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Abstract

We determine optimal climate policy using a dynamic climate model that accounts

for the damages to capital and human health from burning fossil fuels. Our theo-

retical macroeconomic approach incorporates a separate health sector into an in-

tegrated climate-economy framework and provides closed-form analytical solutions

for the main model variables. Economic growth is endogenously driven by innova-

tion, with labor availability and productivity, and thus human health, being critical.

Calibrating the model, we find that 44% of total resource stock should be extracted

when considering damages to capital, but only 1% when health damages are in-

cluded. The health perspective requires optimal environmental policies that are

much more stringent than those normally advocated in climate economics, since

harm to human health has negative effects on economic growth. Socially optimal

growth exceeds the rate under free market conditions.
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1 Introduction

How much of earth’s fossil resources should we extract? According to McGlade and Ekins

(2015), 1/3 of oil, 1/2 of gas, and 80% of coal need to remain in the ground to meet the

internationally agreed temperature goal of below 2° Celsius warming. From an economic

perspective, we have to ask whether this result corresponds to a social optimum.1 For the

design of optimal climate policies, the economic valuation of climate damages is crucial.

The use of accurate climate damage functions thus lies “at the heart” of the economic

analysis of climate change (Farmer et al. 2015, p. 332). In their seminal contributions,

Nordhaus and Boyer (2000) and Weitzman (2010) admit that the task is very demanding.

The survey of Auffhammer (2018) sets out the difficulties of finding an objective, globally-

acceptable single estimate of climate change damages. The aggregate global function has

to be based on the evaluation of many different ecosystems and of current and future

economic losses in very heterogeneous world regions.2 However, the global challenge of

climate change requires that optimal policies be formulated at the global level.

Adequate modeling of climate damages is absolutely necessary to derive the optimal pol-

icy. We need to include all relevant kinds of climate damages, even if the used functions

are only an approximation of the real relationships. Part of the literature assumes dam-

ages to utility and productivity (Nordhaus and Boyer 2000, Weitzman 2010, Golosov

et al. 2014), while more recent dynamic approaches have highlighted the importance of

damages to capital (Moore and Diaz 2015, Bretschger and Karydas 2019).3 Yet, climate

economic models have mostly disregarded an important effect of burning fossil fuels and of

climate change: the damages to human health. This is quite surprising, as both regional

air pollution and climate change affect human health and labor productivity significantly

(Pörtner et al. 2022, p. SPM-52).4 Extreme weather events (heatwaves, storms, and

floods) cause death and illness. They reduce the quality of air and drinking water, dis-

rupt food systems, and accelerate food-, water- and vector-borne diseases. Regional and

local air quality is an additional concern; outdoor air pollution caused by fossil-driven

motor vehicles and industrial facilities is an important source of morbidity and mortality.

The World Health Organization (WHO 2021) estimates that between 2030 and 2050,

global warming will cause approximately 250 000 additional deaths per year and that

1The optimum concerns resource supply, in the spirit of Harstad (2012), rather than the carbon price,
which is more frequently used in the literature; we will follow the supply side approach in this paper.

2Roson and Sartori (2016) provide a summary of meta-analyses and estimate specific damage func-
tions for different sectors and 140 countries.

3The degree of convexity of the assumed damage function has also a big impact on optimal policy
stringency (Weitzman 2010, Ackerman et al. 2013, Dietz and Stern 2015, Bretschger and Pattakou 2019).

4Notable exceptions are the model of Aloi and Tournemaine (2011) and the papers surveyed by
Dugan et al. (2022). Applied work has included the health issue more prominently, e.g. Ščasnỳ et al.
(2015), Roson and Sartori (2016), and Markandya et al. (2018).
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the direct damage costs to health will be between USD 2-4 billion/year by 2030.5 The

combined effects of ambient air pollution and household air pollution is associated with

7 million premature deaths annually (WHO 2022).6 For China, the damages associated

with outdoor air pollution have been estimated to be 3.8 percent of GDP (World Bank

2007, p. viii).7

The significant impact of climate change on human health is mirrored in the great es-

timated impact of climate policy on welfare.8 Models of health co-benefits show that

a 1.5°C warming pathway could result in around 152 million fewer premature deaths

worldwide between 2020 and 2100, compared to a business-as-usual scenario, particularly

due to reductions in exposure to PM2.5 (Pörtner et al. 2022 p. 3-106). The avoided

health impacts associated with climate change mitigation can substantially offset mitiga-

tion costs at the societal level (Ščasnỳ et al. 2015; Markandya et al. 2018). It has even

been stated prominently that the economic benefits from air quality improvement with

climate mitigation policy on human health can be of the “same order of magnitude as

mitigation costs, and potentially even larger” (Pörtner et al. 2022, p. TS 48). This leads

to our approach of an “all inclusive” climate policy.

In the present paper we include human health in an integrated theoretical climate eco-

nomic framework policy, which differentiates the presented approach from previous con-

tributions (Nordhaus and Boyer 2000, Weitzman 2010, Golosov et al. 2014, Bretschger

and Karydas 2019). We assume that economic growth is endogenous, driven by innova-

tions and knowledge accumulation.9 We believe that growth adds an important channel

for exploring the economic effects of climate change, because - in particular in the re-

search sector - the availability and productivity of labor is key. These labor aspects are

directly linked to human health. In addition to Aloi and Tournemaine (2011), we include

a separate health sector, consider climate damages to capital, and provide a quantitative

analysis. We calculate growth in the decentralized equilibrium and then derive optimal

climate policy. Taking standard parameter values we show the economic growth rate

to be higher for the planner solution compared to the market outcome. We calculate

5Deaths are mainly caused by malnutrition, malaria, diarrhoea and heat stress; the cost figure
excludes costs in health-determining sectors such as agriculture, water, and sanitation. Climate-sensitive
health risks are disproportionately felt by the most vulnerable and disadvantaged (WHO 2021).

6A sector that is especially important for mitigation of health risks is the transport sector, see Pörtner
et al. (2022) p. SPM-41.

7Using the approach of the value of a statistical life, total cost of air and water pollution in China
were about 5.78 percent of GDP in 2003 (World Bank 2007, p. xvii).

8Kompas et al. (2018) use a large intertemporal CGE trade model to account for the various effects
of global warming on income and growth for 139 countries and find considerable global economic gains
from complying with the Paris Climate Accord. Guo et al. (2021) finds that the global economy could be
impacted by an additional 10% loss in GDP by mid-century under the baseline 2–2.6°C temperature-rise
scenario compared to if the Paris Agreement and net-zero emissions targets are achieved.

9The aspect of uncertainty of environmental shocks to human health and economic growth is treated
in Bretschger and Vinogradova (2017).
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the resource stock that is available for extraction in the social optimum in closed-form

analytical form. We calibrate the model and find that, when only considering climate

damages to the capital stock, in the optimum the stock of resources available for extrac-

tion is about 44% of total available resources. If we add health damages, however, this

value shrinks to the very low value of 2.45% or even 1.09% of the available stock. These

results are due to the fact that reduced human health affects the economic growth rate

negatively which makes the overall impact of climate change very large. Thus, taking the

health effects into account calls for an “all inclusive” i.e. much more stringent climate

policy than advocated by standard climate economic literature.

The remainder of the paper is organized as follows. Section 2 develops the model and

derives the balanced growth path. In Section 3, we show the social planner solution.

Section 4 derives the optimal climate policy in terms of resource stocks that are available

for extraction. Section 5 present the calibration and Section 6 provides a discussion and

sensitivity analysis. Section 7 concludes.

2 The model

We develop our framework and motivate the model assumptions starting with the firms

and proceeding with the environment, health, and households in turn.

