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Abstract

This paper develops a macro heterogeneous-agent model to quantify the distributional
impacts of higher temperatures from climate change in the US. Households adapt to tem-
perature through two channels: an intensive margin— adjusting energy use for heating
and cooling— and an extensive margin— deciding whether to purchase temperature-control
equipment such as a heater, air conditioner or heat pump. I estimate the production func-
tions for household heating and cooling from a unique product-level data set and calibrate
the remaining parameters to match variation in energy expenditures and budget shares
with income. I find that the welfare effects of climate change vary substantially with in-
come and region. In colder areas, climate change increases inequality in lifetime welfare.
While all households experience greater cooling needs, the costs are particularly acute for
lower-income households, who purchase air conditioners that they did not previously need.

In warmer areas, the opposite pattern reduces welfare inequality.
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1. Introduction

Will climate change worsen US inequality? The effects of climate change could vary across
households due to spatial heterogenity in exposure to climate damage and due to income het-
erogenity which affects households’ ability to adapt. Recent macro climate-economy models
either abstract from all heterogeneity (e.g., Acemoglu et al., 2012; Golosov et al., 2014; Bar-
rage, 2020) or study spatial heterogeneity (e.g., Cruz and Rossi-Hansberg, 2024; Bilal and
Rossi-Hansberg, 2023; Rudik et al., 2022). Instead, this paper studies income heterogene-
ity, and develops a heterogeneous agent model to analyze the distributional effects of climate
change across income groups. I focus on one important type of climate damage: the direct
effects of higher temperatures in the US. I find that the welfare consequences of higher temper-
atures caused by climate change vary considerably with income, increasing welfare inequality
in the colder parts of the US.

A key mechanism driving these results is households’ ability adapt to the higher temper-
atures from climate change using heating and cooling. This temperature adaptation has two
components: (1) an extensive-margin decision to purchase a heater or air conditioner and (2)
an intensive-margin decision to purchase energy to operate the heater or air conditioner. I first
analyze the intensive margin using a simple analytic model in which households can produce
heating and cooling using only energy. I then develop a quantitative model that incorporates
both margins to assess the distributional impacts of climate change when households can adjust
their equipment and energy use.

I begin with the simple model, focused on the intensive margin of temperature adaptation.
Households derive utility from consumption and housing services. Utility from housing services
depends on the indoor temperature of the house. Utility is lower when the indoor temperature
is too hot or too cold relative to a comfortable level. The indoor temperature depends on the
outdoor temperature, determined by nature, and on any energy the household purchases for
heating or cooling.!

The core insight from the simple model is that the outdoor temperature acts as a financial
transfer from nature to households. For example, if the hottest possible outdoor temperature
is 50°C and the actual outdoor temperature is 30°C, then nature gave all households 20°C of
cooling for free, augmenting their income by the value of the cooling. Moving from moder-
ate to extreme temperatures decreases these transfers from nature. Although the reduction in
transfers is the same for all households, it has higher welfare costs for lower-income house-
holds because the value of the loss is greater relative to their income. Taken in isolation, this

mechanism implies that climate change will be regressive in regions where it leads to more

1Rode et al. (2021) and Jeon (2023) also consider the potential for households to use energy for heating and
cooling based on the outdoor temperature.



extreme temperatures, and thus fewer transfers from nature, and progressive in regions where
it leads to less extreme temperatures.?

Next, I develop a dynamic heterogeneous agent model that includes both the intensive and
extensive margins of temperature adaptation. To produce heating and cooling, households
need specialized temperature-control equipment (the extensive margin) as well as energy (the
intensive margin). The model includes three types of temperature-control equipment; heaters
which produce heating, air conditioners which produce cooling, and heat pumps which pro-
duce both. Each type of equipment has a fixed cost, so households could optimally choose
corner solutions in which they forgo one or more types of equipment. This feature allows the
model to match the empirical data in which some households lack heating or cooling altogether.

The model includes several additional elements important for numerical analysis. First,
low-income households receive energy assistance payments that broadly mimic federal and
local programs for heating and cooling assistance in the US. Second, households experience
a distribution of outdoor temperatures each period. I split the period into 100 sub-periods,
each associated with a different outdoor temperature. To capture some of the uncertainty
inherent in weather, I assume that the temperature distribution itself is a random variable.
Third, households differ in income, wealth, and location. The income and wealth distribu-
tions are endogenous: building on benchmark models of income and wealth inequality (Bew-
ley, 1977; Imrohoroglu, 1989; Huggett, 1993; Aiyagari, 1994), households draw idiosyncratic
labor-productivity shocks each period and adjust their consumption and savings decisions ac-
cordingly. The spatial distribution is exogenous: households reside in one of five regions which
differ based on their temperature distribution (cold, cool, mild, warm, and hot).

To calibrate the model, I assemble a unique data set on the price, capacity, and energy
use of over 1,000 heaters, air conditioners, and heat pumps. I use these data to estimate
the production functions for heating and cooling. I calibrate the remaining key parameters
to match average heating and cooling energy budget shares, the variation in energy budget
shares and energy expenditures with income, and the fractions of households without heating
or cooling. The calibrated model replicates the empirical patterns of rising energy expenditures
and falling energy budget shares with income. Previous literature has added subsistence energy
to the utility function to match these patterns (see e.g., Metcalf, 1999; Grainger and Kolstad,
2010; Fried et al., 2018). I show that directly modeling the effect of temperature on utility and
allowing households to use energy for heating and cooling enables the model to match these

patterns without subsistence energy.

2The notion that the outdoor temperature is a transfer from nature is closely related to the notion that en-
vironmental quality is a form of natural capital (Fenichel et al., 2018). The transfers from nature are similar to
the income flows from the natural capital embodied in the temperature distribution. By shifting the temperature
distribution, climate change affects the stock of natural capital and the associated income flows.



I use the calibrated model to study the distributional consequences of climate change, mod-
eled as a change in the annual temperature distribution. I compare two stationary equilibria:
(1) a contemporary equilibrium with the contemporary temperature distribution, and (2) a
climate-change equilibrium with the projected temperature distribution in year 2100. To de-
termine the 2100 temperature distribution, I use a climate projection designed to forecast car-
bon emissions in the absence of large-scale climate policy (RCP 8.5). I measure welfare using
the consumption-housing equivalent variation, defined as the percent increase in consumption
and housing the household would need in expectation in every period in the contemporary
equilibrium so that they are indifferent between the contemporary and the climate-change
equilibrium.

I find that the welfare impacts of higher temperatures from climate change vary substan-
tially with income and region. Among middle- and high-income households, climate change
generates progressive welfare gains in the colder regions, ranging from 0.71 percent of con-
sumption and housing expenditures for households in the third income decile in the cool region
to near-zero for the highest income households, and regressive welfare losses in the hotter re-
gions, ranging from -1.85 percent of consumption and housing expenditures for households in
the third income decile in the warm region to near-zero again for the highest income house-
holds. These patterns are driven by the intensive margin of temperature adaptation. Drawing
on the intuition from the simple model, I show that climate change increases transfers from
nature in the colder regions, creating welfare benefits, and decreases transfers from nature
in the hotter regions, creating welfare costs. The changes in transfers from nature relative to
income are larger for lower-income households, leading to the progressive welfare benefits in
the colder regions and the regressive welfare costs in the hotter regions.

The welfare effects of climate change are reversed among low-income households: low-
income households in the colder regions experience welfare losses while some low-income
households in the hotter region experience welfare gains. These outcomes are driven by the
extensive margin of temperature adaptation. All else constant, households prefer to specialize
in either heaters and air conditioners, avoiding the higher cost of purchasing and maintaining
both, or the even higher upfront cost of a heat pump. In the colder regions, the increase in hot
days from climate change makes it harder for households to specialize in heater equipment,
creating welfare costs. These costs are particularly acute for the lowest income households who
move from only purchasing heater equipment in the contemporary equilibrium to purchasing
both heater and air-conditioner equipment in the climate-change equilibrium. In the hotter
regions, the opposite effect leads to net welfare benefits of climate change among some low-
income households.

Beyond the baseline analysis, I use the model for several policy-relevant experiments. First,



I explore how alternative energy assistance policies could affect the distributional consequences
of climate change. I find that the government would need to more than double spending on
energy assistance to offset the welfare cost of climate change for the lowest income households.
Second, motivated by electrification goals and local natural gas bans, I study the welfare conse-
quences of climate change when a mandate that all households use heat pumps for heating and
cooling is in place. In this case, all households purchase heat pumps in both the contemporary
and climate-change equilibria. Since climate change has no effect on the extensive-margin de-
cision of whether to purchase temperature-control equipment, the welfare effects are entirely
driven by the intensive-margin decision of how much to run the equipment. As a result, climate
change generates progressive welfare benefits across all income levels in the colder regions and
regressive welfare costs across all income levels in the hotter regions.

Third, I study how higher temperatures from climate change affect households’ migration
incentives. I find that the changes in transfers from nature increase incentives for high-income
households to migrate to cooler regions. In contrast, changes in the ability to specialize increase
incentives for low-income households to migrate to warmer regions. Fourth, I explore how
declining heat pump costs could moderate the welfare costs of climate change. I find that cost-
parity between heat pumps and traditional heaters increases heat pump adoption and reduces
the welfare costs, or enhances the welfare benefits from climate change. However, low-income
households in the hot region see limited improvements because they remain more likely to
choose air conditioners over heat pumps.

Fifth, a key contribution of the paper is to analyze climate change in a model with en-
dogenous income and wealth heterogeneity. This heterogeneity shapes not only distributional
effects but also aggregate welfare outcomes. For example, in the mild region, climate change
reduces aggregate welfare by 0.65 percent in the baseline model, compared to just 0.17 percent
in a representative agent version. Similar gaps appear across other regions, highlighting the
importance of income heterogeneity for capturing aggregate impacts, as the macro literature
as demonstrated in other contexts (e.g., Krueger et al., 2016; Heathcote et al., 2009).

Finally, I extend the model to allow low-income households’ labor productivity to vary with
temperature, reflecting their concentration in weather-exposed sectors like construction and
agriculture. This channel reduces the welfare cost of climate change for low-income house-
holds in colder regions, where fewer cold days raise productivity, but increases it in hotter re-
gions, where more hot days lower productivity. The effects are largest in the coldest and hottest
regions, where the changes in the numbers of extreme cold and hot days are the largest.

This paper contributes to the broader literature on the unequal consequences of climate
change. Much of this literature focuses on region-level inequality and studies how the con-

sequences of climate change vary across regions based on differences in regional income and



climate damages (Nordhaus and Yang, 1996; Carleton et al., 2022; Nath, 2022; Krusell and
Smith, 2022; Rudik et al., 2022; Cruz and Rossi-Hansberg, 2024; Bilal and Rossi-Hansberg,
2023). A more theoretical literature adds households with different fixed income types to inte-
grated assessment climate-economy models to study the importance of within-region income
inequality for optimal climate policy (Dennig et al., 2015; Kornek et al., 2021; Belfiori and
Macera, 2022; Douenne et al., 2023).> Moving beyond fixed income types, Blanz (2023) ex-
tends a standard incomplete markets model of income heterogeneity, as in the present paper,
to study the effects of food-price changes caused by climate change in developing countries.
Finally, an empirical literature estimates how the impacts of natural disasters (Strobl, 2011;
Deryugina et al., 2018; Roth Tran and Wilson, 2022) or temperature (Hsiang et al., 2017; Park
et al., 2018; Behrer et al., 2021; Doremus et al., 2022) vary across income groups in the US.*

The paper proceeds as follows: Section 2 builds a simple model focused on the intensive
margin of temperature adaptation to develop the intuition that the outdoor temperature acts
as a transfer from nature to households. Section 3 constructs a heterogeneous-agent model
with both the intensive and extensive margins of temperature adaptation to quantify the dis-
tributional effects of climate change. Section 4 calibrates the model and Section 5 presents the

quantitative results. Section 6 concludes.

2. Simple Model

The simple model focuses explicitly on the intensive margin of temperature adaptation. I
show that outdoor temperature acts as a transfer from nature to households and derive the
distributional impacts of a change in outdoor temperature. The model is intentionally styl-
ized; it is static, deterministic, and abstracts from the extensive-margin decision to purchase

temperature-control equipment. I relax these assumptions in the quantitative model to follow.

Environment. Households derive utility from consumption, housing, and indoor and outdoor

3Malafry and Brinca (2022) study the importance of inequality for optimal climate policy in a stylized two-
period model in which households draw idiosyncratic labor productivity shocks.

#An additional literature examines the distributional consequences of carbon prices instead of climate damage
(see e.g., Parry, 2004; Fullerton and Heutal, 2007; Metcalf, 2007; Chiroleu-Assouline and Fodha, 2014; Parry
and Williams, 2010; Williams et al., 2015; Fried et al., 2018, 2024). These papers generally find that how the
government uses the carbon price revenue has a substantial impact on the distributional effects of the policy. In
contrast to carbon taxes or permits, climate damage does not create a stream of revenue that the government can
allocate to affect its equity implications.



temperature, according to the function:

G(Oc[D(THh; ] :0<L<T; <
ey | GO s0<E<Ti<l .
-0 : otherwise

where a € (0,1). Variables ¢; and h; denote household i’s choices of consumption and housing
services, respectively. Variable T; denotes the household’s indoor temperature choice. If the
indoor temperature is very cold, T; < {, or very hot, T; > ¢, then the household dies from
exposure to temperature extremes and ;eceives utility —©.

