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To: Massachusetts Residential Program Administrators and Energy Efficiency Advisory 
Council (EEAC) Consultants 

  
From:  Patrick Sudol, Presley Batchelor, Ryan Powanda, Brian Barry; Guidehouse 
  

Date: October 10, 2024 
  

Re: Quick Hit Study: Heat Pump System Sizing, Heat Pump Refrigerant Leakage, and 
Heat Pump Filter Maintenance (MA24R68)  

Introduction 

Guidehouse conducted this quick hit study to investigate the impacts heat pump sizing on 
occupant comfort, heat pump usage patterns, and the impacts of filter maintenance and 
refrigerant leakage on heat pump performance. This study leverages data collection from 
the recently completed Heat Pump Metering Study (HPMS), a multi-state study conducted 
for the Massachusetts Program Administrators (PAs) and for the Sponsors of Energize 
Connecticut (Energize CT). This study leverages the program data, customer survey, and 
onsite metering data collected as part of the HPMS to answer these additional research 
questions. The study sought to understand the prevalence of heat pump maintenance and 
sizing issues within the onsite sample and investigate how those issues are related to 
equipment performance and occupant comfort. 

Key Findings 

Guidehouse analyzed 17 full displacement1 sites for the equipment sizing portion of the 
study. Of these 17 sites, the evaluation team identified four systems as potentially 
undersized, twelve systems as properly sized and one system as potentially oversized. 

For the refrigerant leakage task, only 6 of 101 sites (6 of 171 systems) in the MA region 
reported issues with refrigerant leakage during the HPMS metering period. One system was 
damaged and shut down due to this issue. Another site reported a leak at the end of the 
study; however, the heat pump was performing poorly before the leak was reported, 
suggesting the leak was likely there for some time. A third site reported having two separate 
leaks. However, the system’s power, supply temperature and return temperatures were 
consistent across the metering period signifying the leaks were either immediately fixed, did 
not have an observable impact on heat pump performance, or occurred outside the metering 
window.  

 
1 A full displacement site is defined as a site where the customer removes, disconnects, or indicates that they will not use their 
pre-existing fossil fuel or electric resistance heating system except in emergencies (extreme weather events, heat pump 
maintenance or down time) and replaces all space heating needs with heat pumps. Supplemental electric resistance heat is 
allowed as needed during peak heating periods. Backup heat can also be provided by wood or pellet stoves during extreme 
weather events.ௗ 
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The other three sites did not have enough data to identify performance issues and draw a 
conclusion.  

Although this analysis did not identify significant performance impacts from refrigerant leaks, 
it is important to note that 4% of sites reporting a noticeable leak could significantly impact 
the overall greenhouse gas savings for all installed heat pumps. This analysis was not 
sensitive enough to able to capture gradual refrigerant leaks that may show performance 
degradation over several years. The prevalence and overall impact of refrigerant leaks may 
be more widespread that what is reported in this study. 

Of the 46 systems included in the filter maintenance status analysis, the team identified 11 
systems with observable impacts to supply air temperatures due to the cleanliness status of 
the filters. For seven of the systems, changes in the supply temperature and fan power 
matched up with the timing of participant reports for when they were changing out their 
filters. The impacts observed for those seven systems were transient and returned to their 
baseline after the filter changeout or cleaning. The participants for three of the remaining 
four systems claimed to never replace or clean their filter. These systems demonstrated 
gradually decreasing supply temperatures over time that likely impacted the system 
performance. The final site consistently reported low supply temperatures. The site had a 
twin system with an indoor head and central ducting. The indoor head’s filter, which was in 
the basement, was cleaned, but the air handler filter, which heated and cooled the rest of 
the home, was dirty during the meter installation and throughout the metering period. 

While the team was able to observe impacts to heat pump performance at specific sites from 
all three of the HP issues (refrigerant leaks, filter maintenance, system sizing), the quick hit 
study did not show statistically significant impacts to the modeled heating season 
performance factor (HSPF) vs. the rated HSPF for the systems with sufficient performance 
data. 

