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Abstract: This paper provides a rationale for subsidizing green (renewable) energy

production. Within a multi-country model where energy is produced with mobile cap-

ital in green and dirty production, we investigate the countries’ decentralized choice of

emissions taxes and green energy subsidies. Without green subsidies, the emissions tax

is set inefficiently low, since each country ignores the environmental externality inflicted

on other countries and since the emissions tax leads to a capital outflow to other coun-

tries. When the green subsidy is available, countries choose a positive subsidy rate since

this reduces the overall distortion of the tax-subsidy system. In doing so, each country

internalizes a larger part of the environmental externality. As consequence capital is

relocated from the dirty into the clean sectors and reduces global pollution. Hence, the

subsidy is not only beneficial for the country which imposes it but for all countries.
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1 Introduction

Classical energy production relies on fossil fuels like oil, natural gas and coal. At this

production there emerges as by-product carbon dioxide which is the most important

greenhouse gas since a too high concentration of it in the atmosphere accelerates climate

change and causes environmental damage. Renewable energies like solar and wind do

not generate greenhouse gases and hence do not harm the environment. In order to

fulfill the emissions reduction commitment of the Kyoto protocol and to contribute to

the mitigation of climate change, a large number of countries have implemented policy

measures for promoting renewable energies. For example, as of 2009 more than 60

countries worldwide use Feed-In-Tariffs which guarantee suppliers of renewable energy

a price that lies above the market price, implying an implicit subsidy on renewable

energy. Other widely used policy measures are Renewable Energy Portfolio Standards

(used in many U.S. states), tax incentives or direct R&D subsidies (used mainly in

European countries).1 Giving this evidence, the present paper addresses the question

whether there is an economic rationale for subsidizing renewable energy production.

Standard arguments from environmental economics suggest the following answer.

Energy producers that use fossil fuels emit greenhouse gases without taking into account

the environmental damage caused by climate change. The resulting environmental ex-

ternality can be internalized, in a cost-effective way, either by a Pigouvian emissions

tax on the polluting energy sector or by a cap-and-trade system where polluting en-

ergy producers have to buy permits for each unit of their emissions. Green subsidies

paid to the renewable energy sector are then not only unnecessary, they even reduce

efficiency by distorting the decisions of energy producers without contributing to the

internalization of environmental externalities.2 At first glance, one should expect that

this distortion is aggravated in an international context with mobile capital and decen-

tralized environmental policy of countries. The reason is that the uncoordinated choice

of environmental policy instruments would result in a detrimental subsidy competition

among countries, since each country tries to attract firms and investments and to raise

employment by overbidding the green subsidies paid by other countries.

In stark contrast to this view, our analysis identifies an argument in favor of subsi-

1A comprehensive survey of policy instrument promoting renewable energy is given in the CESifo

database DICE under http://www.cesifo-group.de/portal/page/portal/ifoHome/a-winfo/d3iiv.

2Such an argument has currently been brought forward by, e.g., Johnstone (2003) who argues that

the mix of policy instruments ’. . . will be at best redundant and at worst counterproductive.’
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dizing renewable energy. We show that under capital mobility and decentralized policy

choice, a green subsidy is not only in the interest of the country imposing the subsidy,

but it also lowers global emissions of greenhouse gases and therefore benefits all coun-

tries. This argument is made within a stylized multi-country model. Each country

hosts two energy sectors. The first sector produces energy with the help of a dirty

technology (fossil fuels) which generates emissions. These emissions cause environ-

mental damage not only in the country where the emissions originate, but also in the

other countries. The second sector uses a green technology to produce energy with-

out emissions (renewable energy). Both sectors employ internationally mobile capital

as production input. We first determine the centralized (first-best) capital allocation

which is characterized by the condition that the marginal return to capital in the dirty

sector is equal to the opportunity costs of capital (in form of the forgone marginal

return to investments in the green sector) and the marginal environmental damage.

Against this benchmark result, we investigate the efficiency properties of decentral-

ized environmental policy making. Under decentralization, each country chooses its

policy instruments such as to maximize welfare of its residents, taking as given the

policy choice of the other countries. If green energy subsidies are not available, emis-

sions taxes are inefficient for two reasons. First, in setting the emissions tax rate each

government takes into account the environmental damage in its own country, but not

the environmental damage in the other countries. Second, from the point of view of the

individual country the emissions tax distorts the investment decision of the dirty sector

since it increases the user costs of capital in this sector and thereby leads to a capital

outflow to other sectors and, in particular, to other countries. Both reasons induce

the individual country to set its emissions tax rate inefficiently low, i.e. lower than

the world-wide marginal environmental damage. The distorted policy choice, in turn,

causes overinvestment in the dirty sector and underinvestment in the green sector.

If green energy subsidies are at the governments’ disposal, the subsidy distorts

investment decisions in the green sector since it lowers the user costs of capital in

this sector and ceteris paribus leads to overinvestment in green energy production.

But both the distortion caused by the emissions tax and the distortion caused by the

green subsidy increase overproportionally with the tax/subsidy rate. Then, mixing the

emissions tax with the green subsidy reduces the overall distortion of the tax-subsidy

system, and hence each country has an incentive to choose a positive green subsidy

rate. In so doing, each country is able to internalize a larger part of the environmental

externality caused by the emissions of its dirty sector. As consequence, capital is
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relocated from the dirty sectors to the green sectors, the capital allocation becomes

more efficient and global emissions fall. The use of the green subsidy is therefore

beneficial not only for the country which imposes it, but also for all other countries,

even though the first-best capital allocation is still not attained.

This argument in favor of green subsidies turns out to be quite robust against mod-

ifications of the model. We explicitly consider two modifications. While in the basic

model capital is in fixed supply, the first extension considers endogenous savings and

capital supply. With fixed capital supply, the reduction in global emissions is achieved

by a relocation of capital from dirty to clean sectors. In contrast, with endogenous

savings the use of the green subsidy raises world-wide capital supply and, thus, has

an additional positive effect on investment in both the clean and the dirty sectors.

However, we show that the additional effect on investments in the dirty sectors is more

than compensated by the reduction of dirty investment due to the larger internalization

of the environmental externality. Moreover, the additional effect on green investments

does not lead to overinvestment in the clean sectors. Put differently, even with endoge-

nous savings, capital supply in the equilibrium of the policy game is always sufficiently

inelastic in order to preserve our argument in favor of green subsidies.

The second modification turns to a different kind of environmental policy. Many

countries tackle pollution problems with a cap-and-trade (emissions trading) system

instead of emissions taxes. If all countries establish such a system, our argument in

favor of green subsidies breaks down since the caps fix overall emissions and the green

subsidy cannot further reduce them. But in practice not all countries use emissions

trading or taxation. We therefore show that our argument in favor of green subsidies

may even be strengthened in an asymmetric policy setting. This point is illustrated

for the two-country case with one green country that chooses a cap-and-trade system

and a green subsidy, and a dirty country, which totally abstains from environmental

policy. In such a setting the incentive for the green country to use the green subsidy is

even stronger than in the basic model since this country is capital exporter (due to the

more stringent environmental regulation) and the subsidy raises the rate of return to

capital. The green subsidy relocates capital from the dirty sector in the dirty country

to the green sector in the green country and thus reduces global emissions. This is

again beneficial for all countries, even though we now cannot exclude that overall the

dirty country is harmed, since capital also flows out from its green sector.

As the use of green subsidies still fails to implement the first-best capital allocation,

our argument in favor of promoting renewable energy is of the second-best type. It relies
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on several assumptions, most importantly on the assumptions that capital is mobile,

that emissions cause global environmental damage and that there is no (world-wide)

coordination of climate policy. While the first two assumptions are undisputable in the

context of climate change, the assumption of missing policy coordination deserves more

motivation. In the last decades there have been great efforts of the world community to

implement common measures against climate change. The Kyoto protocol is the most

important example for this kind of policy coordination. In 2012 the Kyoto protocol runs

out and in 2009 at the Copenhagen summit the nations tried to find a comprehensive

climate agreement with targets, actions and binding legislation for the time after 2012.

However, the results of Copenhagen were disappointing since the countries only agreed

to a rather weak political statement, the so-called Copenhagen Accord. In light of

this experience of the Copenhagen summit, it seems unlikely that in the near future

full coordination of climate policy will take place. Instead, to a large degree countries

will choose their environmental policy decentrally, and we are left with the question of

optimal climate policy in a decentralized, second-best world.

