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Energy-inefficient buildings are a major driver of climate change. The aging,
energy inefficient housing occupied by low-income households in the US and
other high-income countries is a driver of notable environmental and health
disparities aswell. Public policies for alleviating the financial and health burdens of
energy inefficient housing have existed for decades, but fallen short of reaching
most households in need. This paper proposes a promising new approach to
filling gaps left by public programs — one that relies on mobilizing the tools of
private governance, carbon offsetting and the voluntary carbon market (VCM) to
finance energy upgrades for low-income households. We develop a new and
readily applicable methodology for calculating energy and carbon savings from
efficiency upgrades based on readily accessible publicly available data. Tailored to
the needs of estimating energy and carbon savings from efficiency upgrades to
low-income units, rentals in particular, this methodology can be fruitfully
deployed in monetizing the carbon savings from efficiency driven reductions
in household energy use. Specifically, we propose packaging the emission
reductions generated through energy savings as carbon offsets, then selling
these offsets on the voluntary carbon market to generate financing for energy
upgrades to low-income homes not served by public energy efficiency programs.
Given the multiple economic and health co-benefits from low-income energy
upgrades, we expect that carbon offsets generated through such upgrades will be
attractive to many corporate and institutional offset buyers, particularly those
who seek to fulfill climate commitments while also advancing economic and
human development in their host communities.
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1 Introduction

As the effects of climate change intensify, marginalized groups
face disproportionate exposure to climate and environmental
hazards like extreme heat and air pollution (Alizadeh et al., 2022;
Khatana et al., 2022). In the US and similarly high-income countries,
aging, energy-inefficient housing is a major contributor to such
disparities in climate and health vulnerability (Brown et al., 2020;
Goldstein et al., 2022; Kolokotsa and Santamouris, 2015). On the
one hand, energy inefficient housing accelerates climate forcing
through excess emissions from wasteful energy use. On the other
hand, it burdens low-income households with high energy costs,
leaving them struggling to maintain homes at healthy, seasonally
appropriate temperatures, and forcing them to cope with the
physical and psychological toll of choosing between buying food
andmedicine or paying energy bills in order to avoid electric and gas
shutoffs (Drehobl et al., 2020; Hernández and Siegel, 2019; Reames
et al., 2021).

Energy efficiency retrofits to low-income housing can reduce
greenhouse gas (GHG) emissions while improving health outcomes
and climate resilience for members of marginalized groups. As such,
prioritizing energy efficiency retrofits that benefit low-income
households should be a key focus of climate and energy policies.
Despite a number of long-standing public programs targeted at
improving energy efficiency and affordability for low-income
households, however, high levels of energy inefficiency and high
energy cost burdens remain the norm for these households in the US
and other high-income countries (Antunes et al., 2023; Kontokosta
et al., 2020).

Some tools of private climate governance are well-positioned to fill
gaps in public policies and financing of low-income energy efficiency
upgrades. Carbon offsetting and the voluntary carbon market (VCM)
offer one promising and novel approach to financing energy efficiency
upgrades in low-income housing, both rental and owner-occupied.
Specifically, GHG reductions generated through efficiency-driven
reductions in energy use have distinct value to carbon offset buyers
on the voluntary carbon market. The estimated reductions in emissions
from household energy use can be packaged as carbon offsets and sold
to some of the many corporate and institutional buyers who are
currently striving to reduce carbon footprints and fulfill corporate
climate commitments. Proceeds from the sale of offsets generated
over the 25-year lifespan of an energy efficiency upgrade to a low-
income housing unit can constitute a new and promising mechanism
for financing the up-front cost of such efficiency upgrades (Maine State
Housing Authority, 2012). This type of carbon offset generated through
low-income efficiency upgrades — an offset that comes with positive
economic and health co-benefits (or spillovers) for members of
marginalized groups — will be particularly attractive for corporate
and institutional actors who seek to decarbonize challenging portions of
their operations and value chains, while contributing to economic and
human development in the regions where they operate (Lou
et al., 2023).

A key practical barrier in mobilizing carbon offsets and the
VCM as a finance mechanism for low-income energy efficiency,
however, is the technical challenge of quantifying upgrade-enabled
reductions in household energy use and carbon emissions (Maine
State Housing Authority, 2012). This technical challenge looms
especially large in the context of low-income rental housing,

where continuous measurements of pre- and post-upgrade energy
use and savings are impeded by cost and potentially high tenant
turnover (Desmond et al., 2015).

The research presented in this paper introduces a new
methodology for quantifying efficiency-driven reduction in
household energy use, utility bills, and carbon emissions, and
shows how to determine the carbon offset value of such
reductions. While designed to address the unique data challenges
of measuring energy and climate benefits of efficiency retrofits to
low-income rental housing, this new methodology is applicable to
other low-income residential contexts as well.

Over 60% of Americans at the bottom quartile of the income
distribution are renters, while only 10.5% of Americans in the top
quartile of the income distribution rent their homes (DeSilver,
2021). An estimated 32% of renters are low-income households
earning less than $30, 000/year in household income, while the
median renter household makes a mere $ 47,000/year. Added to the
housing cost burdens faced by low-income renters (Mateyka and
Yoo, 2023), high energy cost burdens amplify the financial precarity
of renter households. The energy cost burdens of these low-income,
financially precarious renter households, along with the negative
health implications of high energy costs, are a leading motivator for
this study.

The goals of the paper are twofold. First, we aim to introduce our
new methodology for calculating efficiency-generated carbon offsets
and illustrate its ready applicability to even the most data-
challenging low-income rental housing contexts in the US.
Second, and equally important, we aim to demonstrate that
mobilizing the VCM and corporate spending on carbon offsets to
finance energy efficiency retrofits to low-income rental housing is a
meaningful climate intervention with potentially significant social,
health, and energy equity co-benefits in the US and beyond
(See Figure 1).

In sum, we focus on the substance and development of a new
methodology for calculating residential-energy-efficiency-generated
carbon offsets, while drawing out the anticipated climate, health
equity, and social equity benefits of scaling up its practical
implementation in the US and beyond.

2 Background

The health consequences of energy inefficient housing are
discussed below, as are the health benefits of home energy
upgrades that reduce the energy cost burdens (ECBs) of low-
income households. This is followed by a breakdown of shortfalls
in public programs for assisting low-income households with energy
efficiency upgrades, and introduction of carbon offsets as one
promising tool for bringing energy efficiency upgrades to homes
and households unreached by public policies and funds.

2.1 Energy-inefficient housing worsens
climate change and widens economic and
health disparities

Energy inefficiency is a significant concern in the U.S. The
residential sector alone consumes about 21% of the nation’s primary
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energy, largely used for heating and cooling. It also accounts for
roughly 21% of annual greenhouse gas emissions in the US
(Bradshaw et al., 2016). Enhancing energy efficiency in the
residential sector presents a substantial, cost-effective, and
immediate method to decrease energy consumption and related
emissions (Pierce et al., 2023).

Efficiency upgrades are particularly challenging in low-income
housing, however, exposing its residents to disproportionately high
energy costs and their associated health risks. Amajor component of
housing affordability, utility costs pose financial challenges for low-
income households (Kontokosta et al., 2020). Many low-income
residents are renters responsible for paying their utility bills, but
have little control over the energy efficiency of the residence, since
landlords lack motivation to invest in energy upgrades (Pierce et al.,
2023; Vandenbergh, 2018). Lacking financial and other ability to
make efficiency improvements, low-income households in the US
face some of the highest energy cost burdens (ECBs), meaning they
spend a higher-than-average percentage of their annual gross
income on utilities such as electric, gas, and other heating fuels
(Bradshaw et al., 2016; Drehobl and Ross, 2016). A 2020 study, for
example, puts the median energy cost burden for low-income
households at 8.1% of annual income, more than double the
national median of 3.5% (Drehobl et al., 2020).

