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PRINCIPAL COMMENTS

1) EPAis commended for its long list of accomplishments by the ENERGY STAR program in support
of energy efficiency and the fight against climate change. Since its inception in 1992, the
ENERGY STAR program has established partnerships with thousands of private industry
companies, utilities, state and local governments and environmental organizations to identify
and promote efficient technologies in a broad array of product categories.

From its early successes in the computer and photocopier categories, the ENERGY STAR program
has grown continuously to include heat pumps, furnaces, boilers, dishwashers, air conditioners,
refrigerators and freezers, clothes washers and dryers, lighting, TVs, room air cleaners, vending
machines, electric vehicle chargers, and an ever-growing list of new product types. The program
has also importantly addressed the opportunity for achieving energy efficiency in whole
buildings in the residential, commercial, institutional, and industrial sectors.

The ENERGY STAR program has proven that public-private partnerships can achieve both
economic growth and environmental protection. The program has contributed to the creation of
millions of well-paying jobs and billions of dollars of capital investment. At the same time, the
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program has achieved huge environmental benefits through the avoidance of billions of metric
tonnes of greenhouse gas emissions.

There is increasing urgency to decarbonize the building sector. Decarbonization in residential
and commercial buildings will require more than just efficiency gains in fuel-fired heating
appliances. | would encourage the EPA ENERGY STAR program to support the combined use of
high-efficiency heating equipment and low carbon fuels to achieve net zero greenhouse gas
emissions by the year 2050.

Air-to-Water heat pumps experience three fundamental limitations in their application to
hydronic heating systems for residential and commercial buildings. The first challenge relates to
the achievable heating capacity in a building that uses traditional baseboard heating. Hydronic
baseboards are typically rated in Btu/hr capacity at temperatures ranging from 150 to 180 deg F.
Operation of hydronic baseboards at supply temperatures of 130 deg F or lower can decrease
thermal output by more than 50% which then creates a capacity shortfall during cold weather.

The second challenge relates to the heat pump efficiency decrease that results from providing a
hydronic supply temperature of 130 deg F rather than a warm air furnace supply temperature of
95 deg F. As the two graphs in Figure 1 illustrate, the COP of an air-to-water heat pump will
typically be about 20% lower than for an air-to-air heat pump at a given outdoor temperature.
This substantially reduces the energy savings achievable by air-to-water heat pumps compared
to traditional natural gas and oil-fired heating systems. Additional analysis, as described further
in the supplemental comments included later in the document, shows that air-to-water heat
pumps and B50 biodiesel blends have approximately the same carbon intensities during mild
weather, but then the B50 biodiesel blends show substantially lower carbon intensity during the
remainder of the heating season.

Cold-climate Heat Pump Actual Field Testing Results Vs, Manufacturer Ratings -
Figwre 2-9
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Figure 1. Air-to-Air and Air-to-Water Heat Pump COPs vs. Outdoor Temperature

The third challenge relates to air-to-water heat pump efficiency during very cold weather. Air-
to-air heat pumps typically lose substantial efficiency and capacity when the outdoor
temperature drops below 5 deg F, thus when the difference between the indoor and outdoor
temperature becomes 90 deg F or more. The pressure lift necessary for heat pump operation
starts to overload the compressor unit. Below 5 deg F, many air-to-air heat pumps show
efficiency levels that are just barely above that of electric resistance heat, thus posing severe
loads on the power grid. Because of higher supply temperature requirements, the same type of
compressor pressure problem begins at an outdoor temperature of about 30 deg F.
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Air-to-water heat pumps therefore provide effective and efficient heating capability in most
existing buildings only at outdoor temperatures in the range of about 30 deg F and higher. Back-
up heating capacity will still be required during cold weather with consequent capital and
operating cost burdens.

A recent analysis of heat pump performance in Massachusetts found that the use of renewable
electricity for heat pump systems would achieve approximately 8 tons of CO2 savings per year in
a single-family residential unit. As described in greater detail in the supplemental comments
later in this document, the 2.7 million residential units in Massachusetts would achieve annual
CO2 savings of approximately 22 million tons per year. The 30-year cumulative savings would be
approximately 650 million tons of CO2. Including the commercial building sector, which adds
about 50% to the total heating load, the total 30-year savings for the combined residential and
commercial building sector would be approximately 960 million tons of CO2.

The total capital cost of $674 billion noted in the analysis (see further details in the
Supplemental Technical Notes section of this document) yielded a capital cost figure of
approximately $700 per ton of CO2 savings. This dollar amount is much higher than the
commonly used figures for the social cost of carbon. The high costs for a complete package of
renewable power generation, transmission and distribution, plus onsite equipment, indicate the
need for allowing more cost-effective decarbonization pathways.

The pace of renewable power generation development in the northeastern United States, even
under the most optimistic policy scenarios, is too slow to meet the additional grid loads that
would be incurred by planned electrification of space heating. Supply chain issues, higher
interest rates, and workforce training requirements have become significant barriers to rapid
deployment of solar and wind projects. There is a growing need for parallel pathways toward
decarbonization in the building sector.

Heat pump loads that grow more quickly than renewable power generation capacity will yield
the unfortunate result of increasing, not decreasing, fossil fuel consumption for power
generation, especially by peaking units. Peaker units often suffer poor efficiency and produce
high emissions levels. See https://www.cleanegroup.org/wp-content/uploads/The-Peaker-
Problem.pdf for some informative data on the negative environmental and public health
impacts of peaking operation in LMI and EJ communities.

Carbon savings achieved by heat pumps during the next few decades will be limited to those
which are achievable with natural gas-fired generation, until existing grid loads are fully met by
renewable power generation, and further renewable capacity can then be dedicated to heat
pump operation. There will thus be a significant time delay in the achievement of fully
renewable electrification of thermal applications, which in turn impedes the accomplishment of
our environmental goals, especially within the shorter timeframes that are becoming necessary
to avoid catastrophic climate change.

EPA ENERGY STAR proceedings should incorporate the important factor of power generation
efficiency in the overall system efficiency of heat pumps. Heat pump system efficiency is
sensitively dependent on generation efficiency. While the most modern generation plants in the
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northeastern United States can achieve fuel-to-electric efficiencies of almost 50% during
constant base-load operation, the bulk of generation plants operated at the margin for
temperature-variable loads operate in the range of 40% down to under 20% efficiency, and
sometimes even lower, especially during morning and evening peak periods. The resulting fuel-
to-electric-to-heat efficiency with a mid-range (30% efficiency) generation unit providing
electricity to a heat pump with a real-world COP = 2.0 at 20 deg F during cold weather will be
only 60%, thus substantially lower than an ENERGY STAR furnace or boiler.

10) Reducing carbon emissions now is more valuable than reducing the same amount of emissions
later. This significant and often overlooked principle is frequently absent from policy discussions,
which, for example treat a reduction of CO; in 2023 with the same weight as a reduction in
2050. Renewable fuels such as biodiesel can achieve carbon savings today rather than being
dependent on future improvements to the power grid, and thus can enable us to achieve a
faster start in our path to a sustainable energy future.

11) The ENERGY STAR program has achieved considerable success in the past based on partnerships
between public and private organizations. The ENERGY STAR program could forge a public-
private partnership with both the renewable fuels industry and heating equipment
manufacturers, under which ENERGY STAR appliances would combine high efficiency with the
capability for using renewable fuels.

SUPPLEMENTAL TECHNICAL NOTES

12) As shown by recent ISO New England and New York ISO planning studies, required grid
capacities in the northeastern United States would double due to heat pump loads, even with
ambitious weatherization efforts to reduce building envelope losses, and without considering
further grid load increases due to electric vehicles. Consideration of capital investment
requirements, supply chain issues and workforce training requirements will support the case for
establishing supplemental pathways toward decarbonization.

A recent technical and economic analysis indicated that an installed nameplate capacity of
10,000 MW of offshore wind plus 10,000 MW of solar PV power will approximately meet the
needs of residential and commercial heat pumps in the Massachusetts zone of ISO New England
during the coldest months of the heating season, assuming sufficient availability of battery
storage. If it were possible to install the described 10,000 MW of offshore wind capacity at a
cost of $5 million per MW, and the 10,000 MW of solar PV capacity at a cost of $S3 million per
MW, the total capital expense would be approximately $80 billion. If floating-type offshore wind
platforms are required, however, due to water depths greater than 180 feet, an upward revision
to the wind turbine capital expense figure would become necessary.

For a MA peak grid load of about 15,000 MW for residential and commercial heat pumps, the
required nominal, 48-hour, battery storage capacity, to enable continued operation during
extended cold temperature and low windspeed conditions, would be approximately 720,000
MWh.

If utility-scale battery storage were to cost $200,000 per MWh capacity, based on NREL mid-
range cost projections for the year 2030, the capital expense for battery storage would be
approximately $120 billion, to cover the 48-hour storage discharge needed during a wind
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drought. This figure may be subject to adjustment, however, based on battery material price
increases or decreases which might occur as the wind and solar industries grow. Increased
production volumes may contribute to economies of scale, which might provide downward
pressure on costs. Increased volumes of mining and extraction of materials for batteries, on the
other hand, could trigger higher prices due to supply shortages. Lithium and cobalt commodity
prices have recently increased multi-fold with corresponding upward pressure on battery
storage prices.

