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Summary 
 
B50 biodiesel-fired boilers and future generation, cold-climate heat pumps will  each be able to 
achieve about 40 percent CO2e savings compared to traditional heating oil. 
 
Hybrid heating systems, comprised of the same B50 biodiesel-fired boilers and future generation, 
cold-climate heat pumps, would be able to achieve CO2e savings of up to 50 percent. Both B50 UCO 
and B50 soy versions of the hybrid system would achieve notable CO2e savings compared to the 
stand-alone, future generation air-to-air heat pump option, if component operation (boiler vs. heat 
pump) is based hourly on lowest, real-time carbon intensity in lbs CO2e per MMBtu of delivered heat. 
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The B50 soy version of the hybrid system achieves about 5 percentage points of additional CO2e 
savings compared to a stand-alone heat pump, while the B50 UCO version achieves about 10 
percentage points of additional CO2e savings. 
 
There is thus an argument that new heat pump customers should be allowed to retain their fuel-fired 
boiler, to be operated with biodiesel blends. 
 
Based on hourly New England Marginal Emission Rates (MERs), the B50 (UCO) boiler in a hybrid 
system would always operate at temperatures equal to or below 30 deg F approximately. Above 30 
deg F, the heat pump would run when the grid is more efficient, usually during mid-day and middle of 
the night, and the B50 (UCO) boiler would operate during morning/evening peak load periods when 
marginal grid capacity is less efficient. 
 
If B100 biodiesel is used, whether UCO or soy-based, there would be almost no hours of the heating 
season when heat pump operation would yield a lower carbon intensity than biodiesel, until roughly 
20 to 30 thousand MW of offshore wind resources have been constructed along the New England 
coastline to cover both existing grid loads as well as a significant portion of thermal electrification 
loads. 
 
Introduction 
 
In the recent past, I have offered CO2e analyses of various fuel and heating system technologies for 
single family homes in New England. The analyses have shown calculated annual tons of CO2e emissions 
for individual, stand-alone technologies such as biodiesel-fired boilers using blends up to B50 and even 
B100, also natural gas and propane-fired boilers, and existing and future generations of air-to-air and 
air-to-water heat pumps. The analyses have shown especially that B50 biodiesel-fired heating systems, 
both soy and UCO versions, are approximately equal in annual performance to future generation, air-to-
air heat pumps. 
 
The following graph shows analytical results recently obtained for Springfield, MA, which has weather 
characteristics like much of southern Vermont. The graph shows that the general CO2e performance of 
heat pumps is sensitively dependent on outside temperature. The steady increase in carbon intensity 
shown at lower outdoor temperatures results from two independent factors: the drop in heat pump 
COP plus the drop in generation efficiency as simple-cycle (steam and combustion turbine) power plants 
along with higher carbon fuels are used more.  
 
To note, the vertical data scatter shown for each temperature point is primarily the result of grid 
performance variations relating to hourly on/off-peak periods (morning and evening peaks vs. mid-day 
and nighttime), generation output ramp-up rate (simple cycle systems can ramp up faster than 
combined cycle), plus weekday/weekend differences in typical grid load profiles. 
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Figure A1.  Carbon Intensity of Year 2030 Heating System Technologies vs. Outdoor Temperature 



4 
 

There have been many policy discussions recently relating to mandated conversion to heat pumps and 
whether customers should be allowed to still operate their fuel-fired heating systems after installation 
of a heat pump. There have also been increasing concerns about the impact of heat pump loads on an 
already stressed grid. 
 
I decided to look at what would happen when a heat pump and biodiesel blend boiler are operated as a 
hybrid system, based solely on the question of which energy resource (electricity vs. biodiesel blend) 
would achieve the lowest carbon intensity in terms of lb CO2e per MMBtu of delivered heat during any 
each hour of operation. 
 
I modified my original Excel spreadsheet, used for past comments to other New England agencies, to 
include an "IF" selector function for each hour of the heating season to choose which source (heat pump 
vs. boiler) would achieve the lowest carbon intensity. 
 
Results From Hybrid System Analysis 
 
The following graph then shows a modified plot of carbon intensity at each outdoor temperature.  