Parameter { € [0,2{*] is the outdoor temperature. Outdoor temperature is determined by
nature and ranges from 0 to 2{*, where {* denotes the most comfortable outdoor tempera-
ture. Following Conte et al. (2022), function G({) captures the amenity value of the outdoor
temperature. While it is not necessary to specify a functional form, it is useful to think of G({)
as having a bliss point at the preferred outdoor temperature, {*. In this case, nice days, i.e.,
days with temperatures near {*, have higher amenity values, while cold or hot days, i.e., days
with temperatures far from {*, have lower amenity values.

Function D(T;) €[0,1] is a damage function that reduces the utility the household receives
from housing services based on the relationship between the indoor temperature and the bliss
point, {*, according to,

A 0< T, <

D(T)=1{ ¢ 2)
(< T <208

20*—T;
C:*

If the indoor temperature equals the bliss point, then the household receives full utility from its

housing services; D(T; ={*) =1. If instead, the house is cold, T; < {*, or hot, T; > {*, then the
household receives less utility from the housing services; D(T; < {*) <1 and D(T; > {*) < 1.

The indoor temperature, T;, depends on the outdoor temperature, {, and on any energy

C

the household purchases for heating, elh, or cooling, e;:

T, =C+ elh —e;. Energy purchased
for heating raises the indoor temperature relative to the outdoor temperature, while energy
purchased for cooling reduces the indoor temperature relative to the outdoor temperature.
The household chooses consumption, housing services, and heating and cooling energy to
eh ,h ec ¢

maximize utility (equation (1)) subject to the budget constraint, y; = ¢; + p"h; +p e/ +p~e;.
Variables p", p" and p® denote the relative prices of housing and heating and cooling energy,

respectively. Variable y; is the household’s income. The consumption good is the numeraire.

Analysis. I consider a region of the parameter space in which the utility from death, —©, is



substantially less than the optimizing household’s utility from life, implying that the household
never chooses indoor temperatures outside of (£ ,0). 1 solve the model for a cold day, { < {*.
The solution and implications for a hot day, { > {*, are symmetric and included in Appendix A.
Focusing on an interior solution in which the household’s optimal indoor temperature is less
than the bliss point but greater than the outdoor temperature, { < T < {*, the optimal levels

of consumption, housing, and indoor temperature are

oy ek O . (i+p¢ (1—a) o[ yitp™¢ (1—(1)
¢, =(i+p C)(Z—a)’ hi—( o ) P and T/ = o 2 ) (3)

The heating and cooling energy required to achieve indoor temperature T, are e?* =T/'—¢
and e;* =0.

The optimal choices in equation (3) reveal that the outdoor temperature, {, acts as a trans-

fer from nature to the household. Nature gives the household { degrees of heating for free,
augmenting their income by p°"{. Importantly, all households, regardless of their income, re-
ceive the same transfer from nature. However, the transfer has a larger percentage impact on
low-income households’ optimal choices because it is a larger share of their income.

To determine the distributional implications of a change in outdoor temperature, equation
(4) derives the percent change in the household’s optimized utility from a marginal increase

in outdoor temperature,

oule i, 1)/9¢ _ 6'(Q) , p2—a)
uChLT) G yitpthe

4

The welfare gains from a warmer day, measured as the percent change in utility, equal the
relative increase in the amenity value of temperature plus the relative increase in utility from
the higher income resulting from the larger transfer from nature. The welfare gains fall with
income, implying that warmer days are progressive.

The intuition for this progressivity parallels the intuition for the progressivity of lump-sum
transfers from the public finance literature. Low-income households value the transfer from
nature more than high-income households because it is a larger share of their budgets. Hence,
an increase in the transfer from nature from a warmer day creates larger welfare gains for
low-income households. More generally, moving from more to less extreme temperature days
is progressive. In cold weather ({ < {*), this translates to moving from cooler to warmer days
while in warm weather ({ > {*) it translates to moving from warmer to cooler days.

The heterogeneity in these welfare effects depends critically on households’ ability to use
energy for heating and cooling, the intensive margin of temperature adaptation. If house-

holds cannot heat or cool their house, then all households must choose the corner solution in

7



which the indoor temperature equals the outdoor temperature, T;" = {. In this case, the model
collapses to a standard two-good utility optimization problem. Outdoor temperature does not
affect the household’s consumption and housing choices, eliminating the transfers-from-nature
channel. The welfare impact of a change in outdoor temperature depends only on the direct
effect of temperature on utility, through both the amenity value and the damage function, and
thus is the same for all households, regardless of income.”

The notion that extreme temperatures act like decreased transfers provides an interesting
perspective on energy assistance policy. Much of this assistance takes the form of direct pay-
ments to low-income households, which, when viewed through the lens of the simple model,
implicitly replace the lost transfers from nature on extreme temperature days. For example, the
Low Income Home Energy Assistance Program (LIHEAP) provides payments that are largely
based on households’ heating or cooling expenses from the previous year, or on the average
number of heating and cooling degree days. Both of these approaches are practical ways to
mimic indexing payments to outdoor temperature, and thus compensate households for the
reduced transfers from nature on extreme temperature days.

One implication of the simple model is that the amenity value has no effect on the dis-
tributional consequences of a change in temperature. Specifically, the derivative of equation
(4) with respect to income does not depend on the amenity value. The implicit assumption is
that the preferences underlying the amenity value are uncorrelated with income. I continue
to make this assumption in the quantitative model and abstract from the amenity value. This
abstraction affects the level of the welfare impacts from a change in temperature. However, the
results from the simple model suggests that it is not important for understanding the relative
welfare effects of changes in temperature across income groups, which are the paper’s focus.

The above analysis focuses on a region of the parameter space in which the household’s
optimal indoor temperature is within ({ ,{), implying that the household does not die from
exposure to extreme temperatures. Moreover, since the household’s optimal indoor tempera-
ture is strictly less than ¢ and strictly greater than ¢, the possibility of death has no impact on
the household’s heating and cooling decisions. In the quantitative model, I continue to focus
on this same region of the parameter space and I abstract from the utility cost of death from
extreme temperature exposure.

This abstraction comes with the caveat that some people die each year from exposure to
extreme temperatures in the US. From 1999-2020, exposure to extreme temperatures caused

approximately 0.04 percent of US deaths, equal to 1,145 people per year, on average.® Over

>See Appendix A for the model solution when the household cannot use heating or cooling and for the model
solution when the household’s optimal indoor temperature equals the bliss point, T = {*.

SCenters for Disease Control and Prevention, National Center for Health Statistics. National Vital Statistics
System, Mortality 1999-2020 on CDC WONDER Online Database, released in 2021. Data are from the Multiple



half of these deaths are estimated to be among the un-housed population (Snow, 6/20/2022;
NHCHC, 2022) which are outside the model. Some of the remaining deaths are likely due
to behavioral factors unrelated to the temperature of the home, which are also outside of
the model, such as preforming intense physical activities in extreme heat.” Even so, a small
number of the temperature-related deaths are likely caused by the temperature of the home.

It is important to acknowledge that the quantitative model omits this channel.

3. Quantitative model

I develop a dynamic, heterogeneous-agent model to quantify the distributional effects of
climate change when households can adjust both their energy use (the intensive margin of
temperature adaptation) and their temperature-control equipment (the extensive margin of
temperature adaptation). Time is discrete and infinite. The economy is composed of N re-
gions which are differentiated by their temperature distributions. Each region contains a con-
tinuum of infinitely-lived heterogeneous households, and a continuum of perfectly competi-
tive firms that produce the final good, energy, housing, and temperature-control equipment.
Households derive utility from consumption, housing services, and the temperature of their
house. Households can affect the temperature of their house by producing heating or cooling
from temperature-control equipment and energy. Households supply labor in a competitive re-
gional labor market, and their labor productivity is subject to persistent, idiosyncratic shocks.
Households can accumulate assets to self-insure against these shocks. A federal government
taxes households and uses the revenue to provide energy assistance payments to low-income

households. There is no migration across regions.

Temperature distribution. Households can experience J outdoor temperatures during the
period, ranging from ; to ;. I divide the period into J different sub-periods, one for each
outdoor temperature, {; € [{1, {;]. The temperature distribution is the set of weights Q;, =
{q; jn}]J.Zl which correspond to the fraction of the period household i in region n experiences
outdoor temperature ¢ ;. To partially capture the uncertainty inherent in weather, I assume that
the temperature distribution is a random variable. The household draws a temperature distri-
bution each period from a distribution of temperature distributions, ng(Qin). The realizations

of the temperature distribution are i.i.d. across households within a region.

Cause of Death Files, 1999-2020, as complied from data provided by the 57 vital statistics jurisdictions through
the Vital Statistics Cooperative Program. Accessed at http://wonder.cdc.gov/ucd-icd10.html on Mar 3, 2023.
ICD-10 codes X30 and X31 correspond to deaths from heat exposure and cold exposure, respectively.

’The Environmental Protection Agency (EPA) stresses the importance of early warning systems and educating
the public on the dangers of extreme temperatures to reduce deaths from behavioral factors (EPA, 2021).



Preferences. Households derive utility from consumption and housing services according to,

J 1-o 1-o
Uin :;qijn Clljn_a +¢(D(Tlinz}:;n) } (5)
The period utility of household i in region n is the sum of its utility in each sub-period, weighted
by the fraction of the period the household spends in each sub-period, g;;,. Following Gervais
(2002), utility is separable in consumption, c;;, and housing services h;,. Housing services
include both the size and quality of the house. Subscript j on variable ¢ denotes that consump-
tion can vary across sub-periods. Consumption is a relatively flexible input and households can
choose to consume different amounts based on the outdoor temperature. In contrast, housing
services are less flexible and cannot vary by sub-period based on the outdoor temperature.
Households choose housing at the start of the period and it is fixed for the entire period; there
is no subscript j on variable h in equation (5).

Damage function D(T;;,) € [0, 1] depends on the difference between the household’s indoor
temperature in sub-period j, T;;,, and the bliss point, {”,

1
1+ 2 (Tyjp—¢*)?

D(Tijn) = (6)
As in the simple model, households receive full utility from their housing services in sub-periods
in which the indoor temperature equals the bliss point, D({*) = 1. Households receive less than
full utility from their housing services in sub-periods in which their house is hotter or colder
than the bliss point, D(T;;, < {*) <1 and D(T;j, > {*) < 1. Parameter y controls the utility
cost from being away from the bliss point. At the extreme, when y = 0, there is no decrease
in utility from indoor temperatures that deviate from the bliss point. Similarly, as y — oo
households must choose indoor temperatures equal to the bliss point to receive any utility
from their housing services.

The household’s indoor temperature in sub-period j depends on the outdoor temperature
in that sub-period, {;, and on the heating and cooling the household produces. The household
produces heating and cooling from energy and temperature-control equipment. I consider
three types of temperature-control equipment: heater equipment, such as a furnace, that pro-
duces heat, air-conditioner equipment that produces cooling, and heat-pump equipment that
produces both heating and cooling. In practice, the energy required to run the temperature-
control equipment differs across equipment types: air conditioners and heat pumps use elec-
tricity, while heaters can use a variety of different fuels, such as electricity or natural gas, de-
pending on the type of boiler or furnace. In the model, I assume that air conditioners and heat

10



pumps require energy e® to operate, where superscript e denotes electricity. I abstract from the
heater fuel choice and assume that heaters require energy e™ to operate, where superscript m
denotes a mix of fuel types. Households must pay a fixed cost for each equipment type, Q" Q°,
and QF, where superscripts h, ¢, and p denote the fixed costs for heaters, air conditioners, and
heat pumps, respectively. The fixed costs capture installation and maintenance costs and allow
the model to match the empirical reality some households do not have temperature-control
equipment.

The indoor temperature for household i in sub-period j in region n equals:

h h c .
i+ A (el —A (s, )7 (es,)" :no heat pump
i he;ang coc;fing
Tijn = A (7

1 0" eh \nP 0P P )
Citar | AP(xp) (efjn)”J—Ap(xfn) (effn)”J : heat pump.

~~

\ i her;tring cooling

Variables x", x¢, and xP denote the household’s levels of heater, air-conditioner, and heat-pump
equipment. Increases in each x variable correspond to higher expenditures on the equipment,
which could represent increases in capacity, quality, or both. The additional superscripts h
and c on the energy terms denote that the energy is used for heating or cooling, respectively.
For example, e denotes energy type e¢ used for cooling. Parameters A", A°, and AP denote
the productivity of heating using a heater, of cooling using an air conditioner, and of heating
and cooling using a heat pump, respectively. I assume that households cannot produce both
heating and cooling during the same subperiod; such a choice, even if allowed, would never
be optimal in equilibrium.

The Cobb-Douglas functional forms in equation (7) have several properties that make them
well-suited to describe the production of heating and cooling. First, both equipment and energy
are essential inputs. For example, a household cannot produce heat without a furnace and
energy to operate the furnace. Second, in the empirically relevant region of the parameter
space (n < 1), the marginal product of energy decreases with energy use, all else constant.
Hence, the energy efficiency of heating or cooling falls as the difference between the indoor and
outdoor temperature rises, consistent with the physical properties of heaters, air conditioners,
and heat pumps.

As with housing services, the household’s choices of temperature-control equipment are

11



fixed for the entire period; there is no subscript j on the temperature-control equipment vari-
ables, xh, x¢ or x?, in equation (7). Households cannot purchase a furnace each winter when
it is cold and return it each summer when it is hot. This inflexibility implies that households
optimally choose to idle their temperature-control equipment when the outdoor temperature
makes the equipment unnecessary. While temperature-control equipment is fixed for the en-
tire period, households can still adjust their energy use in each sub-period to achieve their

mh oec and e in equation (7) all include a

desired indoor temperature; the energy variables e
subscript j. For example, the household could use more energy for heating on a very cold day.

