The dynamics of linking permit markets

By KATINKA HOLTSMARK AND KRISTOFFER MIDTT@MME*

This paper presents a novel benefit of linking emission permit mar-
kets. We let countries issue permits non-cooperatively, and with
endogenous technology we show that there are gains from permit
trade even if countries are identical. Linking the permit markets
of different countries will turn permit issuance into intertemporal
strategic complements. This happens because issuing fewer permits
today increases investments in green energy capacity in all permit
market countries, and countries with a higher green energy capac-
ity will respond by issuing fewer permits in the future. Hence, each
country faces incentives to withhold emission permits.

JEL: F53, Q54, HS7.

I. Introduction

The COP 21 negotiations in Paris in 2015 show that broad international par-
ticipation in climate action is possible, and for the first time the world is close
to a global agreement. Importantly, the contributions are determined nation-
ally, and one key insight from the negotiations is that this approach has proved
more successful than the earlier attempts to build an agreement top-down. This
is the framework for this paper. We consider a situation where countries non-
cooperatively set their caps on emissions, and show that a simple linkage between
the emission permit markets can reduce emissions and raise investments in green
technology. This is the case even if countries are identical and no international
permit trade takes place in equilibrium.

Efficient management of global common goods such as a stable climate requires
international cooperation. Such cooperation is in many cases difficult to achieve
because countries typically face incentives to free-ride on other countries’ efforts
to reduce exploitation. The resulting over-exploitation is inefficient, but difficult
for any single country to prevent.

However, the number of existing emission permit markets is high and increasing.
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National permit markets are currently operated in Kazakhstan, New Zealand,
South Korea and all the EU member countries. Regional within-country markets
exist in China, Canada, Japan and several US states. China has also pledged
to launch a national carbon market in 2017. Furthermore, Tokyo, Rio, and five
Chinese pilot cities all currently operate their own city-wide emission permit
markets. Other national markets are under development.! There are also several
examples of markets that are linked, for example California and Quebec, a group
of eastern US states (the Regional Greenhouse Gas Initiative), and the countries
in the EU Emissions Trading System (EU ETS). For discussion, see e.g. Liski and
Montero (2011), Grubb (2012), or Newell, Pizer and Raimi (2013). This suggests
that permit market linkages could provide an important path towards global
coordination in fighting climate change. Indeed, Newell, Pizer and Raimi (2013,
p. 123) state that the “[...] dream of a top-down global design now seems far away,
if not impossible. Instead, we see a multiplicity of regional, national, and even
subnational markets emerging.” But the theoretical predictions regarding the
effects on emissions of such linkages are mainly negative, see e.g. Helm (2003). In
contrast to this, we find that linkages can produce substantial emission reductions.

We consider the introduction of permit market linkages between countries, with-
out assuming an agreement on the aggregate emission cap. We construct a dy-
namic model where a group of countries face climate change. In each country,
there are energy consumers, and producers who invest in durable renewable energy
production capacity. Each government non-cooperatively determines a domestic
emission cap. When permit markets are linked, emission permits can be traded
across borders. The main contribution of this paper is to show that permit mar-
ket linkages will lead countries to voluntarily restrict emissions, and thus result in
higher welfare. We also show that the same benefits can be generated by linkages
between renewable energy markets in different countries.

The mechanism we identify can be explained in three steps. First, fewer emis-
sion permits available in the market in any given time period gives a higher
equilibrium permit price. When there is international permit trade, this price is
the same in all countries. Second, a higher permit price will increase the demand
for — and thus the investment in — green energy, giving more available production
capacity in the future. Third, countries with more green energy capacity will issue
fewer permits because they put a high value on a high price. In total, these steps
imply that lower permit issuance in one country in a given time period leads to
lower issuance in all countries in future periods if the permit markets are linked.
Countries will exploit this mechanism by issuing fewer permits.

A few important policy implications can be drawn from our findings. The
recommendation to link markets is immediate. In addition, for a country partic-
ipating in international permit trade, limiting the number of permits issued has
a stronger effect on emissions than previously found in much of the literature.

IReuters, 2014. “China’s national carbon market to start in 2016 — official”, August 315t.
http://uk.reuters.com/assets/print?aid=UKL3N0R107420140831.