 
The data points in green indicate that a B50 (UCO) boiler would always operate at temperatures equal 
to or below about 30 deg F. Above 30 deg F, the heat pump would run when the grid is more efficient, 
usually during mid-day and middle of the night, and the B50 (UCO) boiler would operate during 
daily/hourly peak load periods when the grid is less efficient. 
 
To note, the corresponding graph for a hybrid, heat pump plus B50 (soy) boiler would be similar, but 
with a slight shift to the left due to the somewhat higher carbon intensity of soy-based B50 biodiesel 
blend. 
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Figure A2. Carbon Intensity of Year 2030 Hybrid Biodiesel/Heat Pump Heating System Technologies vs. Outdoor Temperature  
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Then I analyzed the hourly energy consumption and CO2e emissions and put together a modified graph 
which shows annual CO2e emission figures for the original fuel and technology options that I had shown 
in previous documents plus two additional bars, just right of center, for hybrid biodiesel/heat pump 
systems using B50 (UCO) and B50 (soy) biodiesel blends. 
 
The first conclusion is that both the B50 UCO and B50 soy versions of the hybrid system achieve notable 
CO2e savings compared to the stand-alone, future generation air-to-air heat pump option. 
 
The B50 soy version of the hybrid system achieves CO2e savings of about 5 percentage points of 
additional CO2e savings compared to the stand-alone heat pump, while the B50 UCO version achieves 
about 10 percentage points of additional savings. 
 
Conclusions 
 
The first conclusion is that two technologies, each capable of achieving about 40% CO2e savings when 
operating by themselves, can achieve notably higher savings of almost 50 percent when they work in 
partnership as a hybrid system. 
 
Some related findings include that, for a B50 soy boiler base case, the addition of a heat pump would 
decrease the CO2e emissions from 5.88 tons/yr to 5.46 tons/yr, which amounts to 4.4 percentage points 
of additional CO2e savings. 
 
For a stand-alone B50 UCO boiler base case, the addition of a heat pump would decrease CO2e 
emissions from 5.09 tons/yr to 4.96 tons/yr CO2e. which amounts to 1.2 percentage points of additional 
savings. 
 
So there is an argument that forcing a customer to dismantle their fuel-fired boiler, or to relegate the 
boiler to only peak/emergency use, can result in foregone environmental benefits. 
 
The heat pump component of a hybrid system would operate most hours, on the other hand, if B20 
biodiesel were the alternate fuel option and if real-time carbon intensity were the only consideration. 
Generation and transmission capacity limits, however, would likely trigger the need for fuel-fired 
operation during cold weather. 
 
But if B100 biodiesel is used, whether UCO or soy-based, there would be almost no hours of the heating 
season when heat pump operation would yield a lower carbon intensity than biodiesel, until roughly 20 
to 30 thousand MW of offshore wind resources have been constructed off the coast of New England. 
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Figure A3. Annual CO2e Emissions for Single Family Home in Springfield, MA Including Hybrid Biodiesel/Heat Pump Heating System 
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For both the B50 UCO and B50 soy options, the funds for purchase and installation of an add-on heat 
pump might be better directed to building envelope measures (insulation/windows/sealing/etc.) or to 
the purchase of highest possible efficiency boilers. 
 
In terms of resulting impact on fuel and electricity consumption, my original analysis was based on a 
customer that would use approximately 625 gallons per year for space heating and 200 gallons per year 
for domestic hot water. Total fuel consumption would be about 800 to 850 gallons per year. 
 
For the hybrid B50 UCO plus heat pump option, the annual fuel consumption would become 
approximately 700 gallons instead of 800 to 850 gallons. 
 
For the hybrid B50 soy plus heat pump option, the annual fuel consumption would be less than 700 
gallons depending on the carbon score of the biodiesel fuel. 
 
For the hybrid B50 (UCO) plus heat pump option, electricity consumption would be approximately 1500 
kWh per year. For the hybrid (soy) plus heat pump option, electricity consumption would be 
approximately 3000 kWh per year. 
 
SUMMARY OF PAST TECHNICAL NOTES FOR INDIVIDUAL HEATING TECHNOLOGIES 
 
These technical notes are based on an hourly, coincidental temporal analysis of heating loads and power 
grid performance. Digital weather data from Visual Crossing.com for Springfield, MA was used to model 
hourly heating loads in a representative single-family residential unit that would have a peak heating 
load of 32,000 Btu/hr at an outdoor temperature of 5 deg F.  The described heating load formula is 
intended to be broadly representative for residential buildings located in New England.   
 
