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Abstract
We build a two-block general equilibrium model that accounts for Nature by including, alongside 
man-made capital, natural capital defined as a variety of ecosystem goods and services 
essential to economic activity. Natural capital is unevenly distributed, displays critical 
thresholds or ’tipping points’ beyond which the ecosystem is irreversibly altered, and 
contributes to the evolution of productivity. We show that: (1) when natural capital is abundant, 
it is optimal to deplete some and conserve some, but less depletion should occur if there is a critical 
threshold beyond which Nature is irreversibly altered; (2) subsidizing the conservation of Nature 
makes long-run growth stronger and more sustainable in Nature-rich and Nature-poor countries 
alike, but implies lower consumption globally in the short run.

Resumen
Construimos un modelo de equilibrio general de dos bloques que da cuenta de la Naturaleza 
incluyendo, junto con el capital físico, el capital natural definido como una variedad de bienes y 
servicios ecosistémicos esenciales para la actividad económica. El capital natural está distribuido de 
manera desigual, muestra umbrales críticos o "puntos de inflexión" más allá de los cuales el 
ecosistema se altera irreversiblemente y contribuye a la evolución de la productividad. Mostramos 
que: (1) cuando el capital natural es abundante, la asignación de equilibrio es agotar parcialmente la 
naturaleza, pero debería producirse un agotamiento menor si existe un umbral crítico, ya que más allá 
de ese umbral la Naturaleza se altera irreversiblemente; (2) subsidiar la conservación de la naturaleza 
aumenta el crecimiento a largo plazo y lo hace más sostenible tanto en los países ricos como en los 
pobres en naturaleza, pero implica un menor consumo en el corto plazo. 
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1 Introduction
Science indicates that climate change and the loss of biological diversity are twin prob-
lems that should be tackled together (Pörtner et al. (2021); Dasgupta (2021); Toens-
meier et al. (2020)). At the same time, biodiversity loss has now been widely identified
as a potential source of significant economic and financial risk (NGFS (2023)). Yet,
while economic models embedding climate change have been circulating since the
early 1990s (Nordhaus (1991)), the notion of biophysical limits to growth has not yet
taken root in modern macroeconomics, and models accounting for natural capital are
less common and popular. As a result, prevalent economic theory still assumes that
economic agents have access to boundless natural resources and bottomless sinks for
waste products, thereby eliminating the need for an explicit discussion of economic
growth within a natural world.

This paper fills this gap by bringing natural capital and the implications of its
finiteness for production into a standard general equilibrium economic model. The
model has two blocs or regions to capture the fact that, in the real world, natural
capital is unevenly distributed across countries.

In our analysis, natural capital is defined as the stock of Nature providing Earth’s
system of ecosystem services, namely, the many and varied benefits to human eco-
nomies associated with a healthy natural environment like carbon sink services, fresh-
water, oxygen, and food. As in Dasgupta (2021), in our set up natural capital is thus
a key driver of total factor productivity: a larger stock of natural capital provides
more abundant ecosystem services, which in turn expands the output that can be
produced for each unit of labor and man-made capital given the underlying rate of
technological progress. This assumption is fully in line with recent evidence of the
strong dependency of economic activity on Nature (IUCN (2021); Batini (2021)).

Since, contrary to man-made capital, natural capital appreciates when left un-
touched, in our model we assume that it is possible to ‘invest’ in natural capital
through ecosystem conservation, which basically requires ensuring that natural cap-
ital is protected from extractive uses or man-made degradation. It follows that, in our
set up, growth is partly endogenous, in the sense that investment in natural capital
can be a contributor to economic growth.

We derive two main results. First, when natural assets are abundant, it is optimal
to deplete some and conserve some, but less depletion should occur if there is a
critical threshold beyond which Nature is irreversibly altered. Second, accordingly,
subsidizing the accumulation of natural capital delivers stronger and more sustainable
growth in the longer run in both Nature-rich and Nature-poor countries. The paper
is organized as follows: Section 2 summarizes the literature linking economics and
Nature. The model is described in Section 3. Section 4 discusses model calibration
and dynamics. Section 5 introduces an example of Nature-positive green policies.
Section 6 concludes.
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2 Economic models and Nature
Modern growth models, like the Solow-Swan 1956 neoclassical growth model (Solow
(1956)), are silent about the natural foundation of production. According to this class
of models, capital goods and human labor combine to produce a commodity output,
but no land is required to produce it, and no materials nor energy are needed in
the production process. As Solow himself (1956, p. 67) remarked: ‘The production
function is homogeneous of first degree. This amounts to assuming no scarce non-
augmentable resource like land.’1

In the 1970s, in response to emerging resource constraints from global energy
price shocks and rising pollution, attempts were made to integrate natural resources
(as distinct from natural capital) among factors of production and growth in eco-
nomic models. Initial endeavors focused on including a ‘non-renewable resource’
factor among traditional ones (labor, man-made capital) in order to explore rules
for the exploitation of natural resources compatible with constant per capita con-
sumption into the indefinite future (Solow (1974); Stiglitz (1974); Dasgupta and Heal
(1974); and Hartwick (1977)).

Further attempts, embracing definitions of resources more strongly correlated
with ecological economics definitions of natural capital, included work to embed lim-
its to sustained growth from increased pollution (seen as a phenomenon degrading
the natural environment) through pollution-reducing technological change (see, for
example, Tahvonen and Kuuluvainen (1991); Bovenberg and Smulders (1995); Howitt
and Aghion (1998); and more recently, Brock and Taylor (2010) and Hassler et al.
(2016)).

In parallel, Brander and Taylor (1997) analyzed the dynamic system of popula-
tion interactions with natural resources, finding that an excessive rate of exploitation
of stocks of resources tends to generate cycles in both population and natural cap-
ital. Dalton et al. (2005) extended the model to technological change dependent
on institutional parameters showing, for example, that institutions that favor strong
property rights tend to bias technological change toward resource conservation rather
than encourage or enable resource depletion.

Others have tried to model natural capital as a renewable resource (Hinterberger
et al. (1997); Bringezu et al. (2003); Fischer-Kowalski et al. (2011)), examining how
to link material production and consumption to the pace of anthropogenic degrad-
ation of natural capital.2 Recently, Albagli and Vial (2023) tried to assess the role

1In classical mainstream economics, ‘natural capital’ would usually be classified as “land” distinct
from traditional “capital”, and land, together with labor and capital would be one of the three
factors of production. Among the three, land was the “original and inexhaustible gift of nature.”
In modern mainstream economics, however, land comprises all naturally occurring resources as well
as geographic land. Examples include geographical locations, mineral deposits, forests, fish stocks,
atmospheric quality, geostationary orbits, and portions of the electromagnetic spectrum. Supply of
these resources is normally assumed to be fixed even if many of these are renewable resources.

2Subsequent interpretations tried to define natural capital more comprehensively equating it to
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of economic growth and population in biodiversity loss, proposing alternative growth
pathways that would ensure conservation. In line with earlier analysis of limits to
growth (for example by Schumacher (2011); Meadows et al. (1972), Meadows et al.
(2004), Costanza and Daly (1992)) this research de facto suggests that production
must be decoupled from resource use to ensure sustainable use of natural capital. Yet,
both empirical and theoretical evidence shows that it is unprecedented and technino-
logically impossible to decouple economic growth from the growth of material and
energy use at the scale and in the time needed to stabilize the Earth system (Ward
et al. (2016); Parrique et al. (2019)).

To further explore this dilemma, Kornafel and Telega (2020) embed natural
capital, intended as a renewable resource, in a neoclassical growth closed-economy
model to explore bounds to economic growth. Their model features no behavioral
equations and no direct role for Nature in the production function, but innovates
upon previous models because it characterizes natural capital as a source of social
services beyond those typically provided by a ‘normal’ renewable resource that is a
mere input of production. Kornafel and Telega (2020) also assume that produced
goods and natural capital are complements, so that when economies grow, natural
capital depreciates alongside. They find stable equilibria when: (i) the initial stock of
natural capital is large; (ii) the growth rates of capital and technological progress are
strong enough given the assumed elasticity of material intensity of production relative
to the elasticity of material intensity of technology; (iii) investments in natural capital
are large enough to maintain the stock of natural capital at a level compatible with the
complementarity requirements of continuous production given assumed technologies.

Dasgupta (2021)’s famous review of the economics of biodiversity puts natural
capital in the production function both as a flow of extracted provisioning service (like
timber or fish), and as a stock supplying ecosystem services essential to production
(like climate regulation or soil regeneration)–a modeling device to capture the fact
that “the human economy is embedded in the biosphere” (Dasgupta (2021), p. 144).
Ecosystem services are complementary, implying limits on converting natural capital
services into output, and therefore limits to global growth. Limits are assumed to the
ability of Nature of regenerating herself; and if natural capital is over-degraded, the
economy is no longer able to operate and produce. The review shows that subject
to these assumptions, multiple stationary equilibria exist for different combinations
of various types of capital (man-made, human and natural), but these depend on the
current size of each of these stocks.

Our analysis follows in the footsteps of Kornafel and Telega (2020) and Dasgupta
(2021), but introduces natural capital as a bounded input in the supply side of a
fully-specified two-bloc/two-sector dynamic stochastic general equilibrium (DSGE)
to study the impact of biophysical limits to economic production3 in the types of

the sum of the stock of renewable, nonrenewable, replenishable and cultivated natural capital (see,
for example, Aronson et al. (2007)).