Our paper is part of a very small, but growing literature discussing economic ra-

tionales for subsidizing renewable energy. One argument is that green subsidies spur

learning effects in renewable energy production and, due to learning spillovers between

energy producers, are beneficial not only for the recipient of the subsidy, but also for

the society at large. See, for example, Bläsi and Requate (2007), Fischer and Newell

(2008) and Lehmann (2009) for a detailed analysis. A second rationale for green subsi-

dies is identified by Eichner und Pethig (2009). They show that small open economies

may have an incentive to subsidize renewable energy in order to compensate for the

uncertainty of fossil fuel prices and to increase energy security. Finally, Eichner and

Pethig (2010) investigate a union of countries with a common cap-and-trade system

and show that permit-importing countries may have incentives to subsidize renewable

energy in order to influence the permit price in their favor. In contrast to our analysis,

however, all these studies ignore capital as a mobile input factor in energy production

and, thus, do not make our point in favor of green subsidies. A further important

difference is that in the present approach the green subsidy may be beneficial not only

for the country imposing it, but also for the other countries. In Eichner and Pethig

(2010), for example, all countries would be better off if the green subsidy is abolished.

The present paper is also related to the literature on environmental policy in the

presence of mobile firms - also known as pollution haven literature. One basic argu-

ment in this literature is that mobile firms relocate their plants to countries with low
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environmental regulation, thereby giving countries the incentive to choose inefficiently

lax environmental policy (e.g. Markusen et al. 1993, 1995; Motta and Thisse 1994; Hoel

1997; Ulph and Valentini 2001). This argument is similar to our inefficiency result in

case the green subsidy is not available. Another strand of literature like Oates and

Schwab (1988), Chao and Yu (1997) and Ogawa and Wildasin (2009) analyzes capital

tax competition3 with environmental pollution. In contrast to our inefficiency result in

the absence of green subsidies, Ogawa and Wildasin (2009) point out that decentral-

ized decision making with mobile capital and global pollution implements the efficient

allocation. But their result rests on the assumptions that countries additionally im-

pose a non-distortionary lump-sum tax on households and that world-wide emissions

are fixed. Both assumptions are absent in our analysis. Anyway, contrary to our ap-

proach, all above studies do not distinguish between dirty and clean production and,

thus, ignore subsidies on renewable energy, which are the main focus of our analysis.

The remainder of the paper is organized as follows. Section 2 introduces the basic

model. Sections 3 and 4 derive the main results by investigating centralized and de-

centralized policy choices. In Section 5 we discuss extensions and Section 6 concludes.

2 Basic Assumptions

Energy Sectors. We consider a model with n ≥ 2 countries. Each country hosts

two energy sectors, both acting as price-taker. Dirty and clean sectors employ different

production technologies. While production in the dirty sector generates emissions that

damage the environment, the clean sector fully avoids such emissions. An example is

energy production from coal as the dirty sector, causing emissions of carbon dioxide,

and renewable energy production as the clean sector.

In country i ∈ {1, . . . , n}, the production technology of the dirty sector reads

X(kxi), where kxi is capital input rented at the world interest rate r > 0. The pro-

duction function X exhibits positive and decreasing marginal returns to capital, i.e.

X ′ > 0 and X ′′ < 0. We follow Ogawa and Wildasin (2009) and assume that each unit

of capital invested in the dirty sector generates a fixed amount of emissions such that

exi = αkxi with α > 0. These emissions may be taxed by the government of country

i at tax rate τi. Normalizing the price of energy to one, after-tax profits of the dirty

3The capital tax competition literature goes back to Zodrow and Mieszkowski (1986) and Wilson

(1986) and is surveyed by, for example, Wilson (1999) and Wilson and Wildasin (2004).
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sector in country i can be written as

πxi = X(kxi)− (r + ατi)kxi. (1)

The first-order condition of profit maximization is

X ′(kxi) = r + ατi. (2)

It equates the marginal return to capital in country i’s dirty sector to the marginal

user costs consisting of the interest rate and the emissions tax. Increasing country i’s

emissions tax thus raises the marginal user costs in country i’s dirty sector.

The production technology in country i’s clean sector is given by Y (kyi), with kyi

representing capital input. The production function Y has positive and decreasing

marginal returns to capital, i.e. Y ′ > 0 and Y ′′ < 0. There are no emissions in the

clean sector. The government of country i may grant a subsidy σi on each unit of

capital invested in its clean sector. The after-subsidy profits of the clean sector in

country i can therefore be written as

πyi = Y (kyi)− (r − σi)kyi. (3)

Maximizing these profits yields the first-order condition

Y ′(kyi) = r − σi. (4)

According to condition (4), capital input in country i’s clean sector is increased up to

the point where the marginal return to capital just equals the interest rate less the

green subsidy. An increase in country i’s green subsidy rate thus lowers the marginal

user costs of capital in the clean sector of country i.

Capital Market. Capital is assumed to be perfectly mobile across countries. Each

country is endowed with k̄ > 0 units of capital which it inelastically supplies on the

world capital market. The capital market equilibrium condition reads

n∑
i=1

(kxi + kyi) = nk̄. (5)

It equates world-wide capital demand from all sectors and countries and worldwide

capital supply. Together with the first-order conditions (2) and (4) for i ∈ {1, . . . , n},
the capital market equilibrium condition (5) determines the capital allocation (kxi, kyi)
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for i ∈ {1, . . . , n} and the world interest rate r as functions of the policy instruments

(τi, σi) for i ∈ {1, . . . , n}.
For later purposes, we need to know the impact of the policy instruments on the

capital market equilibrium. The largest part of the analysis focuses on a symmetric

situation with all countries having the same policy instruments τi = τ and σi = σ. From

(2), (4) and (5), it follows kxi = kx, kyi = ky and kx + ky = k̄. Totally differentiating

(2), (4) and (5) and then applying the symmetry property, Appendix A proves

∂r

∂τi
= − αY ′′

n(X ′′ + Y ′′)
< 0, (6)

∂kxi
∂τi

=
α[nX ′′ + (n− 1)Y ′′]

nX ′′(X ′′ + Y ′′)
< 0, (7)

∂kxj
∂τi

= − αY ′′

nX ′′(X ′′ + Y ′′)
> 0, j 6= i, (8)

∂kyj
∂τi

= − α

n(X ′′ + Y ′′)
> 0. (9)

An increase in one country’s emissions tax rate raises the user costs of capital in the

dirty sector of this country. Hence, if country i increases its emissions tax, capital flows

from the dirty sector of country i to the dirty sectors of the other countries and to the

clean sectors of all countries, as shown by (7)–(9). The total investments in the dirty

sectors fall in favor of higher investments in the clean sectors. According to (6), the

relocation of capital is induced by a reduction in the interest rate. The effects of the

green subsidy on the capital market equilibrium are given by

∂r

∂σi
=

X ′′

n(X ′′ + Y ′′)
> 0, (10)

∂kyi
∂σi

= −(n− 1)X ′′ + nY ′′

nY ′′(X ′′ + Y ′′)
> 0, (11)

∂kyj
∂σi

=
X ′′

nY ′′(X ′′ + Y ′′)
< 0, j 6= i, (12)

∂kxj
∂σi

=
1

n(X ′′ + Y ′′)
< 0. (13)

An increase in one country’s green subsidy rate reduces the user costs of capital in the

clean sector of this country. As shown by (11)–(13), raising country i’s green subsidy

rate therefore causes a capital flow from the clean sectors of the other countries and

the dirty sectors of all countries to the clean sector of country i. The total investments

in the clean sectors increase at the expense of lower investments in the dirty sectors.
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This relocation of capital between the sectors is brought about by an increase in the

world interest rate, as formally shown by (10).

Emissions. Following Ogawa and Wildasin (2009) we differentiate between emissions

generated by a country and emissions affecting a country. For the sake of distinctness,

the latter is denoted as pollution. Recall that country i generates emissions exi = αkxi.

In contrast, pollution in country i is given by

ei = αkxi + αβ

n∑
j 6=i

kxj, (14)

with β ∈ [0, 1]. For β = 0 pollution is local since country i is affected only by its own

emissions, but not by emissions generated in the other countries. This case serves as

a benchmark only. More relevant for our purposes is β > 0 and, in particular, β = 1.

In the latter case, pollution in country i is represented by a global public bad, since

β = 1 implies ei = α
∑n

j=1 kxj =: e and, hence, one unit of emissions generated by a

country equally affects all countries. This modelling approximately captures carbon

dioxide emissions and is appropriate for the climate problem at hand.

