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Use and non-use value of nature and the social
cost of carbon

Bernardo A. Bastien-Olvera®'™ and Frances C. Moore?

Climate change is damaging ecosystems throughout the world with serious implications for human well-being. Quantifying
the benefits of reducing emissions requires understanding these costs, but the unique and non-market nature of many goods
provided by natural systems makes them difficult to value. Detailed representation of ecological damages in models used to
calculate the costs of greenhouse gas emissions has been largely lacking. Here, we have expanded a cost-benefit integrated
assessment model to include natural capital as a form of wealth. This brings benefits to people through non-use existence
value and as an input into the production of ecosystem services and market goods. In our model, using central estimates for all
parameters, optimal emissions reach zero by the year 2050, limiting warming to 1.5 °C by the year 2100. We used Monte Carlo
analysis to examine the influence of several key uncertain model parameters, and examined the effect of adaptive investments
in natural systems that partially offset climate damages. Overall, we show that accounting for the use and non-use value of
nature has large implications for climate policy. Our analysis suggests that better understanding climate impacts on natural

systems and associated welfare effects should be a high priority for future research.

be broadly categorized into use and non-use values>. Use

values arise from the input of natural systems into economic
activity, such as the flood-protection benefit mangroves provide to
coastal cities or the raw materials used in producing market goods".
Non-use values instead arise directly from the existence of natural
systems and species even in the absence of any direct use or con-
sumption. Principal non-use values are existence value (knowledge
that certain species or ecosystems exist) and bequest value (the abil-
ity of future generations to derive welfare from natural systems)**.

Climate change is already having a discernible influence
on ecosystem functioning, an effect that will continue to grow
throughout the twenty-first century®'?. These changes will affect
human well-being both through the disruption of ecosystem ser-
vices and the direct and permanent loss of non-use value from
extinctions and ecosystem degradation'>'’. The unique charac-
teristics of some benefits derived from ecosystems make them
only imperfectly substitutable with other forms of consumption
that contribute to welfare'®, and previous work has suggested that
accounting for this imperfect substitutability may substantially
increase estimates of the welfare costs of climate change'**. In
addition, any damage to the stock of natural capital would per-
manently reduce the flow of benefits from natural systems, mean-
ing that costs arising from the ecological effects of climate change
would be long-lived and cumulative®'.

Cost-benefit integrated assessment models represent inter-
actions between the economy and climate, capturing trade-offs
between the costs of reducing greenhouse gas emissions and the
benefits of avoided climate change. These models calculate the
social cost of carbon (SCC), an estimate of the net present value
of a marginal ton of CO, emissions used in the cost-benefit
analysis of climate and energy policy. The SCC should include a
comprehensive accounting of impacts, including both effects on
market sectors (which can be largely captured by standard eco-
nomic indicators, such as gross domestic product (GDP)) as well

| | umans derive value from nature in multiple ways', which can

as extra-market damages, such as changes to mortality and effects
on natural systems*>*. Standard estimates of the SCC, however,
include only a rough accounting of ecological damages and do not
model either the imperfect substitutability of natural capital and
ecosystem services or the potentially permanent loss of welfare
associated with damages to the stock of natural capital®’. These esti-
mates may, therefore, be missing characteristics essential for assess-
ing the welfare costs of anthropogenic climate change, something
that was noted decades ago®* but has not been widely implemented
in the cost-benefit analysis of climate policy.

In this study we expanded the 2013R version of the Dynamic
Integrated model of Climate and the Economy (DICE)* to repre-
sent the unique nature of climate change impacts on natural sys-
tems. In particular, we adopt the concept of comprehensive wealth
widely developed in the sustainability literature’-*, which includes
natural capital as an input to production® in addition to the more
standard manufactured capital and human capital. We modelled
three pathways by which the stock of natural capital supports
human welfare (Fig. 1):

+ As a relatively minor input to the production of most market
goods (orange arrows, Fig. 1)

+ As a more important input to the production of ecosystem
goods and services (green arrows, Fig. 1)

+ As the source of non-use goods associated with existence and
bequest values (blue arrows, Fig. 1)