Data Collection 

The quick hit study analyzed the performance and usage data collected during the HPMS. 
The Guidehouse team collected heat pump air filter status (categorized as brand new, lightly 
used, or needs replacement) during the installation of the HPMS metering equipment. To 
address the research questions for the quick hit study, the team added additional retrieval 
visit questions to ask participants about their maintenance practices, assess air filter status, 
and noted any customer-reported issues during the metering period.  

Heat Pump System Sizing 

Proper equipment sizing is important to ensure both the efficiency of the heat pump systems 
and ongoing customer comfort. Systems that are undersized may struggle to meet the 
heating or cooling demands of the home during colder winter days and hotter summer days. 
Undersized systems may run continuously and closer to the maximum Btu output, which will 
result in lower overall system efficiency. In central systems with integrated auxiliary heat, 
under sizing may lead to a larger portion of the load being met by the auxiliary electric 
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resistance system which also has a negative impact on the overall system efficiency. On the 
other hand, oversized systems come with a higher upfront cost and the units may short 
cycle2, which can also negatively impact the overall system efficiency.  

The Guidehouse team analyzed the available metered data to explore methods for flagging 
systems that were potential over or under-sized. The first approach the team took was to 
compare the equipment sizes (Btu capacity, expressed as tons) and reported home square 
feet by heat pump type. Table 1 shows the average customer reported square footage 
compared with the total heat pump tonnage installed in the home. Table 2 compares the 
max rated capacity (expressed as tons) at 5°F with the average winter, peak day, and peak 
hour loads, which were calculated using gas loadshape data from the Massachusetts 
Residential Building Use and Equipment Characterization Study3. On average, the 
maximum capacity at 5°F for both central and mini-split heat pump systems included in this 
study is close or above the expected heating load on the peak day. The peak day average 
temperature was 13.6°F and the peak hour average temperature for was 6°F for boilers and 
6.5°F for furnaces. On average, the systems in the sample could handle the typical peak 
day load for an average home in Massachusetts but may have trouble meeting the full loads 
of the homes at colder temperatures.  

Table 1. Heat Pump Rated Heating Tonnage (47°F) Installed per Thousand Square 
Feet 

HP Type 
Average Heating 

Tons 
Avg Home Size 

(Sq. Ft) 
Average Tons per  

1000 Sq. Ft 
n 

CHP 3.76 1,952 2.02 35 
MSHP 3.79 1,858 2.32 56 
GSHP* 4.81 2,835 1.80 26 

*  GSHP sample is based on metered sites in CT 

Source: Evaluation team analysis 

Table 2. Heat Pump Max. Heating Tonnage (5°F) Installed per Thousand Square Feet  

HP 
Type 

Average 
Heating 
Tons (@ 

5°F) 

Avg 
Home 
Size 

(Sq. Ft) 

Average 
Tons per 

1000 Sq. Ft 
n 

Winter 
Load 

(tons)* 

Winter 
Peak Day 

(tons)* 

Winter 
Peak Hour 

(tons)* 

CHP 2.71 1,991 1.40 33 1.47 2.73 4.66 
MSHP 3.48 1,865 2.10 52 1.49 2.96 5.39 

*  Winter loads are based on the average square footage for each row of the table  

Source: Evaluation team analysis 

Figure 1 and Figure 2 show the maximum heat pump capacity, rated at 5°F, compared to 
the square footage of the home, summarized by displacement type. The line in both of these 
figures plots the peak day winter load against the square footage of the home. Sites that fall 

 
2 Periods of brief heat pump operation, where the heating or cooling load is met quickly (less than 10 minutes).  
3 Massachusetts Residential Building Use and Equipment Characterization Study - Phase 7, https://ma-eeac.org/wp-
content/uploads/Residential-Building-Use-and-Equipment-Characterization-Study-Comprehensive-Report-2023-12-22.pdf  
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below the line may not have the capacity to meet the peak day load that is estimated from 
the MA RBECS. However, it is important to note that the square footage used to produce 
these figures is for the whole home, and that the heat pumps may not have been installed 
with the intention to heat/cool the entire home.  Additionally, factors like home 
weatherization status, and heat pump and secondary system usage patterns made a simple 
comparison unreliable. For example, a home that is better insulated than the standard home 
represented in MA RBECS study would require a smaller system to meet the load. The team 
used these metrics as a screening step to identify and group systems with potential sizing 
issues for further analysis. 

