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Abstract

We investigate optimal carbon abatement in a dynamic general equilibrium
climate-economy model with endogenous structural change. By differentiat-
ing the production of investment from consumption, we show that social cost
of carbon can be conceived as a reduction in physical capital. In addition,
we distinguish two final sectors in terms of productivity growth and climate
vulnerability. We theoretically show that heterogeneous climate vulnerabil-
ity results in a climate-induced version of Baumol’s cost disease. Further, if
climate-vulnerable sectors have high (low) productivity growth, climate im-
pact can either ameliorate (aggravate) the Baumol’s cost disease, call for less
(more) stringent climate policy. We conclude that carbon abatement should
not only factor in unpriced climate capital, but also be tailored to Baumol’s
cost and climate diseases.
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1. Introduction

Economic growth may be hampered by a stagnant services sector (Bau-
mol, 1967) and by climate change (Nordhaus and Yang, 1996). This pa-
per shows that climate change would have a similar effect as Baumol’s cost
disease. Optimal greenhouse gas emission reduction should take this into
account.

The paper can be summarized with three arguments. First, climate prox-
ied by temperature rise is an essential capital ‘bad’ used in economic pro-
duction!. Climate is an essential input to economic production. Growing
crops requires decent climate conditions including appropriate temperature,
humidity, sunshine, etc. White-collar workers in high-tech companies de-
mand air-conditioning. A higher temperature is typically found to exert an
adverse impact on economic production (Tol, 2018). In this sense, climate is
a 'bad’ capital. Climate is a stock. Climate change is driven by the historical
accumulation of emissions. Thus, climate embodies similar inter-temporal
properties as physical or human capital (Lucas Jr, 1988).

Because climate is underpriced, carbon dioxide is overinvested. When
climate is recognized as capital bad, emission of carbon dioxide is naturally
a disinvestment. In addition, climate is a public good, as climate capital
is both nonrival and nonexcludable. On one hand, like ideas, climate cap-
ital is monrival. Once the cost of attaining a lower level of climate capital,
e.g. temperature, has been incurred, the climate capital can be leveraged
repeatedly at no additional costs. One agent’s use of temperature does not
affect another agent’s use. Furthermore, climate capital is nonexcludable,
unlike (patented, trademarked or copyrighted) ideas. Nobody is capable of
appropriating the property of climate, whether they are individuals, firms,
or countries. No agent can stop another agent from using temperature. This
implies that there are endless incentives to invest carbon dioxide emissions in
the atmosphere. In plain language, because emitting carbon dioxide is free,

!There are few precedents for considering climate as capital (Arrow et al., 2004, 2012;
Barrage, 2020). See also Weitzman (2016) who viewed environmental quality as a stock of
capital. Likewise, one may hence interpret climate capital as the desirability of the climate
conditions, which can be represented by a function of temperature. Then, climate capital is
a capital good. However, in line with the current literature commonly using temperature in
the production function (e.g. Nordhaus, 2017; Golosov et al., 2014; Barrage, 2020), we use
temperature here to proxy climate capital directly. This manner may be counterintuitive
at first sight, but can provide modelling convenience.
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profit-maximizing firms do not care whether carbon emissions are contribut-
ing to climate change.

The second argument is that heterogeneous climate vulnerability between
sectors reflects the potential to produce with climate capital, causing the cli-
mate version of Baumol’s cost disease—Baumol’s climate disease in short.
Although climate capital is uniformly acquired, the ability to produce varies
between sectors at any level of climate capital. For some sectors, climate
capital is by its very nature a core requisite, implying a higher climate vul-
nerability. Other economic activities are not fastidious about climate condi-
tions. As climate change progresses due to overinvested carbon, the climate
vulnerability gap can be expected to widen between these sectors. This divi-
sion echoes Baumol (1967) that conceptually differentiated progressive with
non-progressive sectors due to their technological structure. If products in
sectors are not substitutes, more and more productive factors would flow from
progressive to stagnant sectors. Eventually, the overall productivity growth
declines as the non-progressive sectors are expanding, notoriously known as
Baumol’s cost disease?. Likewise, if a sector is progressively damaged by
climate change, productive factors are increasingly absorbed into it, render-
ing the overall economy more vulnerable to climate change. In effect, higher
climate vulnerability is analogous to slower productivity growth, giving rise
to Baumol’s climate disease.

The third argument is that evaluating climate impact should factor in
technology-driven structural change. Baumol’s climate disease recognizes
the role of heterogeneous climate vulnerability, but its net effect depends
on both technological structure and climate vulnerability. More specifically,
climate vulnerability in each sector can be either aggravated or compensated
by technological change. If a sector with high climate vulnerability is blessed
with high technological growth, climate impact can be less worrisome because
the technological structure makes this sector more resilient. On the contrary,
if a sector with high climate vulnerability is further depressed by gloomy
technological prospects, the relative price of production in this sector will
grow even higher. Consequently, Baumol’s cost disease bites harder. In this
case, reducing carbon emissions can generate dual benefits including both

2Nordhaus (2008) provides empirical evidence for Baumol’s cost disease. Some recent
studies explore Baumol’s cost disease in dynamic growth models, and confirm that the
rising price of services relative to goods will slow aggregate productivity growth (Ngai and
Pissarides, 2007; Herrendorf et al., 2021).
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avoided climate damages and moderated cost disease.

Although the economics literature on climate impact is burgeoning (e.g.
Bakkensen and Barrage, 2018; Carleton et al., 2022; Waldinger, 2022; Cruz
and Rossi-Hansberg, 2023; Acemoglu and Rafey, 2023; Tol, 2022, etc.), the
conception of climate as capital, to our knowledge, has not been formalized in
climate-economy models. The paper makes some progress in this regard. We
start with standard properties that naturally come along with identifying cli-
mate as a capital. For example, climate capital delivers negative returns, and
the marginal return to climate capital is non-decreasing at a higher temper-
ature. Besides, nonrival climate capital features decreasing returns to scale.
Because climate capital is also nonexcludable, the nonrivalry contributes to
the negative climate externality, in contrast to the positive externality in
the knowledge capital. Nobel Prize Committee (2018) points out that exter-
nalities bridge the contributions of Romer and Nordhaus. Along its route,
we emphasize that nonrivalry and nonexcluability of climate capital are the
fundamental cause of climate change, and that integrated assessment mod-
els should assume non-constant-return-to-scale technology for climate capi-
tal in production functions. Moreover, the paper interprets climate damage
functions as the ability to produce with climate capital, which can differ in
sectors.

To shed light on optimal carbon abatement under structural change, this
paper then establishes a dynamic general equilibrium climate-economy model
with endogenous structural change. The climate-economy linkage stands on
the shoulders of Golosov et al. (2014), Nordhaus (2017) and Barrage (2020).
Economic production requires energy as essential input, which will generate
carbon emissions. Unabated carbon emissions will enter the atmosphere and
affect climate capital that is indispensable for economic activities. On the
one hand, our model differentiates two final production sectors, both of which
use physical capital, labor, energy, knowledge and climate as input. In addi-
tion, both sectors adopt non-constant-return-to-scale technology when using
knowledge and climate for production. Thus, technological growth and cli-
mate vulnerability combine to shape the relative price between two sectors.
On the other hand, production in two sectors are required for both con-
sumption and investment (fwo final expenditures). Therefore, the model is
characterized by a two-by-two structure. Following Herrendorf et al. (2021),
Garcia-Santana et al. (2021) and Buera et al. (2020), we induce structural
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transformation in both consumption and investment via the price effect®. For
both expenditures, the substitution elasticity is less than unity between two
final products (Herrendorf et al., 2013, 2021; Garcia-Santana et al., 2021).
Hence, the comparative scarcity between two products determines their rel-
ative price, leading up to structural change. The results of the model are
generalized as follows.

First, we provide a novel representation of the social cost of carbon based
on investment. By differentiating the production of investment and consump-
tion, we find that the trade-off between abatement costs and avoided climate
damage is based on investment rather than consumption. This result theo-
retically supports that climate is a capital bad. Thus, the real cost of carbon
can be conceived as a drag on physical capital. Existing studies usually de-
fine the social cost of carbon as the consumption loss due to an additional
tonne of COy (Nordhaus, 2014; Golosov et al., 2014; Barrage, 2020). In one-
sector growth model, economic production is utilized for either consumption
or investment without differences. Thus, investment-equivalent social cost of
carbon is identical to consumption-equivalent social cost of carbon therein.
Social cost of carbon denominated in terms of consumption has straightfor-
ward welfare implications because consumption is a direct measure of welfare,
unlike investment. By comparison, Arrow et al. (2012) adopts social cost of
carbon to approximate the change in environmental capital, implying a cost
in investment. In their language, the social cost of carbon denominated by
investment reflects the cost in wealth instead of directly in income, and hence
also has welfare implications owing to its close relevance to sustainability. It
should be noted that the choice of numeraire only influences the numerical
value of social cost of carbon, whereas optimal allocation is immune to ei-
ther choice. Investment-equivalent social cost of carbon is associated with
consumption-equivalent social cost of carbon by the relative price of invest-
ment to consumption.

Second, we theoretically demonstrate how climate change can influence
Baumol’s cost disease. For one thing, we assume the Cobb-Douglas func-
tions in two sectors with the same factor intensity. For another, we allow
for different technological growth and climate vulnerability in both sectors.
Absent different technological growths, the relative price in the more climate-

3The income effect is the other important force in incurring structural change (Buera
and Kaboski, 2009; Boppart, 2014; Comin et al., 2021; Alder et al., 2022).
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vulnerable sector will increase as climate change proceeds, because produc-
tion in this sector is comparatively scarcer than that of less climate-vulnerable
sector, exacerbating the climate impact via Baumol’s climate disease. Ac-
counting for heterogeneous technological growth, the relative price between
two sectors is pinned down by the relative technological growth combined
with relative climate vulnerability. Suppose that the impact of technological
growth dominates that of climate vulnerability. The relative price between
two sectors will increase further when the more susceptible sector is also ex-
periencing slower technological growth. That is, climate change exacerbates
the Baumol’s cost disease. By comparison, when the more susceptible sector
has high productivity growth, the relative price will still go up, but to an
extent less than absent climate impact. In other words, although climate
change takes a toll in both sectors, it ameliorates the Baumol’s cost disease.

Third, we quantify the model. For expositional convenience, we devide
the economy into goods and services. Dividing the economy into goods and
services is not uncommon in the structural change literature (e.g. Moro,
2015; Leon-Ledesma and Moro, 2020; Herrendorf et al., 2021), motivated
by the observed slower technological growth in services. In addition, we
find some preliminary empirical evidence that services are less susceptible to
climate change than goods. In line with the literature, we assume that the
productivity growth in the goods sector is three times that in the services
sector. Absent climate damage, the capital stock in 2100 is set identical to
that in the DICE model for comparability. We adopt the damage function
from DICE, assuming that the relative damage level in the goods sector is
two times higher than in services. Using the data from World Bank, we pin
down the factor shares used in each sector in the initial period.

