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Abstract  In the European Union Emissions Trading System, the supply of carbon permits
is determined in a decentralized manner by Member States. Alternatively, the supply could be
determined by an EU central authority. We analyze whether decentralization leads to lower
total abatement costs under various assumptions about the behavior of Member States and
the privacy of information about their abatement costs. If Member States do not behave stra-
tegically, then decentralization is preferred, regardless of whether abatement costs are private
information. If the Member States behave strategically, then decentralization may or may not
be preferred, depending on the degree of uncertainty about abatement cost parameters, the
variation in emission endowments, and the number of Member States.

Keywords Decentralization - Emissions trading - European Union - Pollution abatement -
Private information

1 Introduction

The European Union Emissions Trading System (EU ETS) is the second large scale policy
application of pollution permit markets, following the US sulfur permit market. As described
by Kruger et al. (2007) and Bohringer et al. (2005), the structures of the two markets dif-
fer significantly. In the EU ETS, the supply of carbon dioxide permits is determined in
a decentralized manner. Each Member State allocates an endowment of emissions to the
permit market. The sum of these allocations over all Member States yields the supply. In
the US sulfur permit market, the supply is determined by a single regulatory authority.
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Kruger et al. (2007) ask whether a similar arrangement might improve the performance of the
EU ETS: rather than having each Member State allocate emissions, might it be better to have
the EU central government make these decisions? The question is particularly relevant given
that the EU’s recent proposal for subsequent periods of the EU ETS does indeed recommend
a centralized determination of permit supply (Commission of the European Communities
2008). Clearly there is an opportunity for economic analysis to inform the debate.

In this paper we identify some advantages and disadvantages of such centralized deci-
sion making. We construct a formal model containing these elements and delineate con-
ditions under which centralization is preferred to the current decentralized structure of the
EU ETS. Although political economy considerations such as “competitiveness” between
emission sources in various Member States may play a role in actual policy deliberations,
we abstract from such issues here and focus solely on Member States’ costs of abating
emissions.

It is natural to consider two abatement cost functions for each Member State because the
EU ETS divides the sources of carbon emissions into two sectors, trading and non-trading.
Each Member State has a fixed endowment of carbon emissions (the sum of which is equal
to the EU-wide Kyoto Protocol target). A Member State allocates its endowment between
the two sectors for sources within its border. The amount of emissions allocated to the non-
trading sector directly determines the abatement costs for that sector. But the amount of
emissions allocated to the trading sector, aggregated over all Member States, determines the
supply of permits in the EU ETS. After the supply has been determined, the market opens
and individual trading-sector sources in the various Member States may buy and sell permits.
These market actions determine the abatement costs in the trading sector.

We analyze the interplay between behavior, information, and decentralization. We assume
the EU central authority seeks to minimize total abatement costs, subject to the constraints
on the Member States’ emission endowments. In contrast, we assume each Member State
is concerned with only its own abatement costs. Moreover, because there are relatively few
Member States, a given Member State may act strategically when considering the amount
of emissions to allocate to the trading sector. These considerations offer an advantage to
centralization. Alternatively, one of the main tenets in the fiscal federalism literature is that
local governments “possess knowledge of both local preferences and cost conditions that a
central agency is unlikely to have” (Oates 1999, p 1123). Applying this insight to the EU ETS
suggests that the Member States have better information about their own abatement costs
than does the EU central authority. This consideration offers an advantage to decentralization.
The information of the Member States themselves in regard to the abatement costs of other
Member States is yet another consideration. While perhaps not as obvious as the others, we
will see the consideration that abatement costs are private information offers an advantage
to centralization.

Following Vives (2002), we consider four combinations of behavior and information
for the Member States. In each case we compare the total abatement costs of the existing
decentralized system to an alternative centralized system. When behavior is strategic, the
Member States account for the fact that their allocations to the trading sector subsequently
influence the price in the permit market. Thus, a Member State may want to manipulate the
price to lower its abatement costs. When behavior is nonstrategic, the Member States do not
account for the effect of their allocations on the permit price. Regardless of the behavior of
the Member States, we assume that the permit market itself is competitive, given the supply
of permits. This is because the market consists of over 12,000 sources, so no single source
has market power. The information of the Member States about the other Member States’
abatement costs gives rise to our two information structures. When there is full information,
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the abatement costs are common knowledge among the Member States. When there is pri-
vate-information, the abatement costs of a Member State are private information to that
state.

Because aggregate carbon emissions are fixed by the Kyoto Protocol, cost-effectiveness
is the appropriate first-best welfare criterion for evaluating the EU ETS. In the cost-effective
solution, total abatement costs are minimized subject to the constraint that total emissions
equal the Kyoto protocol target. Our benchmark case consists of full information and non-
strategic behavior: under fairly general conditions, we show that the decentralized system is
cost-effective and so is clearly preferred to the centralized system. Although this result offers
support for the current design of the EU ETS, one might argue that it is unrealistic to assume
that Member States will behave nonstrategically and that they have full information about
abatement costs. To see the effects of relaxing these assumptions, we restrict the model to
quadratic abatement costs and determine whether the decentralized system or the centralized
system leads to lower total abatement costs. Private information increases the relative costs
of decentralization, but as long as Member States are nonstrategic, decentralization is still
preferred. Strategic behavior also increases the relative costs of decentralization, and in fact
this increase is large enough to make the choice between centralization and decentralization
ambiguous. With strategic behavior, it is possible that the centralization leads to lower costs,
depending on the number of Member States, the degree of uncertainty about abatement cost
parameters, and the variation in emission endowments.