Figure 1. Mini-Split Max. Heating Tonnage at 5°F vs. Home Square Footage by 
Displacement Type 

 

Source: Evaluation team analysis 
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Figure 2. Central Heat Pump Max. Heating Tonnage at 5°F vs. Home Square Footage 
by Displacement Type 

 

 

Source: Evaluation team analysis 

The team then refined the analysis using systems with good metering performance data 
from the HPMS. First the team calculated the percentage of time the systems were in 
heating mode for each 5-degree (°F) outdoor air temperature bin. The results of those 
calculations are shown in Figure 3. Systems that are “on” close to 100% of the time at lower 
temperatures were shortlisted as potentially undersized. However, this metric by itself could 
not be used independently to determine the relative sizing.  Heat pump systems typically 
have variable speed fans and compressors, so properly sized systems could be running 
close to 100% of the time at a part load.  
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Figure 3. System Percentage of Time Running by Temperature Bin 

 

Source: Evaluation team analysis 

To further refine the analysis, the team analyzed the systems’ cycling behavior. The team 
explored heat pump heating operation during the nighttime hours to reduce the potential 
impact of sunlight on the heating load. The team identified heating cycles based on the 
compressor and supply temperature status and calculated the performance characteristics 
for each cycle. Each cycle and the corresponding performance metrics were grouped by 5°F 
outdoor air temperature bins. Additionally, the team binned performance at 5°F, 17°F and 
47°F degrees to compare how the heat pump operation align with manufacturer reported 
values from AHRI standard 210/240. For this portion of the analysis, only full displacement 
sites were considered. Partial displacement sites are assumed to have a portion of the load 
covered by secondary systems and it would be difficult to determine with high confidence 
whether systems were turning off at certain temperatures because they couldn’t meet the 
load or if the installation was done intentionally with the planned backup system usage in 
mind. 

The team plotted the system level results and manually labeled the systems as potentially 
undersized, oversized, or properly sized based on the following metrics below: 

1. Runtime per cycle: The team expected undersized systems to have a steeper 
increase in average runtime as outdoor temperature decreased, and that the slope of 
the curve for properly sized and oversized systems would be lower. The team also 
considered the percentage of time the system was on in each of the temperature 
bins.  

2. Average heat output: The team compared the average heat output of the system to 
the minimum, rated, and maximum capacity values provided in the manufacturer 
specification sheets. Systems where the average heat output was close to the 
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maximum capacity were flagged as potentially undersized. Systems operating at 
close to the minimum capacity were flagged as potentially being oversized. 

3. COP: It is expected that the heating COP will decrease as temperatures decrease. 
For systems that are oversized, it is expected that there will be some negative 
impacts on the COP relationship at higher temperatures because the system is 
operating at or close to the minimum capacity ratio.  

4. Customer satisfaction: The team reviewed the HPMS fast feedback survey 
responses to flag sites where participants mentioned their systems performing poorly 
at low temperatures or explicit complaints about potential under sizing. 

An example of a potentially undersized system is shown in Figure 4. The participant was 
extremely dissatisfied with the performance of the system and cited they believe they 
purchased a system that was too small. The central heat pump in this home was nominally 
rated at 4.5 tons, with a maximum heating capacity of 39kBTU at 5°F and 48kBtu at 47°F 
degrees. This was identified as a potentially undersized system because of the increasing 
runtime at lower temperatures and relatively constant average output capacity.  
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Figure 4: Potential Under Sizing Example - Site 17625776  

Source: Evaluation team analysis 

Figure 5 shows metrics for a potentially oversized system. The mini split in this home was 
nominally rated at 4 tons, with a maximum heating capacity of 36kBTU at 5°F and 54kBtu at 
47°F The team labeled this system as potentially oversized because the average run time 
across all outdoor air temperatures was below 10 minutes, the system’s operational COP 
decreases at both low and high outdoor air temperatures, and average heating output is 
lower than the system’s rated value.  
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Figure 5. Potential Over Sizing Example - Site 47656899 

 

 Source: Evaluation team analysis 

The team included 17 systems in the final sizing analysis. Only true full displacement 
systems with sufficient performance metering data were included in order to make use of all 
the contextual information included in the analysis. Based on the criteria discussed above, 
four systems were labelled as potentially undersized, 12 were labeled as properly sized, and 
one was labeled as potentially oversized. The exercise highlights systems with potential 
sizing issues based on the metering data and contextual information that was available. To 
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truly assess whether systems are meeting their intended loads the team would need to 
obtain the Manual J load calculation done by the contactor when the heat pump was 
installed or complete an independent load calculation to assess system sizing requirements.  