We modelled the imperfect substitutability of these three types
of goods in the social welfare function using a nested constant elas-
ticity of substitution (CES) utility function. This functional form
allows the two types of use-value outputs (economic output and
ecosystem services) to be relatively close substitutes compared
with the substitutability between non-use value and the bundle
of use values (Methods). Additionally, we added a damage func-
tion that allows climate change to affect the stock of natural capital
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Fig. 1| GreenDICE diagram for modelling the welfare effects of climate change impacts on natural capital. Schematic of the GreenDICE structure
showing the instrumental (green and orange arrows) and intrinsic (blue arrows) pathways through which natural capital affects welfare. Dashed links
represent additions to the standard DICE model. Solid black lines show relationships already present in DICE.

directly. We call this model with modified capital, production, util-
ity and damages the GreenDICE model. Detailed equations and
calibration parameters relevant to GreeenDICE are given in the
Methods section.

We present here versions of the full GreenDICE model that grad-
ually add these pathways to the standard DICE model in order to
attribute damages to specific pathways. The first change to DICE
involves including natural capital in the economic production func-
tion, allowing it to influence social welfare through the consump-
tion of market goods. We call this the ‘Market Only’ specification
(orange arrows, Fig. 1). The next specification is a complete rep-
resentation of use values, where the production of ecosystem ser-
vices is captured using a second production function that relies
more heavily on natural than manufactured capital. Ecosystem
services also enter into the utility function, contributing to welfare
in a way that is only imperfectly substitutable with standard mar-
ket goods. We call this the All Use Values’ specification (orange
and green arrows, Fig. 1). Finally, the complete specification also
includes non-use values that arise directly from the natural capi-
tal stock and are again imperfectly substitutable with the bundle of
use values, becoming a nested CES utility function. The full model,
which includes all use and non-use values, is referred to simply as
‘GreenDICE’ (orange, green and blue arrows, Fig. 1).

Although previous work has revealed the importance of substi-
tutability between environmental goods, broadly defined, and man-
ufactured goods'™", a key advance here is in explicitly modelling
the production of these goods from natural capital stock, including
the potential for climate damages to affect this stock. This allows the
possibility to distinguish between two primary pathways by which
changes in natural capital affect welfare: those that operate through
production, affecting use values, and those that arise directly from
changes in the natural capital stock, affecting non-use values. This
also distinguishes this model from previous work that incorporated
natural capital into DICE”, in which the costs of ecosystem degrada-
tion due to both climate and non-climate factors were modelled, but
not the direct role of natural capital in production or the imperfectly
substitutable nature of environmental goods. A final important dis-
tinction from previous work relates to the dynamics of damages. By
explicitly modelling damages to the natural capital stock, the model
allows impacts to be persistent and cumulative, because losses to
natural capital can affect welfare in future time periods. Persistence
is an important but poorly constrained determinant of total climate
damages, and this modelling framework relaxes some of the con-
straints of the standard DICE model, in which damages only affect
output and are therefore mostly non-persistent**.
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One important note is that ecosystem services should be under-
stood here to exclude the carbon sequestration value of natural
systems. Although this is an important component of ecosystem
services, it should be represented explicitly in the DICE model as
part of the carbon cycle, because changes to the land or ocean car-
bon sink will affect the social cost of carbon by altering the relation-
ship between emissions and temperature. As has been pointed out
in previous work®, the carbon cycle model in DICE is very simple,
omitting any feedbacks or direct representation of the land carbon
sink. Modifying the DICE carbon cycle model is beyond the scope
of this paper, so we simply note that the interpretation of ecosys-
tem services represented here excludes carbon sequestration and
instead captures other use values, such as recreation and aesthetic
enjoyment, nutrient cycling and the provision of other extra-market
goods and services.

Results

Figure 2 shows the trajectories of emissions that maximize welfare
in the model with their corresponding temperature rise and the
optimal carbon tax (SCC under welfare-maximizing conditions).
We ran the model under standard DICE specifications and with the
different specifications of GreenDICE. The introduction of addi-
tional damage pathways resulting from damages to natural capital
increases the costs of climate change, raising the optimal carbon tax
in 2020 (Fig. 2a), lowering welfare-maximizing emissions (Fig. 2b),
resulting in lower global temperatures throughout the twenty-first
century (Fig. 2c). Damages to natural capital reduce economic
production (Market Only specification) and have a large effect
compared with the standard DICE specification, limiting the tem-
perature increase to 2°C by the end of the century. Incorporating
the relatively more important role of natural capital in producing
ecosystem goods and services (All Use Values specification) has an
additional effect, raising the optimal carbon tax in 2020 to US$133
per ton CO, from US$72 in the Market Only specification.