It is interesting to interpret our results in the context of the EU principle of subsidiarity,
a legal principle designed to be a check on central authority. According to this principle,
actions should generally be taken at the Member State level, unless actions at the EU level
would be more effective. Our results identify conditions under which the centralized system
leads to lower expected total costs that the decentralized system, and hence actions at the EU
level may be appropriate.

2 The Models and a Benchmark Solution
2.1 The General Model

Let W be the EU-wide Kyoto protocol target level of emissions. Because this is fixed, we need
only consider abatement cost functions, not damage from emissions. There are m Member
States, where m > 2. Let w; be the Kyoto endowment of emissions for Member State i,
with D" w; = W. The average endowment is w = W/m and the variance of the endowment
is var(w) = (1/m) > (w; — )2. The two sectors in each Member State are summarized
by their abatement cost functions. Let cf (t;) be the abatement cost in the trading sector of
Member State i as a function of emissions of the trading sector #;; let c? (n;) be the abate-
ment cost in the non-trading sector as a function of emissions of the non-trading sector ;.
We refer to —ac{ (x)/0x as the marginal abatement cost in sector j of Member State i,
wherei € {1,...,m}and j € {t, n}. The minus sign arises because increases in abatement
correspond to reductions in emissions. As is standard, we assume that marginal abatement
cost functions are positive decreasing functions of emissions.

We define an emissions profile (¢;, n;){"_; to be cost-effective if it minimizes aggregate
abatement costs, subject to the constraint that total emissions equal W. A planner with full
information about abatement costs would solve

@ Springer



416 D. A. Malueg, A.J . Yates

min Z(cf(t,-) + ¢ (n;))

(ti,n;)

such thatZ(z,- +n)=W. 1)

The first-order conditions imply that the marginal abatement costs are equal across sectors
within a Member State and also equal across all Member States. Let the solution to this
problem be denoted by (¢, n)/ .

Our information structures are drawn from the Industrial Organization literature, where it
is sometimes assumed that rival firms know each others cost parameters, but a government
regulator does not (see for example, Bernheim and Whinston 1986). In our model, Member
States correspond to rival firms and the EU central authority corresponds to the government
regulator. So we initially assume that, in the full-information case, Member States have better
information than the EU central authority about other Member States’ abatement costs. Alter-
natively, one might argue that when the Member States know each others’ abatement costs,
the EU central authority knows them as well. In Sect. 3.6 we present a complete analysis of
the model under this alternative assumption.

2.2 The Decentralized Solution

Now consider the decentralized problem facing each Member State. A Member State must
decide how to allocate its Kyoto endowment of emissions, w;, between the trading and non-
trading sectors. Suppose that Member State i allocates emissions e; to the trading sector.
It immediately follows that emissions of the non-trading sector are w; — ¢;. We refer to
the relation e¢; + n; = w; as the emission-endowment constraint. Emissions of the trading
sector, #;, will not generally equal ¢;, however, as sources in the trading sector will buy and
sell permits. The exact form for a Member State’s decentralized problem will depend on the
various combinations of information and behavior.

Member States may or may not account for how their choice of e; influences the permit
price. But, because many sources buy and sell permits, we assume that, the permit market
itself is competitive once the sector allocations have been specified. It is well known that a
competitive permit market equilibrium minimizes aggregate abatement costs. A convenient
way to characterize the equilibrium uses the aggregate abatement cost function for the trading
sector, defined as

C'(E) = min PRAD)
such that Z ti = E, 2)

where E, the supply of permits, equals > ¢;. The Lagrange multiplier for this problem cor-
responds to the equilibrium price of permits p. So the first-order condition for #; can be
written

dej (1)

o, P (3)
the familiar result that marginal abatement cost equals the permit price. Equation (3) defines
the trading-sector constraint. It delineates how the emissions of the trading sector are deter-
mined by the market price of permits.

Because we assume the permit market is competitive, the variable ¢; is not a choice var-
iable for the Member States. Given the price of permits (which will indeed depend on the
choice variables ¢;), the variable #; is completely determined by the trading sector constraint,
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and in turn #; determines the trading sector abatement costs. For all the cases we consider,
then, a strategy for each member state is simply a choice of e;.

2.3 A Decentralization Benchmark: Full Information and Nonstrategic Behavior

Consider first the combination of full information and nonstrategic behavior. Member State
i selects e; to minimize the sum of abatement costs and permit expenditures, subject to the
trading-sector constraint and the emission-endowment constraint. So Member State i solves

min ch(t) + cl'(ni) + p(ti — e) 4)
act (¢
such that — i (1) =p
at;

e +n; =w;

e; >0n; >0.

Because the Member State does not behave strategically (i.e., it does not account for the
effect of its decisions on the market price of permits) the trading-sector constraint is not a
function of ¢; and hence is superfluous for determining e;. Substituting the emission-endow-
ment constraint into the objective function (4) yields a problem in terms of the single variable
e;. The first-order condition for an interior solution requires that the marginal abatement cost
in the non-trading sector equals the price of permits.