The change in indoor temperature from a given combination of temperature-control equip-
ment and energy depends on the level of housing services, h. Larger values of h correspond to
bigger houses, which, all else constant, require more energy and equipment to heat and cool,
and also to higher quality houses, which, all else constant, require less energy and equipment
to heat and cool. Parameter y determines the net effect of these two competing channels. For
example, if y =0, then the two channels perfectly cancel and h has no impact on the change in
indoor temperature from a given combination of equipment and energy. As y increases beyond

zero, the house-size channel dominates and the change indoor temperature falls as h rises.

Labor endowment and productivity. Each household is endowed with one unit of labor,
which it supplies exogenously to the firms in its region. The household earns labor income
wz;,, where w denotes the market wage and z;, is the household’s idiosyncratic labor pro-
ductivity draw. The log of the household’s idiosyncratic labor productivity is the sum of two
components: log(z;,) = vi, +&;,- Component v;, is an idiosyncratic persistent productivity
shock which follows a finite-state Markov chain with transition probabilities 7Tv(*’§,,| V), and
unique invariant distribution IT”(v;,,). I use ‘prime’ to denote next period’s value of the variable.
Component &;,, ~N(O, o%) is a household-specific fixed effect (i.e., ability) that is constant over

time.

Energy assistance. The federal and local governments in the US provide aid to help low-
income households with their heating and cooling energy bills. The federal government pro-
vides the majority of this aid through LIHEAP. While the exact formulas vary by state, most
LIHEAP payments are direct transfers based on the household’s expected heating and/or cool-

ing expenses. I incorporate energy assistance into the model as direct transfers, B;,, where

0 income > threshold
Bin =

~

B, otherwise.

Only low-income households receive the transfers; B;, = 0 for all households with income
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above a threshold value. For households with income below the threshold, the transfers vary
with the household’s region, based on the heating and cooling needs in the different climates.

The government finances energy assistance payments with a flat tax, 7, on labor income.

Recursive formulation of the household’s problem. The state variables are the household’s
assets, a;,, and the persistent value of its labor productivity shock, v;,. The model timing
is as follows. The period starts and the household draws its labor productivity shock. The
household chooses housing services and temperature-control equipment. After making these
decisions, the household learns its temperature distribution for the current period. Finally,
the household chooses heating and cooling energy and consumption in each sub-period, and
its level of assets for the next period. I set up the timing in this way because, in practice,
households make longer-run decisions for housing and temperature-control equipment based
on their expectations of the weather. The assumption that households choose their housing and
temperature-control equipment for the current period before the realization of the temperature
distribution for that period partially captures this uncertainty.

The dynamic programming problem for household i in region n equals:

cl-o D(T:: Y )
V(ain;vin): maX ZT[Q(QM) max qu]n( lJna ’L/J( ( l]n) m) )

mh gec ,eh J 1—0O
m’xm’xln’xln Qm { 1]n’ ijn’ Un’clln j=1

+/3Zﬂ(mvm)ZnQ(Qm)V(am, v | T, ©)
U‘l an

subject to the budget constraint:

h h
(Q—7)wz;, +(1+1r)a;, +Bip = unn [cijn+D e + P efj, +efi)]
j=1

+p i+ Pl +p¥ xS AP Pxl QM g+ Qs g+ P Lipng +
and the non-negativity constraints:

al,>0,h;; >0, e >0, e >0, e >0, x5, >0, x>0, xP >0, ¢, >0.

m = ijn — ijn =— ijn —

The left-hand-side of the budget constraint is the household’s cash-at-hand, equal to the sum of
its after-tax labor income, the gross value of its assets, and any energy assistance the household
receives. Variable r denotes the interest rate. The right-hand-side is the household’s total

expenses, equal to the sum of its expenditures on consumption and heating and cooling energy
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in each sub-period, housing services, temperature-control equipment and fixed costs, and any
assets the household chooses to carry into the next period. Prices p®™ and p®, denote the
relative prices of heating-specific energy and electricity, respectively. Prices p*", p*¢ and p*P
denote the relative prices of heater, air-conditioner, and heat-pump equipment, respectively.
Price p® denotes the relative price of housing services. The final good is the numeraire.
Housing and temperature-control equipment are flow variables as opposed to states. This
modeling choice simplifies the computation. It is equivalent to assuming that all households are
renters and that rental markets are sufficiently well-developed that households can effectively
choose their level of housing services separately from their temperature-control equipment.
However, one drawback of modeling housing and equipment as flow choices is that I abstract
from switching costs and more general adjustment costs. Switching costs are likely to be im-
portant over the transition, as households adjust to new temperatures, but less important in
the long-run steady state with a constant expected temperature distribution. Given this, I focus
the analysis on the long-run steady state outcomes. Understanding the implications over the

transition, accounting for switching costs, is an interesting avenue for future work.

Firms. Each region contains unit masses of perfectly competitive firms that produce the final
good, housing services, temperature-control equipment and energy. The final good, y, is pro-
duced from a Cobb-Douglas production function in capital, k, and labor, [, y =AY (k¥)*11¢.
Variable A’ denotes total factor productivity (TFP) in the production of the final good. Final-
good firm profits are given by, m¥ =AY (k¥)*11*—RkY —wl. Variable R =r +§& denotes the
rental rate on capital, where 6 is the depreciation rate.

Housing, energy, and temperature-control equipment are produced using linear technolo-

gies in capital:
h :Asks’ e™M :Aemkem) e® :Aeekee’ Xh :AXhKXh, X = AXkX¢  and xP = AXP|XP.

Variables A%, A°™, A A¥h A*¢ and A*P denote total factor productivity in the production of
housing services, heating-specific energy, electricity, and heater, air-conditioner and heat-pump
equipment, respectively. Profits are given by m/ = p/A/k/ —Rk/, j € {s, em, ee, xh, xc, xp}. 1
assume that a unit of capital, k, can be used to produce any of the goods and services in the
economy, implying that the rental rate on capital does not vary across the different firms.

The solutions to the firms’ profit-maximization problems yield the equilibrium wage, and
relative prices

a

T—a . R
W=(1—oz)(%)1 , and pJZE, j€{s,em,ee, xh, xc, xp}. 9
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I assume a small open economy with respect to capital, implying that the interest rate, r, is

exogenous and equal to the world interest rate, r*.

4. Calibration

The time period is one year. I divide US counties into five regions based on their average
annual temperature. I calibrate some of the parameters directly from the data or the existing
literature. Given these parameters, I jointly calibrate the remaining parameters internally so
that a set of moments in the model match their corresponding empirical targets. The calibra-
tion relies on four data sets: (1) the NIPA accounts from the BEA, (2) the 2015 Residential
Energy and Consumption Survey (RECS), (3) PRISM climate data and (4) a unique product-
level data set on heaters, air conditioners, and heat pumps collected from ecomfort.com. All

values reported from the BEA data are historical averages over the 1997-2020 time period.®

Temperature distribution. I divide the counties in the continental US into five regions, cold,
cool, mild, warm, and hot, based on the county’s average annual temperature from 1950-
2022. The regions have approximately equal population. County-level data on average daily
temperature are from the PRISM climate group.’ Appendix Figure C.1 shows a map of the US
counties by region. The colder regions are in the northern and mountainous parts of the US.
Temperature in each region can range from —40°C to 59°C in one-degree increments. Ap-
pendix Figure C.2 plots the average annual temperature distribution by region. To model
uncertainty over the temperature distribution, I assume that there are three possible realiza-
tions of the temperature distribution, cold, moderate, and hot, with probabilities 0.1, 0.8, and
0.1, respectively. The temperature distribution for the hot realization equals the average of
the temperature distribution in each region among the hottest 10 percent of years in the his-
torical data. The moderate and cold realizations of the temperature distributions are similarly
constructed. Table 1 reports the average annual temperature for the cold and hot realizations
relative to the moderate realization in each region. For example, in the cold region, the aver-
age annual temperature in a cold year is 9 percent below its value in a moderate year and the

average annual temperature in a hot year is 13 percent above its value in a moderate year.

8The EIA administers the RECS every five years. The most recent survey available is from 2020. I focus on
the 2015 RECS instead of the 2020 RECS because of complications caused by COVID-19. Two key moments
for the calibration are heating and cooling budget shares. COVID-19 began in March of 2020, after much of
the heating season had passed, and so had relatively little effect on heating budget share. However, COVID-19
caused households to stay home for much of the cooling season, and thus pushed up cooling budget share. Average
heating budget share is similar between the 2015 and 2020 RECS but cooling budget share is considerably higher
in the 2020 RECS. To avoid the challenges introduced by these asymmetric behavioral changes in 2020, I use the
data from the 2015 RECS for the analysis.

?See Appendix C.4 for additional details on the temperature data and the construction of the different regions.
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Table 1: Average Annual Temperature Relative to a Moderate Year

Cold Cool Mild Warm Hot

Cold year 091 093 095 097 0.96
Moderate year 1 1 1 1 1
Hot year 1.13 1.10 1.07 1.05 1.04

Note: In each region (column), the table reports the average annual temperature for each realization of the
temperature distribution (row), relative to the value in a moderate year.

Externally determined parameters. I estimate the exponents in the heating and cooling
production functions, 0", 0, 8¢, n°, 6P, and n?, from product-level data on heaters, air con-

ditioners, and heat pumps. The estimating equations are
ln(yl.j) =x/+67 ln(xlj) +1) ln(e{) + 8{ je{h,c,p}, (10)

where subscript i denotes the observation of a particular heater, air conditioner or heat pump.
Variable y is output of heating or cooling, variable x is the quantity of the temperature-control
equipment, and variable e is the energy input.

The product-level data are from ecomfort.com, a direct-to-consumer online store for heat-
ing and cooling equipment. The data provide information on the value and characteristics of
the cross section of heaters, air conditioners and heat pumps for sale on the site during the fall
of 2023. I focus exclusively on units that are for residential use.

I use the data to construct the variables in equation (10). I set the heating or cooling
output, variable y, equal to the unit’s capacity, i.e., the amount of heating or cooling the unit
can produce in one hour. I assume that the quantity of temperature-control equipment, x,
embodied in a heating or cooling unit is proportional to its price. Therefore, the level of x in
my data will be off by a constant factor across units, equal to the inverse of the unobserved
price index for temperature-control equipment. This does not affect the estimates of 6/, but it
does imply that the constant, x/, in equation (10) is not identified. Implicit in this approach
is the assumption that the heater, air-conditioner, and heat-pump markets are competitive, so
any price dispersion across units reflects differences in quality.'°

Finally, I use data on efficiency and capacity to measure the energy input, e. The efficiency
of the unit equals the heating or cooling output divided by the energy input. Thus, the energy
input is the ratio of the unit’s capacity to its efficiency. In both the model and the data, all air
conditioners and heat pumps use the same energy input, electricity. However, the data contain
heaters that use a variety of different energy inputs, such as natural gas, oil, and propane.
The model abstracts from this choice over fuel types and assumes a single energy input for
heaters, e™. To align the data with the model, I follow Hassler et al. (2021), and multiply

10This approach mimics the BEAs process for constructing data on the capital stock (Herman et al., 2003).
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each heater’s energy input by the relative price per BTU of that energy type. This adjustment
assumes that if a BTU of oil is twice as expensive as a BTU of natural gas, then it is twice as
easy to obtain energy from oil than from natural gas, and hence a BTU of oil is equivalent to
two BTUs of natural gas. The data set has 137 air conditioners (including both window units
and central air), 942 heaters (including both boilers and furnaces), and 46 heat pumps with
unique observations of y, x and e. Appendix C.3 reports the summary statistics and additional
details on the data.

Table 2: Heating and Cooling Production Function Estimates

Air conditioners Heaters Heat pumps

Exponent on equipment: 6 0.271% 0.350"*  0.281"*
(0.020) (0.031) (0.011)
Exponent on energy: m 0.853*** 0.767***  0.858"**
(0.029) (0.024) (0.011)
Constant: x 0.326* 2.814" 0.242**
(0.195) (0.161) (0.093)
Observations 137 942 46
R? 0.968 0.794 0.996

Note: The table reports coefficient estimates of equation (10), for air conditioners (column 1), heaters (column
2) and heat pumps (column 3) with standard errors in parentheses. ***p < 0.01, **p < 0.05, *p < 0.10.

I estimate equation (10) using ordinary least squares. Table 2 reports the coefficient esti-
mates with standard errors in parentheses. The sum of the coefficients for all three types of
temperature-control equipment slightly exceeds unity, implying increasing returns to heating
and cooling. The increasing returns could partially result from changes in technology with
capacity. For example, window units have low capacity and low efficiency, while central air
systems have higher capacity and efficiency. The R-squares for all three specifications are high,
suggesting that the Cobb-Douglas technologies provide a reasonable fit to the data.

It is well known that estimating aggregate production functions, say between output, capi-
tal, and labor, can be challenging because unobserved changes in total factor productivity affect
both the left- and right-hand side variables. However, in this case, there is less scope for un-
observed variation in total factor productivity to create endogeneity concerns. Manufacturers
measure the unit’s capacity and efficiency under a standard set of temperature and humidity
conditions, eliminating the main sources of variation in total factor productivity across heating
and cooling outcomes. The high R-squares further indicate that the vast majority of the varia-
tion in heating and cooling output across units is explained by temperature-control equipment
and energy.
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I set capital’s income share in the production of the final good, a, equal to 0.26 (Kiyotaki
et al., 2011; Nakajima, 2020). This value is lower than the typical value of capital share in a
single-asset model (between 0.3 and 0.4) because final good production excludes the capital-
intensive housing sector. I set the depreciation rate, 6 equal to 0.066, the average depreciation
rate in the national accounts data (NIPA Tables 1.1 and 1.3). I normalize total factor produc-
tivity in the production of the final good, A”, to unity. I choose total factor productivity in
the production of housing services, A’, equal to 0.1, the average ratio of housing services to
residential capital in the national accounts (NIPA Tables 2.4.5 and 1.1).