With the help of the comparative static results (6)–(13) we are in the position to

determine the effects of changes in the policy instruments on pollution. Differentiating

(14) with respect to country i’s emissions tax rate and using (7) and (8) yields

∂ei
∂τi

= α
∂kxi
∂τi

+ αβ(n− 1)
∂kxj
∂τi

=
α2[nX ′′ + (1− β)(n− 1)Y ′′]

nX ′′(X ′′ + Y ′′)
< 0, (15)

∂ej
∂τi

= αβ
∂kxi
∂τi

+ α[1 + β(n− 2)]
∂kxj
∂τi

=
α2[βnX ′′ + (β − 1)Y ′′]

nX ′′(X ′′ + Y ′′)
T 0, j 6= i. (16)

If country i increases its emissions tax rate, capital in its dirty sector declines and

capital in the dirty sectors of the other countries goes up. The first effect induces

a reduction in pollution in country i, while the second effect increases pollution if

pollution is transboundary (β > 0). In any case, the first effect is larger in absolute

terms than the second, since total investments in the dirty sectors of all countries fall.

The increase in country i’s emissions tax rate therefore reduces pollution in country

i, as shown in (15). According to (16), the effect of country i’s emissions tax rate

on pollution in the other countries is ambiguous. If pollution is local (β = 0), the

only effect is that capital input in country j’s dirty sector and, thus, emissions of this

sector increase. Country j then suffers from higher pollution. In the more relevant

case of global pollution (β = 1), however, country j also benefits from the emissions
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reduction in the dirty sector of country i. This effect then again dominates and leads

to a reduction of pollution in country j. Differentiating (14) with respect to country

i’s green subsidy rate and using (13) yields

∂ej
∂σi

= α[1 + β(n− 1)]
∂kxj
∂σi

=
α[1 + β(n− 1)]

n(X ′′ + Y ′′)
< 0. (17)

An increase in country i’s green subsidy relocates capital from the dirty sectors of

all countries to the clean sector of country i. Hence, total pollution declines in all

countries, regardless of whether pollution is local or global, as shown by (17).

Households. Each country is populated by a representative household that consumes

a private consumption good.4 Consumption in country i is denoted by ci and financed

by three sources of income. First, the household owns the capital endowment k̄ and gets

capital income rk̄. Second, the household owns the firms located in its country and gets

the net profits (1) and (3) as profit income.5 Third, the household in country i receives

a lump sum transfer that reflects the government’s net tax receipts bi = τiαkxi− σikyi.
Note that bi represents a lump sum payment from the household to the government if

the subsidy payments are larger than the emissions tax revenues. The private budget

constraint of the household in country i reads

ci = rk̄ + πxi + πyi + bi = rk̄ +X(kxi)− rkxi + Y (kyi)− rkyi. (18)

According to (18), private consumption is financed by capital income plus the gross

profits of the firms in the dirty and clean sectors.

The impact of the emissions tax on consumption is obtained by differentiating (18),

taking into account (2), (4), (7)–(9) and the symmetry property. This yields

∂ci
∂τi

= ατ
∂kxi
∂τi
− σ∂kyi

∂τi
=
α2τ [nX ′′ + (n− 1)Y ′′]

nX ′′(X ′′ + Y ′′)
+

ασ

n(X ′′ + Y ′′)
, (19)

∂cj
∂τi

= ατ
∂kxj
∂τi
− σ∂kyj

∂τi
= − α2τY ′′

nX ′′(X ′′ + Y ′′)
+

ασ

n(X ′′ + Y ′′)
, j 6= i. (20)

4Consumption may either be interpreted as energy consumption or we may assume that energy is

used in order to produce a further consumption good with a one-to-one technology. This is simplifying,

of course, but taking into account a more sophisticated production structure would complicate the

analysis a lot without affecting the main insights of our analysis.
5An alternative interpretation is that the household in country i owns a fixed second production

factor like labor and that production in each sector exhibits constant returns to scale with respect to

capital and labor. The remuneration of labor is then the same as the net profits in (1) and (3).
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Both policy instruments distort the investment decisions of firms. For positive tax and

subsidy rates, capital input in the dirty sector is too low (marginal gross profits are

positive), while capital input in the clean sector is too high (marginal gross profits are

negative), relatively to a non-distorted economy without pollution. If in such a situation

country i increases its emissions tax, capital input in the dirty sector in country i

further decreases and capital input in the clean sector of country i further increases.

Both effects reduce the gross profits of the two sectors and, thus, private income and

private consumption in country i. Formally, this follows from (19) if τ, σ > 0. In

contrast, (20) and τ, σ > 0 imply that the effect of country i’s emissions tax on country

j’s private consumption is ambiguous. The reason is that an increase in country i’s

emissions tax now raises capital input not only in country j’s clean sector, but also in

country j’s dirty sector. Hence, clean investment in country j becomes more distorted,

indeed, but dirty investment in country j moves closer to its undistorted level.

Differentiating equation (18) with respect to σi, taking into account (2), (4), (11)–

(13) and the symmetry properties gives

∂ci
∂σi

= ατ
∂kxi
∂σi
− σ∂kyi

∂σi
=

ατ

n(X ′′ + Y ′′)
+
σ[(n− 1)X ′′ + nY ′′]

nY ′′(X ′′ + Y ′′)
, (21)

∂cj
∂σi

= ατ
∂kxj
∂σi
− σ∂kyj

∂σi
=

ατ

n(X ′′ + Y ′′)
− σX ′′

nY ′′(X ′′ + Y ′′)
, j 6= i. (22)

The above-mentioned distortions of the firms’ investment decision in country i are

amplified by an increase in country i’s green subsidy, with the consequence that private

income and consumption in country i falls when country i raises its green subsidy, as

shown in (21). The effect on private income and consumption in country j is ambiguous,

as shown by (22), since the increase in country i’s green subsidy reduces capital input

in the clean sector of country j and, thus, mitigates the accompanying distortion.

Beside private consumption, the household’s utility is affected by environmental

pollution given by (14). Preferences of country i’s household are therefore represented

by the quasi-concave utility function ui = U(ci, ei) which increases with private con-

sumption (Uc > 0) and decreases with environmental pollution (Ue < 0).

3 Centralized (First-Best) Policy Making

As a benchmark we consider the centralized (cooperative) economy where all policy

instruments are chosen by a social planner, e.g. a supranational authority like the

United Nations, who maximizes Utilitarian welfare of the households in all countries.
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It is straightforward to show that the centralized policy coincides with the first-best

(Pareto) optimum. Formally, the centralized solution is obtained by maximizing u =∑n
i=1 U(ci, ei) with respect to τi and σi. Since all countries are assumed to be identical,

we focus on the symmetric solution with τi = τ o and σi = σo, where the superscript ’o’

indicates the centralized solution. The first-order conditions then read

∂u

∂τi
= Uc

[
∂ci
∂τi

+ (n− 1)
∂cj
∂τi

]
+ Ue

[
∂ei
∂τi

+ (n− 1)
∂ej
∂τi

]
= 0, (23)

∂u

∂σi
= Uc

[
∂ci
∂σi

+ (n− 1)
∂cj
∂σi

]
+ Ue

[
∂ei
∂σi

+ (n− 1)
∂ej
∂σi

]
= 0, (24)

with j 6= i. Using (15)–(17) and (19)–(22), both (23) and (24) can be rearranged to

ατ o + σo = −α[1 + β(n− 1)]
Ue(c

o, eo)

Uc(co, eo)
. (25)

From (2), (4), (14), (18), (25) and the symmetry property we immediately obtain

Proposition 1. Suppose the choice of policy instruments is centralized. Then the

emissions tax rate τ o and the green subsidy rate σo satisfy (25). The centralized (first-

best) capital allocation (kox, k
o
y) is determined by

X ′(kox) = Y ′(koy)− α[1 + β(n− 1)]
Ue(c

o, eo)

Uc(co, eo)
, (26)

with co = X(kox) + Y (koy), eo = α[1 + β(n− 1)]kox and kox = k̄ − koy.

Equation (26) characterizes the first-best capital allocation. It requires that in each

country the marginal return to capital in the dirty sector (X ′) equals the opportunity

costs in terms of the marginal return to capital in the clean sector (Y ′) plus the marginal

environmental damage (−α[1+β(n−1)]Ue/Uc). For β = 0 emissions in each country are

local and cause damage in this country only, so the marginal damage reads −αUe/Uc.