2.1 Production and Innovation

We assume the production function in the final goods sector takes the form

Yt = Kα
t R

β
t B

γ
t l

δ
p,t, with α + β + γ + δ = 1, (1)

where labor lp,t, natural resources Rt, physical capital Kt and knowledge Bt are the

inputs10. The production of the consumption good operates under perfect competition

and is conducted by a single representative firm with the following profits

Πp,t = Kα
t R

β
t B

γ
t l

δ
p,t − wp,tlp,t − pr,tRt − rtKt − pb,tBt, (2)

where wp,t, pr,t, rt, pb,t are the factor prices for labor, resources, capital and knowledge

respectively. Since we use output as the numeraire all prices are represented in terms of

the consumption good. Maximizing profits with respect to inputs we obtain the standard

10We deliberately deviate from the richer Romer (1990) setup where knowledge takes the form of
patents or blueprints that are used to produce intermediate goods; the implied monopolistic distortions
in the intermediates’ sector are not the focus of our attention.
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demand functions

wp,t =
δYt

lp,t
, pr,t =

βYt

Rt

, rt =
αYt

Kt

pb,t =
γYt

Bt

. (3)

Knowledge stock can be increased by employing labor in a research sector with Bt taking

the following law of motion

Ḃt = κBtlr,t. (4)

The representative firm in the research sector operates under perfect competition, maxi-

mizing its profits

Πr,t = pb,tḂt − wr,tlr,t, (5)

where wr,t stands for the wage in the research sector. Thus, we obtain wr,t = pb,tκBt and

Πr,t = 0.

2.2 Natural environment

In our model, climate change and pollution have adverse effects on the accumulation of

physical capital via their impact on depreciation, on human mortality via their impact

on the survival probability, on human morbidity via their impact on labor supply and

on utility via their impact on the utility function, and we lay these mechanisms out in

the following. First, let us begin by describing the resource and pollution dynamics.

The economy owns a finite stock of non-renewable resources S0 which decreases due to

resource use, given by Rt, so that Ṡt = −Rt. Resource use is polluting, entailing the

accumulation of pollution stock Pt in a linear way11

Ṗt = ιRt,

with ι > 0. The stock of pollution in period t is then given by

Pt = P0 + ι(S0 − St),

where P0 is the pre-industrial stock of pollution and St is the remaining stock of the

non-renewable resource at time t. We assume that pollution entails damages to existing

capital stock which are captured by the damage function D(Pt) so that the evolution of

11We abstract from natural decay for simplicity; our assumptions follow the approach of Bretschger
and Karydas (2019).
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capital reads

K̇t = It − (χ+D(Pt))Kt,

where χ is the depreciation rate of capital due to use in production and It are the

household’s investment that are described below. For the damage function D(Pt) we

follow the structure of Bretschger (2020) by assuming for simplicity that P0 = 0 and

environmental impact is given by ṽK

D(Pt) = ṽKι(S0 − St).

Assuming that resources reflect fossil fuels with a transition from coal to oil and to

cleaner resources such as gas, ṽK is not constant over time but inversely related to used

resource stock, S0 − St or, in percentage changes, (S0 − St) /S0. Hence, we have we have

ṽK = vKS0

ι(S0−St)
and arrive at a law of motion for capital reading

K̇t = It − (χ+ vKS0)Kt, (6)

where the pollution induced depreciation rate is constant over time but depends positively

on the total stock of resources in the ground, S0.

2.3 Labor and health

We assume that pollution has two effects on the labor force. First, by raising morbidity

it reduces the current available stock of labor that can be used as an input in production.

Second, it leads to increased mortality, which affects intertemporal optimization. To

allow for mortality with a constant labor force we build on the Blanchard-Yaari-Model,

see Blanchard (1985) and Yaari (1965).12 Turning to the first effect, we have L denoting

total labor stock, so that the effective supply of labor Lt, becomes

Lt = L−H(Pt, Gt), (7)

where the function H captures the damages to human health stemming from pollution,

similar to the functionD for the damages to physical capital. The negative health impacts

from pollution can be mitigated by using health services though. We let Gt stand for the

amount of health goods, i.e., medicine and medical services, that are purchased by the

12For a model of climate change where health is an argument in the utility function see Bretschger
and Vinogradova (2017).
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household from the health sector. For the function H we assume the following form13

Ht =
(ṽHPt)

2

Gt

,

where we use a simplified version of the function for health in Aloi and Tournemaine

(2011). They consider a production function for health, while we consider a function

for health damages so that we include the inverse of their equation. Like in the case

of capital we posit that the damage intensity of emissions is inversely related to used

resource stock, S0 − St,
14 so that ṽH = vHS0/(S0 − St) and

Lt = L̄− (vHS0)
2

Gt

. (8)

An obvious yet important feature of (8) is that a larger S0 will require more health goods

in order to maintain the same level of labor. We assume that medicine and medical

services are produced competitively by infinitely many competitive firms of measure 1 and

denoted by index i. They use labor lh,i,t as the sole input. We will use the terms medicine,

medical services and health goods interchangeably in the following. These health goods

are produced in the health sector of the economy with the following production function:

Gi,t = ηQtl
ξ
h,i,t, (9)

where η > 0, measures productivity, 0 < ξ < 1 is some measure of concavity, and

Qt stands for spillovers in the health sector that occur between firms and depend on the

aggregate employment in the health sector lh,t
15. The spillovers are of the form Qt = l

1−ξ

h,t ,

which are taken as given by each firm so that an individual firm maximizes the following

profit function

Πh,i,t = ph,tηQtl
ξ
h,i,t − wh,tlh,i,t so that wh,t = ph,tηξQtl

ξ−1
h,i,t.

13Our approach is related to work by Augier and Yaly (2013) and Chakraborty (2004), where the
measure of health, i.e., the survival probability into the next period, depends on agents’ purchase of
health goods.

14We do not explicitly model the fact that regional pollution stock has a different decay rate than
global pollution stock, the difference is captured by the impact intensities which we calibrate in the
quantitative section.

15There is a large literature on the relevance of social network effects between doctors when it comes
to the adoption of new drugs and an increasing literature about the prevalence of spillovers in the health
sector. See Chandra and Staiger (2007), Callison (2016), and Baicker et al. (2013) and the references
therein.

6



Since all firms are identical, we can rewrite the demand function for a representative firm

that hires labor lh,t as

wh,t = ph,tηξ. (10)

Turning to the second effect of pollution, we write the probability of an agent, i.e., cohort,

to die by p(S0) which is a non-decreasing function of S0 by the logic described above. We

make the assumption that there are no health goods to reduce p. Intuitively, we claim

that the first type of pollution effects make agents sick but health goods can cure him to

some extent, whereas there is no medicine that can bring back anyone from the dead.

2.4 Household optimization

We assume a representative households that owns the stocks of physical capital and non-

renewable resource. It rents out the former and sell the latter to the final good firms,

earning rt and pr,t per unit of stock. The household maximizes utility U over an infinite

time horizon. Hereby, the household receives utility from consumption and disutility

from health damages that arises due to pollution and climate change. We let ρ stand for

the discount rate, p̃(S0) for the probability of dying and c for consumption. By making

analogous assumptions as for damages to capital and health, vUS0 with vU > 0 stands

for the aforementioned damages to utility. Hence, we write the lifetime utility of the

household as

U =

∫ ∞

t=0

e−(ρ+p̃(S0))tu(ct, vUS0) dt.