Fourth, our numerical results validate that Baumol’s cost disease is an
important consideration for carbon abatement policy. When two sectors are
only different in climate vulnerability, capital stock is reduced by 12.34%
in 2100 and 19.37% in 2150, compared to a decrease of 11.25% and 17.47%
under homogeneous climate vulnerability. Thus, Baumol’s climate disease
aggravates aggregate climate impact. As a consequence, a more stringent
climate policy is required to achieve the optimal allocation, which achieves
the net-zero carbon emission in 2095, earlier than in 2100 for homogeneous
climate vulnerability. When also accounting for differentiated productivity
growth in the baseline model, there is little difference for capital stock be-
tween heterogeneous or homogeneous climate vulnerability. Moreover, as
consumption responds to climate with lags, consumption is even improved

6
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under heterogeneous climate vulnerability in the considered periods. This is
because the expanding services sector is less vulnerable to climate change, or
alternatively, the goods sector that is more vulnerable enjoys a higher pro-
ductivity growth, showing higher resilience to climate change. A less strict
abatement policy is required for optimal allocation, putting off 10 years for
achieving net-zero emissions. Furthermore, we consider a counterfactual sce-
nario where the services sector is assumed to be more climate-vulnerable.
Quantitative results come to that the climate damage on capital stock will
be aggravated by a further loss of 9.20 percentage points if climate change
increases the relative price of services, i.e. the more severe Baumol’s cost
disease. Accordingly, net-zero emissions are required to be achieved twenty
years earlier.

In addition, we quantify two definitions of the social cost of carbon. In
the presence of optimal abatement, the social cost of carbon at 2100 stands
for an investment loss of $254 per tone of CO,, and a consumption loss of
$182 per tone of CO,. Compared to investment, consumption is composed
of a higher ratio of services. As the relative price of services is climbing
over time, so will the price of consumption relative to investment. Given a
numeraire with a higher price, consumption-equivalent social cost of carbon
is lower than investment-equivalent one. Moreover, we find that a lower
social time preference rate will generate a larger gap between the values of
two definitions.

Although we only simulate goods and services in the model, our results
imply that climate policy should be tailored to Baumol’s joint cost-and-
climate disease. The more sectors are there in the economy with low produc-
tivity growth and high climate vulnerability, i.e. the more acute the Baumol’s
joint cost-and-climate disease, the stronger incentives to reduce the carbon
emissions. Otherwise, the long-run economy growth would be plagued by
both climate change and exacerbated Baumol’s cost disease. In addition, the
social planner need increase adaptation investment into any sector with both
high climate vulnerability and low productivity growth. Thus, our paper
has policy implications for both abatement and adaptation under structural
change.

This paper relates to the current literature in the following ways. First,
existing literature typically denominates the social cost of carbon in terms
of consumption (Nordhaus, 2014; Golosov et al., 2014), we propose an al-
ternative definition in term of investment. In so doing, we show that social
cost of carbon is a drag on productive capital rather than directly on con-

7
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sumption. We also demonstrate two definitions of social cost of carbon can
be bridged by the relative price of investment to consumption. Second, the
paper is relevant to studies on climate damages. Casey et al. (2021) as-
sume that the climate system evolves exogenously, and analyzes the climate
damages on consumption and investment with the focus on heterogeneous
damages between sectors. Our study is consistent with theirs in finding that
heterogeneous climate vulnerability will exacerbate aggregate damage level,
which could be explained by the less than unity substitution elasticity be-
tween each product in producing investment and consumption. This paper,
however, differs from theirs in that we focus on the background of structural
change. Baumol’s cost and climate diseases are critical factors in determin-
ing the realized impact of climate change. Third, the paper falls within the
broad category of structural change economics (Herrendorf et al., 2014), and
we add that climate vulnerability is also complementary to incurring the
price effect.

The remainder of the paper is organized as follows. Section 2 formalize
climate as a capital. Section 3 establishes a climate-economy model and
theoretically analyzes the incentives to disinvest into climate capital. Section
4 introduces the calibration process. Section 5 discusses the quantitative
results. Some sensitivity analyses and extensions are included in Section 6,
and Section 7 concludes the paper.

2. Climate capital in production function

This section discusses several fundamental properties associated with cli-
mate capital, which have not been formalized previously. Where necessary,
we compare climate capital with other common factors in production. In
so doing, we are able to interpret the cause of climate change from the per-
spective of investment. In addition, we note the link between climate capital
and climate damage function that is commonly used in climate economics
literature.

Temperature change T; is considered as an appropriate proxy for climate
capital, consistent with extant studies (Barrage and Nordhaus, 2023; Golosov
et al., 2014; Cruz and Rossi-Hansberg, 2023). In addition to climate capital,
economic production at period ¢ also requires physical capital K;, labor L,
ideas A;, and energy Ej.

}/;ﬁ = F<At7n7Kt7Lt7Et) (1>
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where F' represents some technology to utilize these factors in production.
The last argument energy F,; can be either fossil fuels that will emit carbon
dioxide or renewable energy with no carbon emissions.

2.1. Negative and increasing returns

Unlike other factors, climate represented by global mean temperature
change is a bad capital. More input of other factors (i.e. physical capi-
tal, human capital, energy and ideas) generate more revenues, whereas an
increase in temperature causes economic losses:

or

— <0 2

o )
Moreover, as the temperature increases further, the marginal returns to cli-
mate capital is increasing;:

O*F

0?T,
Increasing returns to climate capital captures both the beliefs (Barrage and
Nordhaus, 2023; Weitzman, 2010; Pindyck, 2021) and some empirical evi-
dence (Burke et al., 2015; Newell et al., 2021) that climate impact is exacer-
bated at a higher temperature.

>0 (3)

2.2. Decreasing returns to scale

In nature, climate capital is a public good, because it is both nonrival and
nonexcludable. Consequently, climate capital is overinvested, giving rise to
global warming.

Climate capital is nonrival. An individual’s use of climate capital does not
preclude others from using climate capital. Once climate capital is produced
(represented by global temperature change), all firms use it for economic pro-
duction without paying for additional costs. When global mean temperature
rises, an enduring heat wave may ensue in an African village, devastating the
harvests of all peasants. One peasant’s adversity cannot lower the possibility
or extent of another peasant in the same village. In Singapore, a coastal
high-tech company is simultaneously plagued by the sea-level rise that floods
the working office due to the same climate capital, i.e. global mean temper-
ature change. While the sea level is rising in Singapore, miserable peasants
find no reasons to believe that flooding makes global temperature increase
or decrease, nor will the company think the heat wave in Africa will cool
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down the global suddenly. Climate capital, once produced, can be enjoyed
by everyone and hence is not scare. However, good climate capital is scare in
that, for example, there is some unknown level of global temperature change
leading up to maximum global economic production, ceteris paribus.

Nonrivalry of climate capital implies that production is characterized by
decreasing returns to scale. The standard replication argument is valid for
physical capital, human capital and energy, but not for ideas and climate
capital. Romer (1986, 1990) has illuminated that ideas are nonrival and
consequently that economic production features increasing returns to scale.
Because climate is a bad capital, climate capital is characterized by decreas-
ing returns to scale. In other words, for any A > 1, we have:

F(At7 E7 AKta )\Lt7 AEt) - AF(Ab 7—;& Kt7 Lta Et)
F(AA, Ty, NKy, ALy, AEy) > AF(AL Ty, Ky, Ly, Ey)
F(Ah)\j—;fa)\Kta)\Lty)\Et) < AF(Abj—‘thtthvEt) (4)

Climate capital is also nonexcludable, leading up to overinvested carbon.
Compared to knowledge capital that can be partially excludable in the pres-
ence of patents, the property of climate capital cannot be appropriated in
reality. Suppose that a firm reduces one unit of carbon investment into cli-
mate capital and shoulders the associated abatement costs. Because climate
capital is not excludable, all firms in the economy can benefit from this one
unit of reduced carbon that lowers the level of climate capital. Thus, the
abatement costs for reduced carbon cannot be compensated for by private
revenues. In the market, when the social price of carbon is not defined, no
firm is motivated to disinvest carbon into climate capital.

2.3. Climate capital and damage function

Although climate capital proxied by global mean temperature is uniform
to everybody, the ability to produce with climate capital can be quite dif-
ferent. In other words, climate impact is heterogeneous. This can be ex-
plained by geographic endowments, adaptation technology, industry struc-
ture, etc. In existing literature (e.g.: Barrage and Nordhaus, 2023; Golosov
et al., 2014; Barrage, 2020; Cruz and Rossi-Hansberg, 2023), the damage
function pioneered by (Nordhaus, 1992) is commonly leveraged to reflect the
productivity of climate capital. Admittedly, the damage function is among
the most uncertain parts in climate-economy models in terms of both forms
and parameters (Pindyck, 2021). The paper makes no efforts to determine

10
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any well-suited damage function. Instead, as we will see below, the analysis
only requires that climate damage functions should be sector-specific so as
to reflect the differentiated productivity of climate capital between sectors.

3. Model and theory

This section establishes a dynamic climate-economy model with endoge-
nous structural change. The climate-economy structure is borrowed from
Nordhaus (2017), Golosov et al. (2014) and Barrage (2020). The economic
module is augmented with a two-by-two structure. On the one hand, we al-
low for two final production sectors with heterogeneous productivity growth
rate and climate vulnerability, both of which can affect the relative price of
products in two sectors?. On the other hand, following Greenwood et al.
(1997), Herrendorf et al. (2014) and Foerster et al. (2022), we differentiate
two final expenditures of economic production—consumption and investment
in terms of their compositions of final products. Thus, structural change can
take place within both consumption and investment when the price in one
sector changes relative to the other. We start from the competitive market
and show its equivalence to social planner problem by introducing a carbon
tax.

Given the established model, we first theoretically show how to achieve
the optimal allocation in the presence of climate externality. This result con-
stitutes the fundamental incentive for addressing climate change—unpriced
climate capital and overinvested carbon. Then, we show the relative price
between two products, which can be perceived as the acuteness of the Bau-
mol’s cost disease. Reducing carbon changes the relative price, and hence
becomes another important consideration in optimal carbon abatement de-
cision.

3.1. Households

The economy accommodates an infinitely-lived, representative household
whose lifetime utility is determined by:

U= B'U(CY) (5)

40ur model can be easily extended to a multi-sector case.

11
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where 8 denotes the social time of preference and C; market consumption
at period t. In fact, the household’s utility can also be affected directly
by climate change. For example, it can influence amenities, biodiversity
or health conditions that households value®. Since the paper focuses on
economic dynamics, we abstract from these possibilities.