Economic stress from high ECBs in turn contributes to a range
of physical and mental health problems. Fear and uncertainty about
maintaining energy access, obtaining energy assistance, and
covering energy costs are documented sources of chronic stress,
anxiety, and depression in members of energy-cost-burdened
households. High ECBs can further tax mental health through
increasing social isolation and lowering the academic
performance of students, while parents fear loss of custodial
rights due to their perceived inability to provide a healthy home
environment (Drehobl et al., 2020; Drehobl and Ross, 2016).

Coping with high ECBs also means foregoing or reducing home
heating and cooling – a coping strategy practiced by an estimated

13 million US households (Reames et al., 2021) in a context where
living in an unseasonably cold or warm home environment
heightens the risk of developing respiratory problems, heart
disease, arthritis, and rheumatism, among other conditions.
Managing existing respiratory, cardiovascular, and inflammatory
disease is also very challenging when living in an energy inefficient
or energy insecure home (Drehobl et al., 2020; Hernández and
Siegel, 2019). Recent research has broadly confirmed energy poverty
and energy burdens as a key social determinant of health, showing
that in a majority of US counties, each unit increase in the energy
burden of low- and middle-income households is associated with
measurable uptick in premature deaths and self-reports of poor
health. Each unit increase in low-income energy burden is also
associated with a measurable (more than a 5-year) decline in average
county-level life expectancy (Reames et al., 2021).

Further exacerbating health disparities, the physical health
problems aggravated by high ECBs are more common in
marginalized groups most exposed to energy inefficient housing.
Asthma is more prevalent among poor, Puerto-Rican and non-
Hispanic Black Americans (Celedón et al., 2014), for example, and
asthma-related hospitalizations and deaths are more than 3 times
higher for African Americans than non-Hispanic whites (AAFA,
2020; CDC, 2021; HHS, 2022; Zanobetti et al., 2022).

Unlike housing and transportation costs, high energy cost
burdens are relatively easier to address through energy efficiency
measures (Kontokosta et al., 2020). In addition to reducing both
ECBs and GHG emissions, weatherization of low-income homes
produces direct and indirect health benefits (Evens et al., 2017; Tonn
et al., 2024). Significant reductions in symptoms of asthma and
COPD, as well as reductions in thermal stress, arthritis symptoms,
poor sleep quality, days of poor mental health have all been reported
by low-income households following home weatherization.
Indirectly, reduced ECBs have helped increase access to
nutritious foods and prescribed medications, reduced food
spoilage, and reduced need to choose between health promoting

FIGURE 1
Conceptual and methodological approach to mobilizing carbon offsets and the VCM to advance energy efficiency in low-income rental housing.
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behaviors and utility usage (Tonn et al., 2021). Studies of low-
income efficiency retrofits in both the US (Illinois and Indiana) and
New Zealand find a range of similar energy-efficiency-related
improvements to health and quality-of-life outcomes (Francisco
et al., 2017; Howden-Chapman et al., 2007).

2.2 Public programs for energy efficiency
reach only a fraction of US households
in need

Energy poverty and insecurity are insufficiently prioritized as a
federal policy problem, as evidenced by the lack of dedicated federal
strategies and statutes for mitigating energy insecurity, which affects
more than 20 million American households (more than 17% of all
households) (Bednar and Reames, 2020). However, the federal
government has recognized the narrower issue of energy
affordability, largely through two main programs. The smaller of
the two, the Weatherization Assistance Program (WAP), was
established in 1976 in response to the 1973 oil crisis. It provides
federal grants to US states and territories to help them improve
energy affordability through funding weatherization of low-income
homes (Office of State and Community Energy Programs, 2024).
States receiving these grants partner with private sector contractors
to provide no-cost retrofits for qualifying households earning below
200% of the federal poverty level. Despite being the largest federal
weatherization program, WAP supports retrofits for only a fraction
of eligible homes: in 2022, for example, it supported 69,000 retrofits,
less than half-percent of all WAP-eligible households (Drehobl,
2020; NASCSP, 2022; US Census Bureau, 2022). Insufficient federal
spending limits WAP’s ability to reach a majority of energy cost
burdened low-income households, as do shortages in state-level staff
and contractors (NASCSP, 2022). WAP’s current administration is
leaving behind tens of millions of low-income households, despite
the fact that independent program evaluations have clearly
demonstrated the multiple energy and non-energy (e.g., health,
job creation) benefits of WAP implementation (NASCSP, 2018;
Bednar and Reames, 2020; National Academies of Sciences,
Engineering, and Medicine, 2023, p. 287).

Housed in the Department of Health and Human Services, the
Low-Income Home Energy Assistance Program (LIHEAP) is the
second federal policy with some potential to alleviate the high ECBs
of low-income families. It offers financial aid towards covering the
cost of home energy bills, energy-related repairs, and weatherization
(Office of Community Services, 2023). LIHEAP functions best as a
source of emergency aid, however, rather than an instrument of
systemic and structural change, since its design and operation are
based on an empirically incorrect assumption that energy bill
struggles are a temporary rather than chronic problem for many
American households (Tonn et al., 2003; Bednar and Reames, 2020).
Although it is funded at an average level of 3 billion USD annually
— more than 7 times the funding level of WAP— LIHEAP has not
been able to reach all energy insecure households, nor has it made
significant headway on providing lasting relief from the pervasive
problem of energy insecurity and poverty (Murray and Mills, 2014;
Bednar and Reames, 2020).

Federal failures to recognize energy poverty as a distinct and
salient policy problem may be significantly accountable for WAP

and LIHEAP’s shortfalls. Further exacerbating these shortfalls is the
fact that for most of their existence, the programs’ success has been
measured in terms of policy outputs (such as federal resource outlays
and number of households assisted) instead of policy outcomes like
absolute and percentage reductions in the number and share of
households suffering from energy poverty (Bednar and Reames,
2020). The ultimate indicator of WAP and LIHEAP’s massive
shortfalls is the fact that 5 decades after the introduction of these
federal programs to improve low-income energy affordability, one in
three US households (37 million households in total) continue to
experience energy poverty (Bednar and Reames, 2020).

A number of smaller federal programs complement WAP and
LIHEAP in supporting energy efficiency and affordability for low-
income households, but none of them are individually or collectively
positioned to meet the energy efficiency needs of the millions of
energy-inefficient, energy cost burdened, low-income US
households (Amann et al., 2021).

Partly in response to such federal shortfalls, some US states
have also acted to address energy affordability. The
Massachusetts Department of Energy, for example,
collaborates with state utility companies to offer Mass Save
HEAT Loans, zero-interest loans for efficiency retrofits. The
largest ratepayer-funded program of its kind in the country,
this loan program reached 13,433 households in 2019 (Amann
et al., 2021, p. 46), but it still leaves out the majority of low-
income households, for whom such loans remain out of reach.
Similar problems affect the energy affordability policies of
another state leader, California. Underscoring the value of the
private governance and carbon offset financing proposition
presented in this paper, California’s experience has been
discussed as illustrative of the need to mobilize private
investment towards achieving the state’s goal for
decarbonization by 2045 (Mast et al., 2020).