THE DYNAMICS OF LINKING PERMIT MARKETS 3

Furthermore, our results suggest that emission caps should be reset often. This
result is in contrast to the findings of Harstad (2015), who finds that because of
the hold-up problem, treaties should be long-lasting, and Harstad and Eskeland
(2010) who also recommend the caps be reset seldom.

In the literature, it is well understood that linking permit markets will lead to
gains as marginal abatement costs are equalized (see e.g. Flachsland, Marschinski
and Edenhofer (2009)). Other authors also discuss the effects of permit market
linkages on the incentives of policy makers (see e.g. Mehling and Haites (2009) or
Green, Sterner and Wagner (2014)). Helm (2003) and Rehdanz and Tol (2005)
explicitly model the incentives to alter the cap when markets are linked. Both find
that there is no ex ante reason to expect emissions to go down following linkage.
There is also a numerical literature, with mixed conclusions (e.g. Carbone, Helm
and Rutherford (2009) and Holtsmark and Sommervoll (2012)). However, these
papers only analyze static games. We show that including dynamics changes the
conclusions.

The failure to reach agreement in international negotiations is in line with
theoretical predictions from the literature, see e.g. Barrett (1994) or Hoel (1992).
Moreover, a general insight from the existing literature is that free-rider problems
are more severe when dynamics are taken into account (see e.g. Hoel (1991),
Fershtman and Nitzan (1991), Buchholz and Konrad (1994) and Beccherle and
Tirole (2011)). We show that when permit markets are linked, the effect of
including dynamics is the opposite.

There is also a literature that studies how cooperative behavior can be enforced
by the threat of Nash reversion, see Barrett (1994), Asheim and Holtsmark (2008),
Dutta and Radner (2004), and Dutta and Radner (2009). The basic assumptions
in these models are close to those in this paper. However, by restricting our
attention to Markov perfect equilibria, we show that punishment schemes are not
the only way to obtain higher welfare when policies are set non-cooperatively.

The paper proceeds as follows: we introduce the model in Section II, we solve
for the Markov perfect equilibrium and present our main results in Section III,
and we conclude in Section IV.

II. The model

Consider N countries interacting over an infinite number of time periods. In
each country, there are price-taking energy consumers and renewable energy pro-
ducers. All actors share the discount factor 8 € (0,1). The representative con-
sumer in country ¢ derives utility w;(e;;) from consuming e;; units of energy in
period t. u(-) is strictly concave, twice differentiable and reaches a maximum at
some finite level of energy use. We implicitly assume that the utility from con-
suming energy and a composite good taken as numeraire is separable. The same
is true for energy consumption and harm from climate change. Energy is available
from two sources, fossil and renewable. For simplicity, we assume that there is
an abundant supply of fossil energy available for all to consume at zero price. In



the online Appendix (Section F) we relax this assumption. Consumption of fossil

energy is denoted f;. Define f; = > y fj+ and let D; > 0 represent the constant

marginal damage incurred by country i per unit of fossil consumption.?

In each time period, each government issues emission permits that grant the
holder the right to consume fossil energy, and these permits can be traded among
the country’s energy consumers.® w;; denotes the number of permits issued in
country ¢ in period ¢, traded at price p;;. When permit markets are linked,
the permits can also be traded between consumers in different countries and the
permit prices will be equalized.

Consumption of renewable energy is denoted by z;. The two types of energy
are perfect substitutes, and total consumption is given by e;; = fit + zir. In each
period, the representative price-taking renewables producer in country 7 can un-
dertake an investment, i, at a cost ¢;(ry), with ¢;(0) = 0,¢.(-) > 0,¢/(-) > 0.
Investments are immediately available, and contribute to a stock of renewables
production capacity, denoted R;;. There are no variable costs in supplying re-
newable energy from the stock. In the online Appendix, Section D, we relax
this assumption. Domestic consumption and supply of renewables must be equal:
zit = it + Rir. 0 € (0,1) is the survival rate and the stock develops according to

(1) Rity1 = 0(Rit + i) Vi

The welfare of country ¢ in period ¢ consists of utility from consumption, re-
newables investment costs, damage from emissions, and, if there is international
permit trade, the net cost or revenue from trading permits:

(2) Uit = ui(fit + zit) — ci(rit) + pt - (wir — fir) — Di fe.