I choose productivity in the production of electricity, A*®, equal to 0.14, the ratio of value-
added in electricity production to electricity capital (NIPA Tables 2.1 and U.Value added by
Industry). Heaters can use electricity, natural gas, oil or propane. To determine productivity
in the production of heating energy, A®™, I compute the ratio of the average cost per British
Thermal Unit (BTU) of electricity compared to the average cost per BTU of heating energy in
RECS.!! This ratio equals 1.93, implying that TFP in heating energy is 1.93 times higher than
TFP in electricity: A°™ =1.93 xA®® =0.28. Conditional on values for A%¢, A®™, and the heating
and cooling productivites, Al j€{c,h,p}, the productivities for the production of temperature-
control equipment, A¥/, j € {c,h,p} amount to a choice of units (which are not relevant for the
model). I normalize these three productivities to unity: A" = A = AP =1.

The bliss point temperature, {*, equals 18°C (65°F). This is the average daily temperature
the EIA uses to construct heating and cooling degree days, their primary measure of heating
and cooling demand. Additionally, Albouy et al. (2016) estimate that households’ optimal
average daily temperature equals 18°C based on a hedonic analysis. The exogenous world
interest rate, r*, equals 4 percent (McGrattan and Prescott, 2003). The coefficient of relative
risk aversion, o, equals 2. The persistent component of the labor productivity process, v;;,
follows an AR(1) process of the form: v, , = pv; . +¢€;;, withg; , ~ N(O,af). Parameter p
denotes the persistence and ¢;; is a white noise process with variance 0?. I take the values
for p =0.97, ag = 0.02, and the variance of household-specific fixed effect, og =0.66, from
Kaplan (2012). I normalize average labor productivity to unity. I use two states to discretize the
household-specific fixed effect. I use the Rouwenhorst method to discretize the AR(1) process
with a five-state Markov chain. Appendix C.6 reports the Markov transition matrix, ", and
the invariant distribution, IT”. Appendix Table C.3 summarizes the values of the externally

calibrated parameters.

117 calculate the average cost per BTU of electricity as the average cost of electricity used for cooling, among
households with air conditioners, and electricity used for heating and cooling, among households with heat
pumps. I calculate the average cost per BTU of heating energy as the average ratio of total expenditures on
heating energy (TOTALDOLSPH) to total BTUs of heating energy used (TOTALBTUSPH).
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Internally determined parameters. I jointly choose these parameters so that a set of moments
in the model match their corresponding empirical targets. While all the parameters depend on
all of the targets, some targets are more important for some parameters than others. I discuss
each parameter and its primary target in turn.

I choose TFP for heating produced from heater equipment, A", and TFP for cooling pro-
duced from air-conditioner equipment, A°, to match average heating and cooling budget shares
among households without heat pumps in RECS. Note that these averages include households
that do not have any form of heating or cooling equipment. I choose TFP for heating and
cooling from heat-pump equipment, AP, to match the average combined heating and cooling
budget share among households with heat pumps. All else constant, higher levels of heating
and cooling TFP decrease the energy required to achieve a given indoor temperature, reducing
heating and cooling budget shares.

Damage coefficient, y, controls how energy budget share changes with income. The rela-
tionship between energy budget share and income depends, in part, on how close households’
optimal indoor temperatures are to the bliss point. Higher values of y raise the utility cost of
being away from the bliss point, making the bliss point temperature more of a necessity. As
a result, households optimally choose indoor temperatures closer to the bliss point, which, in
turn, causes heating and cooling budget shares to fall more steeply with income. I choose y to
match the ratio of energy budget share (the sum of heating and cooling budget shares) in the
fifth income quintile relative to the first quintile. This ratio equals 0.12, implying that energy
budget share in the fifth quintile is almost ten times smaller than in the first quintile.

The fixed costs for temperature-control equipment, Q" Q°, and QP, determine the frac-
tions of households that have any type of heating and any type of cooling, and the fraction of
households that use a heat pump to produce their heating and cooling. In RECS, 95 percent
of households have heating, 86 percent have cooling, and 9 percent produce both heating and
cooling using heat pumps. I choose the fixed costs to match these targets.

I choose the exponent, y, on housing services, h, to match the variation in expenditures on
heating and cooling energy with income. Two primary reasons that heating and cooling energy
expenditures vary with income are differences in house size and differences in house quality,
both of which are included in h. Higher income households tend to spend more on housing
services, implying that they have bigger houses, which, all else constant, require more energy
to heat and cool, and higher quality houses, which, all else constant, require less energy to heat
and cool. Parameter y controls the net effect of these two channels, and thus is an important
determinant of how heating- and cooling-energy expenditures vary with income.

I choose the level of energy assistance per recipient household in each region, B,,, such

that it covers an average of 83 percent of recipient households’ heating- and cooling-energy
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expenses. I calculate this target from data on LIHEAP payments for bill pay assistance, assis-
tance programs by local utilities, and heating- and cooling-energy expenses among households
that received assistance. Appendix C.2 provides more details on the energy assistance data.
Approximately five percent of households in the data receive LIHEAP assistance. To align with
this fact, I assume that energy assistance in the model is received by households with combined
capital and labor income below the fifth percentile of the income distribution. Consistent with
the structure of LIHEAP (DHHS, 2020), the level of energy assistance in the model varies across
regions based on differences in heating and cooling expenses.

Lastly, the weight on housing in the utility function, 1), is pinned down by the ratio of private
residential assets to non-residential assets, 0.88 (NIPA Table 1.1). I determine the discount
factor, 3, to match the average ratio of US net wealth to output, 3.0, where net wealth equals
the sum of fixed assets, consumer durables, and net foreign assets (NIPA Tables 1.1, 1.1.5, BEA
International Data Table 1.1).

Table 3: Model Fit

Target Model  Data
Wealth to output ratio 3.0 3.0
Housing to non-housing capital ratio 0.88 0.88

Cooling budget share: HHs w/o heat pumps 0.0055 0.0055
Heating budget share: HHs w/o heat pumps 0.014 0.014

Energy budget share: HHs w/ heat pumps 0.014 0.014
Fraction of HHs with heating 0.97 0.95
Fraction of HHs with cooling 0.86 0.86
Fraction of HHs with heat pumps 0.17 0.09
Energy budget share ratio: high to low income  0.12 0.12
Energy expenditure ratio: high to low income 1.72 1.72
(Energy assistance/energy expenditures),, 0.83 0.83

Note: The table reports the values of the targeted moments in the model and in the data.

Table 3 reports the values of the targeted moments in the model and in the data. Overall,
the model fits the targeted moments quite closely. However, the model somewhat overstates
the fraction of households with heat pumps. Recent improvements in heat pump technology
make heat pumps more effective in cold climates. Heat pump adoption has increased along
side these technological improvements.'?> The model only includes modern heat pumps, in
the sense that it assumes heat pumps preform well in cold weather. This assumption, while
appropriate for forward-looking counterfactual experiments, could cause the model to over-

state heat-pump adoption in the current economy because some households in the data likely

12The fraction of households with heat pumps increases from 9 percent in the 2015 RECS to 14 percent in the
2020 RECS.
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made their temperature-control equipment decisions before the technological advances. In the
analysis, I show how variation in heat pump use in the current and future economy impacts
the distributional effects of climate change.

Table 4 reports the values of the internally calibrated parameters. The exponent on housing
services, v, equals 0.1. Housing services in the model are proportional to housing expenditure,
which increases with both square footage and quality. All else constant, larger houses require
more energy to heat and cool, while higher quality houses require less energy. To provide an
upper bound on 7y, I estimate the relationship between square footage and energy used for
heating and cooling in RECS, holding the energy-related aspects of housing quality constant.

The regression equation equals
log(e{)z a+ Blog(squarefootage); + 0X; +e;. 11

Variable e{ , ] € {c,h} denotes annual heating or cooling energy used by household i. Vector X;
is a set of controls for climate and housing quality, including the insulation level and window
type (single, double or triple pane). Appendix Table C.4 reports the regression results. The
estimated value of 8 in both the heating- and cooling-energy regressions is ~ 0.4. Thus, if
an increase in h only implied an increase in square footage, then y ~ 0.4. Accounting for the
corresponding increase in house quality reduces y from a 0.4 to the calibrated value of 0.1.

It is useful to step back and compare heat pumps with heaters and air conditioners in the
calibrated model. The advantage of a heat pump is that the household only needs to buy one
type of equipment and that equipment is more efficient than both a heater, AP > A", and an air
conditioner, AP > A°. The disadvantage is that the heat pump is expensive. The fixed cost of a
heat pump exceeds the combined fixed cost of an air conditioner and a heater QP > Q" +Q°.
Moreover, the price of electricity to run the heat pump is greater than the price of energy to
run the heater, p® > p®™. (Air conditioners also use electricity.)

The above comparisons imply that households will be more inclined to buy heat pumps if
(1) they use both heating and cooling and (2) they use more cooling than heating, muting the
drawback of the relatively high electricity price.'* In the calibrated model, heat pumps are
primarily used by the richer households in the hot region. These households use both cooling
and heating, but use substantially more cooling than heating. The data are largely consistent
with this finding; approximately three quarters of households with heat pumps in the US live

in the southern census region.

13Figure D.1 in Appendix D reports the welfare consequences of climate change when y equals the upper bound
estimate of 0.4. The results are broadly similar to those in the main text with y =0.1.

4For example, if a household uses only cooling and no heating, then the fact that the heat pump uses electricity
which is more expensive than heating energy does not matter.
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Table 4: Parameter Values: Internal Calibration

Parameter Value
Utility

Weight on housing: 0.17
Discount factor: f3 0.94

Temperature damage coefficient: y 0.01
Heating and cooling

Housing exponent: y 0.10
Heater TFP: A" 460
Air conditioner TFP: A° 555
Heat pump TFP: AP 600
Heater fixed cost: Q" 0.012
Air conditioner fixed cost: Q° 0.005
Heat pump fixed cost: QP 0.018
Energy assistance

Cold region: B, 6.7e-03
Cool region: B, 5.5e-03
Mild region: By 4.3e-03
Warm region: By 4.0e-03
Hot region: By 4.4e-03

Note: The table reports the values of the parameters I choose internally so that a set of moments in the model
match their corresponding empirical targets.

External validation. I compare the predictions of the model with the data for moments that
I do not target. Much of the calibration focused on matching variation between income and
households’ heating- and cooling-related decisions. To validate the model, I instead focus
on variation between climate and households’ heating- and cooling-related decisions. One
challenge with this approach is that the RECS 2015 does not report the household’s county
or state, making it difficult to match the households in the data to the regions in the model.
However, RECS does report annual heating and cooling degree days, which can provide a
mapping between the climate in the data and the model.

The number of heating degree days (HDDs) on a given day equals the difference between
the mean temperature (the average of the high and the low) and 65°E if the mean temperature
is below 65°F and zero otherwise. Similarly, the number of cooling degree days (CDDs) equals
the difference between the mean temperature and 65°F, if the mean temperature is above
65°E, and zero otherwise. Summing HDDs and CDDs over the year provides a weather-based
measure of households’ annual heating and cooling needs. Using these definitions, I calculate

average heating and cooling degree days for each region in the model.
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Table 5: External Validation

Model Data
A. Heating degree days
. 3.0e-06 2.6e-06
Heating budget share (5.7e-08) ( 2.0e-07)
2.2e-05 3.6e-05
Have heat (8.4e-07) (2.2e-006)
i ) 1.1e-05 2.6e-05
Winter indoor temperature (°F) (4.9¢-06) ( 4.6e-05)
B. Cooling degree days
5.1e-06 .2e-06
Cooling budget share ( 6.8ee-08) (42_]_ee_07)
. L 1.2e-04 1.6e-04
Have air conditioning (3.5e-06) ( 7.5e-06)
1.1e-0 3.8e-0
Summer indoor temperature (°F) ( 1.12_01-;) ( 1.22_01)

Note: Panel A reports the coefficient estimates in the model (column 1) and the data (column 2) from a
regression of annual HDDs on a constant term and households’ heating budget share (row 1), whether the
household has heating equipment (row 2), and the winter indoor temperature for households with heating
equipment (row 3). Panel B reports the coefficient estimates in the model (column 1) and the data (column 2)
from a regression of annual CDDs on a constant term and households’ cooling budget share (row 1), whether
the household has cooling equipment (row 2) and the summer indoor temperature for households with cooling
equipment (row 3). Standard errors are in parentheses.

To compare the relationship between climate and households’ heating decisions in the
model and the data, I separately regress HDDs on heating budget share, an indicator vari-
able for whether the household has heat, and the indoor temperature of the house during the
winter months among households that have heat.'®> Panel A of Table 5 reports the coefficient
estimates (with standard errors in parentheses) from these regressions in the model (left col-
umn) and the data (right column). Panel B of Table 5 reports the coefficient estimates in the
model and the data from the analogous regressions for cooling. I include a constant term in
all of the regressions.

Households that experience more HDDs (i.e., those in locations with colder and/or longer
winters) tend to have higher heating budget shares and are more likely to have heating equip-

ment. Similarly, households that experience more CDDs (i.e., those in locations with warmer

15The winter indoor temperature in the data equals the average of the variables TEMPGONE, TEMPHOME,
TEMPNITE, which are defined as the winter temperature when no one is home during the day, someone is home
during the day, and at night, respectively. I calculate winter indoor temperature in the model as the household’s
average indoor temperature over the portion of the year with outdoor temperatures below {*. The survey only
asks households that have heating equipment about the indoor temperature during the winter. To ensure that the
value in the model is comparable to the data, I only include households with heat in the model calculation. I use
an analogous procedure to construct the values of summer indoor temperature in the model and the data. The
relevant RECS variables are: TEMPGONEAC, TEMPHOMEAC, TEMPNITEAC.
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and/or longer summers) tend to have higher cooling budget shares and are more likely to
have air-conditioning equipment. Higher levels of HDDs and CDDs are associated with house-
holds choosing slightly warmer indoor temperatures. The magnitudes and signs of all of the
coefficients are similar between the model and the data, suggesting that the model replicates
the associations between climate and variables that reflect households’ heating and cooling
decisions.

