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Abstract: In order to meet ambitious carbon reduction goals, direct combustion of fossil fuels in
homes will need to largely cease. The largest portion of this reduction will likely come from energy
efficiency, but efficiency alone will not be sufficient. In this paper we look specifically at California
and build the case for why energy efficiency with electrification of heating is the most likely path
to achieve the large carbon emission reduction needed from this sector. We examine alternative
decarbonization strategies, such as solar thermal, biogas, synthetic natural gas and electrification and
show why electrification is the most promising path. We evaluate these options across the dimensions
of scale, cost, and suitability. We find that, while electrification has the potential to serve all heating
loads, the other low-carbon options may serve only 2–70% of loads. We also expect that electrification
could reduce emissions from this sector at a cost 25–90+% less than other options.
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1. Introduction

California has an ambitious goal of reducing carbon emissions 80% below 1990 levels by 2050 [1],
and in order to meet this goal all aspects of the energy system will need significant changes. Impressive
progress already has been made: a rapidly expanding share of renewables in electricity generation and
almost 40 years of pioneering energy efficiency policy. Senate Bill 100, signed in 2018, also mandates
that electricity be carbon free by 2045. Decreasing costs of wind and solar and gaining market shares of
these resources will impact how we decarbonize other sectors, such as heating [2,3].

Technical potential studies show that meeting such aggressive 2050 emission reduction goals
is possible in California, the US, and Europe—but these studies consistently include substantially
reducing or eliminating direct emissions from residential space and water heating as a necessary
measure [4–9]. In order to achieve a goal of emissions getting to 80% below 1990 levels by 2050, it is
likely that emissions from buildings will need to decrease by even more than 80% as other sectors may
be more difficult than buildings to decarbonize. The Deep Decarbonization study [6] found that in
order for the US to reduce emissions 80% below 1990 levels by 2050, the emissions from buildings
would need to decrease by even more. They consider four scenarios which reduce emissions by
87% relative to a baseline 2050 case and 86% below 2014 emissions. Much larger reductions come
from the residential sector, with reductions ranging from 89–98%, depending on the scenario [6].
Reductions in other sectors like air travel, trucking and industry may be more difficult and costly than
decarbonizing buildings.

There has been little progress so far in reducing emissions from direction combustion in the
residential and commercial buildings sector and current trends suggest that, without policy intervention,
emissions reductions in the buildings sector will not be met. Figure 1 shows how much gas the
residential and commercial sectors have used in California [10]. The 2050 points show what an 80%
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reduction from 1990 levels would look like in 2050. Energy efficiency potentially could make up
part of this reduction but after almost 45 years of energy efficiency programs [11] total California gas
consumption trends are not declining quickly enough.
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Figure 1. Historical natural gas consumption in the residential and commercial sectors in California.
Commercial gas use includes natural gas used in vehicles through 1996, so the commercial trendline is
based on post-1996 data [10].

Historically, the residential space and water heating sector has received little attention in climate
policy relative to larger emissions sources like electricity generation and transportation [4]. While this
sector represents a much smaller share of total emissions, the complexity of achieving the necessary
changes is profound: it requires changes on the long timescales of building stock turnover and it
requires an understanding of how consumers adopt new technologies. These complexities suggest
that policymakers need to devote attention to this sector soon.

Changing how we heat space and water requires decisions with lasting consequences.
For example, investing in decarbonized gas infrastructure might lock us in to that pathway for
decades, while moving away from gas would impact investments in natural gas infrastructure and
force us to rethink subsidies for gas-efficient appliances. As customers electrify heating and less gas is
sold, the delivery cost of each unit of gas would increase to cover the fixed costs of maintaining gas
infrastructure. Greater electricity consumption, particularly if new heating loads are flexible, could
increase load factors of electricity infrastructure leading to lower electricity prices. Widespread fuel
switching could potentially lead to a death spiral in which retail gas prices rise, electricity prices fall
and customers continue to switch away from gas.

Political and institutional barriers exist that will make the energy system slow to change. Gas
utilities, particularly those that are separate from electric utilities, would strongly resist policies that
reduce their earnings. Customers surely would also resist either being disconnected from a gas
supply or having to pay exorbitant rates to cover infrastructure costs. Choosing another path, such
as decarbonized gas, would require large infrastructure investments in facilities that can produce
biogas or synthetic methane. If such investments are made, they may encourage continued gas use for
space and water heating. We need to decide which path is better—though different optimal paths may
exist in different locations. Since the building stock is slow to change, policies need to be put in place
soon. In order to avoid stranded investments, maximize cumulative emissions reductions and achieve
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Historically, the residential space and water heating sector has received little attention in climate
policy relative to larger emissions sources like electricity generation and transportation [4]. While this
sector represents a much smaller share of total emissions, the complexity of achieving the necessary
changes is profound: it requires changes on the long timescales of building stock turnover and it
requires an understanding of how consumers adopt new technologies. These complexities suggest
that policymakers need to devote attention to this sector soon.

Changing how we heat space and water requires decisions with lasting consequences. For example,
investing in decarbonized gas infrastructure might lock us in to that pathway for decades, while
moving away from gas would impact investments in natural gas infrastructure and force us to rethink
subsidies for gas-efficient appliances. As customers electrify heating and less gas is sold, the delivery
cost of each unit of gas would increase to cover the fixed costs of maintaining gas infrastructure.
Greater electricity consumption, particularly if new heating loads are flexible, could increase load
factors of electricity infrastructure leading to lower electricity prices. Widespread fuel switching could
potentially lead to a death spiral in which retail gas prices rise, electricity prices fall and customers
continue to switch away from gas.

Political and institutional barriers exist that will make the energy system slow to change.
Gas utilities, particularly those that are separate from electric utilities, would strongly resist policies
that reduce their earnings. Customers surely would also resist either being disconnected from a gas
supply or having to pay exorbitant rates to cover infrastructure costs. Choosing another path, such
as decarbonized gas, would require large infrastructure investments in facilities that can produce
biogas or synthetic methane. If such investments are made, they may encourage continued gas use for
space and water heating. We need to decide which path is better—though different optimal paths may
exist in different locations. Since the building stock is slow to change, policies need to be put in place
soon. In order to avoid stranded investments, maximize cumulative emissions reductions and achieve
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carbon reductions at the lowest cost, policy and planning is required now to drive investment in lower
carbon alternatives and to plan for infrastructure changes.