The effective discount rate of the household is ρ+ p̃(S0) and for convenience we will write

it as p(S0) in the following.16 Hence, our model includes effects of pollution and climate

change on physical capital, mortality, morbidity and utility, rendering the mitigating

policies “all-inclusive”. The agent maximizes this expression subject to Equation (6), its

budget-constraint17

rtKt + pr,tRt + wh,tlh,t + wr,tlr,t + wp,tlp,t = ct + It + ph,tGt, (11)

and its constraint on labor supply Lt(S0, Gt) = lh,t + lr,t + lp,t, which says that labor

demand of all three sectors has to add up to the effectively available labor supply. We

16In order to follow the Blanchard-Yaari model precisely we should write u(cs,t), with cs,t being the
consumption in period t of a cohort born in period s. However, we assume symmetry for all cohorts and
agents and thus focus on aggregate variables with consumption being the same across cohorts.

17We abstract from life-insurance in our model. Implicitly we assume that the capital stock of a dying
cohort is distributed among the remaining cohorts so that the aggregate budget constraint is given by
the above expression.
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posit the following utility function:

u(ct, vUS0) =
c1−σ
t

1− σ
− b

(vUS0)
1−ϕ

1− ϕ
, (12)

where σ is the constant elasticity of substitution in consumption and b is the weight that

the household assigns to utility that arise from other sources than consumption, with

0 < ϕ < 1. Setting up the appropriate Hamiltonian and Transversality conditions in the

Appendix, we derive the following optimality conditions:

ĉ =
ċ

c
=

1

σ
(r − χ− vKS0 − p(S0)) and p̂r = r − χ− vKS0, (13)

which are the Keynes-Ramsey rule and the Hotelling rule for the model at hand; the net

return to capital is given by r−χ− vKS0. For the demand for health goods, we find that

the price of medicine has to be equal to the marginal earnings that follow from improved

health and increased labor supply, i.e.,

ph = wh

(
vHS0

Gt

)2

. (14)

2.5 Equilibrium

We define an equilibrium for the market economy as a sequence of prices

{ph,t, pr,t, pb,t, rt, wh,t, wp,t, wr,t}∞t=0 and allocations {Bt, ct, Gt, Kt, lh,t, lp,t, lr,t, Rt, Yt}∞t=0

such that the household maximizes utility, firms in the final good, the health and the

research sector maximize profits and the markets for all inputs and outputs clear. That

includes the markets for the final good, capital, resources, knowledge and labor, whereby

labor demand and supply has to equate in the health, final good and research sector.

These conditions imply that

Yt = ct + It + ph,tGt and lh,t + lp,t + lr,t = Lt.

To obtain the market clearing condition for health goods, we equate demand and supply

for health goods by substituting the price for health goods ph,t from (14) into (10). This

yields

1 =

(
vHS0

ηlh,t

)2

ηξ or equivalently

lh,t = lh = θS0, with θ =

(
ξ

η

) 1
2

vH . (15)
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We note that this equation yields a value for lh, which is constant over time and linearly

increasing in S0 and vH . It decreases in labor productivity in the health sector, η.

We use the demand equation for knowledge from (3) and substitute it into the labor

market clearing wp,t = wr,t to obtain

lp =
δ

κγ
. (16)

It is noteworthy that the labor input in production is independent of the total stock

of labor and pollution and actually a constant that depends on factor shares and the

productivity of labor in research. Having solved for labor input in two out of three

sectors, i.e. lh and lp, we can determine the equilibrium for labor in research by using

Lt = lh + lp + lr,t so that we have

lr = Lt − lh −
δ

κγ
. (17)

In contrast to labor in the final good sector lp, labor input in research lr is influenced by

pollution, via the impact of S0 on Lt and lh. First, pollution reduces the total available

stock of labor Lt:

Lt = L− (vHS0)
2

Gt

= L− lh
ξ
,

since the effects of pollution cannot be perfectly offset by the health sector. Alternatively,

we can write Lt = L− θS0

ξ
. To mitigate some of the effects of pollution it is necessary to

employ labor lh in the health sector so that the pool of labor that could be employed in

research is further reduced. This is the second effect so that the total amount of available

labor net of employment in the health sector is

Lt − lh = L− lh

(
1 +

1

ξ

)
, or Lt − lh = L− θS0

(
1 +

1

ξ

)
, (18)

which we can use in (17) to express lr only in terms of S0

lr = L− θ(1 + ξ)

ξ
S0 −

δ

κγ
. (19)

The remaining dynamics are found by combining the Keynes-Ramsey rule and the Hotelling

rule. Hence, from (13) we obtain

p̂r,t = σĉt + p(S0).

We use this expression together with the logarithmic version of (3), i.e. p̂r,t = Ŷt − R̂t to

9



arrive at

R̂t = (1− σ)ĉt − p(S0).

2.6 Balanced growth path

We now consider a balanced growth path (BGP) along which output, consumption, and

capital grow at the same rate. We proof existence of the BGP in the Appendix. We

have seen that labor input in all sectors is constant in any equilibrium. Logarithmic

differentiation of the production function for consumption goods given l̂p = 0 yields

ĉt = Ŷt = αĉt + γB̂t + βR̂t,

which gives

ĉt =
γB̂t

1− α
+

βR̂t

1− α
and thus ĉ =

γB̂ − βp(S0)

γ + δ + σβ
. (20)

Substituting B̂ = κlr from (4) and (19) yields the following proposition:

Proposition 1. The growth rate of consumption along a balanced growth path is given

by

ĉ =
κγ(L− νS0)− δ − βp(S0)

γ + δ + σβ
, with ν = θ(1 + ξ)/ξ. (21)

Note that this is also the growth rate of consumption per capita, since the population

remains constant. We find that available resource stock S0 decreases the growth rate in

two ways: First, it reduces the labor stock that could be used in research, as is shown

by θS0. The reason is that with higher pollution the household supplies more labor to

the health sector which reduces the remaining pool of labor for research. Additionally,

lr suffers from the health damages that remain unmitigated of magnitude θS0/ξ even

with health goods. Second, pollution increases the probability of dying and renders the

household more impatient.

In order to find the optimal amount of labor in the health sector, we maximize the

growth rate of consumption per capita ĉ with respect to lh, taking into account that

Lt = L− (vHS0)
2/(ηlh) and we obtain the following lemma

Lemma 1. The growth maximizing input of labor in the health sector is given by the

10



following condition:

0 =
(vHS0)

2

ηl2h
− 1 or simply l∗h =

vHS0

η
1
2

, (22)

which is larger than the market outcome in (15), since the firms in the health sector do

not internalize the spillovers that occur between them.

We find that the economy would attain a higher growth rate if labor input in the research

sector was reduced and labor input in the health sector increased, as such a reallocation

would decrease health damages and increase the total available labor supply. To see,

compare the labor input in the research sector in the market outcome from (19) to the

labor input when the growth rate is maximized and lh is set to l∗h as defined in the lemma

above:

l∗r = L− 2vHS0

η
1
2

− δ

κγ
.

This term is larger than lr from (19) if 2 < (1 + ξ)/(
√
ξ) which holds for all ξ < 1.

However, it is clear that the economy would grow faster if pollution had no impact on

health. In this case, one could emit lh from the growth rate equation as supplying labor

to the health sector would be pointless.

By rewriting (13) and using (20) we find that pollution also affects the accumulation of

capital:

r =
αYt

Kt

= σ
κγ(L− νS0)− δ − βp(S0)

γ + δ + σβ
+ χ+ vKS0 + p(S0). (23)

Note that along a steady state the values of Lt, lr, and lh are fixed independently of r.

Hence, we find that pollution impacts the long-term ratio of output to capital in three

ways: First, a larger value of S0 reduces the total amount of labor and hence labor

employed in research. This reduces the economy’s growth rate and makes output com-

paratively small to physical capital in the long-run. Second, S0 increases the depreciation

rate of capital, slowing down its accumulation and leading to higher output-capital ratio.