The calibrated model makes predictions about the relative costs of heating and cooling
equipment. To further validate the model, I compare expenses on heating and cooling equip-
ment in the model to those in the data. AC and heating equipment expenses in the data include
the costs of the actual furnace and air conditioner, the cost of permits, the additional plumbing
necessary to drain the condensate, electrical system upgrades, ductwork, removal of previous
systems, and the installation labor costs. I focus on the combined cost of heating and AC equip-
ment because some items, such as ductwork and electrical system upgrades, are used by both
the furnace and air conditioner.

Empirical estimates of AC and heating equipment and installation costs from HVAC com-
panies and home advisory websites vary considerably based on the features of the house. For
example, it is more costly to install equipment in multistory houses with no existing ducts than
in single-story houses with existing ducts. To account for this variation, I use lower and upper
bound estimates of AC and heating equipment and installation costs. I take the estimates from
a home advisory website, homeguide.com.'® I calculate the lower bound as the lower bound
on the cost of installing a heating system with ductwork plus the lower bound on the cost of in-
stalling an AC system with no additional ductwork (assuming the AC system will use the same
ducts as the heating system), and similarly for the upper bound. This yields total costs ranging
from $11,000-$23,000. To map these values to the model, I convert the costs to flow costs,
using a lifespan of 15 years and a discount rate of 10 percent, and I divide by average house-
hold consumption in 2015 (the year for the model calibration).!” The results imply that the
average combined cost of heating and cooling equipment in the data ranges from 1.2 percent
of average household consumption to 2.4 percent of average household consumption.

In the model, heating and cooling equipment expenses equal the sum of fixed costs for
air conditioners and heaters, Q¢+ Q" plus the variable costs p*“x¢ + p*x". I divide this sum,

averaged across all households with air-conditioning and heating, by household expenditures,

165ee For exstimates of AC costs, see homeguide . com/costs/hvac-cost and for estimates of furnace costs
see homeguide.com/costs/new-furnace-replacement-cost#: Ttext=Furnace’,20replacement
%20costs%20$2%2C000%20to,ductwork’20costs?20$3%2C400%20t0%20$11%2C000.

17 Average consumption per household equals the PCE (FRED series PCE) divided by total households (FRED
series TTLHH). I use the PCE price index (FRED series PCEPI) to convert 2015 PCE per household to 2024 dollars,
to match the cost estimates for heating and cooling equipment.
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averaged across all households. The resulting model value equals 1.9 percent, roughly in the
middle of the lower and upper bound cost estimates from the data.

Finally, I evaluate the model’s fit with regards to the income and wealth distributions. The
model matches coarse measures of the income and wealth distributions relatively well. For
example, the model predicts that 77 percent of income and 93 percent of wealth (assets) are
held by the top 40 percent, compared to 75 percent and 97 percent respectively in the data.
Appendix C.8 further disaggregates these statistics and reports the shares of income and wealth
held by each quintile of the distribution in the model and the data. At this finer level of aggre-
gation, the model continues to match the income distribution relatively well, but, as is common
in this class of models, it struggles to match the high concentrations of wealth at the top of
the wealth distribution (Quadrini and Rios-Rull, 1997). The model’s quantitative results reveal
that the welfare consequences of climate change are relatively constant across the higher in-
come (and wealth) quintiles, suggesting that missing the top of the wealth distribution is likely
not critical for the paper’s results.

5. Results

I conduct a series of counterfactual experiments comparing outcomes in a contemporary
equilibrium, with today’s temperature distribution, to those in a future climate-change equilib-
rium with a warmer temperature distribution. First, I evaluate the distributional and welfare
consequences of higher temperatures. Second, I examine how energy-assistance policy can
shape these distributional effects. Third, I explore how higher temperatures influence house-
holds’ migration incentives across regions. Fourth, I consider how technological progress that
reduces the cost of heat pumps could moderate the welfare consequences of climate change.
Fifth, I highlight the importance of income heterogeneity for understanding the aggregate wel-
fare impacts. Finally, I extend the model to consider how temperature affects the labor pro-

ductivity of the lowest income workers.

Climate-change temperature distribution. I calculate the temperature distribution in the
climate-change equilibrium from county-level projections of daily average temperature in 2100
from Rasmussen et al. (2016). I use the RCP 8.5 projections, which were developed to approxi-
mate global emissions in the absence of large-scale climate policy. I take a probability-weighted
average of the outcomes under RCP 8.5 for the different climate models, where the weights
are designed to capture the relative probability that the climate model represents the true out-
come (Rasmussen et al., 2016; Hsiang et al., 2017). Climate change increases the mean and
variance of temperature in all regions (see Appendix Table C.2).

I model uncertainty over the climate-change temperature distribution using the same ap-
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Figure 1: Effect of Climate Change on the Temperature Distribution
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Note: The solid and dashed lines plot the contemporary and climate-change temperature distributions, re-

spectively, in a moderate year in the cold (left panel) and hot (right panel) regions.
proach as for the contemporary temperature distribution. I assume that there are three possible
realizations of the temperature distribution, hot, cold, and moderate, with probabilities, 0.1,
0.1, and 0.8, respectively. The temperature distribution in the moderate year equals the tem-
perature distribution from the scientific projections. To calculate the temperature distribution
during a cold year, I assume the ratio of the mean and variance of the temperature distribu-
tion in the cold year relative to the moderate year is the same as in the historical data, and
likewise for a hot year (see Appendix C.5). Figure 1 plots the contemporary (solid lines) and
climate-change (dashed lines) temperature distributions in a moderate year in the cold (left
panel) and hot (right panel) regions. (See appendix Figure C.3 for the plots in the cool, mild,
and warm regions.)

Distributional consequences of climate change. I compare outcomes in a contemporary
stationary equilibrium, in which I solve the model using the contemporary temperature dis-
tribution, to outcomes in a climate-change stationary equilibrium, in which I solve the model
using the climate-change temperature distribution. I use the consumption-housing equiva-
lent variation (CHEV) to measure the welfare consequences of climate change. The CHEV
is the percent increase in consumption and housing a household would need in every period
in the contemporary equilibrium, so that they are indifferent between the contemporary and
the climate-change equilibrium. I measure the CHEV conditional the household’s region and
income decile. Negative values indicate that climate change makes the household worse off.

I find that the welfare consequences of climate change vary considerably in both magnitude
and sign across households. Figure 2 plots the CHEV by income decile in each region. In the
colder regions, climate change leads to substantial welfare costs for low-income households,
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Figure 2: Welfare Consequences of Climate Change
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Note: Each line plots the welfare consequences of climate change conditional on the household’s region and
income decile, where decile one corresponds to the lowest income households. I measure welfare using the
CHEV between the contemporary and climate-change equilibria. Negative values indicate that climate change
makes the household worse off.

welfare benefits for middle-income households, and near zero welfare impacts for high-income
households. In the hotter regions, climate change leads to welfare benefits or relatively small
welfare costs for low-income households, larger welfare costs for middle-income households,
and again near zero welfare impacts for high-income households.

The heterogeneity in the welfare impacts across income groups primarily results from the
effect of climate change on the intensive and extensive margins of temperature adaptation.
Beginning with the intensive-margin intuition from the simple model, I look at the effects of
climate change on transfers from nature. I show that the changes in transfers from nature
caused by climate change are largely consistent with the welfare impacts among the middle
and high income households. Turning next to the extensive margin, I consider how climate
change affects households’ choices of temperature-control equipment. I show that the effect
of climate change on these equipment decisions is particularly important for households in the
lower income deciles and leads to different welfare consequences for these groups.

I measure transfers from nature for household i in region n, T;,, as the expected annual
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energy expenditures required to attain the outdoor temperature in each sub-period,
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I assume a minimum possible outdoor temperature of —40°C and maximum possible outdoor
temperature of 59°C, the same range as used in the scientific projections. The first summation
in equation (12) is the energy expenditures required to heat the household’s house on cold
days to the outdoor temperature of {; from the minimum temperature of —40°C. The second
summation is the energy expenditures required to cool the household’s house on hot days to
the outdoor temperature of {; from the maximum outdoor temperature of 59°C. Transfers from
nature are not defined for households that do not purchase any heating or cooling equipment
because there is no level of energy expenditure that could attain the outdoor temperature in
this case.

Figure 3 plots the change in transfers from nature caused by climate change as a percent
of the household’s income.'® For example, climate change reduces transfers from nature by
slightly more than 3 percent of income among households in the third decile in the hot region.
The changes in transfers from nature are not defined in the left portion of the graph because
some households in these regions and income deciles do not purchase heating or cooling equip-
ment. Overall, the figure reveals that climate change increases transfers from nature in the
colder regions where it leads to more moderate temperatures, and decreases transfers from
nature in the hotter regions, where it leads to more extreme temperatures. The magnitude of
the change in transfers from nature relative to income falls as income rises. These patterns are
consistent with the progressive welfare benefits among the middle- and high-income deciles in
the colder regions shown in Figure 2 and the regressive welfare costs among the middle- and
high-income deciles in the hotter regions.

Turning to the extensive margin of temperature adaptation, I examine the interaction be-
tween the temperature distribution and households’ choices of temperature-control equipment.
To understand the intuition, consider two temperature distributions: one with only cold days
and one with only hot days. If there are only cold days, then households choose to fully special-

ize in heater equipment and not purchase any air-conditioner or heat-pump equipment. Sim-

18T isolate the direct effect of climate change on transfers from nature, I hold housing and temperature-control
equipment constant at their values in the contemporary equilibrium and calculate Y, using the sub-period weights
(the ¢’s) from the contemporary temperature distribution and from climate change temperature distributions.
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Figure 3: Effect of Climate Change on Transfers From Nature Relative to Income
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Note: Each line plots the change in transfers from nature, defined in equation (12), relative to income caused

by climate change, conditional on the household’s region and income decile. Decile one corresponds to the

lowest income households. Average transfers from nature in a particular income decile are not defined if some

households in that decile do not purchase heating or cooling equipment.
ilarly, if there are only hot days, then households choose to fully specialize in air-conditioner
equipment. All else equal, households benefit from being able to specialize in either heater
or air-conditioner equipment because it reduces the total cost of temperature control. Climate
change affects how favorable the temperature distribution is to this specialization.

To quantify these effects, I define a specialization favorability index, S, € [0,1] in each

region n,

- Z§j<§*an(g*_gj)_2§j>§*an(€’j_g*) a3
" Z§j<§*an(g*_gj)+2§j>g’*an(€’j_g*) ‘

The expectation is taken with respect to the different realizations of the temperature distribu-
tion. The numerator of S,, is the difference between the degrees of heating and the degrees of
cooling necessary to attain the bliss point in every sub-period. The denominator is the total de-
grees of heating and cooling necessary to attain the bliss point every sub-period of the year. If
S, =0, then degrees of heating exactly equal degrees of cooling, implying that the temperature
distribution is not favorable to specialization. Higher values of S,, indicate larger differences
between degrees of heating and cooling, implying that the temperature distribution is more

favorable to specialization. If S, =1, then degrees of either heating or cooling are zero. In
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Figure 4: Specialization Favorability Index

I Contemporary
[N Climate change

Cold Cool Mild Warm Hot
Region
Note: The figure plots the specialization favorability index, S,,, defined in equation (13), in each region, for
the contemporary (blue) and climate-change (orange) temperature distributions. Higher values of S,, indicate
that the temperature distribution is more favorable to specialization.
this case, the household can fully specialize in heating or cooling equipment and still attain
the bliss point temperature in every sub-period, if they choose to do so.

Figure 4 plots the specialization favorability index in the contemporary (blue) and the
climate-change (orange) equilibrium for each region. In the contemporary equilibrium, the
temperature distribution in the colder regions is relatively favorable to specialization. House-
holds in these regions experience only a small number of hot days, allowing them to specialize
more in heater equipment. Climate change leads to more hot days, reducing specialization
favorability. The opposite effect occurs in hotter regions; specialization favorability is low in
the contemporary equilibrium but increases with climate change.

All else constant, the decrease in specialization favorability in the colder regions reduces
the welfare benefits from climate change and the increase in specialization favorability in the
hotter regions reduces the welfare costs of climate change. While changes in specialization
favorability affect the welfare of all income groups, they have the most pronounced effects
among the low-income households because they cause a portion of these households to move
to, or away from, complete specialization. Intuitively, this is because these households move
between an equilibrium in which they only pay for heater or air-conditioner equipment (com-
plete specialization) and an equilibrium in which they pay for both heater and air-conditioner
equipment or heat-pump equipment (incomplete specialization). Mathematically, this is be-

cause, all else constant, the welfare impact of moving between a corner solution, where the
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first order condition for heater or air-conditioner equipment does not hold, and an interior
solution, where the first order conditions do hold, tends to be larger than the welfare impact
from moving between two interior solutions where the first order conditions always hold.

To understand which households move between complete and incomplete specialization in
response to climate change, the left panel of Figure 5 plots the fraction of households in the
cold region without air conditioning, meaning they do not have air-conditioner or heat-pump
equipment, in the contemporary (blue) and climate-change (orange) equilibria. All households
in the cold region have heat in both equilibria. Comparing the blue and orange lines reveals
that climate change causes the majority of households in the bottom three deciles of the income
distribution to move from a corner solution in which they do not have air conditioning to an
interior solution in which they have air conditioning. Among these households, the welfare
costs from lower specialization favorability dominate the welfare benefits from higher transfers
from nature, leading to the negative welfare effects of climate change in Figure 2.