Adding non-use values to the full GreenDICE model (GreenDICE
specification, Fig. 2) further increases welfare losses arising from
damages to the natural capital stock. These losses, only imperfectly
substitutable with consumption goods, increase the optimal carbon
tax in 2020 to US$160 per ton CO,, more than five times higher
than the standard DICE model (US$28 per ton in 2020). Emissions
decline rapidly, reaching zero by 2050 and limiting warming to
1.5°C by the end of the century.

Many of the parameters relating to production, utility and dam-
ages introduced into GreenDICE are both uncertain and extremely
challenging to measure directly. This is particularly the case for
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Fig. 2 | Climate policy results derived from the DICE and GreenDICE models. Key climate policy variables in the twenty-first century based on the
standard DICE model (dotted line), Market Only specification of GreenDICE (dot-dashed line), All Use Values specification of GreenDICE (dashed line)
and the complete specification of GreenDICE (solid line). The shaded areas show the interquartile spread of outcomes based on a Monte Carlo simulation
of the eight parameters introduced into GreenDICE. a-¢, The optimal carbon tax shown in US$,, per ton CO, (a), CO, emissions (b) and rise in global

mean surface temperature above pre-industrial temperature (c).

the parameterization of non-use values in the utility function
(through the parameters s, and y,, Supplementary Table 1), the
magnitudes of which are debated within economics®-**. Moreover,
there is no consensus on how to accurately measure these values,
particularly at the high level of aggregation required to inform a
model like GreenDICE. The values of these parameters are there-
fore not well supported empirically (Supplementary Table 1), so
understanding their role in determining findings is important. We
achieved this through an extensive exploration of the uncertain
parameter space in both a one-at-a-time sensitivity analysis and a
full Monte Carlo analysis.

We first performed a one-at-a-time sensitivity analysis of the
full GreenDICE specification to compare the implications of uncer-
tainty on key policy variables (details and uncertainty ranges are
given in Supplementary Table 1). Figure 3 shows the effects of such
parameters on the optimal carbon tax in 2020 and the global mean
surface temperature in 2100 under welfare maximization condi-
tions. The sensitivity to three widely studied parameters, the pure
rate of time preference, the climate sensitivity and the relative risk
aversion, are also provided for comparison.

Figure 3 shows the expected and well-understood sensitivity to
the pure rate of time preference for values of 0.1, 1.5 and 3% (ref. *°).
Important policy variables are generally less sensitive to variation
in the GreenDICE parameters. The three variables with the larg-
est impact are the natural capital-adjusted total factor productivity
(which partly determines the output elasticity with respect to natu-
ral capital; Supplementary Information), the elasticity of non-use
values with respect to natural capital and the magnitude of climate
change impacts on natural capital (damage to natural capital). If
impacts to the natural system are larger than our central estimate
or if natural capital plays a more important role in welfare than in
our main specification, substantially more stringent climate policy
could be warranted, including the stabilization of global tempera-
tures well below 1.5°C above pre-industrial temperatures. However,
even given the uncertainty of key parameters, GreenDICE speci-
fications consistently produce a larger optimal carbon tax in 2020
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and, correspondingly, lower temperatures in 2100 than the standard
DICE model (dashed line, Fig. 3).

The one-at-a-time sensitivity analysis might overlook important
interactions among parameters. For example, a large role of natu-
ral capital in economic production combined with large damages
to natural capital might imply much larger damages than from high
values of either parameter alone. To shed light on these interaction
effects, we performed a Monte Carlo analysis, sampling 1,000 times
from all GreenDICE parameters and optimizing the model under
the sampled parameters. To understand the factors and interactions
driving variation in two key policy variables (the optimal carbon tax
in 2020 and temperature in 2100), we fitted a random forest on the
Monte Carlo analysis output®. This procedure creates 500 regres-
sion trees that sequentially partition the data to maximize the vari-
ance in the output variable explained by the partitions (Methods).
The earlier in the regression tree a particular parameter appears, the
more important it is in explaining the variation in policy variables
from the Monte Carlo analysis”.