For β = 1 we have global pollution and emissions generated in one country cause

equal environmental damage in all countries, so the marginal environmental damage

becomes −αnUe/Uc. According to (25), the first-best capital allocation is implemented

by convex combinations of the emissions tax rate and the green subsidy, where the

degree of internalization, ατ + σ, reflects the full marginal environmental damage.

4 Decentralized Policy Making

Non-Cooperative Nash Policy Game. As already mentioned in the Introduction,

in the current state we do not have a centralized authority that cooperatively deter-
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mines the environmental policy of the countries. Instead, environmental policy is made

to a large extent at a decentralized level. We therefore now turn to the case where each

country chooses its tax and subsidy in a non-cooperative manner such as to maximize

welfare of its resident. Formally, country i maximizes ui = u(ci, ei) with respect to

τi and σi, taking as given τj and σj for all j 6= i. Hence, we consider a Nash game

between n countries, where each country sets two policy instruments.

We restrict attention to the symmetric equilibrium of this game. Differentiating

u(ci, ei) and taking into account (15), (17), (19), (21) and the symmetry property, the

first-order conditions of country i’s welfare maximization can be written as

∂ui
∂τi

= Uc
∂ci
∂τi

+ Ue
∂ei
∂τi

= Uc

(
α2τ [nX ′′ + (n− 1)Y ′′]

nX ′′(X ′′ + Y ′′)
+

ασ

n(X ′′ + Y ′′)

)
+ Ue

α2[nX ′′ + (1− β)(n− 1)Y ′′]

nX ′′(X ′′ + Y ′′)
= 0, (27)

∂ui
∂σi

= Uc
∂ci
∂σi

+ Ue
∂ei
∂σi

= Uc

(
ατ

n(X ′′ + Y ′′)
+
σ[(n− 1)X ′′ + nY ′′]

nY ′′(X ′′ + Y ′′)

)
+ Ue

α[1 + β(n− 1)]

n(X ′′ + Y ′′)
= 0. (28)

These expressions determine the Nash equilibrium of the policy game. In order to

highlight the role of the green subsidy, we proceed stepwise and first consider the case

where the green subsidy is not available and then consider the general case where the

countries may use both the emissions tax and the green subsidy.

Green subsidy not available. In this case, equation (28) becomes obsolete and

we set σ identical to zero. Let the equilibrium emissions tax rate be denoted by τ4.

Solving equation (27) with respect to τ4 yields

τ4 = −nX
′′ + (1− β)(n− 1)Y ′′

nX ′′ + (n− 1)Y ′′
Ue

Uc

> 0. (29)

Combining (2) and (4) with (29) and σ4 = 0 gives

X ′(k4
x ) = Y ′(k4

y )− α
nX ′′(k4

x ) + (1− β)(n− 1)Y ′′(k4
y )

nX ′′(k4
x ) + (n− 1)Y ′′(k4

y )

Ue(c
4, e4)

Uc(c4, e4)
, (30)

with c4 = X(k4
x )+Y (k4

y ), e4 = α[1+β(n−1)]k4
x and k4

x = k̄−k4
y from (14), (18) and

the symmetry property. Equation (30) determines the equilibrium capital allocation

12



(k4
x , k

4
y ) in the case where the green subsidy is not at the governments’ disposal. As the

first-best condition (26), it equates the marginal return to capital in the dirty sector

to the opportunity costs in terms of the marginal return to capital in the clean sector

and a term containing the negative environmental effect Ue/Uc.

This latter term, however, may be different from the corresponding term in the

first-best optimum. In Appendix B, we prove

Proposition 2. Suppose the choice of policy instruments is decentralized, but the green

subsidy is not available to the countries. Then the equilibrium emissions tax rate τ4 is

strictly positive and given by (29). If emissions are local (β = 0), the equilibrium capital

allocation is efficient (k4
x = kox, k4

y = koy). If emissions are transboundary (β > 0),

equilibrium capital input in the dirty sector is inefficiently high (k4
x > kox) whereas it is

inefficiently low in the clean sector (k4
y < koy).

The decentralized choice of the emissions tax rate ensures the first-best allocation, if

emissions are local and cause damages only in the country where they are generated

(β = 0). In the more relevant case of transboundary pollution (β > 0), in contrast,

too much capital is invested in the dirty sectors and too little in the clean sectors.

The rationale of this inefficiency goes back to two effects. First, each country only

takes into account the externality that its dirty sector inflicts on its own residents,

but it ignores the externality that its dirty sector inflicts on residents of the other

countries. Second, from the point of view of the individual country the emissions tax

distorts investment in the dirty sector since it leads to an outflow of capital to the

other countries. Both effects induce the individual country to set the emissions tax

inefficiently low, i.e. below the full marginal environmental damage.6 Hence, for the

case of transboundary pollution the dirty sectors do not face the full social costs of their

production and invest too much at the expense of investments in the clean sectors.

Green subsidy is available. When the green subsidy is at the governments’ dis-

posal, we have to take into account both equation (27) and equation (28). Solving

these equations with respect to τ and σ yields the equilibrium policy instruments

τ ∗ = −X
′′ + (1− β)Y ′′

X ′′ + Y ′′
Ue

Uc

> 0, σ∗ = − αβY ′′

X ′′ + Y ′′
Ue

Uc

≥ 0. (31)

6Formally this can be seen by comparing the policy instruments in (25) and (29).
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where the star indicates equilibrium values when both instruments are available. Com-

bining (2) and (4) with (31) yields

X ′(k∗x) = Y ′(k∗y)− αUe(c
∗, e∗)

Uc(c∗, e∗)
, (32)

with c∗ = X(k∗x) + Y (k∗y), e∗ = α[1 + β(n− 1)]k∗x and k∗x = k̄ − k∗y from (14), (18) and

the symmetry property. Equation (32) determines the equilibrium capital allocation

(k∗x, k
∗
y) in the case where the countries choose both policy instruments. It again bal-

ances the marginal return to investment in the two sectors and a term containing the

negative environmental effect Ue/Uc.

The environmental effect may be different from the corresponding term in the first-

best solution and, in addition, from the corresponding term in the equilibrium without

the green subsidy. Comparing (32) with (30) and (26), Appendix B proves

Proposition 3. Suppose the choice of policy instruments is decentralized and both

policy instruments are available to the countries.

(i) If emissions are local (β = 0), the equilibrium policy instruments are τ ∗ > 0 and

σ∗ = 0 given by (31). The equilibrium capital allocation is efficient (k∗x = kox, k∗y = koy).

(ii) If emissions are transboundary (β > 0), the equilibrium policy instruments are

τ ∗ > 0 and σ∗ > 0 given by (31). Equilibrium capital input in the dirty (clean) sector

is inefficiently high (low) but lower (higher) than in the case where the green subsidy is

not available (k4
x > k∗x > kox and k4

y < k∗y < koy).

According to the first part of Proposition 3, the countries do not use the green subsidy

if environmental pollution is local (β = 0). The reason is that the countries realize

the first-best allocation of capital even if they are not allowed to use the green subsidy

(see Proposition 2). Hence, when the green subsidy becomes available to the countries,

there is no additional gain from using this instruments.

As shown in the second part of Proposition 3, things are different in the more

relevant case of transboundary pollution (β > 0). In this case, each country has

an incentive to mix both policy instruments. The intuition is as follows. Using the

emissions tax does not only help to internalize the environmental externality, but also

distorts the production decision of firms in the sense that an increase in one country’s

tax rate drives out capital from this country’s dirty sector to other countries. As

consequence profit income from the dirty sector and, thus, private consumption falls.

The same is true for the green subsidy since it leads to an overaccumulation of capital in
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the clean sector. But both distortions increase overproportionally with the tax/subsidy

rate. Hence, it is better for each country to reduce the emissions tax rate and introduce

a positive green subsidy rate since this policy mix lowers the overall distortion of

the tax/subsidy system and allows to internalize a larger part of the environmental

externality. Formally, it can be shown that the emissions tax rate is lower if both

policy instruments are available than if the green subsidy is not available (τ4 > τ ∗),

and that the degree of internalization is higher if both policy instruments are available

than if the green subsidy is not at the governments’ disposal (ατ ∗ + σ∗ > τ4).