Third, the probability of dying increases with pollution and also reduces the incentives

to invest into capital, also increasing the ratio of Yt to Kt.
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3 Social planner solution

The social planner maximizes the following expression

∫ ∞

0

e−p(S0)t

(
c1−σ
t

1− σ
− b

(vUS0)
1−ϕ

1− ϕ

)
dt

subject to the following constraints

Yt = Kα
t R

β
t B

γ
t l

δ
p,t, K̇t = Yt − ct − (χ+ vKS0)Kt,

Ḃt = κBtlr,t, Ṡt = −Rt and

lh,t + lr,t + lp,t = L− (vHS0)
2

ηlh,t

with respect to the choice variables ct, lr,t, lh,t, lp,t and Rt, as well as the state variables

Kt, St and Bt. The values of K0, S0 and B0 are given. We provide the Hamiltonian and

the first order conditions in the Appendix.

Combining Equations (42) and (48) from the Appendix yields the Keynes-Ramsey rule

ĉ =
1

σ

(
αYt

Kt

− χ− vKS0 − p(S0)

)
.

Next, we turn to a balanced growth path—analogously to the market economy—and

define such a path as one along which consumption, output and capital grow at the same

rate, while the total stock of labor is constant and so is employment in all three sectors.

Thus, we obtain

(1− σ)ĉ = p(S0) + R̂. (24)

Combining this with the time derivative of the production function, i.e. ĉ = βR̂
1−α

+ γB̂
1−α

yields

ĉ =
κγlr − βp(S0)

γ + δ + σβ
, (25)

which is the same expression as in the decentralized model. In the Appendix, we derive

another equation that relates the growth rate of consumption ĉ to employment in the

productive sector

ĉ =
1

σ − 1

(
κγlp
δ

− p(S0)

)
. (26)
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Hence, the balanced growth path of the social planner solution is fully characterized by

(25), (26), (45) and the labor constraint. We can solve for the growth rate of consumption

by using that lp = Lt − lr − lh in (26) and then substituting lr from (25) into (26). Thus,

we have

ĉ =
κγ(L− ϵS0)− p(S0)(β + δ)

γ + σ(β + δ)
, (27)

where we also use the optimal labor input in the health sector

lh =
vHS0

η
1
2

, (28)

so that the available labor supply net of employment in the health sector is

Lt − lh = L− 2vHS0

η
1
2

= L− ϵS0.

Note that the social planner employs the amount of labor in the health sector that

maximizes the economy’s growth rate so that she unambiguously hires more labor in the

health sector than the market economy does. We find that the growth rate of consumption

is unaffected by resource use and the depreciation of capital due to pollution. However,

we find that health effects play a crucial role in determining the growth rate.

Comparing the optimal growth rate in (27) to the one obtained in (21) we find three

differences. First, the social planner hires the amount of labor that increases the total

available supply of labor and maximizes the economy’s growth rate. Therefore the ex-

pression L− ϵS0 in (27) is larger than the respective term L− νS0 in the market solution

from (21). Second, we find that in the social optimum in the numerator of the growth rate

δ is multiplied with p(S0) which increases the growth rate in the optimal solution. Third,

in the optimal solution the factor share of labor δ is multiplied in the denominator by the

preference parameter σ while it is not in the market solution so that the socially optimal

growth rate might be smaller for σ sufficiently high. However, only this third difference

might decrease the socially optimal growth rate relative to the market outcome, and only

if σ is substantially larger than one which seems unlikely under reasonable parameter

values.

In order to compare the labor input in research between the market economy and the

social optimum we solve for lr and obtain

lSr =
1

γ + σ(β + δ)

[
(γ + δ + σβ)(L− ϵS0)−

δ(1− α)p(S0)

κγ

]
, (29)

where we use the superscript S to denote the social planner solution. The input of labor
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in production is given by

lSp =
δ

γ + σ(β + δ)

[
(σ − 1)(L− ϵS0) +

(1− α)p(S0)

κγ

]
. (30)

In contrast to the decentralized economy the input of labor in production, lSp depends

on health effects as is shown by L − ϵS0. The impact of pollution on labor is not only

born by the research sector but also by the productive sector. Moreover, pollution has

two opposing effects on labor in the productive sector. On the one hand, S0 decreases

the total stock of labor and therefore also lSp , as can be seen by ϵS0. On the other hand,

S0 increases p(·) and therefore raises the labor input into production. The first one can

be seen as a form of income effect while the second one is a substitution effect away from

research to production. This explains why we observe the term δp(S0) in the equation

for the per capita growth rate of the economy (27).

Due to the different parameter constellations determining lSr and lSp it is not clear whether

these variables are greater or smaller than their conterparts from the market economy.

Though, the case with logarithmic utility σ = 1 yields some clarity, as lSp becomes lSp (σ =

1) = δp(S0)
κγ

, since 1−α = β+γ+δ. Hence, in this case the labor input in production is just

the fraction p(S0) of what it is in the market economy and the freed labor is employed in

research, with lSr (σ = 1) = L− ϵS0− δp(S0)
κγ

. By continuity, this also holds in a reasonable

proximity of σ = 1.

We also study the impact of pollution on the accumulation of capital in the social opti-

mum. As we show in the Appendix, the long-run return to capital reads

rs =

(
σκγlp
δ

− p(S0)

)
1

σ − 1
+ χ+ vKS0, (31)

which looks similar to (23). Hereby, we let rs stand for αY/K, i.e. the long run marginal

product of capital in the social optimum. We find that the social planner internalizes

the depreciation of capital—natural and due to pollution— when determining the rela-

tionship between labor and the return to capital. As in the decentralized economy, rs

does not determine the input of labor but lp determines r, since lh and lr are chosen

independently and thus fix lp. Hence, higher values of depreciation are not reflected in

the long run level of lp but in rs, which the social planner adjusts accordingly. He does

so by changing the long-run ratio of Y to K which is only possible by influencing the

transitional path of K to the steady state, since Y and K have to grow at the same rate

along the balanced growth path. We find that damages to capital vKS0 have the same

level effect as in the decentralized economy. The level effect stemming from health dete-

rioration might be larger or smaller depending on whether σ/(σ − 1) is larger or smaller

than α given that lp in the social optimum is smaller than in the market outcome. We
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summarize our results in the following proposition:

Proposition 2. In the social planner solution, the growth rate of consumption per capita

along a balanced growth rate is given by (27). The labor input in the health, research and

final good sector are provided in (28), (29), (30). The condition σ < 1 is sufficient for

the economy to grow faster in the social optimum than in the decentralized economy.

4 Maximizing utility along a balanced growth path

In the following, we study how S0 should be set by the social planner to maximize utility

of the household along a BGP, i.e.

max
S0

U =

∫ ∞

0

e−p(S0)t

(
c1−σ
t

1− σ
− b

(vUS0)
1−ϕ

1− ϕ

)
dt

=
c1−σ
0

1− σ

∫ ∞

0

e(ĉ(1−σ)−p(S0))t dt− b
(vUS0)

1−ϕ

1− ϕ

∫ ∞

0

e−p(S0)t dt

=
c1−σ
0

1− σ
((σ − 1)ĉ+ p(S0))

−1 − b
(vUS0)

1−ϕ

(1− ϕ)p(S0)
, (32)

where we assume ĉ(1 − σ) − p(S0) < 0. Conceptually, we first determine the balanced

growth path, with S0 fixed. In addition to the dynamic equations that we derived above,

a growth path is defined by the initial values of the stock variables, i.e. K0, B0 and S0.

Therefore each S0 might lead to a different path with different utility for the household and

we let the social planner choose among all the paths the one that maximizes discounted

utility.