Figure 4 shows the mean minimum depth for each variable in
all 500 regression trees in the random forest. This clearly shows
that the magnitude of climate change impacts on natural capital
(damage to natural capital) has a dominating influence in deter-
mining the optimal carbon tax in 2020: it was always chosen as
the first or second variable in the regression trees. Two other key
variables are those that together determine the role of natural
capital in production (natural capital-adjusted total factor pro-
ductivity and the initial stock of natural capital; Supplementary
Information). Additionally, the substitutability between welfare
from use and non-use goods in the utility function proves impor-
tant and has previously been identified as a critical parameter by
other researchers in simpler models'”".

The interaction between important variables identified through
the Monte Carlo analysis, namely the initial natural capital stock
and the natural capital-adjusted total factor productivity, has been
explored in more detail and the results are presented in Extended
Data Fig. 1. The costs of ecological damages are much higher if the
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Fig. 3 | Sensitivity analysis of uncertain parameters under welfare maximization conditions. Sensitivity analysis of key uncertain parameters in
GreenDICE. ES, ecosystem services. The colour gradient indicates the scaled parameter range between low (blue) and high (yellow) values. The vertical
lines indicate the preferred GreenDICE (solid) and standard DICE (dashed) estimates. The [min,max] ranges of the values from top to bottom are as
follows: 6;: [-0.016,0.861; s;: [0.05,0.15]; 8,: [0.27,0.78]; s,: [0.05,0.15]; No:[0.147Ko, 0.912Ko]; 7.: [0.2,0.8]; atfp: [1.00065,1.043683]; a,: [0,0.0806];
cs: [2.268,3.499]; prtp: [0.001,0.03]; a: [1.08,1.82]. More information on the parameters can be found in the Methods and the rationale for the ranges is

provided in the Supplementary Information.

natural capital initial stock is large and plays an important role in
production. Comprehensive wealth accounting in different coun-
tries shows that these conditions are most prevalent in developing
economies. In particular, in poorer countries, natural capital tends
to be large relative to both manufactured and human capital®. Thus,
although GreenDICE does not explicitly model regional heteroge-
neity, results suggest that ecological damages may be disproportion-
ately concentrated in developing countries.

It is important to note that both the Monte Carlo analysis and
the sensitivity analysis explore the variation in model runs opti-
mized given particular values of the uncertain parameters. The
results, therefore, show the sensitivity of optimal mitigation path-
ways to different uncertain parameters. This is different from the
single mitigation pathway that would be optimal given this uncer-
tainty space, which has been explored in recent papers that imple-
ment dynamic stochastic versions of the DICE model that help
to avoid potential policy inconsistencies’'. The additional state
variables in the GreenDICE model, as well as the large number of
uncertain parameters, mean that a dynamic stochastic implemen-
tation is computationally challenging and beyond the scope of this
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paper. Therefore we simply note that the interpretation of uncer-
tainty and optimal control explored here differs conceptually from
that addressed in the growing literature on dynamic stochastic
integrated assessment models.

Finally, we also explored the role of adaptive investments in
alleviating the costs of ecological damages from climate change.
In the standard DICE model, production can be invested either
in capital for future production or in greenhouse gas mitigation,
with the remainder contributing to utility through consumption.
We added an additional savings pathway to GreenDICE, allowing
production to also be used to offset the damages to natural capi-
tal from climate change (called the Adaptive Investments model).
This is a highly stylized representation of adaptive spending for
ecological systems that could include protection of habitat, man-
aged relocation of species and increased conservation spending to
prevent extinction. GreenDICE was re-optimized with this addi-
tional savings pathway as a third control variable. Calibration and
details of implementation are given in the Methods section with
the sensitivity to parameterizations of the cost function given in
Extended Data Fig. 2.
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Figure 5 shows the results from implementing this additional
savings pathway, comparing the investments in natural capital,
natural capital stock, the optimal carbon tax and global tempera-
tures with both DICE and GreenDICE. The Adaptive Investments
model reduces temperature impacts and produces a constant stream
of investments just above 0.25% of gross world product (GWP)
throughout the century in the preferred parameterization of the
cost function®. In the model, these investments are able to partially
offset ecological climate damages, producing an optimal carbon tax
lower than GreenDICE and allowing for a slightly higher tempera-
ture at the end of the century. This result points to the importance
of adaptation in determining climate change damages, something
emphasized in previous studies***'. However, the question of how
much protecting natural systems from climate change would cost
and exactly how effective that spending would be at reducing the
welfare costs of ecological impacts is highly uncertain.