Because of the higher internalization of the environmental externality, the capital

allocation is more efficient if both policy instruments are combined in comparison to

the single use of the emissions tax. Investments in the dirty sectors fall and investments

in the clean sectors increase when the green subsidy comes into play, even though the

sectors still miss the efficient policy. Hence, the use of the green subsidy is not only

beneficial for the country which employs it, but it benefits all countries by improving

efficiency of the international capital allocation. The reason is that the green subsidy

allocates more capital into the clean sectors, relatively to the dirty sectors. In case of

transboundary pollution, this reduces emissions and increases welfare in all countries.

5 Extensions

Endogenous Capital Supply. Our argument in favor of green subsidies builds on

the effect that the additional investments in the clean sectors come exclusively from a

reduction of investments in the dirty sectors. This effect is driven by the assumption of

a fixed capital supply. One may conjecture that with an endogenous capital supply the

additional green investments also come from a rise in capital supply and, depending

on the elasticity of capital supply, the rise may be so large that even dirty investments

increase as a reaction on the use of green subsidies. However, in the present section we

will show that our main results remain true if capital supply is endogenized.

For that purpose, consider a two-period version of our basic model investigated

in the previous sections. The investment decisions of dirty and clean sectors remain

unchanged. For notational convenience, we focus on the most relevant case of global

pollution with β = 1.7 The main change in model assumptions is that households now

choose their savings. The household in country i lives two periods. In the first period,

7It can be shown that the generalizations of results presented in this section also hold for β ∈ [0, 1[.
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it disposes of an endowment k̄ which may either be consumed in quantity c1i or saved

in quantity si. In the second period, it finances consumption c2i by capital income

(1 + r)si, profit income πxi +πyi defined in (1) and (3) and the lump-sum transfer bi =

τiαkxi−σikyi. The budget constraint of country i’s household therefore reads c1i+si = k̄

in the first period and c2i = (1+r)si+X(kxi)−rkxi+Y (kyi)−rkyi in the second period.

The life-time utility of country i’s household is given by ui = c2i +W (c1i) +V (ei) with

W ′ > 0, W ′′ < 0, V ′ < 0 and V ′′ < 0. Maximizing life-time utility subject to the budget

constraints yields the first-order condition 1 + r −W ′(k̄ − si) = 0 which determines

optimal savings si = S(r) with S ′(r) = −1/W ′′ > 0. The capital market equilibrium

condition turns into
∑n

i=1(kxi + kyi) = nS(r). Hence, we now have a world capital

market where the capital supply is not fixed, but dependent on the world interest rate.

In this modified model, it is straightforward to derive conditions which determine

the capital allocation in centralized (first-best) and decentralized economies. Focusing

on the symmetric situation, these conditions can be written in a unique way as

X ′(kx)− Y ′(ky) = ατ + σ, (33)

W ′(k̄ − kx − ky) = 1 + Y ′(ky) + σ. (34)

The first-best capital allocation (kox, k
o
y) is obtained from (33) and (34) if we set

τ = τ o = −nV ′, σ = σo = 0. (35)

The equilibrium capital allocation (k4
x , k

4
y ) in the decentralized economy without the

green subsidy follows from (33) and (34) if

τ = τ4 = − nX ′′(1− S ′Y ′′)
nX ′′(1− S ′Y ′′) + (n− 1)Y ′′

V ′, σ = σ4 = 0. (36)

Finally, (33) and (34) yield the equilibrium capital allocation (k∗x, k
∗
y) in the decentral-

ized economy with the green subsidy if

τ = τ ∗ = − (n− 1)X ′′(X ′′ + Y ′′)− S ′X ′′Y ′′[nY ′′(1− S ′X ′′) + (2n− 1)X ′′]

(n− 1)(X ′′ + Y ′′)2 − (2n− 1)S ′X ′′Y ′′(X ′′ + Y ′′) + n(S ′X ′′Y ′′)2
V ′, (37)

σ = σ∗ = − α(n− 1)Y ′′(X ′′ + Y ′′ − S ′X ′′Y ′′)
(n− 1)(X ′′ + Y ′′)2 − (2n− 1)S ′X ′′Y ′′(X ′′ + Y ′′) + n(S ′X ′′Y ′′)2

V ′. (38)

Note that, compared to the basic model with fixed capital supply, we now have the

additional condition (34) which endogenously determines savings and capital supply.

Taking into account of this additional condition, we can prove8

8The proof of Proposition 4 and Proposition 5 is contained in an supplement appendix which can

be obtained from the authors upon request.
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Proposition 4. Suppose capital supply is endogenous. Then the results obtained for

fixed capital supply in Proposition 2 and 3 remain unchanged.

Even with endogenous capital supply, the green subsidy is beneficial for all countries

since it reduces investment and, thus, emissions of dirty sectors. The rationale is as

follows. As with fixed capital supply, (33) requires that the first-best policy (35) bal-

ances the marginal returns to capital in the two sectors and the marginal environmental

damage. Equation (34) shows that in the first-best optimum capital supply is increased

up to the point where the intertemporal rate of substitution equals the rate of trans-

formation. In a decentralized economy without the green subsidy, (33) and (36) imply

that the emissions tax is inefficiently low (ατ4 < ατ o), causing overinvestment in dirty

sectors and underinvestment in green sectors. The savings decision is undistorted due

to (34) and σ4 = 0. When the green subsidy becomes available, the degree of internal-

ization increases (ατ ∗ + σ∗ > ατ4), so dirty investments ceteris paribus fall in favor of

green investment. In addition, (34) and σ∗ > 0 imply that the green subsidy increases

capital supply and thereby ceteris paribus exerts additional positive effects on green

and dirty investment. These effects are new, but they do not reverse our results. The

positive effect on dirty investments is overcompensated by the fall in dirty investments

due to higher internalization, and the additional positive effect on green investments

will not lead to higher green investments than in the first-best. Put differently, in

equilibrium the countries set their green subsidy rates such that capital is sufficiently

inelastic in order to preserve the beneficial role of the green subsidy.

Cap-and-Trade Systems. So far we have considered emissions taxes as the primary

environmental policy instrument. Many countries have such taxes, indeed, but there is

also a widespread use of emissions trading schemes or so-called cap-and-trade systems.

This observation raises the question whether our argument in favor of green subsidies

prevails when countries employ cap-and-trade systems instead of emissions taxes. If

all countries have emissions trading schemes, our argument for green subsidies breaks

down, since the caps fix total emissions and, thus, there is no longer the option to reduce

world-wide emissions by lowering dirty investment with the help of green subsidies.

However, in practice not all countries have established cap-and-trade systems. There

are even countries that do not impose environmental policy at all. For such a case we

now show that the argument in favor of green subsidies basically prevails.

For sake of illustration consider a simplified version of our basic model with only
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two countries. The ’green’ country may implement a cap-and-trade system and impose

a green subsidy. The ’dirty’ country does not impose policy measures at all. For

notational convenience, we drop the country indices i and j and indicate variables

of the dirty country by a hat. The cap-and-trade system in the green country is

represented by the restriction αkx ≤ q where q is the cap. Let the permit price be

denoted by p. The first-order conditions for profit maximization in the green country

read X ′(kx) = r + αp and Y ′(ky) = r − σ. In the dirty country we obtain X ′(k̂x) = r

and Y ′(k̂y) = r. We again focus on the most relevant case of β = 1.

In a uniform way, the conditions which determine the capital allocation in central-

ized and decentralized economies can be written as kx + ky + k̂x + k̂y = 2k̄ and

X ′(kx)− Y ′(ky) = θ, (39)

X ′(k̂x)− Y ′(k̂y) = θ̂, (40)

Y ′(ky)− Y ′(k̂y) = γ. (41)

The first-best capital allocation (kox, k
o
y, k̂

o
x, k̂

o
y) follows from these conditions if we set

θ = θ̂ = αpo + σo = −2α
Ue

Uc

, γ = 0. (42)

The decentralized allocation without the green subsidy, (k4
x , k

4
y , k̂

4
x , k̂

4
y ), is obtained if

θ = αp4 = −α X̂ ′′(Y ′′ + Ŷ ′)

X̂ ′′Ŷ ′′ + Y ′′(X̂ ′′ + Ŷ ′′)

Ue

Uc

+
(k̄ − k4

x − k4
y )Y ′′X̂ ′′Ŷ ′′

X̂ ′′Ŷ ′′ + Y ′′(X̂ ′′ + Ŷ ′′)
, θ̂ = γ = 0. (43)

For the decentralized allocation with the green subsidy, (k∗x, k
∗
y, k̂
∗
x, k̂

∗
y), we have to set

θ = αp∗ + σ∗ = −αUe

Uc

, θ̂ = 0, γ = −σ∗ = α
Ŷ ′′

X̂ ′′ + Ŷ ′′
Ue

Uc

+
(k̄ − k∗x − k∗y)X̂ ′′Ŷ ′′

X̂ ′′ + Ŷ ′′
. (44)

Observe that the green country’s incentive to impose a green subsidy is even stronger

than in the basic model. This can be seen by comparing σ∗ from (31) with σ∗ from (44)

and noting that k̄ > k∗x + k∗y. The reason is that due to its environmental policy the

green country exports capital and, thus, wants to increase capital income r(k̄−k∗x−k∗y)

by raising the interest rate through an increase in the green subsidy rate (∂r/∂σ > 0).