Even though a Member State does not account for the effect of its decisions on the market
price of permits, it does account for the choices of the other Member States. The solution to
the decentralized system is thus described by a Nash equilibrium. A profile of allocations to
the trading sector is a Nash equilibrium if ¢; solves (4) for each i. To determine this equilib-
rium, one solves the m first-order conditions for the m choice variables ¢;. At first blush, it
may seem difficult to solve for the equilibrium because the price appears in the first-order
conditions. By solving (2), we can determine the market price as a function of >_ ¢;, so the
first-order conditions can be written exclusively in terms of the variables e;. Given the Nash
equilibrium values e;i, the values for tid and n? are determined by the trading-sector and
emission endowment constraints (the superscript d denotes “decentralized”).

Our first main result gives conditions under which the decentralized solution is cost-effec-
tive. The proof is in the Appendix.

Proposition 1 Suppose that the Member States have full information and do not behave
strategically. If w; > n} for each i, then the decentralized solution is cost-effective.

Consider the intuition for Proposition 1. Each Member State sets the marginal abatement
cost in the non-trading sector equal to the market price of permits. In the equilibrium of
the permit market, the trading sector constraint implies that marginal abatement costs in the
trading sector equal the market price of permits. Thus, marginal abatement costs are equal
across both sectors within a Member State and also equal across all Member States. This is
the condition for cost-effectiveness.

In subsequent sections, we analyze what happens when Member States do not have full
information (hence the market price is uncertain) or they behave strategically (hence they
account for the influence of their choice of e; on the market price).
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2.4 The Centralized Solution

In the centralized solution, the EU central authority determines how the Kyoto endowment
of emissions is allocated between the trading and non-trading sectors for each Member State.
The sum of the allocations of emissions to the trading sector yields the supply of permits.
Then the permit market opens and the emissions of the trading sectors across Member States
are determined by the market. Hence the emissions of the trading sector, #;, for a given Mem-
ber State will generally be different from the allocation of emissions, ¢;, assigned by the EU
central authority to that Member State.
The EU central authority’s problem is

néli_né‘[Ct(Zei)] + Zé‘[c?(m)]
1

suchthate; +n; =w;, i=1,...,m,

e >0 n; >0,

where £[ - ] denotes the expectation operator. Substituting the constraints into the objective
function yields a problem in terms of the m choice variables e;. The first-order condition for

an interior ¢; is
aC! ac”
El — | =& =+ | =0. 5)
0E on;

By the Envelope Theorem, the first term is equal to the negative of the expected market price.
So the first-order condition indicates that expected price is equal to the expected marginal
abatement costs in the non-trading sector.

The centralized solution is described by the quantities e, nf, and #{ (the superscript
c denotes “centralized”). The values for ef are found by solving the system of m equa-
tions specified by (5). The values for n{ follow from the emission-endowment constraint
e; +n; = w;. In the trading sector, firms will purchase permits until the marginal abate-
ment costs equal price. Thus the values for #{ follow from the trading-sector constraint (3).
See the Appendix for details of these calculations.

3 Centralization Versus Decentralization: The Roles of Private Information
and Strategic Behavior

‘We now compare the centralized solution to the various decentralized solutions. To determine
a given decentralized solution, we first solve a system of first-order conditions for the Mem-
ber States’ allocations of emissions to the trading sector (as the Nash equilibrium is defined
with respect to these variables). The allocation of emissions to the non-trading sector and the
emissions of the trading sector then follow by the emission-endowment and trading-sector
constraints.

To obtain an analytical solution, we consider a special case of quadratic abatement costs.
Let the non-trading sector abatement costs be given by

¢ (i) = Ai = yini + (/2 (n)*,
and let the trading sector abatement costs be given by

cl(t;) = Di — 6;t; + (A /2) (1)
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The parameters A; and D; simply define the cost of obtaining zero emissions and they do not
play a role in our analysis. The relevant heterogeneity between Member States is captured
solely by the parameters y; and 6;. The parameters © and A are common knowledge to all
Member States and the EU central authority. In the absence of any regulation, the sectors
would emit y; / and 6; /A, where the marginal benefit (to firms) of additional emissions is
zero. These are commonly called the “business-as-usual” levels of emissions. By substituting
the quadratic cost functions into (2) and solving for the Lagrange multiplier, we see that the
equilibrium price of permits is

p=0—1e, (6)

where ¢ = (1/m) > e; is the average permit supply.

In the quadratic-cost model, our two information structures relate to the parameters y;
and 6;. We consider cases in which the Member States have full information or private infor-
mation about these parameters. When there is full information, the y;’s and 6;’s are common
knowledge among the Member States. When there is private information, Member State i
knows the value of its own parameters, but considers y; to be arandom variable with expected
3, and considers 6; to be a random variable with expected value 6 and
variance 092. A Bayesian-Nash equilibrium is used to characterize the decentralized solution
in the private-information case. In either case, the Member States have an informational
advantage over the EU central authority. (We will relax this assumption in Sect.3.6.) The
EU central authority does not know the true values for the y;’s and considers them to be
random variables with expected value 7 and variance 03. Likewise, the EU central authority

value y and variance o

considers the ;s to be random variables with expected value 6 and variance 092. We assume
all the random variables are independent of each other.

We start with the full-information, nonstrategic case. From Proposition 1, we know that
decentralization is better than centralization in this case, but it is instructive to show this for
the quadratic abatement cost functions before tackling the private-information and strategic
cases.