The consumption bundle is composed of two different products:

Cy = Fo(Cu, Cat) (6)

where C}; stands for consumption of product i € {1,2} respectively. Fg¢
captures the household’s preference for each product, and can be regarded
as a costless technology aggregating both consumption.

The representative household should satisfy its budget constraint in each
period:

p1:C1e + p2uCor + Ky1 <wi Ly + (1 + 1y — 0) Ky + I, + Tran, (7)

where K, is the capital holdings at time t+1, w; the wage rate, L; the labor
supply, 7; the rental rate of capital, 0 the capital depreciation rate, Il; the
dividends from the energy sector, Tran,; the lump-sum transfer of carbon tax
levied by the government. We set investment as the numeraire, normalizing
its price to one in each period, and define p;; as the price of product i.

Thus, the household’s first-order condition requires that saving decisions
and allocations of goods and services in consumption must satisfy:

UClt/plt UC2t/p2t
Ucl,t+1/p1,t+1 UCQ,t+1/p27t+1 6( t ) ( )

where U,; represents the partial derivative of instantaneous utility function
with respect to consumption ¢ at time ¢. This equation demonstrates that,
between two subsequent periods, the representative household will equate
the price-adjusted marginal rates of substitution in each consumption to the
return rate on saving.

5This consideration can be represented by either introducing a climate variable such
as temperature rise into the utility function (Barrage, 2020) or considering the climate
impact on non-market goods (Tol, 1994; Sterner and Persson, 2008; Drupp and Hénsel,
2021).
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3.2. Two final production sectors

There are two final sectors whose production functions follow from Eq.(1).
Further, each sector i € {1,2} adopts a constant-returns-to-scale technology
F to combine physical capital, labor and energy, and satisfies the Inada con-
ditions. By comparison, both climate capital and knowledge capital feature
non-constant returns to scale, represented by F. Thus, we have:

}/lt - Fl(Alt7 E? Kltu L1t7 Elt)

- Fl(Altaﬂ)Fl(K1t>L1t7E1t> (9>
Y'2t = FQ(A2t7 T;fv K2t7 L2t7 EQt)
= Fy(Ag, T,) Fo( Ko, Lot Bar) (10)

Note that climate capital is uniformly utilized in both sectors, whereas other
factors and production technologies can be sector-specific.

In a competitive market, profit-maximizing firms in both sectors should
equate their marginal products to their prices:

p1efue = parkon = wy (11)
P1eFike = paukbore = 1
Pk = pukop: = Pet
where Fj;; represents the partial derivative of sector ¢ production function
with respect to rival input j € {K, L, EF'}, and pg; denotes the energy price.

In addition, production in both sectors can be utilized for either con-
sumption or investment such that:

Yii=Cu+ iy (12)
Yor = Cop + Lo

where [;; is the output from sector ¢ used for investment.
Total nominal final output can thus be defined as:

Y = p1Yie + pacYor (13)

3.3. Investment production sector

In the economy, there is also an intermediate investment sector that
adopts a constant-to-scale technology and combines the production from two
final sectors to produce final investment:

Iy = Fi(Ap, Iit, ) (14)
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where Aj; denotes an exogenous investment-specific technical change to pro-
duce aggregate investment. We do not allow for a direct climate impact on
investment production in Eq.(14). However, temperature change indirectly
influences investment because as it reduces final products supplied to produce
investment®.

3.4. Energy sector

Using both capital Kg; and labor L g, the intermediate energy sector pro-
duces with a constant-return-to-scale technology. Hence, energy production
is given by:

By, = Ap Fp(Kpy, L) (15)

Energy production is allocated to two final sectors as input. Following Bar-
rage (2020), we assume that carbon-based energy can be unlimitedly supplied
and therefore incurs zero Hotelling rents. Climate capital is in reality also
used for energy production, but we make simplifications here considering that
the energy sector accounts for a relatively small proportion in the economy.

Energy firms can choose to produce a fraction u; of energy with some
zero-emission technologies at an additional abatement investment ©,(u,F).
For each unit of emission, firms are obliged to pay the carbon tax. Thus, the
profits of energy producers are:

II, = pEtEt - [(1 - ,Ut)Et]TEt —wiLpg — 1 Kg — @t(,utEt) (16)

where 75; denotes the carbon tax on uncontrolled carbon emissions from two
final sectors { E¥}t_, = {(1— ) (Eri+ Ea2) Yi_y. We only consider an aggre-
gate carbon control rate y;, and we discuss the implications of differentiated
control rates in Section 6.

6 Allowing for the climate impact on investment explicitly will exacerbate the climate
impact on growth rate. Fankhauser and Tol (2005) and Dietz and Stern (2015) show that
such growth effect can be embodied in the climate impact on capital depreciation explicitly,
analogous to modelling a climate impact on investment production. A climate impact on
economic growth will acutely exacerbate economic losses compared to its frontier, whereas
the level effect is more modest (Pindyck, 2021; Cai et al., 2023). However, there still exist
some intellectual gaps between modelling practices and empirical evidence to support the
growth effect of climate change (Dell et al., 2012; Burke et al., 2015; Newell et al., 2021).
Further, Herrendorf et al. (2021) and Garcia-Santana et al. (2021) find the exogenous
investment-specific technical change plays a very limited role in driving long-run growth.
Given all these, we only implicitly account for the climate impact on investment.
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Again, in the competitive market, energy producers equate the marginal
products of each input to their corresponding prices:

(pEt — TE) Fane = wy (17)
(pEt - TEt)F Ekt = Tt

Moreover, the formulation in Eq.(16) implies that profit-maximizing en-
ergy producers are incentivised to equate the marginal benefit of avoided tax
payment per unit of uncontrolled carbon emissions to marginal abatement
costs:

TEt = @;(NtEt> (18>

In each period, the productive factors are freely mobile across sectors:

Ly = Lyt + Lot + Ly (19)
K, = Ky + Koy + Kpy
E, = Ey + Ey

where aggregate labor force L; is exogenously given at each period.

3.5. Carbon cycle and climate

We follow the convention of climate economics literature in viewing tem-
perature as a sufficient proxy for climate change. Specifically, atmospheric
temperature change T; at period t is determined by the historical path of
carbon emissions after control {Ef™¢}._ = {(1 — u;)(E1; + Fa2)}_,, initial
climate conditions M| including atmospheric carbon concentrations, deep
ocean temperatures, etc., and exogenous shifters {n;}!_, such as land-based
emissions:

Tt - CI)(MO7EgnC7Eimca""Ezq'mc"rIOw--’nt) (20>

ggﬁﬁc holds for V¢, j > 0. The very nature that climate change, proxied
t

by T}, hinges on the stock of carbon emissions in the atmosphere hints that
climate is a capital. Note that temperature is not exclusively dictated by
current-period carbon emission, which is a flow variable.

where
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3.6. Competitive equilibrium

Now we can present the standard definition of competitive equilibrium in
the economy, augmented with the climate system.

Definition 1. A competitive equilibrium consists of a sequence of exogenously-
given productivity { Ave, Ao, Are, Apt )52y, a series of allocations {Chy, Cor, Iy,

Iye, Ly, Log, Lge, Ky g1, Kogor, Kpggr, Evg, Eog, e, Ti 12, a set of prices {1y,

Wy, D1ty P2t PEL oo and a series of policies {Tg }32, such that in each period,
given prices and policies:

(i) the household solves the utility-mazimizing problem subject to the budget
constraint,

(ii) firms in two final production sectors and two intermediate sectors (energy
and investment) maximize profits,

(#ii) temperature changes in line with the carbon cycle constraint, and

(iv) markets clear.

By virtue of the above definition, we now demonstrate what a first-best
carbon tax is needed to decentralize the optimal allocation in the competitive
equilibrium:

Proposition 1. The allocations {Chs, Cot, L1ty o, L1y, Lo, Lt K41, Ko pi1,
Kg i1, Big, Eor, e, T3 122, along with initial capital stock Ko, initial carbon
concentrations My, and climate shifters {m;}!_, in a competitive equilibrium
satisfy:

Fi(Ay, Ty, Ly, Ky, Ey) > Cy + 1y
Fy(Agy, Ty, Loy, Koy, Eoy) > Oy + Iy
Fo(Ch, Co) > Gy
Fir(Ap, Ly, Iny) + (1 = 0) Ky > Kivq + O Ey)
By < Ap Fp(Kgi, Le)
Ty > ®(My, (1 — pio)(Eig + Eag), ..oy (1 — ) (Evs + Eat), Mo,y -y M)
Ly > Ly + Loy + Ly
Ky > Ky + Koy + Kpy
Ey > By + Ey

A~~~ Y~ o~~~ —~ —~ —~ —~
DO N DN DN
ot W N =

= D DD D O

[\
=

N DN NN
O o0 J O

Therefore, given an allocation that maximizes the household’s net present
utility Fq.(5) and simultaneously satisfies constraints Eq.(21)-Eq.(29), letting
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Are the Lagrange multiplier on the capital accumulation constraint Eq.(24),
one can formulate a carbon tax equal to:

/

TEt — ®t
Marginal  abatement  cost
PR Friebwe o FraiFoy
— 'rtl'1et — — 't 28t —
N Elt Elt

TV
Marginal  product of energy

Marginal benefit of carbon  abatement
7\

_ (—1)iﬁj UC7t+j aCt+j 81/17154,]‘ aTt+j + UC,t+j aCt+j a}/’Q,)H,j aTt+j
= . At OC1 445 OTiyj 3E§mi Are 0Cy15 0T,y aE;mC/

Impacts on  sector 1 Impacts on  sector 2

(30)

such that the competitive market can achieve the optimal allocation as in the
social planner problem, and the discounting of output damages in period t is
governed by:

Art
BAL1+1

Proof: See Appendix A. Eq.(30) describes the classic wisdom (Baumol,
1972; Golosov et al., 2014) to address climate (environmental) externality.
The optimal allocation requires equating marginal product of carbon-based
energy to marginal abatement costs, and also to current-value marginal
benefit of carbon abatement, namely climate impact due to an additional tone
of carbon emission times minus one. To decentralize such optimal allocation,
the global planner needs to levy a Pigouvian tax equal to @;.

However, the theoretical finding deviates from previous studies primar-
ily in establishing investment, rather than consumption, as the core metric
in the trade-off. Marginal abatement cost is by construction denominated
by investment as previously introduced. The marginal product of energy is
represented by how much final investment per unit of energy can produce
net of the opportunity cost in energy production. The marginal impact of
carbon emission is also denominated in terms of investment. Under optimal
allocation, Pigouvian tax is numerically equal to the social cost of carbon.

= Frgm1Fopir1 + (1 —9) = Frou1 Fsppr + (1 —9) (31)
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Social cost of carbon is conventionally defined as the shadow price of car-
bon measured by the utility of per unit of consumption (Nordhaus, 2014;
Golosov et al., 2014; Barrage, 2020)". Thus, the common definition reflects
the amount of consumption one would like to sacrifice today in order to
reduce an additional unit of welfare-reducing emissions.