In order to ease the high energy burdens for low-income
households, the state of Tennessee, where our methodology-
development pilot takes place, provided a $5.5 million state
supplement to WAP and (LIHEAP) funds in 2015 (American
Council for an Energy Efficient Economy, 2017), while the state’s
generation utility, Tennessee Valley Authority (TVA), spent another
$19 million on low-income energy efficiency upgrades in 2016
(American Council for an Energy Efficient Economy, 2017).
Despite these public policy efforts, low-income households in
Tennessee continue to face high ECBs that average 9.0% year
after federal and state assistance (Office of Community Services,
2023), well above the 6% threshold above which households are
considered “energy poor” (Brown et al., 2020).

2.3 Carbon offsets as a tool for expanding
energy efficiency upgrades in low-
income housing

The term carbon offset refers to a reduction (or removal) of GHG
emissions undertaken to compensate for emissions occurring
elsewhere. Carbon offsetting activities (like forest restoration or
renewable energy development) produce “offset credits” or “carbon
credits” — the quantified and tradeable units of GHG reductions
that governments, companies, or other entities can purchase or
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exchange with each other. Each credit typically refers to one metric
ton of carbon, or a carbon-equivalent amount of other GHG
reductions (Broekhoff et al., 2019).

By enabling companies and governments to invest in carbon
reducing activities that compensate for their own carbon emissions,
offsets are a form of carbon accounting. Carbon offsetting activities
and carbon offset purchases often stem from corporate and
institutional commitments to “carbon neutrality”
— commitments attained when the GHG emissions generated by
an organization’s activities are no greater than the emissions reduced
or removed through carbon offsets financed or purchased by the
organization. Offset purchases for advancing voluntary
decarbonization commitments take place in the Voluntary
Carbon Market (VCM) (Battocletti et al., 2023).

As opposed to compliance markets, which are created by
government climate regulations such as cap-and-trade schemes,
VCM comprises all carbon trading undertaken by companies and
organizations for reasons other than regulatory compliance with
government carbon mandates. VCM trading is currently driven by
major corporate actors, like the 482 large companies that have made
public commitments to carbon neutrality or climate action, and
which collectively account for $16 trillion in annual revenue
(Kreibich and Hermwille, 2021). The quality of carbon offsets
and offset credits sold on the VCM is regulated by NGO-run
carbon registries, such as Verra, the Gold Standard, and the
American Carbon Registry (Broekhoff et al., 2019).

The carbon offset credits purchased on the VCM by corporate
and institutional buyers are generated through offsetting projects
that vary in type, size, scope, format, quality, and legitimacy
(Miltenberger et al., 2021). Project types include carbon forestry
(both reforestation and forest restoration efforts), renewable energy
development, as well as GHG-reducing economic and human
development interventions like the distribution of clean burning
cookstoves and water filters to replace open-hearth cooking and
boiling of drinking water respectively (Anderson and Zerriffi, 2012;
Gold Standard, 2017; Simon et al., 2012). Many existing offset
projects are located in the Global South, but intended to
compensate for the emissions of companies and institutions
located in the Global North. This physical and jurisdictional
distribution comes with a potential for positive spillovers
(economic and social) in some of the world’s more marginalized
communities (Favretto et al., 2020; Kremen and Merenlender, 2018;
Simon et al., 2012; Wittman and Caron, 2009). But it also comes
with challenges for quality control (Blake, 2023; Lovell, 2010) and a
risk of negative social and environmental spillovers that are all but
invisible to the corporate and institutional buyers of offset credits
(Leach and Scoones, 2015; Lyons and Westoby, 2014).

Carbon offset quality can be indexed by a number of
characteristics, including additionality, permanence, “double-
counting,” and potential for co-benefits (Broekhoff et al., 2019).
Additionality is a particularly important attribute, intended to
guarantee that carbon reductions stemming from a particular
offset project could not have occurred—would not have occurred
— without the offset buyer’s investment in that project (Haya et al.,
2020; Mason and Plantinga, 2013). Additionality, in other words, is
considered a key attribute of credible offsets, because it helps ensure
that offset buyers are not paying to achieve carbon reductions that
would happen regardless of the buyer’s investment. Since it is an

attribute that hinges on proving a counterfactual, additionality is
particularly challenging to prove (Oxford University, 2020).
Permanence refers to the longevity of avoided emissions,
ensuring that carbon reduction or sequestration is not reversed
by future actions or events (for example, a carbon plantation forest
burning in a forest fire) (Schneider et al., 2019). The requirement for
no-double-counting simply stipulates that credible offset credits are
transacted only once (rather than having the same GHG reductions
sold to — and claimed towards — the carbon accounting of more
than one company or organization) (López-Vallejo, 2022).

The quality, legitimacy, and climate benefits of specific carbon
offset projects have often come into question, with concerns
proliferating along with the growth in VCM transactions (Forest
Trends, 2023; Gifford, 2020). A recent investigation, for example,
found the vast majority of rainforest offsets certified by leading
VCM registry Verra to be “phantom credits,” i.e., credits not
grounded in actual and additional carbon reductions (Greenfield,
2023). These offsets are nonetheless still purchased by some of the
world’s biggest companies and counted towards these companies’
progress on decarbonization.

Even offset projects that generate actual carbon reductions can
come with unintended and negative economic and social
consequences for the often-marginalized communities hosting
such projects (Dunne and Quiroz, 2023). Carbon forestry
projects operated by western companies and located in Global
South countries like India and Uganda, for example, have
disrupted land access and the livelihoods of farmers and
subsistence users of public land repurposed to carbon forestry
(Aggarwal and Brockington, 2020; Lyons et al., 2014).

Despite such notable shortfalls, however, carbon offsetting and
the VCM still hold significant potential for helping mitigate climate
change, sometimes in ways that generate positive economic, health,
and social spillovers for marginalized groups and communities the
world over (Miltenberger et al., 2021). Intentionally designed carbon
offset projects, for example, have the potential to generate tangible
economic, health and environmental co-benefits at the same time as
they generate GHG reductions (Bumpus, 2011). The positive
spillovers of legitimate offset projects located in the Global
North, in particular, have been little explored, yet such projects
present a key opportunity for corporate entities to invest in the social
and physical health of their proximal communities while offsetting
their own emissions and advancing their carbon neutrality
aspirations (Forthcoming by several of the authors).

2.3.1 US precedents on carbon offsets with social
co-benefits

Clearloop, a private company, and the Maine Department of
Housing, a state agency, offer two recent illustrations on mobilizing
carbon offsetting and the VCM to finance renewable energy and
low-income energy efficiency in the US. Based in the U.S. Southeast,
a region that ranks as the sixth-largest global carbon emitter and
lacks adequate renewable energy mandates (Vandenbergh and
Gilligan, 2017), Clearloop generates carbon offsets by building
utility-scale solar in dirty parts of the US electric grid (i.e., grid
regions with high GHG emission factors) (Zapata et al., 2020). It
finances such solar development through up-front sale of the carbon
offsets generated during the lifetime operation of each solar farm.
Building solar in dirty parts of the US grid, in turn, maximizes the
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carbon emissions avoided by interconnecting new solar (Kvale,
2021). In addition to GHG reductions, Clearloop’s carbon
offsetting work can generate health co-benefits for host
communities, by displacing fossil fueled generation capacity and
thus reducing the mercury, NOx, and particulate emissions that
commonly accompany GHGs on their way out of power plant
smokestacks (Tzankova, 2021).