I then used USEPA AVERT (AVoided Emissions and geneRation Tool) software to do an hourly analysis of 
grid impacts from residential and commercial heat pumps and to calculate required capacities of 
renewable power, including offshore wind, onshore wind, and utility-scale solar that would be necessary 
to meet expected New England heating loads using heat pumps.  
 
¦{9t!Ωǎ !±9w¢ ǎƻŦǘǿŀǊŜ performs deep analysis using marginal emission rates, rather than average grid 
mix values which are incorrectly used by many energy policymakers in the northeastern United States 
(see article by the Rocky Mountain Institute in the Appendix). AVERT analyzes how power plants would 
increase/decrease their output in response to grid load changes, and what the corresponding changes in 
fuel use and emissions would occur. AVERT software uses the EPA national air markets database, which 
incorporates hourly efficiency and emissions performance data for all power plants in the United States 
over 25 MW capacity. 
 
AVERT software can calculate the hourly, regional marginal impact of reductions in grid load due to 
energy efficiency measures, as well as increases in grid load due to intentional load-building measures 
such as heat pumps and electric vehicles. AVERT software also can predict the hourly, marginal impact 
of renewable generation by resources such as solar PV and wind power, using hourly weather data. 
AVERT also predicts local changes in power generation output levels by individual generating plants 
within a specified region. 
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AVERT Model Results for Annual CO2e Emissions (US tons) by a Single-family Home in New England 
 
Figure 1 below shows AVERT model-based results for annual CO2e emissions by a representative single-
family home in Springfield, MA under different fuel and technology options that are feasible by the 
years 2030 and 2050.  New England has approximately 6 million residential units plus a broad array of 
commercial, industrial and institutional buildings. Traditional fuel options include heating oil, propane 
and natural gas.  Renewable fuel options include biodiesel blends as well as B100 biodiesel.  Heat pump 
options include current air-to-air technology plus improved, future generation technology, as well as air-
to-water technology.  The graph also includes scenarios for the existing grid plus options for partial and 
full-capacity renewable power generation for operation of heat pumps.  It needs to be noted that the 
option for full-capacity renewable power generation, which is shown as a long-term goal, also presumes 
the availability of 720,000 MWh of battery storage to be sufficient for 48 equivalent full-load hours of 
operation during periods of cold temperature combined with low offshore wind and solar output. 

 

Figure 1.  Annual CO2e Emissions (US tons) for a Representative Single Family Home in New England. 
 
The two red-colored bars to the left in Figure 1 show traditional heating oil and current air-to-water heat 
pump technology as the highest emission options. The representative home would use approximately 
625 gallons of oil for space heating plus an additional 200 gallons approximately for domestic hot water 
purposes. This analysis focuses, however, only on space heating. CO2e emissions for traditional heating 
oil would be about 9.50 US tons (not metric tonnes) per year. Air-to-water heat pumps need to operate 
at higher supply temperatures than air-to-air heat pumps due to the requirements of hydronic 
distribution systems. They therefore experience approximately 20% lower efficiency than air-to-air heat 
pumps. This helps to explain why air-to-water heat pumps achieve only limited CO2e savings. 
 



10 
 

As illustrated by the four yellow-colored bars in the graph, CO2e savings in the range of 15 to 20 
percent, compared to traditional heating oil, are achieved by propane, natural gas and B20 biodiesel 
blends, when life-cycle accounting is used for analysis.  
 
Current air-to-air heat pump technology and future generation, improved air-to-water heat pump 
technology (see the light green bars in the middle of the graph) are shown as achieving 25 percent CO2e 
savings compared to traditional heating oil. 
 
The options of B50 biodiesel blends and future air-to-air heat pump technology (see the medium green 
bars in the graph) are shown as achieving more significant CO2e savings in the range of 40 percent 
compared to traditional heating oil. The B50 soy-based option is somewhat higher in carbon intensity 
than the future generation air-to-air heat pump technology, while the B50 used-cooking oil (UCO) option 
is somewhat lower in carbon intensity. It is notable that the three options are closely similar in carbon 
intensity and are on a significantly faster trend toward carbon neutrality. 
 