We see the opposite patterns in the hot region. Here, all households have air conditioning
in both equilibria but not all households have heat. The right panel in Figure 5 plots the
fraction of households in the hot region without heat, meaning they do not have heater or
heat-pump equipment, in the contemporary (blue) and climate-change (orange) equilibria.
Most households in the second through fourth deciles move from an interior solution in the
contemporary equilibrium in which they had heat, to a corner solution in the climate-change
equilibrium in which they do not have heat. Among these households, the welfare benefits
from the move to complete specialization dominate the welfare cost from lower transfers from
nature, leading to the positive welfare effects of climate change in Figure 2. Appendix D reports
the specialization results in the other three regions.

Overall, the heterogeneous effects of climate change increase welfare inequality in the cold,
cool, and mild regions and decrease welfare inequality in the warm and hot regions. Table 6
reports the effect of climate change on the Gini coefficient on expected lifetime welfare, where
lifetime welfare equals the sum of the expected present discounted value of lifetime utility.
Increases in the Gini coefficient correspond to increases in welfare inequality. Climate change
raises welfare inequality in the colder regions despite the progressive increase in transfers from
nature because it causes many low-income households in to purchase an air conditioner for the
first time. Similarly, climate change lowers welfare inequality in the hotter regions despite the
regressive decrease in transfers from nature because it causes many low-income households to

not purchase a heater for the first time.
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Figure 5: Changes in Specialization
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Note: The figure plots the fraction of households without air conditioning in the cold region (left panel)
and without heat in the hot region (right panel) in the contemporary (blue) and climate-change (orange)
equilibria.

Table 6: Impact of Climate Change on Within Region Welfare Inequality
(Percent change in the Gini Coefficient)

Cold Cool Mild Warm Hot
1.02 1.01 0.50 -0.21 -0.09

Note: The table reports the effect of climate change on the Gini coefficient on expected lifetime welfare.
Increases in the Gini correspond to increases in welfare inequality.

In sum, the distributional impacts of climate change in Figure 2 result from differences in
how households adapt to the changes in temperature along the intensive and extensive mar-
gins. Middle- and high-income households do not change their extensive-margin decisions
regarding whether to purchase temperature-control equipment. Instead, the welfare impacts
for these groups are primarily driven by changes in transfers from nature, which affect how
much energy households need to use to achieve their desired indoor temperature- the inten-
sive margin of temperature adaptation. In contrast, low-income households do adjust their
extensive-margin decisions in response to the changes in the specialization favorability of the
temperature distribution. The need to purchase an air conditioner leads to large welfare costs
among low-income households in the colder regions, despite a more moderate temperature
distribution. Similarly, the ability to not purchase a heater leads to welfare benefits (or smaller
welfare costs) among low-income households in the warmer regions, despite a more extreme
temperature distribution. Overall, climate change increases welfare inequality in the colder

regions and decreases welfare inequality in the hotter regions.'”

Role of policy. I study the effects of two policies on the welfare impacts of climate change: (1)

Note that climate change increases aggregate savings by 0.6 percent and increases aggregate capital by 0.2
percent. Thus, compared to the contemporary equilibrium, climate change leads to a small capital outflow.
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energy assistance for low-income households and (2) a mandate that all households use heat
pumps for heating and cooling. Beginning with energy assistance, in the baseline simulation,
I assume that the level of assistance does not change with climate change. A plausible alterna-
tive to this assumption is that policymakers adjust the level of energy assistance in proportion
to the changes in heating and cooling needs caused by the change in climate. To explore
the implications of this potential policy response, I scale the level of energy assistance in the
climate-change equilibrium so that it averages approximately 83 percent of recipient house-
holds’ energy expenditures, the same as in the contemporary equilibrium. This adjustment
reduces energy assistance in the cold and cool regions by 24 and 20 percent, respectively, and
increases energy assistance in the mild, warm, and hot regions by 9, 36, and 79 percent respec-
tively. Government spending on energy assistance increases by 25 percent, though the total
size of the program is small, equal to less than 0.02 percent of output in both simulations.

Figure 6 plots the welfare impacts of climate change for households in the first income
decile when policymakers scale energy assistance in response to climate change (orange bars)
compared to the welfare impacts in the baseline simulation (blue bars). Overall, scaling energy
assistance partially offsets the welfare impacts stemming from changes in transfers from nature.
Energy assistance falls in the colder regions (where transfers from nature increase), raising
the welfare cost of climate change. In contrast, energy assistance rises in the hotter regions
(where transfers from nature decrease), reducing the welfare cost or magnifying the welfare
benefits from climate change. Additionally, I calculate the level of energy assistance necessary
to eliminate the welfare costs (or benefits) of climate change for the lowest income households.
To accomplish this goal, I find that government spending on energy assistance would need to
increase by a factor of 2.2, with the largest increases in the colder regions, where the initial
welfare costs are the highest.

Turning to the heat-pump mandate, policymakers have designed a range of incentives to
encourage households to switch from traditional air conditioners and heaters to heat pumps.
Some of the most extreme versions are bans on natural gas or natural gas appliances. For
example, New York and Washington DC have banned the use of most natural gas in newly
constructed buildings while California has banned the sale of new natural gas furnaces after
2030. In many places, heat pumps are the most viable alternative to natural gas heating,
making a ban on natural gas isomorphic to a mandate that households use heat pumps for
heating and cooling.

To explore how a heat-pump mandate would affect the distributional consequences of
climate change, I solve for a heat-pump-only contemporary equilibrium and a heat-pump-
only climate-change equilibrium. In both of these equilibria, households’ only option for

temperature-control equipment is a heat pump. They cannot use traditional heaters or air con-
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Figure 6: Impact of Energy Assistance on the Welfare Effects of Climate Change:
Households in the First Income Decile
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Note: The bars plot the welfare consequences of climate change for households in the first income decile in
the baseline simulation (blue) and when energy assistance scales with climate change (orange).

ditioners in either equilibrium. I measure the welfare consequences of climate change under a
heat-pump mandate as the CHEV between the heat-pump-only contemporary equilibrium and
the heat-pump-only climate-change equilibrium. Figure 7 plots this CHEV by income decile in
each region.

The welfare effects of climate change under a heat-pump mandate are entirely determined
by the changes in transfers from nature. Changes in households’ ability to specialize in heater
or air-conditioner equipment no longer matter because the only temperature-control equip-
ment available, the heat pump, can be used for both heating and cooling and all households
purchase heat pumps in both equilibria. Consequently, climate change leads to progressive
welfare benefits across all income deciles in the colder regions, where it increases transfers
from nature, and to regressive welfare costs across all income deciles in the hotter regions,

where it decreases transfers from nature.
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Figure 7: The Welfare Impacts of Climate Change Under a Heat-Pump Mandate
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Note: Each line plots the welfare consequences of climate change under a heat-pump mandate conditional on
the household’s region and income decile, where decile one corresponds to the lowest income households. I
measure welfare the CHEV between the contemporary equilibrium under a heat-pump mandate and climate-
change equilibrium under a heat-pump mandate. Negative values indicate that climate change makes the
household worse off.

Migration. In the main analysis, I hold region constant and study the effects of higher tem-
peratures from climate change conditional on region. However, climate change could cause
households to relocate across regions. A full analysis of household migration in response to
climate change requires a model that includes all aspects of weather that change with climate,
including storm and fire risk, not only temperature. However, I can use the present model to
explore how the changes in temperature caused by climate change affect households’ incentives
to migrate, and how these effects vary with the household’s income and home region.

I measure the incentive for a household in income group x to migrate to region y as the
expected welfare in region y conditional on being in income group x, minus the expected
welfare in the household’s home region, again conditional on being in income group x. Larger
differences in expected welfare imply that households face stronger incentives to migrate. I
calculate migratory incentives for households in each region in the contemporary and climate-
change equilibria. The left and right panels of Figure 8 plot the change in migratory incentives
between the contemporary and climate-change equilibria conditional on the household being
in the bottom and top half of the income distribution, respectively. The five lines in each
panel correspond to the five home regions. For example, the dashed blue line in the left panel

plots the change in the incentive for low-income households in the cold region to migrate to
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Figure 8: Changes in Migratory Incentives From Climate Change
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Note: Each line plots the effect of climate change on the incentive for households to migrate between between
the home region specified by the line and each destination region on the x-axis. The left panel plots the
change in migratory incentives for low-income households and the right panel plots the change for high-
income households. Negative values indicate that climate change reduces migration incentives.
each destination region on the x-axis. Negative values indicate that climate change reduces
households’ incentives to migrate.

Beginning with the right panel of Figure 8, the change in migratory incentives is positive
for all regions that are cooler than the household’s home region, implying that climate change
increases incentives for high-income households to migrate to cooler regions. Similarly, climate
change reduces incentives for high-income households to migrate to regions that are warmer
than their home region. This result is stems from the effect of climate change on transfers from
nature, the dominant driver of the welfare effects among high-income households. Climate
change increases transfers from nature in cooler regions, which raises expected welfare and,
in turn, increases incentives to migrate to these regions.

Unlike for high-income households, climate change increases incentives for low-income
households to migrate to warmer regions. The higher temperatures imply that low-income
households in warmer regions can optimally forgo purchasing a heater, while low-income
household in cooler regions can no longer optimally forgo purchasing an air conditioner (see
Figures 5 and D.2). These changes in specialization increase households’ incentives to migrate

to warmer regions and away from cooler regions.?"

Technological change. Over time, advances in heating and cooling technologies and rising
household incomes could reduce the welfare costs of climate change by making it more afford-

able to maintain comfortable indoor temperatures. Appendix Figure D.3 plots the historical

20An important caveat is that I do not model the amenity value of temperature. Climate change likely reduces
the amenity value in the warmer regions, which would reduce pressure to migrate to these regions and increase
pressure to migrate away from these regions. The reverse is likely true in the cooler regions.
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changes in the costs of heating and cooling equipment relative to wages. Prior to 2005, the
relative costs of heaters and air conditioners declined substantially, reflecting technological
improvements. However, these declines have plateaued in recent years, suggesting that these

technologies may be mature, with limited further reductions in relative prices.

Figure 9: The Welfare Impacts of Climate Change Combined With Heat Pump Cost Parity
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Note: Each line plots the welfare consequences of climate change and cost parity between heat pumps and
heaters, conditional on the household’s region and income decile, where decile one corresponds to the lowest
income households. I measure welfare using the CHEV between the contemporary equilibrium and a climate-
change equilibrium with heat-pump cost parity.

In contrast, the relative cost of heat pumps has fallen over the past 15 years. As a newer
technology, heat pumps appear to be following a typical diffusion path, with cost declines
occurring during the early stages of adoption— much like earlier trends in heaters and air
conditioners. To support decarbonization efforts, policymakers across the U.S. have proposed
targets for widespread residential heat-pump adoption (Simon, 2024; Gartman et al., 2023).
A key step toward meeting these policy goals is to attain cost-parity between heat pumps and
traditional furnaces (California Heat Pump Partnership, 2025).

To assess how a decline in heat pump costs would interact with climate change, I solve for a
new climate-change equilibrium in which the fixed cost of a heat pump equals that of a heater
Q, = Q. Figure 9 plots the welfare effects of this combined shock. When climate change is
accompanied by heat-pump cost parity, nearly all households adopt heat pumps in response.
The increased affordability of heat pumps mitigates the welfare costs, or enhances the welfare
benefits of climate change relative to the baseline results shown in Figure 2.

Households in the first three deciles in the hot region are one exception to this widespread
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heat pump adoption. Households in the first income decile do not use heat pumps in either
equilibrium, resulting in welfare effects that mirror those in the baseline. Fewer second and
third decile households use heat pumps in the climate-change equilibrium than in the con-
temporary one. This is because even with cost parity between heat pumps and heaters, heat
pumps remain more expensive than air conditioners, and climate change reduces the number
of cold days which diminishes the benefit of their heating capability. As a result, many of these
households opt for air conditioners alone, leading to welfare impacts that are broadly similar

to those shown in Figure 2.

Importance of income heterogeneity for aggregate outcomes. Aggregate outcomes, such
as the social cost of carbon and the effects of climate change on capital, labor, and output, are
key inputs into the design of climate policy. To determine these aggregates, economists and
policymakers typically simulate a climate-economy model with a representative agent and no
within-region income heterogeneity, such as DICE (Barrage and Nordhaus, 2023) or Golosov
et al. (2014). A key insight from the macroeconomic literature on heterogeneous agents is that
the underlying income heterogeneity matters for aggregate outcomes, such as, in the macroe-
conomic context, the welfare cost of business cycles, inflation, and asset pricing (Krueger et al.,
2016; Heathcote et al., 2009). Here, I demonstrate that income heterogeneity matters for un-
derstanding the aggregate welfare cost of the climate change within each region of the US.

The first row of Table 7 reports the aggregate (average) welfare cost of climate change in
each region, measured as the CHEV conditional on the household’s region. To understand the
importance of income heterogeneity for the aggregate welfare cost, I consider two different
ways to abstract from income heterogeneity in rows two and three of Table 7. Row two reports
the welfare impact for the average household in each region, measured as the CHEV conditional
on region for households in the seventh income decile, which contains average income. Row
three reports the welfare impact from a representative agent version of the model in which all
households receive the average asset and labor income from the contemporary equilibrium in
the baseline simulation in every period.