The Maine State Housing Authority (MaineHousing), an
agency overseeing WAP implementation for the state of
Maine, has piloted the idea of financing residential energy
efficiency upgrades with the sale of carbon offsets generated
through such upgrades. Launched in response to low-income
weatherization needs exceeding the coverage and resources of
public programs, MaineHousing’s program took 5 years to
develop, and funded the weatherization of 7,000 low-income
units through the sale of efficiency-generated carbon offsets to
automaker Chevrolet (Maine State Housing Authority, 2012).
Chevrolet invested $750,000 in the MaineHousing’s pilot
(Quimby, 2011; Kokai, 2011) — an up-front spend that is
significant and impactful, but also beyond the financial reach
of many companies with carbon reduction aspirations and
commitments. MaineHousing distributed Chevrolet’s offset
purchase towards funding a small number of efficiency
upgrades in a number of Maine communities.

Existing initiatives for US-based carbon offsetting with social co-
benefits, in other words, leave room for improvement on both the
offsetting and co-benefit fronts — improvements enabled by our
approach to implementing offset-financed efficiency retrofits for
low-income housing.

3 Methods

To advance the practice of offset-financed efficiency retrofits in
affordable rental housing, we develop a new methodology for
estimating retrofit-generated energy savings and CO2 reductions.
This methodology is readily applicable in a context of resource and
data constraints typical for low-income rental housing. It relies on
existing data from a range of easily accessible data sources, and it is
based on a series of calculations designed to convert existing data
into reliable estimates on energy savings and carbon reductions from
rental housing energy efficiency upgrades.

3.1 Data sources

Household energy savings are generated through two
categories of retrofits — structural improvements to the
building envelope and appliance upgrades. We present
accessible and time-efficient approaches for estimating energy
and carbon savings through both, covering window and
insulation upgrades on the building side, and refrigerator and
heat pump upgrades on the appliance side.

We start with physical inspection and measurements of a rental
unit’s windows, attic insulation, refrigerator, and HVAC system.
Essential data to be collected though this inspection, which should
take 3 h for a 2-bedroom stand-alone rental unit, includes
the following:

• Brand and model of a unit’s windows + number, size, and type
of windows

• Attic area requiring insulation
• Brand and model of a unit’s refrigerator
• Brand and model of a unit’s heating/cooling system

The 2-bedroom unit serving as the physical site for our
methodology pilot was chosen as representative of one key type
of housing available to low-income families in Nashville and other
US cities. In the US over-all, the majority of rental units (40%) are 2-
bedroom rental units - the size of the unit in our study, and just
under 30% of American renters live in stand-alone detached houses
like the one used in this study (Kilroy, 2024).

Our physical measurements were done on a housing unit owned
and administered by our community partner - a religious institution
that has a housing ministry and rents the several housing units it
owns at below-market rates to low-income families who are part of
the neighborhood fabric but in danger of getting displaced by
growing rents and the loss of rental housing to a development
boom replacing older, smaller homes with several larger, high-end
homes built on the same lot.

To calculate the energy and carbon savings from each type of
efficiency retrofit (windows, insulation, refrigerator and HVAC
system, respectively), we also mobilize publicly available data and
tools from 5 existing sources:

1. The US EPA ENERGY STAR Product Finder: Provides data on
the energy use of existing unit appliances and the most energy-
efficient alternatives, listing annual energy use in kWh/yr for
different makes and models of refrigerators and HVAC
systems, while also offering links to the websites of local
appliance retailers (searchable by zip code) who stock top-
efficiency-rated appliances. This data is used in calculating
energy and carbon savings from appliance and window
upgrades, as well as the cost of such upgrades.

2. The US EPA eGRID database: maintained by the Clean Air
Markets Division of the United States Environmental
Protection Agency (EPA), the Emissions and Generation
Resource Integrated Database (eGRID) contains data on
environmental characteristics of electric power grids in the
United States. Commonly used in CO2 calculations for
greenhouse gas inventories and avoided emissions estimates,
eGRID gives us data on emissions from household electricity
use, based on the grid region where that use occurs (US EPA,
2023). To calculate CO2 emissions from residential electricity
use, we rely on two key pieces of information: the electric grid
region in which a housing unit is located, and the CO2

emissions rate for that grid region.
3. Historic residential rates tables: utility-provided records of

historic residential utility rates are the tool we use to
convert household energy use into estimated utility bill
payments—and estimate utility savings resulting from
efficiency-enabled reductions in energy use. Below, we use
historic rate tables provided by NES (Nashville Electric Service,
the utility serving the model units used as the basis for
developing this methodology)

4. The US DOE Worksheet on Window Energy Savings
(see below)
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TABLE 1 Methodology for calculating retrofit-generated energy and carbon savings based on publicly available data and physical measurements
in low-income housing units.
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5. The CIMA Insulation Savings Calculator (see below)

As the physical site of our study and methodology pilot,
Nashville - a major US city - is representative of the high energy
burdens borne by low-income households in the US. Across the
United States, low-income households spend between 7.1% and
8.1% of income on home energy bills, in a context where the median
US household spends around 3.1%, and spending of 6% or more is
considered as high energy burden by the American Council on
Energy Efficient Economy (ACEEE), while spending of 8% or more
is characterized as severe energy burden (Drehobl et al., 2020).

In the US state of Tennessee, where Nashville is located,
households living on incomes less than 200% of the federal
poverty line spend 6%–8% of their income on home energy (NES
and TVA, 2019). Half of low-income Nashville households face
energy burdens greater than 6.4%, while a quarter have energy
burdens of 10.9% or more, while the city median energy spending is
equal to the national average of 3.1%, and similar to the median
energy cost burden for many other Southeastern, Midwestern,
Northeastern, Southwestern, and Western cities (most of which
have median energy costs between 3% and 4%) (Drehobl and Ross,
2016). An estimated 13.4% of Tennesseans and 14% of Nashvillians
live below the federal poverty line (Sycamore Institute, 2024) while
an estimated 31.5% of Tennesseans live on incomes less than twice
the federal poverty line (HHS, 2023; KFF, 2022). These are single-
person households making less than $14,580/year, two-person
households making less than $19,720/year, and four-person
households making less than $30,000/year, yet paying 6%–10% of
their limited annual income on utility bills, in a Nashville context
where a majority of low-income households are housing cost
burdened (National Low Income Housing Coalition, 2024).