3.1 The Full-Information, Nonstrategic Case

As discussed above, in this case each Member State i solves (4). The solution for ¢; is
described by the first-order condition
B act (w; — e;)

811,' o

With the quadratic abatement cost functions, this becomes

vi — u(w; —e;) = p. @

Using the expression for p from (6), we can solve the m equations from (7) for the Nash
equilibrium quantities efl. The values for tid are found from the trading-sector constraint (3).
Finally, the values for nl‘-l are determined by the emission-endowment constraint e; +n; = wj.
See the Appendix for details of these calculations.

We can now compare the expected total costs of the decentralized solution, 4, to the
expected total costs of the centralization solution, C°. We have

¢! = Sefet () ]+ e[t ()]
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and

¢ =S e[canH)]+ D e[rmd].

In the Appendix, we show that the difference between expected total costs is

cd—CC=—GV2(m— * )— %

21 M+ A 2(n+2)

As expected from Proposition 1, this expression is negative, implying that decentralization
leads to lower expected total costs than centralization. As the number of Member States
increases, the per Member State cost advantage of decentralization increases, and in the limit
is ﬁaf.

Turning now to the other cases, we first describe the decentralized solution for each case.
In particular, we determine the first-order conditions for ef’. Rather than discussing the com-
parison to the centralized solution on a case by case basis, we wait until all the cases have

been described and then make the comparisons all at once.

3.2 The Full-Information, Strategic Case

In this case, we continue to assume that Member States have full information about the y;’s
and 6;’s, but they do account for the effect of e; on the price of permits. Recall from (6) that
the market price of permits is & — Ae. Thus, Member State i solves

min c} (1) + ¢f (ni) + (0 — A&) (1 — ei) ®)

such that 6; — At; =6 — Ae ©)
ei +n; = w;
e; >0 n; >0.
The trading-sector constraint(9) is now a critical part of the Member State’s problem. The
Member State realizes that the choice of ¢; influences the price of permits, which determines
the emissions of the trading sector, which in turn determines trading sector abatement costs.
Substituting the trading-sector and emission endowment constraints into the objective func-

tion yields a problem in terms of a single variable e;. The first-order condition for an interior
solution is

Vi — m(w; — e;) — (0 — xe) — (1/m)(6; — 6 + 1&) + (»/m)e; = 0. (10)

The Nash equilibrium is found by solving the set of m equations corresponding
to (10).
To interpret the behavior of the Member States in this case, we use (9) to rewrite (10) as
Vi — u(wi —e;) — ((0 — re) — (A/m)e;) —(A/m)t; = 0. 1D
—_—————

MC=—dc} /dn; MR

The term labeled MC is analogous to the marginal cost of production for a traditional Cour-
not oligopolist. (For a Member State, the cost of “producing” e; is that non-trading sector
emissions must be reduced by an equivalent amount.) The term labeled MR is analogous
to the marginal revenue for a traditional oligopolist facing demand curve p(&) = 0 — Ae.
Suppose for the moment that a given Member State did not have any sources in the trad-
ing sector. Then such a Member State would indeed act as a traditional oligopolist and set
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N MC = —0c}/on;
P

act Jot;

MR

i é; €, t;

Fig. 1 Strategic behavior

MC equal to MR so that “profit” from permit sales is maximized. Now return to our gen-
eral model in which the Member State does have sources in the trading sector. Intuitively,
the Member State behaves differently from a Cournot oligopolist because it accounts for
the fact that some of the demand for permits comes from its own trading sector. Indeed,
Eq. (11) shows that, in addition to marginal cost and marginal revenue, there is an additional
term (A/m)t; due to the trading sector. So marginal cost exceeds marginal revenue at the
optimal e;.

Figure 1 gives a graphical explanation of (11), particularly the source of the (A/m)t;
term. Starting with a traditional Cournot oligopoly diagram (consisting of M C, D, and M R
curves) we have added the Member State’s marginal abatement cost in the trading sector.
The marginal cost curve—equal to the marginal abatement cost in the non-trading sec-
tor—slopes upward because it is presented as a function of e; rather than n; (reflecting the
emission-endowment constraint). Conversely, the marginal abatement cost in the trading
sector slopes downward because it is presented directly in terms of #;. The demand curve
is equal to the horizontal sum of all Member States’ non-trading sector marginal abatement
cost curves and hence lies above the non-trading sector marginal abatement cost curve of
the individual Member State. Suppose that the Member State initially selects an endow-
ment of emissions ¢; such that marginal revenue is equal to marginal cost. This yields a
market price for permits p and trading sector emissions #; (where price is equal to mar-
ginal abatement cost). At this point, profit from permit sales is maximized, but we must
also account for total expenditures in the trading sector. Total expenditures include permit
purchases (the striped rectangle) and abatement cost (the striped triangle). Now consider
a small increase in the endowment of emissions from ¢; to ¢; + Ae;. From the demand
curve, this leads to a change in price of Ap = —(A/m)Ae;. The first-order change in
total expenditures in the trading sector is fi * Ap = —(\/m)f; Ae;. This dominates the
first-order change in profit from permit sales (which is zero), so the welfare of the Mem-
ber State increases. From (11), we see that the Member State should continue to increase
¢; until the loss in profit on permit sales is just equal to the reduction in trading sector
expenditures.
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3.3 The Private-Information, Nonstrategic Case

In this case, the parameters y; and 6; are private information to Member State i. Thus, a
Bayesian-Nash equilibrium is the appropriate solution concept. Member State i solves

Ilgng[cf-(ti)-i-cg’(ni)-i-P(fi — ey, 0; | (12)
such that 6; — At; = p (13)
e +n = w;

eiZO niZO~

As with the other nonstrategic case, the trading-sector constraint (13) is not needed to solve
for e;. After substituting the emission-endowment constraint into the objective function, the
first-order condition for an interior solution is

vi—nwi —e)—E[plyvi.6i]|=0. (14)

In the non-trading sector the marginal abatement cost is equal to the expected price for permits.
The Bayesian-Nash equilibrium is found by solving the set of m equations corresponding to
(14).