Increased grid transmission capacity in Massachusetts would also be necessary to enable full
implementation of residential and commercial heat pumps. While transmission upgrade costs
will vary widely on a local basis depending on existing capacity and load characteristics, this
analysis uses an average annual cost figure of $94 per kw-yr for New England, as developed in
the 2021 Avoided Energy Supply Component Update report by Synapse Energy Economics for
electric utilities and state regulatory agencies located in the ISO New England grid. The $94
figure represents a combination of construction and operating cost, e.g., labor, administration,
insurance, and taxes. The corresponding, total combined capital and operating cost figure could
have an order of magnitude of $2000 per kw of increased transmission capacity, although actual
cost figures are highly dependent on specific circumstances. Using the figure of $2000 per kW of
increased transmission capacity, the corresponding cost for 15000 MW of transmission
upgrades in Massachusetts would be approximately $30 billion.

Increased local electricity distribution capacity would also be necessary for implementation of
residential and commercial heat pumps in Massachusetts. Synapse Energy Economics has
identified a wide range of accounting practices used by electric utilities in New England, with
corresponding cost figures that range from de minimis to over $200 per kW-yr. More consistent
accounting practices used in other states, such as New York, have indicated distribution upgrade
costs ranging from $50 to $250 per kW-yr, representing variations in cost and difficulty of
distribution network construction which occur in rural through dense urban environments. A
corresponding, total combined capital and operating cost figure of $3000 per kW is used for this
analysis. The corresponding cost for 15000 MW of transmission upgrades would be
approximately $45 billion.

Recent capital cost analyses for residential heat pumps have centered on an approximate figure
of $20,000 per onsite installation. The corresponding capital cost for installation of 2.6 million
residential heat pumps in Massachusetts would be approximately $52 billion. The commerecial
building sector uses about 50% as much heating equipment capacity and energy consumption as
the residential sector. The total capital cost for installation of residential and commercial heat
pumps in Massachusetts would thus be approximately $80 billion.

The capital cost figures estimated above for offshore wind and solar PV generation capacity,
battery storage, transmission, and distribution upgrades, as well as for onsite installation of

residential heat pumps, for full implementation of residential and commercial heat pumps in
Massachusetts, are presented in the following table.



Time Horizon 10 yrs 20 yrs 30yrs

Wind and Solar PV Generation S 80 billion S 80billion $ 80 billion
Battery Storage S 120 billion S 240 billion S 360 billion
Transmission S 30 billion S 30billion $ 30 billion
Distribution S 44 billion S 44 billion $ 44 billion
Onsite Heat Pump Installation S 80 billion S 120 billion S 160 billion
Total S 354 billion S 514 billion S 674 billion

Table 1. Summary of capital costs for full implementation of residential and commercial heat
pumps in Massachusetts

The above table shows capital cost figures for three different time horizons. A service life of 30
years is used for the analysis of wind and solar PV generation, transmission and distribution
systems. A service life of 10 years is used for battery storage systems, to reflect the limited
lifetime of batteries used for daily charge/discharge cycles with depth of discharge (DOD) values
in the range of 80 percent. Full battery replacement plus major maintenance/upgrades of
charging controls and physical facilities have been presumed at the 10- and 20-year marks.
Similarly, an initial service life of 10 years has been used for cold-climate heat pumps that are
used for full heating season operation, with major (e.g., compressor/controls) component
replacement required at the 10- and 20-year marks. The significant impact on long-term, total
capital costs by short-lived equipment components can be seen in the table.

An earlier figure shows that approximately 22.2 million MWh of electricity would be generated
per heating season by the described combination offshore wind plus solar PV system. A high
fraction of the potential output of the dedicated wind/solar generation capacity necessary for
winter heating would be foregone during the summer due to the high ratio of winter-to-summer
peak load that would occur due to electrification of heating. A total of approximately 660 million
MWh would be produced over the course of 30 years.

The total capital cost of the generation/transmission/distribution cost components would be
$514 billion over the described 30-year time horizon. The corresponding energy supply cost for
the described wind/solar generation system can be calculated as the $514 billion total capital
cost divided by the 660 million MWh of generation over the same 30-year time horizon. The
resulting marginal cost of infrastructure for electricity generation/transmission/distribution
would thus be approximately $780 per MWh or 78 cents per kWh. Utility costs for
administration, operations, taxes, etc., would be additional.

The use of renewable electricity for heat pump systems would achieve approximately 8 tons of
CO2 savings per year in a single-family residential unit. For the 2.7 million residential units in
Massachusetts, the annual CO2 savings would be approximately 22 million tons per year. The
30-year cumulative savings would be approximately 650 million tons of CO2. Including the
commercial building sector, which adds about 50% to the total heating load, the total 30-year
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savings for the combined residential and commercial building sector would be approximately
960 million tons of CO2.

The total capital cost of $674 billion noted in the table earlier would yield a figure of
approximately $700 per ton of CO2. This dollar amount is much higher than the commonly used
figure of $50 or perhaps higher as indices for the social cost of carbon. The high costs for a
complete package of renewable power generation, transmission and distribution, plus onsite
equipment, indicate the need for allowing more cost-effective decarbonization pathways.

There are two principles of significance to note in this analysis. First, battery storage is
conspicuous as an expensive component of the total capital cost for a renewable power-heat
pump concept for the residential and commercial building sectors. Battery storage systems are
expensive, plus they do not have the same 30-year lifetime as for generation, transmission, and
distribution equipment and thus need periodic replacement. Second, the capital cost of the
renewable power-heat pump concept suffers from an overall low capacity factor due to the
relatively high magnitude of peak loads compared to total annual energy consumption.
Renewable fuels can therefore play a key role in maintaining acceptable cost effectiveness while
achieving our environmental goals.

13) Figure 2 below shows annual CO2e emissions for a single-family home under several different
technology options that are feasible by the year 2030. The analysis was performed for
Massachusetts, which has approximately 2.7 million residential units plus a broad array of
commercial, industrial, and institutional buildings. Traditional fuel options include heating oil
and natural gas. Renewable fuel options include biodiesel blends as well as B100 biodiesel.
Heat pump options include air-to-air and air-to-water technologies. 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 would be difficult to achieve by the year 2030, and which is
shown as a long-term goal, also includes the requirement for 720,000 MWh of battery storage
to be sufficient for 48 hours of operation during periods of extreme cold temperature with low
offshore wind and solar output.



Annual CO2e Emissions (tons) for Single Family Home in Springfield, MA
Present and Future Technologies
Peak Heating Load of 32000 BTU/hr at 5 deg F
2022 Weather data/USEPA AVERT Model MER data
20 Year GREET/NREL/UN IPCC Life-Cycle Analysis
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Figure 2. Annual CO2e Emissions for Single Family Homes in MA.

The individual graph bars in Figure 2 show only moderate savings, compared to traditional
heating oil and natural gas-fired boilers, for air-to-water heat pump technology and basic (e.g.,
B20) biodiesel blends. There is then a general declining trend in CO2e emissions as biodiesel
concentrations increase to the 50 and 100 percent levels, and as dedicated, combined offshore
wind plus utility-scale solar capacity growth to 10,000 MW, and then 20,000 MW, nameplate
capacity is accomplished. Dedicated offshore wind plus utility-scale solar capacity of 10,000 MW
total would achieve CO2e savings for heat pumps of about 70 percent compared to heat pumps
that use the existing grid, with an overall, seasonal carbon intensity that is approximately the
same as for B100 biodiesel using an 87% efficient boiler. Dedicated renewable power capacity of
20,000 MW would provide for heat pump utilization during the peak heating periods of the
winter but would require approximately 720,000 MWh of battery storage to maintain continued
grid operation for up to 48 hours during low wind and solar output conditions.

The graph also shows carbon intensity values for B100 biodiesel-fired, absorption heat pumps.
Such heat pumps can achieve efficiency levels of 120 to 130 percent, depending on
manufacturing design, with future increases expected.

The hourly analysis performed for this evaluation shows that the carbon intensity of B50
biodiesel blend is approximately equal to air-to-water heat pumps during mild weather, but
significantly lower than air-to-water heat pumps during cold weather, which is when the grid is
under greatest stress. This raises the question of what energy resource strategy would be most
effective during cold weather. The carbon intensity of B100 biodiesel is lower than all other
existing energy options throughout nearly the entire temperature range.



14) EPA ENERGY STAR analyses should incorporate rigorous life-cycle analysis of natural gas for
power generation in the evaluation of heat pumps compared with renewable fuel options.
There would be considerable value in coordinating with other EPA divisions that manage the air
markets database programs as well as AVERT, SMOKE and COBRA computer models used for air
quality and public health analysis. The EPA SMOKE and COBRA models can evaluate the air
quality and public health impacts of changes in generation emissions at local power plants in
environmental justice (EJ) and Low and Moderate Income (LMI) neighborhoods. The models can
forecast increases in emissions due to higher grid loads that result from electrification especially
in EJ and LMI neighborhoods.

15) ENERGY STAR analyses should also incorporate the Argonne National Laboratory GREET model
and UN Intergovernmental Panel on Climate Change (IPCC) guidelines, which have recognized
the need to apply life-cycle analysis to ALL energy resources, including electricity. Accounting for
both CO2 and methane emissions during production and high-pressure transmission of natural
gas used for power generation, the resulting total carbon intensity of electricity increases
approximately 30% above onsite-based values, with a significant downward impact on the
calculated level of carbon savings achieved by electrification technologies. The results of
rigorous life-cycle analysis would provide a stronger foundation for ENERGY STAR policy
development.