Discussion

In Extended Data Fig. 3 we also show the results from an alternative
implementation of savings that allows output to be invested directly
in natural capital, in the same way that output is invested in manu-
factured capital in the standard DICE model. This is a highly aggre-
gate representation of spending to restore, expand and improve
natural systems, for instance, through the expansion of protected
areas and managed restoration efforts not necessarily tied to climate
change damages as in the Adaptive Investments implementation
shown in Fig. 5.

Extended Data Fig. 3 shows that allowing this direct investment
leads to very large initial investments in natural capital that greatly
increase the existing natural capital stock. This behaviour suggests
that the level of natural capital in GreenDICE is lower than that
which would maximize welfare in the model, because relaxing the
constraint on the level of natural capital produces much larger stocks.
Parameterizations of the initial natural capital stock are taken from
estimates from the literature on comprehensive wealth accounting
(Methods), suggesting either that the importance of natural capital
in utility is over-estimated in GreenDICE or that current stocks of
natural capital are far below optimal levels. Given that many of the
benefits provided by ecosystems are public goods, which are noto-
riously difficult to provide optimally, it would not be surprising if
natural capital today were, in fact, lower than welfare-maximizing
levels. However, we note that this modelling abstracts away from
real dynamic constraints that limit the rate at which economic out-
put can be converted into natural capital, and these results should
therefore be understood as illustrative only.

Natural systems support human welfare through a variety of
pathways. Because these systems are thought to be particularly vul-
nerable to climate change impacts, and because natural capital and
the goods it provides are only partially substitutable with either other
forms of capital or other consumption goods, explicitly modelling
the macroeconomic role of natural capital is important to accurately
estimate the effects of climate change on human well-being. Failing
to acknowledge nature’s unique contributions to social welfare
through use and non-use values, and the threats posed by climate
change to natural systems, risks substantially underestimating the
costs of climate change.

Parameterization of GreenDICE has been informed by a num-
ber of existing studies estimating the importance of natural capital
in economic production (Methods and Supplementary Table 1).
However, both the magnitude and uncertainty of impacts demon-
strated here point to the need for more work to improve the pre-
cision of these parameter estimates. The GreenDICE parameter
identified as the most important in the Monte Carlo analysis was
the damage function parameter that relates changes in climate to
impacts on natural systems (Fig. 4). Therefore, integrating current
knowledge from ecology on the risks climate change poses to the
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provision of ecosystem services and biodiversity* could substan-
tially improve confidence in the effects reported here, although
gaps in the scientific understanding of the response of natural sys-
tems to climate change, including potential thresholds and tipping
points, remain.

In addition, versions of the model that allow for adaptive invest-
ments in natural capital (Fig. 5) show the interaction between adap-
tation and mitigation investments, which act here as substitutes.
Better quantifying the costs and benefits of these adaptive invest-
ments would help constrain this effect. Important future steps
involve developing a regional model to explore heterogeneity in
the importance of natural capital for human welfare in different
countries to explicitly model the distributional implications of eco-
logical damages from climate change®, analysing optimal climate
policies under epistemic uncertainty using robust decision-making
lenses and investigating the effects of including in this framework
non-climate drivers of natural capital degradation.

Methods

We modified and extended the 2013R DICE model* using the Mimi Framework
(https://www.mimiframework.org/), a Julia package for integrated assessment
models*’*5. We represented the use and non-use values of nature by untangling
three different components of the utility function: 1) normal consumption goods, 2)
ecosystem services (here defined as non-market goods heavily reliant on natural
capital for production, such as recreation or cultural values) and 3) existence and
bequest values. These goods are produced by different combinations of the three
types of capital (manufactured, natural and human). Therefore, we modified the
social welfare function in DICE to represent the components of social well-being
and specified a function to represent the production function for each of these
goods (Supplementary Table 6).

