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Abstract

Global warming, ecological decline and inequalities are interconnected, yet rarely studied
jointly. We investigate how damages to the environment change the social cost of
inequalities, and how inequalities influence the social value of ecosystem services. We show
that the answer depends on two parameters: inequality aversion, and substitutability be-
tween market goods and environmental goods. When both parameters are high, inequality
increases the marginal value of the environment. This is not always the case when both
parameters are low. We quantify this interaction by building a climate-economy model
that includes ecosystem services and features both national and international inequalities.
In our main calibration, the presence of national inequality doubles the marginal social
cost of damages to the environment, while cross-country inequalities only cause a small
increase. Overall, our findings show that the interactions of inequalities and ecosystem
services can be quantitatively important for the assessment of conservation, climate, or

redistributive policies.
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1 Introduction

Environmental crises affect people unequally. Developing countries have already suffered
disproportionately from the impacts of global warming, and future damages will be concentrated
on the poorest populations (IPCC 2023). Many of the world’s poorest communities live in places
where the highest damages to ecosystems are projected (IPBES 2019), while rural, low-income
households are the ones who rely most on natural products for subsistence (Angelsen et al.
2014). Understanding the interactions between inequalities and the environment is crucial for

policy design; neither can be understood without the other (Drupp et al. 2025).

In this paper, we answer the following questions: Do climate damages to the environment
increase the social cost of inequalities? Conversely, how do inequalities change the social cost
of damages to the environment? We show that damages to the environment can either increase
or decrease the social cost of inequalities, depending on two crucial parameters of the utility
function. To quantify this effect, we extend a climate-economy model with national inequalities
at the decile level to integrate a flow of ecosystem services from natural capital. In our main
calibration, inequality more than triples the social cost of damages to the environment. The
largest part of this increase is due to national inequalities. Results are highly sensitive to the

model’s parameters, in line with our theoretical predictions.

Our paper brings together three strands of literature: ecosystem valuation, climate change, and
inequalities. Economists began valuing ecosystem services in the 1970s and 1980s, with the
rise of cost-benefit analysis (Westman 1977; de Groot 1986; Hueting 1987). Valuation methods
were refined in the 1990s (Daily 1997), and a first meta-analysis assessed the global value of
nature’s services (Costanza et al. 1997). The Millennium Ecosystem Assessment (UNEP 2003)
and the Dasgupta review (2021) contributed to establishing ecosystem services as a central

topic of environmental economics.

In parallel, the economics of climate change has mostly focused on how climate change
impacts the production of market goods. This approach implicitly assumes that the impacts
of climate change on welfare can be properly measured as changes in GDP. However, a small
but long-running literature has pointed out that many climate damages are likely to be only
imperfectly substitutable with manufactured goods, and that this distinction can have first-
order implications for the assessment of climate change costs (Tol 1994; Hoel and Sterner 2007;
Sterner and Persson 2008; Weitzman 2010; Drupp 2018). Notably, as the economy grows,
natural goods become relatively scarcer, and their marginal value increases (Drupp et al. 2024).
This concern has motivated efforts to distinguish between natural and manufactured goods

in standard climate-economy models (Tol 1994; Hoel and Sterner 2007; Sterner and Persson



2008). For instance, Drupp and Hénsel (2021) calibrate the single-region DICE2016-R2 model
(Nordhaus 2018) to account for non-market environmental damage. They find substantial
increases in the social cost of carbon and sensitivity to key preference parameters such as
the degree of substitutability. Bastien-Olvera and Moore (2021) go further by explicitly
representing natural capital in the production function, as well as non-use values of nature in
the utility function. Since this prior work has almost exclusively relied on the single-region,
globally-representative DICE model, it therefore abstracts from both national and international
inequalities. Bastien-Olvera et al. (2024) include ecosystem services in a country-level model
that includes international inequalities (the RICE50-+ model, from Gazzotti et al. 2021), but

still lacks within-country inequalities.

In parallel, a largely separate literature has documented the sensitivity of climate change
damages estimates to the treatment of inequality. Because the climate change problem is global,
inequality in consumption can be of first-order importance for the evaluation of climate change
damages (Errickson et al. 2021). Past work in this area (e.g. Anthoff and Emmerling 2019)
has examined the effects of international inequality using multi-region integrated assessment
models such as RICE (Nordhaus and Yang 1996) and FUND (Anthoff et al. 2009). Inequality
in consumption within regions was introduced by Dennig et al. (2015) with their Nested
Inequalities Climate-Economy (NICE) model, which features 12 regions, each divided into
5 income quintiles. This model can be used to evaluate the welfare effects of redistributive
policies in the context of climate change. It shows that within-region inequality has a large
effect on the social cost of carbon and (Budolfson et al. 2021). Further iterations on the NICE
model increased its level of detail, with 176 countries and 10 deciles per country in the latest
published version (Young-Brun et al. 2025). This work, however, has focused almost entirely
on consumption inequality, ignoring the potentially important role of non-market goods and

their interaction with widely varying consumption of market goods.

Our contribution to this literature is twofold. The first one is a theoretical finding: with a
standard social welfare function, damages to the environment can either increase or decrease
the social cost of inequalities. Likewise, inequalities can either raise or lower the social cost of
damages to the environment. The direction of the effect depends on two critical parameters of
the social welfare function: inequality aversion and substitutability between manufactured and
environmental goods. When both parameters are high, inequalities increase the marginal value
of the environment, and environmental losses increase the marginal social cost of inequalities.

When both are low, the opposite holds.! This result contributes to understanding how standard

!Except if both parameters are very low, in which case the sign of the effect depends on other parameters
and variables.



social welfare functions behave in models with limited substitutability between market goods

and ecosystem services.

Our second contribution is to quantify the effect of inequalities on the social cost of damages
to the environment. We introduce ecosystem services in the latest version of the NICE
model (Young-Brun et al. 2025), updating the social welfare function to distinguish between
manufactured goods and non-market environmental goods. The flow of ecosystem services
decreases as global temperatures increase, following a damage function from Bastien-Olvera
et al. (2024). We call this model GreenNICE. It is, to our knowledge, the first cost-benefit
climate-economy model to integrate both ecosystem services and national inequalities. Our
simulations show that the effect of national inequality on the social cost of environmental
damages is highly sensitive to inequality aversion and substitutability. In our central calibration,
the presence of national inequality alone doubles the social cost of damages to the environment,
while other forms of inequality have a smaller effect. If natural goods are less substitutable,
the effect of national inequality becomes smaller in relative terms, and is even reversed for low
inequality aversion. Our main calibration is based on a narrow subset of ecosystem services
from terrestrial vegetation. If we assume a 100-times-larger flow of ecosystem services, the
social cost of damages to the environment grows by a factor of 7, and remains approximately
twice as large with national inequalities than without. This sensitivity exercise shows that
our relative results are robust to the calibration of environmental goods. More comprehensive

estimates of ecosystem services would yield a higher social cost of environmental loss.

Taken together, our results highlight the interconnected nature of three defining challenges of
the 21st century: global warming, ecological decline and rising inequality. Their welfare effects
are highly inter-related. Their interactions can change model results and associated policy

recommendations in significant and non-obvious ways.

In the next section, we explain why inequality can either increase or decrease the marginal
value of nature. We then use simulations to quantify this effect for a range of parameterizations:
section 3 explains how we integrate ecosystem services into the NICE model, and section 4
reports simulation results. We discuss the implications and limitations of these results in the

final section.

2 Theoretical analysis

We first abstract from the particulars of the climate change problem to establish general
theoretical results regarding the interaction between inequality in consumption of market goods

and the value of environmental goods (i.e. ecosystem services). Our theoretical finding is



the following: within-country inequality can either increase or decrease the marginal value of
ecosystem services, depending on inequality aversion and substitutability between consumption
goods and the environment. We start by introducing our framework (2.1). Then, we state our
result formally and explain the intuition behind it (2.2). We finally show how these results

impact social cost of carbon estimates (2.3).

2.1 Theoretical framework

To study the interaction between within-country consumption inequalities and the environment,
we combine these two variables in a two-good social welfare function. In this sub-section, we
explain how we model inequality, what we mean by “the environment”, and how these two

components fit together in a social welfare function.

Inequality

We consider a set of m countries. The population L; of each country i € {1,...,m} is divided
into n consumption quantiles. Consumption ¢; ; of quantile j in country 4 can be defined as a

function of the country’s average consumption ¢;, and some constant 9; ;:

¢ij = ci(1+0i;7).

Constant d; j = (¢;; — ¢;)/c; is the relative difference between the observed consumption ¢&; j of
income group j and national average ¢;. In this paper, we are interested in comparing situations
with different levels of economic inequality. We introduce parameter v € [0, 1] to arbitrarily
vary the level of within-country inequality. When v = 0, there is no national consumption
inequality: the average consumption of an income group is the average consumption of its
country. When v = 1, national inequalities are fully implemented. The ~ parameter is the
same for all countries. Note that, by construction, v only changes the spread of the income
distribution, without changing the mean. More precisely, for a given country i, the standard
deviation of consumption in the model is equal to the actual observed standard deviation of

the country’s income distribution, &;, scaled by ~:

O; =7 0y.

See Appendix C for a formal derivation.



Social welfare function

Following Hoel and Sterner (2007), Sterner and Persson (2008), and Drupp and Hénsel (2021),
we define utility as a function of market good consumption ¢ and a non-market environmental

good F:
[(1 —a)d? + aE? ] (1=m)/6

(e, F) —

: (1)

where « € (0, 1) is the share of ecosystem services in the utility function, and 6 € (—o0, 1]\ {0}
is the degree of substitutability between consumption and non-market environmental goods.?
Consumption and ecosystem services are perfect complements for § — —oo, and perfect

substitutes for § = 1. Parameter 7 is a positive number different from one.?

Variable F is the annual, per-capita flow of non-market environmental goods. Ecosystem services
that contribute to market production are already valued through consumption ¢. But many
environmental benefits, including subsistence production, and some regulating environmental
services such as pollution prevention, flood control, or recreation are not captured in standard
market accounting. E can be thought of as a composite of these non-market environmental
goods. In our setting though, E excludes potential non-use values of the environment, such as
existence or bequest values.* Our framework models the environmental good as being equally
distributed across income groups within a country (i.e. E is the same for all levels of ¢). This is
a necessary assumption given the absence of systematic data on the within-country distribution

of environmental goods.

There are two different ways of seeing the parameter 7. It can be interpreted as society’s level
of aversion to inequality. In that case, it is a normative parameter that only makes sense at
the social level. Alternatively, n can be understood at the individual level, as the inverse of the
constant intertemporal elasticity, as the constant coefficient of relative risk aversion (CRRA),
or as the elasticity of marginal utility of consumption. In these interpretations, 7 also implies
a form of inequality aversion, as a consequence of diminishing marginal utility. Because this
paper focuses on inequalities, we will mainly refer to n as inequality aversion, without excluding

other interpretations.

