation/ 
Tracking 

Annual Energy (kWh) 773,846 134,414 17% 
% Energy Savings On-Peak 50% 44% 88% 
Summer Peak Diversified kW (FCM) 0 1.6 #N/A 
Winter Peak Diversified kW (FCM) 242.1 14.6 6% 

Project Description 
An existing hotel replaced (206) ¾-ton and (9) 1-ton packaged terminal air conditioning (PTAC) 
units with air-source heat pumps and electric resistance backup.  
The installed systems included 206 heat pump units each with a capacity of 9,000 btu/h, and 9 
units with a capacity of 12,000 btu/h. The heat pumps can provide both heating or cooling, and 
the rooms also include a 3.7 kW electric resistance backup heater. 
 
The base case for the energy study assumed the installation of PTAC units from the same 
manufacturer that had similar cooling performance and electric resistance heat. Energy savings 
result from the higher efficiency electric heating technology (3.8 COP proposed, 1.0 COP 
baseline) during those periods of the heating season when ambient dry bulb temperatures are 
warm enough to allow for heat pump heating operation. 

Tracking Analysis 
This section describes the methodologies employed in the original energy study, discusses 
aspects of the methodology that had significant impacts on final energy savings estimates, and 
describes the evaluation calculation methodologies. 
 
Tracking Calculation Methodology 
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Tracking savings were calculated assuming that the equivalent full load hours for the system 
were equal to the heating load hours for region IV, from ARI standard 210/240-2003. These 
hours were then derated by a factor of 91% for unknown reasons. It was assumed that the both 
heat pumps and electric resistance heaters had equal output per hour of full load. 
 
The analysis was broken down into four calculations; a one line calculation was performed for 
each of the base case and proposed case of the 9,000 Btu/h units and the 12,000 btu/h units. In 
the line calculation, the energy usage per hour was multiplied by the number of heating or 
cooling hours annually. The cooling energy between the base and proposed cases was 
identical. Each line calculation calculated the energy usage per unit, which multiplied by the 
number of units to determine total energy. 
 
In the base case, the electric resistance heater was assumed to run at full load for 100% of the 
heating hours. Heater wattage was 3.7 kW in both base cases. Cooling and fan energy were 
also calculated, although no savings were claimed (a small penalty occurred, due to a 
miscalculation in the base case fan energy for the 12,000 btu/h units – see Discussion of 
Tracking Analysis below). Cooling and fan energy usage was calculated to be 952 kWh per unit. 
The per unit annual heater electric usage in the base case was 7,586 kWh for the 9,000 btu/h 
units and 7,585 kWh for the 12,000 btu/h units (hours in the first calculation were calculated to 
be 2,050.3, and rounded to 2,050 for all other cases). 
 
The proposed case assumed that for a fraction of the total heating hours, the compressor was 
running at full load, rather than the electric resistance. It is unclear how the heating hours were 
broken down, and why there is a difference between the different units. The heating hour 
summaries are shown in Table 164 for both proposed cases. 

Table 164: Heating hours in the proposed cases  

Proposed Case Total Heating Hours Compressor Hours Electric Resistance Hours 
9,000 btu/h units 2,050 1,230 (60%) 820 (40%) 
12,000 btu/h units 2,050 1,127.5 (55%) 922.5 (45%) 
 
Energy usage for each heat source was calculated by multiplying the hours by the rated 
wattage. For the 9,000 btu/h units, the rated compressor wattage was 750 W, and for the 
12,000 btu/h units it was 1,020 W. In both cases the electric resistance was 3.7 kW. 
The per unit annual heater electric usage in the proposed case was 3,956.5 kWh for the 9,000 
btu/h units and 4,563.3 kWh for the 12,000 btu/h units. 



Impact Evaluation of 2009 Custom HVAC Installations Site 28 

Application CS 7459  Page B-486 

 

 
 

Table 165: Tracking analysis results summary 

 9,000 btu/h 12,000 btu/h 
1 Unit 206 Units 1 Unit 9 Units 

Base case (kWh) 8,341 1,718,319 8,419 75,770 
Proposed case (kWh) 4,712 970,605 5,515 49,638 
Savings (kWh) 3,630 747,714 2,904 26,132 

 
Savings for the 9,000 btu/h units were calculated to be 747,714 kWh, and savings for the 
12,000 btu/h units were calculated to be 26,132 kWh. Total savings were 773,846 kWh. 
 
Discussion of Tracking Analysis 
While the methodology can be correctly applied to this analysis, two primary assumptions were 
made that produced errors in the savings calculations. First, the number of equivalent full load 
heating hours did not factor in over-sizing or system load, and was based on the heating load 
hours for the ARI system rating. 
 
The second assumption was the ratio of compressor hours to heating hours. This ratio was high 
for both unit sizes, given that at low temperatures, heating is provided by the electric resistance 
heat because the heat pump capacity is reduced. 
 