There is then a more substantial trend (see the dark green bars) toward declining CO2e emissions as 
biodiesel concentrations increase to the 100 percent level, and as dedicated, combined offshore wind 
plus utility-scale solar capacity growth to a total of 10,000 MW nameplate capacity is accomplished in 
New England, above and beyond the 40,000 MW nameplate capacity that is needed to decarbonize the 
existing New England grid. An analysis performed for Massachusetts determined that dedicated offshore 
wind plus utility-scale solar capacity of 5,000 MW each, for a total of 10,000 MW, which would 
represent about 50 percent of the 20,000 MW nameplate capacity ultimately needed for fully renewable 
heat pump operation in the state, would achieve about 70 percent CO2e savings compared to heat 
pumps that use the existing grid.  
 
The final four bars (dark green with gold borders) show a continuing downward trend in CO2e emissions 
as biodiesel achieves further improvements in feedstock production and processing (e.g., GPS-controlled 
planting and fertilizer application in agriculture, use of solar PV electricity in crushing operations, use of 
renewable methanol, etc.) as well as higher, end-use equipment efficiency (e.g., fuel-fired absorption 
heat pumps) for space heating in residential and commercial buildings. Absorption heat pumps can 
achieve efficiency levels of up to 140 percent, depending on manufacturing design and operating 
conditions. The final bar in the group shows estimated carbon intensity, based on data provided by the 
National Renewable Energy Laboratory (NREL), for heat pump operation when supplied with full 
capacity, solar and wind power. NREL carbon intensity data for solar and wind relates to energy usage 
during construction as well as embedded energy in materials such as steel and concrete. 
 
Dedicated solar/wind power nameplate capacity of about 50,000 MW for New England would provide 
for renewable heat pump utilization during the peak heating months of the winter but as previously 
described, would also require approximately 2,500,000 MWh of battery storage to maintain continued 
grid operation for up to 48 equivalent full-load hours during cold weather combined with prolonged, low 
wind and solar output conditions. The figure results from multiplication of 6 million residential units X 6 
kW peak load per unit X 48 hours which equals about 1.7 million MWh. Then add 50 percent additional 
load for commercial, institutional and industrial buildings for a combined total of 2,500,000 MWh of 
battery storage. 
 
Alternatively, fully renewable heat pump operation could be accomplished in the near term through 
separate metering and billing for heat pumps, combined with power purchase agreements between 
electric utilities and solar/wind/battery projects which are dedicated exclusively to supply renewable 
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electricity for space heating. Such bilateral agreements, if associated with renewable power generation 
capacity built above and beyond the requirements of Vermont RPS and Clean Energy Standard 
compliance obligations, could provide the additional benefit of reducing upward pricing pressure on 
wholesale electricity prices within the ISO New England market that would otherwise result from 
increased grid loads. 
 
It should be noted that the previously described, original graph does not include possible hybrid heating 
systems consisting of renewable fuel-fired boilers and heat pumps. Smart controls for such hybrid 
systems could selectively operate individual components based on relative carbon intensity to achieve 
optimized environmental performance and to reduce grid load impacts. Smart controls could favor heat 
pump operation during mild weather and lower grid load periods (e.g., late evening, very early morning 
and mid-day hours) when heat pump and power generation efficiencies are higher. Likewise, smart 
controls could favor renewable fuel-fired boiler operation during cold weather, high grid load hours, and 
rapid, upward grid-load ramping periods (e.g., morning and late afternoon) when grid stability is under 
greatest stress. Smart controls could also base their decision making on relative, hourly carbon intensity 
of renewable fuels and grid electricity. 
 
REFERENCES USED IN PREPARATION OF TECHNICAL NOTES 
 
As the first step in preparation of these technical notes, I compiled and reviewed several key testing 
reports that have been published over the past six years relating to actual field performance of cold-
climate heat pumps. The reports are listed below and represent the most frequently cited literature that 
has been published on field performance of cold-climate heat pumps. 
 