3.4 The Private-Information, Strategic Case

In the final case, Member States account for the effect of ¢; on price and also have private
information about abatement costs. Member State i solves

rr;ing[cf(ti) + (i) + (0 — r&)(ti — e)|yi. 6; | (15)
such that 0; — At; = (6 — Aé) (16)
e +n; = w;

e; >0 n; >0.

Following the other strategic case, we substitute the emission-endowment and trading-sector
constraints into the objective function. The first-order condition is

vi — n(w; —e;) —E[(0 — re) + (1/m) (6; — 6 + re) — (W /me; | yi, 6; ] =0. (17

The Bayesian-Nash equilibrium is found by solving the set of m equations corresponding
to (17).

3.5 Comparisons

We now make the centralization versus decentralization comparisons, following the tem-
plate of the full-information, nonstrategic case. Solving the appropriate system of first-order
equations for e? yields the (Bayesian) Nash equilibrium. The constraints determine tid and
nfl, from which the cost difference C¢ — C¢ can be calculated. We provide details of these
calculations in the Appendix. The results, including the full-information, nonstrategic case
for reference, are shown in Table 1. If C¢ — C¢ is negative, then decentralization leads to lower
expected total costs than centralization.

The results in Table 1 enable us to isolate the effects of private information and behavior.
Consider, for example, the first and third rows. The difference between C¢ — C¢ in these rows
gives the effect of moving from full information to private information, keeping behavior
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Table 1 Summary of results

Case cd —cc

2 2

o o

4 A 0
Full-Info —oL (m _ m) S
Nonstrategic

2
2 MR fma
Full-Info szar(w) — o2 ((m 2 L1 )
v 2 2(pu+A
Strategic 2(um+2) (mp+1) (u+2)
2
_“76( 2,2 2)
Sy W (m*—m+ 1)+ (m+ Dip+ A
. szz 0'92
Private-Info ST~
Nonstrategic
2
ivate- _mw® T G vt IOV vty wy

Private-Info am )2 var(w) — o,m Soirnom D) % 2m 1)2(m2u+k(2m—1))2

Strategic

constant at nonstrategic. This and similar calculations yield the following proposition. (The
proof is straightforward but algebraically tedious.)

Proposition 2 Keeping behavior constant, moving from full information to private informa-
tion increases C¢ — CC. Keeping information constant, moving from nonstrategic behavior
to strategic behavior also increases C¢ — C°.

Proposition 2 shows that the difference in expected total costs is greater when the Member
States have private information than when they have full information. Thus private informa-
tion confers an advantage to centralization. Likewise, the difference in expected total costs is
greater when the Member States behave strategically than when they behave nonstrategically.
Thus, strategic behavior also confers an advantage to centralization.

Turning now to the question of whether the current structure of the EU ETS can be
improved by centralization, the following proposition follows directly from Table 1.

Proposition 3 If Member States are nonstrategic, then C? — C¢ < 0.

Proposition 3 shows that decentralization leads to lower expected total costs when Mem-
bers States are nonstrategic, regardless of whether information is full or private. (Recall that
Member States have an informational advantage over the central authority.) Combining the
results of Propositions 2 and 3 shows that, if Member States are nonstrategic, then even though
private information makes centralization more appealing, the increase in the cost difference
is not enough to make centralization the better choice.

If Member States are strategic, then the sign of C¢ — C€ is ambiguous for both full and
private information. For these cases, C¢ — C¢ depends on three terms (see Table 1). The first
term is positive and the other terms are negative, implying that either decentralization or
centralization may lead to lower total expected costs, depending on the values of the parame-
ters crf, 092, var(w), and m. The effects of the informational parameters are straightforward.
Suppose that (ryz, the variance of the EU central authority’s uncertainty about non-trading
sector abatement costs, increases. Then the magnitude of the second term increases, which
makes it more likely that decentralization is preferred. A similar result holds for 002, the
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variance of the EU central authority’s uncertainty about trading sector abatement costs. As
both variances go to zero, centralization is preferred.

Now consider the variance of the Kyoto emission endowments. If var(w) increases, then
the magnitude of the first term increases, which makes it more likely that centralization is
preferred. If var(w) goes to zero, then decentralization is preferred. We see that the ability
of the Member States to manipulate the permit market is related to the distribution of the
Kyoto emission endowments. In actual practice, there is wide variation in the Kyoto emis-
sion endowments (see Convery and Redmond 2007) and hence we might expect a significant
degree of strategic behavior. Although he considers a different market structure, Hahn (1984)
also finds that the distribution of the emission endowments plays a critical role in determining
the degree of market power.