In this paper, we compare different strategies that could achieve emissions reductions in the
residential sector. Utilities, analysts and policymakers still debate which path is best [12–16]. Given this
uncertainty, we take a deeper look at the options available.

In 2014 about 5% of total US greenhouse gas (GHG) emissions, or 345.1 million metric tons of
CO2-equivalent, came from combustion of fossil fuels in the residential sector [17], with about 69%
of this coming from space heating and 22% from water heating [18]. In California, a similar fraction
of statewide GHG emissions (6%) is the result of direct combustion of fossil fuels in the residential
sector [19].

In 2009, approximately 80% of households served by five major utilities in California used natural
gas as the primary fuel for space heating and water heating and those households used an average
of 354 therms (37 GJ) of natural gas per year for all uses [20]. Natural gas heating dominates today
in California because of the relative prices of retail electricity and natural gas and because of the
additional capital costs that come with solar water heating, heat pumps or decarbonized pipeline
gas infrastructure.

Space and water heating are not the only uses of natural gas in the residential sector, with clothes
drying, pools, cooking and other miscellaneous uses accounting for about 14 percent of residential gas
consumption as shown in Figure 2. While small amounts of gas are used in these sectors, a thoughtful
decarbonization strategy would need to take these uses into account.

This paper evaluates the options and concludes that electrification of heating, with improved
energy efficiency, will be the preferred path to meet emission reductions goals of the residential space
and water heating sector in California or similar climates. Strategies for other regions are also discussed.
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2. Materials and Methods

There are four broad strategies by which an economy can decarbonize: energy efficiency, low
carbon electricity, decarbonized fuels and fuel-switching [7].

Taking these options and mapping them to our options for decarbonizing residential space and
water heating, we see four similar choices: Energy efficiency, Solar thermal (capturing solar radiation
to heat a fluid that is used to heat space or water), Decarbonized pipeline gas (injecting biogas,
synthetic methane and/or hydrogen produced from renewable electricity into the natural gas system)
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and Electrification (switching from gas furnaces and boilers to heat pumps—or potentially electric
resistance heat in limited cases—that use low carbon electricity). These options come with different
services, costs, speeds, scales and implications for market participants.

As will be made clear in this analysis, the heat pump is the key piece of the residential heating
decarbonization puzzle. If consumers are offered a reliable, durable, affordable and high-performing
heat pump then electrification is the clear path to decarbonize space and water heating because
of the triple efficiency gain compared to resistance heating. Without heat pumps, decarbonization
goals will be more difficult to achieve and will rely on solar water heating or decarbonized gas, with
existing forced air systems being served by decarbonized gas and hot water heating served by solar
water heaters.

We treat the energy efficiency option differently, as any decarbonization strategy will benefit from
first reducing the amount of energy needed. We simply point out that energy efficiency alone will be
insufficient to meet decarbonization goals. With the exception of energy efficiency, we evaluate each
decarbonization option by asking three basic questions:

1. Is there enough?
2. How much would it cost?
3. What is the best end use of this resource?

3. Results

3.1. Energy Efficiency

Energy efficiency has long been considered the “cheapest, cleanest, fastest” energy resource [21].
Efficiency can take many forms, such as more efficient appliances, changes to industrial processes,
deep retrofits of existing buildings and weatherization. Energy efficiency is important because it can
reduce the total cost of other decarbonization options and it typically has the lowest environmental
impact compare to supply side resources.

Energy efficiency alone will be insufficient to reduce emissions in the buildings sector by more
than 80% by 2050. Efficiency improvements in the buildings sector are capital and labor intensive and
it is impossible to retrofit the large existing building stock overnight. Reaching this emissions target
with efficiency alone would require an absolute reduction of emissions of about 5% per year. Even
a 2% per year reduction in energy use would be far greater than we have seen in the recent past, yet
would reduce emissions by only 50% over the next 35 years. Nadel et al. estimate that a reduction of
energy use by 40–60% by 2050 could be cost effective through more efficient equipment, zero net energy
buildings, industrial improvements, deep building retrofits and advanced vehicles [22]. Wei et al.
estimate that energy efficiency could lead to a 43% emission reduction in California [4]. Reaching such
improvements in energy efficiency would require sustained improvements in energy efficiency that
yield 1.5% reductions in energy use every year. Loftus et al. reviewed 17 decarbonization scenarios
in the literature, which included reductions of energy intensity in the range of 1.6–3.4%. They also
point out that since 1970 global energy intensity has improved greater than 1.5% only a few times [23].
Total energy use may increase as energy intensity decreases because energy intensity is based on
economic activity. In order to save energy in absolute terms, energy intensity will need to come down
at a rate greater than economic growth. The most aggressive decarbonization scenario included in the
Loftus et al. study estimated a reduction in energy use (not intensity) of 3.6%/year [24]. Even if those
aggressive savings targets are achieved, they will be insufficient to meet deep decarbonization goals on
their own.

In summary, the rate at which we need to reduce energy use is far greater than what we have
achieved in the past and far greater than what many experts think is possible. The total reduction in
emission that will come from efficiency alone will only get us about halfway to our goal. Therefore,
we need to investigate other possibilities for decarbonizing the buildings sector.
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3.2. Solar Water Heating

Solar thermal options like solar water heating (SWH) or even passive solar design for space
heating are similar to energy efficiency measures because they simply reduce demand for other fuels
to provide an energy service. Solar water heating works by running water or some other heat transfer
fluid through collectors. If another fluid is used, the heat is exchanged to heat up water. This hot
water is stored in a tank and either used directly or, if not hot enough, heated with an electric or gas
water heater.