Due to symmetry, this terms of trade effect does not appear in the basic model.

Unfortunately, the asymmetry of the capital allocation renders the comparison of

the different settings untractable in general. However, for quadratic production func-

tions and linear utility functions we can show
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Proposition 5. Suppose n = 2 and one country has at its disposal a cap-and-trade

system and a green subsidy, while the other country does not impose environmental

policy at all. Moreover, assume that X(kx) = axkx − bxk2x/2, Y (ky) = ayky − byk2y/2
and U(c, e) = c− fe with ax, ay, bx, by, f > 0. Then the results obtained in Proposition

2 and 3 remain true, except that the dirty country’s welfare may be decreased by the

green subsidy because k̂∗y < k̂4
y < k̂oy.

According to Proposition 5 our basic argument in favor of green subsidies remains true

even in the presence of cap-and-trade systems, at least from the green country’s point

of view. The dirty country may loose by the use of the green subsidy. The rationale of

these insights is as follows. Without the green subsidy, the green country chooses an

inefficiently high cap because it ignores the externality on other countries, the positive

permit price leads to an outflow of capital to the dirty country and a higher cap causes

the same terms of trade effect as the one described above for the green subsidy. It is

then beneficial for the green country to use the green subsidy in order to reduce the

overall distortion of its policy and to influence the terms of trade in its favor. This

brings back capital to the green country and reduces world-wide emissions since dirty

investments in the dirty country is reduced, even though dirty investments in the green

country is unaffected due to the cap. The reduction in pollution and the relocation

of capital unambiguously increases welfare of the green country. The reduction in

pollution also benefits the dirty country, but overall welfare of this country may be

lowered, since the additional green investments in the green country also comes from

the green sector of the dirty country (k̂∗y < k̂4
y ).

6 Conclusion

Subsidies on renewable energy may reduce the overall distortion of tax-subsidies schemes.

Therefore, in a decentralized world countries may face the incentive to use such green

subsidies in addition to emissions taxes or emissions trading schemes. Green subsidies

may then be beneficial not only for the country imposing the subsidy, but also for the

other countries since the subsidies relocate investments from dirty energy sectors into

renewable energy sectors and, thus, reduce world-wide pollution and mitigate the con-

sequences of climate change. This argument in favor of green subsidies was made in the

present paper by using a multi-country model with mobile capital and decentralized

environmental policy making. It turned out to be robust against certain variations in
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the model assumption such as, for example, endogenous capital supply and the use of

cap-and-trade systems under asymmetric policy choices.

Our argument in favor of green subsidies may be seen as a possible economic justi-

fication for the widespread use of subsidies on renewable energy production in practice.

Of course, the advantage of green subsidies derived in our framework has to be bal-

anced against possible drawbacks which renewable energy production doubtlessly has,

for example, the drawback that avoiding one ton of carbon dioxide by renewable en-

ergy is usually more expensive than avoiding this ton by other backstop technologies.

Whether our argument is important enough to compensate possible drawbacks of re-

newable energy production cannot be answered by our theoretical model. It is an

empirical question and therefore left for future research.

Appendix

A. Derivation of (6) – (13). Totally differentiating (2), (4) and (5) yields

dkxi =
dr + αdτi

X ′′i
, dkyi =

dr − dσi
Y ′′i

, (A1)

n∑
i=1

(dkxi + dkyi) = 0, (A2)

with X ′′i := X ′′(kxi) and Y ′′i := Y ′′(kyi). Inserting (A1) into (A2) and solving with

respect to dr, we obtain

dr =

(
n∑

i=1

dσi
Y ′′i
−

n∑
i=1

αdτi
X ′′i

)/
n∑

i=1

X ′′i + Y ′′i
X ′′i Y

′′
i

. (A3)

Setting dτj = 0 for j 6= i, dσj = 0 for all j and applying the symmetry property in (A3)

yields (6). Inserting back into (A1) proves (7)–(9). Using dσj = 0 for j 6= i, dτj = 0

for all j and symmetry in (A3), we obtain (10). Inserting into (A1) proves (11)–(13).

B. Proof of Proposition 2 and 3. It will be helpful to use the definitions

F (k) := X ′(k)− Y ′(k̄ − k),

G(k) := −α[1 + β(n− 1)]
Ue{X(k) + Y (k̄ − k), α[1 + β(n− 1)]k}
Uc{X(k) + Y (k̄ − k), α[1 + β(n− 1)]k}

> 0,

H(k) :=
αβn(n− 1)[X ′′(k) + Y ′′(k̄ − k)]

nX ′′(k) + (n− 1)Y ′′(k̄ − k)

Ue{X(k) + Y (k̄ − k), α[1 + β(n− 1)]k}
Uc{X(k) + Y (k̄ − k), α[1 + β(n− 1)]k}

≤ 0,

I(k) := − αβ(n− 1)Y ′′(k̄ − k)

nX ′′(k) + (n− 1)Y ′′(k̄ − k)

Ue{X(k) + Y (k̄ − k), α[1 + β(n− 1)]k}
Uc{X(k) + Y (k̄ − k), α[1 + β(n− 1)]k}

≥ 0.
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Condition (26) for the first-best capital allocation and conditions (30) and (32) for the

capital allocation in the decentralized economy can then be rewritten as

F (kox) = G(kox), (B1)

F (k4
x ) = G(k4

x ) +H(k4
x ), (B2)

F (k∗x) = G(k∗x) +H(k∗x) + I(k∗x). (B3)

For β = 0, we obtain H(k4
x ) = 0 and, thus, (B1) and (B2) imply k4

x = kox. From

k4
x + k4

y = k̄ and kox + koy = k̄ it follows k4
y = koy. If β > 0, in contrast, H(k4

x ) < 0 and

(B2) yields F (k4
x ) < G(k4

x ). F ′(k) = X ′′(k) + Y ′′(k̄− k) < 0 then implies k4
x > kox and

k4
y < koy. This completes the proof of Proposition 2.

In order to prove Proposition 3, consider first the case β = 0. We then obtain

H(k∗x) = I(k∗x) = 0. Comparing (B1) and (B3) yields k∗x = kox and k∗y = koy. For β > 0,

I(k∗x) > 0 and, thus, (B3) implies F (k∗x) > G(k∗x)+H(k∗x). Comparing with (B2) yields

k∗x < k4
x and k∗y > k4

y . Finally, note that H(k∗x) + I(k∗x) = αβ(n− 1)Ue(·)/Uc(·) < 0 if

β > 0. Hence, (B3) implies F (k∗x) < G(k∗x). Comparing with (B1), it follows k∗x > kox

and k∗y < koy. This completes the proof of Proposition 3.
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Supplement Appendix (not to be published)

C. Proof of Proposition 4. We first conduct a comparative static analysis of the

capital market equilibrium. With endogenous savings this equilibrium is determined

by (2), (4) and
∑n

i=1(kxi + kyi) = nS(r). Using the same procedure as in Appendix A,

the effects of country i’ emissions tax rate turns out to be

∂r

∂τi
= − αY ′′

n(X ′′ + Y ′′ − S ′X ′′Y ′′)
< 0, (C1)

∂kxi
∂τi

=
α[nX ′′ + (n− 1)Y ′′ − nS ′X ′′Y ′′]

nX ′′(X ′′ + Y ′′ − S ′X ′′Y ′′)
< 0, (C2)

∂kxj
∂τi

= − αY ′′

nX ′′(X ′′ + Y ′′ − S ′X ′′Y ′′)
> 0, j 6= i, (C3)

∂kyj
∂τi

= − α

n(X ′′ + Y ′′ − S ′X ′′Y ′′)
> 0. (C4)