Motivated by this result, we provide an alternative definition for social
cost of carbon, i.e. investment loss due to an additional tone of carbon emis-
sion. Recall in Section 2 that climate is a capital and carbon is an investment.
If economic production is not utilized for the investment in abatement tech-
nology, it can be leveraged to accumulate physical capital. However, if no
abatement technology is adopted, carbon will be overinvested. Eventually,
the global mean temperature rises, generating an impact equivalent to a loss
in physical capital. The pigouvian tax in Eq.(30) seeks an optimal invest-
ment bundle that guarantees the equalized marginal product of each kind
of investment. Therefore, the real cost of carbon is on investment rather
than consumption, and climate change is due to disinvestment instead of
malconsumption.

In fact, two definitions of social cost of carbon deviate only when invest-
ment and consumption are produced in different ways. Denoting the marginal
value of investment A;; and that of consumption A¢¢, one can establish the
following identity:

An _ Feqy _ Feo
et Frie  Fro

(32)

The marginal value of investment relative to that of consumption is gov-
erned by how each final product is transformed into between consumption
and investment. In one-sector climate-economy models without any other
distortions like Nordhaus (2014) and Golosov et al. (2014), a unit of final pro-
duction can be either consumed or invested without any differences. Thus,
both Feoye/Friy and Feoy/ Frep are cancelled out, and two definitions of social
cost of carbon are numerically identical.

Although social cost of carbon as a price is different, optimal allocation
is fixed regardless of any numeraire. In addition, both definitions have their

"Consumption-equivalent social cost of carbon can be generalized as SCCop =

ggﬁ %7 while investment-equivalent social cost of carbon is formulated as SCCrg =
U ;U

OF:/ OI*
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strengths and weaknesses. Consumption-equivalent social cost of carbon does
not reflect the very nature that climate change is a drag on investment, but
has convenient welfare implications because it demonstrates the consumption
loss due to an additional tone of carbon emission. In comparison, investment-
equivalent social cost of carbon cannot provide direct welfare interpretations.
After all, people care consumption rather than investment®.

3.7. Drivers of structural change

We induce structural change within both consumption and investment
through the price effect?. The price effect reflects that the value-added share
of a certain product can also increase when its relative price goes up. We
assume two final production sectors are only different in technological growth
rate and climate vulnerability. Following Herrendorf et al. (2014), the pro-
duction functions in both sectors adopt the Cobb-Douglas form with identical
factor intensity!:

Yip = Fy(Au, T)K§ Ly, * 7V EY,
Yor = Fo( A, T) K5y Ly " By (33)
where how climate capital interacts with knowledge capital in the production

functions remains undefined without loss of generality.
In addition, both consumption and investment functions are assumed to

8Having said that, investment-equivalent social cost of carbon can be utilized to cal-
culate genuine saving (or comprehensive wealth) for measuring sustainable development
(Arrow et al., 2004, 2012).

9Existing studies generalize two broad forces behind structural change—the income
effect and the price effect. The income effect captures that as income increases, so will the
value-added share of products with a higher income elasticity.

10The price effect can also occur when sectors differ in capital intensity or the sub-
stitution elasticity between reproducible factors (Acemoglu and Guerrieri, 2008; Alvarez-
Cuadrado et al., 2017). We abstract from these two possibilities for two reasons. First,
Herrendorf et al. (2015) showed that sectors with different productivity growths alone can
fit well the post-war structural change in the United States. Second, the Baumol’s cost
disease, which is the focus of this paper, is concerned with the technological structure
behind each sector.
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be the CES form:

1 €c—1 1 €c—1 ec—1
= (‘*’ Ch™ 4 (1= w) e Cy ) (34)

1 -1 1 ﬂ er—1

where w,. and w; are the weights of product 1 in consumption and invest-
ment. €. and €; are the substitution elasticities between two products in
producing final consumption and investment, both of which are less than
unit. Note that consumption and investment can be different in terms of
weight of each product, substitution elasticity, and investment-specific tech-
nological progress.

Proposition 2. Given the production function in Eq.(33), absent carbon tax,
it is straightforward to show that the relative price between two products in
competitive market is pinned down by:

b2 F1<A1taTt)

== (36)
D1t FQ(A2t7E)

such that given the consumption and investment production functions as
Eq.(34) and Eq.(35), the share of product © will increase in tandem with its
relative price. Thus, structural change takes place via the price effect. More-
over, two definitions of social cost of carbon are linked by the transformation
ratio:

1

5CCor 1 [wcﬁl(A”’ Ty)ee™ + (1 — we) Fy(Aa, Tt)ec_l] B
SCCrn  Ap e
" ISCII‘tC [wlﬁl (A, T + (1 — wy) Fy(Aa, Tt)HJ} "

SC interactedv with  climate
Proof: See Appendix A. Proposition 2 presents two relative prices that
are related to the Baumol’s cost disease and social cost of carbon, respec-
tively.
The first is the relative price between two final products in Eq.(36),
jointly determined by technological productivity growth and climate vulner-
ability. We consider the relative price under three different cases, and discuss
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their relevance to the Baumol’s cost disease. Note that the substitution elas-
ticity between two final products are less than unit in both Eq.(34) and
Eq.(35).

Case 1: Only technological productivity affects the relative price.
In structural change literature, climate vulnerability is normally not included.
Thus, following the common assumption that technology enters the produc-
tion function in multiplicative form, Eq.(36) boils down to:

@_Alt

= 38
D1t Ay ( )

Assume that sector 1 has a robust productivity growth, while sector 2 is
stagnant in growth (like services). Thus, the relative price of product 2 to
product 1 will increase over time. As products in both sectors are necessary in
producing consumption and investment, more and more productive resources
will flow into the non-progressive sector because of its increasing relative
price, and the share of this sector is expanding in the economy. In the long
run, the aggregate productivity growth slows down due to an growing sector
with slow productivity growth. Thus, the Baumol’s cost disease occurs, as
studied in Ngai and Pissarides (2007) and Herrendorf et al. (2021).

Case 2: Only climate vulnerability affects the relative price. Cli-
mate vulnerability between two sectors, determined by climate capital, can
also influence the relative price, leading up to the Baumol’s climate disease.
Assume that two final sectors have fixed knowledge capital so that technolog-
ical productivity is constant in both sectors. Thus, Eq.(36) can be rewritten
to:

P Ey(Ty)

where Fj(T;) reflects the ability of sector i to produce to uniform climate
capital T;. As explained in Section 2, it can be perceived as the climate
damage function, and governs heterogeneous climate vulnerability. Thus,
a higher level of climate capital T; implies a high damage level, and hence
a lower level of Fi(T;). As climate capital is nonrival and nonexcludable,
climate capital is overestimated and a higher level of global mean temperature
is attained. Assume that economic production in sector 2 is more reliant on
climate capital. Thus, given a higher temperature uniform to both sectors,
Fz(Tt) is increasingly lower than 2] (T}). Thus, the relative price of product
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2 is climbing gradually. Again, because both products are necessary and
cannot be well substituted, the expenditure on product 2 will increase in
accordance. Thus, given an expanding sector in the economy more vulnerable
to climate change, the aggregate economy will become increasingly vulnerable
to climate change. In effect, a sector that is more vulnerable to climate change
is technically a sector with slower productivity growth.

Existing climate-economy models (Barrage and Nordhaus, 2023; Golosov
et al., 2014; Barrage, 2020, e.g.:) usually treat the economy as a single final
sector, and study the incentives to address climate change. In this paper, we
show that because climate capital is nonrival, nonexcludable and unpriced, it
leads to overinvested carbon. This is the first incentive for carbon abatement
in Proposition 1. We add here that the Baumol’s climate disease is another
important incentive to cope with climate change seriously after accounting for
heterogeneous climate vulnerability. Long-run economic growth is hampered
by climate change due to unpriced climate capital, and this adverse impact
can be potentially aggravated by the Baumol’s climate disease.

Case 3: Both affect the relative price. In reality, technological
productivity and climate vulnerability jointly determine the relative price
as in Eq.(36). Suppose that sector 2 has lower productivity growth and
higher climate vulnerability, its relative price will be higher than both Case
1 and Case 2. Put differently, the joint effect of Baumol’s cost and climate
diseases is even more acute. Thus, failure to pricing climate capital can drag
down aggregate economic growth severely, and there is a stronger incentive to
disinvest carbon. Suppose that sector 2 has high productivity growth and also
high climate vulnerability. Under the plausible assumption that the impact
of productivity growth outweighs climate vulnerability, the relative price of
product 2 to product 1 may also increase, but to an extent less than absent
climate change. Baumol’s cost and climate diseases are ameliorated. Thus,
the urgency to address climate change is reduced. This reasoning may be
surprising at first sight, but can be valid. A sector with higher productivity
growth implies a higher resilience to climate change. Although the sector
may be more vulnerable to climate change, it can soon recover from climate
damage by rapidly accumulating knowledge capital.

The second price bridges two definitions of social cost of carbon, and
in fact reflects the relative price of investment to consumption. As shown
by Eq.(37), the ratios depends on investment-specific technical change Ay,
how climate capital interacts with knowledge capital in each final sector
F;(Ay, T;), the weight of product 1 in producing investment and consumption
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wy and w,, and the substitution elasticity between two products in invest-
ment and consumption €; and €.. In climate-economy models with one final
production sector, because the productions of investment and consumption
are not specified, all items are cancelled out!'. The consumption-equivalent
social cost of carbon is the same as the investment-equivalent one. Our
specifications of investment and consumption production are admittedly not
comprehensive. But they serve as good examples for illustrating that only
under very strict condition would one expect two definitions of social cost of
carbon are numerically identical. The real cost of carbon is on investment,
and but can be denominated in terms of consumption after transformation.

4. Calibration

4.1. Sector division

We divide the whole economy into goods and services, motivated by two
reasons. It is important to note that sector division in this paper is for
heuristic purpose, rather than for approximating the real world perfectly.

Reason 1: On the climate-to-economy side, the services sector appears
to be less vulnerable to weather shocks than the goods sector. Following
Burke et al. (2015) but focusing on sectoral impact, we investigate

A)/ig = h(Ty;) + g(Pyj) + pi + G + 0t + 028> + €5 (40)

where AY; is the output growth rate of sector j (either goods or services)
in country ¢ at year ¢, T" annual average temperature, P precipitation, u;
country-specific constant terms, ¢, year fixed effects and 6;t 4 0;5t> flexible
country-specific time trends.