Is there enough? A typical solar fraction of solar water heating is in the 0.5 to 0.7 range which
means that 30–50% of another fuel is used after installing a solar hot water system [25]. Of course,
it is possible that a larger system could be installed that would increase the solar fraction but
such a system would be uneconomic because it would produce unusable heat at certain times
of year or cause overheating of the system. At some point, the marginal unit of heat produced
would come at a price far higher than producing that heat from electricity or natural gas. If all
buildings could be suitable for SWH installations, we might assume that 70% of emissions could
be reduced. Unfortunately, not all buildings will have space available for unshaded, well-oriented
solar collectors. Together with efficiency, SWH could provide the 80+% savings that may be
necessary to meet emission reduction goals but it is unlikely the most cost-effective path.
How much would it cost? A 2009 Itron study found an average levelized cost of saved energy of
$2.52/therm ($23.86/GJ) for systems that displace gas, assuming a 25-year life with no additional
maintenance issues over the life of the system [25]. However, in practice SWH systems require
periodic inspections and maintenance. With a price premium of saved energy of about $1.20/therm
over the retail price of natural gas (assuming a retail natural gas price of about $1.30/therm), that
would be equivalent to a carbon tax of $200 per ton of CO2. The Itron study also compared these
installed costs with other market data in Hawaii, Oregon, Northern Europe, China and India.
Capital costs in all regions other than China and India were similar (within about $1000). Costs
in China and India were found to be less than one tenth the cost in California. This may be due
to smaller systems and lower labor costs. If these large cost reductions for SWH are possible
in California (and they outpace cost reductions in photovoltaic systems) then SWH may play
an important role in decarbonization. But today, as we show later in this section, the economics
clearly favor solar photovoltaics with heat pump water heating in California.
What is the best end use for this resource? The resources that SWH uses are rooftops and dollars.
At the current state of technology, photovoltaics are a better use of both. While SWH has higher
thermal efficiencies compared to solar photovoltaic (PV) panels (40% vs 15% efficient) and matches
supply and end uses in energy quality [26], it is not currently the best use of rooftops and dollars.
Though it is a relatively low-tech solution that potentially is also low cost, given technology
advancements and major cost reductions in PV, the present case for SWH is weak as we will
illustrate later in this section. Furthermore, the efficiency difference between PV and SWH is
somewhat misleading, since they deliver different forms of energy. Electricity is far more valuable
than heat. The electricity that a PV system could produce can be used in a heat pump water heater
(HPWH). A heat pump could have a coefficient of performance (COP) of 3 or more, tripling the
system efficiency and putting the PV on par with SWH in terms of total system efficiency (solar
energy converted into heat). COP refers to the efficiency of a heat pump (the amount of heat
delivered divided by the energy input). COP can be higher than 1 (or 100%) because it is not
converting energy into heat but rather it is using energy to move heat from one place to another.

Consider a few scenarios to further clarify our pessimistic assessment of the potential of SWH
for decarbonization. First, if the consumer has an electric resistance hot water heater, they could
switch to a heat pump and gain about the same energy savings at half the cost, with the average
installed cost of a HPWH being around $3000. If they already have a HPWH, the value of the
energy savings that would come from a SWH would be cut by a factor of 2 or more—leading to
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a cost of saved electricity twice as much as what was found in the Itron study. If a heat pump was
already installed, the economics of adding solar water heating would not be favorable, as the
cost of saved energy would be far higher than the cost of energy. On the other hand, if SWH
were installed first, the economics of switching from a resistance to a heat pump would not be
favorable. The order of events matters.

The biggest drawback of SWH is that they simply do not reduce emissions enough. If the goal is
to eliminate residential emissions from natural gas combustion, then cutting only two thirds of those
emissions from water heating still leaves us far from our goal. Policymakers should be cognizant of
the impact that SWH could have in the future. While SWH might reduce emissions today, choosing
SWH could lock remaining emissions in further into the future by changing the future economics of
electrification. Instead of spending $6000 on a SWH system, a homeowner could choose to spend $3000
on a HPWH and $3000 on a 1 kW PV system [3]. This assumes a $3/W installed PV cost. The total
installed cost of a residential PV systems in 2015 was $4/W on average in the US and $1.7/W in Germany.
That PV system could produce 1555 kWh/year in San Francisco [27], or 159 therms (17 GJ) of heat
delivered with a COP of 3. The average Pacific Gas and Electric customer used 183 therms (19 GJ) for
water heating, which, assuming an 80% efficient hot water heater, is 146 therms (15 GJ) of delivered
water heating energy. In other words, the $6000 spent on a HPWH+PV system would be net zero
energy, while the SWH would cut energy only by about 2/3. Choosing the HPWH+PV would therefore
provide a greater climate benefit. While HPWH+PV might be zero net energy, it would not necessarily
be zero emissions since not all consumption would come directly from the PV and the energy sold
back to the grid might displace lower emission generation than the energy that would be bought from
the grid. This analysis compares the costs of systems at the household level to give a sense of the
economics of SWH and PV.

Despite challenging economics for SWH, in some scenarios it could be a part of the mix. Solar
fraction (the fraction of total annual water heating energy use that is supplied by the SWH system) can
vary widely between northern and southern California, ranging from 0.55 to greater than 0.85 [28].
SWH in areas with very high solar fractions could be a part of a smart decarbonization strategy,
particularly with cost reductions—though those areas also will have more productive PV systems.

A variety of decarbonization options, like SWH, will be important to hedge risk of other strategies
not delivering on their potential to decarbonize the water heating sector. SWH are an old, proven
technology and can deliver emissions reductions. Because of their high cost, they should not be the
first choice for decarbonizing water heating. For space heating, SWH could be useful in buildings that
use hot water to distribute heat and it could also be useful in new construction with hydronic heating
systems, but the transition cost of existing buildings would be cost prohibitive.

Photovoltaic thermal hybrid solar collectors (PVT) generate both electricity and heat. The system
efficiency is higher because the PV can operate more efficiently when cooler and some energy that is not
converted to electricity is captured as heat. With cost reductions, PVT systems could also potentially
decarbonize heating more cheaply than PV + HPWH. Further research, development and deployment
is needed to drive costs down.