The calculated heating energy in this analysis can be compared to the facility’s historic energy 
consumption in 2007. This is accomplished using a bin model, which counts the number of 
hours in each 5 degree temperature range between 0°F and 100°F. Weather data for this bin 
model was based on NOAA data from a nearby airport. The average electric demand (kW) was 
calculated and multiplied by the number of hours in the respective bin. The bin with the least 
average demand was the 55-60°F bin with 179.6 kW. This baseline demand was subtracted 
from the demands at lower temperatures, and the resulting difference was assumed to be 
heating demand (see Figure 110). The demand difference was then multiplied by the number of 
hours in that bin to calculate energy consumption. 
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Figure 110: Actual Heating Demand, 2007 

 
 
Total electrical heating energy was calculated to be 533,744 kWh in 2007, or 30% of the base 
case energy in the tracking analysis. Additionally, the claimed savings of 773,846 kWh exceed 
total heating energy in 2007 (533,744 kWh). This suggests that the savings calculated in the 
tracking analysis are higher than actual savings. 
 
In the base case, the high fan energy was left out for the 12,000 btu/h units. This resulted in 
decreased combined unit base case energy usage of approximately 0.14%. High fan energy 
was omitted for both the heating and cooling season. 

Evaluation Calculation Methodologies 
Trend data for a selection of the heat pump unit was used in the evaluation analysis. This data 
was used to form a bin model, in which annual heating load, as well as base and installed case 
energy usage could be calculated. 
 
Trend data for the site included data for 92 different heat pumps of unspecified size. The 
following points were recorded approximately every half hour: 

• Time (EST) 
• Room Number (used also to identify the heat pump) 
• Space temperature displayed on thermostat 
• Return indoor air temperature at the unit 
• Room temperature at thermostat 
• Discharge temperature from unit 
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• Outside air temperature 
• Occupancy sensor readings 
• Run time of compressor 
• Run time of electric heater 

The recorded outside air temperatures were showed temperatures as high as 20°F above actual 
temperatures during daytime hours, indicating that the temperature sensors were being affected 
by solar radiation. Thus, outside air temperatures were determined based on NOAA weather 
data for each interval. 
 
If the compressor had run time in the interval, heat pump output (in Btu/h) and consumption 
(kW) were calculated based on a regression analysis of manufacturers data and the outside air 
temperature. The performance curves for the heat pumps can be seen in Figure 111. Heat 
pump calculations were performed for both heat pump sizes for every room.  

Figure 111: Performance of the 9,000 btu/h units (A) and 12,000 btu/h units (B) 

 
 
Electric resistance output and consumption were also calculated based on the run time of the 
electric heater from the trend data, and the 3.7 rated kW of consumption. It was assumed that 
the electric resistance heaters had a coefficient of performance (COP) of 1.0. 
 
A bin model was used to calculate the annual projected energy usage of the base and proposed 
case. For each bin, the number of hours during the year in that temperature range, as well as 
the average temperature and the average wet bulb temperature, was calculated. The number of 
hours in each bin that occur during “Peak,”  “Winter Peak,” and “Summer Peak” periods were 
also calculated.  
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Occupancy sensors had been installed as a separate initiative and the savings for these 
sensors were claimed separately from the heat pump savings. Savings associated with the heat 
pumps needed to be separated from occupancy sensor savings, and only trend data from 
occupied intervals were used in the bin model. 
 
For each bin, the average heat pump and electric resistance output (btu/h) and demand (kW) 
was calculated on a per-unit basis. The total design demand (kW) was calculated for each bin 
by multiplying the wattage per unit by the total number of units (206 small heat pump, 9 large 
heat pumps, and 215 electric resistance heaters). The base case demand was calculated by 
converting the total heat output of the design case to electric demand for each bin (assuming a 
COP of 1.0).  
 
Demand savings were then calculated by subtracting installed case wattage from base case 
wattage. The energy savings were then calculated by multiplying the demand savings by the 
number of hours in each bin. 

Evaluation Data Collection 
Data for the analysis was collected from the manufacturer across several heating months.  
Initially, data for September and October was analyzed. This data was expected to have the 
most representative data for heat pump operation, as the heat pump operates most effectively 
during cool temperatures in the 30-55°F range. Trend data from this period was supplemented 
with data from January so that data during colder periods would be included in the analysis. 
This data includes less heat pump operation, and more electric resistance due to the colder 
ambient temperatures. 
 
Electric interval data was used to verify that the evaluation analysis was more in line with 
electric savings (see Discussion of Tracking Analysis above). 
 
The collected metered data is summarized in Table 166. 
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Table 166: Metered Data Collected 

 Heat Pump Trends Electric Interval Data 

Parameter Compressor Run Time Site electric demand 

Meter Type Trend data Utility meter 

Sensors N/A N/A 

Installation Permanent Permanent 

Observation Frequency Every 30 minutes Hourly 

Metering Duration 
9/1/2010 to 10/31/2010 
1/1/2011 to 1/31/2011 

1/1/2007-12/31/2007 
1/1/2010-12/31/2010 

Base or Installed Base Base 

Metered by Manufacturer Utility 

Evaluation Savings Analysis 
Differences in savings between the tracking and evaluation analyses exist primarily due to two 
factors: The actual number of equivalent full load heating hours was less than assumed in the 
tracking analysis, and the tracking analysis assumed that the heat pumps would be able to 
serve 55-60% of the heating load. From the trend data, full load heating hours are 
approximately 925 (originally estimated as 2,050) and the heat pumps serve approximately 27% 
of the total heating load. Other sources of error can be seen in Table 167. 
 