We find the natural timing within each time period to be as follows: First,
the governments simultaneously issue permits. Then, the renewables producers
invest, and finally, consumption is determined. The political process determining
permit issuance is relatively slow. In the EU, for example, there has been a long-
lasting debate on a tightening of the cap. Therefore, we find it reasonable to
allow investors to react to changes in the permit supply within each time period,
and energy consumers are typically able to react to price changes quite quickly.
These assumptions are crucial for the mechanism we identify.

2Let St be the stock of GHGs in the atmosphere in period ¢, and let Sty1 = (St + ft), with (1 —~)
as the decay rate. Then, let_each country incur a damage in period ¢ from the stock, represented by
the linear damage function D; (St + f¢). Golosov et al. (2014) argue in favor of using such a damage
function. They demonstrate that the linearity arises naturally as a composition of the concave relationship
between the atmospheric carbon stock and mean global temperatures and the convex relationship between
temperatures and economic damage. The increase in the present value of current and future damage by
a marginal increase in emissions in period ¢ would be D; = Zf_o:t(ﬁ’y)("*t)Dg(S-,—), which for constant
D;(S) = D, is equivalent to D; = I—D/é'y' In Section E in the online Appendix, we discuss the effect of
allowing the damage function D;(S; + f¢) to be convex.

31n reality, the holders of permits will primarily be producers of other goods, but are termed consumers
in order to distinguish them from the renewables producers.
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A.  Equilibrium consumption and investments

Consumers and producers behave in the same way independently of whether
permits are traded internationally. Let ¢;; denote the price of renewable energy.
In each period, the representative consumer in country i solves:*

max w;( fit + zit) — Pitfit — QitZit,
fit7z’it

(3) = w(futzi) =i w(fi+zi) = G

The price of renewables and permits must be equal in equilibrium, and we de-
note the common price p;;. The first-order conditions define the energy demand
function, e;(pit), with e}, (pir) = 1/u(eir) < 0.

The representative renewables producer in each country owns a production
capacity stock, takes prices as given with rational expectations, invests, and sells
the energy produced. Subject to stock transition (Equation (1)), they solve:

Tit

max {Z BT pittr (Ritr + Titr) — Cz’(Tit)} ;

7=0
(4) = dirie) = >_(B) ' pir = Put,
T=t

defining r;(pst), with 7}(pir) = 1/c/(ri) > 0. A higher price, pi, results in higher
investment and lower consumption, and hence lower emissions.

B. First best

Aggregate welfare is defined as the sum of welfare across countries, and the
first-best consumption levels and renewables investments solve:

WP = max Yy <ul-(f¢t + zi0) — ei(rit) — Dift) ,
{fiziera 13520 PR

subject to zjs = (Rjt +1j¢) Vj,t and Rj1 = 0(Rj + 1) Vj,t.

The first-best allocation is characterized by the following:

fzt+zzt ZD Vi, 1.

() = D045+ 557 + )=S0 it

J

4In Section A in the online Appendix, we provide conditions that assure positive fossil fuel consump-
tion Vi, t, and we also show that our main results still hold when these conditions are relaxed.
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Given equations (3) and (4), the first-best allocation can be implemented by a
price on emissions pr = Zj Dj, Vt.

C. Autarky

We consider only Markov perfect equilibria (MPEs), and the only payoff-relevant
state variables are the renewables stocks. We suppress time indices unless clearly
needed and next-period stocks are denoted by . Now define the initial supply of
energy and permits, i.e. the supply before the renewables producers make their
investments, s; = R; + w;, as the choice variable of the government in country i
and s = ), s;. Under autarky there is no international trade in emission permits.
Market clearing therefore requires s; = e;(p;) —7i(p;), defining the function p;(s;).
The government in country ¢ solves the following problem:

V(R ) = ma { e pi(5) — i 50) =P

) + BV (SR, + i) H) }

subject to stock transition (Equation (1)) and the behavior of consumers and
producers (Equation (3) and (4)). The first-order condition becomes:

dpz avaut

1

ds; OR;

0 = uex)el (i )p(51) — rav) ot — D+ 5ol )

The value function is linear in R; with OV /OR; = D;/(1 — 36), and the first-
order condltlon is solved by the s; that ensures pf“* = D; < pf'B and p; =

Di/(1 = pd), Vi.

The first-best solution and the governments’ solution under autarky make up
the benchmarks when we solve the model with international trade.