16) ENERGY STAR analyses need to use marginal emission rates, rather than average grid mix
figures, when evaluating the impact of electrification policies on grid performance. An
informative article by the WattTime subsidiary of the Rocky Mountain Institute, explaining the
merits of marginal emission rate analysis, is attached as an appendix to this document. Marginal
emission rates more accurately account for cause-and-effect changes, including the increased
use of fossil generation when intentional grid load increases, due to electrification, outpace the
growth of renewable power generation capacity. The use of average grid mix figures will most
often seriously underestimate the environmental cost of increased grid loads, will silently
ascribe higher carbon intensities to non-thermal electricity uses, and can also lead to double
counting of the benefits of renewable power generation.

17) When marginal emission rates and life-cycle analysis are used properly in the analysis of
renewable thermal energy options, the findings include the conclusions that B50 biodiesel
blends will generally achieve the same carbon savings as next generation, cold-climate heat
pumps, which achieve 25% higher COP values than existing heat pump technology, when using
the existing grid. Further, B100 biodiesel fuel will achieve lower carbon intensity than heat
pumps until at least 25,000 MW nameplate capacity of wind and solar has become operational
in New England, above and beyond the renewable generation capacity that would be necessary
to serve existing grid loads. Biodiesel offers a highly effective, parallel pathway for achieving
deep carbon savings and a sustainable energy future.

18) A recent study by Trinity Consultants (https://www.biodiesel.org/docs/default-source/trinity-
study/trinity-v2-final-report-.pdf?sfvrsn=5d3a35c3 15) conducted on 15 high-risk air quality
communities, including Boston, found that switching to biodiesel results in substantial health
benefits. Specifically, the benefits include decreased cancer risk, fewer premature deaths,
reduced asthma attacks and fewer lost workdays. B100 can achieve these benefits by reducing
pollution in applications among the hardest to decarbonize — heavy-duty transportation and
residential heating.
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19) Recent reports have shown a wide variation in carbon intensity for electricity throughout the
heating season. There is general recognition by policymakers that increased carbon intensity
values occur during cold weather, due to higher grid system loads with operation of lower
efficiency generation units. But higher carbon intensities also occur during morning and evening
peak periods, due to efficiency penalties of turbine startup and ramping of power output to
meet rapid swings in grid load. Variations of grid carbon intensity by a factor of two or more can
frequently occur at the same outdoor temperature, due to short duration, peak grid loads. This
then leads to the need for web-enabled heat pump control systems that favor the
synchronization of operation to periods of low, grid carbon intensity. ENERGY STAR analyses
should recognize that we need to avoid heat pump operation during periods of high grid carbon
intensity, when little or no carbon savings are achieved compared to traditional fossil fuel, and
yet, substantial wholesale power cost increases occur for grid operation.

20) Recent field-testing studies in New England have revealed a problem of heat pump
underutilization by homeowners during the winter. Many homeowners are apparently
purchasing heat pumps for primarily air-conditioning purposes, since state and utility incentives
typically make the net cost of a heat pump cheaper than air conditioning-only models. ENERGY
STAR policymakers need to consider the judiciousness and equity of limiting program eligibility
to technologies which do not yet have a proven track record of effective utilization.

21) The planned capacity of offshore wind projects proposed off the New England and Long Island
coast would only eliminate the need for fossil-based power generation to meet our present grid
loads on a handful of days during the year. Any incremental loads such as heat pumps and
electric vehicles over the next ten years will simply continue to increase fossil generation loads
and push back the day when renewable power generation reaches the margin of electric supply.

The offshore wind projects planned for the Martha's Vineyard coastal area are jockeying for
limited availability of transmission interconnection at the West Barnstable substation, Canal
Electric Station and just a few other prospective grid injection points. Recent ISO New England
Planning Advisory Committee deliberations have been consumed by technical challenges,
including voltage/frequency stability problems, to integrating offshore wind into the southeast
Massachusetts grid.

Even if transmission limitations are resolved, the wind projects planned for the next 10 years,
even if fully developed, will be insufficient to eliminate fossil generation, except during a very
few hours. Thus, again, any intentional grid load additions for heat pumps or electric vehicles
will have to be met with fossil generation. ENERGY STAR analyses should consider that electricity
used for heat pumps in the foreseeable future will come from fuel-fired generation facilities
rather than solar PV or wind.

22) The doubling of grid loads to accommodate heat pumps will cause significant upward pressure
on the cost of wholesale power. Market clearing prices for wholesale power in the ISO New
England and New York ISO control regions are set by the last generation plant to clear hourly
Day Ahead or Real-time auctions, with the last plant, by definition, having the highest bid price.
The corresponding wholesale power rate in S/MWh, attributed to the generation plant at the
margin, is then paid to all operating generators within the control region. This means that the
total cost of power to customers is set by the most expensive generators to clear the auctions,
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which means higher electricity costs for everybody when the New England and New York grids
are burdened with heat pump loads.

23) Most thermal loads occur during morning and evening peak periods or during cold weather
when peaking operation becomes dominant for power generation at the margin. Under peak
load conditions, the direct combustion of biodiesel blends can achieve lower levels of NOx
emissions than peaking generators, which historically have demonstrated extremely high levels
of emissions during startup. Additionally, the low-level area source of NOx associated with the
direct combustion of biodiesel blends would then be concentrated, if heat pumps were to be
used, into a major point source that falls under US EPA Title 5 Clean Air Act emissions standards.
Possible environmental justice concerns would result due to high local emissions in LMI and EJ
neighborhoods adjacent to power plants.

ADDITIONAL TECHNICAL BACKGROUND

EXPANDING THE AVAILABILITY OF BIODIESEL GENERATES LONG-TERM CLIMATE BENEFITS

As stated in the stark UN IPCC 6% assessment released on August 12, 2021, "It is unequivocal that
human influence has warmed the atmosphere, ocean and land. Widespread and rapid changes in the
atmosphere, ocean, cryosphere and biosphere have occurred." Furthermore, the report states, "From a
physical science perspective, limiting human-induced global warming to a specific level requires limiting
cumulative CO2 emissions, reaching at least net zero CO2 emissions, along with strong reductions in
other greenhouse gas emissions."

Simply put, reducing carbon emissions now is more valuable than reducing the same quantity of
emissions later. This is because earlier reductions limit the long-term climate impact caused by the
accumulation of greenhouse gases. This significant and often overlooked principle is frequently absent
from policy discussions, which, for example treat a reduction of CO, in 2023 with the same weight as a
reduction in 2050. This is simply not accurate and skews the market to seek low-readiness technology
options which may not be deployed for years or decades, if ever at all.

Recently, The State University of New York (SUNY-ESF) published research highlighting the value of early
GHG reduction, limiting the cumulative heating impact of carbon emissions. This study compared the
cumulative emissions reductions and associated societal value of using biodiesel today compared to
waiting for a future, potentially lower carbon solution to be deployed later. These results demonstrated
that when a technology with a low life-cycle GHG emission profile was deployed even five years later, it
would generate less reduction in GHG emissions than a low life-cycle GHG technology deployed sooner.
More simply, carbon reductions now are more important than carbon reductions later. The benefits
accumulate, much like compound interest on a savings account.

While the current study was focused on transportation, it is likely to be expanded to cover home
heating, including the use of biodiesel, electric heat pumps and natural gas. This work, which considered
the timing of carbon reductions from a financial and economic standpoint has been echoed from a
physical sciences standpoint in different journals by other researchers at UC Davis who have studied
what they call, the 'Time Adjusted Warming Potential'.
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Figure 1. Time-based Sensitivity of Cumulative CO2 Savings for Biodiesel (orange) vs. Electrification
Technologies (gray)

HEALTH BENEFITS OF BIODIESEL - BEYOND GREENHOUSE GAS SAVINGS

The increased use of biodiesel in home heating oil applications not only has significant GHG benefits as
noted by researchers across the nation but replacing diesel with biodiesel also results in a dramatic
reduction in co-pollutants, sometimes called criteria pollution or tailpipe emissions. In particular,
biodiesel can reduce diesel particulate matter emissions in home heating oil applications by 86%. These
dramatic reductions can lead to significant health benefits in the form of reduced asthma attacks,
avoided work loss days, and reduced cancer risk.

Often, the modeling framework to assess the health benefits from a reduction in criteria pollution
employs a top-down method, estimating a reduction in specific criteria pollutant like PM, and assuming
there is a normal distribution of these benefits among citizens. While this is appropriate to generally
characterize the benefits of a policy designed to reduce these harmful emissions, it often fails to help
decision makers and citizens truly understand how the reduction in these emissions will affect their local
community and in what way.

To better characterize the health benefits biodiesel can generate in local communities who switch from
diesel, Clean Fuels Alliance America commissioned a study (https://www.biodiesel.org/docs/default-
source/trinity-study/trinity-v2-final-report-.pdf?sfvrsn=5d3a35c3 15) by Trinity Consultants, a globally
renowned air quality modeling firm, who specializes in air dispersion modeling. Their work, which is
published online, characterizes the benefits of these fuels much more granularly, allowing decision
makers to understand where the benefits of reduced particulate matter, improved health outcomes,
would occur and to whom. The results demonstrate that the use of B100 as a heating oil replacement
reduces carcinogenic, diesel particulate matter emissions by 86%.
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REFERENCES USED IN PREPARATION OF TECHNICAL NOTES AND COMMENTS

As the first step in preparation of these technical notes and comments, | 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) 1SO 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://staticl.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 — 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 — Field Test of Cold Climate Air Source Heat
Pumps. Minneapolis, MN. https://www.mncee.org/MNCEE/media/PDFs/ccashp-Study-2-MPLS.pdf

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
%200f%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
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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/fy150sti/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://staticl.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.