Source of Error Percent of Total Error 
Incorrect full load hours 66.5% 
Incorrect fraction of heating hours in heating mode 29.6% 
Incorrect heat pump COP 2.7% 
Rated heat pump wattage (as opposed to weighted average) 1.6% 
Fan miscalculation -0.1% 
Temperature dependent efficiencies -0.2% 

Table 167: Sources of Error 

An equivalent heat output was assumed in the tracking analysis for both the heat pumps at 
rated conditions and the 3.7 kW electric resistance heaters (full load hours were kept constant 
between cases). The actual electric resistance heater output is 12,624 btu/h while the heat 
pumps output 8,200 btu/h and 10,200 btu/h at rated conditions for the 9,000 btu/h and 12,000 
btu/h respectively. The heat pump wattage was actually slightly higher in operation than in rated 
condition (due to operation at higher temperatures). Smaller sources of error were introduced as 
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a result of the fan miscalculation (described in the Discussion of the Tracking Analysis), and as 
a result of the simplified one-line calculation, which ignored temperature dependencies.  
Figure 112 shows that the heat pumps have low output at temperatures below 30°F, and that 
the annual heating load is highest around 30°F (partially because there are a large number of 
hours in at that temperature bin). The heat pumps output more heat than the electric resistance 
heaters at temperatures between 65°F and 40°F when there is lower heating load. 

Figure 112: Annual Heating Load 

 
These differences project a savings estimate of 134,414 kWh, or 639,433 kWh less than the 
original tracking estimate of 773,846 kWh. This results in a realization ratio of 17%.  
Summer peak savings were estimated to be 1.6 kW in the evaluation, due to the heat pump 
savings at temperatures of 50-65°F. The tracking analysis assumed no savings would occur 
during the summer peak period.  
 
The winter peak demand savings were estimated to be 242.1 kW in the tracking analysis and 
14.6 kW in the evaluation. Because the greatest savings occur at temperatures between 35-
65°F, much of the winter peak period is too cold for the heat pump savings to occur. The original 
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study assumed an equal distribution of savings across the heating load hours, resulting in a 
higher demand reduction.  The realization ratio for the winter peak demand reduction was 6%. 
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Site ID: CS7824 

Summary 
The applicant installed a 218-ton high efficiency brine chiller plant to create ice for two skating 
rinks. The measure consists of the plant equipment, as well as infrared ice surface temperature 
sensors used to control and modulate ice temperature. Currently the facility operates both 
skating rinks year round for public skating, hockey, and figure skating competitions. 
 
Table 168 below presents a summary of the tracking and evaluation savings results. Gross 
energy savings were 254% of the tracking estimate primarily because the modeled equipment 
characteristics of the installed and base case plants were changed in a number of ways to 
reflect actual site conditions. Also, modeled plant loads were considerably lower than actual 
plant loads, which further magnified savings following model calibration.  

 
Table 168:  Summary of tracking and evaluation savings results 

Savings Quantity 
Tracking 
Estimate 

Evaluation 
Estimate 

Evaluation/ 
Tracking 

Annual Energy (kWh) 283,740 721,413 254% 
% Energy Savings On-Peak 100% 47% N/A 
Summer Peak Diversified kW (FCM) 60.40 62.6 104% 
Winter Peak Diversified kW (FCM) 60.40 107.5 178% 

Project Description 
This new construction project involved the installation of a brine chiller plant serving two ice 
rinks in a new community center. The installed chiller consists of an evaporator rated at 218 
tons and three 73.3-ton reciprocating ammonia (R717) compressors. Heat is rejected to an 
evaporative condenser with a 30-HP variable speed fan. Chilled calcium chloride brine is 
delivered to the rinks by two premium efficiency 25 hp variable speed pumps. Each pump 
serves one rink; Pump B serves Rink 1 and Pump A serves Rink 2. If either pump A or B fails, a 
constant speed backup pump is activated as a replacement. The plant’s rated efficiency is 1.1 
kW/ton at 15 oF leaving brine temperature and 95 oF saturated condensing temperature (SCT).  
 
The chiller is controlled using a fuzzy logic EMS algorithm that stages each of the compressors 
based on the ice slab temperature set point and the return brine temperature. This allows the 
chiller to modulate the supply brine temperature as a function of loading conditions. Under 
design operating conditions, a brine delta-T (return minus supply temperature) of 3 oF is 
maintained.  
In addition to the plant, infrared (IR) ice slab temperature sensors were installed to monitor ice 
surface temperatures and modulate plant operations as a function of demand. Infrared sensors 
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provide added plant control relative to standard in-slab sensors because they provide surface 
readings as opposed to mid or base-of-slab readings. This allows greater control of ice surface 
temperatures and prevents overcooling the slab, which might otherwise be done to ensure 
surface temperature requirements are met. 
 
The base case for this measure consisted of two 110-ton packaged brine chillers, each with an 
evaporative condenser controlled by a two speed fan. The base case chillers are rated at 1.24 
kW/ton at 17.2 oF leaving brine temperature and 90 oF SCT. The brine loop is served by a 
single two speed pump. Chillers are controlled using a return brine temperature sensor with a 
fixed return brine set point. Unlike in the installed case, brine pump and fan motors are high 
efficiency as opposed to premium efficiency and ice slab temperatures are controlled using in-
slab sensors as opposed to IR sensors. 
 

Tracking Analysis  
Tracking Calculation Methodology   

Tracking savings were calculated using eQuest simulation models. Two models were created; 
one including the installed case plant equipment and controls, the second including the base 
case plant equipment and controls. Energy savings were simply taken as the difference 
between the installed and base case annual runs. 
 