Social welfare is the sum of individual utilities over all countries and income groups:

[leaEa]lf’q

1—

2The 6 = 0 case corresponds to a Cobb-Douglas function (Hoel and Sterner 2007): u : (¢, E) +
n
1/6

3The utility function can also be extended to the n = 1 case: u : (¢, E) + In [((1 —a)c? + aEG)

“This departs from the GreenDICE model (Bastien-Olvera and Moore 2021), where the utility function
distinguishes between both use and non-use values.
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with n the number of quantiles per country and L; the population of country <.

2.2 Interaction between inequality and ecosystem services

The extent to which inequalities interact with environmental loss is directly linked to the
cross derivative of social welfare with respect to environment E and inequalities . This cross
derivative indicates how the social marginal value of E changes when inequality increases
slightly. We let 8%77W denote this cross derivative. If the cross derivative is positive, the
marginal value of E increases with inequality. If on the contrary the cross derivative is negative,
then within-country inequalities reduce the marginal value of the environment. In that case, a
more equal country would suffer more from climate damages to the environment than a more

unequal country.

Due to the symmetry of second derivatives (G%ﬂW = 837EW), the sign of the cross derivative
also tells us about the effect of the environment on the social value of reducing inequality. If
8%WW is positive, the marginal welfare cost of inequality is lower when environmental quality
is high. Then, inequalities are less of a problem in countries with abundant ecosystem services
than in countries with lower F, all else equal. Conversely, if the cross derivative is negative,
environmental goods increase the marginal welfare cost of inequality. In that case, reducing

national inequalities brings more social welfare when E is high, all else equal.

In Proposition 1, we show that the sign of cross derivative 8% VW depends on inequality
aversion 7 and substitutability 6. It is always positive when inequality aversion 7 is higher than
complementarity 1 — 6; always negative when 7 is between —0 and 1 — #; and indeterminate

when 6 < 7 (see Figure 1).

PRrOPOSITION 1
With n consumption quantiles, each with the same environment F, and each with different

consumption levels, the sign of 812977W depends on parameters 6 and 7 in the following way:
1. if p > 1— 6, then ﬁiﬂNW > 0,

2. if =0 <n < 1—6, then 8?&7W <0.

Proof. See Appendix D. O
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Figure 1: The sign of cross derivative (9?3 W depends on substitutability # and inequality
aversion 7 (Proposition 1).

Note: The plot shows how the cross derivative changes as a function of  and 6. The orange area indicates the
region where the sign is positive. The light blue region indicates the values under which the cross derivative is
negative. Within the white area, the sign of the cross derivative is indeterminate.

The division of the (,7) plane in three zones in Figure 1 is due to two competing effects. One
effect comes from inequality aversion 7, and the other from complementarity 1 — 6. Inequality
aversion 7 is the curvature of the utility function u. When utility is more concave, getting
richer in one of the two goods makes the other less valuable at the margin. For instance, when
there is more environment, market goods become less useful marginally, because many needs
are already satisfied by nature. Likewise, being richer makes the wood of an additional tree
less useful, because, for example, there might be substitutes for biofuels on the market. Notice
that this is only true if ecosystem services and market goods are substitutable enough. When
the two goods are highly complementary, an increase in one makes the other more valuable at
the margin. With a more efficient stove, additional wood from the forest provides more energy.
A more diverse fauna increases the willingness to pay for binoculars. So, the cross derivative of
welfare with respect to the environment and consumption (0 W) is positive when inequality

aversion and substitutability are both high, and negative when they are both low.

As inequality = increases, quantiles above average income get richer, while the others gets
poorer. When inequality aversion 7 is higher than complementarity 1 — @, the consumption
loss of the low-income groups makes the environment more valuable at the margin. At the
same time, the environment becomes less marginally useful to the high-income groups, as they

get slightly richer — but the effect of the low-income groups is stronger.



When inequality aversion 7 is lower than complementarity 1 — @, the consumption loss of the
low-income groups makes the environment less valuable at the margin. At the same time, the
environment becomes more marginally useful to the high-income groups. Here, the effect of the
low-income groups is not always stronger. The lower-income groups still drive the result when
n > —6 (blue area on the figure). When 1 < —6 (white area), which effect prevails depends on
the level of inequality, on the balance between ¢ and F, and on the other parameters of the

social welfare function.

2.3 Relevance for the social cost of carbon

Cross derivative 8125WW is also interesting because it is part of the answer to another question:
in the presence of ecosystem services, what is the effect of inequalities on the social cost of
carbon? The social cost of carbon (SCC) is the marginal social cost of greenhouse emissions. It
is usually expressed in dollars per ton of COy equivalent. Van der Ploeg et al. (2023) propose
a straightforward analytical formula for the social cost of carbon. The present value of climate
damages caused by marginal emissions in the present is a discounted sum of future marginal
welfare costs, divided by some marginal utility of consumption, to ensure the result is in a

monetary unit (van der Ploeg et al. 2023, equation 11).

Adapting this formula to our discrete-time, two-good setting, we define the social cost of carbon

as:
1
SCC= oo > B [0e, ;Wi (—0epCijit) + O, Wi - (—eg Bij1))- (3)
Ocu(cg, Fo) - i
At time ¢, in income group j of country 4, damages (—0c,c; j¢) are caused to consumption by
additional marginal present emissions ey. These damages are multiplied by the marginal social

value of consumption, 0., ., W;. The resulting product is the welfare cost of climate damages

it
to consumption. Likewise, damages to the environment (—0e,E; ;) are multiplied by marginal
value O, ;,W; to obtain their welfare cost. Welfare costs of damages to consumption and to
the environment are summed across all income groups and countries. The global welfare cost
series is then aggregated across time, with utility discount factor 5 = 1/(1 + p) and rate of
pure time preference p. Finally, the present welfare cost is converted to dollars by dividing
it by marginal utility of consumption O.u, evaluated at global average present consumption
¢o and average present environment Ey. This conversion factor does not vary with inequality

coefficient «y, because v changes the spread of within-country consumption without changing

its average.

When calculated this way, the social cost of carbon is the present social value of climate



damages, expressed in dollars, from the point of view of a theoretical person living in the

present at the average level of consumption and environmental services.

In this paper, we are specifically interested in the environmental part of the social cost of

carbon. We decompose the SCC as the sum of a consumption part and an environmental part:

SCC = SCC. + SCCEg,

with
SCC. = g EO Zﬂt ;acmwt ~eqCijt)
and
800k = 5 EO Zﬁt ;aEth ~0ey B j1)-

The marginal effect of within-country inequality on the environmental component of the social

cost of carbon is given by the derivative of SCCg with respect to inequality coefficient ~:

avsccE_ 2 ZﬁtZa% i Wi - (=0 Eijir)-
0

COv ij

Marginal utility of consumption d.u(g, Ep), discount factor ¢ and marginal damages —d, E; ;i
all have positive values. Therefore, the sign of d,SCCg depends on the sign of the cross
derivative of welfare with respect to v and E. If the cross derivative is positive for all ¢ and all
J, then the environmental component of the social cost of carbon increases with within-country
inequality. If the cross derivative is negative for all ¢ and all j, then the SCC is lower when
inequalities are high. If the cross derivative is sometimes positive and sometimes negative,
then the effect of v on SCCg is indeterminate. Since Proposition 1 tells us the sign of the
cross derivative, it also tells us the direction of the effect of inequality v on SCCg, for all

combinations of n and 6 such that n > —6.

In this section, we showed how the sign of the interaction effect between inequality and
environmental loss depends on inequality aversion and substitutability. In the following section,

we present the climate-economy model that we build to quantify this interaction effect.

3 Making NICE green

The prior section provides a general theoretical result and intuition for understanding how

inequalities might interact with climate damages on non-market environmental goods. The
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magnitude of this effect however depends on specifics such as the nature of climate damages
on environmental services and the degree of consumption inequality. To investigate this effect
quantitatively, we extend a country-level climate-economy model that captures national con-
sumption inequality to integrate a flow of ecosystem services in the utility function. This model
calculates the welfare impacts of global warming on both the economy and the environment,
at a high level of resolution (consumption deciles within each country). We call this model

GreenNICE.

The GreenNICE model is based on the latest version of the NICE model (Young-Brun et al.
2025). The NICE model includes 176 countries and 10 income deciles in each country. The
damage function for country-level economic output is a quadratic function of local temperature
anomalies calibrated to estimates from Kalkuhl and Wenz (2020). The climate module of
NICE is the FalR model (Leach et al. 2021). We set the emission abatement rate to obtain
a temperature trajectory that is compatible with the 2°C target of the Paris agreement.
Temperature starts at +1.17°C in 2020, and stabilizes slightly below +2° at the end of the
model horizon in 2300 (see Figure Al).

3.1 Ecosystem services

GreenNICE departs from NICE by modifying the utility function to represent two partially-

substitutable goods, namely market consumption ¢ and ecosystem services E (Equation 2).

FE is calibrated to represent non-market goods from terrestrial ecosystems. This limited
quantification ignores numerous other important ecosystem services that might be affected
by climate change, for instance services from oceans and freshwater systems or air quality.
However, the need for global, country-specific estimates of both ecosystem service flows and
future climate impacts on those flows limits a more extensive calibration for the purposes of

this paper.

Country-level ecosystem service flows are derived from the Changing Wealth of Nations database
(CWON, World Bank 2024), which estimates the natural capital stock in forests based on three
services: water services (freshwater provision, water purification, rainfall pattern regulation,
soil erosion control, and flood regulation); non-wood forest products (wild animals, plants, and
other non-aquatic biomass provisioning services from uncultivated ecosystems), and recreation,
hunting and fishing (Siikamaki et al. 2024, Table 2.3). We recover annual ecosystem flows from
the capital stock reported in CWON by reversing their capital valuation procedure, which uses

a 100-year time frame and 4% discount rate (World Bank 2024, chapter 7, equation 6, p. 145).
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The yearly per-capita flow of forest ecosystem services in country i with population L; is:®

0.04 1
Ei;=N; — 4
! ! (1 —(1+ 0.04)—100> Li (4)

Monetary units are converted to 2017 USD for consistency with the NICE model. Note that
dividing by population effectively treats the ecosystem service flows as rival goods. This may
be true for some goods, notably non-wood forest products, but will not hold for others, most
significantly recreation. However, the CWON valuation process appears to implicitly account

(§

for the non-rival nature of some ecosystem services” meaning there is a risk of double counting

if values are not normalized by population, as in Equation 4.