The effects of country i’ green subsidy rate are

∂r

∂σi
=

X ′′

n(X ′′ + Y ′′ − S ′X ′′Y ′′)
> 0, (C5)

∂kyi
∂σi

= −(n− 1)X ′′ + nY ′′ − nS ′X ′′Y ′′

nY ′′(X ′′ + Y ′′ − S ′X ′′Y ′′)
> 0, (C6)

∂kyj
∂σi

=
X ′′

nY ′′(X ′′ + Y ′′ − S ′X ′′Y ′′)
< 0, j 6= i, (C7)

∂kxj
∂σi

=
1

n(X ′′ + Y ′′ − S ′X ′′Y ′′)
< 0. (C8)

Using (14) and the assumption β = 1 yields the effects on pollution

∂ej
∂τi

= α
∂kxi
∂τi

+ α(n− 1)
∂kxj
∂τi

=
α2(nX ′′ − nS ′X ′′Y ′′)

nX ′′(X ′′ + Y ′′ − S ′X ′′Y ′′)
< 0, (C9)

∂ej
∂σi

= αn
∂kxj
∂σi

=
αn

n(X ′′ + Y ′′ − S ′X ′′Y ′′)
< 0. (C10)

Defining private utility as wi := ui − V (ei) = (1 + r)S(r) + X(kxi) − rkxi + Y (kyi) −
rkyi + W [k̄ − S(r)], applying the envelope theorem and using the symmetry property

kxi + kyi = S(r) gives

∂wi

∂τi
=
α2τ [nX ′′ + (n− 1)Y ′′ − nS ′X ′′Y ′′]

nX ′′(X ′′ + Y ′′ − S ′X ′′Y ′′)
+

ασ

n(X ′′ + Y ′′ − S ′X ′′Y ′′)
, (C11)

∂wj

∂τi
= − α2τY ′′

nX ′′(X ′′ + Y ′′ − S ′X ′′Y ′′)
+

ασ

n(X ′′ + Y ′′ − S ′X ′′Y ′′)
, j 6= i. (C12)
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and

∂wi

∂σi
=

ατ

n(X ′′ + Y ′′ − S ′X ′′Y ′′)
+
σ[(n− 1)X ′′ + nY ′′ − nS ′X ′′Y ′′]

nY ′′(X ′′ + Y ′′ − S ′X ′′Y ′′)
, (C13)

∂wj

∂σi
=

ατ

n(X ′′ + Y ′′ − S ′X ′′Y ′′)
− σX ′′

nY ′′(X ′′ + Y ′′ − S ′X ′′Y ′′)
, j 6= i. (C14)

Overall, we obtain exactly the same comparative static results as in the basic model,

except for the additional terms containing S ′ which, however, do not change the signs

of the comparative static results.

Combining (4) with (2) and the optimal savings condition yields

X ′(kx)− Y ′(ky) = ατ + σ, (C15)

W ′(k̄ − kx − ky) = 1 + Y ′(ky) + σ. (C16)

These two conditions are the same as (33) and (34) in the main text. They determine

the capital allocation (kx, ky) as function of the policy instruments (τ, σ). Hence, for

the centralized (first-best) policy instruments we obtain the first-best capital alloca-

tion, whereas for the policy instruments chosen in a decentralized economy we get the

equilibrium capital allocation, either for the case with or without the green subsidy. In

the following we determine the policy instruments in the different institutional settings

and then compare the corresponding capital allocations.

Let us start with the centralized (first-best) policy (τ o, σo). This policy follows

from maximizing u =
∑n

i=1 ui with respect to τi and σi and applying the symmetry

assumption. The first-order conditions are

∂u

∂τi
=

∂wi

∂τi
+ (n− 1)

∂wj

∂τi
+ V ′

[
∂ei
∂τi

+ (n− 1)
∂ej
∂τi

]
= 0, (C17)

∂u

∂σi
=

∂wi

∂σi
+ (n− 1)

∂wj

∂σi
+ V ′

[
∂ei
∂σi

+ (n− 1)
∂ej
∂σi

]
= 0, (C18)

with j 6= i. Using (C9)–(C10) and (C11)–(C14), it is straightforward to show that

(C17) and (C18) become

α(1− S ′Y ′′)(τ o + nV ′) + σo = 0, α(τ o + nV ′) + (1− S ′X ′′)σo = 0, (C19)

from which we obtain τ o = −nV ′ and σo = 0, as stated in (35).

In the decentralized economy, country i maximizes ui with respect to τi and σi.

Using (C9), (C10), (C11), (C13) and the symmetry property, the first-order conditions
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of this welfare maximization problem can be written as

∂ui
∂τi

=
∂wi

∂τi
+ V ′

∂ei
∂τi

=
α2τ [nX ′′ + (n− 1)Y ′′ − nS ′X ′′Y ′′]

nX ′′(X ′′ + Y ′′ − S ′X ′′Y ′′)
+

ασ

n(X ′′ + Y ′′ − S ′X ′′Y ′′)

+ V ′
α2(nX ′′ − nS ′X ′′Y ′′)

nX ′′(X ′′ + Y ′′ − S ′X ′′Y ′′)
= 0, (C20)

∂ui
∂σi

=
∂wi

∂σi
+ V ′

∂ei
∂σi

=
ατ

n(X ′′ + Y ′′ − S ′X ′′Y ′′)
+
σ[(n− 1)X ′′ + nY ′′ − nS ′X ′′Y ′′]

nY ′′(X ′′ + Y ′′ − S ′X ′′Y ′′)

+ V ′
α

X ′′ + Y ′′ − S ′X ′′Y ′′
= 0. (C21)

If the green subsidy is not available, equation (C21) becomes obsolete and solving

equation (C20) yields τ4 given in equation (36). If the green subsidy is available,

solving equations (C20) and (C21) yields τ ∗ and σ∗ in equations (37) and (38).

In order to compare the capital allocation under the different settings, define

θo := ατ o + σo = G, θ4 := ατ4 + σ4 = G+H, (C22)

θ∗ := ατ ∗ + σ∗ = G+H + I, σ∗ = J, (C23)

with

G := −αnV ′ > 0,

H :=
αn(n− 1)(X ′′ + Y ′′ − S ′X ′′Y ′′)
nX ′′ + (n− 1)Y ′′ − nS ′X ′′Y ′′

V ′ < 0,

I := − α(n− 1)Y ′′

nX ′′ + (n− 1)Y ′′ − nS ′X ′′Y ′′
V ′ > 0,

J := − α(n− 1)Y ′′(X ′′ + Y ′′ − S ′X ′′Y ′′)
(n− 1)(X ′′ + Y ′′)2 − (2n− 1)S ′X ′′Y ′′(X ′′ + Y ′′) + n(S ′X ′′Y ′′)2

V ′ > 0.

Note that H + I = α(n − 1)V ′ < 0, so θo > θ∗ > θ4 and σ∗ > 0 = σo = σ4. A

comparative static analysis of (C15) and (C16) with respect to θ := ατ + σ and σ

yields

∂kx
∂θ

=
1− S ′Y ′′

X ′′ + Y ′′ − S ′X ′′Y ′′
< 0,

∂ky
∂θ

= − 1

X ′′ + Y ′′ − S ′X ′′Y ′′
> 0, (C24)

∂kx
∂σ

=
S ′Y ′′

X ′′ + Y ′′ − S ′X ′′Y ′′
> 0,

∂ky
∂σ

=
S ′X ′′

X ′′ + Y ′′ − S ′X ′′Y ′′
> 0, (C25)
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where we used S ′ = −1/W ′′. If we go from the first-best policy to the decentralized

policy without the green subsidy, then θ falls (θo > θ4) and σ remains constant (σo =

σ4). Hence, (C24) implies kox < k4
x and koy > k4

y , which is the same result as obtained

in Proposition 2 for fixed capital supply. The transition from the decentralized policy

without the green subsidy to the decentralized policy with the subsidy is associated

with an increase in θ by I (since dθ = θ∗ − θ4 = I > 0) and with an increase in σ by

J (since dσ = σ∗ − σ4 = J > 0). Equation (C24) and (C25) imply k4
y < k∗y. With the

help of (C24), (C25) and the definition of I and J , the change in kx reads

dkx =
∂kx
∂θ

dθ +
∂kx
∂σ

dσ = −α(n− 1)2Y ′′(X ′′ + Y ′′ − S ′X ′′Y ′′)2

z1z2z3
V ′ < 0, (C26)

with z1 := X ′′ + Y ′′ − S ′X ′′Y ′′ < 0, z2 := nX ′′ + (n − 1)Y ′′ − nS ′X ′′Y ′′ < 0 and

z3 := (n − 1)(X ′′ + Y ′′)2 − (2n − 1)S ′X ′′Y ′′(X ′′ + Y ′′) + n(S ′X ′′Y ′′)2 > 0. It follows

k4
x > k∗x. If we go from the first-best policy to the decentralized policy with the green

subsidy, θ falls by H + I (since dθ = θ∗ − θo = H + I < 0) and σ increases by J (since

dσ = σ∗ − σo = J > 0). From (C24) and (C25) follows kox < k∗x. The change in ky is

dky =
∂ky
∂θ

dθ +
∂ky
∂σ

dσ = −α(n− 1)2(X ′′ + Y ′′ − S ′X ′′Y ′′)2

z1z3
V ′ < 0. (C27)

This implies koy > k∗y. Overall we obtain k4
x > k∗x > kox and k4

y < k∗y < koy, which is the

same result as obtained in Proposition 3 for fixed capital supply. This completes the

proof of Proposition 4 in case of endogenous capital supply.