The referenced reports also include a substantial volume of data regarding the underutilization of heat
pumps by homeowners during the winter. The reports discuss occupant concerns about comfort,
operating cost, and system capacity during cold weather.

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.

Evaluations of capital expenses in these technical notes are based on a number of recently published
reports, including the 2021 Avoided Energy Supply Component Update report prepared by Synapse
Energy Economics for electric utilities and state regulatory agencies located in the ISO New England grid.
Two reports from the National Renewable Energy Laboratory (NREL) were also used, including “Cost
Projections for Utility-Scale Battery Storage 2021 Update” and “2020 Cost of Wind Energy Review”. A
report by the Brattle Group entitled, “Marginal Cost of Service Study”, prepared for Con Edison, was also
used.
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Figure 2. References Used in Capital Expense Evaluations

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, | have put
together a series of graphs that illustrate heat pump performance and homeowner characteristics noted
regarding utilization of their heat pumps.

The first graph 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.

Cold-climate Heat Pump Actual Field Testing Results Vs. Manufacturer Ratings

Outdoor Temperature (deg F)

® NYSERDA Passive House Stuyvesant ® Michigan CEE Case Study 1
CEE Case Study 2 e CEE 2017 ® Cadmus Vermont
® Cadmus MARI ® CEE ACEEE Minnesota ® NREL Steven Winter Associates

=&=Average Mfr Ratings

Figure 3. Cold-climate Heat Pump Actual Field-Testing Results vs. Manufacturer Ratings
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Figure 4 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.

Annual Cold-climate Heat Pump COPs
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* and ** Note: Vermont and MA Rl field testing showed significantly lower hours of heat pump operation by

homeowners during cold weather thus higher annual COPs than expected.

Figure 4. Annual Cold-climate Heat Pump COPs — 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. The resulting conclusion is that, especially if the
lower COP figures are combined with the use of marginal/non-baseload carbon intensity figures for
power generation (instead of average grid mix figures), plus life-cycle analysis of natural gas used for
power generation, the GHG savings of cold-climate heat pumps, compared to traditional oil-fired
systems, are significantly diminished compared to popular claims by electrification proponents.
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USE OF MARGINAL EMISSION RATES IN EVALUATION OF ELECTRIFICATION MEASURES

A recent publication by the Rocky Mountain Institute (RMI) states that a growing number of
environmental organizations, when evaluating the emissions impacts of changes to grid loads or power
production, “have been mis-applying average emissions factors to estimate the impact of environmental
decisions. To protect against this mistake, the correct way to measure the impact of environmental
decisions is to use marginal emissions factors. Marginal emissions factors measure the actual
environmental consequences of taking different potential actions on the power grid.”

The use of average grid mix figures has unfortunately become pervasive among electrification advocates
in the Northeast. Average grid mix figures result in a severe underestimation of increases in CO2
emissions that would result from implementation of electrification measures at a faster pace than
construction of renewable power generation resources.

See additional details in the informative RMI document entitled, On the Importance of Marginal
Emissions Factors for Policy Analysis, which is available at https://rmi.org/combating-climate-change-
measuring-carbon-emissions-correctly/ and also attached as an appendix at the end of this document.

See also https://www.watttime.org/app/uploads/2019/03/Automated-Emissions-Reduction-

Primer RMI-Validation June2017.pdf and https://www.watttime.org/marginal-emissions-methodology/
for multiple additional references on the use of marginal emission rates for energy analysis. WattTime is
a new, not-for-profit organization, and subsidiary to the Rocky Mountain Institute, which collects and
disseminates hourly, real-world data on grid performance to enable informed, environmentally
responsible electricity choices by large customers.

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.

Both GREET and 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. MassDEP and MADOER
energy policymakers are strongly encouraged to join the international community in recognizing and
guantifying the environmental impact of methane leakage on the carbon intensity of electrification
technologies.

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
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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 30% higher than the 117
Ib/MMBTU onsite emissions figure frequently used by electrification proponents, thus approximately
152 lb/MMBTU.

GREET 2021 model figures are used for other fuel-based options included in the analysis presented here.
The GREET figure of 185 Ib/MMBTU (20-year LCA basis) is used for natural gas in residential and
commercial heating, thus reflecting the additional methane losses that are incurred in local distribution
networks. The GREET figure of 223 Ib/MMBTU (20-year LCA) is used for distillate heating oil. GREET
2021 figures of 29 Ib/MMBTU and 73 Ib/MMBTU are used respectively for biodiesel produced from
waste feedstock and virgin soy oil.

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 wind are likewise sparse.

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 IR 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 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

| 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 Massachusetts 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.

USEPA’s AVERT software 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 4.0 software version released just recently also incorporates 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 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, 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.
MassDEP and MADOER energy policymakers are encouraged to use AVERT software if they are not
already doing so.
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Step 2: Set Energy Scenario

DIRECTIONS: Enter the energy efficiency and/or renewable energy changes for one or more policies,
programs, and/or scenarios.
i To modify each hour manually, click the button on the right. I Enter detailed data h¥ hour |
Each entry is additive, creating a single energy change profile.

For further instructions consult Section 4 of the AVERT user manual.

Changes in Hourly Energy:
Enter EE based con the % reduction of regicnal fossil generation

| Reduce generation by a percent in some or all hours 588 § §F 5 s Eﬂ 5 8 é g
| Apply reduction to top X% hours: % of top hours 450

1] Reduction % in top X% of hours: 0.0% % reduction g 400

| Andlor enter EE distributed evenly throughout the year z 350

| Reduce generation by annual GWh: 0 GWh ? ;23

| OR S

1 Reduce each hour by constant MVV: 0.0 MW 3 150

| And/or enter annual capacity of RE resources :'=: 100

| Onshore wind capacity: 0 MW G so
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4 Utility solar PV capacity: 0 MW

i | Rooftop solar PV capacity: 0 MW The currently entered profile equals an increase of 571

| GWh, or 0.9% of regional fossil generation.
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Figure 5. Example data input page for USEPA AVERT software

The screenshot shown above in Figure 5 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.

Manual Energy Profile Entry
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Figure 6. Example screenshot of USEPA AVERT software — 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.
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Output: Annual Regional Results

1 Click here to return fo Step 4: Display Outputs |
Original Post Change Change
Generation (MVWh) 61,220,480 61,791,760 571,280
Heat Input (MMBtu} 506,770,570 511,492 860 4.722 290
Total Emissions from Fossil Generation Fleet
502 (Ib) 3.080,270 3,103,060 42,790
MOx (Ib) 15,529,130 15,711,510 182,680
Ozone season NO , (1b) 8,314 720 8,314 720 —
CO; {tons) 30,295,030 30,577,870 262,840
PM2 5 (lb) 4,845 830 4,895 770 49,890
VOCs (Ib) 1,961,390 1,983,790 22,400
MH3 (lb) 2,014,380 2,040,050 256,670
AVERT-derived Emission Rates: Average Fossil Marginal Fossil
S02 (IbMWh) 0.050 0.075
MO (IB/MVWh) 0.254 0.320
Ozone season NO . (bW} 0.279 v #FVALUE!
CO; (tons/MVWh) 0.495 0.495
PM2.5 (Ib/MVWh) 0.079 0.087
VOCs (Ib/MWh) 0.032 0.039
NH3 (Ib/MWh) 0.033 0.045

Ozone season is defined as May 1 - September 30. Ozone season emissions are a subset of annual emissions.
Negative numbers indicate displaced generation and emissions

All resuits are rounded to the nearest ten. A dash (—') indicates a result greater than zero, but lower than the level of
reportabie significance.

This region features one or more power p
these plants are not included in this analy

anges from

Figure 7. Example screenshot of AVERT summary output page showing annual generation and emissions
impacts.

As shown in Figure 7 above, AVERT software produces an array of output tables and graphs ranging from
hourly to annual figures. The information can then be further processed to evaluate the environmental
characteristics of changes to grid loads or generation outputs.