Table 169 below lists the key parameters that were used to differentiate the installed and base 
case models in the tracking analysis. Note that in some cases these values may not be 
consistent with the project specification provided above. Issues with modeled equipment 
parameters were subsequently addressed in the evaluation analysis and are discussed later in 
this report. 
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Table 169:  Tracking analysis installed case versus base case comparison 
 

Installed Case Base Case 
Chiller Specification 

• 220-ton Screw Chiller 
• 1.1 kW/ton efficiency 
• Design SCT 95 oF 
• Three compressors 

Brine Pump/Loop Specifications 
• (3) 1000-GPM constant speed pumps 
• 92% efficient pump motors 
• Minimum loop flow of 30% of design 

flow 
• Fixed brine supply temperature (21 oF) 

Evaporative Condenser 
• Constant speed condenser fan 
• Condenser Fan EIR = .0205 (ratio of 

fan energy input to heat rejected) 
Ice Temperature Schedule 

• 12 AM – 6 AM: 25 oF 
• 6 AM – 11 PM: 22 oF 
• 11 PM – 12 AM: 25 oF 

Chiller Specification 
• (2) 105-ton Screw Chillers 
• 1.24 kW/ton efficiency 
• Design SCT 86 oF 

 
Brine Pump/Loop Specifications 

• 1 high efficiency two speed pump 
• Autosized by eQuest/DOE2 
• Minimum loop flow of 50% of design 

flow 
• Fixed brine supply temperature (21 oF) 

Evaporative Condenser 
• Two condensers with 2-speed fans 
• Condenser Fan EIR = .043 (ratio of fan 

energy input to heat rejected) 
Ice Temperature Schedule 

• 12 AM – 12 AM: 21 oF 

 
Note that the ice temperature schedules for the installed and base cases differ to approximate 
the effect of the IR ice temperature sensors. The assumed benefit of the IR sensors—more 
controlled ice surface temperatures—potentially allows for slightly higher slab temperatures 
during operation and higher slab temperatures during closed/setback hours. 

Discussion of Tracking Analysis 

The tracking analysis simulation modeling approach was appropriate given the complexity and 
multiplicity of analysis variables involved in this project. However, a number of the model inputs 
were incorrect for both the installed and base cases. While reviewing the models, the following 
issues were identified: 

• The design SCT for the base case chiller, which was set at 86 oF in the model, was 
supposed to be 90 oF according to the tracking report.  

• The base case chiller capacities were set at 105 tons each, as opposed to 110 tons 
each as stated in the tracking report. 

• The three pumps for the installed case (one for each rink and one backup) were all put 
on a single primary brine loop. In practice, the two regular duty pumps are each 
dedicated to a rink, and the third only runs as a backup. Due to the way the plant was 
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modeled, all three pumps can operate simultaneously under peak load conditions, 
when in practice only two pumps ever operate. Also, since the two primary pumps 
were not placed on separate loops, a single pump could theoretically operate both 
rinks under low load conditions.  

• The installed brine pumps were put in the model as constant speed pumps instead of 
variable speed pumps. Ultimately, this apparent mistake (whether intentional or 
unintentional) ended up being correct since the brine pump VFDs are only used for 
soft starting the motors according to the plant operator. 

• The installed plant was set to operate with a fixed brine supply temperature. In 
practice, the supply brine temperature modulates based on the ice slab temperature 
and the return brine temperature.  

• The evaporative condenser in the installed case was modeled to operate with a 
constant speed fan. According to the plant specification, the actual evaporative 
condenser fan is controlled by a variable frequency drive.  

 
The issues identified above, in addition to others identified based on data gathered during the 
evaluation site visit, were subsequently addressed in the evaluation analysis. 
 

Evaluation Methodology 

In an effort to remain consistent with the tracking methodology, a modeling analysis approach 
was used for the evaluation. Since detailed building models had already been built for this 
facility, the evaluation methodology was tailored specifically to gathering data to improve upon 
the pre-existing models.  
 
With that goal in mind, a two pronged evaluation data collection approach was developed. The 
first component consisted of gathering relevant equipment and rink operations data from the 
plant operator. These data were used to “tune” the model with revised performance 
specifications and operating set points.  
 
The second key component of data collection was logging true power data from installed chiller, 
brine pumps, and condenser fans. These data were used to calibrate the energy consumption 
profiles of the modeled plant to actual usage patterns and verify that the installed pumps and 
condenser fans modulate speed as proposed.  
 
Following data collection, analysis consisted of updating model parameters based on site data 
and calibrating the modeled plant to the actual metered data. The plant’s power consumption 
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was calibrated on an hourly basis for the duration of monitoring period. Modeling calibration 
targets were based on the International Performance Measurement and Verification Protocol 
(IPMVP) Option D requirements for mean bias error (MBE) and coefficient of variation of root 
mean square error (CV of RMSE). The IPMVP requires that hourly calibrated simulation models 
achieve MBE of less than 10% and a CV of RMSE less than 30%. After calibration, savings 
were assessed by running the installed and base case models using TMY3 data and calculating 
the difference in central plant energy usage between them. 

Evaluation Data Collection 
Onsite data collection began by verifying that the proposed chiller, brine pumps, and 
evaporative condenser had been installed. As expected, one three-compressor brine chiller with 
three 25 hp brine pumps and a single evaporative condenser were installed. Two of the brine 
pumps were fitted with VFDs as proposed, as was the condenser fan.  
 