In summary, SWH come at a high capital cost and still require another energy resource for backup.
If that other energy resource is natural gas, then we cannot decarbonize with SWH alone. If that other
resource is electricity, then we would be better off from both a financial and emissions point of view by
using the rooftop to produce electricity.

3.3. Decarbonized Pipeline Gas

Another decarbonization option is to leave heating systems in the building stock alone but
distribute fuels that have lower lifecycle carbon emissions. The biggest advantage of this strategy
is that it requires no action on the part of consumers. Motivating consumers to take action when it
comes to energy use has been challenging and well documented in the energy efficiency gap literature.
Transitioning to SWH or electric heating would be another case in which a large number of consumers
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would need to take coordinated actions to reduce carbon emissions. Experience with energy efficiency
investments show that consumers are hesitant to respond, have high hurdle rates to make efficiency
investment, only invest with very short paybacks—and often do not get the expected savings [29–32].
Decarbonized pipeline gas overcomes these barriers and of the four strategies to decarbonize space
and water heating, only decarbonizing pipeline gas can be achieved through central planning. Along
with this potential benefit, decarbonizing pipeline gas would also be preferable for natural gas
utilities because it would allow their business to survive while meeting deep decarbonization goals.
Decarbonizing pipeline gas makes it easy for consumers and avoids resistance from the natural
gas industry.

Three main options fall into this category of fuel: biogas, hydrogen and synthetic methane.
We discuss these options in greater detail in this section.

3.3.1. Biogas

If decarbonized gas were used to reduce emission from space and water heating end uses in
California, it would most likely come predominantly from biogas. A recent study of the costs of
decarbonizing using an electric-only or mixed case (which included decarbonized gas) found that costs
were comparable for both options [15]. This study relied on California receiving a population-weighted
share of all biomass produced in the United States in a best-case scenario of biomass production [33].
The other environmental impacts of such a high level of biomass production were not taken into account.
This study along with several other studies funded by the natural gas industry have concluded that
“renewable gas” is a realistic path to decarbonize residential gas end uses. Biomass can be considered
to be decarbonized since there are low net emissions when it is combusted. While combustion still
releases CO2, there are avoided emissions that would have occurred had the biomass decomposed.

Biogas could come from either anaerobic digestion or thermochemical processes that take animal
waste, energy crops, wastewater, municipal solid waste or wood and agricultural residues as inputs.
The environmental impacts of these feedstocks vary widely. On one hand, combusting methane that
is being produced anyway, such as landfill gas, could have a positive impact. On the other hand,
production of other dedicated energy feedstocks might have other negative environmental impacts
and land use change impacts. Directing some feedstocks to energy uses might have net negative
impacts, such as the higher emissions in the near term and a reduction of organic material available for
composting [34].

Is there enough? The simple answer is no, there is not enough biogas to serve all current natural
gas uses. Even with very aggressive growth in biomass production, it will be challenging to
replace our current use of fossil fuels. The total consumption of natural gas in 2016 was 28.5
quadrillion BTUs. Today biomass makes up about 5% of total primary energy consumption in
the United States [35] or about 4.95 quadrillion BTUs out of 97.4 quadrillion BTUs in 2016. If we
assume that a dry ton of biomass is equivalent to 16 million BTUs of primary energy, as was
done in a recent United States Department of Energy (DOE) report [33], then that assumes about
309 million dry tons of biomass were used in 2016. Perlack et al.’s 2012 estimate of biomass use
was 214 million dry tons in the Billion Ton Study. Either the 2012 estimate was low, the EIA counts
biomass uses that were not included in the Billion Ton Study or the energy content of biomass
is greater than 16 million BTU per dry ton. For the purposes of this analysis, this difference is
noted but it is small relative to the potential increase in biomass production. Depending on the
scenario, Perlack et al. find that 2030 biomass production could range from 1094 to 1633 million
dry tons [33]. However, since we are interested in examining the potential of biomass to replace
fossil fuels, the energy content of this resource needs to be derated. The conversion efficiency of
biomass to biogas may range from 62–81% and the efficiency of converting biomass to ethanol
ranges from 46–56% [36]. Depending on the type of generator, conversion of biomass to electricity
is likely less efficient than coal or gas plants, with a heat rate of 13,000 BTU per kWh rather than
typical heat rates of 10,000 BTU/kWh for coal steam generators and 7600 BTU/kWh for combined
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cycle gas generators [37]. While biomass may contain on average 16,000 BTU per dry ton, this
energy is less usable than other fossil energy resources. In order to have a fair comparison with
fossil fuels, we conservatively derate the energy potential of biomass by 25% in Figure 3.

We find that, relative to all fossil fuels currently used, aggressive biomass production above
current biomass consumption use could replace 19% of current fossil fuel consumption or provide
a total of about 19 quads of primary energy annually. Other renewable generation will likely
reduce some of this future demand for fossil fuels but biomass is nowhere close to meeting all
of our energy needs. Two other studies by the natural gas industry, one by National Grid and
another by the American Gas Foundation examined the potential for “renewable gas” in the the
Northeast and US respectively. National Grid found that the technical potential of renewable gas
could serve 16% of existing gas demand in MA, NY, NH and RI [38]. A broader nationwide study
by the American Gas Foundation found that renewable gas could serve 1–2.5 quadrillion BTUs
per year, with a technical potential of up to 9.5 quadrillion BTUs [39]. Studies consistently show
that biomass alone can provide only 1–20% of our primary energy needs.
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study by the American Gas Foundation found that renewable gas could serve 1–2.5 quadrillion
BTUs per year, with a technical potential of up to 9.5 quadrillion BTUs [39]. Studies consistently
show that biomass alone can provide only 1–20% of our primary energy needs.
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How much would it cost? The mature market price of biogas is highly uncertain. However, with the
assumption that the biomass resources would cost $60/ton [33] and that ton would produce
about 90 therms [15], the per therm price of the feedstock alone would be 66 cents per therm,
which is about double current Henry Hub gas prices [40]. Recent biogas prices have been double
the projected feedstock price or four times the natural gas market price [41]. If we assume that
biogas has a price premium of $1.80/therm, that would be equivalent to a carbon tax of $295 per
metric ton of CO2 (assuming a carbon intensity of natural gas of 13.446 lbs/therm [42]).