III. International permit trade
A.  Markov perfect equilibrium

We will now consider permit market linkages between countries. Emission per-
mits are traded between consumers in all N countries, and countries are still
free to issue as many permits as they wish. Consumption and investment de-
cisions are given by Equations (3) and (4), and the supply s is known at the
investment stage. Market clearing requires that z;(p) = R; + r;j(p) and that

> fi(p) = >_; wj, which gives:
(6) D eilp) =D i) =

J J
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The price prevailing in the market is only a function of s: p = p(s). We show
later in this Section that p/(s) = 1/(Zj(e;(p) - 7“;(]3))) < 0.

Each government determines freely the number of permits to issue, taking into
account the costs or revenues the country’s own energy consumers will have from
purchase or sales of permits. Importantly, the government also takes into account
how its own permit issuance affects the equilibrium price: the more permits in
the system, the lower the permit price. The reason no government will issue an
infinite number of permits in order to raise large amounts of revenue is that this
would drive the price to zero, and ultimately give the country zero revenue.

Define the strategy of the government in country 7 as a function h : RJI — R.
Under international permit trade, the government in country i observes the stocks
{R; }jvzl and chooses the action s; that solves the following dynamic problem:

Vi ({Ry},) = max {uz'(ei(p(S))) +p(s) (si + 7i(p) — €i(p(s))) — ci(ri(p))

(7) — D, Z +5Vtrade(5(R1+r1([§)),...,(5(RN+7”N(Z5)))},

subject to stock transition (Equation (1)) and the behavior of producers and
consumers (Equations (4) and (3)). From the choice of s;, the number of issued
permits, w; follows. The total supply, s, determines the permit price, p, through
the market clearing condition in Equation (6). The price determines 7;(p) and
ei(p) and the continuation values, Vi. Each government takes into account how
their own permit issuance affects the permit price, and hence investments and
consumption in the entire market. N first-order conditions define our MPE:?

0=p(s) +/(s) - (si +7i(B) — ei(p(s))) + P (s)ei(p) (ui(ei) — p(s))

trade+
gl 00 = dlr) = D S S

The first two terms give the marginal revenue for country ¢ from issuing one
additional permit: The direct gain p(s), and the gain or loss from the resulting
price decrease. The price decrease is beneficial if the country’s supply, s; + 74,
is smaller than its total energy consumption, but the benefit is decreasing in the
initial supply, s;. If the country’s supply is larger than its energy consumption the
price decrease is costly, and this cost is increasing in the initial supply. Therefore,
the marginal benefit of increasing the supply by issuing a permit will eventually
become negative, even for D; = 0. The next two terms represent the effect of the

5The first-order conditions rule out profitable one-step unilateral deviations, and the stage utility
in country ¢ (Equation (2)) is bounded from above when s_; is fixed. Then no profitable sequence of
unilateral deviations exists, and our candidate Markov strategies constitute an MPE. This equilibrium
is differentiable and interior.
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price decrease on the country’s consumers and renewables producers. Then, the
direct cost of issuing one additional permit due to higher climate damage is D;.

Finally, the price change lowers investments in renewables capacity in all coun-
tries. This results in lower future stocks of renewables, which may affect country 4
through the continuation value, 9V, 9" / 8Rj. This is what makes this dynamic
model fundamentally different from the static version presented in Helm (2003).
Because the renewables stocks are durable, it is possible for each government to
affect future behavior in other countries by changing their own permit issuance.
By issuing fewer permits, the government in country ¢ will push the price up,
which will increase investments in renewables capacity in all permit market coun-
tries. This results in higher renewables capacity in all countries in the next time
period.

We see that the value function in Equation (7) is linear in R;. And differenti-
ating the NV first-order conditions with respect to the stocks, R;, gives a system
of N x N equations defining the policy responses 0s;/0R;, Vi,j, and thereby
Ow;/OR;, Vi,j. This system can be simplified using Equation (3) and (4) and
the following result states the solution, with superscript trade denoting the MPE
under international permit trade:

LEMMA 1:

1) The equilibrium policy functions and permit issuance satisfy

dsjrede 0V e dwirede -1 ifj =1,
IR, ’ OR; 0 ifj#i

2) The value function is linear in the stocks, with

av;trade/aRj — DZ/(l — ﬁ&), Vi, j.

PROOF:

By inserting the policy response functions given in the Lemma in the value
function (Equation (7)), we see that it is given by V7% (Ry,..., Ry) = A; +
Zj Binj, with

) By=Dy/(1-50) vi
10) A= [l — ) + 5 7,

D, ~trade .