3.2 Calculating carbon reductions from
energy efficiency upgrades

3.2.1 Carbon reductions from fridge upgrade
Our methodology entails 5 straightforward steps to estimating

the energy savings, carbon reductions, and utility bill savings
generated through upgrading a rental unit’s refrigerator
(Equations 1–6; Table 1). We start by searching the EPA
ENERGY STAR Product Finder for estimates on the annual
energy use of the existing refrigerator and its top-efficiency rated
upgrade, respectively, both listed in kWh/year. Top-rated upgrade is
identified using the ENERGY STAR “Most Efficient” filter. To
facilitate calculations of carbon emissions from the annual use of
each refrigerator, we then convert the appliance’s annual energy use
from kWh/year (the metric provided in ENERGY STAR) into
mWh/year:

annual energy use mWh( ) � annual energy use kWh( )
1000

(1)

Third, we calculate the CO2 emitted in a year of using the
existing refrigerator, as well as the CO2 emitted in a year of using an
energy efficient upgrade, using Equations 2.1–2.2. We do this by
combining our knowledge on the annual amount of electricity used
by each refrigerator (in mWh/year) with emissions rate information
from eGRID, which gives us the amount of CO2 emitted by the

generation of 1 mWh of electricity. The 1,636.2 lb/mWhmetric is the
regionally specific emissions rate that eGRID lists for the SRTV
electric grid subregion, where affordable rentals serving as the
empirical basis for this pilot study get their electricity.

annual CO2 ExistingFr lb/yr( ) � annual energy use ExistingFr

mWh/yr( )p1636.2 lb/mWh( )

(2.1)
annual CO2 UpgradeFr lb/yr( ) � annual energyuse ExistingFr

mWh/yr( )p1636.2 lb/mWh( )

(2.2)
Fourth, we determine the carbon reductions expected from a

fridge upgrade through simple subtraction, followed by conversion
(from lbs/year to tons/year) to make our estimates compatible with
standard units for carbon accounting and offset trading:

Annual CO2 reductionFr lb/yr( ) � Annual CO2 ExistingFr lb/yr( )

− annual CO2 UpgradeFr lb/yr( )

(3)
Annual CO2 reduction tons/yr( ) � Annual CO2 reductions lbs/year( )

2000 lbs/ton( )

(4)

Finally, annual energy and utility bill savings from a fridge
upgrade are calculated by multiplying the amount of energy saved
from a fridge upgrade (in kWh/year) by the average monthly energy
rate charged by the relevant local utility (in our case, NES). The
average monthly energy rate used in our calculations - a rate of
$0.1105/kWh - is estimated based on historic monthly rates data
provided by NES:

annual energy savings kWh/yr( ) � annual energy useUpgrade kWh/yr( )

− annual energy use Existing kWh/yr( )

(5)
annual bill savings $/yr( ) � annual energy savings kWh/yr( )*0.1105 $/kWh( )

(6)

3.2.2 Carbon reductions from HVAC upgrade
Carbon reductions from an upgrade to a rental unit’s HVAC

system are calculated through 4 sequential steps, some of them
similar to those required for estimating emission reductions from a
fridge upgrade. Our calculations are specifically focused on the
carbon reductions associated with the electricity-powered cooling
function of the system, with the usually natural-gas-powered heating
unit remaining outside the scope of our calculations. Our
methodology thus offers a conservative estimate (an under-
estimate) on the amount of carbon reductions which are
practically achievable through energy efficiency upgrades to low-
income housing.

First, EPA ENERGY STAR Product Finder is used to determine
the cooling capacity (in BTUs) and cooling efficiency (recorded as
SEER2 rating) for the existing HVAC (identified by make and
model) and a top-rated upgrade (again, identified using the ‘Most
Efficient’ ENERGY STAR filter). Second, energy use, in kWh, for
each of the two HVACs (existing and upgrade) is determined using
Equation 7 (Amskaty, 2024). Annual energy use, in mWh, is then
estimated throughmultiplying the heat pump’s energy consumption
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(provided in kWh) by 1,600 - the annual number of hours that US
households are estimated to use an air-conditioner (Inspire Clean
Energy, 2024) (see Equation 8), and dividing the product by 1,000
(Equation 8):

energy use kWh( ) � cooling capacity BTU( )/1000
cooling efficiency SEER2( ) (7)

annual energy use kWh( ) � hourly energy use kWh( ) * 1600 (8)
annual energy use mWh( ) � annual energy use kWh

1000
(9)

Third, carbon reductions from heat pump upgrade, in tons/year
are determined through the same series of calculations used to
determine the carbon reduction value of a refrigerator upgrade, but
using Equation 4a :

annual CO2 ExistingAC lb/yr( ) � annual energy use ExistingAC

mWh/yr( )p1636.2 lb/mWh( )

(2.3)
annual CO2 UpgradeAC lb/yr( ) � annual energy use ExistingAC

mWh/yr( )p1636.2 lb/mWh( )

(2.4)
annual CO2 ReductionAC lb/yr( ) � annual CO2 ExistingAC lb/yr( )

− annual CO2 UpgradeAC lb/yr( )

(3.1)
Annual CO2 reduction tons/yr( ) � Annual CO2 reduction lbs/year( )

2000 lbs/ton( )

(4a)

The 1,636.2 lb/mWh metric is the regionally specific emissions
rate that eGRID lists for the SRTV electric grid subregion, where

affordable rentals serving as the empirical basis for this pilot study
get their electricity.

3.2.3 Utility and carbon savings from
window upgrades

In contrast to the multistep process for estimating energy and
carbon savings from appliance upgrades, CO2 reductions from
window upgrades are estimated using a simple Energy Savings
Windows Worksheet provided by US DOE (Figure 2). Its
calculations on annual energy savings (kWh/yr) and cost
savings ($) from residential window upgrades are based on
data for the number, dimensions, and overall area of existing
windows (obtained through physical on-site measurements), as
well as data on the energy performance of top-rated window
upgrades (identified through the ENERGY STAR Product Finder,
using its ‘Most Efficient’ filter and a filter for Nashville’s region
(South-Central Zone)). Compared to existing windows, top-rated
ENERGY STAR windows have a lower U-factor—i.e., a lower rate
of heat flow transmission, meaning that less of the home’s
coolness or heat “escapes” through the window, making the
home more energy-efficient (Energy Saver, 2024). The
Worksheet calculator produces clear estimates on the annual
energy use and utility bill savings generated by window upgrades
(Figure 2).

To calculate carbon reductions stemming from the energy
savings delivered by a window upgrade, energy savings are, again,
converted to mWh/year, using Equation 9. Carbon reductions are
then calculated using adapted versions of Equations 2.1–4:

annual CO2 reduction upgradeWin lb/yr( )

� annual energy savings mWh/yr( )p1636.2 lb/mWh( )

FIGURE 2
U.S. DOE Windows Worksheet Calculator - using location-specific, unit-specific, and upgrade-specific inputs to estimate annual energy and cost
savings from window upgrades.
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annual CO2 reduction tons/yr( ) � annual CO2 reduction lbs/year( )

2000 lbs/ton( )

3.2.4 Utility and carbon savings from upgrading
attic insulation

Calculating carbon reductions from improvements to attic
insulation is also achievable through an existing and easy to use
calculator. Created by the Cellulose Insulation Manufacturers
Association (CIMA), the Insulation Savings Calculator (CIMA,
2024) determines annual utility bill savings, while also directly
calculating GHG reductions associated with energy savings from
upgrades to attic insulation (Figure 3).

Using the calculator requires 5 types of data. First, it calls for
the square footage of insulated area in need of upgrade — data
obtained through physical measurements. It also calls for
location-specific data on heating degree days (measures of
how warm/cold a location is), necessary for determining the
importance of insulation in regulating a home’s temperature, and
available through a calculator-provided link to a US EIA fact
sheet. Third, the calculator calls for inputting R-values — a
measure of insulation’s ability to trap heat — for both existing
and upgraded attic insulation. R-value information for the
existing insulation comes from physical inspection, while the
desired R-value for upgrade insulation is selected after consulting
EPA ENERGY STAR recommendations and a range of other
professional resources, and balancing cost and energy efficiency
when choosing the regionally-appropriate R-values for the
upgraded attic insulation (Figure 3). Fourth, the CIMA
Insulation Savings calculator calls for data on the unit’s fuel
type and fuel cost — in our case, the NES utility rate. Finally, it

calls for data on furnace efficiency, which we estimate as 100%
based on an assumption that attic insulation is accompanied by a
heat pump replacement within the context of a comprehensive
energy efficiency retrofit since a new, upgraded heat pump starts
out with efficiency of 100%. Based on these inputs, the Insulation
Savings Calculator computes energy savings and GHG emissions
reduced by increasing attic insulation. All data inputs and
outputs for our pilot Nashville-based rental unit can be seen
in Figure 3.