Generation (MW) New England [NE) ORSPL 58054 1595 55126 55126 55317 55149 56047 54907
Click here to return to Step 4: Display Output _] UNITID  STOI 4cT0l  CTO2 11 1RG2 I 1
Hou Year Monh  Regions! L Energy ChLoad sfter Energy Ch Timestamp Orig Ben ( Post Chan Sum: AU Burgess Bic Kendall Gr. Miford Poy Miford PovFore River Lake Road ¢CPV Towai MIT Centry
l 2009 l 259 1,652 3310919 01/01/20190000 2262 3932 1680088 1177 15183 31805 20.373 48671 13885 16786  -0897

2 2019 I 1n8e 1,652 3339919 0101/20190100 2281 3953 1671784 1107 12635 32832  WO17 50472 93T 1388 -1168

3 2019 I 1944 1,498 3441729 01/01/2019 0200 1938 3445 1506605 0258 27161 39047 20049 14406 23499 42518 213

4 2019 I 1879 1,448 327018 01/01/2019 0300 1874 3320 1445271 1702 30858 34215 36429 5S8R 2|01 47653 3517

5 2019 I 1781 1,244 3024919 01/01/2019 0400 1778 3012 1232478 2359 26888 32931 29331 14675 3582 51917 -434¢
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Figure 8. Example screenshot of AVERT output page showing hourly changes to individual power plant
MW generation outputs

As shown in Figure 8 above, AVERT software yields estimates of hourly changes to generation output
and emissions by individual power plants. This information helps to identify what environmental justice
communities might be affected by increased emissions that result from grid load growth due to
electrification programs, when not sufficiently offset by new, renewable power generation.
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Figure 9. Example screenshot of AVERT output page showing hourly changes to individual power plant
CO2 emission rates (Ib/hr)

As shown in Figure 9 above, AVERT software also yields estimates of hourly changes to CO2 emissions
from individual power plants. Such information is of key importance for the wholistic evaluation of
environmental performance by a combined heating equipment-power grid system.
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Figure 10. Example screenshot of AVERT input page showing MW quantities of renewable power
generation capacity selected for analysis.

As shown in Figure 10 above, AVERT software also allows for the specification of amounts of wind and
solar generation resources. The software then yields an hourly output table for the entire year, which
can then be combined with grid load data to determine whether sufficient renewable power has been
generated to meet the demand of electrification technologies, and if not, the quantity of fuel-based
generation that must still be operated.
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Figure 11. Example screenshot of AVERT output page showing hourly values of solar power output plus
impact on individual power plants.

As shown in Figure 11 above, AVERT software calculates the hourly production of wind and solar power
systems based on a typical year of weather data. The software then allocates reductions in generation
output to individual power plants. The output data can then be combined with heating and grid load
data to determine how much fuel-fired power generation might still be necessary if sufficient renewable
power generation capacity has yet to be constructed.

METHODOLOGY FOR HOURLY EVALUATION OF COMBINED HEAT PUMP PERFORMANCE AND ISO NEW
ENGLAND GRID CARBON INTENSITY FOR RESIDENTIAL AND COMMERCIAL HEATING

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.

Temperature delta T values are determined using a base of 65 deg F as is customary for heating degree
day analysis. Carbon intensities for common fuels including heating oil, natural gas, biodiesel and
renewable natural gas are derived from the GREET 2021 model, as described earlier in this document.
Heat pump COPs vs. outdoor temperature are determined through a formula based on the field test
results included in the references described earlier.

Figure 12 below shows a screenshot of an Excel table that was created to perform the described hourly
analysis of heating loads, grid performance, fuel/electricity input options, carbon intensities and
resulting CO2 emission rates. The table includes input and output figures for the approximately 5000
hours that occur during the October through April heating season.
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Figure 12. Screenshot of hourly heating system and power grid performance Excel analysis table.

After hourly heating loads and corresponding grid load increases have been determined, interim data
from the Excel table are copied to the manual data input page of the AVERT software. The AVERT
software then calculates generation and CO2 emissions changes, which are then transferred back to the
Excel table to enable completion of the combined analysis.

WattTime hourly Marginal Emission Rates (MERs) in lbs CO2 per MWh for New England were also used
in the Excel table to evaluate the grid impact of heat pumps. WattTime data does not provide for
analysis of impacts on individual power plants but provides for a higher resolution analysis of
geographical variations in carbon intensity between ISO New England zones.

ANALYTICAL RESULTS AND TECHNICAL COMMENTS

Annual CO2e Emissions for Single-family Homes in Massachusetts

Figure 13 below shows annual CO2e emissions for a single-family home in Massachusetts under several
different technology options that are feasible by the year 2030. Massachusetts has approximately 2.6
million residential units plus a broad array of commercial, industrial, and institutional buildings.
Traditional fuel options include heating oil 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. 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 would be difficult to
achieve by the year 2030, and which is shown as a long-term goal, also includes the requirement for
720,000 MWh of battery storage to be sufficient for 48 hours of operation during periods of extreme
cold temperature with low offshore wind and solar output.
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Annual CO2e Emissions (tons) for Single Family Home in Springfield, MA
Present and Future Technologies
Peak Heating Load of 32000 BTU/hrat 5 deg F
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Figure 13. Annual CO2e Emissions for Single Family Homes in MA.

The individual graph bars in Figure 13 show similar, moderate savings, compared to traditional heating
oil and natural gas-fired boilers, for current heat pump technology and basic (e.g., B20) biodiesel blends.
There is then a general declining trend in CO2e emissions as biodiesel concentrations increase to the 50
and 100 percent levels, and as dedicated, combined offshore wind plus utility-scale solar capacity
growth to 10,000 MW, and then 20,000 MW, nameplate capacity is accomplished. Dedicated offshore
wind plus utility-scale solar capacity of 10,000 MW total would achieve CO2e savings for heat pumps of
about 70 percent compared to heat pumps that use the existing grid, with an overall, seasonal carbon
intensity that is approximately the same as for B100 biodiesel using an 87% efficient boiler. Dedicated
renewable power capacity of 20,000 MW would provide for heat pump utilization during the peak
heating periods of the winter but would require approximately 720,000 MWh of battery storage to
maintain continued grid operation for up to 48 hours during low wind and solar output conditions.

The graph also shows carbon intensity values for B100 biodiesel-fired, absorption heat pumps. Such heat
pumps can achieve efficiency levels of 120 to 130 percent, depending on manufacturing design, with
future increases expected.

The hourly analysis performed for this evaluation shows that the carbon intensity of B50 biodiesel blend
is approximately equal to, or somewhat higher than, heat pumps during mild weather, but significantly
lower than heat pumps during cold weather, which is when the grid is under greatest stress. This raises
the question of what energy resource strategy would be most effective during cold weather. The carbon
intensity of B100 biodiesel is lower than all other existing energy options throughout nearly the entire
temperature range.
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To note, there are also wide variations in the carbon intensity for heat pumps due to the higher heat
rates for power generation which occur during morning and evening peak periods. There is considerable
merit to the argument that heat pump controls should be web-enabled and programmed to: 1)
synchronize system operation with low-carbon intensity hours; and 2) switch to an alternate fuel source
during hours of high carbon intensity on the grid.

The relative CO2e emissions shown in Figure 13 are applicable to both residential and small commercial
heating systems. Biodiesel and heat pumps both offer alternative pathways to the end goal of carbon
neutrality by 2050, but biodiesel offers the opportunity for immediate accomplishment of major CO2e
savings through the use of B100, whereas heat pumps are dependent on the future expansion of
offshore wind capacity or imports of other forms of renewable power, sufficient to reach the margin of
grid power load, before they can even start to become fully renewable thermal energy resources.

Carbon Intensities Vs. Outdoor Temperature for Single Family Homes in MA

The following graph shows carbon intensities (Ibs CO2e per MMBTU of delivered heat) for the same
options as shown in Figure 12 above. The carbon intensity of future generation, cold-climate heat
pumps will be higher than for B50 biodiesel blends at temperatures below 32 degrees F. This illustrates
the problem that cold-climate heat pumps, while having lower carbon intensities than traditional
heating oil, B20 biodiesel blends, and natural gas, are nonetheless more carbon intensive than B50 and
higher biodiesel blends during cold weather.

Figure 14 also shows that the B100 option has lower carbon intensity than cold-climate heat pumps
during all but 30 hours of the heating season, with such exceptions occurring exclusively during mild
weather.

Carbon Intensity of Year 2030 Heating System Technologies in MA
EPA AVERT Model Plus 20 Year GREET/NREL/UN IPCC Life-Cycle Analysis of Fuels and Power Generation
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Figure 14. Carbon Intensity of Year 2030 Heating System Technologies vs. Outdoor Temperature
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Increase in Grid Load Due to Electric Heat Pumps

Figure 15 shows an estimated grid load growth of more than 15,000 MW in Massachusetts for operation
of residential and commercial heat pumps during peak winter conditions. The data are based on the
presumption that whole-house heat pumps would be used with no fuel-fired back-up. Such grid load
growth would be approximately double the existing winter peak load.

MA Grid Load MW Increase for Residential Plus Commercial Heat Pumps
vs. Outdoor Temperature
Using Future Generation Heat Pump Annual Actual Field Performance COP = 3.1
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Figure 15. Grid Load Increase (MW) vs. Outdoor Temperature for Full Implementation of Residential
and Commercial Heat Pumps in MA

ELECTRICAL DEMAND OF HEAT PUMPS — REALITY vs. EXPECTATIONS

Several of the references for these technical notes addressed the issue of homeowner utilization of heat
pumps during the heating season. Especially in New England, there was a notable under-utilization of
heat pumps during the winter, with operating hours often in the range of only 20 to 50% of technical
potential.

The gray, yellow and light blue data in the graph below show average electrical demand vs. outdoor
temperature trends within the heat pump populations of the three largest field studies. The graph
shows a representative electric demand for a full-sized heat pump (bold dark blue data) with capacity of
40,000 Btu/hr at 0 deg F, also for a partial-sized heat pump (bold orange data) with a capacity of 15,000
Btu/hr at O deg F. The data curves for the three field studies show that actual electricity consumption
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was only a small fraction of what would be expected with full heat pump utilization. Note that the actual
electrical demand curves are relatively flat below 30 deg F which indicates very low heat pump
utilization below 30°F. Since heat pump power demand increases dramatically as the outdoor
temperature drops further, due to increasing heat load plus decreasing heat pump COP, this means
further that the homeowner percentage drop-out rate is increasing as the temperature drops.