- DS+ S |

where TB; = sirade 4 r;(prade) — ¢;(p!re9¢) is independent of R; given the equi-
librium policy functions. Differentiating the first-order conditions (Equation (8))
gives the policy response functions. O
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Lemma 1.1 states that an increase in the stock of renewables in country ¢ will
lead to fewer permits issued by country i, one for one. To see why this has
to be the case, consider the alternative reactions to a one-unit increase in R;.
If country 7 decreased its issuance by less than one unit, it would experience a
price decrease at the same time as it raises its net supply. Similarly, if country
decreased its issuance by more than one unit, then s would decrease, and the price
would increase. Neither of these can be equilibrium behavior. In equilibrium, the
initial supply, s, is unaltered, the price remains unchanged, and no other country
reacts to the increased stock in country 7. The only effect of an increased stock
of renewables is reduced fossil energy consumption. This benefits country j by
avoiding damage D;, no matter where the emissions were supposed to have taken
place. Lemma 1.2 follows.

Given Lemma 1.1, the total supply of energy and permits is independent of the
renewables stocks. This means that the price must also be independent of the
stocks, and therefore constant over time. It follows that s,, for 7 > ¢, and p; are
also independent of Rj; and dp/ds = p'(s). And by differentiating the market
clearing condition (Equation (6)), we get p/(s) = W Finally, the effect
on the price itself of an increase in the permit sujpp]ly d(;es not depend on the
renewables stocks.

PROPOSITION 1:  When the permit markets of N countries are linked, coun-
tries can induce increased investments in other countries by withholding permits

today: %% < 0, Vi,j. As a result, permit supply in the different countries
) ) dwl dRT L
become intertemporal strategic complements: d;ﬂr dwji >0, Vi, 5.
J
PROOF:

We have dp/ds = p'(-) < 0: one less permit issued today will increase the
current equilibrium price. By Equation (4), this will increase investment in every
country, 7;(-) > 0, and by Lemma 1.1, future permit issuance will go down in
every country, 8w§-m‘ie JORj = —1, Vj. The renewables stocks constitute the only
link between current and future permit supply. O

The Proposition states that there is intertemporal strategic complementarity in
permit issuance, meaning that if one country issues fewer (more) permits in one
period, then the other countries will issue fewer (more) permits in future periods.
It is this link between issuance in each country in one time period and issuance in
all other countries in future time periods that creates the positive welfare effects
from international permit trade that we identify in this paper.

The link can be explained in the following two steps: first, the permit price
increases when fewer permits are issued today. Renewable energy producers in
every country respond to the increase in permit prices by increasing their invest-
ments. Second, when countries experience increased renewable energy stocks in

60ur definition of intertemporal strategic complementarity corresponds to the definition in both Jun
and Vives (2004) and Baldursson and Fehr (2007).
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the next period, by Lemma 1.1, they respond by issuing fewer permits. When
permits are only traded domestically, countries are unable to affect the price in
other countries. But under international permit trade, the price is common across
countries, creating this intertemporal link.

LEMMA 2: The equilibrium permit price is independent of time and of the stocks
of renewable energy capacity, and satisfies

—14+Q

11 trade _ D" < E’
= P 140

where D = Zj D;/N is the average marginal damage from emissions across
countries, and where we have defined, for notational purposes,

Q) = — 220 (5) /(5 (¢4 (p) — 5 (5)) > 0, Q= Y, 2 and 0 = Q/N.

PROOF:
Given Lemma 1, the first-order conditions (Equation (8)) can be simplified to:
0 =p(s) +p'(s)(si + ri(D) — ei(p(s))) — P'(s)ri()(ci(rs) — p(s))

/ -Dz !/ A
= D+ A0 () =55 2 (0.
J

We have C;t(ﬁt) —pe(st) = Zitﬂ(ﬁ‘sy_tpr(sr)» and we define 7/(p) = Zj 7“; (D)
Insert this into the first-order condition, sum over all ¢ and divide by N to get

/ /(5 o = D Y
by — W > (B0 'pr(ss) + D — pi(se)ri(p0) Dy f&;-
T=t+1

The initial supply, s, is independent of the renewables stocks by Lemma 1, and
therefore the price is independent of state and time. Solving for a constant p gives
the price as stated in the Lemma. O