1)  Commonwealth Edison Company (2020). Cold Climate Ductless Heat Pump Pilot Executive Summary. 
Chicago, IL.  https://www.comedemergingtech.com/images/documents/ComEd-Emerging-Technologies-
Cold-Climate-Ductless-Heat-Pump.pdf 
  
2)  ISO New England (2020), Final 2020 Heating Electrification Forecast. Holyoke, MA. https://www.iso-
ne.com/static-assets/documents/2020/04/final_2020_heat_elec_forecast.pdf 
  
3)  The Levy Partnership/NYSERDA (2019). Downstate (NY) Air Source Heat Pump Demonstration. 
Albany, 
NY. https://static1.squarespace.com/static/5a5518914c0dbf4226cd5a8e/t/5d963d39f515f87c7bafe3ff/
1570127329734/TLP+ASHP+Demo+Presentation+9.26.19.pdf 
  
4)  slipstream/Michigan Electric Cooperative Association (2019). Dual Fuel Air-Source Heat Pump 
Monitoring Report. Grand Rapids, 
MI. https://slipstreaminc.org/sites/default/files/documents/research/dual-fuel-air-source-heat-pump-
pilot.pdf 
  
5)  Center for Energy and Environment (2018). Case Study 1 ς Field Test of Cold Climate Air Source Heat 
Pumps. St. Paul, MN. https://www.mncee.org/MNCEE/media/PDFs/ccashp-Study-1-Duplex.pdf 
  
6)  Center for Energy and Environment (2018). Case Study 2 ς Field Test of Cold Climate Air Source Heat 
Pumps. Minneapolis, MN. https://www.mncee.org/MNCEE/media/PDFs/ccashp-Study-2-MPLS.pdf 
  

https://www.comedemergingtech.com/images/documents/ComEd-Emerging-Technologies-Cold-Climate-Ductless-Heat-Pump.pdf
https://www.comedemergingtech.com/images/documents/ComEd-Emerging-Technologies-Cold-Climate-Ductless-Heat-Pump.pdf
https://www.iso-ne.com/static-assets/documents/2020/04/final_2020_heat_elec_forecast.pdf
https://www.iso-ne.com/static-assets/documents/2020/04/final_2020_heat_elec_forecast.pdf
https://static1.squarespace.com/static/5a5518914c0dbf4226cd5a8e/t/5d963d39f515f87c7bafe3ff/1570127329734/TLP+ASHP+Demo+Presentation+9.26.19.pdf
https://static1.squarespace.com/static/5a5518914c0dbf4226cd5a8e/t/5d963d39f515f87c7bafe3ff/1570127329734/TLP+ASHP+Demo+Presentation+9.26.19.pdf
https://slipstreaminc.org/sites/default/files/documents/research/dual-fuel-air-source-heat-pump-pilot.pdf
https://slipstreaminc.org/sites/default/files/documents/research/dual-fuel-air-source-heat-pump-pilot.pdf
https://www.mncee.org/MNCEE/media/PDFs/ccashp-Study-1-Duplex.pdf
https://www.mncee.org/MNCEE/media/PDFs/ccashp-Study-2-MPLS.pdf
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7)  Center for Energy and Environment/Minnesota Department of Commerce, Division of Energy 
Resources (2017). Cold Climate Air Source Heat Pump. Minneapolis, 
MN. https://www.mncee.org/MNCEE/media/PDFs/86417-Cold-Climate-Air-Source-Heat-Pump-(CARD-
Final-Report-2018).pdf 
  
8)  The Cadmus Group/Vermont Public Service Department (2017). Evaluation of Cold Climate Heat 
Pumps in Vermont. Montpelier, 
VT. https://publicservice.vermont.gov/sites/dps/files/documents/Energy_Efficiency/Reports/Evaluation
%20of%20Cold%20Climate%20Heat%20Pumps%20in%20Vermont.pdf 
  
9)  The Cadmus Group/Massachusetts and Rhode Island Electric and Gas Program Administrators (2016). 
Ductless Mini-Split Heat Pump Impact Evaluation. MA and 
RI. http://www.ripuc.ri.gov/eventsactions/docket/4755-TRM-DMSHP%20Evaluation%20Report%2012-
30-2016.pdf 
  
10)  Center for Energy and Environment/American Council for an Energy-Efficient Economy/Minnesota 
Department of Commerce, Division of Energy Resources (2016). Field Assessment of Cold Climate Air 
Source Heat Pumps. 2016 ACEEE Summer Study on Energy Efficiency in 
Buildings.  https://www.aceee.org/files/proceedings/2016/data/papers/1_700.pdf 
  