Figure 1 shows when the global annual average temperature rises above
around 13 degrees Celsius, the impact on the goods sector will soon be larger
than on the services, and the gap is widened at a higher temperature (Panel
a). Even when subtracting the agriculture sector, that is among the most
vulnerable to temperature, weather shocks take a heavier toll on the left
industry production than services (Panel b). Moreover, the adverse impact
on industry can start at a temperature much lower than services. These
results are consistent with Casey et al. (2021) and Rudik et al. (2021) that

HSection 6 examines a simplified case where there are two final sectors producing in-
vestment and consumption, respectively.
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labor productivity can suffer a heavier loss under heat stress in outdoor
activities which are more concentrated in the goods sector.

5% 5%
. —Goods  ——Services Agriculture ——Industry —— Services
g 0% | 0% |
§
§ 5% | 5% |
9
e
_‘E’—IO% F -10% |
g
&
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(a) Impact on goods and services (b) Impact on three sectors

Notes: The figure shows how sectoral GDP growth can be affected by temperature shocks
using the data from Burke et al. (2015).

Figure 1: Sectoral damages

Reason 2: The sluggish services sector may drive down aggregate pro-
ductivity growth.

The services sector affects aggregate productivity growth. One-sector
climate-economy models do not explicitly include this prospect. Evolving
growth path in each sector combines to determine aggregate growth path (Fo-
erster et al., 2022), and hence an expanding sector with a lower-than-average
growth rate is capable of slowing down aggregate growth, which is roughly the
core of Baumol’s cost disease (Baumol, 1967; Nordhaus, 2008). In the past
decades, a strand of literature has been actively engaged in leveraging the
growth models to analyze the implications of rising services on long-run eco-
nomic growth (e.g.: Duarte and Restuccia, 2010; Ngai and Pissarides, 2007;
Leon-Ledesma and Moro, 2020; Duernecker et al., 2023). However, the rise
of services receives surprisingly deficient attention in the climate economics
literature.

Given such division, we calibrate the model.
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4.2. Households

The representative household maximize the population-weighted lifetime
utility:

> BN (e, ) (41)
t=0

where N, is aggregate population projections following the DICE model
(Nordhaus, 2017). ¢y; represents consumption of goods, and c¢j; consump-
tion of services.

We use the literature to calibrate the consumption production function
Eq.(34) (see Table 1). The gap in substitution elasticity between earlier and
recent literature can be reconciled by two different accounting approaches
matching the data, final expenditure and value added (Herrendorf et al.,
2013). We take a benchmark value of 0.2 for parameter ec governing the
substitution elasticity between goods and services in consumption. In ad-
dition, the services expenditure share in consumption is 0.8. Overall, our
chosen values are consistent with existing studies that observe the comple-
mentary relationship between goods and services in consumption as well as
a relatively larger proportion of services.

Table 1: Parameters of the utility function

Source Calibrated to 1—w. €c
Buera and Kaboski (2009) USA NA 0.5
Duarte and Restuccia (2010) USA 0.96 0.4
Herrendorf et al. (2013) USA 0.81 0.002
Moro (2015) USA 0.95 0.4
Alder et al. (2022) AUS, CAN, GBR & USA 0.60-0.77 0.00-0.17

4.8. Production sectors

We assume the Cobb-Douglas production technology for both final pro-
duction sectors, with capital, labor and energy as inputs. Thus, the produc-
tion functions are given as:

Fl(th, Klta Elt) = Kf‘tL}t_a_BEﬁ (42>
Fz(L%, Koy, EZt) = K%L;t_a_ﬁEgt
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The identical factor intensity in two sectors are assumed to simplify the
model. If capital share differs in each sector, this would generate another
force for structural change via the price effect, as discussed above!?. Thus,
following Nordhaus (2017) and Golosov et al. (2014), we adopt a capital share
of a = 0.3 and an energy share of 8 = 0.03 for both sectors.

For the sectoral productivity growth and climate vulnerability, we assume:

Fi(A, T;) = Au(1 — Di(Ty)) (43)
Fy(Ax, Ty) = Asn(1 — Do(Th))

where D;(T}) represents the fraction of output loss due to temperature change
T; in sector i at time ¢t. We follow both the DICE model (Nordhaus, 1992,
2017) and Golosov et al. (2014) where climate damage enters the production
function in multiplicative form. The departure from previous works is that
we allow for differentiated impact of temperature rise on producing goods
and services. To pin down the technological growth in each sector, we first
abstract from climate damages. Then, we determine the relative ratio of the
goods sector to the services from existing studies (see Table 2), and, taking
this ratio as given, mimic the capital stock in the DICE model at 2100. This
strategy guarantees the closest comparability to DICE at an identical wealth
level. Let v; denote the technological growth in sector ¢. Taking a benchmark
value of 3 for 71 /72, we have v; = 10.86% and v, = 3.62%.

Table 2: Parameters of sectoral productivity growth

Source Calibrated to  v1/v2  Ya/72  Ym/72
Leon-Ledesma and Moro (2020) USA 5.43 NA NA
Comin et al. (2021) USA NA 264 1.20
Buera et al. (2020) USA NA 417 175

Notes: ~; denotes the technological growth in sector ¢, with 1 for goods, 2 for
services, a for agriculture and m for manufacturing.

Now we move on to investment production function Eq.(35). Recent
studies delving into the structural change within investment arrive at con-
sistent findings that exogenous investment-specific technical change has a

120ne could argue that energy share is higher in the goods sector as it is more energy-
intensive. Given our main intention is to understand the interactions between climate
change and structural change dynamics, we assume energy intensity is also equivalent in
both sectors.
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minor or even negligible effect in long-run growth (Herrendorf et al., 2021;
Garcia-Santana et al., 2021; Buera et al., 2020). Herrendorf et al. (2021)
finds that the productivity growth in goods can be three times larger than
investment-specific technical change. Therefore, in addition to assuming no
climate impact, we further assume for simplicity it remains constant, namely,
v12015 = 0%. The investment-specific technology level in the initial period
(in 2015) is normalized to one. Moreover, we adopt w; = 0.57 and €; = 0.5,
both of which are consistent with existing studies (Table 3).

Table 3: Parameters of the final investment production function

Source Calibrated to wr €

Herrendorf et al. (2021) USA 0.65 0.00
Garcia-Santana et al. (2021) Countries in PWT & WIOD 0.58 0.51
Buera et al. (2020) USA 0.52 0.01

For the energy sector, we also assume a Cobb-Douglas production func-
tion:

E, = Ap K¢ L, *" (44)

where the labor share is 0.403 adopted from Barrage (2020). In addition, the
energy sector is assigned to the same labor-augmented productivity growth
as the goods sector.

For value added shares of goods and services in initial period, we refer to
the World Development Indicators. Goods account for 33.57% of aggregate
value added, and services is 66.43%. We further combine with first order
conditions to determine the factor share in each sector in the initial period.

4.4. Carbon cycle and climate models

The current paper borrows the carbon cycle and climate model from the
DICE model (Nordhaus, 2017), which generates a warming of 3.1°C for a
doubling of carbon concentrations in equilibrium and a transient climate
sensitivity of 1.7°C.

First, the equations of the carbon cycle include three reservoirs (the atmo-
sphere M/, the upper oceans and the biosphere MtUp , and the deep oceans
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MM ¢11 @21 O M, EM + Eland
MtUp = | P12 P22 P32 MtU_pl + 0 (45)
Mo 0 ¢os ¢33) \ M 0

where ¢;; measures the carbon flow between reservoirs and ELand yepresents
exogenous land carbon emissions.

Second, the increased carbon concentrations in the atmosphere elevate
radiative forcing:

Xe = [In (M /Mi35,) /In(2)] + X (46)

where xF? is the exogenous forcing from other greenhouse gases.
Last, higher radiative forcing raises the atmospheric temperature T; and,
indirectly, the deep ocean temperature T}

(T?O) _ <1 — C11C_2;1C1C3 %4(3) (%L%) n (Clé(t) (47)

where {(;}}_; are parameters governing heat exchange between the atmo-
sphere and the ocean.

4.5. Sectoral climate damages

In the DICE model, the damage function is calibrated to match a damage
of 2.1% damage of income at 3°C. We adopt the damage function as in DICE-
2016, and suppose that the curvature of the damage function is identical in
both sectors. Furthermore, our calibration matches that the relative climate
damage in the goods sector is three times that of services and also that at a
temperature rise of 3°C, the combined damage from two sectors amount to
that of DICE.The damage function in the IAMs has always been one of the
most uncertain components, and this concern also applies here. However,
although the damage function is highly uncertain, our analysis only requires
that sector is different in the productivity of climate capital. Therefore, the
benchmark model adopts a damage function for output in each sector as
follows:

1
1— Dy(T;) = 48
{(7h) 1+ 0.004352 * T7 (48)

1
1— Dy(T}) = 4
2(Th) 1+ 0.001414 * T? (49)
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4.6. Abatement costs

In the DICE model, the abatement cost function is directly governed
by the control rate, whereas the abatement costs in this study are related
to the unit of abated carbon emission. Thus, following Barrage (2020), we
recalibrate the abatement cost function through a logistic approximation to
the abatement cost curve implied by Nordhaus (2017):

aPtbackstop

1 + a exp(bor — bie(peEr)??) '

@t(,utEt) (#tEt) (50)

where PP is the price for backstop technology.

Finally, we have @ = 0.7464, a; = 0.6561 4 0.8881¢, by = 7.864 — 1.4858t,
b1y = 1.6791—0.3157t and by = 0.4207. It should be noted that the abatement
costs is denominated by investment product whereas the abatement costs in
DICE adopt the final output as numeraire. We perform sensitivity tests for
abatement costs, and find that the key insights in this study are not affected.

Further details on calibration are provided in Appendix B.

5. Quantitative results

In this section, we present the numerical results of the constructed climate-
economy model. Two standard scenarios are considered throughout, a business-
as-usual (BAU) scenario where the climate externality is completely ignored
so that no abatement policy is adopted, and an optimal scenario where a
carbon tax is adopted equating marginal abatement cost to marginal climate
damage. We also consider, where necessary and for ease of exposition, an
additional scenario with no climate (pure economic growth model) to demon-
strate the economic frontier. We first present the damage level to explore
whether the Baumol’s climate disease is consistent with the theoretical results
in Section 3. Then, we quantify the social cost of carbon with two different
definitions, namely, investment-equivalent and consumption-equivalent, and
explain their implications.

5.1. Climate damage and abatement incentive

Figure 2 displays the relative level of capital stock and consumption in
the BAU scenario compared to their economic frontier without climate dam-
age. DICE-like models denotes that two sectors have identical productivity
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(a):Capital damage in DICE-like models (b):Consumption damage in DICE-like models
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(c):Capital damage under structural changel):Consumption damage under structural change

Notes: Panels (a)-(d) compare the results under both homogeneous(Hom.) and hetero-
geneous(Het.) climate vulnerability. The vertical axis describes the relative level of each
economic variable in the business-as-usual scenarios compared to the their frontiers under
no climate externality in each period. DICE means two identical sectors, SC means struc-
tural change.