The final parameter is m, the number of Member States. In its current form, the EU has
27 member states. Simple intuition suggests that as the number of Member States increases,
the ability of a given Member State to manipulate the market to its advantage decreases. So
for large values of m, the decentralized system should lead to lower total expected costs. The
effect of an increase in m on the first term is ambiguous. Suppose for the moment, though,
that var (w) is kept constant with respect to m. As m increases, the magnitude of the first term
decreases to zero and the magnitude of the second term increases. So for large enough m,
the cost difference must be negative, confirming our intuition that only for small values of m
is it possible that centralization is preferred to decentralization. This result continues to hold
even if var(w) “modestly” increases in m.

3.6 Alternative Informational Assumptions

As discussed above, one might argue that when the Member States have full information,
then the EU central authority has full information as well. It is easy to adapt our analysis to
account for this possibility. Suppose that ex ante, the y;’s and 6;’s are random variables, and
when there is full information, these parameters are revealed to both the EU and the Member
States before they make their decisions. When there is private information, y; and 6; are only
revealed to Member State i. The analysis of private information is thus the same as before,
only the full-information cases require a new calculation. In other words, the entries in the
first and second rows of Table 1 would change, but the entries in the third and fourth rows
would not.

For full information, then, we first determine a new centralized solution, and then compare
this solution to the decentralized solution for the two types of behavior. It turns out that the
new centralized solution is exactly the same as the decentralized full-information, nonstrate-
gic solution. So the new entry in the first row of Table 1 would be zero. The new entry in the
second row, reflecting the ex ante value of c? — ¢ for the full-information, strategic case,
would be

2 2

mu
Var(w) + Jf(m — l)m

2(um + A)?

n

2
).
o (m )Z(Mm + )2

This expression is positive, because in this case, the Member States do not have an infor-
mational advantage over the EU central authority and they behave strategically. So clearly
centralization is preferred.

The main effect of these changes is on the role of private information. Keeping behavior
constant, moving from full information to private information now decreases C¢ — C°. So
private information confers an advantage to decentralization. This is opposite to Proposition 2.
Why the difference? Proposition 2 identifies the effect of Member States’ moving from full
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information to private information, keeping the information of the EU central authority fixed.
The new result identifies the effect of both the Member States and the EU central author-
ity moving from full information to private information. Member States’ moving to private
information confers an advantage to centralization, but this effect is overwhelmed when the
EU central authority moves to private information as well.

4 Conclusion

Our findings offer guidance for the design of the EU permit market. Given the size and
prominence of this market, it will no doubt be a model for other regional permit systems.
So our findings will likely apply to them as well. The performance of a decentralized permit
system depends critically on whether the individual Member States behave strategically. If
they do not, then, within the context of our model, the permit market should be decentralized.
If they do, then the centralization versus decentralization question depends on the number of
Member States, the degree of uncertainty about abatement cost parameters, and the variance
of the Kyoto emission endowments.

For analytical clarity, we have analyzed the choice between two extreme systems. In the
decentralized system, the choice of permit endowment is determined solely by the Member
States, and in the centralized system, the choice of permit endowment is determined solely
by the EU central authority. In current practice, the EU ETS employs a modified form of the
decentralized system, in which the choices of the Member States must be approved by the
EU central authority. In a modified centralized system, these roles could be reversed. One
may perhaps analyze systems of this type by employing a leader-follower framework. It is
likely, however, that the parameters identified here will continue to play a critical role in the
comparison between centralization and decentralization.
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Appendix

Proof of Proposition 1 The first-order conditions for (1) define the first-best solution ¢, n7.

dct(t¥) dct (n*) . o
We have —-—= = —A and —§-= = —A, where A is the Lagrange multiplier for the
constraint. The first-order condition for an interior solution to the decentralized problem (4)
. act i—e; . . act i
is %ie) = —p. By the trading-sector constraint, we also have Cér(:) = —p. Let the

solution to these equations be given by 7 and ¢;; and let i; = w; — &;. We need to show that
i = t¥,n; =n},and ¢; > 0.
First note that in equilibrium, we have >_# = >_ &;. So

Zfi-i-Zﬁi :Zéi-‘rZ(wi—éi):Zéi-i-Zwi—Zéi ZZwi =W.

Next we show that p = A. Suppose instead that p < A. By the assumptions on the first and
second derivatives of ¢’ and ¢”*, we have ; > t¥ and i; > n}. But then
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Table 2 Expectations

y % y and 0
Elv)=7 glo]=0 E[vio; | =70
S[)ﬂ}:o%/m-i-yz 8[9_2}202/m+6~2 5[)70_]:)75
Elviv)=0l/m+7*  E[60])=0F/m+6>  E[vi6] =70
E[S11=0 E[S]1=0 Eloiv] =70
5[(s1)2} — mo?2 5[(S2)2} = mo? E[515,1=0
E[$0] =02 g[si0]=0

S+ i) > D> ) =W,

a contradiction. Likewise, if p > A, we get a contradiction. Thus, p = A and hence #; = tf
and 72; = n?. It follows that ¢; = w; — ii; = w; — n} > 0, where the last inequality follows
by the assumption that w; > n}. O

Comparing the centralized solution to the decentralized solutions will involve the expec-
tations given in Table2. Let S| = > (y; — y) and S, = D> (6; — 6).