3And, accordingly, the study of "offset" markets and environmental trading schemes as in (May

4



models that are typically used in the design of macroeconomic policies.
Since climate is a specific type of natural capital, our work is also related in aims

to the literature that focuses on the economic impact of varying global temperatures.
This encompasses the seminal DICE model (Nordhaus and Sztorc (2013)) and its
evolutions (Golosov et al. (2014); Lontzek et al. (2015); Barrage (2020)), as well as
large-scale Integrated Assessment Models (IAMs) and Computable General Equilib-
rium (CGE) models (Château et al. (2014)). But while those models are primarily
concerned with the economic damages that arise from higher temperatures, our model
is meant to capture all damages associated with the exploitation of ecosystems (Bal-
boni et al. (2023)).4

Finally, our paper is also broadly connected to the ongoing interdisciplinary effort
that tries to integrate ecosystem services valuations into economic models, like the
GTAP-InVEST framework (Johnson et al. (2023)). Compared to ours, that line of
research, however, tends to model production in considerable more detail, while, at
the same time, greatly simplifies model dynamics and expectations by assuming a
static equilibrium.5

3 A two-bloc model with natural capital

3.1 General specification
We consider a two-bloc version of the neoclassical growth model. Time is discrete
and infinite. The two blocs, Home (H) and Foreign (F), are populated by households
and firms. We assume that there is a total of Nt (N∗

t ) households in the H (F) bloc
at a given time. The blocs trade with each other and differ in size and production
structure. Importantly, only H is endowed with natural capital.6 The model is free
from nominal and real frictions. Financial markets are complete. Finally, both blocs
have a fiscal authority that collects lump-sum taxes (and distributes subsidies) from
(and to) households. Below we spell out the problems of the representative households
and firms in the two blocs.7

et al. (2017))).
4An exception is offered by Bastien-Olvera and Moore (2021) that modify a DICE model to

allow climate change to reduce the stock of Nature through a damage function but using a simpler
specification of natural capital and focus on the impact of changes to such stock to the social cost
of carbon.

5An advance to account for dynamics is provided by the recursive formulation of the GTAP-
InVEST, which is solved as sequence of comparative static equilibria (akin to myopic expectations)
and allows for an endogenous process of capital accumulation.

6This assumption is simplifying but helps mimic the world uneven distribution of natural capital.
7Throughout we adopt the following notation conventions: foreign variables are denoted by an

asterisk (for example, foreign consumption of an household is defined as c∗
t ).8 Also, while nominal

(aggregate) prices (quantities) are denoted in capital letters, real prices in terms of final consumption
goods (individual quantities) are represented using small letters (for example nominal wages in H
are given by W , while deflated wages are given by w; similarly each H household stock of man-made
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3.1.1 Households

Households in both blocs supply labor, consume an aggregate consumption good
(made of H and F consumption goods) and save through internationally traded fin-
ancial assets and by renting domestic man-made capital to domestic firms. Each
household in the H bloc maximizes her utility U(•) = 1

1−σ
(•)1−σ, where σ is the in-

verse of the elasticity of intertemporal substitution, subject to her budget constraint:

max
ct,ãt+1,kt+1

E0

{ ∞∑
t=0

βt c1−σ
t

1 − σ

}
s.t.
Ptct + PH,tkt+1 + Ptãt+1 ≤ Wt + (RK

t − δ)PH,tkt + RtPtãt + Pttt + Ptot (1)

where, using H bloc notation, Wt is the nominal wage; ãt+1 is the financial asset
purchased at t; Rt is the gross real interest rate on that asset; kt+1, RK

t+1 and δ are
the corresponding (gross) investment in domestic physical capital, the (gross) return
to man-made capital and the depreciation rate; Pt indicates the price of the final
consumption good and PH,t refers to the price of the home consumption good. Fur-
thermore, tt, ot denote a fiscal transfer and lump-sum profits accruing from ownership
of firms, respectively.9 Finally, Et is the time t expectations operator, and β ∈ (0, 1)
is the discount factor. The problem of the household in the F bloc is analogous.

3.1.2 Firms

The production process of the two blocs reflects the respective endowment of natural
capital. H is endowed with natural capital and produces both "green" and "brown"
intermediate goods, which require natural capital as an input of production; both
blocs must buy these goods to produce. Both blocs produce final goods combining
the purchased (and aggregated) intermediate goods together with hired labor and
rented man-made capital; the technologies used to aggregate the intermediate goods
and produce the final good are symmetric between the two regions. We assume that
producing green goods (e.g. harvesting forest food) does not dent the stock of natural
capital while producing brown goods (e.g. extracting timber from a forest) does. In
the end, households in both blocs consume an aggregate of H- and F-produced final
consumption goods.

H’s intermediate green and brown goods sectors are modeled as a continuum of
production units.10 H firms own a certain stock of natural capital (kN,t) and employ

capital is given by k, while the aggregate economy-wide H stock is represented by K).
9The assumption of complete markets guarantees that consumption is equated across households.

The complete asset market equilibrium can be achieved in a simple asset market in which only
nominal bonds are traded; see Benigno and Benigno (2002), Clarida et al. (2002).

10This is normalized to 1 in the absence of entry or exit decisions.
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green- and brown-intermediate-good production Cobb-Douglas (CD) technologies to
produce:

yg,t = Ag,t(kg
N,t)αgn

1−αg

g,t (2)

yb,t = Ab,t(kb
N,t)αbn1−αb

b,t (3)

where kg
N,t is the amount of natural capital that is conserved between two consecutive

periods, kb
N,t is the amount of natural capital that is exploited to produce the brown

intermediate good, and ng,t, nb,t are the amounts of labor employed in the green and
brown technologies, respectively. Each period, the following identity holds:

kN,t = kb
N,t + kg

N,t (4)

that is, the initial stock of natural capital (kN,t) is either conserved or exploited.
We assume that Ai,t = A0

i,t(K
g
N,t)ϕi , for i ∈ {b, g}, to capture that productivity also

depends on the aggregate "economy-wide" stock of conserved natural capital, where
ϕi ≥ 0 is a parameter. A0

i,t is an exogenous productivity process, which we assume
common across firms of the same sector (e.g., brown or green). As we explain in more
detail in Section 3.2, the stock of natural capital is generally assumed to evolve as a
function of parameters and endogenous variables:

kN,t+1 = kN,t+1(kb
N,t, kg

N,t, rN , CT, CC, zt) (5)

The regeneration rate rN is a parameter affecting the speed at which natural capital
accumulates when left untouched; we assume that it is fixed. CC indicates the
upper ecological limit of natural capital i.e. the maximum amount of kN that can
be sustained in steady state considering the resources available in the ecosystem in
which capital resides. This maximum level proxies what ecologists call ‘environmental
carrying capacity’. Finally, CT refers to the critical threshold for natural capital, or
its ’tipping point’: reducing kN below this threshold alters the ecosystem irreversibly
because it affects the ability of natural capital to regenerate itself. Usually CC and
CT are assumed to exert two opposite forces upon the ability of capital to accumulate:
the closer the stock of natural capital is to CT , the lower its accumulation rate, with
the rate turning negative when the stock of natural capital falls below CT ; similarly,
the closer kN is to CC the slower its accumulation rate, as the stock approaches
its long-run pristine level. Reflecting these forces, the faster accumulation rate is
attained when kN lies somewhere between these two extremes.

Following the environmental literature (see for example, Barbier et al. (1991), for
the case of deforestation), we assume variable costs associated with the production
of brown goods. These costs arise from exploiting the stock of natural capital and
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are interpreted as a dead-weight loss (akin to more standard adjustment costs usually
employed in DSGE models) for the firm. The cost function is assumed to be quadratic
and dependent on the remaining stock of natural capital:

κ(kN,t, kb
N,t) = e

− b1
2

(
1−

kb
N,t

kN,t

)2

(6)

Hence, given an existing stock of natural capital, the cost faced by the firm is increas-
ing in the amount of natural capital that is exploited. Total real costs are a function
of b output and are equal to κ(kN,t, kb

N,t)yb,t.11. The maximization problem can be
summarized as:

max
ng,t,nb,t,kg

N,t,kb
N,t,kN,t+1

Pg,tAg,t(kg
N,t)αgn

1−αg

g,t + Pb,tAb,t(kb
N,t)αbn1−αb

b,t (1 − κ(kN,t, kb
N,t))

− Wg,tng,t − Wb,tnb,t

s.t. (4), (5), (6)

H and F firms in the intermediate goods aggregator sector purchase the g and b
goods and combine them using Constant Elasticity of Substitution (CES) technolo-
gies; using H bloc (symmetrical to the F bloc, mutatis mutandis) the technology is
given by:

It =
(

ωgI
ρ−1

ρ

g,t + ωbI
ρ−1

ρ

b,t

) ρ
ρ−1

(7)

Where It, Ig,t, Ib,t denote the intermediate composite good and the green and brown
intermediate inputs, respectively, and where ρ > 0, ωg + ωb = 1; the resulting maxim-
ization problem is then given by:

max
It,Ib,t,Ig,t

PI,tIt − Pb,tIb,t − Pg,tIg,t (8)

s.t. (7)

H and F firms in the final consumption goods sector produce final consumption
goods for each bloc purchasing the intermediate goods, hiring labor and renting man-
made capital using a CD technology. In the case of the H bloc (and F bloc, mutatis
mutandis) the algebraic specification is given by:

YH,t = AH,tK
ζK
t N ζN

H,tI
1−ζN −ζK
t (9)

where NH,t is the labor employed and AH is the exogenously given TFP. The optim-
11In the main text we also refer to this expression as κ(kN,t, kg

N,t), which follows from substituting
kb

N,t = kN,t − kg
N,t
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ization problem is:

max
YH,t,It,NH,t,Kt

PH,tYH,t − PI,tIt − WH,tNH,t − PH,t(RK
t − 1)Kt (10)

s.t. (9)

Finally, H and F competitive firms in the aggregate home and foreign final goods,
combine final goods produced in H and F into an aggregate final consumption good
using a CD technology. In the case of the H bloc (and F bloc, mutatis mutandis) the
resulting specification is given by:

Ct = C1−γ
H,t Cγ

F,t (11)

where Ct, CH,t, CF,t denote the aggregate consumption basket, the aggregate final
home good and the aggregate final foreign good. The maximization is then:

max
CH,t,CF,t

PtCt − PH,tCH,t − PF,tCF,t

s.t. (11) (12)

3.2 Modeling natural capital
This subsection explains in greater detail our modeling strategy for the evolution
of natural capital.12 In line with Dasgupta and Mäler (2004), D’Alessandro (2007)
and Kornafel and Telega (2019), in studying our model dynamics we concentrate
on two versions of this general specification: one with and one without a critical
threshold. These two versions have a well established tradition in the study of fisheries
management (Clark (2006), and conservation more in general Clark (2010)), and thus
allow us to conceptualize the dynamic resource-harvesting problem that economic
agents face when deciding how much of the natural resource to exploit for production
and how much to keep in place for (possible) future use.