Heat Pump Refrigerant Leakage 

The second maintenance issue investigated in this study was refrigerant leaks. Refrigerants 
are the working fluid in the vapor-compression cycle for the heat pumps. Leaks in the 
system gradually impact the system performance as the amount of working fluid to facilitate 
heat transfer decreases.  

The Guidehouse team asked questions about potential refrigerant leaks and other 
maintenance issues in a survey at the beginning of the study, in a fast feedback survey 
during the metering period, and when the metering equipment was uninstalled at the end of 
the study. For the 101 sites (171 individual heat pump systems) in the MA region, six 
participants reported issues with refrigerant leaks during the HPMS metering period. It is 
likely that more sites experienced refrigerant leakage without identifying the issue in the 
customer survey. The six participants who identified refrigerant leakage as an issue likely 
encountered noticeable and disruptive performance issues. 

Three of the sites did not have sufficient data in the metering window to identify a 
performance impact. One system was damaged due to a leak and shut down due to this 
issue, so the performance impact could be observed. Another site reported a leak at the end 
of the study; however, the heat pump was performing poorly before the leak was reported, 
suggesting the leak was likely there for some time. The third site with data available 
reported two leaks, however the system’s power, supply temperature and return 
temperatures were consistent across the metering period, signifying the leaks were either 
immediately fixed or did not have an observable impact with the sensitivity of the team’s 
analysis. 

Although this analysis did not identify significant performance impacts from refrigerant leaks, 
it is important to note that 4% of sites reporting a noticeable leak could significantly impact 
the overall greenhouse gas savings for all installed heat pumps. Heat pump efficiency will 
also be negatively impacted with a refrigerant leak, causing increased energy usage or 
operational issues at customer homes.  Though the analysis methodology was not able to 
identify gradual leaks over time, it is likely they are occurring.  

Heat Pump Filter Maintenance 

The third issue investigated in this study was filter cleanliness. A dirty filter increases the air 
resistance of the system, which can reduce the airflow and supply air temperature produced 
by the system at a given fan setting. The lower airflow or the need to increase the fan 
settings to meet the heating and cooling loads can have a negative impact on the overall 
system efficiency. To investigate the impacts of the filter status, the team took the following 
approach:  
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 Classified sites based on customer reported filter changeout or filter cleaning 
frequency.  

 Grouped sites based on the status of the filters at the installation visit and the 
uninstall visit.  

 Calculated average fan power and supply temperatures of the systems over the 
metered period.  

 Grouped the average fan power and supply temperatures by outdoor air temperature 
bin. 

 Checked for trends in the performance variables, fan power, and supply temperature 
over time within each temperature bin.  

 Cross referenced these performance tables with the customer reported filter 
changeout frequency and their last reported filter changeout or cleaning to see if 
there was an observable difference in the system operation that coincided with a 
filter changeout or cleaning. 

Table 3 provides a summary of the changeout frequency, the starting and ending status of 
the filters, and counts of the systems in each category and a count of sites where an impact 
was found for the 46 systems included in this analysis. Overall, 11 sites had observable 
impacts to supply temperatures due to filter dirtying or filter cleaning or replacement. The 
team classified impacted systems as: 

 Systems that saw a greater than 3°F change in the supply temperature coinciding 
with a filter changeout or cleaning. 

 Systems with gradual decreases in supply air temperature or consistently low supply 
air temperatures due to a filter that was not being cleaned or started out dirty and did 
not get replaced. 