Before analyzing the various solutions, we note that from (3) and (6), the trading-sector
constraint can be written as

= %(9,- _0) +e. (18)

Member States with a greater than average cost parameter will have greater than average
emissions in the trading sector. For the nonstrategic cases, we use (18) to calculate emissions
in the trading sector after the equilibrium ¢;’s have been determined. For the strategic cases,
we substitute (18) into the objective function for the Member States before taking the deriv-
ative with respect to e;. After the equilibrium e;’s have been determined, we use (18) once
again to specify emissions in the trading sector.

Centralized Solution
The solution to the system of equations corresponding to (5) is

1 -
¢yt G — 7 — i),
¢ wl+ﬂ+)\( 14 w)

hence

1 -
e=——0O— 7+ uw).
/L-H»( Y+ puw)

From the emission-endowment constraint we have
ce LG G4
n, = — w).
i Y 14

From (18) we have

1 _ 1 -
1£=—0 —0)+ ——(@ — 7 + pw).
; k(, )+M+A( Y + pw)
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Full-information, Nonstrategic Case

The first task is to solve the first-order conditions (7). Substituting (6) for p into (7) yields
Vi — n(w; —e;) — (@ — re) = 0.
Solving the set of m equations for the m unknowns e; gives the solution

1 1 -
d _ _ -

d=w——(i —7)+ ) 19
¢ Wi —7) 0= ) (19)

where y is the average of the realized y;’s. From n; + ¢; = w; we have
d 1( 7) + : (7 — 60+ Aw)
n; =—(yi — —F(y = .
= Yi—Y Y v
From (18) we have
=L+ LG5+ um
i = — (0 — —Q0 (0 - w).
i =50 ) v+
The second task is to compare the decentralized solution to the centralized solution. First
note that £ = K; + 45 (0 —7)and s = K + 5 (0 — 7), where K; = £(6; —0) + ;450

Consider the expected costs in the trading sector for Member State i. Let Al = 5[ cl (tl.d ) ] —
5[ chf) ] We have

N ;-_-) ( 1-_-)2
Ai_£|:D, 0’(K’+u+k(0 y) )+ (/2) KZ+M+A(9 V)

| 1~ )\
—5|:Di—9i (Ki+m(9—)/))+()\/2)(Kz+m(9—7/)) :|

Canceling and collecting terms gives us

= efa@-n-@-m]+ e[2k@ -7 - @-70]

Y 20+ 1)

PN D Ry S B

+2(M+)~)28[(9 y) — (@ )/)]
= el oK@ - - @G- ]

A 32 ngs L 52 G2 1 ofs 52

SR TIESE 5[9 2+ P20 — 7 ]
= Lg[(—eﬁr L\w) (@ —7)— @6 — ~))] + #(oz/m-i—az/m)
T T v 4 2+ a2 Y 6

| o

= CN@=-p =@ ]+ 5 g etim - odim)
1 ~ ~

= m(—(ag/m +6%) 4+ 6% + m(af/m +0;/m)

S Y 7 WA 0)
T op4a\m 20u+12\m  om )
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Turning to the non-trading sector, we have n{ = K + u+/\ (7 —6) and n =K+ /L+/\
(y —0)+ H(y, —y), where K = mw. Let AT = 5[01 (nfi)] 5[01 (n?) ] We have

[ | .
A,’fZS[Ai—Vi(K+7M+k(y—9)+;(m—y))

+5(K+#(‘—é>+l< 4—‘))2
B M‘f')\y MV! YV

1. m 1 - )\
el A -y K+ —G - “(k+ —@ - .
5[ y( +M+)L(y 9))+2( +M+A(y 9))}

Canceling terms leaves us with

1 1 _
—5[—?34(7/ 0) — Vi()’i_)’)]

+—5[2—K<‘—é)+#<‘—é)<»—‘>+2—K<»—‘>]
X i o h= P+ i
[ 2 1 o 5o L ,_—2]
+2£[K b 7= =)

—&| 7n -0

% 5 2K .«
—Ce|KP =G -0+
[ PSR A

~ A2
> (V—G)]

1
(n+ )2

Evaluating the expectations yields

2 2

o ~ 1 o

1 Y o525 2 %
_IH_)\(-l-y —y@)—u(o},—)

w( 2K . =~ )
2 —d 1040
(,u+k(y )

2 2 2
nw 1 Uy O’ 1 2 Gy
9 2y6 - —

+= ((M A)2( LR AR y) Mz(ay

+iakz (7 - 70)

w2k _ = 1 ~_~2)
2(M+)»(V 9)+(H+k)2(y ?