In addition to N and D, the equilibrium price depends on the strength of the
reaction to price changes by consumers and producers, and on the survival rate
and the discount factor. That is because the strength of the incentive to withhold
permits facing each country is determined by these parameters. First, the magni-
tude of the price increase following reduced issuance in country ¢ depends on €’(+).
Second, 7/(+) together with § determine the effect on the future renewables stocks.
Finally, the value that country ¢ puts on future emission reductions depends on
the discount factor .

trade aut

Because p , as well as both pf** and pf'B | are time- and stock-independent

welfare can easily be compared in all time periods, not only in steady state.
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B.  Welfare implications

The introduction of international trade in permits affects welfare in two ways.
First, trade will lead to a cost-efficient distribution of abatement. Second, we have
seen that international permit trade affects the incentives faced by countries when
issuing permits, and thus aggregate emissions. The first effect is well understood,
and in this paper we are mainly interested in the second. Therefore, we start out
by assuming identical marginal damage across all countries to remove the scope
for pure cost-efficiency gains.

PROPOSITION 2:  Consider a group of N countries with identical marginal
damage, D; = D, Vi. Linking the permit markets of these countries reduces
emissions in every country and increases aggregate welfare by increasing invest-
ments and reducing consumption: 'r’fmde > rf“t, e;fm‘le < e;-l“t, ffr“de < fl-‘“‘t, Vi,
Zi V;tr(zde > Zz *Viaut'

PROOF:

The proof follows from Lemma 2. As p"® > D, every consumer and every
producer experiences a price increase when international trade is introduced. This
results in reduced consumption and increased investment in every country, thus
reduced emissions. As emissions in each country are inefficiently high under
autarky, these emission reductions increase aggregate welfare. O

Note that if countries are completely identical, the increase in aggregate welfare
means that welfare is increased in every country. But when wu;(-) and ¢;(-) differ
between countries, the welfare gains will not be evenly distributed because the
cost of decreased consumption and increased investments will differ, and some
countries may incur a net loss.

In the online Appendix (Section B.B2), we discuss how welfare effects in in-
dividual countries depend on the country’s characteristics, and we also consider
further heterogeneity across countries. Here, note that the analytical results will
be ambiguous if we allow for full heterogeneity. The reason is the following: in
the equilibrium with international permit trade, we have p!"® > D, while in
autarky p?“* = D;. Now, let countries differ in D;. In any country with D; < D,
international trade leads to a price increase, and hence to emission reductions.
This will also be the case for countries with D < D; < p'"®@ . However, there
might exist countries with D; > p!™®*_ and consumers and producers in these
countries will face a price decrease, resulting in increased emissions following the
introduction of international permit trade. If countries are identical with respect
to their energy demand and renewables supply, overall emissions will decrease
when international trade is introduced, as we show in a simplified version of the
model in the online Appendix (Section B.B1). However, when u;(-) and ¢;(-) differ
across countries, overall emissions could increase. This is what is shown in a static
model by Holtsmark and Sommervoll (2012). A full calibration of the model is
necessary in order to give clear-cut results in the case of full heterogeneity.

In the following, we discuss the determinants of the size of the welfare gains.
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PROPOSITION 3: As the number of countries, N, increases, the gain to the
average country from linking the permit markets also increases:

0 (1 1
| = Z Vvitrade - Z Viaut> >0,
ON <N i=1 N=

provided that the characteristics (R;, D;, w;i(-) and ¢;(-)) of the average country
do not change.

PROOF:
From Lemma 2, it follows that dp!"4¢/ON > 0, while we have Op¢“/ON = 0.
Average welfare increases with the permit price and the result follows. O

First, one permit withheld has a smaller impact on the international permit price
when N is large. Second, the effect of a given price increase on the aggregate for-
eign stock of renewables is larger when N is larger, because ), r; is more strongly
affected. The latter effect dominates and a larger NN results in a stronger incentive
to withhold permits and hence in a larger welfare gain when international permit
trade is introduced.

For a given number of participating countries, the strength of the incentives
countries have to withhold permits depends strongly on the discount factor and
the depreciation rate of the renewables stocks, as is highlighted in the following
Proposition:

PROPOSITION 4: The increase in the permit price following linkage of the per-
mit markets of N countries is higher if the discount rate, 8, and the survival rate
of the remewables stocks, §, are higher.