In order to do so, we express the household’s utility only in terms of S0, given the values

of K0 and B0. We know that ĉ is given by (27) and turn to c0 next. Along a balanced

growth path we can write the aggregate budget constraint as

c0 = Kα
0 R

β
0B

γ
0 l

δ
p − (χ+ vKS0)K0 − ĉK0, (33)

where Y0 depends on the given values K0 and B0 but also on lp and R0 which we need

to express as functions of S0. From (30) we have lSp . In order to examine R0 we denote

the socially optimal level of S0 as S
∗
0 while the total endowment of the economy is simply

S0. Ex ante one can be larger than the other and we define the social planner’s optimal
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choice of S∗
0 as the amount of resources that is taken out of the ground over time, i.e.

∫ ∞

0

R∗
t dt = S∗

0 ,

where R∗
t ∀t is the optimal path of extraction determined by S∗

0 . If S∗
0 < S0 then the

social planner will leave some resources in the ground and not use them in production.

Concerning the sequence of Rt we recall, that we are looking at a balanced growth path

on which extractions grow at a constant rate given by (24). Hence,

Rt = R0e
((1−σ)ĉ−p(S0))t and R0

∫ ∞

0

e((1−σ)ĉ−p(S0))t dt = S0 which gives

R0 = S0[(σ − 1)ĉ+ p(S0)] or equivalently

R0 =
S0

[
(σ − 1)κγ(L− ϵS0) + (1− α)p(S0)

]

γ + σ(β + δ)
, (34)

where we find two effects of S0 on R0: First, extractions increase linearly in the total

available stock as is shown by the linear term for S0. Second, detrimental health effects

slow down economic growth and therefore reduce extractions as is shown by −ϵS0. This

expression reflects the conflict between the present and the future: Increasing S0 leads to

immediate benefits but to costs that accumulate in the future.

Finally, we can maximize (32) over S0 subject to (27), (30), (33), and (34). Before we

do so, we make some simplifying assumptions in order to arrive at an analytical solution.

First, we assume logarithmic utility, as in Golosov et al. (2014). Second, we borrow

the assumption that the savings rate in the long run is independent of pollution and we

consider ct = (1 − s)Yt, with ∂s/∂S0 = 0 and third, we omit the probability of dying

p̃(S0). These assumptions reduce the maximization problem of the social planner to the

following expression:

max
S0

U =
1

ρ

(
log(c0)− b log(vUS0) +

ĉ

ρ

)
,

with ĉ =
κγ(L− ϵS0)− ρ(β + δ)

γ + σ(β + δ)
and

c0 = (1− s)Y0,

which leads to:

0 =
1

Y0

∂Y0

∂S0

− b

S0

+
1

ρ

∂ĉ

∂S0

.
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In line with our specification of damages to capital, we consider the following sequence of

events: First, the social planner chooses S0. Afterwards the amount vKS0K0 of capital is

destroyed and only then production takes place. Hence, the relevant derivatives for the

case σ = 118 are

∂Y0

∂S0

= Y0

(
α

K0

∂K0

∂S0

+
δ

lp

∂lp
∂S0

+
β

R0

∂R0

∂S0

)
,

∂ĉ

∂S0

= − κγϵ

1− α
,

∂K0

∂S0

= −vKK0,
∂lp
∂S0

= 0, and
∂R0

∂S0

= ρ.

Let us discuss them in turn. The impact of the resource endowment S0 on the initial

level of consumption, i.e. ∂c0/∂S0, depends on its influence on output Y0 via damages to

capital, labor supply, and resource use19. We find that with logarithmic preferences the

impact of S0 on labor and resources is constant and specifically zero in the case for labor

supply. The amount of labor that the social planner hires in the final good sector is thus

independent of pollution and all health damages will be reflected in less employment in

the research sector. In the case of resource use, the impact of S0 is clearly positive which

was to be expected.

The reduction of labor in the research sector through resource use S0 is also reflected

in the negative sign of the derivative of the consumption growth rate ∂ĉ/∂S0. With less

employment in the research sector the advancement of technology occurs at a slower rate,

reducing the potential for consumption to grow. This effect is particularly strong with

logarithmic preferences since, in this case, health effects only lead to less employment in

the research sector.

Substituting everything yields

− αvK +
βρ

R0

− 1

ρ

κγϵ

1− α
− b

S0

= 0

or equivalently

(1− α)βρ︸ ︷︷ ︸
Benefit of resource

= (1− α)αρvKS0︸ ︷︷ ︸
capital-damage

+ κγϵS0︸ ︷︷ ︸
health-damage

+ (1− α)ρb︸ ︷︷ ︸
utility damages

, (35)

so that the optimal S0 balances the benefit of the resource against the sum of damages

to capital, health and utility. Setting ϵ = 0 and b = 0, we obtain the optimal level of S0

18For interest, we provide the derivatives of key variables with respect to S0 for the case σ ̸= 1 in the
Appendix.

19Damages to capital should be vKK−1, however we assume without loss of generality that the stocks
of capital K−1 and K0 are the same.
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with capital damages only S1
0 = β/αvK . Solving for S0 if capital and utility damages are

absent, yields S2
0 =

(
(1−α)βρ

κγϵ

)
. When all types of damages are present we have

Proposition 3. The optimal stock of resources is

S∗
0 =

β − b

αvK + κγϵ
(1−α)ρ

. (36)

It is the ratio of the ratio of the net benefits, i.e. the economic benefits of the resource

minus the impact on utility, divided by the sum of the damages to capital and health.

From the calculations from above we know that the optimal amount of resources under

both types of damages must be smaller than when only one type is relevant, hence S∗
0 <

min(S1
0 , S

2
0). However, whether damages to health or damages to capital are stronger is a

question of calibration and we cannot analytically determine whether S1
0 or S2

0 is larger.

5 Calibration

Determining S∗
0 from Proposition 3 requires a careful calibration of the model parame-

ters whereby vK and ϵ play an important role. We discuss in turn how we choose their

respective values and note that we consider a single economy that represents the world

in our model.

5.1 Calibrating damages to capital

First, we turn to the damages from climate change to physical capital. Since in reality

these damages are highly heterogeneous across countries (by magnitude of 102) and non-

linear in pollution stock and temperature, we have to linearize parts of the damage

function and form averages. Also, It requires some projection about the possible climate

scenarios.

According to Kompas et al. (2018) total GDP losses for a global mean temperature

increase of 3°C are 3%, while for an increase of 4°C they amount to 7.5%, an increase

by the factor 2.5. Bretschger (2012) finds that for the case that under the best possible

climate scenario that can be realistically achieved, i.e., a mean temperature increase of

2°C, the global costs of climate policy will be 0.2% of GDP. The highest increase in

temperature considered by the IPCC are 5°C. We will consider that this increase will

occur if all remaining fossil fuels are burnt in the future. Due to the non-convexity of the

damage function, we assume that this increase leads to damages of 30% of GDP, so that

damages increase by a factor of 4 compared to the 4°C scenario.
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Since we maximize utility along a balanced growth path with a constant GDP to capital

ratio, we posit that damages to GDP in percentage translate into the same amount

of damages to capital in percentage. Hence, our climate induced depreciation rate vKS0

measures the loss of capital in percentage and depends on the total available stock of fossil

resources for which we rely on BP Statistical Review of World Energy by BP (2020). This

review contains the data shown in Table 1.

Oil 1733.9 thousand million barrels
Natural gas 198.8 trillion cubic meters
Coal 1069636 million tonnes

Table 1: World fossil fuel reserves in 2019

To express the three quantities in a single unit, we use “tonnes of oil equivalent”, which

means that we express gas and coal in the amount of tonnes of oil that contain the same

energy. We have the following conversion rates

• 1 barrel of oil ≡ 0.1364 metric tonnes of oil

• 1 tonne of oil ≡ 1.4286 tonnes of coal. (This is based on energy equivalency, i.e., a

tonne of oil contains the same amount of energy as a 1.4286 tonnes of coal.)