Figure A3 shows the initial per-capita flow F; 2929 of ecosystem services for each country. The
highest baseline values for environment per capita (in USD per year) are New Zealand ($690.8),
Australia ($604.27) and Bhutan ($545.07). There is no clear correlation between the initial

level of ecosystem services and the level of inequality in a country.”

Some countries are missing in the CWON database. For these countries, we set initial natural
capital N to match the closest country with a similar forest cover in 2020, as reported by
the World Bank. Island states with missing data are matched to other island states based on
similarity in land area. We provide a detailed list of matched countries in Appendix E. Four
small countries have zero initial environment (Kuwait, Macau, the Maldives, and Qatar). We
exclude these four countries when calculating the social cost of carbon, because their marginal

value of the environment (0gW) is infinite.

The natural capital stock is treated as static, except for the damages from climate change
(described in the next section), abstracting from any other anthropogenic processes acting on
terrestrial vegetation and from any natural dynamics of recovery or regeneration. The flow
FE is treated as sustainable in the sense that its consumption does not degrade the stock N.

Ecosystem services are further assumed to flow equally to all income groups within a country.

3.2 Environmental damage function

The warming and rainfall changes induced by climate change are expected to drive a host of
shifts in terrestrial vegetation and, by extension, the functions and services they provide to

people. Most notably, climate change is expected to drive the replacement of tundra by forest

5See Appendix G for a detailed derivation.

SFor instance, the meta-analysis used to generalize from individual measurements of ecosystem value includes
local population density and urban area, which are statistically significant and positive predictors of value,
likely partly capturing the non-rivalrous nature of some ecosystem benefits (Siitkaméaki et al. 2024, Section 4.1).

“See Figure A2 for a plot of each country’s Gini index against its initial value of E.
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at high-latitudes and an expansion of savanna at the expense of tropical forests near the equator
(Bastien-Olvera et al. 2024). Here we adopt the country-specific linear damage functions from
warming estimated in Bastien-Olvera et al. (2024). These are derived by combining shifts in
terrestrial vegetation cover under climate change from three dynamic global vegetation models

with a global meta-analysis of standardized ecosystem service valuations.

The damage function for the stock of the non-market environmental good in country ¢ and
year t is:

Nii = Ni2020(1 + §&ATY), (5)

with & being the country-level damage parameter, and AT; the change in temperature between
2020 and year t (Bastien-Olvera et al. 2024, equation 14). The initial natural capital stock

N; 2020 is expressed in 2017 USD. It is then converted back to a flow of services using Equation 4.

For countries without an initial damage coefficient, the parameter is assigned according to
a hierarchical rule. Priority is given to existing assignments (see Appendix E); if none are
available, we use the coefficient from the geographically closest country; for the remaining
island states, we assign the damage coefficient of the Dominican Republic. We show how we

impute these missing values in Appendix F.

Figure A4 shows the values of damage parameter £ by country. Most countries have a negative
coefficient, meaning climate change produces a net loss in ecosystem service flows. Countries
with the largest relative loss with warming are Kuwait (£ = —0.22), Egypt (—0.18), and Libya
(—0.18). 40 countries have a net gain in ecosystem services with climate change; countries with

the largest positive coefficients are Yemen (0.19), Eritrea (0.13), and Oman (0.13).

3.3 Inequality and social welfare function parameters

We keep the same consumption-share-by-decile projections as Young-Brun et al. (2025). Young-
Brun et al. assume that the income distribution follows a log-normal distribution, and estimate
income shares until 2100 using Gini index projections from Rao et al. (2019). We also keep the
default NICE value for the income elasticity of damages, which controls how climate damages
to consumption are distributed across income groups. This value is set at 0.6 based on empirical

estimates from Gilli et al. (2024).

Some parameters in the social welfare function are unobserved and therefore difficult to constrain
empirically. Drupp (2018) shows how the substitutability parameter  can be recovered from
the income elasticity of willingness-to-pay (WTP) for non-market goods. Drupp and Hénsel

(2021) review studies that reported the income elasticity of WTP for environmental goods,

13



finding an implied average value for the elasticity of substitution 6 equal to 0.43, with estimates
ranging from —0.42 to 0.9 (Drupp and Hénsel 2021, table 2). We therefore set § = 0.43 in
our central calibration. When WTP estimates for health and cultural goods are included, the
implied mean value declines to 0.23. To account for uncertainty in the degree of substitutability
between consumption and environmental quality, we conduct a sensitivity analysis over values
of # € [-1,1]. This range allows us to test Proposition 1 while remaining consistent with

empirical evidence from the literature.®

Values for 7 in the literature span from 0 to 4, depending on the setting (Del Campo et al.
2024; Drupp et al. 2018). Most studies, however, adopt values between 1 and 2, in line with
empirical evidence from progressive taxation studies (Del Campo et al. 2024). We set n = 1.5,
which corresponds to the default value in NICE (Dennig et al. 2015) and has been included
in previous integrated assessment models (see Del Campo et al. (2024) for a review). This
value is also the best estimate reported by Groom and Maddison (2013), based on empirical
evidence, and is close to the average expert opinion among economists and philosophers in
recent surveys (Nesje et al. 2023; Drupp et al. 2018). In our sensitivity analysis, we consider

values for n € [0, 2].

Our sensitivity analysis focuses on the joint variation of # and 7, reflecting the uncertainty in
both parameters. We define the relevant parameter region as the subset of this space that is

most consistent with existing empirical evidence, given by 6 € [-0.42,0.9] and 7 € [1, 2].

The environmental share in utility, «, is even more difficult to measure. Drupp and Hénsel
(2021) report literature values ranging between 0.1 and 0.29. We set @ = 0.1 in our central
calibration as a conservative assumption. We set the rate of pure time preference (p) to 0.1%,
following the Stern report (2007). Because our theoretical findings depend on the interaction
between n and 6, we hold the share of environment and the rate of pure time preference fixed

in the sensitivity analysis.

4 Quantifying the effect of inequalities on the social cost of
climate damages to the environment
We quantify the effect of national income inequality on the environmental component of the

SCC (i.e., SCCg) by running simulations that systematically vary inequality while holding

all other elements of the model constant. We introduce the parameter v into the model,

8When health and non-cultural goods are included, estimated values of 6 span a wider range, from —2.5
to 0.9. We exclude values below —1 because the range 0 € [—1, 1] is sufficient to characterize our theoretical
results in Proposition 1.
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which scales the income distribution between perfect equality (v = 0) and current levels of

within-country inequality (v = 1), as described in subsection 2.1.

The interaction effect I is defined as the difference between SCCg with v =1 and v = O:

I=SCCg|y—1—SCCh|4—o- (6)

Interaction effect I is the social cost of damages to the environment due to the presence of
within-country inequalities. We also define the relative interaction effect, Iy, as the share of
the social cost of damages to the environment that is due to the presence of within-country

inequalities:

I - SCCpy—1—SCCx|,—0
T80T, ]

(7)

For example, a relative interaction effect of Iy, = 50% means that half of SCCg is due to
national inequality. We use the absolute value of the SCCg in the denominator to preserve
the sign of interaction I. The interaction effect can be negative for some values of § and n
(see Proposition 1). It can also be negative for some countries, depending on the sign of their

damage function parameter ¢ (see Figure A4).

4.1 The cost of intra-regional inequality in the social cost of damages to

the environment

For our first simulations, we assume standard levels of inequality aversion (n = 1.5) and
substitutability (6 = 0.43). Under these parameters, Proposition 1 implies that the cross
derivative BJ%WW is positive. Hence, an increase in inequality should raise the cost of marginal
damages to the environment. Figure 2 shows how the 2025 social cost of carbon changes when
within-country inequality increases, decomposed into damages to consumption (SCC.) and

damages to the environment (SCCg).
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Figure 2: Social cost of carbon as a function of within-country inequality

Note: The left panel shows the social cost of damages to consumption caused by an additional ton of COq,
in 2017 USD. The right panel shows the cost of damages to the environment. When v = 0, there is no
within-country inequality. When v = 1, income inequalities are fully implemented, based on the NICE2020
model.

With full national inequality, the total social cost of carbon is 552.01$/tCOs. This result is
comparable to Anthoff and Emmerling (2019), who find a social cost of carbon of $765.4 in the
RICE model after accounting for intra-regional inequality. As predicted, SCCg is an increasing
function of v at these parameter values. Damages to the environment amount to 0.63%/tCO»
when v = 0. The presence of national inequality doubles this cost to $1.26 (I = 0.63$). In other
words, half of SCCg is due to national inequality. Overall, under this calibration, damages to
the environment represent a modest share of the total social cost of carbon, but double in the
presence of national inequality. Appendix B gives a country-level breakdown, showing largest
interaction effects in populous countries with high income inequality (notably India, South

Africa and Zambia).

4.2 Effect of inequality aversion and complementarity

In section 2 we show that the effect of inequality on the marginal value of the environment can
be positive or negative, depending on the values of inequality aversion 7 and substitutability
between market and environmental goods 8. Figure 3 shows the share of the global SCCg due
to intra-regional income inequality (i.e. Ig) for a wide range of alternate parameter values.
The star shows the central parameter estimates (n = 1.5 and 6 = 0.43), and the dotted box

shows the relevant parameter region discussed in subsection 3.3.
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Figure 3: Share of SCCg attributable to within-country inequality (A SCCg /SCCg) across 6
and 7.

Note: The dotted box indicates the empirically relevant parameter region; the dashed diagonal line marks
where the effect changes sign.

The relative interaction effect of intra-regional inequality on SCCg is highly sensitive to 6.
While national inequality doubles the social cost of environmental damages in the central
scenario, it has little to no effect at lower levels of substitutability (§ = —1). Under high levels
of substitutability (# = 0.9), inequality aversion plays an important role in determining the
relative interaction effect. It ranges from zero (when inequality aversion is zero) to 91.15% of
the SCCg. Under high substitutability, people are relatively indifferent between consuming
manufactured and non-market environmental goods; income disparities play a larger role in

determining the interaction effect’s relative cost.

Under mid-range values of substitutability and low inequality aversion, we find a region with a
negative Iy, (coloured blue in Figure 3). In this region, inequality increases the marginal value
of the environment, reaching a relative interaction effect of —9.86%. This finding is consistent
with Proposition 1 and highlights that the interaction between inequality and environmental

loss is theoretically ambiguous.

However, for more realistic values of the two key parameters (illustrated by the dotted box in
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Figure 3), the relative interaction effect is only negative for extremely low values of 77 and 6. At
its minimum, the relative interaction effect in this region is —3.27%, a figure close to zero. In
the rest of the parameter space, the relative interaction effect is positive and increases sharply
with 7 and €, reaching up to 89.12%. This pattern shows that the interaction effect between
inequality and ecological decline is substantial. It is negligible only in a narrow, low-parameter
region. Ignoring the interaction effect would therefore tend to understate SCCg by a wide

margin and may ultimately lead to a lower overall SCC.