3.3 Per-unit costs for retrofit-enabled
carbon reduction

For each of the 4 major efficiency retrofits, we estimate the
amount of carbon reduction attainable by a dollar invested in that
type of retrofit, using Equation 10 below. That is, we calculate the
amounts of CO2 reduction that can be achieved by $1 invested in a
refrigerator upgrade, HVAC upgrade, window upgrades, and attic
insulation, respectively, which allows for easy comparison among
different retrofits. Additionally, we calculate the price tag for
reducing 1lb of CO2 through a particular type of energy
efficiency retrofit (Equation 11). That is, we calculate the cost
(excluding labor costs) for 1lb CO2 reductions achieved through
window upgrades, so that we can compare it to the cost for 1lb of
CO2 reductions attained through attic insulation, refrigerator, and
HVAC upgrades, respectively.

lbs ofCO2 reduced by $1 � annual CO2 emissions reduction lb/yr( )

upgrade cost $( )
(10)

FIGURE 3
CIMA Insulation Savings Calculator - estimating energy cost and GHG savings from attic insulation upgrades to a model unit.
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price to reduce 1 lb ofCO2 � upgrade cost $( )
annual CO2 emissions reduction lb/yr( )

(11)

These quantifications allow for ready comparison across the
different types of energy efficiency upgrades, while enabling easier,
more transparent marketing to potential buyers of the carbon offsets
generated by retrofit-enabled energy savings and their
corresponding GHG reductions.

4 Results

Using our methodology to estimate the energy use and carbon
reductions from energy efficiency upgrades to a model stand-alone
affordable rental unit, we find significant retrofit-enabled energy
savings and correspondingly substantial annual reductions in
carbon emissions (Table 2). Further, we find that the aggregate
CO2 reductions generated during the 25-year life-span of a
comprehensive energy-efficiency retrofit should go all or most of
the way towards financing the cost of the retrofit when the
efficiency-enabled reductions in CO2 emissions are sold as “social
carbon” credits on the voluntary carbon market. If social carbon
offsets generated by low-income energy upgrades garner the higher
prices more typical for offsets with significant and immediate social,
health, and economic co-benefits (Gold Standard, 2016; Ecosystem
Marketplace, 2023), revenue generated by the sale of efficiency-
based offsets may even exceed the materials costs of energy
upgrades, helping cover the labor costs for more labor intensive
upgrades to the building envelope (window and attic
insulation upgrades).

Below, we present our findings on the implementation costs for
each of the 4 types of retrofits (excluding labor costs), along with

findings on the utility bill savings and CO2 reductions generated by
implementing each type of retrofit to a model unit. We also present
the price tag for each lb of CO2 reduction achieved through a
particular appliance or building envelope upgrade, and we highlight
the amount of CO2 reduction attainable through an $1 investment in
each type of efficiency retrofit.

4.1 The costs and benefits of efficiency
retrofits, by component

Our model-unit-based calculations indicate that the most
significant energy savings, cost savings, and CO2 reductions come
from deep-efficiency upgrades, namely, an increase in attic
insulation, window and HVAC upgrades. Appliance upgrades
produce measurable additions in energy savings, contributing
meaningful but much smaller reductions to utility costs and CO2

emissions (Table 2).
Given that over 25% of a home’s heat can escape through its

attic, it is perhaps unsurprising that increasing attic insulation
emerges as the single most impactful component of an energy
efficiency upgrade to a low-income housing unit (Greenlink
Energy, 2021). Increasing the attic insulation of the model
energy-inefficient rental unit generates the largest reductions in
household energy use, producing the largest amount of annual
utility bill savings (Table 2). This is also the most cost-effective
upgrade, as it yields the highest annual CO2 emissions reductions
per dollar spent.

Compared to attic insulation, the other three retrofits
(upgrading to a more efficient windows, heat pump, and
refrigerator) have roughly equal impact in terms of annual CO2

reductions per $1 spent on each type of retrofit. Window and HVAC
replacements produce roughly equal CO2 reductions annually and

TABLE 2 Energy and carbon savings from efficiency upgrades to a model Nashville unit.

Upgrade
type

Cost of
upgrade
($)a

Annual utility
savings from
upgrade ($)

Annual CO2

reductions from
upgrade (lbs)

Annual CO2

reductions from
upgrade (tons)

Price to achieve
1 l b CO2

reduction per
year ($)b

Annual CO2

reductions
achievable by
$1 upgrade
investment (lbs)c

Refrigerator $ 329.00 $ 9.95d 147.26 lbs 0.07 $ 2.23 0.45 lbs

Heat Pump $ 8,950.00 $ 277.60 4,110.13 lbs 2.06 $ 2.18 0.46 lbs

Windows $ 7,584.00 $ 871e 4,146.13 lbs f 2.07 $ 1.83 0.55 lbs

Attic Insulation $ 802.62 $ 2,175.81 38,992 lbs 19.5 $ 0.02g 48.58d lbs

TOTAL $ 17,665.62 $ 3,334.36 47,395.52 lbs 23.70 --h 2.68 lbsi

aExcluding labor.
bCalculated using Equation 11.
cCalculated using Equation 10.
dNumber derived from calculations based on researcher-designed formulas–see Table 1, Line 1, Column 4 for the series of calculations producing. Also see step-by-step explanation in

Section 3.2.1.
eNumbers from Figure 2 DOE, Windows Worksheet Calculator (See Table 1, Line 3, Column 4. Also see Also see step-by-step explanation in Section 3.2.3.
fFigure derived based on Windows Worksheet calculations and researcher-designed formulas for converting worksheet estimates into estimates of annual CO2 reductions in lbs and tons,

respectively ((See Table 1, Line 3, Column 4 for the Worksheet and researcher-designed formulas used; Also see Figure 1 for worksheet explanation).
gThe most cost-effective retrofit is in bold.
hCalculating the average price of a 1 l b of CO2 reduction per year does not seemmeaningful, given the wide variation in price per ton reduction across the 4 types of energy efficiency upgrades;

but the average amounts to $1.57 to achieve 1 l b of annual CO2 reduction via all 4 types of efficiency retrofits).
iAverage annual reduction achieved by a dollar invested across all 4 types of energy efficiency upgrades (calculated by dividing the total CO2 reductions (in lbs) achieved through the sum of all

upgrades by the total cost of all upgrades).
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over the lifespan of each retrofit, while the carbon saving generated
through a fridge upgrade are less than 4% of those generated by
window or HVAC replacement (Tables 2, 3).

Window replacement costs over 9 times that of increasing attic
insulation, yet results in yearly CO2 emissions reductions that are
nearly 280 times less than those produced by increasing attic
insulation. Though replacing windows is the second most
significant retrofit in terms of annual energy cost savings, its
carbon-reduction impact is roughly equivalent to that of
replacing a unit’s heat pump, ands costs of window and HVAC
replacements are quite similar as well. Given that a lot of heat can
escape from single-pane windows in winter, and it is difficult to keep
a home with single-pane windows properly cooled in the summer,
replacing windows ultimately still yields significant energy use and
CO2 reductions over their lifespan of the upgrade.