• 1 billion m3 of natural gas ≡ 0.860 million tonnes of oil (also based on energy

equivalency).

Applying these conversion rates and summing yields a total of roughly 1.156 ·1012 tonnes
of oil equivalent. With this number and the assumption that climate damages for a

temperature increase of 5°C are equal to 30% we use the following simple equation

vK(5
◦)S0(5

◦) = Damages(5◦), (37)

to set vK equal to 2.5952 ·10−13. Furthermore, we rely on Bretschger (2022) for the factor

shares for capital and resources α and β and set them to 0.265 and 0.035. Considering

only damages to capital, the optimal stock is S1
0 = β/αvK , which yields the optimal stock

to be 44.02% of the total available stock.

5.2 Calibrating damages to health

In the following, we focus on calibrating the parameter ϵ but not b because the estimation

of the economic effects of pollution often rely on the value of statistical life (VSL). This
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approach builds on agent’s willingness to pay to reduce the risk of a specific illness that

might arise due to pollution. Since this approach already includes considerations of

preference, we consider it difficult to measure ϵ and b separately. Therefore we omit b

and assume that impacts of pollution through health and the appreciation of health enter

both through ϵ.

In order to calibrate the health impacts, we use data for the two different mechanisms:

First, the reduction in GDP due to increased mortality and morbidity from heat. Second,

the reduction in GDP due to increased pollution and subsequent mortality and morbidity.

For the first mechanism, Roson and Sartori (2016) provide country specific impacts arising

from heat itself but also from diseases whose incidences increase with heat-when the global

temperature increases by 3◦C. For our calibration, we rely on Carleton et al. (2022), where

the authors estimate the impact of health from climate change on the world economy,

accounting for abatement. They find that in a high emission scenario 3.2% of world GDP

is lost. Such a scenario would entail a temperature increase of 3.75◦C.

For the second mechanism, Shindell et al. (2018) and OECD (2016) provide the following

estimates: The former find that reducing the goal for climate policy from 2◦ to 1.5◦ might

yield gains of 0.5% to 0.6% of world GDP in terms of reduced mortality and morbidity

from pollution. The latter argue that the health damages from pollution will reach 1%

of world GDP in 2060, using own projections for the development of different pollutants.

The point estimate of 1% is corroborated by Crawford-Brown (2022). He studies the

impact when no climate policy is undertaken and the temperature increase is unbounded.

In contrast to that, the World Bank (2007) provide a contrasting study with a significantly

higher impact, i.e., of 5.78% of GDP in China in 2006, while Landrigan et al. (2018) find

that productivity losses for the whole world amount to 0.16% of GDP, whereby there is

significant heterogeneity, i.e. the damages amount to 1.9% in low income countries and

to 0.054% in high income countries. In total, they find that global welfare damages are

5.6% of GDP. Taking these findings together we find it necessary to distinguish between

a high damage and a low damage case. For high damages we will use the 5.6% estimate

and for low damages 1%.

As a first step, we make the same assumption as for capital damages: Percentage damages

to GDP are equal to percentage damages to the total labor supply, as their ratio is

constant along a BGP. In the next step, we turn to the labor supply equation in the

social optimum and write

Lt(5
◦) = L− ϵS0(5

◦). (38)

Given the estimates for the reductions in labor supply that arise from heat and pollution

we have Lt(5
◦) = L(1 − 0.032 − 0.0) in the high damage case; and plugging into (38)
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yields

ϵh =
0.0898 · L
S0(5◦)

= 7.7682 · 10−14, (39)

where we normalize the population L to 1. 20 Using the estimate of low damages to

health from pollution, i.e., 1%, we obtain ϵl = 3.6332 · 10−14.

5.3 Calibrating the remaining parameters

The last step to determine S∗
0 is to find the value for the productivity of research κ and

spillovers in the health sector 1−ξ, as well as the factor shares for innovation and labor γ

and δ. As our calibration target, we use a growth rate of 2% for per capita consumption in

the competitive economy. For the spillovers in the health sector, we rely on the literature

on cost reduction due to an expansion of Medicare Advanced (MA). Baicker et al. (2013)

find that a an increase of 10% in the penetration of Medicare Advanced leads to fall in

hospitalization costs of 4.7%. Chernew et al. (2008) estimate that an increase in MA of

one percentage point yields a reduction of one percentage point in Traditional Medicare

(TM) spending. Reexamining the relationship between MA penetration and TA spending

after the introduction of the Affordable care act, Feyman et al. (2021) estimate that a

one percentage point increase in MA penetration leads to a cost reduction for TM of 0.7

percentage points. We refer to the authors’ work for a comprehensive overview of the

literature on the spillovers between MA and TA.

We note that these estimates stem from the health system of the United States, which

is well known outlier in terms of health care spending; with its share of GDP devoted

to health care being significantly larger, as well as growing substantially faster than in

other countries (Chandra and Skinner (2012)). Additionally, Garber and Skinner (2008),

Muennig and Glied (2010), and Papanicolas et al. (2018) document the absence of superior

health outcomes. Together with Laugesen and Glied (2011), these studies indicate that

the driving forces behind the high spending are administrative costs, pharmaceutical

costs, and wages of physicians and nurses. To our knowledge there is has not been an

attempt to measure health sector spillovers outside of the US so that the question whether

spillover in other countries are smaller or larger remains open. Theoretically, both is

possible; considering the health care system in the US as rather inefficient, spillovers can

be large as a marginal improvement in efficiency will have large effects. At the same time,

one could argue that the spillovers are small in the US because the inefficient system does

not allow the spillovers to spread throughout the health care system. Therefore, we will

20We could also use the world population but this is not of relevance, because a higher value of L
leads to a lower value of κ.
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use the estimate from Baicker et al. (2013) in our baseline calibration, addressing this

issue further below in the sensitivity analysis. Concerning the application of this estimate

we make the following assumption: An increase of 10% in the average labor supply to the

health sector leads to an increase in productivity of 4.7% for an individual health firm so

that

ξ = 1− log(1.047)

log(1.1)
= 0.5181.

From (21) we see that the growth rate of consumption depends on the parameter ν, which

is an amalgamation of parameters according to

ν =
vH

η
1
2

1 + ξ

ξ
,

where we can express vH

η
1
2
as ϵ/2 to obtain νh = 1.1381 ·10−13, where we again differentiate

between high and low damages from pollution to health, with νl being 5.3228 · 10−14.

Finally, we set the parameter δ to 0.65, i.e., smaller than the more standard value of 0.7

in order to account for a decrease in the labor share as is observed in Autor and Salomons

(2018) and Autor et al. (2020). This leaves γ to be 0.05. Hence, we have for κ

κh =
ĉ(1− α) + δ + βp(S0)

γ(L− νhS0)
=

0.02 · 0.735 + 0.65 + 0.035 · 0.03
0.05(1− 1.1381 · 1.156 · 10−1)

= 15.3160,

where we increase the discount rate p(S0) from its common value of 2% to 3% to reflect

increased mortality from climate change. Accordingly κl is equal to 14.1731.

Taking all this together yields an optimal stock of resources, S0 that is equal to 2.45% of

the total available stock under low damages to health from pollution and just 1.09% of

the total available stock of fossil resources under high damages to health from pollution.

Setting vK equal to zero yields optimal stocks that are equal to 2.59% and 1.12% of

the total stock under the low and high damages scenario respectively. This is a drastic

difference, whereby the impact of damages to capital only accounts for a difference of

0.14 and 0.03 percentage points. We address these findings in the next section.