3.2.1 Natural capital with no critical threshold

In this version the stock of natural capital can always recover to its original, carry-
ing capacity level, no matter what amount of depletion occurs between periods. In
particular, in this version, the stock of natural capital depends non-linearly on its
"background" or "natural" regeneration rate, which in turn depends on how far the
existing stock is from its carrying capacity level CC, as well as on the amount that

12We focus on the aggregate economy-wide stock since we rule out idiosyncratic shocks and also
assume that the dynamics governing the stock are identical across all its natural capital stock owners.
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is exploited for production:

KN,t+1 = KN,t

(
1 + rN

(
1 − KN,t

CC

))
− Kb

N,t (13)

We call the rate at which natural capital accumulates (or decumulates) through
the impact of its own regeneration given the beginning of period existing stock
kN ’saccumulation rate:

AN,t ≡ rNKN,t

(
1 − KN,t

CC

)
(14)

In other words, the rate of accumulationdepends on Nature’scarrying capacity CC,
and it declines as the stock of natural capital approaches CC, as follows:

Proposition 1. AN,t is monotonously increasing in KN,t for KN,t < CC/2 and mono-
tonously decreasing in KN,t for KN,t > CC/2; that is, as the stock approaches its car-
rying capacity, the speed of regeneration diminishes (converging to zero in the limit,
as KN,t approaches CC). Moreover, ∂2AN,t

∂K2
N,t

< 0 for KN,t ∈ (0, CC).

Proof. See Appendix A.3.

3.2.2 Natural capital with a critical threshold

Since the ability of natural capital to recover may change when natural capital exceeds
CT , we consider also a second version of the general specification which makes the
evolution of natural capital dependent on such threshold. Assuming that the level of
CT is known to the agents in the economy, the equation for natural capital under
this specification becomes:

KN,t+1 = KN,t

(
1 + rN

(
1 − KN,t

CC

)(
KN,t

CT
− 1

))
− Kb

N,t (15)

In this case, once KN,t < CT , the existing stock of natural capital converges pro-
gressively to zero. The accumulation/decumulation rate is then given by:

AN,t ≡ rNKN,t

(
1 − KN,t

CC

)(
KN,t

CT
− 1

)
(16)

In other words, in the presence of a critical threshold, the rate at which natural capital
accumulates/decumulates depends not only on CC and rN but now also on CT . The
proposition below analyzes the sign of AN,t in the case in which there is a critical
threshold.

Proposition 2. For values of KN,t ∈ (CT, CC), AN,t is monotonously increasing if
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and only if

1 − 2KN,t/CC + KN,t

CC

(
CC − KN,t

KN,t − CT

)
> 0 (17)

and monotonously decreasing otherwise. Moreover, ∂2AN,t

∂K2
N,t

< 0. Importantly, the
second term in the expression introduces a tension which ultimately determines the
sign of ∂AN,t

∂KN,t
, and which will depend on the distance of KN from CC and CT ; for

example, the closer the stock of natural capital is to CT (from above) the stronger is
the positive pressure coming from being far from CC, but also, at the same time, the
stronger is the negative pressure coming from being close to CT . The maximum in
the interval (CT ,CC) reflects the balancing out of this tension.

Proof. See Appendix A.3.

To help understand what these two alternative specifications entail for KN in practice,
Figure 1 plots the rate at which natural capital evolves (that is, kN ’s accumulation
rate AN) with or without CT , normalizing the value of CC to 1. In line with the
above propositions, the figure shows that, in the absence of a critical threshold, the
accumulation rate of natural capital is always positive and increases before decreasing
in proximity of natural capital’s maximum sustainable level, CC (namely, AN is
always above zero in the interval (0, 1), increasing for KN < CC/2 and decreasing
for KN > CC/2) . Conversely, in presence of a critical threshold, AN is negative for
values below CT , but positive and increasing for a range of values between CT and
CC before converging to zero as KN approaches CC.

Figure 1: Nature Accumulation Rates (AN)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

with CT

without CT

Note: CC = 1, CT = 0.7. rN = 1.4 when assuming a CT , and rN = 0.4
otherwise.
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In practice, under both specifications, the accumulation rate of natural capital re-
mains uncertain because parametric shocks to each specification may affect the evol-
ution of natural capital. To capture this we go one step further in modeling KN and
postulate that there are shocks that affect multiplicatively kN ’s accumulation rate.
Specifically we define a stationary shock process:

ln (zt+1) = ρN ln (zt) + σϵϵt+1 (18)

where σt > 0, |ρN | ≤ 1 and ϵt+1 ∼ N(0, 1). We thus re-write the law of motion of
natural capital (in the absence of critical threshold) as:

KN,t+1 = KN,t

(
1 + ztrN

(
1 − KN,t

CC

))
− Kb

N,t (19)

We adopt the same approach when modeling natural capital in the presence of a
critical threshold. The multiplicative assumption implies that the greater AN , the
larger the uncertainty that the agents or the social planner face when making optimal
decisions, due to higher possible realizations of the shock.13 Importantly the (log)
formulation of the shock implies that the accumulation rate cannot turn negative
following the realization of a bad shock. This is a simplifying assumption, which we
adopt to contain the studied equilibria within the economically sustainable region (to
the right of CT ).

3.3 Aggregation and market clearing
We allow for aggregate shocks in the evolution of natural capital, but rule out idiosyn-
cratic shocks. Then, assuming that each atomistic unit is indexed by i, the aggregate
production, stock of natural capital, amount of labor associated with the green and
brown technologies, consumption levels, and physical and financial assets are given

13In more complex specifications one could assume that σϵ is time-varying. For example, as
the stock of nature approaches the CT of the economy, there could be greater variability in the
persistence and size of the shocks associated with the regeneration rate, due for example to an
increase over time in the frequency and magnitude of extreme natural events. The inclusion of a
shock over the regeneration rate could also be interpreted as a parsimonious way to model uncertainty
over property rights; for example by setting ϵt+1 ∼ IN(−∞,0)(0, 1), where IN(a,b)(.) represents a
truncated normal distribution on the interval (a, b), it is possible interpret the (negative) shocks as
originating from expropriation of (part) of the newly formed amount of Nature.
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by:

Yg,t =
∫ 1

0
yg,t(i)di, Yb,t =

∫ 1

0
yb,t(i)di, KN,t =

∫ 1

0
kN,t(i)di,

Kg
N,t =

∫ 1

0
kg

N,t(i)di, Kb
N,t =

∫ 1

0
kb

N,t(i)di, Nb,t =
∫ 1

0
nb,t(i)di,

Ng,t =
∫ 1

0
ng,t(i)di, Ct =

∫ Nt

0
ct(i)di, C∗

t =
∫ N∗

t

0
c∗

t (i)di,

Ã∗
t =

∫ N∗
t

0
ã∗

t (i)di, Ãt =
∫ Nt

0
ãt(i)di, Kt =

∫ Nt

0
kt(i)di, K∗

t =
∫ N∗

t

0
k∗

t (i)di

We also assume that the Law of One Price (LOP) holds and that there is no home
bias in consumption so that:

PH,t = P ∗
H,tEt (20)

PF,t = P ∗
F,tEt (21)

Pb,t = P ∗
b,tEt (22)

Pg,t = P ∗
g,tEt (23)

where Et denotes the nominal exchange rate. From the LOP (and assuming no home
bias, γ = γ∗) it follows that Pt = P ∗

t Et. Combining the budget constraint equations
with the households’ consumption optimizing conditions we have:

p∗
F,t(YF,t − (K∗

t+1 − (1 − δ)K∗
t )) = γ(C∗

t + Ct) (24)
pH,t(YH,t − (Kt+1 − (1 − δ)Kt)) = (1 − γ)(C∗

t + Ct) (25)

Notice that from the LOP it follows that P ∗
F,t/P ∗

t = PF,t/Pt. From the above two
conditions we can establish a clearing expression for world output:

Ct + C∗
t + pH,t(Kt+1 − (1 − δ)Kt) + p∗

F,t(K∗
t+1 − (1 − δ∗)K∗

t ) = pH,tYH,t + p∗
F,tYF,t

(26)

Net financial assets demand equals 0:

Ãt+1 + Ã∗
t+1 = 0 (27)

Labor markets clearing in H implies:

Nt = NH,t + Ng,t + Nb,t (28)

Also, the nominal wage is the same across sectors

Wt ≡ WH,t = Wg,t = Wb,t (29)
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3.4 Competitive Equilibrium
The competitive equilibrium in the two-bloc model is summarized by:
a consumption allocation for the domestic and foreign households, (ct, c∗

t ); a saving
allocation for the domestic and foreign households, (ãt, ã∗

t , kt+1, k∗
t+1); an allocation

for the home intermediate goods firms (ng,t, nb,t, kg
N,t, kb

N,t, kN,t+1); an allocation for
the home final and intermediate goods firm (NH,t, It, Ib,t, Ig,t, Kt); an allocation for
the final goods aggregator firm (C∗

H,t, C∗
F,t, CH,t, CF,t); an allocation for the foreign

final and intermediate goods firms (N∗
t , I∗

t , I∗
b,t, I∗

g,t, K∗
t ); relative prices and returns

(pb,t, pg,t, pH,t, pF,t, pI,t, wg,t, wb,t, wt, w∗
t , Rt, RK

t , R∗
t , RK∗

t , Et); all of which satisfy the
domestic and foreign households optimization problem and the home and foreign
goods firms optimization problems and which clear goods, assets, and labor markets
for all t, given a spending and transfer policy tt, ot, t∗

t , o∗
t and given the exogenous

processes A0
b,t, A0

g,t, AH,t, AF,t, Nt, N∗
t .