Figure A5 gives the interaction effect in net, rather than relative terms. It shows regions of the
parameter space where I is high, reaching above $250 per ton of CO4 for low (< 0) values of 0
and high (> 1.8) values of 1. The absolute interaction effect increases sharply in the top-left
corner of the relevant parameter region, as 6 drops below 0. This is because the total SCCg
becomes extremely large in this region ($140,000 per ton for n = 2 and § = —0.4). This is
due to the scarceness of the environmental good and its high complementarity with market

consumption.

Overall, inequality aversion 7 and substitutability 6 are a critical pair of parameters. They
substantially alter the relative social cost of environmental damage. Under specific configura-
tions, the interaction between inequality aversion and substitutability reverses the effect of

national inequality.

Sensitivity to substitutability # can partly be explained by the fact that the World Bank’s
valuation of ecosystem services is small relative to GDP. When environmental goods are rare
yet highly substitutable, damages are limited because lost ecosystem services can be readily
replaced by human-made alternatives. By contrast, when environmental goods are difficult
to replace, even a small loss of ecosystem services translates into large welfare losses. In the
following subsection, we show that while the SCCg increases with larger values of F, the

relative interaction effect remains relatively constant.

4.3 Sensitivity to the level of environment

The CWON data we use in our main simulation scenario only includes non-wood products,
water services, and recreation services provided by forests: a fraction of the ecosystem services
that should ideally be included. Some wood products are used as biofuels or for construction
and fall within the scope of non-market ecosystem services. Medicinal, biochemical, and genetic
resources provided by forests are also absent from this data. Moreover, other biomes also
provide non-market ecosystem services. By focusing on forests, we only account for a small

share of nature’s contribution to people.

18



The CWON database values the global flow of non-market forest services at 256 billion USD
per year. This represents a 13.3% of the total annual flow of renewable natural capital reported
in that database (1,923.7 billion USD). By contrast, Costanza et al. (2014) estimate the value
of all ecosystem services at approximately 147, 500 billion USD per year — 577 times higher
than CWON’s value for non-market forest services and 77.68 times larger than the total annual
flow of renewable natural capital. The difference between CWON’s numbers and Costanza
et al. (2014) estimates is partly explained by differences in scope, as Costanza et al. include
all terrestrial and marine ecosystems, most types of ecosystem services, and some market
goods provided by ecosystems.? Even after restricting Costanza et al. estimates to water, food,
and recreation services provided by forests to approximate the scope of the CWON data, the
estimate remains at 6,900 billion USD per year. This number is still 27 times higher than
the World Bank’s estimate of the value of non-market environmental goods. Taken together,
these differences suggest that the empirical magnitude of non-market environmental goods is
uncertain. We perform a sensitivity analysis to dimension the impact of this uncertainty on

our estimates.

As a sensitivity exercise, we multiply the baseline level of ecosystem services E by factors
ranging from 1 to 577, using Costanza et al. (2014) as an upper-bound benchmark. In Figure 4,
we show how sensitive to E the SCCg is. Inequality aversion and substitutability are set to

their central values (n = 1.5 and 6 = 0.43).

9While the authors note that a certain share of their estimates comes from goods that are traded on markets,
they argue that “much of it is not captured in GDP because it is embedded in services that are not marketed
or not fully captured in marketed products and services”. They do not report the share of market versus
non-market ecosystem services precisely.
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Figure 4: Sensitivity of SCCg to baseline environment E

Note: This figure shows the evolution of SCCEg as the initial global flow of ecosystem services is multiplied by
up to 577, in the presence (7 = 1) or absence (v = 0) of intra-regional inequalities, the source of inequality with
the largest relative interaction effect. An E multiplier of 1 corresponds to the baseline CWON data. Multiplying
E by 27 brings it to the estimate of Costanza et al. (2014) restricted to recreation, food, and water services
provided by forests. The maximal factor of 577 matches the estimate of Costanza et al. for all services of all
ecosystems. The interaction effect [ is represented by the vertical lines between the two curves.

There are two opposing effects at play here. On the one hand, ecosystem services have dimin-
ishing marginal utility. On the other hand, more environment also means more environment
to lose. As E increases, damages to F increase proportionally, but their social cost increases
less than proportionally, because of diminishing marginal utility. The result is the concave

increasing function shown on Figure 4.

When the level of environment is multiplied by 577 compared to the baseline scenario, SCCg
grows from $1.26 to $20.13 per ton (dark purple line), a factor of just 16. Across all considered
calibrations of E, the presence of national inequalities (the highest relative interaction effect)
approximately doubles the social cost of damages to the environment. In the baseline scenario,
SCCg is 2 times higher when v = 1 ($1.26) than when v = 0 ($0.63). With values of E
matching Costanza et al.’s total estimate, SCCg is 1.83 times higher when v = 1 ($20.13)
than when v = 0 ($10.97). In other words, the absolute interaction effect I for intra-regional
inequality goes from $0.63 to $9.16, while the relative interaction slightly declines from 49.89%
to 45.52%. We provide a plot of the evolution Iy with respect to E in Figure AG.

Our main calibration only includes a fraction of ecosystem services. However, the relative effect

of intra-regional inequality on SCCg stays quite consistent. This relative interaction effect
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only decreases slightly for much higher values of F. Additionally, we can say more confidently
that, for n = 1.5 and 6 = 0.43, the presence of national inequalities approximately doubles the

social cost of damages to the environment.

4.4 The importance of environmental and cross-country inequalities

Our quantification of the interaction effect described so far is designed to isolate the effect
of within-country consumption inequality on the ecological costs of climate change. However,
there are other dimensions of inequality relevant to understanding climate damages. Specifically,
international consumption inequality and unequal endowments of F also influence the SCCg.
To isolate the effects of these forms of inequality, we decompose SCCg into four nested
counterfactual scenarios that progressively incorporate different sources of inequality. For
each counterfactual, we hold the model’s baseline parameterization fixed and recompute the
implied SCCg under the corresponding distributional assumption. This allows us to isolate
the interaction effect and attribute differences in SCCg solely to distributional changes. We

show the result from this analysis in Figure 5.

1.2
1.0

0.8

Environmental SCC ($ per ton CO;)

No Inequality A B C Total

A = Unequal E Endowment
B = Unequal Inter-Regional Consumption
C = Unequal Intra-Regional Consumption

Figure 5: Decomposition of the cost of inequalities in the SCCg

Note: Each column shows the interaction effect between one source of inequality and ecological decline. Total
represents the SCCg under central calibration (n = 1.5 and 6 = 0.43).

We first compute SCCg under a no-inequality scenario, where everyone in every country gets

the same environment F and consumption c. In the second counterfactual scenario (column A),
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we introduce the observed E distribution, while maintaining equal consumption both within
and between countries. We then introduce international inequalities (column B), while keeping
consumption equal to the national average for everyone in each country (y = 0). The fourth
counterfactual scenario (column C) corresponds to the benchmark SCCg that includes national

inequalities (y = 1).

In the absence of inequalities, the SCCpg is $0.41 per ton of COs. This corresponds to 32% of
the total. The introduction of the observed unequal distribution of £ endowments raises the
SCCpg by $0.1 per ton of CO2 or 8% of the total. The addition of inter-regional inequalities
increases the SCCg by a similar amount ($0.12 per ton of COz). The remaining 50% of the
SCCp is attributable to within-country consumption inequality, which is $0.63 per ton of COs.

Despite large average differences in consumption and environmental endowments across coun-
tries, within-country inequality is by far the largest driver of a higher SCCg. In Figure A6, we
show that the relative interaction effect for the three different sources of inequality is quite
insensitive to the magnitude of E. The relative interaction effect of the initial £ endowment
exhibits a slight increase, while the relative interaction effect from international inequalities
remains virtually constant. The share cost of national inequalities decreases slightly, from 50%

to 46%.

5 Discussion and conclusion

Climate change, ecological decline and rising inequality are all major drivers of change that
will shape the evolution of global welfare over the 21st century. Although often studied
independently, they are in fact closely inter-related. Climate change affects natural systems,
which in turn have implications for climate change via the carbon cycle. Both are environmental
problems driven by similar issues around the governance of common-pool resources and
environmental externalities. Both problems also interact with income inequality because of
the non-linear relationship between consumption and welfare, and how the environment could

either substitute for or complement consumption of market goods.

In this paper we elucidate this three-way interaction, showing both theoretically and in a detailed
quantitative model how the marginal costs of climate change damages to the environment
depend on income inequality. We show that in theory this interaction effect could be either
positive or negative depending on the curvature of the utility function (i.e. 7, the inequality
aversion parameter) and the substitutability of environmental and market goods (i.e 6). 7 is
a central parameter in climate economics because of its role in Ramsey discounting where it

captures inter-temporal inequality in consumption. Past work on climate change’s ecological
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costs has also emphasized the central importance of substitutability (Tol 1994; Hoel and Sterner
2007; Sterner and Persson 2008; Drupp and Hénsel 2021; Bastien-Olvera and Moore 2021).
Here we show how the presence of income inequality together with an imperfectly-substitutable
environmental good produces complex interaction effects between these two key parameters in

the quantification of climate change costs.

We quantitatively constrain these theoretical findings by integrating country-level ecosystem
service flows and marginal climate damages estimates into a recent integrated assessment model
that captures both between and within-country income inequality. Though the theoretical
effect could go in either direction, we find that reasonable parameter values for n and 6 almost
certainly produce a positive interaction effect, in which the presence of income inequality raises
climate change’s ecological cost. In a +2°C scenario, it accounts for roughly 50% of the social
cost of damages to the environment. International inequalities and the initial distribution of
non-market environmental goods account for 9.7% and 7.9% of the costs, respectively. In a
decomposition exercise, we show that within country inequality in consumption, rather than

cross-national inequality, is most significant.
Our findings have several limitations that should be kept in mind when interpreting them.

First, there is evidence that consumption inequality might be higher than in our calibration.
The projections our model is based on assume that income distribution follows a log-normal
distribution across deciles.!’ However, Narayan et al. (2023) show that, under a non-parametric
distribution assumption, levels of inequality across different emissions scenarios are consistently
higher. Using their projections would yield a higher interaction effect between inequality and

ecosystem services.

Furthermore, our model simplifies how people benefit from natural capital. Our main calibration
only considers benefits provided by forests, and assumes they are evenly distributed across
income groups. Future work can make our central calibration more accurate by considering
additional non-market goods supplied by other forms of natural capital, such as oceans and
coastal systems (Bastien-Olvera et al. 2026). Moving away from the equal distribution of
environmental goods within countries might also better reflect the heterogeneous nature of

ecosystem services and how access may co-vary in complex ways with income.