After inspecting the chillers, true power data loggers were then installed. Since the entire 
plant—include all three compressors, all three brine pumps and the condenser fan—feeds off a 
single main disconnect that is then split amongst the various components, a metering strategy 
was devised to capture the gross energy consumption of the entire plant as well as select end 
uses. Table 170 below provides summarizes the logged parameters. 
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Table 170:  Chiller monitoring summary   

Metered Equipment 

Main Disconnect 
(Chiller, Brine 
Pumps, Condenser 
Fan, Condenser 
Spray Pump, Sump 
Pump) 

Condenser Fan Brine Pumps A & B 

Measured 
Parameter 

True Power, Phase-
to-Neutral Voltage, 
Amperage (3 
Phases) 

True Power, Phase-
to-Neutral Voltage, 
Amperage (3 
Phases) 

For each pump: (1) 
Phase-to-Phase 
Voltage, (2) Phases 
Amperage, True 
Power  

Logger Make/Model Dent ElitePro Power 
Meter 

Dent ElitePro Power 
Meter 

Dent ElitePro Power 
Meter 

Transducer/Equipm
ent Types 

Split Core Current 
Transducers and 
Voltage Clamps 

Split Core Current 
Transducers and 
Voltage Clamps 

Split Core Current 
Transducers and 
Voltage Clamps 

Installation 

CTs installed at the 
main disconnect 
inside the chiller 
panel; Voltage 
clamps attached at 
the line side 
disconnect 

CTs installed at the 
condenser fan 
breaker; Voltage 
clamps attached to 
the main disconnect  

CTs installed at the 
brine pump breakers; 
Voltage clamps 
attached to the main 
disconnect 

Observation 
Frequency 

15 Minutes; Time 
averaged readings 

15 Minutes; Time 
averaged readings 

15 Minutes; Time 
averaged readings 

Metering Period August 25th, 2010 to 
October 17th, 2010 

August 25th, 2010 to 
October 17th, 2010 

August 25th, 2010 to 
October 11th, 2010 

Metered by: KEMA evaluator & 
RISE electrician 

KEMA evaluator & 
RISE electrician 

KEMA evaluator & 
RISE electrician 

 
Following logger installation, plant and building operations were discussed with the site contact. 
The site contact provided the following key information regarding rink operations, plant 
specifications, and plant operations:  

• During the hockey season (October through March), the rinks operate from 6 AM to 11 
PM Monday through Sunday. From Monday through Friday, occupancy is typically light 
until roughly 2 PM. From that point on the rinks are used at roughly peak occupancy until 
closing. 

• During the hockey off season (April through September), the rinks operate from 9:30 AM 
to 11 PM Monday through Sunday. Occupancy is typically light during all hours with the 
exception of weeknights from 5 PM to 8 PM, during which time the rinks are closer to 
peak occupancy. 

• In 2010 both rinks operated year round. However, due to particularly light usage from 
April until July, Rink 2 might be shut down from April until July in 2011. The site contact 
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did not definitively state that this was going to happen, so both rinks were left in year 
round operation in the model. 

• Ice resurfacing typically occurs once every hour of operation during hockey season, and 
two to three times a day during the off season. Ice is resurfaced with roughly 130 gallons 
of 130 oF water. Previously, the modeled resurfacing parameters were 96 gallons of 
water at 110 oF. 

• Infrared sensors were not being used to control ice temperatures at the time of the site 
visit. Instead, in-slab sensors (the base case condition) were being used to maintain slab 
temperatures of 17 oF in Rink 1 and 19 oF in Rink 2 during all hours. 

• The brine loop is designed to operate with a 3 oF temperature rise across the loop. There 
is no limit on the brine supply temperature, however the effective minimum is 7 oF since 
the brine return temperature is not allowed to drop below 10 oF to prevent plant damage.  

• The brine return temperature is set 3 oF lower than the lowest of the two ice rink 
temperature set points. In practice, this means that the brine supply and return 
temperatures are allowed to float based on ice slab set points. 

• The brine pump VFDs are only used to soft start the motors. They operate at full speed 
during normal operation. 

 
Following on site data collection, weather data from a nearby weather station was obtained for 
the time frame coincident with chiller monitoring. These data, which were supplied by the 
National Oceanic and Atmospheric Administration (NOAA), consist of dry bulb, wet bulb, cloud 
cover, precipitation, wind speed, and wind direction parameters. Each of these parameters were 
processed and formatted using the command line DOE2.2 weather packing utility, 
DOEWTH.exe, to generate a weather file. In addition to formatting the input data, the DOEWTH 
utility uses the input cloud cover data to generate solar radiation estimates for the model using 
the ASHRAE Clear Sky Model.  
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Evaluation Savings Analysis 

The evaluation analysis began by first reviewing the metered data collected with the ElitePro 
loggers. Figure 113, Figure 114, and Figure 115 below show measured true power readings 
from the entire plant, condenser fan, and brine pumps, respectively for the duration of the 
metering interval. Corresponding Table 171 and Table 172 provide average weekday and 
weekend profiles for each of the monitored end uses. 