In comparison to increasing attic insulation, upgrading to a
more energy efficient heat pump is both more expensive, in absolute
terms, and less impactful, in terms of annual CO2 reductions. Still,
an HVAC upgrade is a key component of a comprehensive energy
efficiency retrofit because upgrading to a more efficient heat pump
still produces significant utility and carbon savings over the lifespan
of the appliance (Tables 2, 3).

Finally, refrigerator replacement produces the lowest annual
savings on utilities, and the lowest annual carbon reductions among
the four upgrades. However, it is the least costly and easiest retrofit
to implement, which makes it the most readily accessible option. On
the other hand, when we look at the price of achieving 1 lb of annual
CO2 reduction, the refrigerator upgrade is most expensive of the four
studies upgrades, making it the cheapest by total price but the least
cost-effective. Analyzing the upgrades in this manner conveys how
the cheapest upgrade by price tag is not necessarily the most
cost-effective.

4.2 The market value and project finance
capacity of carbon offsets generated
through energy efficiency upgrades

Assessing the potential to fund energy efficiency upgrades to
low-income housing through the up-front sale of carbon offsets

generated by such upgrades is a core objective of this research. To
meet this objective, we estimate the VCM value of CO2 reductions
and their corresponding offset credits.

Calculations on the expected monetary value of offset credits are
conducted with a standard assumption for a 25-year lifespan for the
energy efficiency retrofits. This means we estimate total emissions
reduction per retrofit type–and the total amount of carbon offset
credits – by multiplying annual carbon reductions times 25
(Table 3). Since the carbon offsets (and corresponding offset
credits) generated through our proposed energy efficiency
interventions go beyond just positive climate impact to also
generate economic and health co-benefits for members of
marginalized groups and populations, our estimates apply pricing
ranges typical for high-quality offsets with intended and measurable
social co-benefits (Ecosystem Marketplace, 2023). That is, our
estimates use some of the higher “social carbon” pricing as, for
example, reflected in offsets registered under the Gold Standard
carbon registry (Gold Standard, 2016), rather than relying on the
low pricing for multiple problematic forestry and land use offsets
(CAP, 2022).

5 Discussion

5.1 Value added from this project

By developing a practical and novel way of mobilizing private
governance tools — carbon offsetting and the voluntary carbon
market — towards advancing the intersecting public goals of
improving home energy efficiency and reducing energy cost
burdens for economically and socially marginalized groups, we
introduce a promising new approach to filling some critical gaps
left by public policies on climate and energy equity.
Implementing the conceptual and methodological tools
developed in this paper can help mitigate climate change
while improving energy and health equity in the US and other
high-income countries.

From the perspective of societal and public policy goals, our
approach and methodology facilitate steering some of the increasing
corporate climate spending and investment towards climate

TABLE 3 Estimated revenue generation through the VCM sale of retrofit-enabled carbon offsets.

Upgrade Upgrade
cost ($)a

Annual CO2

reductions
(tons)

Total CO2 reductions
over 25-year life of
project (tons)

Range of VCM
pricing per ton of
social CO2 ($)c

Revenue range and offset
funding feasibility over 25-
year life of project ($)

Refrigerator $ 329.00 0.07 1.75 $ 12-$ 45 $21 - $78.75

Heat Pump $ 8,950.00 2.06 51.50 $ 12-$ 45 $618 - $2,317.50

Windows $ 7,584.00 2.07 51.75 $ 12-$ 45 $621 - $2,328.75

Attic
Insulation

$ 802.62 19.50 487.50 $ 12-$ 45 $5,850 - $21,937.50

TOTAL $ 17,665.62 23.70 592.50 -- $7,110 - $26,662.50

aExcluding labor.
bAnnual reductions in tons (column 3) * 25 years of useful upgrade life = total reductions in tons over the lifetime of the project.
cBased on “social carbon” pricing by social carbon registries like the Gold Standard (e.g., https://marketplace.goldstandard.org/collections/projects; https://marketplace.goldstandard.org/

collections/projects/products/namene-climate-investment-vehicle-limited-solar-lighting-project-in-zambia).
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mitigation projects that reduce carbon emissions through meeting
essential energy and health needs for marginalized groups.

Taking the perspective of corporate and institutional actors
pursuing climate mitigation and a range of other related and
unrelated ESG activities, purchasing carbon offsets generated
through energy efficiency upgrades to low-income housing gives
companies an opportunity to have a tangible positive impact on the
health and wellbeing of communities where they operate.
Simultaneously, it enables them to advance their climate action
goals whilst bolstering their image and reputational capital with a
wide range of corporate stakeholders (including, but not limited to,
host communities).

The approach and methodology we have developed also grants
companies the ability to achieve valuable synergies among ESG goals
by purchasing a stake in projects that reduce carbon emissions while
generating economic and health co-benefits for members of the
communities hosting corporate facilities and operations. Beyond the
positive social and health spillovers associated with a carbon offset
derived through energy efficiency retrofits to low-income housing,
we expect that corporate willingness to invest in this type of carbon
offset (over alternatives which do not offer such co-benefits) will be
enhanced by several additional factors.

First, a growing public and community sentiment that corporate
expansion in urban regions brings many harms and few benefits to
lower-income, marginalized groups within these regions (Chung,
2020; Guzman, 2021) should make many corporate actors more
open to buying carbon offsets from projects that are welcomed by
communities hosting their corporate offices and operations, and
which directly advance economic wellbeing and human
development for the least privileged members of those
communities (Lou et al., 2023).

Additionally, carbon offset projects that are located in
physical proximity to the corporate offices and operations of
offset buyers — such as carbon offsets generated by the low-
income energy efficiency retrofits examined in this paper
— should be particularly attractive in a context where the
legitimacy, effectiveness, and social impacts of many distant
carbon forestry projects are increasingly coming into question
(Greenfield, 2023; Haya et al., 2023). While forest carbon credits
are commonly purchased by corporate and institutional buyers
(Macfarlene, 2022), they often come from carbon forestry
projects located in the Global South but developed by and
serving the climate commitments of companies and countries
from the Global North (Shin et al., 2022). Yet many of the forest
carbon projects developed for the purposes of carbon offsetting
have done a less than stellar job on their main task of climate
mitigation, while also generating a range of economic and
livelihood risks and problems for host communities (Aggarwal
and Brockington, 2020; Greenfield, 2023; Leach and
Scoones, 2015).

In this context, putting carbon offset spending to work on offset
projects that generate economic and health benefits for marginalized
groups in a company’s host community — projects which are
desired and welcomed by these communities — should be
increasingly desirable for a number of corporate actors, even if
the co-benefits of these projects put them at a price tag much higher
than the average VCM credit (Gold Standard, 2016; Lou et al., 2023).
Indeed, many companies will likely be able to justify the higher price

per offset, given the multiple benefits a corporate buyer of efficiency-
based offset credits would derive from investing in such credits.
These benefits begin with climate mitigation and fulfillment of
corporate climate commitments and continue to advancing the
social aspect of ESG commitments, thus helping improve
reputational capital with key community, civil society, and
government stakeholders (Fombrun et al., 2000).