Comparing row one with either row two or three suggests that abstracting from income het-
erogeneity reduces the welfare cost of climate change in all regions except for the hot region.
For example, in the cold region, the aggregate welfare cost is -1.03 (row 1) even though the
household with the average income actually experiences small welfare benefits from climate
change (row 2). The aggregate welfare cost incorporates the large welfare costs to households
at the bottom of the distribution, which are not offset by large welfare gains for households at
the top. Focusing on a representative household (row two or three) misses this heterogeneity
thus biases the welfare cost of climate change down. Similarly, in the hot region, the aggre-

gate welfare benefit (row 1) incorporates the large benefits to the households at the bottom of
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the distribution that forgo heating, which are not fully offset by large welfare costs for house-
holds at the top. Again, focusing on a representative household (row two or three) misses this

heterogeneity, and, in this case, biases the welfare costs of climate change up.

Table 7: Welfare Impact of Climate Change (CHEV, percent)

Cold Cool Mild Warm Hot
Baseline simulation: aggregate -1.03 -0.88 -0.65 -0.60 0.24
Baseline simulation: average HH 0.19 0.11 0.01 -0.18 -0.49
Representative agent simulation -0.00 -0.10 -0.17 -0.26 -0.43

Note: The table reports the welfare cost of climate change for each region in the baseline model (row 1), for
households in the income decile with average income (row 2) and from a representative agent version of the
model (row 3).

Climate change and labor productivity. I assume that temperature does not affect labor
productivity in the main analysis. While this assumption is plausible for workers who work
indoors where firms have access to heating and cooling, it is perhaps less plausible for workers
who work outdoors in sectors like construction and agriculture. According to the Occupational
Requirements Survey, approximately eight percent of US workers were constantly or frequently
exposed to the outdoors in 2023, and thus could experience changes in labor productivity as a
result of climate change. Many of these outdoor workers are likely to be low income, suggesting
that the effect of temperature on labor productivity could have important implications for the
distributional impacts of climate change. To explore this possibility, I design an experiment in
which climate change reduces labor productivity for low-income households.

Importantly, both hot and cold temperatures affect labor productivity. To quantify these
effects, I use a rule-of-thumb estimate for the affect of temperature on labor productivity from
Richardson Products, a construction cost database. The Richardson database has been widely
used for over 50 years by US construction companies to estimate project costs. The database
includes estimates of the labor hours required to complete a project and an adjustment factor
for these estimates based on temperature. The adjustment factor increases hours by 1 percent
for every degree outside of 40°F - 85°E Using this adjustment factor, I calculate the effect of cli-
mate change on labor productivity in each region. Climate change increases labor productivity
by 2 and 0.9 percent in the cold and cool regions respectively, and decreases labor productivity
by 0.1, 1.1, and 2.2 percent in the mild, warm, and hot regions, respectively.

I solve the model for a new climate-change equilibrium in which some workers are affected
by these labor productivity changes. I consider two cases: (1) the change in labor productivity
affects all workers with the lowest labor income shock, z =z!, which corresponds to the bottom
three percent of workers and (2) the change in labor productivity affects all workers with the

the lowest two values of the labor productivity shock, z € {z!,22}, which corresponds to the
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bottom 16 percent of workers. The two cases bound the fraction of workers who are exposed

to the outdoors reported in the Occupational Requirements Survey (eight percent).

Figure 10: Effect of Changes in Labor Productivity on the Welfare Impacts of Climate Change:
Households in the First Income Quintile

{ |

057
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I Productivity effects: z' only
Productivity effects: z' and Z2
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Note: The bars plot the welfare impacts of climate change for households in the first income quintile in the
baseline simulation (blue), when climate change reduces lowest value (orange) and the lowest two values
(yellow) of the labor productivity shock.

Figure 10 reports the welfare consequences of climate change for households in the first
income quintile, in the baseline simulation (blue), and when climate change affects labor pro-
ductivity for households with the lowest value (orange) and lowest two values (yellow) of the
labor income shock. I focus on households in the first income quintile, since, by assumption,
climate change directly affects labor productivity for many of these households. The higher
labor productivity reduces the welfare cost of climate change for households in the first in-
come quintile in the cold and cool regions. Similarly, the lower labor productivity increases
the welfare cost or eliminates the welfare benefits of climate change for households in the first
quintile in the mild, warm and hot regions. The magnitude of the effects are largest in the cold

and hot regions because these regions experience the largest changes in labor productivity.

6. Conclusion

Households can mitigate the welfare consequences of rising temperatures from climate
change by changing their energy use for heating and by cooling and purchasing (or not pur-

chasing) temperature-control equipment. The ability to adapt through these channels varies
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with both income and region, creating heterogeneous welfare effects. Middle- and high-income
households consistently purchase both heating and cooling equipment, implying that climate
change has no effect on the extensive-margin decision of whether to purchase temperature-
control equipment. Instead the welfare effects for these households primarily result from the
impact of climate change on transfers from nature, which affect households’ intensive-margin
decision of how much energy to use to adjust the indoor temperature. Climate change increases
transfers from nature in colder regions because it leads to a more moderate temperature dis-
tribution, creating welfare benefits among middle- and high-income households. Conversely,
climate change decreases transfers from nature in hotter regions because it leads to a more ex-
treme temperature distribution, creating welfare costs among middle- and high-income house-
holds.

In contrast, low-income households often adjust their extensive-margin decisions to pur-
chase temperature-control equipment in response to climate change. Climate change causes
households in the colder regions to purchase their first air conditioner, imposing substantial
costs that outweigh the benefits of a more moderate temperature distribution. In the hotter
regions, climate change causes some households to forgo purchasing a heater, creating benefits
that partially or fully offset the costs of a more extreme temperature distribution.

The analysis highlights that the welfare consequences of climate change vary substantially
across income groups. The paper focuses explicitly on the direct effects of higher temperatures
in the US. The quantitative importance of income heterogeneity in this context suggests that
exploring the distributional impacts of higher temperatures in other countries or the distribu-
tional impacts of other types of climate damage is a promising avenue for future work. An
interesting extension of the paper would be to combine this work focused on income hetero-
geneity with the literature focused on spatial heterogeneity (see the citations in the introduc-
tion). Such an extension would allow one to consider how income and wealth interact with

migration decisions in response to climate change.
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Appendix

A. Simple Model

I first describe the model solution when households do not have access to heating or cool-
ing. I assume the outdoor temperature is greater than the extreme lower bound necessary for
survival, { > {. In this case, the indoor temperature equals the outdoor temperature T; = .
The optimized levels of consumption and housing are, ¢/ = ay; and h; =(1—a)y;/ (2p™). The

percent change in utility from a marginal increase in outdoor temperature equals:

du(c;,hi,T7)/0C G'({) 1-a
u(et,hy, T} GE) ¢

Thus, the welfare gains from an increase in outdoor temperature do not depend on household
income.

I next describe the model solution for the opposite corner, when households choose indoor
temperature equal to the bliss point, T = ¢*. If the household’s optimal indoor temperature
equals the bliss point, T/ = {*, then the optimal levels of consumption and housing on a cold
day, ¢ < {7, are ¢; = a(y; +ph¢ —peh¢*) and hy =(1—a)(y; +phy —pehe*). Again, the out-
door temperature, ¢, acts as a transfer from nature, augmenting the household’s income by
p¢"¢. The same analysis as for the interior solution reveals that moving towards more extreme
temperatures has higher welfare costs for lower income households.

The analysis of the simple model in the main text for a cold day, 0 < { < {*. I provide the
parallel analysis for a hot day, {* < { < 2{*. Focusing on an interior solution, the optimal levels

of consumption, housing, and indoor temperature are

yi+p“(2€*—§))(1—a) A1)

¢ =Orrper =035, m=(E 2—a

y#ﬁlﬁf(*—@)@:z)

and 20" —T/ = (
The heating and cooling energy required to achieve indoor temperature T, are:

el}.l* =0 and e"={-T/.
As was the case for cold days, the optimized levels of consumption, housing, and indoor tem-
perature in equation (A.1) reveal that the outdoor temperature, {, acts as a transfer from nature
to the household. Nature gives the household 2{*—{ degrees of cooling for free, augmenting
its income by p®“(2¢*—{). Importantly, all households, regardless of their income, receive the

same transfer from nature. However, lower-income households value the transfer more than
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higher-income households because it is a larger share of their budgets. Thus, an increase in the
transfer from nature from a colder day creates larger welfare gains for lower income house-
holds, while a decrease in the transfer from nature from a hotter day creates larger welfare
losses for lower income households.

B. Quantitative Model

I define a stationary recursive competitive equilibrium. Throughout the definition of the
equilibrium, I suppress the individual household subscripts. Let g =(a, v,n) denote the vec-
tor of household states and characteristics at the start of the period. Let u be the invariant,
cross-sectional distribution over the household states, characteristics, and realizations of the
temperature distribution.

Given an energy assistance policy, B(g), a labor-income tax, 7, and an international interest

rate, r*, a stationary recursive competitive equilibrium consists of time-invariant value and policy

functions for households {V(g),h(g), x"(g),x°(g), x?(¢)}, {e["(2,Q). (. Q). e5(8.Q). ¢;(8. QY.

production plans for firms, {k;,, 1, kﬁ, ki, kee, kﬁh, ke, kP ﬁ’zl, prices, {w,R, p", p¢™, p¢¢, p*", p*¢, p*P}

and stationary distribution, u, such that:

1. Given prices and policies, the household value function, V, solves the optimization prob-

lem in equation (8) and h(g), x"(g), x°(g), xP(g), {e™(g,Q),¢%(g,Q), (2, Q),¢;(2, Y-y,
are the associated policy functions.

2. Prices satisfy equation (9).

3. The markets for housing services and temperature-control equipment clear in each re-

gion:
_ Ah1h h _ axhpxh c __ AXCl.XC
fh(g)dugm_A kn: Jx (g)dnug|n_A kn ) fx (g)dnu'g|n_A kn 5

f xP(g)dug)n =APKP.
4. The energy markets clear in each region in each period:

J J
ZqueT(g,Q)dugm:A””kim, and ZJqj(ejc(g,Q)+e§h(g,Q))dug|n=A“kff-
j=1 j=1
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5. The federal budget constraint clears:

J Twzdu = J B(g)du.

6. The labor market clears in each region:

JZd“gln =1,.

Note that the small-open-economy assumption implies that the capital market does not need
to clear domestically. Households’ asset holdings do not necessarily equal the sum of firms’
capital demands because firms can buy capital from abroad and household assets can be used
for capital abroad.

C. Data and Calibration

C.1. RECS

RECS 2015 reports information on annual household income divided into eight bins, rang-
ing from less than $20,000 to over $140,000. I use Census income Table HINC-06 to assign
the average value of income to each bin. I code a household has having a heat pump if they
report that both their heating and air-conditioning equipment are a heat pump (EQUIPM =4,
and CENACHP = 1).

C.2. Energy assistance

I focus explicitly on federal and local assistance for heating and cooling energy. This as-
sistance is primarily provided through LIHEAP and through separate state and local utility
programs. Data on LIHEAP are from the Administration for Children and Families Report to
congress (Administration for Children and Families, 2020).2! The data provide information
on the number of households that receive assistance with their energy bills and the average
level of bill-pay assistance from 2008 - 2019. Data on additional utility-specific programs can
be downloaded from the LIHEAP Clearing House.?? Since many of the utilities use the same
eligibility criteria as for LIHEAB I assume that the same fraction of households receive the

supplemental utility insurance as receive LIHEAP (5 percent).

21The report can be downloaded from: www.acf.hhs.gov/sites/default/files/documents/
ocs/rpt_liheap_congressional_request_for_formula_analysis_appendices.pdf. In-
formation on how LIHEAP benefits are allocated in each state can be downloaded from:
https://liheapch.acf.hhs.gov/delivery/benefits.htm.

22The data can be downloaded from https://liheapch.acf.hhs.gov/snapshots.htm.
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Approximately one quarter of households are served by utilities that offer utility-specific
assistance.?® Utility-specific assistance typically takes the form of either a dollar reduction in
the monthly base charge (base discount) or a percentage reduction in the marginal cost of
energy (percentage discount). To construct the calibration target, I need to determine the
average dollar values of the percentage and base discounts across all utilities, including those
that do not offer assistance. I do this calculation by census division, the smallest geographic
unit in the RECS. I take the following steps:

1. Calculate the weighted average base discount across all utilities, including those that
do not offer any assistance (and thus have a base discount of zero). The weights are

proportional to the number of households served by each utility.

2. Calculate the weighted average percentage discount across all utilities, including those
that do not offer any assistance (and thus have a percentage discount of zero). The

weights are proportional to the number of households served by each utility.

3. Calculate the average heating and cooling energy bill among households that receive
assistance in the 2015 RECS.

4. Letting x; be the percentage discount in census division j, I calculate the annual dol-
lar value of the percentage discount for the average (eligible) household in division j

according to:

(annual energy bill) j
Dollar value of percentage discount in division j = x; .

1— .X'j
5. The average utility-specific assistance per recipient household equals the sum of the av-

erage base discount and the average dollar value of the percentage discount.

The calibration target is the fraction of the average energy bill covered by LIHEAP and
utility-specific assistance. To determine the target, I calculate total assistance as the sum of
LIHEAP bill-pay assistance and the average utility-specific assistance. I divide total assistance
in each census division by the average energy bill, adjusted to reflect the fact that the reported
energy bill incorporates the percentage and base discounts. Averaging across divisions implies
that energy assistance covers approximately 83 percent of heating and cooling energy expenses

among recipient households.