 

Figure 113: Metered plant (all equipment) power profile 

 
 

0

50

100

150

200

250

300

350

M
et

er
ed

 P
ow

er
 (k

W
)

Time



  
 

 

Cape Light Compact  June 17, 2011 
 

B-501 

Figure 114: Metered condenser power profile 

 
 

Figure 115: Metered brine pump power profiles 
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Table 171:  Average day power profiles for the entire plant and the condenser 

 
Chiller Condenser 

Hour 
Ending 

Weekday 
(kW) 

Weekend 
(kW) 

Weekday 
(kW) 

Weekend 
(kW) 

1:00 AM 168.0 159.4 3.6 2.8 
2:00 AM 151.0 156.3 3.3 2.9 
3:00 AM 155.5 160.0 3.6 2.8 
4:00 AM 148.6 149.8 3.5 2.5 
5:00 AM 146.9 144.6 3.2 2.4 
6:00 AM 145.4 139.3 3.3 2.3 
7:00 AM 138.0 152.1 3.2 2.6 
8:00 AM 140.4 138.7 3.3 2.3 
9:00 AM 147.0 144.6 3.6 2.5 

10:00 AM 150.7 154.3 3.6 2.8 
11:00 AM 148.3 162.5 4.1 2.9 
12:00 PM 156.1 169.2 4.8 3.2 
1:00 PM 169.0 193.0 5.2 3.9 
2:00 PM 160.5 182.8 4.6 3.7 
3:00 PM 177.5 181.1 5.1 3.6 
4:00 PM 182.4 196.4 5.2 4.4 
5:00 PM 189.3 191.6 5.5 3.8 
6:00 PM 203.4 195.3 5.8 4.0 
7:00 PM 200.9 209.3 5.4 4.4 
8:00 PM 196.1 191.9 5.0 3.9 
9:00 PM 207.6 182.4 5.4 3.6 

10:00 PM 211.8 195.0 5.3 3.9 
11:00 PM 214.2 197.7 5.3 3.7 
12:00 AM 194.1 183.3 4.4 3.4 

 
Table 172:  Average day power profiles for the brine pumps 

 
Pump A (Rink 2) Pump B (Rink 1) 

Hour 
Ending 

Weekday 
(kW) 

Weekend 
(kW) 

Weekday 
(kW) 

Weekend 
(kW) 

1:00 AM 15.1 10.7 24.8 27.0 
2:00 AM 13.5 19.2 21.7 22.0 
3:00 AM 14.5 17.3 21.0 27.0 
4:00 AM 16.5 17.2 19.7 22.7 
5:00 AM 14.8 12.5 20.7 23.5 
6:00 AM 15.9 13.4 17.6 23.9 
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Pump A (Rink 2) Pump B (Rink 1) 

Hour 
Ending 

Weekday 
(kW) 

Weekend 
(kW) 

Weekday 
(kW) 

Weekend 
(kW) 

7:00 AM 13.8 19.8 17.2 23.7 
8:00 AM 14.2 16.2 16.2 20.3 
9:00 AM 17.3 15.6 17.7 20.0 

10:00 AM 14.8 17.2 21.8 21.7 
11:00 AM 15.6 14.3 19.7 25.3 
12:00 PM 15.5 20.0 22.8 25.1 
1:00 PM 21.2 25.1 21.3 25.1 
2:00 PM 16.2 20.0 25.3 28.1 
3:00 PM 19.9 18.8 21.6 26.8 
4:00 PM 19.4 21.5 24.5 28.4 
5:00 PM 23.5 23.3 22.5 27.3 
6:00 PM 27.0 23.5 25.9 28.2 
7:00 PM 24.1 27.8 26.9 27.1 
8:00 PM 21.8 19.5 27.4 28.4 
9:00 PM 25.7 19.7 27.8 27.5 

10:00 PM 27.5 20.2 28.5 29.2 
11:00 PM 27.3 22.8 28.3 29.4 
12:00 AM 20.3 21.9 28.1 26.6 

 
Note that in Figure 115 above the metered power consumption of the two operating brine 
pumps is pegged near 100% power during most hours. This result is consistent with the site 
contact’s claim that the brine pump VFDs are only used for soft starts.  Extended periods where 
power consumption is less than 100% in Figure 115, such as 8/25 to 8/30, are explained by the 
fact that metered data were resampled to hourly intervals for the ease of plotting. These 
extended periods of part load operation are actually indicative of pump cycling, not VFD speed 
modulation.  
 
Also of importance is the lack of a definitive shift in plant power consumption at the beginning of 
the hockey season. Note that aside from two brief periods of plant shutdown between 10/14 and 
10/19, the power trend remains relatively consistent in Figure 113. To confirm the lack of a shift 
in plant trends at the start of hockey season, average day, weekday, and weekend power 
profiles were constructed for the off-season (8/26-9/30) and hockey season (10/1-10/16) time 
frames. Figure 116 below presents these profiles. 
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Figure 116: Average day, weekday, and weekend plant power profiles for the 
hockey season (blue) and the off-season (red) 

  
 
The weekday and weekend profiles for the off-season and hockey season time frames were not 
deemed unique enough to warrant the use of distinct operating schedules or separate model 
calibrations for each time frame. Instead, the model was calibrated on the basis of the entire 
metered data set. 
 