6 Discussion and sensitivity analysis

In this section, we further explore our finding that damages to health reduce the optimal

resource stock of S0 so strongly. The first reason lies in the model structure where we

assume that labor is the only input that matters for long-run growth and the innovative

sector entails dynamic externalities. Hence, a lower labor input leads to less innovations

today and fewer innovations today lead to slower growth in all following periods. The
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accumulated effect of slower GDP growth becomes very large when added over all future

periods and equation (36) accounts for this slower growth in the future by dividing the

health impact κγϵ/(1− α) by ρ. Thus the term κγϵ/(1− α)ρ is larger than the term for

capital damages αvK by the factor 100. Having the stock of resources affect growth posi-

tively would increase the optimal stock of resources to be extracted. In the following, we

vary parameter values and study how that impacts the optimal policy recommendation.

6.1 The discount rate

The choice of the appropriate discount is crucial in the sustainability context. Hence, we

let ρ vary and provide the results in Table 2, with all values being in percentages. Hereby,

we distinguish between the cases of low and high damages to health and write S0l/S0 and

S0h/S0 for the ratio of the optimal stock to the total available stock respectively. We

will call these ratios optimal ratios. As expected, higher impatience increases the optimal

ρ S0l/S0 S0h/S0 S0l(vK = 0)/S0 S0h(vK = 0)/S0

1 0.85 0.37 0.86 0.37
3 2.45 1.09 2.59 1.12
5 3.93 1.79 4.31 1.87
10 7.2 3.43 8.60 3.72
30 16.16 8.84 25.54 11.05
50 21.53 12.89 42.13 18.23
100 28.66 19.67 82.15 35.56

Table 2: Optimal stock in percentage of the total stock of resources for different discount
rates ρ. All values are in % terms.

stock of resources. When ρ takes its largest possible value of 100% we arrive at ratios of

28.66% and 19.67%. With such a high discount rate, the relative importance of damages

to capital increases as we see by setting vK = 0. Doing so yields values of 82.15% and

35.56% for ρ = 1. The contribution of capital damages to the optimal stock is the

difference between S0l/S0 and S0l/S0(vK = 0) for low health damages and analogously

for high health damages. When ρ = 1, the contribution of capital damages becomes

53.49 and 15.89 percentage points, instead of almost zero when ρ is equal to 3% or less.

Overall, we find that damages to capital do not impact the optimal stock significantly

unless the discount rate exceeds 30%, and we can show that the impact of ρ almost solely

comes through Equation (36) by removing ρ from this equation. Then, the optimal ratios

are 28.66% and 19.67% which are the values we have for ρ = 1.
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6.2 The impact on labor

In our calibration we assume that the relative loss of output is equal to the loss of

labor. In this section, we loosen this assumption and investigate the possibility that

the relative loss of labor is less than the relative loss of output. This might be the

case for the following reasons: First, the damages to GDP from the impact of pollution

on health rely partially on the value of statistical life approach. As mentioned above,

this approach captures households’ willingness to pay and not directly their reduced

labor supply. Second, increased pollution might lead to higher health spending and costs

which shift resources in the economy but do not imply reduces labor supply. Hence, we

introduce a scaling parameter τ < 1 with which we multiply ϵ in (39) to allow for smaller

labor losses in the economy. Note that κ also depends on labor losses and thus ϵ. Hence,

varying ϵ is not equivalent as varying ρ−1, as one might suspect from observing (36).

τ S0l/S0 S0h/S0 S0l(vK = 0)/S0 S0h(vK = 0)/S0

100 2.45 1.09 2.59 1.12
50 4.77 2.29 5.35 2.41
10 16.90 9.88 27.43 12.74
5 24.46 16.21 55.03 25.65
2.5 31.46 23.73 110.23 51.47
1 37.97 32.82 275.83 128.92
0.1 43.33 42.57 2759.88 1290.72

Table 3: Optimal shares with varying degree of labor losses, when ϵ is scaled by τ . All
values are in % terms.

We find that even when we consider labor losses that are significantly smaller than those

in the calibration section, a more drastic climate policy is warranted than one based on

damages to capital alone. Setting τ = 5%, so that labor losses are 0.21% and 0.449%

under the low and high damage scenario, the optimal stock amounts to 55.03 and 25.65,

i.e., half or a quarter of total available stock in absence of damages to capital. Introducing

damages to capital in this case further reduces the optimal stock to 24.46 and 16.21

percent of the total stock respectively. For larger values of τ this effect becomes stronger

and once yearly labor losses exceed 2.1%, which is the product of τ = 0.5 and the losses in

the low damage scenario 4.2%, health damages dominate the optimal stock of resources,

with the effect of capital on the optimal stock becoming marginal. Only for values of τ%

below 2.5% we find that health effects become irrelevant as the optimal stock in absence

of capital damages exceeds the available stock.
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6.3 Health spillovers

The last sensitivity analysis that we undertake relates to the spillovers in the health

sector; and instead of relying on the estimates by Baicker et al. (2013), we will use the

findings from Feyman et al. (2021), which yields

ξ = 1− log(1.007)

log(1.01)
= 0.2990.

This value implies a lower productivity in the health sector, but larger spillovers, and we

will use this value to repeat the calculation behind Table 2 and 3; providing the results

in Table 4 and 5. In Table 4, we see that the lower productivity of the health sector

translates into a lower optimal stock of resources for all values of ρ, irrespectively of the

presence of damages to capital. Comparing S0l/S0 and S0h/S0 for our baseline case of

ρ = 0.03 we find that the value of 2.45 falls to 2.37 when health damages are low and from

1.09 to 1.02 when damages are high. Expressed in ratios this reads 2.45/2.37 = 1.0338

and 1.09/1.02 = 1.0686, and we observe that these ratios are falling with ρ, being at most

1.0789 for the case of ρ = 1 and under high health damages.

ρ S0l/S0 S0h/S0 S0l(vK = 0)/S0 S0h(vK = 0)/S0

1.00 0.82 0.34 0.84 0.35
3.00 2.37 1.02 2.51 1.04
5.00 3.81 1.66 4.18 1.73
10.00 7.00 3.20 8.33 3.45
30.00 15.84 8.31 24.73 10.25
50.00 21.17 12.21 40.80 16.90
100.00 28.34 18.85 79.55 32.95

Table 4: Optimal stock in percentage of the total stock of resources for different discount
rates ρ with alternative health spillovers. All values are in % terms.

In Table 5, we reconsider how the sensitivity of labor to health and pollution damages

impacts the optimal resource stock when labor losses affect GDP less severely. We find

that, as before, the optimal stocks are smaller across all configurations, i.e., all values in

5 are smaller than in 3. The largest relative difference between optimal stocks arises for

τ = 100 with high damages to health and no damages to capital, that is S0h(vK = 0)/S0,

where we find 1.12/1.04 = 1.0789. As in Table 4 this ratio falls when τ decreases. Thus,

we conclude that our calibration is relatively robust to the calibration of the health

spillovers and the productivity of the health sector, with the optimal resource share

being at most 8% larger when we rely on the estimate of Baicker et al. (2013).
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τ S0l/S0 S0h/S0 S0l(vK = 0)/S0 S0h(vK = 0)/S0

100 2.37 1.02 2.51 1.04
50 4.71 2.21 5.27 2.33
10 16.87 9.83 27.35 12.66
5 24.44 16.17 54.95 25.57
2.5 31.45 23.71 110.15 51.38
1 37.96 32.81 275.75 128.84
0.1 43.33 42.57 2759.79 1290.64

Table 5: Optimal shares with varying degree of labor losses, when ϵ is scaled by τ under
alternative health spillovers. All values are in % terms.