What is the best end use for this resource? If our broad goal is to decarbonize and reduce the use of
fossil fuels, biomass will be able to play a larger role than it currently does. But as shown above,
it is not large enough alone. Given that the biomass supply will be constrained (particularly if
we want to avoid the worst environmental side effects of increased biomass production) there
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How much would it cost? The mature market price of biogas is highly uncertain. However, with
the assumption that the biomass resources would cost $60/ton [33] and that ton would produce
about 90 therms [15], the per therm price of the feedstock alone would be 66 cents per therm,
which is about double current Henry Hub gas prices [40]. Recent biogas prices have been double
the projected feedstock price or four times the natural gas market price [41]. If we assume that
biogas has a price premium of $1.80/therm, that would be equivalent to a carbon tax of $295 per
metric ton of CO2 (assuming a carbon intensity of natural gas of 13.446 lbs/therm [42]).
What is the best end use for this resource? If our broad goal is to decarbonize and reduce the use
of fossil fuels, biomass will be able to play a larger role than it currently does. But as shown above,
it is not large enough alone. Given that the biomass supply will be constrained (particularly if
we want to avoid the worst environmental side effects of increased biomass production) there
certainly will be better uses for it than space and water heating in California or temperate climates.
Some existing end uses, like industrial process heat, heavy duty vehicles and aviation will be more
challenging to decarbonize, so biomass resources would have a bigger impact for those end uses.
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In addition to these end uses, using biomass for electricity generation would be more effective
than residential heating. A ton of biomass can be converted to about 9.5 GJ of biogas or 6.5 GJ of
electricity through combustion [15]. Combustion of biomass for electricity generation provides
three benefits relative to conversion of biomass to biogas. First, 6.5 GJ of electricity is more
valuable for heating than 9.5 GJ of biogas. When used in a heat pump, a GJ of electricity delivers
2–3 GJ of heat. One GJ of biogas on the other hand might deliver only 0.95 GJ of heat. While the
efficiency of the conversion of biomass to biogas is higher than the efficiency of the conversion of
biomass to electricity, the system efficiency is lower when we look at whole system of biomass to
heat. A ton of biomass might provide 9 GJ of heat through the biogas pathway, while it could
provide 19 GJ of heat through the electrification pathway. Second, combustion of biomass is about
a third of the cost per ton compared to conversion to biogas. So, you derive 1.5–2 times as much
heat per ton of biomass at a third the cost. Finally, combustion of biomass, together with carbon
capture and storage allows for negative net emissions.

Higher priority uses of biomass could be as fuels in difficult to decarbonize sectors. If it is used
for heating in California, it could be used far more efficiently by first converting it to electricity
and electrifying heating systems. But what about the use of biomass in other parts of the country?
If biogas were indeed produced for residential heating, colder climates should be given priority
for this resource before California. Electrifying heating systems in temperate climates would not
require large expansion of electricity infrastructure, but this would not necessarily be the case in
very cold climates where power systems would need to be much larger to support electric heating
systems. Biogas could have a much bigger net impact per dollar in very cold climates than in
temperate climates.

Finally, using decarbonized gas does make it easy (on the demand side) to decarbonize gas end
uses but there are consequences. Leaking gas infrastructure can have a major environmental impact.
While natural gas has been regarded as a bridge fuel from coal to renewables, some suggest that when
accounting for leakage, it may not have any emissions benefit [43]. Combustion in distributed furnaces
and water heaters makes carbon capture impossible.

3.3.2. Hydrogen and Synthetic Natural Gas

Another way to reduce emissions of residential natural gas combustion is to replace natural
gas with synthetic methane or hydrogen that has been produced with low-carbon electricity. This
process is known as power to gas (P2G). Similar to biogas, hydrogen or synthetic methane could
be a direct replacement for natural gas in existing infrastructure. Hydrogen can be produced using
excess renewable electricity to electrolyze water to generate hydrogen. This hydrogen can then be
mixed in to the natural gas system at fractions up to 10% or put through a methanation process to
create synthetic methane [44]. Generating hydrogen or synthetic methane from excess renewable
electricity production could be a flexible load that could be used to deal with variability of wind and
solar generation. It would also have the potential to seasonally store energy from renewables in the
natural gas infrastructure both directly and by displacing other fossil gas usage by varying amounts
over the year. Rather than curtailing renewables during times of overproduction, this energy could be
used to produce other fuels.

As in the previous section, we ask three fundamental questions about this option.

Is there enough? In theory, the potential to produce hydrogen or synthetic methane is limited
only by the amount of renewable generation and electrolyzer capacity that we choose to install.
So, the answer to this question is tightly coupled to the following question about the economics.
We assume that this resource will be constrained to use only excess renewable generation capacity.
Energy + Environmental Economics estimates that with a 50% Renewable Portfolio Standard and
diverse resources, there would be 1300 hours of overgeneration in a year, generating 5400 GWh of
excess energy in California [45]. As a point of comparison, in 2015 2.3 trillion cubic feet of natural
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gas were consumed in California (670 TWh), 0.6 (180 TWh) of which was delivered to residential
and commercial customers [10]. The energy potential of overgeneration is less than 1% of total
gas demand and less than 3% of residential and commercial gas demand. After we consider the
efficiency losses of converting excess electricity into synthetic natural gas, these potentials are
even smaller.

As seen in Figure 4 below, for every 100 units of electricity in, a power to gas conversion pathway
would create about 45 units of heat. However, those same 100 units could create 275 units of
heat when used directly in a heat pump. Power to gas does have the advantage of storing
energy—potentially very large amounts, over long seasonal timescales—so that generation and
consumption do not have to happen at the same time. But a factor of six difference in system
efficiency will be hard to overcome.