Following review and processing of the metered plant profiles, modifications were made to the 
installed and base case chiller models. These changes were made to reflect the equipment 
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gleaned from the metered power profiles. Table 173 below compares key evaluation and 
tracking model parameters for the installed case model following revisions. 
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Table 173:  Evaluation and tracking parameter comparison for the installed case 
model 

Evaluation Installed Case Tracking Installed Case 
Chiller Specification 

• 220-ton Open Reciprocating Chiller 
Brine Pump/Loop Specifications 

• (2) 1000-GPM constant speed pumps 
(since VFDs are used for soft start only 
and the third pump is a back up), each 
dedicated to a separate rink 

• “Load-Reset” based brine supply 
temperature with a minimum of 7 oF 
and a maximum of 21 oF. 

Evaporative Condenser 
• Variable speed condenser fan 

Ice Temperature Schedule 
• Rink 1, 12 AM – 12 AM: 17 oF 
• Rink 2, 12 AM – 12 AM: 19 oF 

 
Plant Loading Parameters 

• Ice resurfacing with 130 gallons of 130 
oF water 

Chiller Specification 
• 220-ton Screw Chiller 

Brine Pump/Loop Specifications 
• (3) 1000-GPM constant speed pumps 

 
 

• Fixed brine supply temperature (21 oF) 
 
 
Evaporative Condenser 

• Constant speed condenser fan 
Ice Temperature Schedule 

• 12 AM – 6 AM: 25 oF 
• 6 AM – 11 PM: 22 oF 
• 11 PM – 12 AM: 25 oF 

Plant Loading Parameters 
• Ice resurfacing with 96 gallons of 110 

oF water 

In the evaluation model, the brine supply temperature control strategy was set to “Load-Reset” 
because this strategy most closely approximates that the behavior of the plant, which resets the 
return brine temperature based on the ice temperature set point. The minimum supply 
temperature was determined based on the plant operations manual, which states that the 
minimum brine return temperature is 10 oF. Since the plant is designed to maintain a 3 oF 
temperature drop across the brine loop, the minimum brine return temperature corresponds to a 
minimum supply temperature of 7 oF. The maximum supply temperature was selected 
arbitrarily. Since Rink 1 is set to maintain a 17 oF slab temperature, the modeled supply 
temperature will never approach this maximum.  
 
In addition to changing the plant parameters identified above, the ice resurfacing and occupancy 
schedules were changed to the off-season schedules determined from discussions with the site 
contact as documented in the “Evaluation Data Collection” section. Since there was not a 
noticeable shift in plant loads during the hockey season monitoring period, the occupancy and 
resurfacing schedules were not differentiated between seasons. 
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As with the installed case model, modifications were made to the base case model to reflect 
actual site conditions. Table 174 below compares the parameters used in the evaluation model 
with the values used in the tracking analysis. 

 

Table 174:  Evaluation and tracking parameter comparison for the base case model 

Evaluation Base Case Tracking Base Case 
Chiller Specification 

• (2) 110-ton Screw Chillers 
• Design SCT 90 oF 

Brine Pump/Loop Specifications 
• Fixed brine supply temperature (11 oF) 

Ice Temperature Schedule 
• Rink 1, 12 AM – 12 AM: 17 oF 
• Rink 2, 12 AM – 12 AM: 19 oF 

Plant Loading Parameters 
• Ice resurfacing with 130 gallons of 130 

oF water 

Chiller Specification 
• (2) 105-ton Screw Chillers 
• Design SCT 86 oF 

Brine Pump/Loop Specifications 
• Fixed brine supply temperature (21 oF) 

Ice Temperature Schedule 
12 AM – 12 AM: 21 oF 
 
Plant Loading Parameters 

• Ice resurfacing with 96 gallons of 110 
oF water 

 
As with the installed case model, the ice slab temperatures were adjusted in the base case 
model to reflect actual site conditions. Furthermore, since the facility does not currently use their 
IR temperature sensors, there should not be any difference between the base case and 
installed case ice slab temperature set points.  
 
In the evaluation base case model, the brine supply temperature set point was adjusted on the 
basis of the lowest ice slab temperature. Since the Rink 1 slab is set at 17 oF, and plant 
operations manual calls for a return brine temperature of 3 oF less than the slab temperature 
and a supply brine temperature 3 oF less than the return brine temperature, the appropriate 
supply brine set point was 11 oF. The chiller tonnage and SCT specifications were adjusted on 
the basis of the base case specifically designated in the implementation report. 
 
After altering the installed and base case models, the first step in the calibration process was 
running the installed model with the NOAA 2010 data weather file generated for this project, and 
comparing the results to the metered data. Figure 117 below shows the modeled plant power 
profile as well as the actual plant data.  
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Figure 117: Average weekday and weekend plant profiles for the pre-calibration 
modeled (blue) and actual (pink) plants 

 
 
From Figure 117, it is immediately apparent that the model grossly underestimated the load 
placed on the brine chiller plant. To remedy this issue, it was necessary to place additional 
loads on the brine loops in order to bring the modeled plant loads in line with the actual plant 
loads. Since this project was limited only to brine chiller plant equipment, it was energy neutral 
from the perspective of all other building end uses. For instance, if the building’s occupant 
density were increased to add additional load to the brine loop, the additional sensible and 
latent heat generated by the occupants would have an equal effect on the base case and 
installed case models since the HVAC equipment is equivalent in both models. This is important 
because it implies that it does not matter where the additional load is added in the model so 
long as it increases the load on the brine loop. Therefore, for the purposes of model calibration, 
a theoretical “process” load was placed directly on the brine chiller loop to assist in calibrating 
the model. 
 