7 Conclusions

We have developed a model with endogenous climate change and knowledge-driven eco-

nomic growth, which adds to the existing literature by highlighting the central role of

human health. Our framework includes a separate health sector and considers the exter-

nalities of burning fossil fuels to both physical capital and the health of the labor force.

We have shown that economic growth is typically lower in the decentralized equilibrium

compared to social optimum. We have calculated the resource stock that is available for

extraction in the social optimum in closed-form. When calibrating the model we have

found that, when only considering climate damages to the capital stock, in the optimum

the stock of resources available for extraction is about 44% of total available resources.

If we add health damages, however, this value is reduced to 1.09% - 2.45% of available

stock. These results reflect that human health has not only a static effects but is also

positively related to the economic growth rate, so that reducing its size has a large nega-

tive effect on welfare. Results are robust against various model and parameter variations.

We conclude that, taking the health effects of fossil fuel emissions into account, calls for

a significantly more stringent climate policy compared to the standard climate economic

literature.

We are aware that our conclusions for an optimal environmental policy appear quite

radical. However, the results are less surprising when considering that health effects

of regional air pollution have been misconceived for a long time and treated separately

from climate damages. Hence, combining the two effects and highlighting the dynamic

effects of a healthy labor force provides abundant intuition for the results. One may want

to analyse the health sector in more detail in order to explain differences between the

countries. Or it may be instructive to look deeper into the education of the labor force.

These and related topics are left for further research.
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Pörtner, H.-O., Roberts, D. C., Poloczanska, E., Mintenbeck, K., Tignor, M., Alegŕıa, A.,
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A Mathematical Appendix

A.1 Household problem

The Hamiltonian for this problem reads

H =
c1−σ

1− σ
− b

(vUS0)
1−ϕ

1− ϕ
+ λt [(r − χ− vKS0)K + prR + wh(Lt(S0, G)− lr − lp)

+wrlr + wplp − c− phG] + µR,

(40)

with the two transversality conditions

lim
t→∞

e−p(S0)tλtKt = 0 and lim
t→∞

e−p(S0)tµtSt = 0.

For the control variables c,G, lr, lp and R we obtain

c−σ = λ, whLg = ph, wh = wr = wp, and λpr = −µ, (41)
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where we write Lg = ∂Lt/∂G. We thus obtain standard conditions for ct and Rt and

find that wages have to be equal across sectors, since the Hamiltonian is linear in labor.

Would a sector offer a lower wage than the other sectors it could not attract any labor.

For the state variables K and S we have

λ̇ = p(S0)λ− λ(r − χ− vkS0) and µ̇ = p(S0)µ.

Substituting and using hats to denote growth rates yields the expressions in (13).

A.2 Existence of a BGP

In this model aggregate income Yt is spent on consumption ct, investment in physical

capital It and health goods ph,tGt. Since labor input in all sectors is constant in all

competitive equilibria, Gt is also constant due to (9). From (3) we see that wp,t and due

to the clearing of the labor market wh,t grows at the rate of output. Together with (41)

this implies that also ph grows at the rate of output. Hence, an equilibrium in which

consumption and investment, i.e. capital, also grow at the rate of output is feasible, since

Yt = ct + It + ph,tGt.

A.3 The social planner problem

The current value Hamiltonian reads

H =
c1−σ

1− σ
− b

(vUS0)
1−ϕ

1− ϕ
+ µ

[
KαRβBγlδp − c− (χ+ vKS0)K

]
+ λκBlr − ζR+

ω
[
L− (vHS0)

2(ηlh)
−1 − lh − lr − lp

]
.
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The respective optimality conditions for the variables are

c−σ = µ (42)

µ
δY

lp
= ω (43)

λκB = ω (44)

(vHS0)
2 = l2hη (45)

µ
βY

R
= ζ (46)

ζ̇ = p(S0)ζ (47)

µ̇ = p(S0)µ− µ

[
αY

K
− δ − vKS0

]
and (48)

λ̇ = p(S0)λ− µγY

B
− λκlr. (49)

Taking the time derivatives of (42) and (46) and combining them with (47) yields

−σĉ = p(S0)− Ŷ + R̂.

As the next step, we use (42) and (43) to obtain

ω =
δc−σY

lp
,

which we substitute into (44):

λκB =
δc−σY

lp
. (50)

Next, we turn to (49) which we write as

λ̂ = p(S0)− κlr −
µγY

λB
.

Here, substituting µ from (42) and λ from (50) simplifies the expression to

λ̂ = p(S0)− γlr −
κγlp
δ

. (51)

We combine this expression with the time derivative of (50), i.e. λ̂ = (1 − σ)ĉ − γlr to

obtain (26).
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Using λ̂+ B̂ = µ̂+ Ŷ , (48), and (51) we obtain

Ŷ =
αY

K
− χ− vKS0 −

κγlp
δ

,

which is an expression that is very similar to the Keynes-Ramsey rule for ĉ = Ŷ . By

combining it with (48) after having substituted µ by c−σ, we arrive at (31).

A.4 More general social planner problem

Without logarithmic utility we obtain

0 =
∂c0
∂S0

− c0
(1− σ) [(σ − 1)ĉ+ p(S0)]

·
(

∂ĉ

∂S0

(σ − 1) + p′(S0)

)
−

[(σ − 1)ĉ+ p(S0)] c
σ
0bv

1−ϕ
U Sϕ

0

p(S0)

(
1− S0p

′(S0)

(1− ϕ)p(S0)

)
,

where the social planner balances the effect of a richer resource endowment, S0, on current

consumption c0 and the growth rate ĝ. The relevant derivatives become

∂c0
∂S0

= (1− s)Y0

(
α

K0

∂K0

∂S0

+
δ

lp

∂lp
∂S0

+
β

R0

∂R0

∂S0

)

∂ĉ

∂S0

= −κγϵ+ (β + δ)p′(S0)

γ + σ(β + δ)

∂lp
∂S0

= − δ

γ + σ(β + δ)

[
(σ − 1)ϵ− (1− α)p′(S0)

κγ

]

∂R0

∂S0

=
(σ − 1)κγ

(
L− 2ϵS0

)
+ (1− α)p(S0) + S0(1− α)p′(S0)

γ + σ(β + δ)
.

In addition to the observations from the main text, we see that due to the increase in

the probability of dying p(S0) the economy becomes less patient and thus less willing

to put aside resources for the future, which decreases the economy’s growth rate. The

impact on the input of labor in the final good sector lp is not obvious though, as two

opposing effects prevail. On the one hand, more resources decrease the available labor

supply, which also affects all sectors including the one producing the consumption good.

On the other hand, the rise in p(S0) increases impatience, leading to more employment in

the final good sector over the research sector. Finally, resource extraction benefits from

impatience, since p(S0) as well as its derivative increase in the amount of resources used
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in production. Substituting everything yields

0 =(1− s)Y0

(
−αvK [γ + σ(β + δ)]K0 −

δ2(σ − 1)ϵ

lp
+

δ2(1− α)p′(S0)

lpκγ
+

β(σ − 1)κγ(L− 2ϵS0)

R0

+ β
(1− α)p(S0) + S0(1− α)p′(S0)

R0

)
+

(1− s)Y0 [(σ − 1)κγϵ+ p′(S0) [(1− σ)(β + δ)− γ]]

(1− σ) [(σ − 1)ĉ+ p(S0)]
−

[(σ − 1)ĉ+ p(S0)] c
σ
0bv

1−ϕ
U S−ϕ

0 [γ + σ(β + δ)]

p(S0)

(
1− S0p

′(S0)

(1− ϕ)p(S0)

)
,

which is an expression that we cannot solve for S0 analytically.
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21/358 F. Böser, H. Gersbach

Leverage Constraints and Bank Monitoring: Bank Regulation versus Monetary Pol-

icy



21/357 F. Böser
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