3.5 FOCs, shadow price of Nature and Hotelling condition
We report the solution of the Competitive Equilibrium in Appendix A.1. A special
case of First Order Condition (FOC) arises from solving the intermediate goods firms
problem pertains to the shadow price of natural capital, which we call µt. Based
on the intermediate goods maximization problem’s FOC with respect to kg

N,t, this is
given by:14

µt = pb,tαb
yb,t

(kN,t − kg
N,t)

(1 − κ(kN,t, kg
N,t)) − pb,tyb,t

∂κ(kN,t, kg
N,t)

∂kg
N,t

− pg,tαg
yg,t

kg
N,t

(30)

Notice that

∂yb,t

∂kg
N,t

< 0;
∂κ(kN,t, kg

N,t)
∂kg

N,t

< 0 (31)

It follows that the shadow price of natural capital can be interpreted as the
difference between two absolute magnitudes: the marginal cost from foregoing an
additional unit of kN in the production of brown intermediate goods (first term in the
above expression); and the marginal benefit associated with preserving one additional
unit of kN for the production of green intermediate goods (last two terms in the above
expression). This means that in our set up, the shadow price of kN is positive when
there exists an trade-off between exploitation and conservation of the stock of natural
capital.

Crucially, kN ’s shadow price must satisfy an intertemporal condition. This relates
the current shadow price with expected future benefits from changes in the amount
of natural capital. Following from the FOC with respect to kN,t+1, this Hotelling

14We keep the general specification for the exploitation costs κ(•) to streamline the presentation.
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condition, for the cases with and without CT is:

µt =Et

∆t,t+1

µt+1
∂AN,t+1(.)

∂kN,t+1
+ pb,t+1αb

yb,t+1

(kN,t+1 − kg
N,t+1)

(1 − κ(kN,t+1, kg
N,t+1))−

(32)

pb,t+1yb,t+1
∂κ(kN,t+1, kg

N,t+1)
∂kN,t+1


where ∆t,t+1 is the stochastic discount factor of the households (owners of the firms).
In line with this condition, assuming µt > 0, the pace of natural capital accumula-
tion/decumulation rate thus depends on two forces: first, the future expected change
in kN accumulation rate, which in turn depends on the level of the natural capital
stock relative to CC (and CT if this is assumed); and second, the expected future
marginal economic value of changes due to next perod’s natural capital stock. Ac-
cordingly, for example, with no CT , and natural capital initially above CC/2, the
expected change in the regeneration rate from a marginal increase in the stock of nat-
ural capital is negative (Proposition 1), while the marginal future expected benefit is
positive.

3.6 Social planner problem
The competitive, decentralized solution and the Social Planner’s (SP) solution are
the same when there are no externalities associated with Nature, if the SP’s aim is
to maximize global welfare subject to world resources constraints and the dynamics
of natural capital putting equal weight to the welfare of both blocs. Thus, also under
a SP, global welfare depends on domestic and foreign consumption (C, C∗) through
the utility functions U(•) of households in H and F, and does not have a specific
preference nor target for a certain level of the natural capital stock. The SP problem
then reads:

max
Ψ

E0

∞∑
t=0

βt(χU(Ct) + (1 − χ)U(C∗
t )) (33)

s.t.
YF,t = C∗

F,t + CF,t + K∗
t+1 − (1 − δ∗)K∗

t (34)
YH,t = CH,t + C∗

H,t + Kt+1 − (1 − δ)Kt (35)
Yb,t(1 − κ(KN,t, Kb

N,t)) = I∗
b,t + Ib,t (36)

Yg,t = I∗
g,t + Ig,t (37)

KN,t = Kg
N,t + Kb

N,t (38)
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where the F bloc’s resources constraint is given by (34), the H bloc’s resources con-
straint by (35), the intermediate brown goods clearing condition by (36) and the
intermediate green goods clearing condition by (37); also, the problem takes into
account the law of motion of natural capital, summarized by equation (13) or (15),
the definitions of consumption, equations (11)) (and an equivalent one for the F
bloc), the definitions of final goods output and intermediate goods, equations (7) and
(9) (and two equivalent ones for the F bloc), the aggregate definitions of green and
brown intermediate goods, which directly follow from aggregation of equations (2)
and (3), the labor market clearing equation (28), and the non-negativity constraints
on consumption. The parameter χ is a Pareto weight. Before solving it is convenient
to substitute several definitions in the planning problem presented above, so that
eventually the SP optimizes only over a set of variables, Ψ, defined as:

{Kt+1, K∗
t+1, KN,t+1, Kg

N,t, Ng
t , N b

t , CH,t, C∗
H,t, CF,t, C∗

F,t, Ig,t, Ib,t, I∗
g,t, I∗

b,t}

We define the shadow value of the foreign output resource constraint as λ1 ≥ 0,
the shadow value of the home output resource constraint as λ2 ≥ 0, the shadow
values associated with the intermediate inputs b as λ3, the shadow values associated
with the intermediate inputs g as λ4 and the shadow values on the natural resources
constraints as µSP .

The FOCs associated with the macroeconomic variables are standard and are
presented in Appendix A.2. Importantly, the SP now internalizes the impact of Nature
on TFP, which means that the shadow price of Nature and the Euler conditions need
to be adjusted accordingly.

4 Model calibration and dynamics
In this section we calibrate and solve the macroeconomic model assuming no extern-
alities from Nature and show how Nature is efficiently managed intertemporally.

4.1 Calibration
We assume that one period corresponds to 5 years, in line with the literature that
focuses on modeling long-run climate economics phenomena. As explained below,
we align common macroeconomic parameters with prior existing empirical literature;
and experiment with parameters governing natural capital basing our priors on en-
vironmental research in connection to each parameter, since the economic literature
on this is scarce or non-existent.

4.1.1 Macroeconomic parameters

We use World Bank data on total resources rents as a share of GDP to distinguish
between the two blocs or regions. Specifically, using the full sample available in the
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dataset, we include in the H bloc countries where the share of total natural resources
rents in the data is equal to, or above, the 70th percentile of the full sample (which
corresponds, approximately, to a share of natural resources equal or above approx 7%
of GDP). Conversely, to calibrate the F bloc we include all the remaining countries,
with the exclusion of "low income" and "lower middle income" countries.15

We calibrate the size of each bloc using population data from the Penn World tables as
of 2019, normalizing the foreign population to 1, which gives N∗

t0 = 1 and Nt0 = 1.54.
The households inverse of the intratemporal elasticity of substitution and the dis-
count factor are set within standard ranges, namely 2 and 0.985, respectively (see for
example Golosov et al. (2014)).

Regarding the shares of intermediate inputs, labor and capital in the production
of final consumption goods, we follow results from regressions in Baptist and Hepburn
(2013) which, while fit to U.S. data, can be used as a rough starting point sufficient
for our numerical illustrations. Looking at the regressions of gross output (e.g., value
added + intermediate inputs) on capital, labor and intermediate inputs, under the
assumption of CRS, we take the average across industries (excluding those industries
where the coefficients are not reported as being statistically significant), which gives
ζ∗

K = 0.11, ζ∗
N = 0.25. We then use these values as they are and apply them to the F

bloc, which, being mostly comprised of advanced countries, is de facto closer to the
U.S. economy. For the H bloc we tilt the share of labor upwards, coherently with
the larger labor shares observed in emerging economies. In practice, we simulate a
deterministic steady state (without growth) of the model with the exogenous CT , and
set the labor share so as to roughly match the capital-value added ratio as it appears
in the Penn Tables as of 2019. This requires increasing the labor share (ζN) to 0.30
of gross output, which is still a number smaller than the labor share of GDP in the
Penn World Tables (0.52, in 2019). For the labor shares in the production functions
associated with intermediate inputs in H, we directly follow the Penn World tables,
using economy-wide labor shares, as of 2019. Similarly, we calculate the depreciation
rates of physical capital using the Penn tables.

Regarding the intratemporal rate of substitution between intermediate inputs,
g, b, previous literature has highlighted a vast range of estimates, depending on
whether the elasticity refers to inter- and or intra-industry substitution (see for ex-
ample Saito (2004)) with estimates varying widely (see Peter and Ruane (2023) for
the case of India and Blaum et al. (2018) for the case of France) highlighting the
difficulty in pinning down a value for our parsimonious model; in our exercises we use
a value equal to 1.5, so as to emphasize imperfect substitution (this value is below 2.4,
which is the value reported for domestic and imported intermediates by Blaum et al.
(2018) but above the value of 0.9 proposed by Peter and Ruane (2023) to characterize

15Overall, the Foreign block includes 32 High Income (OECD) countries, 19 High Income (non-
OECD) countries, and 34 Upper Middle income countries, while the Home block includes 10 high
income countries (OECD and non-OECD), 21 Lower Middle Income, 21 low income and 17 upper
middle income countries, according to the WB income classification.
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the elasticity between energy, material and services inputs).
Another difficulty consists in calibrating the share of green and brown inputs in

the intermediate goods production function; because our definition of green produc-
tion encompasses all types of goods that are generated in such a way as to preserve the
existing stock of natural capital between periods, there are no official statistics that
we can directly rely on. Common knowledge is that this type of production represents
a minor share of imported inputs across countries. In our benchmark exercises we
set this value equal to 10% of the aggregate intermediate input, but it is possible to
explore sensitivity of our main results, by considering production functions that allow
for both higher and lower shares. A low share of green goods allows to incorporate
well the trade-off that a social planner is likely to face, conditional on the current
economic structure. That is, in an economy where the majority of production relies
on natural capital exploitation, shifting economic output to the green sector is costly,
as it requires, ceteris paribus, a larger share of labor relocation from the other sectors
than what it would be if both types of intermediates held the same weight.

In the cost function that dictates the exploitation of natural capital we set b1 =
10, which implies that full exploitation of the existing stock of natural capital roughly
requires a total cost equal to produced output (that is Yb,t(1 − κ(KN,t, KN,t)) ≈ 0).

Table 1 summarizes the calibration of the macroeconomic parameters.