The social welfare function depends on two components. The first derivative
is positive and the second derivative is negative with respect to both components
(that is, it is increasing and quasi-concave in both components). The use value
component (c;”) follows the structure proposed by Hoel and Sterner'® and the work
carried out by Drupp and Hansel"®. ¢;” represents the level of current consumption
per capita of a representative good at time ¢, and is composed of two imperfect
substitutes: ¢ = [(1— s)c? + se?]/%. The first element (c) is the consumption
per capita of a comprehensive economic output and the second component (e)
is the flow of a representative ecosystem service per capita, which captures the
production of goods and services particularly reliant on natural systems (for
example, recreation), except carbon sequestration, as DICE has a carbon cycle
component that we leave unchanged because it is beyond the scope of this analysis.
The parameter 6 is the substitutability parameter and s represents the fraction of
use values that we get from ecosystem services.

The non-use value component of the welfare function is simply represented
by a flow of intangibles (i) that arise directly from natural capital (for example,
existence value). Therefore, the overall representative flow of consumption (f)
is derived from both use and non-use values that are imperfectly substitutable

~0, 1/6.
with each other, and follows a similar structure to above: f, = [ct % 4, 1*,92} o

where 6, is the substitutability parameter between use and non-use values and s,
is a scaling parameter that transforms the flow of intangibles into a utility value.
Welfare (W) is given by W = Zzzioz%zo e ”"u(f;), where p is the pure rate of time
preference and, following the standard DICE model, the utility function (u(f))

>

incorporates a constant relative risk aversion (&) and is given by u(f) = %

The three production functions that underlie each component of f use the
Cobb-Douglas form (Supplementary Table 6). The production of market goods
(Y) is given by Y = gLt K72 N7>. This modifies the standard DICE representation
of production by separating natural capital (N) from manufactured capital (K) as
an input to production®. The elasticity of production (y,) with respect to labour
(L) was kept at 0.7, as in standard DICE, whereas y, (the elasticity of production
with respect to manufactured capital) was adjusted to account for the natural
capital input and the elasticity of production with respect to natural capital (y;)".
This adjustment was calibrated using World Bank estimates of the global value of
natural capital”® and Organisation for Economic Cooperation and Development
estimates of the role of natural capital in determining total factor productivity (a)
once natural capital is taken into account™ (Supplementary Information). This
substantially expands previous efforts to include natural capital in DICE. For
example, Hackett and Moxnes® included natural capital damages as a separate
impact on economic output. However, they did not include natural capital as part
of the model of economic production, which better reflects recent literature on
comprehensive wealth accounting®'.

Similarly, ecosystem services arise from the interaction of population
(parameterized by labour L), manufactured capital and natural capital>*.
However, to our knowledge, there are no studies that have estimated the
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parameters of a highly aggregate ecosystem services production function on a
global scale. The results of a recent fine-scale global study by Chaplin-Kramer

et al. indicate that nature’s contributions to people arise when ecosystem
processes interact with population, and that manufactured capital does not play

an important role. Therefore, given the limited evidence available to constrain the
parameters of this production function, we assume that the ecosystem services
production function is E = aL” K3 N"2, where the elasticities of production with
respect to manufactured and natural capital have been exchanged, representing the
greater reliance of use ecosystem services on natural capital (given that y,>>y, in
the preferred parameterization).

Finally, we modelled the production of non-use values (i) as a function
of natural capital only. This captures primarily existence values (the value of
knowing that species or certain ecosystems exist)’* and was therefore modelled
as being produced exclusively from natural capital, without capital or labour
inputs. Specifically, we set i = N7+, assuming the contributions of people and
manufactured capital to be negligible and y,=0.5 to represent diminishing
marginal benefits. As with the ecosystem service production function, there is
little empirical evidence to support this parameterization, but sensitivity to this
parameter is explored in the sensitivity analysis.

To represent climate damage to natural systems, we added a second damage
function that allows warming from climate change to affect the stock of natural
capital. The damage parameter a of this damage function, N4, = HNﬁ was
calibrated to reflect the non-market damages of temperature (T) originally
embedded in the DICE damage function. We followed the Drupp and Hansel'®
calibration of the damage parameter by matching the damage level of the DICE
2013R model as given by Nordhaus and Sztorc”, using the database of damage
estimates collected by Howard and Sterner” to separate market and non-market
damages as well as using the results of Hsiang et al.”* to control for mortality
(Supplementary Information).