D. Proof of Proposition 5. We again start with the comparative static analysis of

the capital market equilibrium, but we will report only those results which are needed

for the subsequent analysis. Totally differentiating X ′(kx) = r + αp, Y ′(ky) = r − σ,

X ′(k̂x) = r, Y ′(k̂y) = r, kx + ky + k̂x + k̂y = 2k̄ and αkx = q yields

∂r

∂q
= − Y ′′X̂ ′′Ŷ ′′

α[X̂ ′′Ŷ ′′ + Y ′′(X̂ ′′ + Ŷ ′′)]
> 0, (D1)

∂kx
∂q

=
1

α
> 0,

∂k̂x
∂q

= − Y ′′Ŷ ′′

α[X̂ ′′Ŷ ′′ + Y ′′(X̂ ′′ + Ŷ ′′)]
< 0, (D2)

∂ky
∂q

= − X̂ ′′Ŷ ′′

α[X̂ ′′Ŷ ′′ + Y ′′(X̂ ′′ + Ŷ ′′)]
< 0, (D3)
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and

∂r

∂σ
=

X̂ ′′Ŷ ′′

X̂ ′′Ŷ ′′ + Y ′′(X̂ ′′ + Ŷ ′′)
> 0, (D4)

∂kx
∂σ

= 0,
∂k̂x
∂σ

=
Ŷ ′′

X̂ ′′Ŷ ′′ + Y ′′(X̂ ′′ + Ŷ ′′)
< 0, (D5)

∂ky
∂σ

= − X̂ ′′ + Ŷ ′′

X̂ ′′Ŷ ′′ + Y ′′(X̂ ′′ + Ŷ ′′)
> 0. (D6)

With β = 1, pollution is given by e = α(kx + k̂x). Using the comparative static effects

derived in (D1)–(D6) yields

∂e

∂q
=

X̂ ′′(Y ′′ + Ŷ ′′)

X̂ ′′Ŷ ′′ + Y ′′(X̂ ′′ + Ŷ ′′)
> 0, (D7)

∂e

∂σ
=

αŶ ′′

X̂ ′′Ŷ ′′ + Y ′′(X̂ ′′ + Ŷ ′′)
< 0. (D8)

Consumption in the green country is c = r(k̄ − kx − ky) +X(kx) + Y (ky). Hence,

∂c

∂q
= p+ σ

X̂ ′′Ŷ ′′

α[X̂ ′′Ŷ ′′ + Y ′′(X̂ ′′ + Ŷ ′′)]
− (k̄ − kx − ky)Y ′′X̂ ′′Ŷ ′′

α[X̂ ′′Ŷ ′′ + Y ′′(X̂ ′′ + Ŷ ′′)]
, (D9)

∂c

∂σ
= σ

X̂ ′′ + Ŷ ′′

X̂ ′′Ŷ ′′ + Y ′′(X̂ ′′ + Ŷ ′′)
+

(k̄ − kx − ky)X̂ ′′Ŷ ′′

X̂ ′′Ŷ ′′ + Y ′′(X̂ ′′ + Ŷ ′′)
, (D10)

where we used the first-order conditions for profit maximization and the comparative

static results derived in (D1)–(D6).

The capital allocation under the different institutional settings is determined by

kx + ky + k̂x + k̂y = 2k̄ and the conditions (39)–(41) which follow from the first-order

conditions of profit maximization. The policy parameters θ, θ̂ and γ take different

values, depending on the institutional setting under consideration. The centralized

(first-best) policy is exactly the same as in the basic model. Hence, from (25), β = 1

and n = 2 we obtain (42). In the decentralized economy, the green country maximizes

the welfare function U(c, e). In the case without the green subsidy, we set ∂u/∂q = 0

and use σ ≡ 0, (D7) and (D9) in order to obtain

p4 = − X̂ ′′(Y ′′ + Ŷ ′′)

X̂ ′′Ŷ ′′ + Y ′′(X̂ ′′ + Ŷ ′′)

Ue

Uc

+
(k̄ − k4

x − k4
y )Y ′′X̂ ′′Ŷ ′′

α[X̂ ′′Ŷ ′′ + Y ′′(X̂ ′′ + Ŷ ′′)]
. (D11)

Note that k̄ − k4
x − k4

y > 0 according to X ′(k̂x) = X ′(kx) − αp4 < X ′(kx), Y ′(k̂y) =

Y ′(ky) and kx + ky + k̂x + k̂y = 2k̄. Hence, the green country exports capital and the
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last term in (D11) represents the terms of trade effect mentioned in the interpretation

of Proposition 5. Setting θ = αp4 and θ̂ = γ = 0 proves (43).

If the green subsidy is available, we can use the same procedure as in the basic

model in order to show that the green country chooses σ∗ > 0. From the first-order

conditions ∂u/∂q = 0 and ∂u/∂σ = 0 and the comparative static results in (D7)–(D10)

we obtain after some tedious computations

p∗ = − X̂ ′′

X̂ ′′ + Ŷ ′′
Ue

Uc

+
(k̄ − k∗x − k∗y)X̂ ′′Ŷ ′′

α(X̂ ′′ + Ŷ ′′)
, (D12)

σ∗ = −α Ŷ ′′

X̂ ′′ + Ŷ ′′
Ue

Uc

−
(k̄ − k∗x − k∗y)X̂ ′′Ŷ ′′

α(X̂ ′′ + Ŷ ′′)
. (D13)

The last term in (D13) represents the terms of trade effect of the green subsidy men-

tioned in the main text. Combining (D12) and (D13) yields αp∗ + σ∗ = −αUe/Uc.

Setting θ = αp∗ + σ∗, θ̂ = 0 and γ = −σ∗ proves (44).

As stated in the text, for general production and utility functions the comparison

of the capital allocations is untractable. However, for the special case of X(kx) =

axkx− bxk2x/2, Y (ky) = ayky − byk2y/2 and U(c, e) = c− fe with ax, ay, bx, by, f > 0, we

obtain from (39)–(44) the first-best capital allocation

kox = k̂ox =
ax − ay + byk̄ − 2αf

bx + by
, ky = k̂y =

ay − ax + bxk̄ + 2αf

bx + by
, (D14)

the decentralized capital allocation without the green subsidy

k4
x =

(ax − ay + byk̄)(4bx + 3by)− 2(2bx + by)fα

(bx + by)(4bx + 3by)
, (D15)

k̂4
x =

(ax − ay + byk̄)(4bx + 3by) + 2byfα

(bx + by)(4bx + 3by)
, (D16)

k4
y = k̂4

y =
(ay − ax + bxk̄)(4bx + 3by) + 2bxfα

(bx + by)(4bx + 3by)
, (D17)

and the decentralized capital allocation with the green subsidy

k∗x =
ax − ay + byk̄ − fα

bx + by
, k̂∗x =

ax − ay + byk̄

bx + by
, (D18)

k∗y =
ay − ax + bxk̄ + fα

bx + by
, k̂∗y =

ay − ax + bxk̄

bx + by
. (D19)

By comparing these capital allocations it is straightforward to show that k4
x > k∗x > kox,

k4
y < k∗y < koy, k̂

4
x > k̂∗x > k̂ox and k̂∗y < k̂4

y < k̂oy which proves Proposition 5.
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