GreenNICE also limits the pathways by which environmental change can affect well-being to the
direct consumption of ecosystem goods F. Some prior work has also considered how ecosystems
interact with capital and labor in the production of both market and environmental goods, and

the non-use value of the environment (Bastien-Olvera and Moore 2021; Bastien-Olvera et al.

10Gee subsection 3.3 for a brief explanation
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2024). Recent work has estimated the non-use costs of climate-change-induced biodiversity
decline and could be used as basis for future expansion (Wingenroth et al. 2024). Unlike DICE,
the NICE model does not capture capital dynamics, making integrating the environment into

production challenging.

Finally, this paper abstracts away from the dynamics of environmental change other than
climate change. Land-use change can decrease forest cover, substituting it for agricultural or
urban land uses (Johnson et al. 2021), while afforestation policies can increase the area covered
by forests and other forms of natural capital (Mirzabaev and Wuepper 2023). Natural systems
also exhibit internal dynamics of reproduction, recovery or decline that are not captured here.
Actors may choose to invest resources in restoration or adaptation to mitigate the adverse

effects of climate change in ways outside the scope of our modeling.

Our results are very sensitive to inequality aversion and substitutability between manufactured
and non-market environmental goods. In our central calibration, the relative interaction effect
for national inequality is 50% per additional ton of COy. This result ranges from —9.86%
to 91.15% depending on the inequality aversion and substitutability parameters. Altogether,
our results show that the interaction effect between inequality and the environment can vary
substantially in magnitude and even change direction depending on two critical parameters.
This points to the value of further improving empirical constraints on these two parameters

critical for the evaluation of climate policy.

Data availability

All code used for this paper is available on GitHub at rturquier/GreenNICE.

24


https://github.com/rturquier/GreenNICE

References

Angelsen, Arild, Pamela Jagger, Ronnie Babigumira, Brian Belcher, Nicholas J. Hogarth, et al. (2014).
“Environmental Income and Rural Livelihoods: A Global-Comparative Analysis”. In: World Develop-
ment. Forests, Livelihoods, and Conservation 64, S12-S28. 1sSN: 0305-750X. DOI: 10/gdskr5. URL:
https://www.sciencedirect.com/science/article/pii/S0305750X14000722 (T p. 2).

Anthoff, David and Johannes Emmerling (2019). “Inequality and the Social Cost of Carbon”. In: Journal
of the Association of Environmental and Resource Economists 6.2, pp. 243-273. 1SSN: 2333-5955. DOI:
10/gnmdm3. URL: https://www.journals.uchicago.edu/doi/abs/10.1086/701900 (1 pp. 3, 16).

Anthoff, David, Cameron Hepburn, and Richard S.J. Tol (2009). “Equity weighting and the marginal
damage costs of climate change”. In: Fcological Economics 68.3, pp. 836-849. 1ssN: 09218009. DOI:
10/£fv5j6z. URL: https://linkinghub . elsevier.com/retrieve/pii/S0921800908002991 (1

p. 3).

Bastien-Olvera, Bernardo, Octavio Aburto-Oropeza, Luke M. Brander, William W. L. Cheung, Johannes
Emmerling, et al. (2026). “Accounting for ocean impacts nearly doubles the social cost of carbon”.
In: Nature Climate Change. 1SSN: 1758-678X, 1758-6798. DOI: 10/989r. URL: https://www.nature.
com/articles/s41558-025-02533-5 (T p. 23).

Bastien-Olvera, Bernardo, Marc N. Conte, X. Dong, T. Briceno, D. Batker, et al. (2024). “Unequal
climate impacts on global values of natural capital”. In: Nature 625.7996, pp. 722-727. 1SSN: 1476-4687.
DOI: 10/gt38b8. URL: https://www.nature.com/articles/s41586-023-06769-z (1 pp. 3, 4, 13,
23).

Bastien-Olvera, Bernardo and Frances Moore (2021). “Use and non-use value of nature and the social
cost of carbon”. In: Nature Sustainability 4.2 (2), pp. 101-108. 1sSN: 2398-9629. DOI: 10/gmprwd. URL:
https://www.nature.com/articles/s41893-020-00615-0 (1 pp. 3, 6, 23).

Budolfson, Mark, Francis Dennig, Frank Errickson, Simon Feindt, Maddalena Ferranna, et al. (2021).
“Climate action with revenue recycling has benefits for poverty, inequality and well-being”. In:
Nature Climate Change 11.12 (12), pp. 1111-1116. 1SSN: 1758-6798. DOI: 10/gnnbqgg. URL: https:
//www.nature.com/articles/s41558-021-01217-0 (T p. 3).

Costanza, Robert, Ralph d’Arge, Rudolf de Groot, Stephen Farber, Monica Grasso, et al. (1997). “The
value of the world’s ecosystem services and natural capital”. In: Nature 387.6630, pp. 253—-260. ISSN:
1476-4687. DOI: 10/fuqtgf. URL: https://www.nature.com/articles/387253a0 (1 p. 2).

Costanza, Robert, Rudolf de Groot, Paul Sutton, Sander van der Ploeg, Sharolyn J. Anderson, et al.
(2014). “Changes in the global value of ecosystem services”. In: Global Environmental Change 26,
pp. 152-158. 18SN: 0959-3780. DOI: 10/£577 jk. URL: https://www.sciencedirect.com/science/
article/pii/S0959378014000685 (1 pp. 19, 20).

Daily, Gretchen C. (1997). Nature’s Services: Societal Dependence on Natural Ecosystems. Island Press.
ISBN: 1-55963-475-8 (T p. 2).

Dasgupta, Partha (2021). The economics of biodiversity: the Dasgupta review: full report. Updated: 18
February 2021. London: HM Treasury. 610 pp. I1SBN: 978-1-911680-29-1 (T p. 2).

De Groot, Rudolf (1986). A functional ecosystem evaluation method as a tool in environmental planning
and decision making. URL: https://edepot.wur.nl/444787 (1 p. 2).

25


https://doi.org/10/gdskr5
https://www.sciencedirect.com/science/article/pii/S0305750X14000722
https://doi.org/10/gnmdm3
https://www.journals.uchicago.edu/doi/abs/10.1086/701900
https://doi.org/10/fv5j6z
https://linkinghub.elsevier.com/retrieve/pii/S0921800908002991
https://doi.org/10/q89r
https://www.nature.com/articles/s41558-025-02533-5
https://www.nature.com/articles/s41558-025-02533-5
https://doi.org/10/gt38b8
https://www.nature.com/articles/s41586-023-06769-z
https://doi.org/10/gmprwd
https://www.nature.com/articles/s41893-020-00615-0
https://doi.org/10/gnnbqg
https://www.nature.com/articles/s41558-021-01217-0
https://www.nature.com/articles/s41558-021-01217-0
https://doi.org/10/fwqtgf
https://www.nature.com/articles/387253a0
https://doi.org/10/f577jk
https://www.sciencedirect.com/science/article/pii/S0959378014000685
https://www.sciencedirect.com/science/article/pii/S0959378014000685
https://edepot.wur.nl/444787

Del Campo, Stellio, David Anthoff, and Ulrike Kornek (2024). “Inequality Aversion for Climate Policy”.
In: Review of Environmental Economics and Policy 18.1, pp. 96-115. 1ssN: 1750-6816, 1750-6824.
DOL: 10/g8sfbw (T p. 14).

Dennig, Francis, Mark B. Budolfson, Marc Fleurbaey, Asher Siebert, and Robert H. Socolow (2015).
“Inequality, climate impacts on the future poor, and carbon prices”. In: Proceedings of the National
Academy of Sciences 112.52, pp. 15827-15832. DOI: 10/£74xs6. URL: https://www.pnas.org/doi/
10.1073/pnas. 1513967112 (1 pp. 3, 14).

Drupp, Moritz (2018). “Limits to Substitution Between Ecosystem Services and Manufactured Goods
and Implications for Social Discounting”. In: Environmental and Resource Economics 69.1, pp. 135—
158. 15SN: 0924-6460, 1573-1502. DOI: 10/q89s. URL: http://link.springer.com/10.1007/s10640-
016-0068-5 (1 pp. 2, 13).

Drupp, Moritz, Mark Freeman, Ben Groom, and Frikk Nesje (2018). “Discounting Disentangled”. In:
American Economic Journal: Economic Policy 10.4, pp. 109-134. 1SSN: 1945-7731, 1945-774X. DOI:
10/gfmd2p (T p. 14).

Drupp, Moritz, M. C. Hénsel, E. P. Fenichel, M. Freeman, C. Gollier, et al. (2024). “Accounting for the
increasing benefits from scarce ecosystems”. In: Science 383.6687, pp. 1062-1064. 1SSN: 0036-8075,
1095-9203. DOI: 10.1126/science.adk2086. URL: https://www.science.org/doi/10.1126/
science.adk2086 (1 p. 2).

Drupp, Moritz and Martin Héansel (2021). “Relative Prices and Climate Policy: How the Scarcity of
Nonmarket Goods Drives Policy Evaluation”. In: American Economic Journal: Economic Policy
13.1, pp. 168-201. 1sSN: 1945-7731. DOI: 10/ghxfzd. URL: https://www.aeaweb.org/articles?id=
10.1257/pol.20180760 (1 pp. 3, 6, 13, 14, 23).

Drupp, Moritz, Ulrike Kornek, Jasper Meya, and Lutz Sager (2025). “The Economics of Inequality and
the Environment”. In: Journal of Economic Literature 63.3, pp. 840-874. 1SSN: 0022-0515, 2328-8175.
DOL: 10/g95ntz (1 p. 2).

Errickson, Frank, Klaus Keller, William Collins, Vivek Srikrishnan, and David Anthoff (2021). “Equity
is more important for the social cost of methane than climate uncertainty”. In: Nature 592.7855,
pp. 564-570. 1ssN: 0028-0836, 1476-4687. DOI: 10/ gjsdnz. URL: https://www . nature . com/
articles/s41586-021-03386-6 (1 p. 3).

Ersado, Lire (2006). Azerbaijan’s Household Survey Data: Explaining Why Inequality is so Low. Social
Science Research Network: 931563. URL: https://papers . ssrn.com/abstract=931563. Pre-
published (1 p. 29).

Gazzotti, Paolo, Johannes Emmerling, Giacomo Marangoni, Andrea Castelletti, Kaj-Ivar Van Der
Wijst, et al. (2021). “Persistent inequality in economically optimal climate policies”. In: Nature
Communications 12.1, p. 3421. 1SSN: 2041-1723. DOI: 10/gkgmbm. URL: https://www.nature.com/
articles/s41467-021-23613-y (1 p. 3).