The first step in this procedure was estimating the required magnitude of the calibration load. 
This was done by roughly calculating the maximum differential between the metered and 
modeled daily power profiles. From Figure 117, it is clear that the actual chillers drew up to 110 
kW more than the modeled chillers at certain times. Using 110 kW, and the design chiller 
efficiency of 1.1 kW/ton, it was estimated that approximately an additional 100 tons of chiller 
load were required to calibrate the model. This value was then used as a starting point for 
adding process loads to the chiller loop. After much experimenting, final weekday and weekend 
process load profiles were derived. Figure 118 below provides the load profiles in graphical 
format; Table 175 lists the loads on an hour by hour basis. 
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Figure 118: Weekday and weekend loads added to the modeled chiller loop 

 
 

Table 175:  Weekday and weekend loads added to modeled chiller loop 
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11:00 PM 83.1 84.2 
12:00 AM 58.1 63.7 

 
With the addition of these loads, the modeled plant’s (chiller, condenser, and brine loop pumps) 
hourly energy consumption was calibrated to an MBE of 1% and a CV of RMSE of .22, which 
are both well within the IPMVP Option D calibration requirements. Figure 119 below shows the 
calibrated and actual performance of the chillers over the metering period. Figure 120 illustrates 
the calibration results over average weekdays and weekends.  

 
Figure 119: Actual (pink) and calibrated (blue) plant power consumption profiles  

 
 

Figure 120: Actual (pink) and calibrated (blue) average weekday and weekend 
power consumption profiles  
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With the model calibrated, annual energy savings were calculated by running the installed and 
base case versions of the model with weather data from the nearest TMY3 weather station 
(Barnstable Municipal Airport). Hourly simulation outputs for the chiller, brine pump, and 
evaporative condenser end uses were then compared between the two runs. Hourly differences 
over the 8,760 schedule were then summed to calculate annual energy savings. Figure 121 
below illustrates the difference between the installed and base case chiller energy consumption 
profiles during a single week in June. 

 
Figure 121: Installed (blue) and base case (green) chiller profiles for a single week  

 
 
 
% On Peak Energy savings were calculated by summing savings from the defined on peak 
hours of 6 AM to 10 PM on non-holiday weekdays and dividing by gross annual savings. 
Similarly, summer and winter peak demand savings were calculated by taking the average 
demand reduction from the hourly simulation outputs over the appropriate peak periods.  
 
In spite of the fact that the facility is not yet making use of their IR temperature sensors or the 
variable speed capabilities of their brine loop pumps, this project saved considerably more 
energy than originally estimated in the tracking analysis. As mentioned at the beginning of this 
report, the significant increase in energy savings between the evaluation and tracking analyses 
is attributable to modified inputs for both the installed and base case models, as well as 
significantly greater plant loads than predicted in the original model analysis. Ultimately, the 
confluence of the following factors resulted in considerably more energy savings than originally 
estimated: 
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• The large difference between the tracking estimated chiller loads and the metered chiller 
loads resulted in significantly amplified savings following model calibration. As indicated 
in Table 175, the weekday hourly chiller load was as much as 104.7 tons greater than 
the modeled load and the average weekend hourly chiller load was up to 97.9 tons 
greater than the modeled load. 

• Changing the installed case’s evaporative condenser fan from single speed (as originally 
modeled) to variable speed caused a significant reduction in the energy consumption of 
the installed case model. 

• Changing the supply brine temperature control strategy from a fixed set point to a load 
modulating value reduced the energy consumption of the installed case model. 

• The other model changes, identified in Table 173 and Table 174, undoubtedly affected 
the performance characteristics of both models; however the net effect of each change 
is obscured in the aggregate.  

 
Percent On-Peak Energy Savings were only 47% of annual savings primarily because plant 
equipment operates 24 hours a day, and thus energy savings occur during all hours. Given that 
savings are relatively evenly distributed across all hours, and only 80 hours of each week (48%) 
fall into the “On-Peak” time frame, On-Peak Energy Savings of 47% are reasonable. Why On-
Peak Energy Savings of 100% were assigned in the tracking analysis is unclear, especially 
when considering that ice conditions must be maintained continuously. 
 
Evaluated Summer Coincident Peak Demand Savings were less than Winter Coincident Peak 
Demand Savings largely because metered plant loads—which are largely non-weather 
dependent—were greater during the weekday 5 to 7 PM time frame (winter peak hours) than 
during the 1 to 5 PM time frame (summer peak hours). As such, savings were greater during the 
winter peak period even though weather conditions are more conducive to creating ice during 
the winter.  
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	 The three chillers are arranged in a parallel configuration. At any given time, up to two chillers are operating, with the third functioning as a backup.
	 The chillers operate on a constant flow primary loop that feeds a variable flow secondary loop.
	 Chillers are staged such that the second chiller only comes on once the first chiller reaches 80% of full load amperage. (Note that based on logger data, chiller staging was ultimately modeled to reflect second chiller operation at loads greater than 333^
	 The maximum ECWT is 85 oF; the minimum ECWT is 52 oF.
	 The chilled water set point temperature is 41 oF.
	 Loads on the secondary chiller loop consist of 17 air handlers serving a combination of office and manufacturing spaces.
	 Table 136 below provides a summary of the air handlers on the secondary chilled water loop.
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