Figure 2: Capital and consumption damage
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growth, while 'under structural change’ means that the productivity growth
rate in goods is three times that in services.

When two sectors have the same productivity growth, only the Baumol’s
climate disease is operating, as the Case 2 in Section 3. Panels (a) and (b)
show that climate damage is indeed higher under heterogeneous climate vul-
nerability, validating the impact of the Baumol’s climate disease. When no
abatement policy is adopted, capital stock is 5.62% (6.07%) lower in 2050,
11.25% (12.34%) lower in 2100, and 17.47% (19.37%) lower in 2150 than its
frontier under homogeneous (heterogeneous) damage (Panel a). Aggregate
consumption under heterogeneous damage is also in general lower than ho-
mogeneous one (Panel b), but the gap is narrower than capital damage. For
DICE-like models, the consumption level is 0.03 percentage points higher in
2050 when sectors are equally vulnerable, and this difference increases to 0.71
percentage points in 2150.

If we assume the goods sector has a productivity growth two times faster
than services, a different pattern is obtained. Under heterogeneous climate
vulnerability, both capital and consumption damages are lower before the
end of this century, compared to under homogeneous climate vulnerability.
As investment consists of an increasing proportion of services, relative capital
damage curve under heterogeneous damage overlaps with or is even slightly
above that under homogeneous damage in initial periods (Panel c). Put
differently, the trend that services is gaining its importance in investment
makes economic growth more resilient. By comparison, aggregate consump-
tion is elevated in the displayed period (Panel d), due to higher dependence
on services in consumption than investment, and also to that capital damage
is not aggravated under heterogeneous climate vulnerability in the displayed
periods.

Figure 3 on optimal abatement rate confirms that the incentives to reduce
investment into climate capital is influenced by the Baumol’s cost and climate
diseases. When only the Baumol’s climate disease is operating, the abate-
ment curve is higher under heterogeneous climate vulnerability, although the
its gap with under homogeneous climate vulnerability is not obvious (Panel
a). But the time to achieve net zero emissions is advanced by five years.
In comparison, if accounting for rising services, the abatement policy is less
strict under heterogeneous climate vulnerability, as reflected in the lower
circle-dash line (Panel b). It is suggested that the social planner should put
off the time to achieve net zero emissions by 10 years. The reason is that
although the goods sector is more vulnerable to climate change, its productiv-
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Figure 3: Optimal abatement rate

ity growth rate is also higher than services. Thus, climate change ameliorates
the impact of the Baumol’s cost disease.

5.2. Counterfactual experiments

Previous numerical exercises are based on the observations that the goods
sector is more climate-vulnerable than the services sector, whereas we analyze
in Case 3 that the climate impact can be either amplified or ameliorated by
the relative price. Because this paper cannot exhaust all sector divisions,
it considers a counterfactual case assuming that the climate impact on the
services sector is three times that on goods. In this case, the relative price
between two sectors will be further increased.

Figure 4 displays that both capital and consumption are considerably
reduced when heterogeneous climate vulnerability aggravates the Baumol’s
cost disease. Climate change will decrease capital stock by 14.55% in 2100 if
its impact is uniform to each sector. By comparison, the capital loss will ad-
ditionally increase by 9.20 percentage points to 23.75% under heterogeneous
climate vulnerability. The impact on capital stock brings about a further
drop of 4.14 percentage points in consumption by the end of this century. As
a result, the optimal strategy to cope with climate change is to achieve net-
zero emissions in 2085, twenty years ahead of the time under homogeneous
vulnerability.
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Figure 4: Counterfactual capital and consumption damages

5.3. Social cost of carbon: consumption equivalent v.s. investment equivalent

In Section 4, we theoretically show that the actual trade-off between
abatement cost and climate damage resides in how the final investment is
affected, and propose investment-equivalent social cost of carbon in addition
to consumption-equivalent one. In this part, we quantify the social cost of
carbon under both definitions (Figure 5). For better illustration, we compare
DICE-like models with models under structural change.

Two definitions of social cost of carbon generate identical numerical val-
ues in the DICE-like models (Panel a). In a symmetric world, a unit of
final production can be used to produce the same amount of investment or
consumption, and therefore one can arbitrarily choose either definition. In
contrast, under structural change (Panel b), there is an obvious divergence.
In 2100, the social cost of carbon in the optimal scenario comes to a invest-
ment loss of $254/tCO,, or equivalently a consumption loss of $182/COs,.
In 2150, this gap further expands, with investment-equivalent social cost
of carbon climbing to $497/tCO,, 59% higher than consumption-equivalent
one. Because two final production sectors differ in productivity growth rate,
climate vulnerability and also their compositions in consumption and invest-
ment, one unit of final production can no longer be converted to an equalized
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Figure 5: Social cost of carbon

amount between investment and consumption. More concretely, since the
production of consumption is assumed to be more heavily reliant on services,
which has a lower productivity growth, its price relative to investment will
rise, eventually leading to a lower value of social cost of carbon denominated
by consumption.

6. Sensitivity and extensions

In this section, we first test the sensitivity of our results by changing the
values of some key parameters. Then, we extend with two alternative models.

6.1. Sensitivity analyses

First, the substitution elasticity between two sectors can affect the net
impact of the Baumol’s cost disease. We focus on the elasticity in investment
production. In general, extant studies are consistent that the substitution
elasticity between goods and services is low. In our baseline model, we choose
a value of 0.5. Some studies argue that this value could be even lower and
close to zero. Thus, we test the robustness of our results by choosing a
value of 0.03, 0.1 and 0.5. Also, we perform the model with a value of
2 as a comparison, where two products can easily substitute each other in
formulating the final investment. Results are displayed in Figure 6. Changing
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the substitution elasticity can work through altering both the price effect and
the potential to transit to a less vulnerable sector consisting of more services.
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Notes: The vertical axis shows the relative level of capital stock under heterogeneous
damage to its economic frontier (without climate damage). rho.i is the substitution elas-
ticity between goods and services in producing final investment.

Figure 6: Capital damage under different substitution elasticities

When sectors are only different in climate vulnerability, a lower-than-unit
substitution elasticity yields a lower level of capital stock, although changes
are negligible (Panel a). Notably, when goods and services are assumed to be
substitutes (rho_i as 2), we observe that relative climate damages are slightly
alleviated in the DICE-like models. Once accounting for the rising services
in structural change model, we find that a lower elasticity is associated with
a lower relative damage. Because a lower elasticity can generate a more se-
vere Baumol’s cost disease, the climate impact is further alleviated by the
Baumol’s cost disease. Moreover, when two products are considered as sub-
stitutes, the relative damage level is considerably aggravated. This should
not be surprising because when two products can well substitute each other,
the Baumol’s cost disease is no longer operating and hence the economy is
more prosperous absent climate impact. Higher production brings about
more carbon emissions and consequently further increases global mean tem-
perature, giving rise to higher damage levels.

Second, the social time preference rate is a key factor in driving the re-
sults of the social cost of carbon and debates around it abound (Barrage,
2018). We are specifically interested in whether such choices will also matter
to the gap between two definitions of social cost of carbon. We address this
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Figure 7: Social cost of carbon and the discount rate

problem by altering the benchmark value of the social time preference from
0.015 (which is used by the DICE model) to a percentage point higher and
lower. Figure 15 shows that when a lower social time preference is chosen,
the implied social cost of carbon under both scenarios will climb dramati-
cally. Moreover, the gap is amplified between the consumption equivalent
social cost of carbon and the investment equivalent one. For example, the
gap in 2100 between two definitions is enlarged from $34/tCO; (0.025) to
$52/tCO; (0.015) and further to $187/tCO; (0.005) under the business-as-
usual scenario. A similar picture is observed in the optimal scenario.

6.2. Alternative models

We present two alternative models and discuss their implications. All
proofs are included in the appendix.

Case 1: Consumption and investment. The model can be simplified
to a two-sector version that produces consumption and investment respec-
tively. The two-sector growth model resembles in structure that in Green-
wood et al. (1997) and Foerster et al. (2022), and enables us to demonstrate

that the deviation between the consumption-equivalent and investment-equivalent

social costs of carbon originates from the detailed consideration of the dis-
tinct procedures for producing consumption and investment. It can be shown
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This identity also establishes the shadow price of investment as denom-
ination, but the climate damage aggregates both consumption damage and
investment damage. In the baseline model, energy input should be utilized
to produce two final products first, and then two products are combined to
produce the aggregate investment. By comparison, the benefits of one ad-
ditional tone of carbon emission is now represented by how much aggregate
investment it can straightly produce. To sum up, the trade-off still centers
on investment instead of consumption.

Case 2: Differential abatement costs between sectors. In the
model, we do not allow for the more realistic case that each production
sector can be characterized by different abatement costs (Gillingham and
Stock, 2018). This can be easily included in the model by introducing two
individual abatement cost functions. In so doing, one can establish that the
marginal abatement cost in each sector should be equalized and also equal
to marginal climate damages:

0, =0, =MD (52)

where O;, denotes the abatement cost function in sector ¢ and MD the
marginal climate damages aggregating both sectors. It is of practical in-
terest to include differentiated abatement functions in each sector!s.

7. Discussion and Conclusion

This paper establishes a dynamic general equilibrium model with en-
dogenous structural change. Using the model, we investigate optimal carbon
abatement under structural change.

13Vogt-Schilb et al. (2018) further shows that after accounting for the value of abatement
capital in the future, optimal marginal abatement cost can differ in each sector. We do
not include this concern in the current paper, but it can be an interesting extension.
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Three reasons stand out for reducing carbon investment in the atmo-
sphere. First, climate is an essential capital used in economic production,
but it is unpriced, nonrival, and nonexcludable. Thus, climate capital is
disinvested by carbon emissions, and too much carbon emissions imply a
deteriorating productive base, which can be conceived as reduction in phys-
ical capital. For modelling practice, climate capital proxied by global mean
temperature is characterized by decreasing returns to scale. Second, the
heterogeneous productivity of climate capital amplifies the productivity dif-
ference between sectors, leading to Baumol’s climate disease. Third, Bau-
mol’s climate disease can either alleviate or exacerbate Baumol’s cost disease,
depending on the combination of productivty growth and climate vulnerabil-
ity. Whenever there is a sector with higher climate vulnerability and lower
productivity growth, higher abatement is required. The first reason is well-
established (Nordhaus, 1992). The second and third are new and can call for
more stringent greenhouse gas emission reduction.