Unfortunately, the system efficiency of synthetic methane production is very low, particularly
when we compare it to other options. Converting electricity to hydrogen is 50–70% efficient,
with methanation of that hydrogen (converting H2 to CH4) reducing efficiency by a few more
percent. Some hydrogen could potentially be mixed directly into natural gas networks, though it
is uncertain what the allowable fraction would be or how much leakage of small H2 molecules
would occur [44]. The system efficiency of the path from electricity to gas to heat looks particularly
low when we compare it with using electricity directly through a heat pump. It will be for policy
makers to decide if the behavioral and political benefits of this strategy outweigh the system
efficiency penalty and costs.
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How much would it cost? As we see in Figure 4, when electricity is available for heating, it would
be far more efficient to use it directly. The benefit of P2G is that it avoids replacing gas appliances
and that it can utilize unused clean electricity generation and store that energy for future use.
Unfortunately the cost of this conversion is very high. The main cost of producing synthetic
methane or hydrogen comes from the electrolyzers which may range from 850–3200 $/kW (electric)
with additional costs on the order of 150–400 $/kW if methanation is included [46–48]. Note that
the electrolyzer cost is a function of the capacity (power) of the electrolyzer. Relying only on excess
generation hours is not feasible because it would lead to low utilization of expensive electrolyzers.
In the Energy + Environmental Economics study mentioned above there were only 1300 hours
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of overgeneration, so an electrolyzer that operated for all of those hours would have a capacity
factor of only 15%. While the number of hours of overgeneration will likely grow as renewables
make up a larger fraction of generation, if there are many hours of overproduction, other flexible
demands such as electric vehicles, thermostatically controlled loads and other forms of energy
storage would likely step in to use the free or very cheap electricity. A 70% efficient electrolyzer
with a 15-year life operating 15% of the time would produce synthetic natural gas at a cost of
$1.80–7/therm with no discounting. The $0.70–6.30/therm price premium over natural gas would
equate to about $115–1000/ton CO2 without methanation. In reality the capacity factor would be
even lower, since not all capacity would be used in all hours of overgeneration. A DOE study
investigated the production price for hydrogen using either wind power and grid electricity and
found a cost of production in the range of $3.74–5.86 per kg of hydrogen [49]. On an energy basis,
a kilogram of H2 is about equal to 1.2 therms, so the price premium (and required carbon tax for
cost effectiveness) is in the range we calculated.
What is the best end use for this resource? We might also consider how electrolyzers and
synthetic methane would be used, if we made the decision to invest in electrolyzers. If the
value of synthetic methane or hydrogen were high enough, they might operate even during
hours that would not have been curtailed. It it also certainly possible that hydrogen or synthetic
methane would not be used for decarbonizing space and water heating since other uses value
it more. Hydrogen may have higher value uses than combustion for space or water heating.
Instead, it could be used in more difficult to decarbonize sectors that are reliant on natural gas
today. Producing synthetic methane also requires a pure CO2 “resource” in order to methanize
hydrogen. This means that methanation has a potential opportunity cost of lost carbon capture
and storage (CCS).

The seasonal storage benefit of renewable electricity through hydrogen or synthetic natural gas
might be real but we can potentially separate this benefit from the decision of whether to electrify
residential space and water heating. If the economics were favorable for seasonal storage we
could still save that energy as gas and then use it in a fuel cell or generator and use electricity in
a heat pump and come out ahead in terms of total system efficiency. While electrification of space
and water heating has the potential for energy storage on short time scales (hours), it does not
have the same seasonal storage attributes of synthetic methane. Such seasonal storage may be
cost effective at high levels of renewables penetration.

Decarbonized gas can play a role in future energy systems. Hydrogen and synthetic methane
production allows for long term storage of intermittent resources and diversifies energy carriers. These
are real benefits that should not be ignored. However, for the specific case of decarbonizing residential
space and water heating, decarbonized gas has severe limitations. Biogas, hydrogen and synthetic
methane cannot be produced at a large enough scale to serve anything but a small fraction of our
current natural gas demands. While diversifying our decarbonization strategies might lower risk,
diversifying with P2G with high/uncertain costs and uncertain biomass availability might be higher risk
overall. Efforts by the natural gas industry to show the potential of decarbonizing natural gas should
not distract us from focusing on more feasible pathways of decarbonization, such as electrification.

3.4. Electrification

Electrification of the residential space and water heating sector would mean transitioning existing
natural gas furnaces, boilers and water heaters to electric resistance or heat pump systems. Resistance
water heaters are much less efficient but much lower cost. It is possible that in some niche space
heating applications with very few hours of operation these would be suitable. But in most cases heat
pump systems would be more economical, particularly in areas with higher electricity costs.

Is there enough? Unlike the options above, there is no hard constraint on electrification since more
renewable generation capacity could theoretically be installed. However, the cost of that additional
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renewable energy could be high if the marginal units operate at very low capacity factors. Some
electrification could even be done without additional infrastructure in cooling-dominated climates
that have a peak demand for electricity in the summer, though better utilization of existing
generation would likely mean greater use of dispatchable fossil generation. Continuing to meet
an RPS in this scenario would still require additional investment in renewable resources.
How much would it cost? The cost of electrification depends on the relative prices of gas and
electric appliances and the relative costs of gas and electricity. Currently, in Pacific Gas and
Electric territory, the relative costs of gas and electricity favor gas heating on an operational basis.
The capital costs of efficient heat pumps are also higher than most gas furnaces and water heaters
and there can be significant transitions costs to replace a gas heating system with an electric one.
In the case of water heating, after accounting for the additional capital cost for heat pump water
heaters and a transition cost of adding electric service, the approximate carbon price would be in
the range of $100–150/ton CO2 in order to incentivize electrification of water heating, though this
is highly dependent on assumptions [50]. This range assumes that an RPS is between 75% and
95% in 2050, with the balance of electricity coming from a 45% efficient natural gas plant.
What is the best end use of this resource? Using electricity for heating has long been considered
inefficient and natural gas has the reputation of being the more efficient heating option. With the
advent of efficient heat pumps, however, using electricity is a suitable use of the resource [13].
The potential for new renewable electricity generation is far greater than what we would actually
need; the power from solar radiation striking the earth is at least four orders of magnitude larger
than the average power that we use. If we choose the electrification path, we will not hit a hard
supply limit but we may hit an economic one.