Indeed, we expect that some corporate actors buying carbon
offsets generated by energy efficiency upgrades to low-income
rentals may be more attracted to the social, economic and health
co-benefits generated by these projects than the emission reductions
and climate mitigation value of the project. In other words, the need
to build or strengthen trust and reputational capital among
community stakeholders may be the primary driver for some
corporate purchasers of carbon offsets from energy efficiency
upgrades to low-income housing.

The biggest challenge likely encountered by carbon offsets based
on emission reductions from low-income energy upgrades is a
challenge on additionality. In particular, given the numerous
government programs targeted at improving energy efficiency
and affordability for low-income households in the US (and
other developed countries), efficiency-based offsets may be
perceived as lacking in additionality, on the assumption that such
upgrades would have happened with or without financing from
offset purchases by corporate and institutional actors. Indeed, the
carbon offsets generated by Clearloop’s innovative approach to solar
development in dirty US electric grid regions are categorically
excluded from certification under the major carbon registries
(like Verra, American Carbon Registry) based on the assumption
that renewables will be developed in Global North countries like the
US regardless of any investment by corporate offset buyers (Verra,
2021). This assumption is nonetheless defied by on-the-ground
realities (Vandenbergh and Gilligan, 2017), and overcome by
Clearloop, who has verified its Lifecycle Carbon Standard and
Decarbonization Credit Methodology under the Greenhouse Gas
Protocol Project Standard, successfully selling permanent,
additional, transparent offsets secured against double-counting to
a range of companies, whose offset purchases are helping finance the
development of new solar throughout the US Southeast (Clearloop,
2021). Further, while such categorical exclusions and other
additionality objections can act to obstruct the development of
climate- and socially-beneficial offset interventions like that
offered by Clearloop, forest carbon credits of questionable
climate and social impacts are being readily transacted to justify
carbon neutrality claims for massive carbon footprint events such as
the 2022 Qatar FIFA World Cup, where air-conditioned open-air
stadiums sited in desert heat were claimed carbon neutral based in
significant part on the purchase of cheap forest carbon offsets (How
to Save a Planet, 2022).

While potentially more challenging to certify than its
pioneering MaineHousing predecessor, the efficiency-upgrade
based carbon offsets proposed in this paper can expand the
reach and impact of the MaineHousing program, which reached
only low-income homeowners and required time-and resource-
intensive data collection to implement. MaineHousing’s carbon
offsets have been certified under Verified Carbon Standard (VCS)
and listed in the large, global reach VCS carbon registry run by the
nonprofit Verra, but VCS certification is extremely data intensive,
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taking 3 years of data collecting in the MaineHousing case (Maine
State Housing Authority, 2012), and thus limiting the reach and
impact of offset-financed energy efficiency retrofits to low-income
housing. Though our approach may be more challenging to certify
under the existing rules of established carbon registries, it offers
tangible and verifiable, emission-reduction based carbon offsets
with measurable social and economic co-benefits— and does so at
a time when the credibility of these registries, along with the
authenticity and impact of their offsets — have been called into
question (Gill-Wiehl et al., 2024; Greenfield, 2023).

Our study fills important gaps in MaineHousing’s pioneering
carbon offset program by developing an accessible and less data-
intensive method to estimate carbon emissions reductions from
residential weatherization and energy efficiency upgrades. In order
to do so, this method takes advantage of open-source data and tools,
cutting down on the time needed to collect, manage, and analyze
data. Additionally, this project focuses on individual upgrades
within individual units, allowing a wider spectrum of potential
offset purchasers to fund upgrades on smaller scales, increasing
the audience of companies that can afford to invest in residential
upgrades. This enables a significant scaling of MaineHousing’s
intervention to low-income rental housing, which houses a larger
proportion of marginalized groups than owner-occupied low-
income housing. While this method compromises in the rigor of
data collection, it increases co-benefits for both low-income
residents and investing companies, and it reaches a wider
population of potential offset purchasers and marginalized
communities.

5.2 What does a scale-up look like in
actual practice?

The methodology developed in this project to calculate CO2

reductions from energy efficiency upgrades provides the basis for a
potential socially responsible carbon offset. The CO2 emissions
calculated from each potential energy efficiency upgrade could be
sold as an individual carbon offset. In other words, a company that is
interested in financing a locally-based carbon offset project with
local co-benefits, but potentially unable to invest the full amount
required to complete all 4 components of an energy efficiency
upgrade can invest in completing 1 of the 4 types of retrofit,
leaving the other retrofits open for financing by other corporate
and institutional actors. While purchasing all the offsets generated
over the 25-year lifespan of a home energy upgrade — and thus
providing upfront financing for completing the energy efficiency
upgrade for that unit — may well be within the climate and ESG
budget of larger companies, our approach and methods make it
possible for much smaller companies to participate in backing this
type of offset project. Companies such as small businesses with roots
in the community, or smaller and newly established B corporations
whose goals and practices are already aligned with the idea of
positive spillovers will be able to participate as well.

The fact that each type of efficiency upgrade (fridge, HVAC,
windows, insulation) can be financed by different offset buyers
makes this approach more likely to scale—as it is not a priori
limited by the company and budget size of the corporate and
institutional actors seeking to purchase carbon offsets with

locally-experienced social, economic, and health co-benefits.
Scalability is further advanced by the fact that each efficiency
upgrade on a home or rental can be financed by several offset
buyers, each of whom purchases a small portion of the offsets
generated by that upgrade.

As shown in Table 3, the revenues generated from the sale of
“social carbon” offsets through energy efficiency upgrades to low-
income rental units can exceed the total materials cost for
implementing these efficiency upgrades, particularly if the social
carbon offsets generated through low-income efficiency retrofits
are priced in accordance with the tangible health, economic, and
equity co-benefits they bring to marginalized groups – which
would mean pricing on the highest end of the social offset
continuum. Such pricing could also allow for offset sales to
cover the labor cost for the more labor-intensive upgrades, such
as the window and insulation upgrades. While the precise
financing calculus remains beyond the scope of this paper, the
analysis we present demonstrates significant practical promise and
feasibility of carbon offset financing for energy efficiency upgrades
to low-income affordable rental units. More broadly, it
demonstrates the environmental and social value of mobilizing
a private governance solution like voluntary carbon offsetting in
the service of long-standing and challenging to accomplish public
policy goals for climate mitigation, energy equity, and just
environmental and renewable transitions.

6 Conclusion

This study builds on existing ideas and practices to introduce
an accessible new methodology for calculating CO2 reductions
from energy efficiency upgrades to low-income housing.
Calculations enabled by this methodology, in turn, allow for
mobilizing a new source of financing for such low-income
energy upgrades - emission reductions can be packaged and
sold as carbon offsets on the voluntary carbon market, with
revenue from the sales footing the up-front cost of upgrading
energy inefficient appliances, windows, and insulation. Carbon
offsets derived from this type of project are expected to attract
corporate buyers looking to meet climate goals and social
responsibilities, to build or bolster reputational capital with a
range of stakeholders, including host communities, civil society
activists, regulators, and the media. The methodology and
conceptual approach proposed in this paper enable the
mobilizing of a promising market-based tool for alleviating
energy poverty and health inequalities in the US and other
developed countries. Future research should explore the
expansion and scaling of this model, and work to identify other
opportunities for interventions that reduce carbon emissions
through meeting pressing and long under-addressed needs of
marginalized groups and populations in high-income countries.
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