Table 1: Calibration of Economic Parameters

Parameters V alue Explanation

σ 2 HHs inverse Intratemporal Elast. of Subst.
β 0.985 Annual HHs Discount Factor
δ 0.05 Annual Depreciation rate H
δ∗ 0.04 Annual Depreciation rate F
ζN 0.30 Labor Share in H Production
ζN∗ 0.25 Labor Share in F production
ζK 0.11 Capital Share in H production
ζK∗ 0.11 Capital Share in F production
ωg 0.10 share of g intermediate inputs in H production
ω∗

g 0.10 Share of g intermediate inputs in F production
ρ 1.50 Intratemporal Elast. of H intermediate inputs
ρ∗ 1.50 Intratemporal Elast. of F intermediate inputs
αb 0.48 Share of Natural Capital in b production
αg 0.48 Share of Natural Capital in g production

ϕg, ϕb ** Elasticity of intermed. output to stock of KN

b1 10 Parameters in Cost Function of h firms
γ 0.50 Share F consumption goods
χ 0.50 Pareto Weight

Note: ** We will initially set the value of ϕg, ϕb equal to zero, and only assume
a positive value when studying green policies.
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4.1.2 Environmental parameters

Environmental parameters include the intrinsic regeneration rate, the levels of the
carrying capacity (CC) and critical threshold (CT ) of natural capital, and the elasti-
city of output to the aggregate stock of natural capital (ϕg, ϕb) as summarized in Table
3. Calibrating the dynamics of natural capital through a single metric is hard. This
is because ecosystems are characterized by an enormous variety of goods and services,
each with different attributes, regeneration rates, and each conventionally measured
in a variety of different units. For these reasons, even though we will describe the
though process associated with calibrating our parameters, we will also allow for ex-
plicit uncertainty in the intrinsic regeneration rate that governs the accumulation of
natural capital.

In this exercise, to set the CT level, we rely on current estimates of what is
considered a safe decline in biodiversity levels, and ecosystems more generally. The
case of the Atlantic rainforest is on point, in the sense that, as shown by research,
the forest itself when in a self-sustainable state can recycle much of the rain that falls
on it, generating a self preserving cycle. Research suggests that removing as little as
30% of the forest cover can impede this self-perpetuating stabilizing cycle. Without
this active restoration system in place, the system can then flip to another state, such
as a savannah grassland (see Nepstad et al. (2007); Salati (1987); Farley (2008)).
This 30% threshold seems also to apply in the case of fisheries where it is estimated
that the highest average catch that can be continuously taken from a stock under
average environmental conditions is approximately equal to 30% of the population
(Bousquet et al. (2008); Thorpe et al. (2015)); it is important to emphasize the lack
of consensus across researchers: some scientist go as far as to say that already a
10% loss in biodiversity might be considered unsafe (see Newbold et al. (2016)), even
though other authors are much less pessimistic, setting safe limits as low as 30% of
the original biodiversity richness (Steffen et al. (2015)).

Normalizing the level of CC to 1 we set CT = 0.7. This means that, when
studying the dynamics with an exogenous CT , starting from a stock size normalized
to 1, a decline exceeding 30% of the original stock activates the critical threshold,
flipping the system into another state.

To calibrate the regeneration rate rN , we follow Poorter et al. (2021), who ana-
lyzed 2,200 patches of forest in West Africa and Central and South America, including
areas of the Atlantic and Amazon rainforests. The main results of the study suggest
that soil richness was restored about 10 years after deforestation and after a period
between 25-60 years, the forests’ structure and function had fully returned. However,
biodiversity took longer to fully return, at an average of 120 years. We consider the
60 years mark to calibrate the regeneration rate in our dynamic equation of natural
capital.

Using the law of motion of natural capital, with CC = 1, CT = 0.7 (if we assume
a CT level) and setting Kg

N = KN (that is assuming natural regeneration and no
further exploitation), this means that, starting from a value of KN,t0, close but above
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the CT level of 0.7 we can endogenously back-out a level of rN that allows for full
natural capital restoration within 60 years. Table 2 summarizes different values of rN ,
given a range of starting levels of KN,t0 "close enough" to 0.7. As expected, how close

Table 2: Calibration of intrinsic regeneration rate (rN )

KN,t0 with CT Without CT

0.701 2.8 0.43
0.75 1.4 0.42
0.80 1.2 0.40
0.85 1.0 0.38

the initial assumed level of KN,t0 is to CT determines how significant the influence on
the implied value of rN is, due to the non-linear dynamics that characterize the law
of motion of natural capital. In the simulations below we take an agnostic approach
and calculate the regeneration rates that are coherent with a grid of initial levels of
KN,t0 going from 0.701 (very close to the CT) to 0.851 (still relatively close to the
CT) with increments of 0.01. Specifically, we calculate the value of rN consistent with
each starting level of KN0 ∈ [0.701, 0.851] and then compute an unweighted average
of this statistic. The computed mean is approximately equal to rN = 0.4 for the
model without CT and rN = 1.4 for the model with CT .

Table 3: Calibration of Environmental Parameters

Parameters V alue Explanation

CC 1 Carrying Capacity
CT 0.7 Critical Threshold
rN 1.4; 0.4 Intrinsic regen. rate
σϵ 0.03 StD. of regen. rate shocks
ρN 0.95 Persistence shocks

Finally, regarding the uncertainty associated with the accumulation rate of nat-
ural capital, we assume small (σϵ = 0.03) but persistent (ρN = 0.95) shocks; also,
when solving for the optimal policy functions, we assume that the shocks take values
ϵt+1,1 = 0, ϵt+1,2 = σ

√
3
2 , ϵt+1,3 = −σ

√
3
2 with probability 2

√
π

3 for the first realiza-
tion and

√
π

6 for the second and third realizations (that is, we assume a three-node
Gauss-Hermite quadrature method to account for uncertainty).

4.2 Model dynamics
In this section we study how optimal economic decisions are affected by different
initial levels of natural capital and by natural capital’s own dynamics. To this end
we solve the for the global solution of the model using dynamic programming, in line
with the recent literature focusing on climate economics (see for example, Fried et al.
(2022) and Lemoine and Traeger (2016), among many others).
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Given an initial stock of H and F capital (both physical and natural), the agents
decide how to allocate economic resources across sectors, choose how much physical
capital to accumulate, and decide how much of the available stock of natural capital
to conserve or exploit depending on the existence of a CT . These decisions are taken
simultaneously and are coherent with maximizing the expected discount sum of world
consumption.

We start by assuming that there is no Total Factor Productivity (TFP) growth
and that there is no externality from the stock of Nature. We look at four natural
capital scenarios: (1) initially abundant KN , no CT ; (2) initially abundant KN , with
CT ; (3) critically depleted KN , no CT ; and finally, (4) critically depleted KN , with
CT . In all cases we trace the behavior of both natural capital and key macro-variables
as the economy evolves starting from the given levels of the state variables toward
the model long-run stationary equilibrium.

We then move to a world with positive TFP growth. We look again at the four
above cases, and trace once more the evolution of the economy. Results from this
analysis are detailed below.

4.2.1 Model dynamics with no technological growth

Assuming no TFP growth,16 we consider the case in which the economy starts with
abundant natural capital (i.e. with KN initially near CC, namely set to a value
equal to 0.95, that is a value to the right of the level that maximizes the natural
accumulation rate, see Figure 1). We then look at when the economy starts with a
critically depleted stock of natural capital (KN initially close to its CT ).17 In both
cases we contemplate what happens when there is or not a CT .18

Abundant KN . What happens to natural capital and production when KN is
close to its carrying capacity? To answer this question the first thing to note is that
in our set up it is not optimal to maintain KN close to its CC level–independently
of whether there is or not a CT –because this requires setting aside a large portion
of KN for conservation, which in turn implies reducing substantially the production
of brown goods both presently and in the future; and brown goods are the dominant

16Unless stated otherwise, we simulate the model setting to zero the realizations of the exogenous
uncertainty shocks on the regeneration rate.

17To gauge what representative values of CC might be, we used the Biodiversity Intactness Index,
which is an estimated percentage of the original number of species and their abundance that remains
in any given area, despite human impacts (see Scholes and Biggs (2005)). Specifically, we computed
a GDP-weighted average of the index across the H group of countries covered by the Index. In 2014
(the latest year of historical data available), the calculation gives 0.72 for the group of H, a value
aligned to the approximate critical thresholds levels mentioned above.

18The initial stock of physical capital is assumed to be equal across versions (model without and
with CT ) of the model; we calibrate Kt0, K∗

t0 assuming KN,t0 = 0.75, and in such a way that in the
first period of the model with CT , the capital-output ratios in the two blocs are roughly matching
the data as of 2019. We normalize the initial TFP level of F to 1 and set the relative TFP level of
H equal to 0.61, following the Penn World Table data on TFP level data, as of 2019.
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input in the production of aggregate intermediate goods. Besides, the output trade-
off when KN is close to CC is particularly stark because–both with and without a
CT–the rate at which KN accumulates is low, as in the proximity of CC this rate
declines as natural capital increases (see Figure 1).19

It follows that when the economy finds itself with a high level of KN close to CC,
the SP, discounting future consumption at rate β, efficiently chooses to lower the KN

gradually over time, as shown in the upper panel of Figure 2. This way, the dynamics
of natural capital lead to a smooth decline of brown production, and one that is
consistent with the evolution of its relative marginal value over time. Eventually,
KN converges to a lower level than the initial one, in line with the law governing
KN accumulation rate for both the CT and no-CT model versions (see Figure 2). At
such lower but stationary level, KN is both "technologically" optimal in the sense that
it is in line with a level of brown and green productions which maximizes expected
discount utility of the households in both blocs.

There are differences in the way the model evolves away from a starting abundant
KN state when there is a CT versus the case where there is no CT . Intuitively, KN

declines less when there is a critical threshold. This is because, in this case, it is not
efficient to push KN below CT and reach a lower level of natural capital than the low
one already in place. So in the presence of a CT , the stationary level of natural capital
is relatively higher than in the absence of a CT . This implies that it is optimal to
exploit KN less (bottom panel of Figure 2), in turn meaning that less brown output is
produced compared with the case when there is no CT. One immediate consequence of
a declining level of brown and green output, is that physical investment also declines.
But since the speed of physical disinvestment is higher than the speed at which output
declines, in equilibrium consumption can (temporarily) increase before falling (upper
panel of Figure 3).