The model used is stylized for maximum transparency and insight. This
implies that key factors that may well affect optimal climate policy are omit-
ted from the analysis. The model has one region only. This not only reduces
the public bad nature of carbon dioxide emissions, it also excludes any ef-
fects of international trade and investment. The model has only two sectors.
This makes the model less suitable as a representation of less developed
countries. Structural economic change is one of the drivers of the Environ-
mental Kuznets Curve. The upward phase of the EKC is hard to capture
without agriculture. Agriculture is, of course, also the sector most exposed
to the impacts of climate change. Furthermore, the model abstracts from
distortions of the capital market and prior tax distortions. Such distortions
surely interact with climate policy and may well with Baumol’s cost and cli-
mate diseases. Finally, technological progress is assumed to be exogenous.
The innovation public good interacts with the climate public bad. And, as
technological progress is at the heart of Baumol’s cost disease, endogenizing
technological progress may well affect the results presented here. All these
are deferred to future research.

Until those complications are studied in detail, we conclude that climate
change causes a phenomenon that is similar to Baumol’s cost diseases. Bau-
mol’s climate disease, and its interaction with Baumol’s cost diseases when
two diseases are complementary, increase the negative impacts of climate
change and so justifies more stringent climate policy.
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Appendix A. Proofs

The first step is to show how capital accumulation equation Eq.(24) is ob-
tained. We start with the representative household’s problem and associated
first order conditions. We assume throughout the solution to the household’s
problem is interior.

The representative household seeks to maximize lifetime utility according
to:

U= ) BUC) (A1)

The household faces the following two constraints Eq.(6) and Eq.(7).

Eq.(6) describes how each kind of product is tranformed into final ag-
gregate consumption, and Equation Eq.(7) is the budget constraint faced by
the household. Letting (; and 7, be the Lagrange multiplier on Eq.(6) and
Eq.(7) at time t respectively, the first order conditions are given by:

[Cy):

B'Uct = (A.2)

[Chel:
GFen = Yipu (A.3)

[Cau]:
G oo = 1pa (A.4)
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989 [Kt+1] .

Yer1(L+ 701 — ) =7 (A.5)

990 For the producers of goods and services, their problems to maximize
o1 profits are:

. H}J&XE pitYau — 1Ky — wiLiy — per By,  where i€ {1,2} (A.6)

o2 Thus, the first order conditions to each input factor satisfy:
p1efue = parFon = wy (A.7)

P1ef ke = porFore = 14
PitFiEe = poFop: = pEt

903 The investment producer solves:

max pItFI(AIh Ly, IQt) — piedie — pardoy (A-8)

Ing, It

sa  where the price of final investment product in each period is normalized to
os one. The corresponding first order conditions are:

Frie = put (A.9)
Fray = pa
996 For the energy sector, the representative firm solves:

Km%X th = pEtAEtFE(KEta LEt) - [(1 - Mt)Et]TEt —wiLpg — i Kpp — @t(MtEt)
EtyLEt,
(A.10)

o7 The associated first-order conditions are:

(Pt — Tet) Frie = wy (A.11)
(pEt - TEt)F Ekt = Tt
Tre = Oy (1 Ey)

908 Assume that the government only levies carbon tax and makes a lump-
w9 sum transfer to the household:

Trang = [(1 — ) BT (A.12)
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Adding up the household’s budget constraint (7), the definition of energy
profits (A.10), and the government transfer (A.12), we have:

PgtCyt + pstCst + K1 < wi(Ly — L) + (1 — 0) Ky + pre By + 1 (K — Kpy)

—@t(MtEt)
(A.13)

Substituting into the market clearing conditions as per capital, labor and
energy Eq.(19) gives:

DgtCyt + PstCst + K1 < wi(Lgr + Lgt) + (1 — 0) Ky + pr(Eg + Est)

"‘Tt(th + Kst) @t(NtEt>
(A.14)

Invoking the factor prices based on first order conditions (A.7) yields:

PgtCot + PstCst + Kiv1 < puFyuLg + psiFsuuLo + (1 — 6) Ky + pgr Fypi Egt

05t FsptEst + Dot F gt K gt + Dst Fsit Kot — O (11 Ey)
(A.15)

Substituting the Euler’s theorem based on the assumption of constant returns
to scale in two final production sectors gives:

PgtCot + DstCst + Kip1 < pgtYgr + patYor + (1 — 6) Ky + ©,(1e ) (A.16)

Recalling the utilization rule of final production (12), the above equation can
be rewritten to:

Kt+1 S pgt]gt +pst]st + (1 - 5)Kt + Gt(MtEt) (A17)

Revoking the Euler’s theorem based on the assumption of constant returns
to scale in the investment production sector:

Kt+1 S ]t + (1 — 5)Kt + Gt(ﬂ’tEt) (A18)

This gives the capital accumulation constraint as in (24). The carbon cy-
cle constraint, the consumption aggregation constraint, the investment pro-
ducer’s budget constraint and the energy producer’s budget constraint all
hold by definition in competitive equilibrium.
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1015 Thus, the social planner problem can be established as:
max Z BU(Cy)
=0

+ Zﬂt)\u [Fy (Ave, Ty, Ly, Koy, Eve) — Cre — 1y

t=0

+ 3 B A [Fo(Ai, Ty, Loy, Koty Byy) — Coy — 1]

t=0

+3 B\ [Fo(Cu, Co) — Oy

t=0

+ 3 BN [Fr(Ap, Iy, Iy) + (1= 0) Ky — Koy — ©4(1 )]

t=0

+ 3 BGAT — ®[Mo, (1 = 1) (Ero + Eao), oory (1= ) (Ere + Eor), Mo, o mil}
t=0

+ Z 5tXlt [Lt — Ly — Loy — LEt]

t=0

+ Z Bkt [Kr — K1y — Koy — K]
=0

+ > BXp [ApFe(Kpr, Liy) — By — By
t=0

(A.19)

1016 The F.O.C w.r.t. Cy; is:
oCy

A =\
Ct 6Clt 1t
1017 The F.O.C w.r.t. Cgt is:
oCy
A =
Ct aCZt 2t
1018 The F.O.C w.r.t. C; is:
Uct = Act
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The F.O.C w.rt. Ky is:
BALE41(1 = 0) + BXnes1 = At

The F.O.C w.r.t. Ky, is:

AMeFike = Xt
The F.O.C w.r.t. Ky is:

Aot Fort = Xkt
The F.O.C w.r.t. Kg; is:

XEtFER = Xkt
The F.O.C w.r.t. Iy, is:

Ak = A
The F.O.C w.r.t. Iy is:

AntFro = Aoy
The F.O.C w.r.t. Ly, is:

AeFue = Xu
The F.O.C w.r.t. Lo, is:

Ao Fore = Xue
The F.O.C w.r.t. Lg is:

XetF e = Xu

The F.O.C w.r.t. Ey; is:

MeFigp — /\It,ute), — XEt = Z 5jft+j(1 - #t)

J=0
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1029 The F.O.C w.r.t. Ey is:

: = T,
AFope — Anpu® — XEe = Z B7& i (1 — pr) 6Et1;jc
=0 t
1030 The F.O.C w.r.t. T; is:
oY1 Yo
A A =0
T, + Aot a7, + &

1031 The F.O.C w.r.t. py is:

D o= . 0T
O = Ty J
It Z 5 gt‘f‘] aE,ngc
7=0
1032 Rearranging above equations yields:
/ Fry F Fro F:
O = FreFip — — 5 = Frulop — =2
Elt Elt

=0 It t+j It t+j

_ (_1>§:6j Ucirj OCi; OY145 0T Ucyyj 0Cyy; 0Yoyj OTiy;
=0 ALt 6017754_]' 8E+j GEZ‘”CJ R ALt 8027754_]‘ 87—;54_]‘ 8Ezmi

Impacts on  sector 1 Impacts on  sector 2

(A.20)

w3 where the government’s discounting of output damages in period t is governed
03 by:

A
rr__ FrigmiFigerr + (1= 0) = Fropmi Foapn + (1 —0) (A.21)
BALI11
1035 Q.E.D.
1036 Proof of Proposition 2
1037 There are two final sectors in the economy. Each sector will employ rival

w3 factors including physical capital labor, and energy for production. Produc-
w39 tion in both sectors requires nonrival factors including knowledge capital and
w0 climate capital. Thus, the production functions are given by:

Ylt = Fl (Alta Tt)Kﬁ:L%t_a_yElyt

A o (A.22)
Yor = Fy(Age, Ty) K5, Ly, VB,
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In addition, there is an intermediate energy production using capital and
labor:

By = Ap KoP Ly, " (A.23)

Note that we assume the energy sector is immune to climate change.
Then, market clearing conditions will be given by:

Ly = Ly + Lot + L
K, = Ky + Ko + K (A.24)
E, = Ey + Ey

Firms in two final sectors shall decide their production plans to maximize
profits:

Yo — 1 Ky — wi Ly — ppi B A2
Kiﬂi},(En PitYit — Teflq — Wyl — PEeLyt ( 5)

If the government implements no carbon tax, firms in energy sector will
decide their production plans according to:

max pEtEt — rtKEt — thEt (A26>

KEt,LEt

Thus, one can obtain the identity across sectors using the interest rate:

R K a—1 E v
= apltFl(Alt;Tt> (L—lt> <L—1t>
1t 1t

. K a—1 E v
= apyFh( Ay, T;) (L_jt> <L_zt> (A.27)
t ¢

KEt)“E‘l

= appetApt (L_
Et

In a similar vein, the identity using the wage will be:

o K\ [ Ey\”
Wy = (1 — o= V)pltFl(Alt,Tt) (L—U) (L—lt)
1t 1t

R Ko\ ([ Ey\”
= (1 —a—v)puFi(Asy, T) (ﬁ) (l) (A.28)
Loy Loy

K ar
= (1 — ag)prtAg ( Et)

Lt
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1051 Finally, the identity using the energy price is given by:

R K «@ E v—1
PEt = VpltFl(AltaTt) (l> ( 1t>

L Ly
Ku ) Eu . (A.29)
= Vp2tﬁ2(A2taTt> (L—;t> (L—Z>
1052 Combining the above three identities, the capital-labor ratios between
53 three sectors should satisfy:
K K. K
1t _ 2t _ Et (A30)
Ly Ly L
1054 Likewise, the energy-labor ratios between two final sectors should satisfy:
Ew By
— == A.31
Ly Ly ( )

1055 Substituting Eq.(A.30)-Eq.(A.31) into Eq.(A.27) to Eq.(A.29), one can
wss  obtain the relative price of services to goods is given by:

b2t Fl(AltyTt)

= — (A.32)
D1t FQ(AQt,Tt)
1057 Given the production productions of consumption and investment Eq.(34)

s and Eq.(35), it is straightforward to show that the cost minimization problem
s for producing both yields:

ml e ()" a3

p2tCo 1 —we \ par

I w 1=er
D1l _ 1 (@) (A.34)
Dalat 1 —wr \p2

1060 Substituting Eq.(A.32) into above gives:

C We F1 Alt;Tt “
— = A.35
Cy  1—w, ( T, > ( )

)

)
ﬁ _ Wr F’l Altaﬂ) ! (A 36)
Iy  1—wy A2 Ay, Th) '