Gilli, Martino, Matteo Calcaterra, Johannes Emmerling, and Francesco Granella (2024). “Climate change
impacts on the within-country income distributions”. In: Journal of Environmental Economics and
Management 127, p. 103012. 1SSN: 0095-0696. DOI: 10/gt3sr9. URL: https://www.sciencedirect.
com/science/article/pii/S009506962400086X (T p. 13).

Groom, Ben and David Maddison (2013). Non-identical quadruplets: four new estimates of the elasticity
of marginal utility for the UK. URL: https://www.lse.ac.uk/GranthamInstitute/wp-content/
uploads/2014/02/WP121-Non-identical-quadruplets.pdf. Pre-published (1 p. 14).

26


https://doi.org/10/g8sfbw
https://doi.org/10/f74xs6
https://www.pnas.org/doi/10.1073/pnas.1513967112
https://www.pnas.org/doi/10.1073/pnas.1513967112
https://doi.org/10/q89s
http://link.springer.com/10.1007/s10640-016-0068-5
http://link.springer.com/10.1007/s10640-016-0068-5
https://doi.org/10/gfmd2p
https://doi.org/10.1126/science.adk2086
https://www.science.org/doi/10.1126/science.adk2086
https://www.science.org/doi/10.1126/science.adk2086
https://doi.org/10/ghxfzd
https://www.aeaweb.org/articles?id=10.1257/pol.20180760
https://www.aeaweb.org/articles?id=10.1257/pol.20180760
https://doi.org/10/g95ntz
https://doi.org/10/gjsdnz
https://www.nature.com/articles/s41586-021-03386-6
https://www.nature.com/articles/s41586-021-03386-6
931563
https://papers.ssrn.com/abstract=931563
https://doi.org/10/gkgmbm
https://www.nature.com/articles/s41467-021-23613-y
https://www.nature.com/articles/s41467-021-23613-y
https://doi.org/10/gt3sr9
https://www.sciencedirect.com/science/article/pii/S009506962400086X
https://www.sciencedirect.com/science/article/pii/S009506962400086X
https://www.lse.ac.uk/GranthamInstitute/wp-content/uploads/2014/02/WP121-Non-identical-quadruplets.pdf
https://www.lse.ac.uk/GranthamInstitute/wp-content/uploads/2014/02/WP121-Non-identical-quadruplets.pdf

Hoel, Michael and Thomas Sterner (2007). “Discounting and relative prices”. In: Climatic Change 84.3,
pp. 265-280. 1SSN: 1573-1480. DOI: 10/dwdx4n (T pp. 2, 6, 23).

Hueting, Roefie (1987). “Economic Aspects of Environmental Accounting”. In: Journal of Interdisci-
plinary Economics 2.1, pp. 55-71. 1SsN: 0260-1079. DOI: 10/hbjzdp (T p. 2).

IPBES (2019). Global assessment report on biodiversity and ecosystem services of the Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services. Bonn, Germany: IPBES secretariat,
p. 1144. DOL: 10/grbxsr. URL: https://zenodo.org/record/6417333 (T p. 2).

IPCC (2023). Climate Change 2023: Synthesis Report. Contribution of Working Groups I, IT and IIT
to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing
Team, H. Lee and J. Romero (eds.)]. Geneva, Switzerland: IPCC, p. 184. pOI: 10/k5jn. URL:
https://www.ipcc.ch/report/ar6/syr/ (T p. 2).

Johnson, Justin Andrew, Uris Baldos, Raffaello Cervigni, Shun Chonabayashi, Erwin Corong, et al.
(2021). The Economic Case for Nature. World Bank, Washington, DC. poI: 10.1596/35882. HDL:
10986/35882. URL: https://hdl.handle.net/10986/35882 (1 p. 24).

Kalkuhl, Matthias and Leonie Wenz (2020). “The impact of climate conditions on economic production.
Evidence from a global panel of regions”. In: Journal of Environmental Economics and Management
103, p. 102360. 13SN: 0095-0696. DOI: 10/ghchnr. URL: https://www.sciencedirect.com/science/
article/pii/S0095069620300838 (1 p. 11).

Leach, Nicholas J., Stuart Jenkins, Zebedee Nicholls, Christopher J. Smith, John Lynch, et al. (2021).
“FalRv2.0.0: a generalized impulse response model for climate uncertainty and future scenario
exploration”. In: Geoscientific Model Development 14.5, pp. 3007-3036. 1ssN: 1991-959X. por: 10/
gnrbzs. URL: https://gmd.copernicus.org/articles/14/3007/2021/ (1 p. 11).

Mirzabaev, Alisher and David Wuepper (2023). “Economics of Ecosystem Restoration”. In: Annual
Review of Resource Economics 15 (Volume 15, 2023), pp. 329-350. 1ssN: 1941-1340, 1941-13509.
DOI: 10/g82jcb. URL: https://www.annualreviews.org/content/journals/10.1146/annurev-
resource-101422-085414 (T p. 24).

Narayan, Kanishka B, Brian C O’Neill, Stephanie T Waldhoff, and Claudia Tebaldi (2023). “Non-
parametric projections of national income distribution consistent with the Shared Socioeconomic
Pathways”. In: Environmental Research Letters 18.4, p. 044013. 1ssN: 1748-9326. DoL: 10/grvcbé (1
p. 23).

Nesje, Frikk, Moritz Drupp, Mark Freeman, and Ben Groom (2023). “Philosophers and economists agree
on climate policy paths but for different reasons”. In: Nature Climate Change 13.6 (6), pp. 515-522.
ISSN: 1758-6798. DOI: 10/grohkd. URL: https://www.nature.com/articles/s41558-023-01681-w
(T p. 14).

Nordhaus, William (2018). “Projections and Uncertainties about Climate Change in an Era of Minimal
Climate Policies”. In: American Economic Journal: Economic Policy 10.3, pp. 333-360. 1SSN: 1945-
7731, 1945-774X. DOIL: 10/gdz2rs (T p. 3).

Nordhaus, William and Zili Yang (1996). “A Regional Dynamic General-Equilibrium Model of Alternative
Climate-Change Strategies”. In: The American Economic Review 86.4, pp. 741-765. 1SSN: 0002-8282.
JSTOR: 2118303. URL: https://www.jstor.org/stable/2118303 (T p. 3).

Rao, Narasimha D., Petra Sauer, Matthew Gidden, and Keywan Riahi (2019). “Income inequality
projections for the Shared Socioeconomic Pathways (SSPs)”. In: Futures 105, pp. 27-39. ISSN:

27


https://doi.org/10/dwdx4n
https://doi.org/10/hbjzdp
https://doi.org/10/grbxsr
https://zenodo.org/record/6417333
https://doi.org/10/k5jn
https://www.ipcc.ch/report/ar6/syr/
https://doi.org/10.1596/35882
http://hdl.handle.net/10986/35882
https://hdl.handle.net/10986/35882
https://doi.org/10/ghchnr
https://www.sciencedirect.com/science/article/pii/S0095069620300838
https://www.sciencedirect.com/science/article/pii/S0095069620300838
https://doi.org/10/gnr5zs
https://doi.org/10/gnr5zs
https://gmd.copernicus.org/articles/14/3007/2021/
https://doi.org/10/g82jcb
https://www.annualreviews.org/content/journals/10.1146/annurev-resource-101422-085414
https://www.annualreviews.org/content/journals/10.1146/annurev-resource-101422-085414
https://doi.org/10/grvcb6
https://doi.org/10/gr9hkd
https://www.nature.com/articles/s41558-023-01681-w
https://doi.org/10/gdz2rs
http://www.jstor.org/stable/2118303
https://www.jstor.org/stable/2118303

0016-3287. DOI: 10/gnn7vg. URL: https://www.sciencedirect.com/science/article/pii/
S001632871730349X (1 p. 13).

Siikamiiki, Juha, Matias Piaggio, Natalia da Silva, Ignacio Alvarez, and Ziyan Chu (2024). The Changing
Wealth of Nations - Global Assessment of the Economic Value of Non-Wood Forest Ecosystem Services.
Technical Report. World Bank. URL: https://documents . worldbank . org/en/publication/
documents-reports/documentdetail/099101124145545368 (1 pp. 11, 12).

Stern, Nicholas (2007). The economics of climate change: the Stern review. Cambridge, UK ; New York:
Cambridge University Press. 692 pp. ISBN: 978-0-521-70080-1 (T p. 14).

Sterner, Thomas and U. Martin Persson (2008). “An Even Sterner Review: Introducing Relative Prices
into the Discounting Debate”. In: Review of Environmental Economics and Policy 2.1, pp. 61-76.
ISSN: 1750-6816. DOI: 10/bs6gjt. URL: https://www. journals.uchicago.edu/doi/full/10.
1093/reep/rem024 (1 pp. 2, 6, 23).

Tol, Richard S.J. (1994). “The damage costs of climate change: a note on tangibles and intangibles,
applied to DICE”. In: Energy Policy 22.5, pp. 436—438. 1sSN: 03014215. DOI: 10/bt488s. URL:
https://linkinghub.elsevier.com/retrieve/pii/0301421594901732 (1 pp. 2, 23).

UNEP (2003). Ecosystem and Human Well-Being: A Framework for Assessment. World Resources
Institute (WRI) and United Nations Environment Programme (UNEP). URL: https://wedocs.
unep.org/handle/20.500.11822/8768 (1 p. 2).

Van der Ploeg, Frederick, Johannes Emmerling, and Ben Groom (2023). The social cost of carbon
with intragenerational inequality and economic uncertainty. URL: http://eprints.lse.ac.uk/id/
eprint/117901. Pre-published (1 p. 9).

Weitzman, Martin L. (2010). “What is the ‘Damages Function’ for Global Warming - And What
Difference Might it Make?” In: Climate Change Economics 01.01, pp. 57-69. 1SSN: 2010-0078,
2010-0086. DOIL: 10/d2w988 (T p. 2).

Westman, Walter E. (1977). “How Much Are Nature’s Services Worth?” In: Science 197.4307, pp. 960-964.
I1SSN: 0036-8075. DOI: 10/dtkqfx. JSTOR: 1744285. URL: https://www. jstor.org/stable/1744285

(T p.2).

Wingenroth, Jordan, Brian C. Prest, Lisa Rennels, Kevin Rennert, Frank Errickson, et al. (2024).
“Accounting for Biodiversity Loss Raises the Social Cost of CO2”. In: RFF Working Paper Series.
URL: https://ideas.repec.org//p/rff/dpaper/dp-24-23.html (T p. 24).