One final distinction between the CT case and the no-CT case when the eco-
nomy starts with a large endowment of KN relates to the response of green output.
When there is no CT green output falls significantly, as a direct consequence of pro-
gressive natural capital depletion; this outcome is costly but still efficient due to the
relatively small share that green production plays in generating the final consumption
goods. By contrast, when there is a CT , green output marginally increases; this is
possible because, despite a lower level of conserved KN , there is a sufficiently strong
re-allocation of labor from the brown intermediate and final good consumption produ-
cing sectors towards the green intermediate good producing sector, making relatively
more green production possible. This outcome is efficient because the existence of a
CT prevents to optimally exploit as much KN as in the unconstrained equilibrium.
As a result, the marginal productivity of labor in the brown sector cannot grow as
much as it would, were the equilibrium unconstrained, which also means that relative

19In other words, in order to keep the stock of KN from falling, the SP would need to earmark
increasing amounts of KN for conservation as KN approaches CC; something clearly inconsistent
with a stationary equilibrium where both brown and green production are positive.

22



marginal productivity of the green sector is relatively higher, ultimately generating
the observed expansion in green output.

Figure 2: Natural Capital Dynamics
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Blue dashed lines refer to the No-CT case, while black solid lines refer to the
CT case. Blue and black dotted lines in the top left panel (right hand side y-
axis) represent corresponding percentage changes between periods in the stock
of KN,t, in the two cases, respectively.

Critically Depleted KN . To compare model dynamics in the case when the eco-
nomy starts with a KN close to CT relative to the case in which it is close to CC,
we compute initial values of key macroeconomic variables in the two cases. Table 4
reports such values, showing that in both cases, a world with compromised natural
assets is a world characterized by significantly lower economic activity than a world
in which natural capital is initially abundant. The discrepancy in activity is visibly
larger in the presence of a CT than in the absence of it, with the exception of green
production and green labor, since when KN is close to its tipping point, it becomes
optimal to shift production to the green sector.

Figure, 4 describes the evolution of KN when the model starts from this critically
depleted KN state. Like in the case of abundant initial KN , natural capital adjusts to
its economically efficient long-run levels compatible with the presence or absence of a
CT , and these levels coincide with the level attained when the starting point of KN

was close to CC. The rate at which KN accumulates in this scenario is much lower,
however, when a CT is present. The reason is that Nature’s ability to regenerate
itself starting from its CT is much lower than when a CT exists, but KN starts close
to its carrying capacity. This insight is coherent with the observation that when an
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Figure 3: Growth Rates of Macroeconomic Variables
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case, while black solid lines refer to the CT case. Each variable is expressed
in terms of the percentage change with respect to its initial level at t0. For
example, looking at Ng in the CT scenario, the figure suggests that in the long
run the level of green labor is approx. 10% larger than its initial level. The
variable Invt = Kt+1 − (1 − δ)Kt, Inv∗

t = K∗
t+1 − (1 − δ)K∗

t .

ecosystem is nearing its tipping point, recovery times from even from small shocks,
such as a small drought or warmer-than-usual winter, are slower than when KN is far
from tipping points (Scheffer et al. (2012); Scheffer et al. (2015)).

What about the evolution of macroeconomic variables when the economy starts
with a low KN? If the economy starts close to the CT , it is clearly optimal to conserve
more natural assets than when the economy starts with abundant KN . Incremental
additions to KN according to this plan allow both more exploitation and conservation.
When there is a CT , brown output can expand (Figure 5), allowing for an overall
increase in consumption through time from, however, a lower initial starting point
relative to the abundant KN case. This happens because, with KN initially close to
CT , it is optimal at first to reduce brown output and divert labor resources to green
production–in order to raise the level of KN from its critically-depleted state. But as
the economy moves away from its tipping point, it becomes increasingly inefficient for
the social planner to sacrifice brown production to favor green production. In fact, as
the economy moves progressively closer to its higher, long-run level of KN , the social
planner prefers to increase brown production while decreasing green production. The
rate of decline in green production is relatively muted, and this is possible because,
moving away from CT , the rate at which Nature can regenerate itself increases, and
thus raises the endogenous accumulation rate, which in turn allows the social planner
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Table 4: Percentage Diff. (%) in levels at t0

Exo CT No CT
C -32.3 -4.9
Yb -61.9 -10.7
Yg 8.0 -10.7
Nb -4.1 0.0
Ng 35.5 0.0
Inv -90.5 -17.2
Inv∗ -85.6 -16.6
YH -39.0 -6.5
YF -41.6 -7.0

Note: The table shows differences in percent of selected variables’ values at time
t0 in a ¨critically depleted¨ KN scenario versus an ¨abundant¨ KN scenario in
the case of CT (column 2) and no-CT (column 3). For example, consumption
at time t0 is about 32 percent lower when natural capital is critically depleted
relative to the case when it is abundant. In the case of Inv, Inv∗ the values refer
to time t0 + 1.

to count on more KN in the future while still allowing for more KN accumulation in
the near term–a virtuous cycle, which ends as the change in the accumulation rate
tends to zero.

Figure 5 also shows that when there is no critical threshold, there are no large
qualitative differences in the dynamics of output (and its components) compared to
the scenario in which the model starts with abundant KN .

Figure 4: Natural Capital Dynamics
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Note: CC=1, CT=0.7, KN,t0 = 0.75. See Note in Figure 2.
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4.2.2 Model dynamics with technological growth

We now turn to a version of the model with positive technological growth. In this
case the policy functions are no longer stationary, but rather incorporate, in each
period, expected future optimal plans that in turn depend on future realizations of
technological growth (which we assume deterministic) and shocks to KN . To handle
these new modeling assumptions we employ the general framework developed by
Maliar et al. (2020) that contemplates time-in-homogeneity in optimal value and
decision functions, while accounting for the possibility that the model possesses no
well-defined balanced growth path. This way we can embed anticipatory effects (in our
case due to technological growth), which would otherwise be unaccounted for when
using a naive solution approach that relies on a stationary solution (see also Cooley
et al. (1984) for a critique of using a naive-style solution that assumes stationary
policy functions in growth models).

Figure 5: Growth Rates of Macroeconomic Variables
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Note: CC=1, CT=0.7, KN,t0 = 0.75. See Note in Figure 3.

The growth processes are formalized following standard specifications used in climate
and environmental models. More precisely we follow a specification used by Barrage
and Nordhaus (2023):

Aj,t = Aj,t−1/(1 − g0,jexp(−g1,jÑ(t − 1))) (39)
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for j ∈ {H, F, g, b}, where g0,j, g1,j are parameters and Ñ corresponds to the number
of years in each period (which in the present context is equal to 5).

We calibrate the initial exogenous productivity levels of H, F by matching the
relative average TFP in 2019 between the two groups (at current PPP). To calib-
rate the exogenous growth rates of productivity AH,t and AF,t we follow work in
Christensen et al. (2018), which distinguishes between high, middle and low income
regions. As a baseline we use the same growth rates between the two groups by setting
g0,j = 0.082, g1,j = 0.0072, as done in Barrage and Nordhaus (2023) in the context
of a world economy. Regarding Ag, Ab we make the simplifying assumption that
Ab,t = Ag,t = AH,t ∀t. We assume that after 15 periods (corresponding to 75 years)
the economy reaches a steady growth rate. Also, starting in period 20, we assume
a stationary solution, in which we revert to the naive ("stationary policy function")
approach where the agents think that next period level of productivity remains fixed
forever.

Figure 6: Natural Capital Dynamics
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Note: CC=1, CT=0.7, KN,t0 = 0.75. KN,t (Top left) and AN,t (top right).
Dashed blue line plots model responses in the No-CT case, while solid black line
plots responses for CT case. The figure also reports the evolution of variables
under zero technological growth, with the solid gray lines corresponding to the
CT scenario, and the dashed gray lines corresponding to the No-CT scenario,
respectively.

As a natural extension of the stationary exercises presented above we consider a
scenario where the initial stock of KN is close to its critical threshold level (e.g.,
KN,t0 = 0.75) and compare the model dynamics with CT and without CT . As shown
in Figure 6, when we embed positive technological growth, KN declines faster and
more significantly than in the absence of technological growth, when we assume the
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absence (presence) of a CT . This is because when the SP determines allocations, it
now accounts for the fact that, for a given KN conserved today, the marginal benefit
that arises from producing brown goods tomorrow–i.e. goods which entail depleting
KN–is relatively higher compared to a scenario without technological growth. This in
turn generates an equilibrium where it is optimal to deplete relatively more KN (or
equivalently, in the CT scenario, to conserve relatively less KN), a finding consistent
with the idea that economic growth increases the demand of material resources, thus
requiring more use of KN , as highlighted in Kornafel and Telega (2020).

Looking at macroeconomic developments, this dynamic resembles qualitatively
the scenario without TFP growth: even with TFP growth, in the presence of a
CT it is optimal to contain the accumulation of physical capital (that is, to invest
less), compared to a scenario without a CT (Figures 7). In fact, here both physical
capital and the level of final goods are permanently lower, reflecting the trade-off
between allocating more labor to the green sector while maintaining enough labor to
keep production of the intermediate good sector unaltered. Quantitatively, results
underline the need of a slower accumulation of physical capital both in the H and in
the F bloc both in the medium and long run when KN - is initially depleted and TFP
growth is assumed uniform across blocs and sectors. 20

5 An example of Nature-positive green policy
So far, we assumed that there are no externalities associated with KN , making the SP
solution isomorphic to that from the Competitive Equilibrium (CE). In this section
we relax this assumption by contemplating a direct impact of KN accumulation on
aggregate TFP in both the green and brown intermediate sectors. In particular, we
assume that this is given by:

Ab,t = A0
b,t(K

g
N,t)ϕb (40)

Ag,t = A0
g,t(K

g
N,t)ϕg (41)

where Kg
N,t represents the economy-wide KN , ϕg > 0, ϕb > 0 describe the elasticity

of output to such stock, and A0
b,t, A0

g,t represent the exogenous component of TFP;
through this change we (partly) "endogeneize" growth (to the extent that TFP is going
to depend, in part, on the sum of conservation choices made by atomistic firms) and
open the door to economic policies that, in the context of a CE, can help replicate
the SP outcomes. To this end, we consider the case of a domestic subsidy on the H
bloc’s KN , which resolves the externality.