1061 The consumption production function Eq.(34) can be rewritten in two

we2  different ways:
ec—1 €c
1 C €c

1t
1 C el ec—1
Ct = (wéc (j) + (]. — wc)fi) Ogt (A38>
Coy
1063 Combining Eq.(A.35) and above two equations, we obtain:
L 1 —w.) [ Fa(As, T, «
= | wee + ( - ) (B4 T0) Ch (A.39)
We € Fi(Ay, Th)
N el P
B Fi (A, T, “ 1
Ct _ W — Al( 1t t) + (1 _ wc) €c C2t (A40>
(1 —w,) e \ Fa(Az, T)
1064 Rearranging both equations and adding together, we have:

. _ . = Cy Coy
Ot = WCFI(Altaﬂ)EC ! + (1 - WC)F2(A275’E)EC ! A + =
< ) Fi(Ay, Ty)  Fo(Aa, Th)

(A.41)
1065 In a similiar vein, for investment we have:
T = A (o Fa(Au T~ (1= ) Py T ) 7 (D
Fl(A1t7E) FQ(AQtaCrt)
(A.42)
1066 Thus, the transformation ratio between two definitions of social cost of
wer carbon is given by:
SCCer A1
SCCrr A
_ Feuw  Few
Frie  Fro
1
[ (A, T 4 (1= wo) Po( A, T
_ — (A43)

Ap [wrFa(Au, T + (1= wp) By(Agy, T | 77
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1068 Q.E.D.

weo Appendix B. Calibration details

Table B.4: Parameters in climate module common to all models

Parameters Value Sources & notes
M é11 ¢21 0 MY EM 4 Elond

Carbon cycle equations: MtUp = | 12 P22 P32 Mtlipl + 0
MFEe 0 23 ¢33 MEo 0

M s 851 Nordhaus (2017), GtC

MLE. 460 Nordhaus (2017), GtC

ML 1740 Nordhaus (2017), GtC

Eland 2.6 GtCO2/year

Eland Eland(0.885)t  Nordhaus (2017), per five years

¢ —11 0.88 Nordhaus (2017)

. 0.196 Nordhaus (2017)

12 0.12 Nordhaus (2017)

P22 0.797 Nordhaus (2017)

®23 0.007 Nordhaus (2017)

30 0.001 Nordhaus (2017)

®33 0.999 Nordhaus (2017)

Radiative forcings: x; = & [In (M /M{3o) /In(2)] + xF°

K 3.6813

ML, 588 Nordhaus (2017), GtC

XEE 0.5 Nordhaus (2017), Watt/m2

XZE0 1 Nordhaus (2017), Watt/m2

Temperature: <T1t;to> _ <1 C11<—2§4 Gi¢3 C1C3> (% 01) (C1Xt)

To 0.85 Nordhaus (2017), degree

Tke 0.0068 Nordhaus (2017), degree

G Nordhaus (2017)

Co Nordhaus (2017)

(3 Nordhaus (2017)

4 Nordhaus (2017)
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Table B.5: Economic frontiers in the DICE-like model

Parameters Value Sources & notes

l1-0o

1 €c—1 1 €c—1 chil
(wécclf” + (1 —we) e Gy ) ] /(1=0)

Preference: U =

o 1.45 Nordhaus (2017)

B 0.985 Nordhaus (2017)

We 0.5 Consumption expenditures are implicitly assumed to
be equalized in the DICE model

€c 0.2 Table 1

Final production sectors: Y;; = Aith;Lzl;o‘*”El’»’t, i€ {1,2}

@ 0.3 Nordhaus (2017)

v 0.03 Golosov et al. (2014)

Y5015 105.1774 Nordhaus (2017), trillion 2010 USS$ ;Y; = py.Y1: +
p2¢ Yot (note: piy = pay = 1)

Y1 ,2015 35.3032 According to World Bank, the goods sector accounts

Y5 2015 69.8742 for 33.47% in 2015, trillion 2010 US$

Kois 223 Nordhaus (2017), trillion 2010 USS$,

Loo1s 7403 Nordhaus (2017), million, calibrated to Nordhaus
(2017)

FEao15 35.85 Nordhaus (2017), GtCO2/year, carbon-based energy

K1 2015 70.634

K3 2015 139.8029 Net of factors used in energy sector, factor shares

L1 2015 2240.8038 in two final sectors are equal to value added shares

Lo 2015 4820.9785

E1 2015 23.8168 Energy shares in two final sectors are equal to

E3 2015 12.0332 value added shares

A1 2015 5.024 = Y1,2015/ (KT 201511 2015 B 2015)

Az 2015 5.024 = Y2.2015/ (K5'2015L3 2015 5 20151)

71,2015 0.076 Nordhaus (2017)

72,2015 0.076 Nordhaus (2017)

Energy sector: Ey = Api K gy L}E_taE

KEg 2015 12.5631 Initial shares are pinned down according to equalized

LE 2015 131.2177 interest rate and wage between sectors

ap 0.597 Barrage (2020)

AR 2015 17.9382 = 015/ (K55015 L5 5055)

VE,2015 (1—}—71}2015)% —1 Assume that energy sector shares the same labor-

augmenting technical change as final sector

€

1 er—t L fr-l\ -1
Investment production: I; = Ay <w;’ L7 + (1 —wp)arD,” )

We 0.5 Investment expenditures are implicitly assumed to
be equalized in the DICE model

€c 0.5 Table 49

Ar 2015 1 Normalized

v1,2015 0 Assume no investment-specific technical change




Table B.6: Parameters in abatement cost function common to all models

Parameters Value Sources & notes

a};tbackstop

Abatement cost function: O (uFy) = oo G BT (e Ey)

a 0.7464

a; 0.0236 + 0.8881¢

bos 7.8640 — 1.4858¢ Minimizing the gap with DICE

b1t 1.6791 — 0.3157¢

ba 0.4207

pPackstor 550 % (1 —0.025)""1  Nordhaus (2017), per five year for a period,

2010US$,/tCO2

Table B.7: Homogeneous climate vulnerability in DICE-like models

Parameters Value Sources & notes

Damage function: 1 — D;(T}) = 1/(1+6; xT7?), i€ {1,2}

01 0.00236 DICE implicitely assumes homogeneous climate vulnerability
02 0.00236 between sectors

Table B.8: Economic modules with heterogeneous climate vulnerability in DICE-like mod-
els

Parameters Value Sources & notes

Final production sector: Y; = (1 — Dy(Ty))Ai KS LT “ VEY,, i€ {1,2}

Y1)2015/((1 — Dl) 35.3032 Table B.5
Y2,2015/((1 — Dg) 69.8742 Table B.5

K1 2015 70.5347

K>3 2015 139.9023

L1 2015 2237.3701 . . . .

L 2015 4834 4122 In line with value added shares, adjusted by climate damages
E1 2015 23.8337

E3 2015 12.0163

Ax 2015 5.0311 = Y1,2015/((1 = D1(To015)) K 2015 L1 2615 B 2015)

A2,2015 5.0205 = 1/2,2015/((1 - Dl(T2015))K§,2015L%581EVE5,2015t)

Damage function: 1 — D;(T3) = 1/(1 46, «T7), i€ {1,2}

01 0.001414 Aggregate damage amounts to that of DICE, and the impact
02 0.004352 on goods is three times that on services
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Table B.9: Economic frontiers under structural change

Parameters Value Sources & notes

€c

1—0o
1 ec—1 1 cc—1\ ec—1
(wé“ Cre + (1 —we)ee Oy ) ] /(1—o0)

Preference: U =

o 1.45 Nordhaus (2017)

B 0.985 Nordhaus (2017)

We 0.75 Table 1

€c 0.2 Tablel

Final production sector: Y, = A KSLi7 “ VEY, i€ {1,2}

o 0.3 Nordhaus (2017)

v 0.03 Golosov et al. (2014)

Ya015 105.1774 Nordhaus (2017), trillion 2010US$; Yz915 =

p1,2015Y172015 +p2720155/2,2015, nominal production iIl
the initial period is selected as the numéraire
D1,2015Y1,2015 35.3032

Based on value added shares in total nominal output
D2,2015Y2,2015 69.8742 P

Koot 223 Nordhaus (2017), trillion 2010US$

Log1s 7403 Nordhaus (2017), million, calibrated to Nordhaus
(2017)

Fao15 35.85 Nordhaus (2017), GtCO2/year, carbon-based energy

K1 2015 70.634

K3 2015 139.8029 Net of factors used in energy sector, factor shares

L1 2015 2240.8038 in two final sectors are equal to value added shares

Ls 2015 4820.9785

E1 2015 23.8168 Energy shares in two final sectors are equal to

E3 2015 12.0332 value added shares

D1.201541 2015 5.024 = p1,2015Y1,2015/(KﬁzowL%;&?Eigow)

D2,201542 2015 5.024 = P2,2015Y2,2015/(K§2015Lé§81}”E5,2015t)

Y1,2015 0.1086 Matching Table B.5 to obtain the same capital stock

72,2015 0.0362 level in 2100

Energy sector: By = Ap K57 L}E_ta’;

KE 2015 12.5631 Initial shares are pinned down according to equalized

LE 2015 131.2177 interest rate and wage between sectors

ap 0.597 Barrage (2020)

Ag 2015 17.9382 = 015/ (K3%015L 5 5055

YE,2015 (1—&—71,2015)% —1 Assume that energy sector shares the same labor-

augmenting technical change as final sector

er
1 er—1 1 er—1 -1
Investment production:I; = Ay (w;’ L7 + (1 —wp)ar L ” >

We 0.43 Table 3
€c 0.5 Table 3
Ar 2015 1 Ndrmalized

Y1,2015 0 Assume no investment-specific technical change




Table B.10: Homogeneous and heterogeneous climate vulnerability under structural

change

Parameters

Value Sources & notes

Parameters are the same as Table B.7 and Table B.8

Table B.11: Parameters in counterfactual scenarios under structural change

Parameters

Value

Sources & notes

Final production sector: Yi; = (1 — D;(T))Ai KG L,V EY,, i€ {1,2}

Y1,2015/((1 — D)
Y2,2015/((1 — D2)
K1 2015

K>3 2015

L1 2015

Lo 2015

E1 2015

E3 2015
P1,201541,2015
D2,201542 2015

35.3032
69.8742
70.7335
139.7035
2444.2399
4827.5424
23.8337
12.0501
5.0167
5.0276

Table B.5
Table B.5

In line with value added shares, adjusted by climate damages

= p1.2015Y1,2015/ (1 = D1(T2015)) K 9015 L1 2015 B 2015)
= p2.2015Y2,2015/ (1 = D1(T2015)) K§ 9015 L3 2015 B 00151)

Damage function: 1 — D;(T;) = 1/(1 4+ 6; * T?), i€ {1,2}

b1
02

0.004352
0.001414

Aggregate damage amounts to that of DICE, and the impact
on goods is three times that on services
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