11)  Steven Winter Associates, Inc./National Renewable Energy Laboratory (2015). Field Performance of 
inverter-Driven Heat Pumps in Cold Climates. VT and 
MA. https://www.nrel.gov/docs/fy15osti/63913.pdf 
  
12)  The Levy Partnership and CDH Energy Corp./NYSERDA (2014). Measured Performance of Four 
Passive Houses on Three Sites in New York State. Albany, 
NY. https://static1.squarespace.com/static/5a5518914c0dbf4226cd5a8e/t/5ab273db562fa758761512b
d/1521644514205/Measured-Performance-of-three-Passive-Houses+%283%29.pdf 
 
Additional field studies of cold-climate heat pump performance are known to be currently underway in 
Massachusetts and New York, but no information has been published relating to their scope or results. 
 
Briefly, the published field-testing reports show a significant drop in actual, cold-climate heat pump 
performance compared to manufacturer efficiency ratings.  Many of the reports showed efficiencies 
that were 20 to 30 percent lower than manufacturer ratings.  Identified causes included excessive 
compressor cycling under part-load conditions, sub-optimal defrost operation, and airflow restrictions in 
indoor units. Some of the efficiency differences can also be attributed to manufacturer ratings that are 
based on weather data for USDOE Climate Zone 4, which covers much of the warmer, mid-Atlantic 
region.   
 
The analyses provided in this document include, however, the expectation that cold-climate heat pumps 
will achieve 25% improvements in COP performance by the year 2030, in response to the USDOE Heat 
Pump Challenge, stricter State mandates, and general product improvements by manufacturers. 
 
These technical notes are also based on resources from Argonne National Laboratory (GREET model), 
the National Renewable Energy Laboratory (NREL), and the United Nations Intergovernmental Panel on 
Climate Change (UN IPCC) 2019 guidance update on life-cycle analysis of fuels and power generation. 
 

https://www.mncee.org/MNCEE/media/PDFs/86417-Cold-Climate-Air-Source-Heat-Pump-(CARD-Final-Report-2018).pdf
https://www.mncee.org/MNCEE/media/PDFs/86417-Cold-Climate-Air-Source-Heat-Pump-(CARD-Final-Report-2018).pdf
https://publicservice.vermont.gov/sites/dps/files/documents/Energy_Efficiency/Reports/Evaluation%20of%20Cold%20Climate%20Heat%20Pumps%20in%20Vermont.pdf
https://publicservice.vermont.gov/sites/dps/files/documents/Energy_Efficiency/Reports/Evaluation%20of%20Cold%20Climate%20Heat%20Pumps%20in%20Vermont.pdf
http://www.ripuc.ri.gov/eventsactions/docket/4755-TRM-DMSHP%20Evaluation%20Report%2012-30-2016.pdf
http://www.ripuc.ri.gov/eventsactions/docket/4755-TRM-DMSHP%20Evaluation%20Report%2012-30-2016.pdf
https://www.aceee.org/files/proceedings/2016/data/papers/1_700.pdf
https://www.nrel.gov/docs/fy15osti/63913.pdf
https://static1.squarespace.com/static/5a5518914c0dbf4226cd5a8e/t/5ab273db562fa758761512bd/1521644514205/Measured-Performance-of-three-Passive-Houses+%283%29.pdf
https://static1.squarespace.com/static/5a5518914c0dbf4226cd5a8e/t/5ab273db562fa758761512bd/1521644514205/Measured-Performance-of-three-Passive-Houses+%283%29.pdf
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EVALUATION OF RESULTS FROM FIELD TESTING OF COLD-CLIMATE AIR-TO-AIR HEAT PUMPS 
 
The efficiency of cold-climate air-to-air heat pumps in the field has been documented as 20% to 30% 
below current manufacturer ratings. Based on the data included in the reports listed above, I have put 
together a series of graphs that illustrate heat pump performance and homeowner characteristics noted 
regarding utilization of their heat pumps. 
 
Figure 2 below shows heat pump Coefficients of Performance (COPs) vs. outdoor temperature, as 
derived from the field-testing studies. The graph includes average manufacturer ratings of heat pumps 
(red data curve) used in the various field studies listed above. The graph also shows actual field-testing 
results published in the listed reports.  The graph shows how heat pump COPs vary with outdoor 
temperature. It is also possible to see the trend of actual performance falling below manufacturer 
ratings for most studies. 
 