It is important to note that in GreenDICE, the climate is damaging the
natural capital stock, which potentially causes persistent losses in welfare. In
contrast, other well-known models'*"® introduced the climate impacts directly
into the ecosystem services, causing mostly non-persistent impacts on the levels
of consumption (Supplementary Information). Although the contemporaneous
effects of higher temperatures were calibrated to match the DICE damage function
(Supplementary Information), allowing these to accrue to natural capital rather
than the level of output means that these damages persist in GreenDICE differently
than in standard DICE. This means that the effects of total damages on any given
temperature trajectory will be higher in GreenDICE.

The implementation of investments in natural capital as a third control
variable for welfare-maximizing policy was carried out in two ways. First, in the
Adaptive Investments specification we allow investments (I,) to reduce the natural
capital damages (Dy,) by a fraction ad,, following the standard DICE functional
form N,,, =N, - Dy, (1 -ad,), producing a convex cost function (I,) similar to
the emissions abatement cost function in DICE: I; = Y,ad,". The parameter w
was calibrated assuming that investing 2.1% of annual GWP in environmental
protection would reduce 50% of climate damages and was varied in a sensitivity
analysis (Supplementary Information and Extended Data Fig. 2). An alternative
form of investment (Asset Investment) was introduced by allowing spending to
directly increase the natural capital stock. The costs of these investments were
based on the asset pricing literature™, where the price of a unit of natural capital at
time ¢ (py, r) relative to the price of a unit of manufactured capital at time ¢ is given
b = oW/, The model iteratively maximizes welfare by investing in natural

Y PNt = Fw,JeK, e mo y Y 8
capital based on this asset price until convergence of prices and investment is
reached (see the Results and Discussion in the Supplementary Information).

It is important to note that GreenDICE is based on DICE-2013R, not the more
recent DICE-2016R2, which includes new projections of population, economic
growth and carbon intensity and begins in 2015 instead of 2010. These changes
could change the specific numbers in the results, such as the projected emissions,
which would start closer to 2020, but are very unlikely to alter any conclusions.
This is particularly true because many of the updates to specific parameters in
DICE-2016R2 have already been included in our sensitivity analysis, for example,
the damage function parameter and the climate sensitivity.

Data availability
Results of the simulations are available at https://github.com/BerBastien/
GreenDICE/tree/master/Results

Code availability
GreenDICE code is available at www.GitHub.com/BerBastien/GreenDICE
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NATURE SUSTAINABILITY | www.nature.com/natsustain


http://www.nature.com/natsustain

NATURE SUSTAINABILITY ARTICLES

a  Temperature b Opt. Carbon tax
3.0' . *
B 600 1
- * * N
O 2.5 s . o)
o . Q 400+
0 2.0 . i)
(@)} . =
o) ' @)
. (7))
© 15 : D 200+
0-
2025 2050 2075 2100 2025 2050 2075 2100
years years
¢ Asset investments d Natural capital stock
50 1 250 1
Py ~
40 1 0O 200 1 N\
o \ 7 I
= D I S
O 30{ 1 c 150 S
5 2 ! A
< | = N
® 201 = 1004 | N
o | o S
0] \ 3 I ~
Q10 L 50 =
‘ \ -~ —y -
0 L 0-
2025 2050 2075 2100 2025 2050 2075 2100
years years

== Assetinvestments = = Standard DICE === GreenDICE

Extended Data Fig. 3 | Investments on natural capital stock. Welfare-maximizing investments on natural capital stock.

NATURE SUSTAINABILITY | www.nature.com/natsustain


http://www.nature.com/natsustain

	Use and non-use value of nature and the social cost of carbon

	Results

	Discussion

	Methods

	Acknowledgements

	Fig. 1 GreenDICE diagram for modelling the welfare effects of climate change impacts on natural capital.
	Fig. 2 Climate policy results derived from the DICE and GreenDICE models.
	Fig. 3 Sensitivity analysis of uncertain parameters under welfare maximization conditions.
	Fig. 4 Random forest analysis of Monte Carlo simulation.
	Fig. 5 Impacts of the Adaptive Investments model on natural capital and climate damage.
	Extended Data Fig. 1 Effects of different estimates of natural capital.
	Extended Data Fig. 2 Three levels of adaptation costs.
	Extended Data Fig. 3 Investments on natural capital stock.