20Specifically, the model dynamics under the assumption of positive TFP growth suggest that a
SP would slow domestic (foreign) capital in the range of -6.6% (-7.4%) per year on average over the
course of the next 10 years, and of -1.6% (-1.7%) per year on average over the course of the next 25
years.
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Figure 7: Growth Rates in Macro Variables
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Note: CC=1, CT=0.7, KN,t0 = 0.75. Dashed blue line plots model response
in No-CT case, while solid black line plots response for CT case. The figure
also reports the evolution of variables under zero technology growth, with the
gray solid line corresponding to the CT scenario, while the gray dashed lines
corresponding to the No-CT scenario, respectively. Each variable is expressed
in growth rates with respect to the previous period.

Comparing the SP and CE shadow prices of KN it is immediate to realize that in
a decentralized economy the Hotelling equation of the agents does not incorporate the
benefits accruing from a larger amount of conserved nature via TFP. The difference
is that the SP internalizes that there are benefits from having a larger KN , through
the marginal change in the productivity of both brown and green production. Figure
8 illustrates this numerically, summarizing how these differences affect the accumu-
lation of KN (assuming ϕg = ϕb = 0.05). In particular, the upper panel shows that
KN accumulation is stronger when there is a CT and the SP internalizes the TFP
externality (and symmetrically, KN decumulation is less pronounced when there is
no CT and the SP internalizes the TFP externality); the lower panel shows that the
SP can enable KN accumulation, by reducing exploitation and fostering conservation.
Eventually, with a CT , the SP can achieve both higher exploitation and conservation;
this is because, as explained before, with a CT , and KN increasing, the regeneration
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rate also increases, which allows to expand brown production even further.
Even though our model assumes private ownership of KN , so that there is no

"tragedy of the commons", the externality leads to prescriptions similar to an open-
access environment since each producer is ignoring the impact of its own marginal
depletion on aggregate outcomes. (Xepapadeas (2009)).

Last, it is important to stress the differences in KN accumulation rates across
the CE and SP worlds (upper right panel of Figure 8). With a CT , the accumulation
rate of KN is larger with a SP than in a CE, and this happens because this rate is
increasing in the stock of KN , when the economy starts near its CT (as also shown
in Proposition 2); symmetrically, when there is no CT , the accumulation rate is
relatively lower because the accumulation rate is decreasing in the level of KN for
values of KN above CC/2 (as also shown in Proposition 2). Notably, in both cases
there is front-loading and the speed of accumulation (decumulation) of KN is stronger
(milder) during the first periods, as demonstrated by the non-monotonic evolution
of the percentage differences in accumulation rates (which have a maximum in the
2nd period when assuming no CT and a minimum in the 9th period when assuming a
CT ).

This discussion suggests that a tax authority in H could establish a (lump-sum
financed) subsidy offered to the intermediate goods firms on the amount of conserved
nature (kg

N,t). This subsidy can be expressed in nominal units (that is in the bloc
"currency"), as similarly done in the case of carbon taxes, which are usually expressed
in terms of $ per ton of CO2. In our case, the relevant measure is the "unit of Nature",
or "unit of KN ", where the interpretation of Nature might differ depending on the
relevant context. We formalize the idea of a H green subsidy in the proposition below:

Proposition 3. A nominal, lump-sum financed, subsidy to the intermediate goods
firms equal to Ptτtk

g
N,t where τt

τt = pb,tϕb
yb,t

Kg
N,t

(1 − κ(kN,t, kg
N,t)) + pg,tϕg

yg,t

Kg
N,t

(42)

offsets the TFP-related externality associated with KN .

Proof. See Appendix A.3.

The assumption is that even though KN is not directly traded in economic mar-
kets, it can be valued in nominal terms. This idea, although somewhat ad hoc, is
coherent with the principle that "the price" of Nature increases as KN goes down. In
our framework, this is ensured to the extent that the amount of consumption goods
(and hence their prices) is indirectly determined by KN itself, through the produc-
tion of intermediate inputs. In other words, as KN diminishes, both the prices of
consumption and KN should increase, reflecting scarcity.
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Figure 8: Natural Capital (% Differences SP and CE)
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Note: Each period corresponds to 5 years. The Figure shows the percentage
differences (%) in the allocation of KN between the SP and the CE. In the SP
case we assume that ϕg = ϕb = 0.05.

Figure 9 provides a numerical illustration of how such subsidy should be set
inter-temporally in an economy without exogenous TFP growth. In particular, the
figure shows both the subsidy rate and the total receipt as a percentage of GDP, or:

τtK
g
N,t

pH,tYH,t − pI,tIt

(43)

where small letters denote relative prices, and we substract intermediate inputs from
gross output (YH).21 We compare two scenarios: in the first one ϕg = ϕb = 0.02, while
in the second one ϕg = ϕb = 0.05. We focus on the policy-relevant case of an initial
KN equal to 0.75. Overall the numerical illustration shows that the subsidy rate is
increasing in both the CT and no-CT cases consistently with the results presented
in Figure 8. Also, the subsidy is significantly smaller in the CT model, reflecting
the much more limited possibility to raise Kg

N beyond what was already done in the
CE. In terms of GDP both subsidies decline through time as KN gradually converges
toward its steady state.

We complement these results with those from the model with TFP growth. Figure
10 considers the case where ϕg = ϕb = 0.05. As expected, and in line with results in
Figure 6, TFP growth reduces the efficient levels of the subsidy during the first years,
because with TFP growth KN accumulates more slowly when there is a CT and vice
versa. Eventually the subsidy, in percentage of GDP, settles at a relatively higher

21All prices are normalized with respect to the price of the final consumption good.
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Figure 9: Optimal Green Subsidy
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Note: Each period corresponds to 5 years. Left axis (solid lines) correspond to
the case with ϕg = ϕb = 0.02, while right axis (dashed lines) correspond to the
case with ϕg = ϕb = 0.05. The tax rate is expressed in % terms.

level as the economy converges to an equilibrium characterized by a lower KN . The
right panel of Figure 10 indicates that as the economy grows the marginal tax rate
increases accordingly.

Figure 10: Optimal Green Subsidy
(Economy with Technological Growth)
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Note: Each period corresponds to 5 years. Solid lines correspond to the case
with TFP growth while the dashed lines correspond to the case without TFP
growth. The top panel corresponds to the case with a CT and the bottom panel
to the case without a CT . The tax rate is expressed in % terms. We assume
ϕg = ϕb = 0.05.
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Introducing a subsidy on the accumulation of KN affects the prices in both economies,
but this effect varies over time (Figure 11). In particular, promoting conservation
initially shifts labor toward the green sector, which expands. In turn, an increase in
the relative production of the green intermediate goods then requires a decline in the
relative price pg,t, while the relative price of the brown goods, pb,t, increases. This
effect reverses as the economy approaches its long-run steady state where a relatively
higher KN allows for both more green and brown production. The terms of trade,
defined as pF,t/pH,t also expand initially before contracting in the long run.22

Figure 11: Relative Prices (% Differences SP and CE)
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Note: Each period corresponds to 5 years. Solid lines refer to the case without
CT, while dashed lines refer to the case with a CT. We assume ϕg = ϕb = 0.05
and no exogenous technological growth.

What are the welfare gains associated with conservation subsidies? To answer
this question, in line with Lucas (1987), we quantify the proportional increase in
consumption that would make the households indifferent between the economy with
and without green policies. To do so we define the aggregate welfare gains of the
households at t0 as the value ð that makes the following equality hold:

E0

 ∞∑
t=t0

βt

(
(1 + ð)CW

t

)1−σ

− 1

1 − σ

 = E0

 ∞∑
t=t0

βt

(
CW G

t

)1−σ

− 1

1 − σ

 (44)

22This follows from the initial decline in production of the final goods, which is relatively stronger
in the F country, where intermediate inputs constitute a higher share of gross output compared to
labor and man-made capital.
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where CW
t denotes the world consumption, CW G

t denotes the world consumption when
the intervention is introduced and t0 denotes the period when we start computing
the gains.23

We find that welfare gains from these subsidies are more contained in the presence
than in the absence of a CT , with specific values depending on the assumed elasticity
of output to KN and the presence or absence of TFP growth. Future welfare gains are
positive, and significantly larger for both versions with and without a CT for a range
of elasticities. Results are summarized in Figure 12 below for a range of elasticities
values (assumed common between the two sectors).

Welfare gains with a CT are close to zero because it is hard to boost KN with
a low KNregeneration rate; while foregoing the already relatively small KN comes at
large output costs.

More generally, welfare gains are more contained when calculated from t0 = 0,
since the optimal conservation policy, which requires exploiting less KN , demands a
reduction of today, time t0 = 0, consumption. This strategy can nevertheless improve
welfare since it allows the economy, through a relatively higher accumulation of KN , to
eventually reach an equilibrium where there is a larger (stable) KN , making possible
higher future consumption in both blocs. This trade-off is well illustrated in Figure
13 for the case without TFP growth and ϕg = ϕb = 0.05. In particular, the figure
highlights how, in the absence of a CT the policymaker can foster conservation much
more effectively, by significantly tilting consumption forward. Overall, the policy
prescription emerging from this exercise aligns well with the previous literature on
limits to growth, suggesting that under finite KN , policy should optimally attempt
to contain present-day levels of material consumption. Our exercise suggests that it
is possible to do so without hurting economic welfare.

6 Conclusion
Nature is a blind spot in economics. But Nature is an asset just as man made capital.
Should natural capital be accounted for in economic models and decision making?

In this paper we attempted to answer these questions by embedding for the
first time natural capital–defined as a variety of ecosystem goods and services es-
sential to economic activity– alongside man-made capital in a standard stochastic,
two-bloc growth model. We assumed that natural capital is an input to production
in both blocs, and that like in the real world, natural capital is unevenly distrib-
uted, displays critical thresholds or ’tipping points’ beyond which the ecosystem is
irreversibly altered, and becomes incapable of regenerating itself, and may contribute
to the evolution of total factor productivity. We used this set up, calibrated using

23To highlight the trade-off between present and future consumption, we compute "present-day"
welfare gain (that is, computed taking the sum from t = 0 onward in equation (44)) but also future
welfare gains (by computing the sum from t = 1 onward in equation (44)). In this way, even though
our framework does not allow for overlapping generations, we attempt to communicate some insights
over the time varying welfare impact of these policies.
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Figure 12: Welfare Gains of a Conservation Subsidy (%)
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Note: The dark and dotted continuous lines refer to the "future" welfare gains in
the scenario without a CT, while the dark continuous lines refer to the "present-
day" welfare gains. A similar description applies to the light lines in the case
with a CT.