Cold-climate Heat Pump Electrical Demand Vs. Outdoor Temperature
Cadmus VT/Cadmus MA and RI/ISO New England Studies

Representative electric demand of HP with 40,000 Btu/hr capacity at 0 deg F

enf@uefull Capacity HP
el Partial Capacity HP

Cadmus Vermont

kw

Cadmus MARI

=@=|S0 New England
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Figure 16. Cold-climate Heat Pump Electrical Demand vs. Outdoor Temperature

The bar graph below illustrates, in a different format, the same message re: low homeowner utilization
of heat pumps during the winter. Homeowners have, on average, been using their heat pumps for less
than half of the potential winter hours of operation. Some homeowners indeed used their heat pumps
dutifully even during the coldest days of winter, but most dropped out at some point as the weather got
colder, or never even turned on the systems at all for heating purposes.
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Field Testing vs. Theoretical (%)

60

50

40

Field Testing vs. Theoretical %
&

Cadmus Vermont 1SO New England Cadmus MARI

Figure 17. Equivalent Full-Load Hours of Operation for Heat Pumps

This raises the thorny issue of homeowners taking advantage of heat pump incentive programs to
purchase systems that are used substantially for cooling and only partially for heating, of whether
upfront incentives vs. pay-for-performance should be provided to homeowners, and whether ratepayer
vs. utility shareholder funds should be used for heat pump incentive programs. There is direct relevance
of the heat pump utilization question to policymaking for incentive programs in Massachusetts.

CAPITAL COSTS OF ELECTRICITY GRID UPGRADES IN MASSACHUSETTS FOR IMPLEMENTATION OF
RESIDENTIAL AND COMMERCIAL HEAT PUMPS

Wind and solar projects planned for the next 10 to 20 years in Massachusetts, even if fully developed,
will make a good start toward eliminating fossil generation for existing grid loads, but will not provide
the substantial growth in capacity necessary for full implementation of heat pumps in the residential
and commercial building sectors. Substantial capital investments will be required beyond current plans
for renewable power generation and battery storage to replace fossil-based generation that would be
necessary to meet increased grid loads. Major investments will also be required for transmission and
distribution networks to allow renewable electricity to reach end-use customers.

Figure 15 earlier in this document shows an estimated grid load growth in Massachusetts of about

15,000 MW resulting from operation of residential and commercial heat pumps during peak winter
conditions. The data are based on the presumption that whole-house heat pumps would be used with
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no fuel-fired back-up. Such grid load growth would approximately double the existing winter peak load
in the MA zone of ISO New England.

The next graph shows an example combination of offshore wind and utility-scale solar PV nameplate
capacities that could meet the winter heating loads of cold-climate heat pumps for residential and
commercial buildings in Massachusetts. The blue bars represent monthly MWh consumption by
residential and commercial heat pumps assuming full market penetration. The orange bars represent
monthly MWh production by 10,000 MW of nameplate capacity offshore wind power. The gray bars
represent MWh production by 10,000 MW of nameplate capacity solar PV power. Monthly MWh
production figures are provided by the USEPA AVERT model based on historical weather data for the
New England region.

Residential Plus Commercial Heat Pump MWh/month Grid Loads in MA Zone of ISO New England
Monthly MWh Production by 10,000 MW Offshore Wind Nameplate Capacity Plus
10,000 Utility-scale Solar Dedicated to MA Heat Pumps
6,000,000

5,000,000

4,000,000
3,000,000
2,000,000
1,000,000 |
l
0

January February March April May June July August September October November December

® MWh Monthly Generation Necessary for 2.6 Million Residential Units plus Commercial Buildings in MA
m MWh Monthly Generation by 10000 MW Offshore Wind Capacity Dedicated to MA Heat Pumps

MWh Monthly Generation by 10000 MW Utility-scale Sclar PVDedicated to MA Heat Pumps

Figure 18. MA Monthly Grid Loads for Residential and Commercial Heat Pumps Plus 10,000 MW Wind
Capacity Plus 10,000 MW Solar PV Nameplate Capacity

The graph indicates that an installed nameplate capacity of 10,000 MW of offshore wind plus 10,000
MW of solar PV power will approximately meet the needs of residential and commercial heat pumps in
the MA zone of ISO New England during the coldest months of the heating season, assuming sufficient
availability of battery storage. If it were possible to install the described 10,000 MW of offshore wind
capacity at a cost of $5 million per MW, and the 10,000 MWh of solar PV capacity at a cost of $3 million
per MW, the total capital expense would be approximately $80 billion. If floating-type offshore wind
platforms are required, however, due to water depths greater than 180 feet, an upward revision to the
wind turbine capital expense figure would become necessary.
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For a MA peak grid load of about 15,000 MW for residential and commercial heat pumps, the required
nominal, 48-hour, battery storage capacity, to enable continued operation during extended cold
temperature and low windspeed conditions, would be approximately 720,000 MWh.

If utility-scale battery storage were to cost $200,000 per MWh capacity, based on NREL mid-range cost
projections for the year 2030, the capital expense for battery storage would be approximately $120
billion, to cover the 48-hour storage discharge needed during a wind drought. This figure may be subject
to adjustment, however, based on battery material price increases or decreases which might occur as
the wind and solar industries grow. Increased production volumes may contribute to economies of
scale, which might provide downward pressure on costs. Increased volumes of mining and extraction of
materials for batteries, on the other hand, could trigger higher prices due to supply shortages. Lithium
and cobalt commodity prices have recently increased multi-fold with corresponding upward pressure on
battery storage prices.

Increased grid transmission capacity in Massachusetts would also be necessary to enable full
implementation of residential and commercial heat pumps. While transmission upgrade costs will vary
widely on a local basis depending on existing capacity and load characteristics, this analysis uses an
average annual cost figure of $94 per kw-yr for New England, as developed in the 2021 Avoided Energy
Supply Component Update report by Synapse Energy Economics for electric utilities and state regulatory
agencies located in the ISO New England grid. The $94 figure represents a combination of construction
and operating cost, e.g., labor, administration, insurance, and taxes. The corresponding, total combined
capital and operating cost figure could have an order of magnitude of $2000 per kw of increased
transmission capacity, although actual cost figures are highly dependent on specific circumstances.
Using the figure of $2000 per kW of increased transmission capacity, the corresponding cost for 15000
MW of transmission upgrades in Massachusetts would be approximately $30 billion.

Increased local electricity distribution capacity would also be necessary for implementation of
residential and commercial heat pumps in Massachusetts. Synapse Energy Economics has identified a
wide range of accounting practices used by electric utilities in New England, with corresponding cost
figures that range from de minimis to over $200 per kW-yr. More consistent accounting practices used
in other states, such as New York, have indicated distribution upgrade costs ranging from $50 to $250
per kW-yr, representing variations in cost and difficulty of distribution network construction which occur
in rural through dense urban environments. A corresponding, total combined capital and operating cost
figure of $3000 per kW is used for this analysis. The corresponding cost for 15000 MW of transmission
upgrades would be approximately $45 billion.

Recent capital cost analyses for residential heat pumps have centered on an approximate figure of
$20,000 per onsite installation. The corresponding capital cost for installation of 2.6 million residential
heat pumps in Massachusetts would be approximately $52 billion. The commercial building sector uses
about 50% as much heating equipment capacity and energy consumption as the residential sector. The
total capital cost for installation of residential and commercial heat pumps in Massachusetts would thus
be approximately $80 billion.

The capital cost figures estimated above for offshore wind and solar PV generation capacity, battery
storage, transmission, and distribution upgrades, as well as for onsite installation of residential heat
pumps, for full implementation of residential and commercial heat pumps in Massachusetts, are
presented in the following table.
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Time Horizon 10 yrs 20 yrs 30 yrs

Wind and Solar PV Generation S 80 billion S 80 billion S 80 billion
Battery Storage S 120 billion S 240 billion S 360 billion
Transmission S 30 billion S 30 billion S 30 billion
Distribution S 44 billion S 44 billion S 44 billion
Onsite Heat Pump Installation S 80 billion S 120 billion S 160 billion
Total S 354 billion S 514 billion S 674 billion

Table 1. Summary of capital costs for full implementation of residential and commercial heat pumps in
Massachusetts

The above table shows capital cost figures for three different time horizons. A service life of 30 years is
used for the analysis of wind and solar PV generation, transmission and distribution systems. A service
life of 10 years is used for battery storage systems, to reflect the limited lifetime of batteries used for
daily charge/discharge cycles with depth of discharge (DOD) values in the range of 80 percent. Full
battery replacement plus major maintenance/upgrades of charging controls and physical facilities have
been presumed at the 10- and 20-year marks. Similarly, an initial service life of 10 years has been used
for cold-climate heat pumps that are used for full heating season operation, with major (e.g.,
compressor/controls) component replacement required at the 10- and 20-year marks. The significant
impact on long-term, total capital costs by short-lived equipment components can be seen in the table.

An earlier figure shows that approximately 22.2 million MWh of electricity would be generated per
heating season by the described combination offshore wind plus solar PV system. A high fraction of the
potential output of the dedicated wind/solar generation capacity necessary for winter heating would be
foregone during the summer due to the high ratio of winter-to-summer peak load that would occur due
to electrification of heating. A total of approximately 660 million MWh would be produced over the
course of 30 years.