 
 
Figure 2.  Cold-climate Heat Pump Actual Field-Testing Results vs. Manufacturer Ratings 
 
Figure 3 following shows annual, cold-climate heat pump COP field data as published by the references 
used for these technical notes. Annual cold-climate heat pump COPs indicate much lower field efficiency 
than manufacturer ratings.  Higher reported field efficiency by VT and MA/RI field testing was due to low 
utilization in colder weather, thus skewing the statistics. Power demand graphs in the cited references 
indicate that the drop-out rate increased as the outdoor temperature went down. As noted again, such 
homeowner behavior resulted in artificially high, measured annual COP values since the performance 
data was skewed toward warmer temperatures. The remaining studies generally entailed, by design or 
mandate, a high utilization factor through the winter, but then lower COP values. 
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Figure 3. Annual Cold-climate Heat Pump COPs ς Manufacturer Ratings vs. Field Testing Results 
 
The manufacturer-rated seasonal COPs are generally around 3 or so, but the actual field-testing results 
show values in the range of about 1.6 to 2.3 (see color coding of graph bars), which translates into a loss 
of about 20 to 30% from the manufacturer-rated values.  
 
USE OF LIFE-CYCLE ANALYSIS OF ENERGY RESOURCES 
 
It is of critical importance to use life-cycle analysis for energy policymaking. Onsite-based emissions 
evaluations generally fail to realistically address the real-world performance of the power grid. Argonne 
National Laboratory has been the host administrator of the Greenhouse Gases, Regulated Emissions, 
and Energy Use in Technologies (GREET) model for many years.  The GREET model is a highly respected 
tool for evaluating the life-cycle characteristics of energy resources. The United Nations 
Intergovernmental Panel on Climate Change (UN IPCC) has issued a series of updates to its 
comprehensive documentation relating to evaluation of energy resources. 
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Both GREET and UN IPCC provide clear guidance on the evaluation of upstream emissions of energy 
resources. Notably, both have recently addressed the problem of methane leakage in compounding the 
environmental impact of natural gas, including that used for power generation.  
 
The two major reference sources for life-cycle analysis used in the preparation of these notes, including 
the Argonne National Laboratory GREET 2021 model, as well as the recent United Nations 
Intergovernmental Panel on Climate Change (IPCC) 2019 update report on guidance for life-cycle 
assessment protocols, have correctly addressed the environmental characteristics of natural gas used 
for power generation. Both the GREET and IPCC references incorporate a methane leakage rate of 
approximately 0.7% of the volume of natural gas used for power generation. This accounts for methane 
loss during natural gas production and high-pressure transmission directly to power plants, but not 
through any local distribution piping. 
 
If a 100-year timeframe is used for analysis (GHG factor for NG = 25 compared to CO2), the 0.7% 
methane leakage rate results in about a 9 percent increase in the carbon intensity of natural gas that 
reaches the power plant. If a 20-year timeframe is used, however, for analysis (GHG factor for NG = 84 
compared to CO2), the 0.7% methane leakage rate results in about a 20+ percent increase in the carbon 
intensity of natural gas used for power generation. There is growing support, and mandate in 
neighboring New York, for the use of 20-year greenhouse gas analysis since that reflects the timeframe 
that is now perceived as necessary for addressing climate change.   
 
Combined with the impact of an approximate 10% increase in carbon intensity resulting from direct CO2 
emissions during natural gas production and high-pressure transmission, the CO2e emissions 
characteristic of natural gas used for power generation is approximately 38% higher than the 117 
lb/MMBTU onsite emissions figure frequently used, thus approximately 160 lb/MMBTU.   
 
National Renewable Energy Laboratory (NREL) figures are used for evaluating renewable natural gas 
(RNG) and wind power.  Carbon intensity data for RNG are sparse in availability but indicate that RNG 
can have approximately the same sustainability values as has been documented for biodiesel. NREL 
carbon intensity figures for offshore wind likewise are sparse but indicate significant carbon content for 
fabrication and construction steps. 
 