World Bank (2024). The Changing Wealth of Nations: Revisiting the Measurement of Comprehensive
Wealth. Washington, DC: World Bank. DOI: 10/qm2p. HDL: 10986/42357. URL: https://hdl.
handle.net/10986/42357 (1 pp. 11, 46).

Young-Brun, Marie, Francis Dennig, Frank Errickson, Simon Feindt, Aurélie Méjean, et al. (2025).
“Within-country inequality and the shaping of a just global climate policy”. In: Proceedings of the
National Academy of Sciences 122.39, €2505239122. DOI: 10/g94z43. URL: https://wuw.pnas.org/
doi/10.1073/pnas.2505239122 (1 pp. 3, 4, 11, 13).

28


https://doi.org/10/gnn7vg
https://www.sciencedirect.com/science/article/pii/S001632871730349X
https://www.sciencedirect.com/science/article/pii/S001632871730349X
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/099101124145545368
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/099101124145545368
https://doi.org/10/bs6gjt
https://www.journals.uchicago.edu/doi/full/10.1093/reep/rem024
https://www.journals.uchicago.edu/doi/full/10.1093/reep/rem024
https://doi.org/10/bt488s
https://linkinghub.elsevier.com/retrieve/pii/0301421594901732
https://wedocs.unep.org/handle/20.500.11822/8768
https://wedocs.unep.org/handle/20.500.11822/8768
http://eprints.lse.ac.uk/id/eprint/117901
http://eprints.lse.ac.uk/id/eprint/117901
https://doi.org/10/d2w988
https://doi.org/10/dtkqfx
http://www.jstor.org/stable/1744285
https://www.jstor.org/stable/1744285
https://ideas.repec.org//p/rff/dpaper/dp-24-23.html
https://doi.org/10/qm2p
http://hdl.handle.net/10986/42357
https://hdl.handle.net/10986/42357
https://hdl.handle.net/10986/42357
https://doi.org/10/g94z43
https://www.pnas.org/doi/10.1073/pnas.2505239122
https://www.pnas.org/doi/10.1073/pnas.2505239122

A Supplementary figures

+2°
o
[
> +1.5°
©
£
o
g +1.17°
g
H
L
o
o
Qo
£
2
+0° T T T T T 1
2020 2050 2100 2150 2200 2250 2300

Year
Figure Al: Default temperature trajectory

Note: temperature anomaly is expressed relative to pre-industrial times. The exogenous abatement rate is
set such that temperature stabilizes below the 2°C target of the Paris agreement in the long run. There is a
slight overshoot in the middle of the twenty-second century. The subsequent cooling is caused by some of the
greenhouse gases dissipating from the atmosphere.

Back to section 3.
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Figure A2: Consumption gini index vs value of ecosystem services per capita in 2020

Note: Each dot represents a country. A larger Gini index indicates higher inequality. The countries with the
highest consumption Gini index are South Africa, Namibia, and Botswana. The countries with the lowest
consumption Gini index are Azerbaijan, Denmark, and Ukraine.

Finding the lowest consumption inequality in Azerbaijan is unexpected. Ersado (2006) argues that this figure
is due to how data are collected in the country, pointing out that inequality should be higher. We keep this
country in our sample to be consistent with previous research and because it is an observation that does not
bias our aggregate results.

Back to subsection 3.1.
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Figure A3: Flow of ecosystem services per capita in 2020 by country (USD)

Note: Darker green represents a higher initial flow of natural capital in dollars. The highest natural capital flow
per capita is found in New Zealand.

Back to subsection 3.1.
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Figure A4: Spatial distribution of environmental damage coefficient £

Note: Purple represents a negative coefficient, resulting in natural capital loss due to climate change. Dark
purple represents larger damage. The green color indicates a positive value of £&. This implies an increment in
natural capital. Darker green represents larger increments.

Back to subsection 3.2.
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Figure A5: Interaction effect (I) between inequality and damages to the environment (E) ($
per ton of COz)

Note: Star shows central calibration (n = 1.5 and # = 0.43). Values for the interaction effect range from —80.51
to 280.44 USD.

Back to subsection 4.2
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Figure A6: Sensitivity of the relative interaction effect 1% (in %) to the initial flow non-market
environmental good, by source of inequality

Note: Each color represents how the relative interaction effect varies as the initial global flow of ecosystem
services is multiplied by up to 577. Results for central calibration (np = 1.5 and 6 = 0.43).

Back to subsection 4.4

B Interaction effect between ecological decline and inequality

across countries

We show a decomposition of I and Iy by country in Figure A7. The interaction effect I ranges
from $0.24 to —$0.02. The maximum cost increase is borne by India ($0.24), followed by
South Africa ($0.12) and Zambia ($0.08). These are populous countries with high income
inequality and negative climate change impacts on natural capital (Figure A4). The lowest
interaction effect is observed in Yemen (—$0.02), the USA (—$0.01) and China (—$0.01). The
relative interaction effect Io; is highest in South Africa (77.34%), Namibia (74.36%), and the
Dominican Republic (68.24%). The countries whose benefits increase most (negative SCCg)
in relative terms are: Botswana (Iy = —74.27%), Rwanda (ly, = —58.48%), and Belarus
(I, = —57.03%).
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Figure A7: Interaction effects by country

Note: Panel A reports the interaction effect in USD per ton of COz equivalent. Dark red represents a higher
interaction effect. Yellow represents welfare gains from the interaction effect. This is the case when E increases
with climate change. Panel B reports the interaction effect as a percentage of total environmental damages.
Darker orange indicates a larger share of the interaction effect relative to total environmental damages. Darker
purple represents the highest negative value, representing the share of the interaction effect with respect to
welfare gains from the environment.

A negative I and Iy imply that national inequalities reduce the social cost of damages to the
environment. At our central calibration (n = 1.5 and § = 0.43), where inequality increases
the marginal value of the environment, this arises from positive marginal effects of climate
change on natural capital (compare with Figure A4). Despite cross-country heterogeneity,
damages exceed benefits at the global scale. Thus, the global interaction effect is positive:

within-country inequality increases the social cost of environmental damage.

Back to subsection 4.1
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C Relationship between the inequality coefficient and the stan-

dard deviation of national consumption

In country i, the variance of consumption is:

:’)/X&Z’.

The standard deviation o; of country #’s consumption distribution is the actual observed

standard deviation &; = %(cz — ¢,5)?, multiplied by ~.

Back to subsection 2.1.
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D Proof of proposition 1

Definitions

We consider n > 2 consumption quantiles of equal size, with consumption levels ¢; < co <

-+ < ¢p. Average consumption is ¢. The consumption of each group j € {1,...,n} is defined as:

cj = E(l + (5j’}/),

with d; € R and v > 0 such that every c; is positive. For simplicity, we assume that all
quantiles have the same level of environment E. We define function v as the constant elasticity

of substitution function that goes into the utility function:

vie, BE— [(l—a)ce—i—aEar/e.

Utility v and welfare W are defined as:

Expression of the cross derivative

Let us start by writing the cross derivative of welfare with respect to ¢ and E. For that, we

will need the first derivatives of functions v.

%[(1 — ) 4 B0/
=(1-a)d@t v E)Y.

Ve, E >0, du(c, E)=(1—-a)d 1.

Likewise:

Ve, E >0, Ogv(c,E)=ablE’L. %[(1 —a)c? + aE?)(-0)/0
(

=aE% ! (e, E)1Y.
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We can now differentiate u, first with respect to c:

Oeu(c, E) = . i . (1 —n)v(e, )" 9.0(c, E)

=v(e, )™ (1 —a)?tu(e, B)HY

=(1- 04)09_1 (e, E)l_n_e.

And then with respect to E:

2
Oz

pu(c,B)=(1—a) 1 (1 —n—0)v(c, E)! "1 . dgv(c, E)
=(1-a) - (1=n—=0)v(c. )"0 aE" u(c, £)10

=a(l—a)d'E . (1 —n—0)u(c, B)!17%,

Excluding edge cases, all factors are always positive, except for 1 — n — 6. So, the sign of

802’Eu(c, E) is the sign of 1 —n — 6.

The cross derivative of welfare with respect to E and inequality coefficient v can now be

expressed as a function of 8(;2, pu(c, E).
oW (e, E) Z@Eu ¢, B

8E'y Zacj ch C]vE) (8)

Now, remember that for any quantile j, consumption ¢; is defined as a functions v and average

consumption ¢:

vVe>0, ¢ 25(14-(53"}/)

cj =Cc+7cd;".

Its derivative with respect to 7 is therefore:

8»)/Cj = 6(5]'.
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Replacing the expressions for d,c; and 8627 gu(cj, E) in Equation 8, we get:

Op,W(e B) =) b a(l —a)df "B (1= — f)u(e;, B) %
=1

=ca(l—a)E" (1 —n—0) Z 5jcg_1v(cj, E)—n=20, 9)
=1

J

Sign of the cross derivative in different cases

Now that we have an expression for the cross derivative, we can study its sign. We can start by
noticing that the first four factors, ¢a(1 — a)E?~1, are all positive. And 1 — 6 — 7 is positive if,
and only if n <1 —6.

Now, the sign of the expression in the sum is not obvious. To study it, let us define function f

as:

ficr— ce_lv(c, E)l_"_ze.
The sum in Equation 9 can now be written as:

> 5 f(ch). (10)
j=1

We will now rewrite this sum in a form that shows that its sign depends on whether f is
increasing or decreasing. First, by definition, ¢ is the average consumption. This implies that

the sum of coefficients J; must be equal to zero:

7j=1
= 1S s
c= > el +57)
7=1
1 n
1=-—
nZ(1+537
7=1
1 1 o
l==n+-5 4
w20
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7j=1
1 n
7j=1
n
0=> 4
j=1

We now define Ay, as the sum of all §; for j < &:
k
Vke{l,...,n}, Apy=> 4
j=1

Let also Ag = 0. Notice that weight ¢; is equal to the difference between A; and A;_;. So,

sum 10 can be written as a function of Ay:

n

D 6if(e) =D (A = A1) f(ey)
j=1 J=1
= Z Ajf(Cj) — Z Aj—lf(cj)
j=1 Jj=1
n n—1
= ZAjf(Cj) - Z Akf(ck-l-l)
j=1 k=0

n—1 n—1
= Ajf(e) = D Arflcrsn).
j=1 k=0
Now, since Ay and A,, both equal 0, the sum is equal to:'!

n n—1 n—1
ST6ife) =3 Aife)) = D Apflersn)
j=1 j=1 k=1

n—1

=D Njf(e) = Ajf(ej)
j=1
n—1

=3 Aj[fley) = flej)l.
j=1

Since ¢1 < cg < - -+ < ¢, We also have 1 < §o < --- < d,. And since Zj d; = 0, 61 has to be

negative, and d, has to be positive. So, for all j € {1,...,n — 1}, A; is negative. Indeed, if J;

HThe idea of introducing Ay to rewrite the sum in this way is credited to Anthropic’s Claude Sonnet 4.6
model.
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is negative, then A; is a sum of negative terms, so it must be negative. And if §; is positive,

then A; = A, — ZZ:]-H 0 is guaranteed to be less than A, = 0.