Canceling terms gives

2 2 2 2 2
:_1077/_i UZ_O'l + al I — 0'),+(7i
Hhm a7V m m Z(M—i—k)z m
2
1 1 11 %
-2 "”( A 2(u+k)2) m +2(u+x>2
52 Gz 2
S - S (47 % @1
27 2u(pn 4202\ m 2(M+A)2 m
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The difference in expected total costs is given by
el —co = (e[ et |+ e[t [) = 3 (eletanr | + e[ ])
= > (e[| - el )+ > (e[ croh | - elermn])
=D (Al +A)

Substituting (20) and (21) yields

_ 1 062 03

- Cp+a\m 2(u+x)2 Z“LZ

+> L 24— % to—— 092
21 2u<u+x)2 m 2w+x>2

o} ro2 )»205 e
+ 7 T 20 Uy + 2 2
wHAr o 2+ 2(u 020 2 2u(p+2)>  2(p+2)

2 2
o A

— i(i_m)_"ie,
2u \p+A 2(n+2)

Full-information, Strategic Case

Q:‘N

The first-order condition (10) yields a set of m equations for the m unknowns e;. Solving this
system (and abusing the notation by again referring to the solution as el‘f) gives

d_ " 1 - 1 _

ef = m(w, —w) + m(@i —0) — m(%‘ -7)
1
o 6 =7 ). 22)

Notice that the average supply of permits, e, will be the same as in the full-information,
nonstrategic case. It follows that the allocation of emissions in the trading sector will be the

same and
1 ? A oy o}
oo () (), @
w+r\ m 20uw+ 12\ m m

Turning to the non-trading sector, we can write nlfl as

nd = l(k(w—w)-i—(@ 9))+L(9‘+ )+#y+1(~—17)
i mb ! w4 A w4 A b N ’

where b = u + A/m. So we write nf =B + K+ ﬁ()? —0) 4+ Z(Vi —y)and nf =

K+ ﬁ(f — é), where B; = ﬁ(k(w,’ — @) + (6 — 6,)). For the decentralized system we
have

elermh] =l ai—vi(Bi+K+——G —0) 4+~ — 7
[C,-(ni)]— i—vi|Bi+ +M+A(V— )+ =)
+£ (B-+K+;(‘—9')+1( | — '))2 (24)
5 \ B i L= |
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Likewise for the centralized system we have

neocn] ) 1 ~ ~ 1 » \2
E[Ci ("i)] —5|:Az — Vi (K‘f‘m()/ —9)) +(u/2) (K+m(y —9)) :|
(25)

We now proceed as before. Expand the terms in (24) and (25), subtract (25) from (24), collect
terms, and take the expectation. It follows that

2 2

A o 1 o

n_ _ " s ) — Y 2 _ 7
Al = p Wi T b(ay ’”)

M 1 2 -2 2 Ug
= A (w; — _ 2
+2 ((mb)2( (w; —w)” + o0y -

2K i — ) + = (awn y—6
+ o = D)+ o (s~ w) (7 - 9))

mb HF*

2 2 2
K 1 % , % L, %
Pl—— (222 ) (o2-22)). 2
+2((u+x)2(m+m)+b2 Y m 26)

Using (23) and (26), as well as the fact that >_(w; — w) = 0, we have
cl—ct =D (Al +AD

= — ! ol + (02+02)
AT 22

1 1%
12 2 2 2 -2 2 2
— %y T T (moy - ay) + 2Dy (A E (w; —w)” +moy — 00)

M 2 2 M 2 2
+2(M+A)2 (oy+09)+ﬁ(may—oy)‘

This can be simplified to

2

A
cl—ct = 2‘;172 var(w)

w/2+x/m 1 )

2 _ _ _
+0y( (m = 1)== TSN

2% 2 12y Y
T b2 0 L mY) = o Da =45

Private-information, Nonstrategic Case

This is similar to the full-information, nonstrategic case. Substituting (6) for p into (14)
yields

vi—n(w; —e) —E[0—re |y ] =0.

Solving the resulting set of m equations for the m unknowns e; gives the solution

1 1 ~ 1 ~

d ~ ~ _

i =W — Wi =V —— @ -y —A + —(6; —09), 27
e; w ( )+ A( Y w) b( ) 27

@ Springer



431

Strategic Behavior, Private Information, the European Union Emissions Trading System

from which it follows that
1 1 -
=—(i—7 —(0+y+rw)— — (O —0
i b(yz V) + +A( +7y +aw) mb( )
and

1 _ 1 ~ -

d _ o _5 b _ " - o
tl—X(Ql 0) E(V; y)+M+A(9 J/+Mw)+m2b§(91 ).

To compare the decentralized solution to the centralized solution we write
d c 1 - 1 0
=n; + B(Vi -V - %(Qi —6)

n;
and
1 1
d c
=t ——8 +—-5%.
Tl
Following the usual steps yields
o2 m U,
- —a}.

¢l —¢=-o
Y2b  2mb

Private-Information, Strategic Case
This is similar to the full-information, strategic case. The first-order condition (17) yields a

set of m equations for the m unknowns e;. Solving this system gives
! 1
6 —0) — *(J/l —J/)+7(9—V+Mw)

2
. 1% - m - m2
€ _,lL+)n/m(wl w) +

where a = p + (A/m) 4+ (A/m)(1 — 1/m). We can write n{ as
_ 1 1

2 ~ ~
(6 —0) + ~i =)

E\N

nfj—ﬁ(y—e—i—)\w)—i——(w, —w) —
We also have
o 1 ;—%
—(0 —9)——“Z<m—y>+—<@—y+uw>+ & > 6 —6).

1
m2

To compare the decentralized solution to the centralized solution we write
6 —6)

2
m

i e A 1 )
ng =n; + —Ww; —w)+ - —y) —
mb a

1

_ 1
)

SIS

and
Ss.

=1 — —58 +
ma ma

GBm —2Dr+m?pu (2m — DA+ mp)
( ) _o2em 1) S

Following the usual steps yields

cl—c = pr> var(w) — o2m
2mb? 14 2(m2a)?
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