Figure 13: Consumption (% Differences SP and CE)
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Note: Each period corresponds to 5 years. The solid (dashed) line corresponds
to the percentage difference in world consumption between the SP and the CE
assuming a CT (absence of a CT). ϕg = ϕb = 0.05.

prior empirical estimates from economic and ecological studies, to study the efficient
allocation of economic and natural resources across time and space.

In particular, we examined how natural capital and economic variables evolved
towards their long-run equilibria starting from different states of the world: a world
still rich in natural assets and a world in which these assets have been critically de-
pleted. We showed that when natural assets are abundant, it is optimal to use some
and conserve some, but less depletion should occur if there is a critical threshold bey-
ond which Nature is irreversibly altered and left unable to regenerate itself. We also
showed that if production can push Nature to a level beyond which it can no longer
regenerate itself, producing and consuming less initially makes growth sustainable
and stronger long run in both Nature-rich and Nature-poor regions. When Nature
is assumed to generate an externality through TFP, we showed that economic policy
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can steer the world economy towards its long run efficient equilibrium levels.
We conclude that accounting for natural capital when setting economic policy

is key to ensure future economic sustainability and maximum growth levels globally.
Our analysis opens the doors to further policy relevant applications, such as the study
of the economic impact of greening production and the welfare costs of delaying such
transition. Our analysis can be extended in several directions, for example, to study
a world with weak and imperfect property rights, instead of perfect property rights
as in our case. Weak property rights could lead to an equilibrium where it is optimal
to deplete more Nature, as owners anticipate the possibility of losing the endowment
in future. Another interesting extension may involve studying how optimal resource
management is affected by alternative specifications for the law of motion of natural
capital. We leave these extensions for future work.
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A Appendix

A.1 Competitive Equilibrium- First Order Conditions
In this section we present a full characterization of the Competitive Equilibrium (CE)
outcome, which we use to analyze green policies in the main text.

Households and aggregator firms: The first order conditions from the
aggregator and households problem in the H bloc can be summarized as:

pH,tCH,t = (1 − γ)Ct (45)
pF,tCF,t = γCt (46)
λt = U ′(ct) (47)
βEt [U ′(ct+1)Rt+1] = U ′(ct) (48)

βEt

[
U ′(ct+1)

pH,t+1

pH,t

(RK
t+1 − δ)

]
= U ′(ct) (49)

Equivalent conditions hold for the F bloc.
Foreign Firms: From the above programs presented in the main text we char-
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acterize the following equilibrium relationships:

I∗
g,t =

(P ∗
g,tω

∗
b

P ∗
b,tω

∗
g

)−ρ

I∗
b,t (50)

P ∗
F,t

∂YF,t

∂I∗
t

= P ∗
I,t (51)

P ∗
F,t

∂YF,t

∂N∗
t

= W ∗
t (52)

P ∗
F,t

∂YF,t

∂K∗
t

= P ∗
F,t(R∗K

t − 1) (53)

P ∗
I,t =

(
(ω∗

g)ρ∗(P ∗
g,t)1−ρ∗ + (ω∗

b )ρ∗(P ∗
b,t)1−ρ∗

) 1
1−ρ∗

(54)

I∗
g,t =

( P ∗
g,t

ω∗
gP ∗

I,t

)−ρ∗

I∗
t (55)

Home Firms: Normalizing the firms problem by Pt and substituting out kb
N,t,

the first order conditions for the intermediate goods firms are:

pg,t(1 − αg)yg,t/ng,t = wg,t (56)
pb,t(1 − αb)yb,t/nb,t(1 − (kN,t, kg

N,t)) = wb,t (57)

µt = pb,tαb
yb,t

(kN,t − kg
N,t)

(1 − κ(kN,t, kg
N,t)) − pb,tyb,t

∂κ(kN,t, kg
N,t)

∂kg
N,t

− pg,tαg
yg,t

kg
N,t

(58)

µt =Et

∆t,t+1

µt+1
∂AN,t+1

∂kN,t+1
+ pb,t+1αb

yb,t+1

(kN,t+1 − kg
N,t+1)

(1 − κ(kN,t+1, kg
N,t+1))−

(59)

pb,t+1yb,t+1
∂κ(kN,t+1, kg

N,t+1)
∂kN,t+1


From the programs of the representative final goods and intermediate goods inputs
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firms we have the following equilibrium relationships:

Ig,t =
(

Pg,tωb

Pb,tωg

)−ρ

Ib,t (60)

PH,t
∂YH,t

∂It

= PI,t (61)

PH,t
∂YH,t

∂NH,t

= Wt (62)

PH,t
∂YH,t

∂Kt

= PH,t(RK
t − 1) (63)

PI,t =
(

ωρ
g(Pg,t)1−ρ + ωρ

b (Pb,t)1−ρ
) 1

1−ρ

(64)

Ig,t =
(

Pg,t

ωgPI,t

)−ρ

It (65)

A.2 Social Planner Problem - First Order Conditions
In this section we summarize the First Order Conditions associated with the Social
Planner Program that was presented in the main text. The first order conditions
associated with consumption (CF , C∗

F , CH , C∗
H) are given by:

FOC(CF,t) : χ
∂U ′(Ct)
∂CF,t

= λ1,t; FOC(C∗
F,t) : (1 − χ)∂U ′(C∗

t )
∂C∗

F,t

= λ1,t (66)

FOC(CH,t) : χ
∂U ′(Ct)
∂CH,t

= λ2,t, FOC(C∗
H,t) : (1 − χ)∂U ′(C∗

t )
∂C∗

H,t

= λ2,t (67)

The equations characterize the relationship between marginal consumption and the
shadow values of output. The first order conditions associated with Ib∗ , Ib are:

FOC(I∗
b,t) : λ1,t

∂YF,t

∂I∗
b,t

= λ3,t; FOC(Ib,t) : λ2,t
∂YH,t

∂Ib,t

= λ3,t (68)

which we can combine:

λ1,t
∂YF,t

∂I∗
b,t

= λ2,t
∂YH,t

∂Ib,t

(69)

This expression equates the marginal value of the intermediate input b between the
two blocs. Similarly the FOCs for Ig∗ , Ig give:

FOC(I∗
g,t) : λ1,t

∂YF,t

∂I∗
g,t

= λ4,t; FOC(Ig,t) : λ2,t
∂YH,t

∂Ig,t

= λ4,t (70)
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which can be similarly combined, giving:

λ1,t
∂YF,t

∂I∗
g,t

= λ2,t
∂YH,t

∂Ig,t

(71)

The first order conditions with respect to N b
t and N g

t (after subsituting out the
labor market clearing condition) are given by:

FOC(N b
t ) : − λ2,t

∂YH,t

∂N b
t

= λ3,t
∂Yb,t

∂N b
t

(1 − κ(KN,t, Kg
N,t)) (72)

FOC(N g
t ) : − λ2,t

∂YH,t

∂N g
t

= λ4,t
∂Yg,t

∂N g
t

(73)

The first order conditions with respect to Kt+1, K∗
t+1 produce standard Euler

conditions:

FOC(K∗
t+1) : βEt

[
λ1,t+1

(
∂YF,t+1

∂K∗
t+1

+ (1 − δ∗)
)]

= λ1,t (74)

FOC(Kt+1) : βEt

[
λ2,t+1

(
∂YH,t+1

∂Kt+1
+ (1 − δ)

)]
= λ2,t (75)

Turning to natural capital, the first order condition with respect to Kg
N,t reads

as:

FOC(Kg
N,t) : µSP

t = −λ3,t

(
∂Yb,t

∂Kg
N,t

(
1 − κ(KN,t, Kg

N,t)
)

− Yb,t

∂κ(KN,t, Kg
N,t)

∂Kg
N,t

)
− λ4,t

∂Yg,t

∂Kg
N,t

(76)

Finally the FOC with respect to to KN,t+1 is:

FOC(KN,t+1) : µSP
t = βEt

µSP
t+1

∂AN,t+1

∂KN,t+1
+ λ3,t+1

(
∂Yb,t+1

∂KN,t+1
(1 − κ(KN,t+1, Kg

N,t+1))−

(77)

Yb,t+1
∂κ(KN,t+1, Kg

N,t+1)
∂KN,t+1

)
A.3 Proofs
Proof of Proposition 1. Simply compute the derivative of AN,t with respect to KN,t

which gives:

rN

(
1 − KN,t

CC

)
− rNKN,t

1
CC
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This expression is positive for KN,t < CC/2 and negative for KN,t > CC/2

Proof of Proposition 2. When accounting for a CT , the change in the regeneration
rate is equal to:

∂AN,t

∂KN,t

= rN(1 − KN,t

CC
)(KN,t

CT
− 1) − rN(KN,t

CT
− 1)KN,t

CC
+ rN(1 − KN,t

CC
)KN,t

CT

in turn the above expression (we assume CC > KN,t > CT ) is positive if and only if

1 − KN,t

CC
− KN,t

CC
+ 1 − KN,t/CC

KN,t/CT − 1
KN,t

CT

which can be re-arranged as

1 − 2KN,t/CC + KN,t

CC

(
CC − KN,t

KN,t − CT

)
> 0

Proof of Proposition 3. Define µCE
t as the shadow price of nature in the CE equilib-

rium. To show that τt is sufficient to internalize the TFP effect of nature, notice that
the FOC with respect to kg

N,t in a CE is equal to (after applying the subsidy):

µCE
t = −pb,t

∂yb,t

∂kg
N,t

(
1 − κ(kN,t, kg

N,t)
)

− pb,tyb,t

∂κ(kN,t, kg
N,t)

∂kg
N,t

− pg,t
∂yg,t

∂kg
N,t

− τt

Equivalency with the SP equilibrium follows directly by replacing τt with the values
presented in the main text and aggregating the resulting expression.
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