PROOF:
From Equation (11) in Lemma 2 we can see that dptrede /d(35) > 0, while
p® = D is independent of 3. U

B8 = 0 gives p"¥de = D = % > P and represents the static game studied
by Helm (2003). In the static game, there is no incentive to withhold permits
because there is no possibility to affect the other countries. On the other hand,
it is clear that for 56 — 1, the stock of renewables would explode, there would be
no fossil energy use in equilibrium, and there is no longer an international public
good problem. For values of 8 and § in between these two extremes, we have
shown that the incentives faced by the governments result in lower emissions and
higher welfare under international permit trade than under autarky. And the
parameters 8 and § can also be interpreted as a representation of the length of
the time periods. The static model in Helm (2003) represents the case where
the cap is set once and for all, while shorter time periods imply higher 5. In
light of this, our results can be interpreted as a support for resetting the caps
in international permit markets more often. This conclusion stands in contrast
to those of several papers in the literature. Harstad and Eskeland (2010) find
that permits should be long-lasting to avoid costly signaling by firms. Harstad
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(2015) finds that climate agreements should be long-lasting to avoid that the
costly hold-up problem appears “too often”. Battaglini and Harstad (2015) find
that this problem can be leveraged to support equilibria with large coalitions.
Our conclusions are therefore in line with Battaglini and Harstad (2015) as we
show that endogenous technology investments may lead to emission reductions.

So far, we have not considered trade in renewable energy, in order to focus on
the effect of linking permit markets. However, the mechanism leading to welfare
gains is driven by the common price on emission permits — and thus renewables.
And the common price can also be achieved by establishing trade in renewable
energy, even absent international permit trade.

PROPOSITION 5:  International trade in renewable energy alone is sufficient
for the welfare effects established in earlier results to accrue. Specifically, Propo-
sitions 1, 2, 3 and 4 carry over to a setting with international trade only in
renewables provided that e;(p'r*®¢) > wfmde > 0 for every country i.

PROOF:
Consider international trade only in renewables. Market clearing requires
fit = wje, Vit and 3z = > (Rjt + rji), Vt, which gives

Z ejt = Z(Sjt + Tjt) Vt.
J J

This is the same aggregate condition as in the case with international permit trade
only. As long as e;(p"?4¢) > wf"“de > 0, the equilibrium remains unchanged. This
condition is trivially satisfied if countries are identical. O
The result states that the welfare gains that we have found in this paper can
be reaped in two ways: by establishing international trade in either permits or
renewable energy. But trade in renewable energy often involves large transaction
costs because energy transportation is costly. Therefore, permit market linkages
may in many cases be the simplest way to reap the gains from a common price.
However, this final result shows the potential for welfare gains also in situations
where permit trade is difficult to establish — for example for political reasons.

IV. Conclusion

We consider international trade in emission permits in a situation in which
there are investments in renewable energy production capacities. We show that,
even if countries do not cooperate on the emission caps they set, a simple linkage
between their emission permit markets leads to reduced emissions and higher
welfare. This is the case even if countries are identical so that no trade takes
place in equilibrium.

In the online Appendix, we provide a range of extensions to the model. We
first consider a case where some countries can cover their entire energy demand
with renewable energy. Then, we go on to discuss the welfare effects of linkages
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when countries differ in their marginal damage. We also discuss the implications
for different countries of linkages, and consider a situation where one or more
countries can commit to future permit issuance. Furthermore, we extend the
model by adding a convex variable cost of producing renewable energy, and by
letting renewables investments be determined by the governments. Finally, we
discuss the size of the welfare effects we identify and show how they depend on
key parameters of the model.

There are also several other directions in which we believe that the framework
in this paper can be developed in future work. One is to identify which permit
market linkages are most beneficial to undertake. This will depend for example
on country characteristics, linking protocols or the timing of linkages. We also
believe that the insights from this paper can be applied to other international
common good problems, and future research should investigate this. Further-
more, in this paper, the linkage design itself has been given exogenously and
we have chosen the simplest possible design: when there is international trade
all permits can be traded between consumers in all countries, and there are no
transfer prices. However, there are interesting questions concerning both how
different designs would affect the outcome, and what the prevailing design would
be if the countries were allowed to negotiate over this before or after entering
the agreement. Finally, and related to the previous point, trade sanctions can
potentially constitute a powerful incentive for abatement, and investigating the
potential of trade sanctions as a deterrent in a dynamic setting with international
permit trade could be an important next step in this literature.
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