The total capital cost of the generation/transmission/distribution cost components would be $514
billion over the described 30-year time horizon. The corresponding energy supply cost for the described
wind/solar generation system can be calculated as the $514 billion total capital cost divided by the 660
million MWh of generation over the same 30-year time horizon. The resulting marginal cost of
infrastructure for electricity generation/transmission/distribution would thus be approximately $780 per
MWh or 78 cents per kWh. Utility costs for administration, operations, taxes, etc., would be additional.

There are two principles of significance to note in this analysis. First, battery storage is conspicuous as
an expensive component of the total capital cost for a renewable power-heat pump concept for the
residential and commercial building sectors. Battery storage systems are expensive, plus they do not
have the same 30-year lifetime as for generation/transmission/distribution equipment and thus need
periodic replacement. Second, the capital cost of the renewable power-heat pump concept suffers from
an overall low capacity factor due to the relatively high magnitude of peak loads compared to total
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annual energy consumption. Renewable fuels can therefore play a key role in maintaining acceptable
cost effectiveness while achieving our environmental goals.

PERFORMANCE OF COLD-CLIMATE AIR-TO-WATER HEAT PUMPS

Air-to-water heat pumps are gaining popularity in the hydronic heating sector. Air-to-water heat pumps
are intended to replace fuel-fired hydronic boilers in residential and commercial buildings. Air-to-water
heat pumps use refrigeration cycles that are similar to air-to-air heat pumps but face the challenge of
having to produce higher temperature output due to the limitations of hydronic distribution systems.
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Figure 19. Example Manufacturer COP Rating Chart for Air-to-water Heat Pump

Figure 19 above shows an example COP rating chart from a leading manufacturer of air-to-water heat
pumps. The chart shows, for an outdoor temperature of 30 deg F and supply water temperature of 130
deg F, a COP manufacturer rating of about 2.5, which is about 20 percent lower than shown previously
in Figure 3 for air-to-air heat pumps at the same outdoor temperature. Such difference in performance
significantly impacts the ability of air-to-water heat pumps to accomplish our environmental goals.

NEED FOR HIGHER LEVELS OF RENEWABLE POWER GENERATION BEFORE ELECTRIFICATION CAN
ACHIEVE ENVIRONMENTAL BENEFITS

To counter the popular argument that the grid is becoming cleaner, so not to worry about power
generation emissions due to heat pumps installed now, the next graph below shows the results of the
EPA AVERT program relating to the year 2030 scenario in which 1 million residential heat pumps and
5,000 MW nameplate capacity of offshore wind have been installed in New England.

The fundamental problem is that 5,000 MW nameplate capacity of offshore wind eliminates the need
for fossil-based power generation, to meet our present grid loads, on only a handful of days during the
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year. The orange slivers on top of the blue bars show the relative extent of wind energy that would be
available for operating heat pumps. Any incremental loads such as heat pumps and electric vehicles over
the next ten years will continue to simply increase fossil generation loads.

Monthly MWh Consumption for 1 Million Heat Pumps in New England

Available MWh from 5000 MW Nameplate Capacity of Offshore Wind
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Figure 20. Monthly MWh consumption for 1 million heat pumps in New England with 5000 MW
Offshore Wind

The Vineyard/Revolution/Deepwater/Mayflower offshore wind projects planned for the Martha's
Vineyard coastal area are jockeying for a limited availability of transmission interconnection at the West
Barnstable substation, Canal Electric Station and just a few other prospective grid injection points.
Recent ISO New England Planning Advisory Committee deliberations have been consumed by the
technical challenges, including voltage/frequency stability problems, of integrating offshore wind into
the southeast Massachusetts grid. Even if transmission limitations are resolved, the wind projects
planned for the next 10 years, even if fully developed, will be insufficient to eliminate fossil generation,
except during a very few hours. Thus, any intentional grid load additions for heat pumps or electric
vehicles will have to be met with fossil generation.

The result will be that most heat pumps installed today, if fully utilized for heating thus dealing with a

service life of just 10 years or so, will not achieve a single molecule of CO2 reduction compared to B50
biodiesel blends, while incurring huge capital costs and exerting upward pressure on electricity rates.
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IMPACT OF HEAT PUMPS ON ELECTRICITY RATES

When cold weather comes to New England, and as grid loads climb, the cost and carbon intensity of
power generation at the margin, produced to meet thermal loads, increase as older equipment comes
on line and less environmentally-friendly fuels, such as coal and no. 6 residual oil, are used. Market
clearing prices for wholesale power in the ISO New England control region are set by the last generation
plant to clear hourly Day Ahead or Real-time auctions, with the last plant, by definition, having the
highest bid price. The corresponding wholesale power rate in $/MWh, attributed to the generation plant
at the margin, is then paid to all operating generators within the control region. This means that the
total cost of power to customers is set by the most expensive generators to clear the auctions, which
means higher electricity costs for everybody when the New England grid is under stress.
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Figure 21. Example ISO New England Price Curve ($ per MWh) vs. Grid Load (MW)

The above graph shows an example curve of $/MWh cost versus MW of grid load within the ISO New
England control region. It shows wind, hydro and solar PV power, then nuclear power, as providing the
bulk of power up to a level of 6,000 to 9,000 MW. Natural gas-fired, combined cycle systems provide
much of the output in the range of 9,000 to about 15,000 MW and lower efficiency, steam-cycle and
simple-cycle turbine generators then pick up the remainder of grid load. The graph shows that it is
possible to double the wholesale price for power supply by adding just a few thousand MW of grid load.

For each 1 million homes converted to heat pumps, approximately 6,000 MW of additional grid load
would occur during cold weather. It is understood that many policymakers are seeking to achieve a fully
renewable power grid with no further use of fossil fuels. But until the ISO New England grid achieves
renewable generation at the margin, which is several decades over the horizon, fuels will need to be
used to produce power for electrically-driven heat pumps, which add to the already sharp peak load
characteristics of the grid. The high cost of operation for antiquated generation equipment using non-
renewable fuels will translate into continuing higher power costs for all ratepayers.

The onsite use of renewable fuels, instead of heat pumps, for thermal applications in residential and
commercial buildings, will provide relief to the ISO New England grid, especially during peak load
periods, with significant cost savings to all ratepayers. For the short term, renewable fuels need to be
used in sufficient quantity to drive ISO New England grid demand down to the level that can be served
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by combined-cycle power plants, rather than steam-cycle or simple-cycle turbine facilities. For the long-
term, renewable fuels need to be used to eliminate the use of fossil fuel-fired generation at the margin.

The economy-wide, cost savings attributable to the capping of peak wholesale power rates will depend
on the relative growth of solar/wind generation resources compared to the grid demand increase
caused by electrification of the buildings and transportation sectors. Especially if heat pump-driven grid
demand starts to grow more rapidly than might be offset by new offshore wind power production, it is
reasonable to infer from the ISO New England price graph that an avoided cost savings of $30 per MWh
of real-time grid load could be achieved during the winter season using biodiesel instead of heat pumps.
All electricity customers would benefit from such grid load reduction due to the resulting drop in the
wholesale price of electricity by the previously described $30 per MWh.

ISO New England Forward Capacity Market cost savings would also be achieved using biodiesel, since
ISO New England will become a winter peaking grid after approximately 1 million residential living units
have converted to heat pumps. At a market rate of approximately S5 per kW/month for ISO New
England and based on an average peak heat pump demand of about 6 kW per living unit, the annual cost
of additional generation capacity would be in the range of about $360 per living unit.

Air Quality Benefits of Biodiesel - NOx Impact Compared to Electric Heat Pumps

Biodiesel blended with heating oil can reduce emissions that are harmful to human health and the
environment. These include direct reductions in particulate matter, sulfur oxides, nitrogen oxides,
carbon monoxide, aromatic hydrocarbons, and lifecycle reduction for carbon dioxide and equivalent
greenhouse gases. Emission benefits increase with the percentage of biodiesel from 5% (B5), 10% (B10),
and 20% (B20), and are meaningful even at low blend levels.

Carbon Dioxide (CO,): 100% biodiesel reduces lifecycle greenhouse gases (primarily CO,) by 81%'%. The
corresponding reductions for B5, B10 and B20 blends of biodiesel would be 4%, 8%, and 16%,
respectively. Carbon reductions on the order of 80% can be achieved by B100 currently with further
improvements expected as processing incorporates higher efficiency and utilization of renewable-based
methanol and electricity input.

Nitrogen Oxides (NOx): Study results vary as nitrogen oxide emissions vary with the type of appliance as
well as the blend of biodiesel. For residential space heating equipment, typical biodiesel blends (up to
B20) can produce NOx reductions between 5 and 7.5%. Commercial boilers using higher blends can
reduce NOx by as much as 35% using B100°.

1 Weighted average computed by NBB using 2015 EIA and US EPA EMTS feedstock data and the latest published
studies on feedstock-specific lifecycle analysis. http://www.eia.gov/biofuels/biodiesel/production/

2 pradhan, Shrestha, Van Gerpen, McAloon, Yee, Haas, Duffield; Reassessment of Life Cycle Greenhouse Gas
Emissions for Soybean Biodiesel; American Society of Agricultural and Biological Engineers; 2012;
http://www.researchgate.net/publication/234143981 Reassessment _of Life Cycle Greenhouse Gas Emissions
for_Soybean Biodiesel/file/d912f51234a621f896.pdf

3 Krishna, Biodiesel Blends in Space Heating Equipment; Brookhaven National Laboratory; NREL/SR-510-33579;
2004
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The table below shows NOx emission factors (lbs per MMBTU of delivered heat) for Bioheat-fired boilers
and for cold-climate heat pumps driven by several common configurations of power generation with
and without emissions controls. The table shows typical values for both steady-state and peaking
operation.