4. Discussion

4.1. Emissions Impacts of Alternatives

The emissions impacts of the different decarbonization options will vary and not all should be
considered free of emissions. Biogas and aggressively expanded biomass production would have
environmental and emissions impacts from land use change and leakage of methane. Synthetic
methane produced from electricity other than excess renewables would have emissions related to the
production, operation, maintenance and end of life of the generation capacity. Synthetic methane also
may have emissions related to leakage. Accounting for these emissions would increase our cost per
ton estimates above and prevent these options from being completely carbon free. The true emissions
impact of biogas, hydrogen and synthetic methane are outside the scope of this paper. The emissions
from energy efficiency and the solar fraction of solar water heating can be considered negligible.

We can evaluate in greater depth the emissions that would result from electrification. Encouraging
electrification prematurely could have negative consequences if the electric grid is not yet clean enough.
When the marginal generator during times of space/water heating is above a 32% efficient natural gas
generator, we would be better off switching to a heat pump with an energy factor (EF) of 3 versus a 96%
efficient natural gas furnace. While electrification delivers lower emissions with cleaner generation,
the emissions attributable to the new electric load are not zero.

Understanding the emissions impact of electrification requires a better understanding of what
emissions would reasonably be attributable to a new electric appliance. Depending on the time frame
of study, one could reasonably come up with widely different answers. Over the very short term, if one
were to add a new electric load that the utility had not forecasted, the most likely outcome would be
that, if one were in California, a natural gas plant (or a collection of them) would consume slightly
more fuel and have slightly higher emissions. These plants that increase their output are probably
higher in the loading order, more expensive to operate and less efficient. The emissions over this
time frame would be the short-run operational marginal emissions. Depending on location, time of
day, season and existing load the short-run operational marginal emissions can vary widely. A host
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of recent papers estimated historic marginal emissions rates across the United States [51–53]. These
papers are in general agreement that Midwestern marginal rates are among the highest in the country
(roughly 900 kg CO2/MWh) and the West and California in particular are among the lowest (in the
300–400 kg CO2/MWh range).

Over a slightly longer time horizon, after these new electric loads have been observed for many
days, the utility or system operator might now expect these loads to use electricity at certain times.
If these loads are forecasted, then different generators may be dispatched to serve them. These would
probably be cheaper to operate and possibly cleaner. The emissions impact over this time frame could
be considered the long-run, operational marginal emissions.

As we think about a time frame at which generation capacity is planned and constructed, new
electric loads from space and water heating could lead to a different decisions about what generation
capacity to install. Over this time scale, the emissions impact of electrification is related to both the
decisions that were made about what generators to construct and how all generators operate. Over this
time scale, the “build” marginal emissions rate is a more meaningful measure of the emissions impact of
new load. The short-run operational marginal emissions are not a good measure because some of those
plants would be on the margin even if load was much higher. The metric that policymakers should
consider is the change in emissions that would result from a long-term change in load. Hawkes et al.
studied the marginal emissions of new loads in the UK and found that, under a carbon tax or carbon
constraint policy, the marginal emissions fell to approximately zero over time [54].

While estimating the specific marginal emissions of a particular new load over the coming decades
is outside of the scope of this study, in Figure 5 we do show the range of emissions (y-axis) that would
result from various generator types operating on the margin (x-axis). We find that, heat pump water
heaters would have lower emissions than efficient, tankless condensing gas water heaters and are
approximately equal to gas heat pumps running on 10% zero-carbon synthetic methane using the
WECC marginal emissions found by Graff Zivin et al. [52]. California has marginal emissions of 406
kg/MWh and average emissions of 267 kg/MWh in the 2010–2012 time period. Over time, the trend will
be a shift to the left, if the generation mix shifts toward renewables. The emission rates for different gas
plant types are based on a 30–45% efficient gas generator, with the renewable range being made up by
a 45% generator providing the remaining generation. Gas generator efficiencies are based on average
tested heat rates of gas turbines and combined cycle generators from 2015. Coal generator emissions are
based on coal steam plant average efficiency in 2015 using EIA emissions coefficients [37,55]. In theory,
more efficient plants are possible; both Siemens and GE offer combined cycle generators that are over
60% efficient [56,57], which would be equivalent to about 300 kg CO2/MWh in Figure 5.

The climate benefits that electrification provides are real and increasing as more renewables are
added to the electricity mix. In states with a Renewable Portfolio Standard (RPS), we can assume
that new loads would have to be served by at least the RPS percentage of renewables. Without
knowing precisely the type of remaining generators, we can safely assume that electrifying loads
will reduce emissions immediately as long as generation is not coming from coal. Since electricity
is going to become cleaner over the coming decades because of the RPS, the emissions benefit will
increase. An electric heat pump installed today will have lower emissions year over year. Choosing
a more efficient gas water heater or furnace will have the same benefit year after year unless the gas
supply is decarbonized, but choosing to electrify will create a larger and larger emissions reduction
each year as the generation mix becomes cleaner. Such accelerating carbon reductions are what we
need to meet aggressive long-term goals. Efficiency increases of gas water heaters and furnaces are
also bounded by quickly approaching thermodynamic limits and the potential savings that could
result from those appliance-level efficiency gains are nowhere close to the level of savings that we
would need to meet aggressive emission reduction goals. While heat pumps also have efficiency
limits, the potential savings are far greater. With enough clean electricity, practically all emissions from
space and water heating could be eliminated. Being reliant solely on variable renewable resources
will also require energy storage, though that is outside the scope of this work. Money spent on more
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efficient gas appliances may be better spent on electrification. Similarly, the environmental benefit of
an additional PV system on the grid will decrease over time, as the electricity that it is displacing gets
cleaner and cleaner. However, the benefit of electrification increases. You can see this graphically in
Figure 5. As you move to the left, the difference between the blue and green lines stays constant while
the difference between the blue and orange lines increases. Electrification delivers increasing emission
reductions over time.
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4.2. Challenges and Potential Unintended Consequences of Electrification