ACCOUNTING FOR TRANSMISSION AND DISTRIBUTION LINE LOSSES IN ANALYSIS OF GRID IMPACTS OF 
ELECTRIFICATION 
 
When the electrical load increases in a building, the corresponding increase in necessary power 
generation will be greater due to line losses that occur between the powerplant and end-use sites.  The 
average line loss in transmission and distribution networks will usually be somewhere in the range of 8 
percent here in the northeastern US.  This factor must be included in analyses of electrification and 
renewable power generation to maintain accuracy of results. The practical consideration is that the MW 
amount of renewable power generation necessary to serve an increased grid load will be measurably 
greater than the load itself. The EPA AVERT model incorporates an automatic, built-in calculation of 
approximately 8% line losses. It is noted here, however, that since line losses are an I2R issue, with losses 
proportional to the square of the current flow rate, thus not just a linear relationship, the incremental 
losses for increased grid loads during peak periods will typically be in the mid-teen percentage point 
range, with the exact figure defined as the calculus derivative of the governing, line-loss mathematical 
equation.  The significant policy impact of increased line losses during peak grid load conditions, due to 
electrification, needs to be recognized and addressed by energy policymakers. 
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POWER GRID ANALYSIS SOFTWARE 
 
I used USEPA AVERT (AVoided Emissions and geneRation Tool) software to do an hourly analysis of grid 
impacts from residential and commercial heat pumps and to calculate required capacities of renewable 
power, including offshore wind, onshore wind, and utility-scale solar that would be necessary to meet 
expected New England heating loads using heat pumps. 
 
See https://www.epa.gov/avert and https://www.epa.gov/avert/avert-overview-0 for more information 
about the AVERT program.   
 
¦{9t!Ωǎ !±9w¢ ǎƻŦǘǿŀǊŜ performs deep analysis using marginal emission rates, rather than average grid 
mix values which are incorrectly used by many energy policymakers in the northeastern United States 
(see article by the Rocky Mountain Institute in the Appendix). AVERT analyzes how power plants would 
increase/decrease their output in response to grid load changes, and what the corresponding changes in 
fuel use and emissions would occur. AVERT software uses the EPA national air markets database, which 
incorporates hourly efficiency and emissions performance data for all power plants in the United States 
over 25 MW capacity. 
 
AVERT software can calculate the hourly, regional marginal impact of reductions in grid load due to 
energy efficiency measures, as well as increases in grid load due to intentional load-building measures 
such as heat pumps and electric vehicles. AVERT software also can predict the hourly, marginal impact 
of renewable generation by resources such as solar PV and wind power, using hourly weather data. 
AVERT also predicts local changes in power generation output levels by individual generating plants 
within a specified region. 
 
The AVERT 4.1 and subsequent software versions released just recently also incorporate direct linkage 
with USEPA Co-Benefits Risk Assessment (COBRA) public health and Sparse Matrix Operator Kernel 
Emissions (SMOKE) air quality input software packages. This allows for direct modeling of public health 
and air quality impacts (NOx/SOx etc.) of changes in load or generation output within a regional grid. 
This enables the evaluation of possible air quality deterioration in environmental justice and LMI 
communities located adjacent to fossil-fired power plants as grid loads increase due to electrification. 
 
AVERT spreadsheets are somewhat bulky, with typically close to 9,000 rows in height and many columns 
wide, but are nevertheless relatively user-friendly.  Ancillary spreadsheet analysis of grid loads, using 
digital, hourly (8760 hours per year) weather data and heat pump performance formulas, can be easily 
copied into AVERT spreadsheets to yield highly informative, power generation and emissions outputs. 
Vermont energy policymakers are encouraged to use AVERT software if they are not already doing so. 
 
 

https://www.epa.gov/avert
https://www.epa.gov/avert/avert-overview-0
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Figure 4. Example data input page for USEPA AVERT software 
 
The screenshot shown above in Figure 4 shows an example graph of monthly grid loads that would be 
triggered by implementation of residential and commercial heat pumps.  The AVERT program also allows 
for specification of renewable power capacities that might offset increasing grid loads. 
 

 
 
Figure 5.  Example screenshot of USEPA AVERT software ς manual input of grid load data 
 
The AVERT software incorporates the manual input of MW grid load values, as shown in Figure 5 above, 
based on calculated heating loads, heat pump COPs, and resulting site electrical load increases.  The 
software then calculates impacts on power plant generation and CO2 emissions, as well as other 
pollutants such as NOx, SOx and PM2.5 particulates. 
 