Biodiesel-fired Boilers and Electric Heat Pumps
Typical NOx Emission Factors Ibs per MMBTU Delivered Heat

Steady-state 4 hr Peak Load

Combined Cycle 0.02 Ib per MMBTU 0.15 Ib per MMBTU
w/SCR and OC
(5 ppm @ 15% 02)

Combustion Turbine 0.03 Ib per MMBTU 0.25 Ib per MMBTU
w/SCR and OC
(5 ppm @ 15% 02)

B20 - B100 Boiler 0.10 Ib per MMBTU 0.10 Ib per MMBTU
(<100 ppm @ 3% 02)

Combustion Turbine 0.16 Ib per MMBTU 0.25 Ib per MMBTU
w/DLN or H20
(30 ppm @ 15% 02)

Steam Cycle Gas/Oil 0.25 Ib per MMBTU 0.30 Ib per MMBTU
(200 ppm @ 3% 02)

Combustion Turbine 0.80 Ib per MMBTU 1.00 |b per MMBTU
w/o emissions control
(150 ppm @ 15% 02)

Figure 22. Typical NOx Emission Factors for Residential and Commercial Boilers and Heat Pumps

Although combined-cycle and simple cycle combustion turbine systems with SCR and OC emission
control can indeed produce lower levels of hourly NOx emissions than direct-fired combustion systems
during off-peak steady-state operation, it must be remembered that most thermal loads occur during
either morning/evening peak periods or during cold weather when peaking operation becomes
dominant for power generation at the margin. Under peak load conditions, the direct combustion of B20
to B100 blends show the lowest level of NOx emission factors among the options shown.

Heat pump operation during winter peak periods can thus frequently result in higher total NOx
emissions than individual fuel-fired heating systems. One 350 MW combined-cycle unit (e.g., GE Series 7
HA Frame with HRSG) could heat 60,000 homes via cold-climate heat pumps but would emit NOx equal
to about 120,000 natural gas/Bioheat-fired home heating systems during a 2-hour start-up period from
cold or lukewarm generator status. The low-level area source of NOx associated with the direct
combustion of biodiesel blends would then be concentrated into a major point source that falls under
US EPA Title 5 Clean Air Act emissions standards. Possible environmental justice concerns would result
due to high local emissions in low-income neighborhoods adjacent to power plants.
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MassDEP and MADOER should perform a comprehensive analysis of power generation in Massachusetts
and consider the imposition of requirements for NOx offset projects to mitigate negative air quality
impacts in economically disadvantaged neighborhoods adjacent to power plants.
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APPENDIX

NEED FOR USE OF MARGINAL EMISSIONS FACTORS FOR POWER GENERATION

On the Importance of Marginal Emissions Factors for Policy Analysis

Environmental nonprofits WatiTime and Rocky Mountain Institute recommend marginal rather
than average emissions factors be used for analysis of policies whose goal is to reduce carbon
emissions. This primer explains why.

The purpose of average emissions factors is to apportion environmental responsibility.

A common technigue in environmental analysis is to divide responsibility for cleaning up

pollution equally between the different actors in a power grid on the basis of their relative power
consumption For example, if a given city consumes 5% of all the electricity produced in a given
power grid, if 1s simple and intuitive to call it responsible for 5% of all the emissions in that grid.

The virtue of this technique is its simplicity. Each city or company on a power grid can simply
calculate the average emissions per each kilowatt-hour on its local power grid; measure its own
kilowatt-hours consumed; and multiply to determine its “share™ of a given grid’s pollution !

Average emissions factors should nof be used to measure environmental impact.

Historically, average emissions rates have been a convenient way to apportion “ownership™ of
different organizations” responsibility for emissions. Unfortunately, as momentum builds for
stitutions to more actively manage emissions, a worrisome trend is the growing mumber of
organizations mis-applying average emissions factors to estimate the impact of environmental
decisions. Yet this approach does not accurately measure environmental consequences.

Returning to the previous example, it's entirely possible that the exact 5% of the grid’s electricity
that city 1s consuming comes predominantly from aging natural gas power plants, which would
mean comparatively high emissions.

The correct way to measure environmental impact is using marginal emissions factors.

To protect against this mistake, the comrect way to measure the impact of environmental
decisions is to use marginal emissions factors ? Marginal emissions factors measure the actual
environmental consequences of taking different potential actions on the power grid.

If the example city is evalnating an energy efficiency measure to conserve one megawatt-hour of
electricity consumption, this program will reduce local emissions by reducing output at one or
more power plants. But which power plants? Many sources of power, for example most solar
panels, are designed to send all the energy they can to the power grid no matter the level of
energy demand. Thus, they will be completely unaffected.

! See, e.g. the GHG Protocol Corporate Standard.
I See, e g. the GHG Protocol for Grid-Connected Electricity Projects.
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Conserving energy only affects some power plants: those which can scale up or down in
response, known as the “marginal” power plants. Marginal emissions measure the emissions per
kilowatt-hour only from these power plants, thms accurately measuring real-world results.

Why using average emissions can lead to incorrect policy conclusions.

When a power grid experiences a change in energy demand—for example, adding electric
vehicles, or installing new clean power—that changes the emissions from local power plants. But
some power plants are completely unaffected. for example, most solar panels and miclear plants.

Using average emissions factors to measure the effect of environmental decisions implicitly
assumes that energy policy-making affects all power plants equally. This overestimates the
effects on these unaffected plants, and underestimates the effects on the margmal plants which
actually do change in response to policy. If these plants have differenf emissions rates, this can
lead to mcorrect measurement of policies.

This is a growing problem because the more “always-on” clean energy a region installs, the more
inaccurate any analyses using average emissions factors become. For example, on Friday May
312019 at 1:30 PM, the CAISO website reported the following data regarding real-time energy
supply and emissions. CAISO was delivering 23, 690 MW of power at an emissions rate of
3,042 mTCOx/'hour. Nearly 50% of the total supply (12,086 MW), was from renewable sources.
Using an approach of average emissions, one would say that the current emissions rate was
2831bs CO2/MWh.*

However, the marginal emissions rate for the same time was much higher. at 927 1bs CO2MWh
Despite the high penetration of midday solar, if 1 MWh of load was added to the grid at this
fime, the solar plants would likely not be the tvpe of fuel responding to the increased load. It is
more likely that an inefficient gas generator would ramp to meet the increased load, thus creating
an emissions impact of 927 Ibs of CO2 #

As seen here, true emissions rates can be up to four times higher than average emissions-based
estimates would imply, with major consequences for policy evaluation.

If policymakers were to only allow technologies that were below the average emissions levels,
they might inadvertently allow existing, imefficient generators to operate more than they intend.
The result would be restricting projects are that good for the environment, instead of encouraging
them.

# California 150 real-time energy data.
4 WattTime marginal emissions data.
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Common situations in which marginal emissions is most important.

Marginal emission factors should nearly always be used in environmental impact analysis.
Leading researchers apply them when measuring everything from renewable energy, to electric
vehicles, to energy storage.* But they have particular importance for public policy whenever a
policy measure 1s comparing different options, for example:
»  Comparing what times are best fo use or store energy. Margmal emissions should be
used to select which times are cleanest, such as for energy storage
»  Comparing where is best fo site a new energy asset. Marginal emission rates should be
used to measure the impact of new renewable energy, particularly in selecting locations.”
*»  Fuwaluating electrification. Marginal emissions rates should be used when evaluating the
environmental impact of electrifying fossil fuel technologies such as vehicles, water
heaters, and appliances. For example, in some coal-heavy regions, switching from a
gasoline-powered car to an electric vehicle can actually increase, not decrease emissions.
*  Fvaluating low-emissions energy sources. Marginal emissions rates should be used to
evalate the environmental impact of low-pollution electricity generation technologies
such as fiel cells and biomass. These technologies are somefimes mistakenly thought to
mcrease emissions if they emit more than the local average emissions rate. But in reality
they reduce emissions anywhere they less than the local marginal emissions rate.

For more information about average vs. marginal emissions, see this joint WatfTime-EMI post.

How to properly design policy based on data-driven marginal emissions rates

Several large, influential public agencies (the CPUC), and private customers are committed to
accurately reducing carbon emissions by using marginal emissions analysis. In December of
2018, the CPUC staff released a draft regulation directing the commission to require entities
utilizing public incentives in the Self Generation Incentive Program (SGIP) to use marginal
emissions rates to determine the net GHG impact of their project ®

Creating effective regulations and policy, as the CPUC has done, requires thorough data analysis
and stakeholder engagement. As an mdependent, third-party non-profit, WattTime was founded

fo guide policy makers and regulators through this process to ensure that their efforts accurately

reduce greenhouse gas emissions.

% 5ee, e g Hitinger and Azevedo [2015), Callaway et al (2017) or Fares and Weber (3017).
& E.g. the California Public Utilities Commission’s decision to use marginal emissions in real time for energy storage.

7 See, e.g. Boston University's recent decision to buy renewable energy outside Boston using marginal emissions.
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