The electrification of heating loads holds great promise, though we must also recognize the
challenges or unintended consequences of this transition. Today, air conditioning systems use
refrigerants with very high global warming potential (GWP). One common refrigerant, R-410a, has
a GWP of over 2000. A typical central air conditioning unit might have 5 kg of refrigerant. If we
assume that a central heat pump space heater has a similar quantity of refrigerant and that all of this
refrigerant escapes over the 15-year life of the unit, then the climate impact from refrigerant leakage
alone would be 70% of the CO2 emissions from burning natural gas, even if the heat pump is using
only clean electricity. This calculation assumes that 200 therms (21 GJ) of natural gas are used for
space heating annually and produce emissions of 5 kg CO2/therm, resulting in 1000 kg CO2/year
with natural gas heating. The emissions from leakage of 0.34 kg/year of R-410a, with a GWP of 2088,
would result in the equivalent emissions of 710 kg CO2/year. This could be considered close to the
upper limit for the impact that refrigerant leakage might have. Most home air conditioners/heat
pumps would contain less than 5 kg of refrigerant. Additionally, heat pump water heaters contain
far less refrigerant (<1/2 kg) and are factory sealed, lowering the chance of leakage. If the electricity
used in a heat pump is not emission-free, then the total emissions from electrification using a heat
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4.2. Challenges and Potential Unintended Consequences of Electrification

The electrification of heating loads holds great promise, though we must also recognize the
challenges or unintended consequences of this transition. Today, air conditioning systems use
refrigerants with very high global warming potential (GWP). One common refrigerant, R-410a, has
a GWP of over 2000. A typical central air conditioning unit might have 5 kg of refrigerant. If we
assume that a central heat pump space heater has a similar quantity of refrigerant and that all of this
refrigerant escapes over the 15-year life of the unit, then the climate impact from refrigerant leakage
alone would be 70% of the CO2 emissions from burning natural gas, even if the heat pump is using
only clean electricity. This calculation assumes that 200 therms (21 GJ) of natural gas are used for
space heating annually and produce emissions of 5 kg CO2/therm, resulting in 1000 kg CO2/year with
natural gas heating. The emissions from leakage of 0.34 kg/year of R-410a, with a GWP of 2088, would
result in the equivalent emissions of 710 kg CO2/year. This could be considered close to the upper
limit for the impact that refrigerant leakage might have. Most home air conditioners/heat pumps
would contain less than 5 kg of refrigerant. Additionally, heat pump water heaters contain far less
refrigerant (<1/2 kg) and are factory sealed, lowering the chance of leakage. If the electricity used
in a heat pump is not emission-free, then the total emissions from electrification using a heat pump
could lead to higher emissions when leakage is accounted for. Natural gas leakage is also an important
issue and is not accounted for in this calculation above. Transitions to low-GWP refrigerants and
monitoring/maintenance/takeback programs will be important to avoid unintended consequences of
electrification programs. Without paying attention to refrigerant leakage, most of the potential benefit
of electrified heating could be lost. New heat pump technologies are becoming commercialized that
use CO2 as the refrigerant, however these systems are still expensive.
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Other concerns regarding heat pumps are that they perform worse at colder outdoor temperatures.
New cold-climate space conditioning heat pumps are emerging that have COPs well over 2 even
at below freezing temperatures [58]. Some models perform with COPs up to 2.9 even when the
outside temperature is −15 ◦C. Heat pump water heaters also are noisier than other water heaters
and are generally located inside the house so noise may be more of an issue than with split space
conditioning systems. Very quiet split heat pumps water heaters are also on the market. There is also
some transition cost for some houses if an upgrade to the electrical service is required. This upgrade
should be coordinated with other activities, such as installing electric vehicle charging.

While space and water heating make up the bulk of current residential natural gas use in California,
other uses such as clothes drying and cooking also need to be addressed. Gas dryers can be replaced
by electric resistance dryers—and eventually even those would be lower emissions than gas dryers.
Heat pump dryers come with about a $1000 premium over electric resistance dryers and without
substantial cost reductions, these would not be cost effective. Transitioning to electric dryers may
require additional electric service if it does not already exist. Emerging ultrasonic clothes dryers, while
still in the lab, could potentially reduce drying energy use by 70% [59].

A potentially bigger point of resistance may be transitioning to electric cooking appliances like
induction cooktops. People have strong attachments to gas cooktops and strongly prefer them to
electric resistance because of the instant heat and finer control. While induction cooktops provide
some of these same benefits and high efficiency, they have a small market share and require particular
cookware to work. Costs of induction cooktops are dropping quickly, so there may be some promise.
Tackling cooking will be important if consumers ever consider disconnecting from the gas utility
entirely. If other larger loads like space and water heating are electrified, the cost of providing gas for
remaining end uses will likely increase in order to cover the fixed costs of gas infrastructure. We would
expect that if the cost of providing gas for only cooking were to rise high enough then customers would
defect either to bottled gas for cooking or transition to new induction cooktops.

5. Conclusions

In order to decarbonize the residential space and water heating sector in temperate climates like
California, electrification appears to be the most promising path forward. Table 1 shows how the
different decarbonization options compare along different dimensions.

Table 1. Summary of decarbonization options.

Option Potential Reduction $/Ton CO2

Solar thermal 70% $200
Biogas 20% $300
Synthetic methane 2% $500–1000+
Electrification 100% $100–150

Electrification provides both the cheapest decarbonization option and can potentially decarbonize
all emissions from space heating if electricity is clean enough. Both synthetic methane from excess
renewables or biogas suffer from low potentials and high costs. Solar thermal does provide immediate
decarbonization for a large fraction of the emissions but it is less cost effective than electrification, even
when the cost of renewables are accounted for. This is largely due to the decrease in cost of PV systems
and persistent high cost of solar water heating systems. Biogas is infeasible on a nationwide basis,
simply because the potential biomass resource is not large enough. The resource that does exist would
be put to better use to decarbonize other end uses. Finally, synthetic natural gas comes with a high cost
and large system efficiency penalty relative to electrification.

This paper aimed to outline why electrification is the most promising path to decarbonize and to
provide motivation for future work to better understand the implications of heating electrification.
Electrification also comes with several challenges. While more feasible and less expensive than the
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other options, it is more expensive than business as usual and does require actions from millions of
building owners. May the best fuel win.
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