23Data on the number of households served by each utility is from the utility’s website. When the utility does
not report the number of households served on their website, I obtain the information from findenergy. com.
Data on the total number of households by state is from the American Community Survey.
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C.3. Production functions for heating and cooling

I collect data on the price, capacity, and efficiency of all heaters, air conditioners, and heat
pumps for sale on ecomfort.com during the fall of 2023. I focus the analysis exclusively on
units that are for residential use. I drop all heaters with capacity greater than 200,000 BTUs
as well as heaters coded as pump house, wash down, industrial, explosion resistant, freeze
protection, or heavy duty. The air-conditioner and heat pump units on the site could all be
used for residential use; I do not drop any of these units. The efficiency measure for heaters
is the Annual Fuel Utilization Ratio (AFUE) and for air conditioners and heat pumps is the
Seasonal Energy Efficiency Ratio (SEER). Table C.1 reports the summary statistics.

Table C.1: Summary Statistics

Variable Min Max Mean SD Obs
Air conditioners

Price 209 6572 2077.96 1377.46 137
Efficiency (SEER, BTU/Wh) 6.51 20 13.65 2.57 137
Capacity (tonnage) 042 5 2.61 1.39 137
Heaters

Price 125.4 7069.5 2693.24 1340.75 942

Efficiency (AFUE, percent) 58 100 87.22 9.04 942
Capacity (BTU, thousands) 0.72 200 87.61 51.39 942

Heat pumps

Price 1716 7522 3029.72 1336.29 46
Efficiency (SEER, BTU/Wh) 14 19.2 15.09 1.56 46
Capacity (tonnage) 1.5 5 3.08 1.04 46

Note: The table reports the min, max, mean, and standard deviation for the price, efficiency, and capacity
of air conditioners, heaters, and heat pumps. The units of the Seasonal Energy Efficiency Ratio (SEER), the
efficiency measure for air conditioners and heat pumps, are BTUs of heat removed per watt hour of energy
consumed. The Annual Fuel Utilization Efficiency (AFUE), the efficiency measure for heaters, is a percent
equal to the ratio of BTUs of heat produced to BTUs of energy consumed. These are the standard efficiency
measures used by the industry.

C.4. Historical temperature

Daily data on county temperature from 1950-2022 are from Wolfram Schlenker’s fine-
scaled weather data set”*, which is derived from the PRISM climate data set. I divide US
counties into five regions based on the average of the historical annual average temperature in
each county. I determine the cutoff temperatures for each region so that the 2020 population
is approximately equal across the regions. Figure C.1 shows a map of US counties by region.
To create a temperature distribution in each region and year, I bin the daily data into 100 one-

degree bins, ranging from —40°C to 59°C, the same range as in the climate projections. The

24The data are available for download at: http://www.columbia.edu/ ws2162/1links.html.
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Figure C.1: Map of US Counties by Region

Note: The map shades US counties according to their temperature region.

cold realization of the temperature distribution in each region equals the average temperature
distribution over the years with annual average temperature in the bottom ten percent. Sim-
ilarly, the moderate and hot realizations of the temperature distribution in each region equal
the average temperature distribution over the years with annual average temperature in the
middle 80 percent and in the top ten percent, respectively. Figure C.2 plots the average annual

temperature distribution by region.
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Figure C.2: Average Annual Temperature Distribution
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Note: The figure plots the average annual temperature distribution in each region.

C.5. Climate change projections

As described in the main text, I take a probability-weighted average of the county-level pro-
jections of the annual distribution of average daily temperature in year 2100 under RCP 8.5 for
each climate model in the CMIP archive (Rasmussen et al., 2016). The weights are designed
to capture the relative probability that the climate model represents the true outcome (Ras-
mussen et al., 2016; Hsiang et al., 2017). I assume that there are three possible realizations
of the temperature distribution, hot, cold, and moderate, with probabilities, 0.1, 0.1, and 0.8,
respectively. I assume that the temperature distribution in the moderate year equals the tem-
perature distribution from the scientific projections. To determine the cold realization of the
temperature distribution, I scale the mean and the variance of the temperature distribution in
the moderate year by the ratios of mean and variance of temperature in the moderate realiza-
tion relative to the cold realization in the historical data. I use a similar process to determine
the hot realization of the temperature distribution.

Table C.2 reports the mean and the variance of temperature for a moderate year in each
region in the contemporary and climate-change equilibria. Both the mean and the variance
of temperature during a year increase in response to climate change. Figure C.3 plots the
contemporary (solid lines) and climate-change (dashed lines) temperature distributions in a

moderate year in the cool (left panel), mild (right panel) and warm (bottom panel) regions.

51



Figure C.3: Effect of Climate Change on the Temperature Distribution
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Note: The solid and dashed lines plot the contemporary and climate-change temperature distributions, re-
spectively, in a moderate year in the cool (left panel), mild (right panel), and warm (bottom panel) regions.

Table C.2: Mean and Variance of Annual Temperature in a Moderate Year

Cold Cool Mild Warm Hot

Mean

Contemporary 8.48 11.19 1390 16.98 21.29
Climate change 14.52 16.56 18.80 21.65 25.71
Variance

Contemporary  109.68 97.95 83.18 60.82 52.77
Climate change 115.57 107.54 97.11 76.50 63.75

Note: The table reports the mean (panel 1) and variance (panel 2) of the contemporary and climate change
temperature distributions in a moderate year in each region.
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C.6. Labor productivity process

I use the Rouwenhorst method to calculate the Markov transition matrix for the persistent
shock:

(0.9413 0.0573 0.0013 0.0000 0.0000\
0.0143 0.9420 0.0430 0.0007 0.0000

n”=|{0.0002 0.0287 0.9422 0.0287 0.0002
0.0000 0.0007 0.0430 0.9420 0.0143

\0.0000 0.0000 0.0013 0.0573 0.9413]

The corresponding invariant distribution equals: IT” =(0.0625, 0.2500, 0.3750, 0.2500, 0.0625).

C.7. Parameter values

Table C.3 reports the values of the externally calibrated parameters.

Table C.3: Parameter Values: External Calibration

Parameter Value
Firms

Depreciation rate: & 0.07
Capital share in final-good production: a 0.26
TFP in housing production: A* 0.10
TFP in electricity production: A% 0.14
TFP in heating-energy production: A*™ 0.28
Households

International interest rate: r 0.04
Coefficient of relative risk aversion: o 2
Bliss point temperature: {* 18
Heater-equipment exponent: oh 0.35
Air-conditioner-equipment exponent: 6¢ 0.27
Heat-pump-equipment exponent: 6P 0.28
Heater-energy exponent: nh 0.77
Air-conditioner-energy exponent: n° 0.85
Heat-pump-energy exponent: n? 0.86
Labor productivity

Persistent shock persistence: p 0.97
Persistent shock innovation variance: ag 0.02
Fixed-effect variance: ag 0.66

Note: The table reports the values of the parameters I take directly from the data and the existing literature.

Table C.4 reports the results from regression equation (11) in the main text. I include

cooling and heating degree days to control for variation in climate. I also include a number of
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Table C.4: Regression Results From Equation (11)

log(Heating energy)  log(Cooling energy)

Cooling degree days —0.00005** 0.001***
(0.00002) (0.00002)
Heating degree days 0.0003*** —0.00002**
(0.00001) (0.00001)
log(square footage) 0.397*"* 0.386™**
(0.036) (0.016)
Adequately insulated 0.096™** 0.088™**
(0.033) (0.024)
Poorly insulated 0.177** 0.1171%**
(0.044) (0.033)
Mobile home —0.260""* —0.197***
(0.068) (0.050)
Apartment —0.707""* —0.521***
(0.052) (0.038)
Double pane windows —0.096"** —0.069***
(0.032) (0.024)
Triple pane windows —0.316™ 0.051
(0.142) (0.107)
3-5 windows 0.303*** 0.179*
(0.083) (0.060)
6-9 windows 0.5171%** 0.390™**
(0.086) (0.062)
10-15 windows 0.725%** 0.546™*
(0.089) (0.064)
16-19 windows 0.799*** 0.628***
(0.097) (0.070)
20-29 windows 0.936™** 0.705***
(0.099) (0.070)
more than 30 windows 1.031*** 0.698***
(0.118) (0.083)
Constant 5.374** 4,347
(0.271) (0.138)
Observations 3,899 3,592
R2 0.523 0.672

Note: The table reports the coefficient estimates from regression equation (11) with dependent variables log
heating energy (column 1) and log cooling energy (column 2). The data are from RECS 2015.
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controls for the energy-related aspects of house quality. Specifically, I include controls for the
level of insulation, which can be poor, adequate, or good, with good as the omitted category,
the type of home, which can be mobile, apartment, or single family, with single family as the
omitted category, the type of window, which can be single, double, or triple pane with single
pane as the omitted category, and number of windows in the house. The data are from RECS
2015.

C.8. External validation

Data on the share of aggregate income received by each quintile of the income distribution
are from Table H-2 of the US Census Bureau Current Population Survey (CPS). A household’s
income in the model equals its labor income plus its asset income. Data on the share of aggre-
gate wealth held by each quintile of the wealth distribution are from the Survey of Consumer
Finances, as reported in Kuhn and Rios-Rull (2016). Tables C.5 and C.6 report the model and
empirical values of the shares of income and wealth for each quintile of the income and wealth
distributions, respectively. The model matches the overall income and wealth distributions
reasonably well, but, as discussed in the main text, it does not capture the high concentrations
of wealth at the top of the distribution.

Table C.5: Share of Income Recieved by Each Quintile of the Income Distribution

Quintile
First Second Third Fourth Fifth
Model 3.4 6.8 129 245 525
Data 3.1 8.3 141 226 52.0

Note: This table reports the share of income received by each quintile of the income distribution in the model
(row 1) and in the CPS (row 2).

Table C.6: Share of Wealth Held by Each Quintile of the Wealth Distribution

Quintile
First Second Third Fourth Fifth
Model 0.0 1.3 5.6 176 755
Data -0.7 0.6 3.2 9.8 87.0

Note: This table reports the share wealth held by each quintile of the wealth distribution in the model (row
1) and in the SCF (row 2).
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D. Additional Results

Figure D.1: Welfare Consequences of Climate Change: y =0.4
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Note: Each line plots the welfare consequences of climate change with y = 0.4 conditional on the household’s
region and income decile, where decile one corresponds to the lowest income households. I measure wel-
fare using the CHEV between the contemporary and climate-change equilibria. Negative values indicate that
climate change makes the household worse off.

Table D.1: Share of Income Recieved by Each Quintile of the Income Distribution

Quintile
First Second Third Fourth Fifth
Contemporary Equilibrium 3.4 6.8 129 245 52.5
Climate Change Equilibrium 3.4 6.8 129 245 525

Note: This table reports the share of income received by each quintile of the income distribution in the model
(row 1) and in the CPS (row 2).

Table D.2: Share of Wealth Held by Each Quintile of the Wealth Distribution

Quintile
First Second Third Fourth Fifth
Contemporary Equilibrium 0.0 1.3 5.6 17.6  75.5
Climate Change Equilibrium 0.0 1.4 5.8 176 75.3

Note: This table reports the share wealth held by each quintile of the wealth distribution in the model (row
1) and in the SCF (row 2).
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Figure D.2: Changes in Heat and AC Specialization
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Note: The figure plots the fraction of households without air conditioning (left panels) and the fraction of
households without heat (right panels) in the cool (row 1), mild (row 2), and warm (row 3) regions in for
the contemporary (blue line) and climate-change (orange line) equilibria.
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Figure D.3 plots the historical changes in the costs of heating and cooling equipment and en-
ergy relative to wages. I use data on hourly compensation for all workers (FRED series COMP-
NFB), the PPI for furnaces and heaters (FRED series WPU1062), the PPI for air conditioning
and refrigeration equipment (FRED series WPU1148), the PPI for heat pumps (FRED series
WPU 11480734) and the PPI for finished consumer energy goods (FRED series WPSFD4121).
I construct the ratios of hourly compensation to each PPI. While the units aren’t meaningful,
one can interpret the change in the ratio of hourly compensation to, for example, the PPI for
heaters as the change in the number of heaters the average worker could purchase with their
labor income, and similarly for the changes in the ratios of compensation to the PPIs for air
conditioners, heat pumps, and energy. Increases in the ratio indicate that people can buy more
of the equipment or energy with their labor income, implying that the equipment or energy
has gotten cheaper relative to labor income. In all panels, I normalize the ratio to unity in the
first year of the data. The dashed vertical line marks the year 2015, which is the year I use for
the model calibration.

Beginning with heaters and air conditioners, prior to 2005, the lines in both panels are
strongly upward sloping, indicating that there were large decreases in the cost of heaters and
air conditioners relative to labor income. More recently, however, these relative costs have
stabilized. The lines are reasonably flat post 2005, except for a decrease in 2021-2022 due to
high inflation during that time. I estimate a time trend in each panel post 2005. The slope
of the time trend in both panels is negative, small in magnitude, and not statistically different
from zero. These patterns are consistent with the notion that heaters and air conditioners are
mature technologies and, as a result, there have not been major changes in their price relative
to compensation in recent decades. In fact, instead of becoming cheaper, the recent inflation
implies that the relative price at the end of the sample is slightly higher than its value in 2015,
the calibration year.

In contrast to air conditioners and heaters, there is an upward trend in compensation di-
vided by the heat pump PPI over the past 15 years. Heat pumps are a much newer technology,
and one would expect relative cost declines in the early years of deployment, much like in the
earlier years for air conditioners and heaters. There is not a long-run trend in compensation
relative to the energy PPI, suggesting that the price of energy has not systematically increased
or decreased relative to labor income over time.
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Figure D.3: Compensation Relative to Prices of Heating and Cooling Equipment and Energy
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Note: The figure plots the ratio of hourly compensation to the PPI for heaters (top left), air conditioners (top
right), heat pumps (bottom left) and energy (bottom right), normalized to unity in the first year of the data.
Increases in the ratio indicate that people can buy more of the equipment or energy with their labor income,
implying that the equipment or energy has gotten cheaper relative to labor income.
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