Three sites that started clean and never swapped their filter saw a decline in supply 
temperatures across the available data range. Six sites that started and ended with clean 
filters saw variations of 5°F or more in supply temps that likely corresponded to filter 
changeout or cleaning events. Of the 11 sites showing observable impacts to supply 
temperatures and fan power, two were CHPs, two were Twin Combo Units (ducted+ indoor 
heads), and seven were MSHPs. 
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Table 3. Summary of Filter Changeout and Temperature Impact 

Changeout 
Frequency 

Install -> 
Uninstall 

Status 

Total 
Systems (n) 

Systems with 
Impacted Supply T 

(n) 

Change in Supply 
Temperature 

Unknown Clean -> Clean 2 0 - 
Never Clean -> Dirty 3 2 10°F 
Never Clean -> Mixed 1 1 10°F 

1x per year Dirty -> Clean 1 0 - 
1x per year Clean -> Clean 4 2 5°F 
2-3 per year Clean -> Dirty 4 0 - 
2-3 per year Dirty -> Dirty 1 0 - 
2-3 per year Clean -> Clean 5 1 3°F  
2-3 per year Mixed -> Mixed 1 1 10°F 
2-3 per year Unknown 2 0 - 
4-6x per year Clean -> Clean 12 2 10°F 
4-6x per year Clean -> Mixed 4 1 10°F 
4-6x per year Clean-> Dirty 4 0 - 
6+ per year Clean -> Clean 1 1 10°F 
6+ per year Mixed -> Clean 1 0 - 

Total - 46 11 - 

Source: Evaluation team analysis 

Table 4. Filter Replacement or Cleaning Frequency by HP Type 

Changeout Frequency CHP (n) MSHP (n) GSHP (n) 
Never 2 10 0 

1x per year 8 5 1 

2-3x per year 14 6 0 

4-6x per year 9 23 0 

6+ per year 0 4 0 

      Source: Evaluation team analysis 

Time Series Evaluation 

The team also used the performance data from sites with more than 5 months of heating 
data to investigate any time dependent degradation in the heat pump efficiency. The initial 
analysis done for the filter and refrigerant leak maintenance issues identified step changes 
in performance characteristics over a short period of time. This analysis was done to 
potentially capture or explain systems that had minor issues that gradually deceased the 
performance over a longer period of time. Figure 6 shows the average COP for heating 
mode operation at the 30°F and 35°F temperature bins. The sites were grouped into the 
following categories in order to explain the patterns observed in the time series data: 

 Intermittently Dirty Filter - Sites with dirty filters that got cleaned or replaced 
throughout the metering window causing swings in performance. 

 Persistently Dirty Filter - Sites with dirty filters that did not get cleaned or replaced 
thorough the metering period causing an impact to performance 
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 Refrigerant Leaks – Sites with reported refrigerant leaks 
 No Issue identified – Sites did not get flagged in the sizing, refrigerant leaks, or filter 

status portions of this study, but had an odd COP trend. There is likely a separate 
issue causing an odd COP trend. 

 Stable COP – Sites that did not get flagged with issues in this study and but had a 
consistent COP trend. 

 

Figure 6. Operational Heating COP Trends Over Time, by Site 

 

 

Source: Evaluation team analysis 
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Conclusion 

After applying the data driven approach to identify potential HP issues (sizing, filter 
maintenance, refrigerant leaks), the team reviewed the HSPF modeled/ratio for the subset 
of 29 heat pump sites with sufficient performance data and for which were included in this 
quick hit analysis. Of the 29 systems, the team identified one potentially oversized site, four 
potentially undersized systems, one with a refrigerant issue, and two with dirty filters. Figure 
7 shows the modeled HSPF value compared to the manufacturer rated value. Figure 8 plots 
the 90/10 confidence interval for each of the maintenance issues. 

While the team was able to observe impacts at specific sites for the three 
maintenance/sizing/leakage issues, the quick hit study did not show statistically significant 
impacts to the modeled HSPFs vs the rated HSPF for the systems with good performance 
data.  

Figure 7. Performance Sites Modeled HSPF vs Rated HSPF 

 

Source: Evaluation team analysis 
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Figure 8. Maintenance Issues with 90/10 Confidence Intervals 

 

 

Source: Evaluation team analysis 
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