Since ¢1 < ¢g < -+ < ¢y, if f is decreasing, then for all j € {1,...,n — 1}:

¢j < Cjt1

flej) > flejpn)
flej) = Flejra) >0
Ajlf(e) = flejr)] <0.

So, if f is decreasing, then sum 10 is negative. In that case, the sign of (9% LW is opposite to

the sign of 1 —n — 6.

We will now show that f is decreasing for all # and n such that n > —6. We will proceed by
looking at different pieces of the (6, 7) plane, which we will put together at the end. But first,

let us take a closer look at function f. For all ¢ > 0, we have:

fle) =" (e, B)t =12

1-n—260)/0
=1 [(1 —a)c? +04E9}( 0/ .

We can distribute ¢? ! inside the bracket, like so:

F() = [(1 = a)ef+O-0o/01-n-20) 4 aEGC(G—l)G/(l—n—%)}(17"720)/9'

Simplifying the first inside exponent:

oy 01O 9<1+‘9'1>

1—n—20 1—n—20
g lon-2040-1
N 1—n—26
_g._—n=0
1—n—20
0
= — ) — —

we get:
fle) = |(1 = a)e~nt0)0/(=n=20) | aEGC(G—l)-G/(l—n—%)] (1=n=20)/6

We will now study the sign of the three exponents in this function, in different cases. If the
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two exponents of ¢ inside the bracket are of the same sign, then f is monotonous. Otherwise,

the variation of f depends on its parameters, and f is not guaranteed to be monotonous.

1—n—26

Case 1: if > 0.

There are two ways for HZ,%% to be positive. Either the numerator are both positive, or they

are both negative.

n=1-6 n=1-20
. U ma
n= -0
!
0 1 0
Figure A8: Case 1 : 1_770_29 >0
In both cases, n+ 60 > 0. Indeed:
0>0=n+6>n>0,
and:
0 <0 and 1-9n—-20<0
= 0<1 and 1-0<n+0
= 0<1—-6 and 1-0<n+0

= 0<n+6.

Because n 4+ 6 > 0 and 1_779_20 > 0, the first exponent is negative:

0

Since, for all § € (—o0, 1) \ {0}, 6 — 1 is negative, the second exponent is also negative:

0

0—1) ———
( ) 1—17—29<

0.
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So, both terms inside the brackets of function f are decreasing functions of ¢. Since 17"9720

> 0,

the outside exponent is positive. So f is decreasing. We can conclude our first case: if

1_779_20 > 0, then:

sign (8,2577W) = —sign(l—n—190).

We now move to cases where 1_779_26 is negative. There are two ways for 1—777;26 to be negative.

Either the numerator is negative and the denominator is positive, or the reverse. We start with

the case where the numerator is negative.

Case 2: if 1 —n—20 <0 and 6 > 0.

If1—n—20 <0 and 6 > 0, then 1_779_20 is

. n= 1—-60 n= 1-—20
negative. We also have: nA
n=—6
1-n—20<0 .

1—0<n+0. "y
Now, 8 <1,s00 <1 — 6. Therefore: | 5

n+60>0. - y = >

0 1 6

Case2:1—-n—-20<0and 0 >0
We can now look at the different exponents of

function f. We have:
1—n—20

0 >0

—(n+0)

and

1—n—260

0-1) > 0.

So, function

¢ (1 — a)e=(1H0)-8/(1=n-20) | ¢ 0 (0-1)0/(1-7-26)

is increasing. It becomes decreasing when raised to the power (1 —n — 20)/0 < 0. So

function f is decreasing. We can now conclude case 2: if 1 —n — 260 < 0 and § > 0, then

sign (8%,,YW> = —sign (1 —n—0).
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Case 3: if 1 —n—20>0,0<0,and n+6 > 0.

If1—-n—-20>0,0<0,and n+0 > 0, then:

_ 0 —
and:
0
0—1 .
( )1—7]—20>0

So, function

c— (1— a)c—(n+9)-0/(1—n—20) + aEf0-1)-0/(1—n-20)

is increasing. It becomes decreasing when raised to the power (1 —n — 260)/6 < 0. So function
f is decreasing. Case 3 concludes just like the two previous cases: if 1 —n —20 <0, 8 > 0, and

n+ 6 > 0, then sign (8%WW> = —sign(1—n—0).

n=1-0 n=1-26

L NA
n=—b
1y
0 1 0
Case3:1-n—-20>0,0<0,andn+60>0

Case 4: if 1 —n—20>0,0<0,and n+6 < 0.

If1—-n—-20>0,0<0,and n+ 0 <0, then:

_ ) ———
and:
0
0—1)——— .
( )1—7]—20>0

Since the two exponents of ¢ are of opposite signs, the variation of f is ambiguous.
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NA
n=—0 5,
!
0 1 0
Case4:1—-n—-20>0,0<0,andn+0<0.

Conclusion

Taken together, cases 1, 2 and 3 cover the part of the (7, ) plane where 7 is greater than —6.
Since the three cases have the same conclusion, we can say that on the domain they cover, the

sign of the cross derivative of welfare is opposite to the sign of 1 —n — 6:
V0 < 1, Vn > max {—0,0}, sign (O%WW) =—sign(l—n—20).
In other words:
1. if p > 1—0, then 8%NW > 0,

2. if =0 <n <1—46, then 8%3’7W < 0.

Back to proposition 1.
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E Countries used as input for for natural capital missing values

Table 1: Countries used as input for natural capital missing values

Country with missing N Input country
ISO3  Country ISO3  Country
ABW  Aruba MLT  Malta
AFG  Afghanistan TJK  Tajikistan
BHS  Bahamas JAM  Jamaica
BRB  Barbados SLB  Solomon Is.
BRN  Brunei SGP  Singapore
BTN  Bhutan NPL  Nepal
CPV  Cabo Verde MUS  Mauritius
CUB  Cuba DOM Dominican Rep.
CYP  Cyprus MLT  Malta
DZA  Algeria NER  Niger
ERI Eritrea OMN  Oman
FJI Fiji SLB Solomon Is.
GNQ Eq. Guinea BEN  Benin
HKG Hong Kong SGP  Singapore
LBY Libya EGY Egypt
MMR Myanmar THA  Thailand
PSE Palestine JOR  Jordan
PYF  Fr. Polynesia SLB Solomon Is.
SYR  Syria IRQ Iraq
TKM  Turkmenistan KAZ  Kazakhstan
TLS Timor-Leste SLB Solomon Is.
TON  Tonga SLB Solomon Is.
TWN Taiwan KOR  South Korea
UZB  Uzbekistan KAZ  Kazakhstan
VCT  St. Vincent & Gren. SLB  Solomon Is.
VUT  Vanuatu SLB  Solomon Is.
WSM  Samoa SLB  Solomon Is.
YEM  Yemen SAU  Saudi Arabia

Note: Initial natural capital for countries not included in CWON is assigned based on geographic proximity
and similarity in forest area. For small island states, the initial natural capital stock is set equal to that of an
island of comparable size.

Back to subsection 3.1
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F Countries used as input for damage coefficient missing values

Table 2: Countries used as input for missing damage coefficient values

Country with missing &

Input country

ISO3  Country ISO3  Country

ABW  Aruba DOM Dominican Rep.
AFG Afghanistan TJK Tajikistan

AGO  Angola COD  Congo, Dem. Rep.
BHR  Bahrain QAT  Qatar

BHS Bahamas JAM  Jamaica

BRB Barbados DOM Dominican Rep.
BRN Brunei IDN Indonesia

BTN Bhutan NPL Nepal

COM  Comoros MDG Madagascar
CPV Cabo Verde MDG Madagascar
CUB  Cuba DOM  Dominican Rep.
CYP Cyprus TUR  Turkey

DZA  Algeria NER  Niger

ERI Eritrea OMN  Oman

FJI Fiji SLB Solomon Is.
GNB  Guinea-Bissau GIN Guinea

GNQ@ Eq. Guinea BEN  Benin

HKG  Hong Kong CHN  China

ISR Israel JOR Jordan

LBY Libya EGY Egypt

LCA St. Lucia DOM  Dominican Rep.
MAC  Macao CHN  China

MDV  Maldives LKA  Sri Lanka

MLT  Malta ITA Ttaly

MMR Myanmar THA  Thailand

MNE  Montenegro ALB  Albania

MUS  Mauritius MDG Madagascar
NZL New Zealand AUS Australia

PSE Palestine JOR Jordan

PYF Fr. Polynesia SLB Solomon Is.
SDN Sudan TCD  Chad

SGP Singapore MYS  Malaysia

SRB Serbia HRV  Croatia

STP Sao Tomé & Principe GAB  Gabon

SYR Syria TRQ Iraq

TKM  Turkmenistan KAZ  Kazakhstan
TLS Timor-Leste SLB Solomon Is.
TON  Tonga SLB Solomon Is.
TWN  Taiwan KOR  South Korea
UZB Uzbekistan KAZ Kazakhstan
VCT St. Vincent & Gren. SLB Solomon Is.
VUT  Vanuatu SLB Solomon Is.
WSM  Samoa SLB Solomon Is.

Note: The criteria used are as follows. First, keep input criteria for N. Second, input the damage coefficient
from the closest country. Third, assign the Dominican Republic damage coefficient for the remaining island

states.

Back to subsection 3.2
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G Converting a stock of natural capital to a flow of ecosystem

services

The Common Wealth Of Nations database gives a stock of natural capital for each country.
This stock is obtained by aggregating a flow of ecosystem services over time, as explained by
equation 6 of the CWON report (World Bank 2024, chapter 7, p. 145). Adapting this equation

to our notation, the formula is:

E
N2

t=1

where N is the present value of ecosystem services, F is the yearly flow, and r is a 4% discount

rate. To recover the value of constant E, we start by factorizing it:
100

1
N:Ezm.

t=1

Using the formula for geometric sums, we can write:

1 100
1 1= (ﬁ)

The second denominator simplifies:

1 1 _1+r—1
1+r 147
o
B
So:
100
1 1‘(1*%)
N=E. . .
1+T m
1 1 1 100
- E. RN
1+r T 1+r
1
:E.;.(1_<1+T,)—100).

We can now express F as a function of N:
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Replacing r by its value gives us the stock-to-flow conversion factor:

0.04

E=N-.
1— (1+0.04)-100

E ~ N -0.040808.

Back to subsection 3.1.
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