SERIEs (2021) 12:281-327
https://doi.org/10.1007/513209-021-00233-9

SERIEs

Spanish Economic; Association

ORIGINAL ARTICLE

Check for
updates

Emission trading systems and the optimal technology mix

Gregor Zoettl'

Received: 8 January 2021/ Accepted: 13 April 2021 / Published online: 16 May 2021
© The Author(s) 2021

Abstract

Cap and trade mechanisms enjoy increasing importance in environmental legislations
worldwide. One of the important aspects of designing cap and trade mechanisms is
the possibility of authorities to grant emission permits for free. Unlike analyzed in
the seminal contributions on cap and trade systems, in reality free allocations are
not made lump sum, but are updated contingent on firms’ actions, i.e., contingent
on production decisions and contingent on facilities entering the market or retiring
(see IEA, https://www.oecd-ilibrary.org/content/publication/b7d0842b-en, 2020). As
it has already been shown in the literature, such updating yields distorted production
decisions of firms (see e.g., Bohringer and Lange in Eur Econ Rev 49(8):2041-2055,
2005, Mackenzie et al. in Environ Resour Econ 39(3):265-282, 2008, or Damon et
al. in Rev Environ Econ Policy 13(1):23-42, 2019). The impact of updating on firms’
investment and retiring decisions and the resulting technology mix has received much
less attention up to now, however. It is the purpose of the present article to shed light
on this aspect and to study the impact of a cap and trade mechanism not only on firms’
output decisions, but also on their investment incentives in different technologies and
to analyze the optimal design of emission trading systems in such an environment.
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1 Introduction

Cap and trade mechanisms are one of the centrally important policy tools to achieve
ambitious greenhouse gas reduction targets required in the context of recent climate
agreements (e.g., the 2015 Paris agreement, UNO 2015). In the present article, we
analyze the design of cap and trade mechanisms and their impact on firms’ investment
decisions in different technologies and on their final production decisions. We then
derive the optimal design for ideal market conditions, but also for non-ideal situations
where firms either exercise market power or competition authorities’ decisions are
partially constrained by requirements of political or legislative processes.

Cap and trade mechanisms designed to internalize social cost of pollution enjoy
increasing importance in environmental legislation worldwide. Well-known examples
are given by the European Union Emission Trading System (ETS), the California
Cap-and-Trade programme or the Korea ETS. “As of April 2020, there were 23 emis-
sions trading systems covering around 9% of global emissions” (see IEA 2020). A
very prominent example of a very large planned system is the China national ETS
which is likely to start in 2021.! An important aspect when introducing cap and trade
mechanisms is the possibility of competition authorities to grant emission permits for
free (see, e.g., ICAP 2020). This apparently allows to crucially facilitate the political
processes leading to the introduction of cap and trade systems. As Convery (2009) in
an early survey on the origins and the development of the EU ETS observes: “The
key quid pro quos to secure industry support in Germany and across the EU were
agreements that allocation would take place at Member State level [...], and that the
allowances would be free.” Very similar observations can also be found in many other
contributions to that issue.?

A one and for all lump sum allocation of permits which is entirely independent
of firms’ actions has a purely distributive impact in case firms take the market price
of emission permits as given. This fundamental insight in principle dates back to
Coase (1960). The design of free allocations in currently active cap and trade systems
typically does not have such lump sum property, but includes explicit or implicit
features of updating (see IEA 2020). Updating of free allocation schemes designed
to consistently adapt to an industry’s dynamic development has an impact on firms’
behavior, however.? First, it leads to a distortion of the operation of existing production
facilities since for existing cap and trade systems current output and emissions do have
an impact on allocations granted to those facilities in the future. Second, it also has an
impact on firms’ incentives to modify their production facilities through upgrading,

I See https://www.reuters.com/article/us-china-climatechange-ets-idUSKBN29G083.

2 As, for example, Tietenberg (2006) observes: “free distribution of permits (as opposed to auctioning
them off) seems to be a key ingredient in the successful implementation of emissions trading programs.”
Bovenberg et al. (2008) state: “The compensation issue has come to the fore in recent policy discussions.
For example, several climate change policy bills recently introduced in the U.S. Congress (for example, one
by Senator Jeff Bingaman of New Mexico and another by Senator Dianne Feinstein of California) contain
very specific language stating that affected energy companies should receive just enough compensation to
prevent their equity values from falling.”

3 As Bohringer and Lange (2005) state: “As a case in point, one major policy concern is that [...] the
allocation should account for (major) changes in the activity level of firms. Free allocation schemes must
then abstain from lump-sum transfers and revert to output- or emission-based allocation.”
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retiring and building of new facilities since typically free allocations to some extent
are granted contingent on newly installed or retired facilities.*

The literature which analyzes the impact of updating on firms’ behavior up to now
has focused on the first aspect. That is, those contributions provide very rich insight
on the impact of updating based on past output or emissions on firms’ production
and emission decisions, and they abstract from changed free allocations to a firm
due to changed installed facilities, however. The most prominent contributions in
this context include Moledina et al. (2003), Bohringer and Lange (2005), Rosendahl
(2008), Mackenzie et al. (2008), Harstad and Eskeland (2010)), Bohringer et al. (2017),
Qiu et al. (2017), Meunier et al. (2017) or Meunier et al. (2018). Reviewing current
and planned emission trading schemes worldwide reveals, however, that legislations
which provide free emission permits also include elements which update based on
newly installed or retired production facilities (Narassimhan et al. 2018; IEA 2020).7
It is the purpose of the present article to focus on the above-mentioned second aspect
and its impact on the technology mix chosen by firms. To the best of our knowledge,
this is the first article that formally analyzes the impact of updating on firms’ investment
incentives in an analytical framework.

Usually, production facilities in most industries allow for production during longer
horizons of time. Since demand typically varies over time, it is optimal for firms to
invest in a portfolio of different technologies. Technologies with high investment cost
which allow for production at low marginal cost are installed to run most of the time,
whereas technologies with low investment cost which allow for production at higher
marginal cost cover more infrequent demand periods. Prominent examples of capital-
intensive and long-lasting investments in production facilities and fluctuating demand
due to limited storage possibility are given by, e.g., the production of cement, steel or
electricity (with electricity being the most prominent and well-studied example in this
context). We thus analyze a framework with fluctuating demand where (strategic) firms
first determine their technology mix by investing in different production technologies
with different emission intensities. Production facilities allow firms to produce for
a continuum of spot markets subject to fluctuating demand. Production at each spot
market causes emissions, and total emissions at all spot markets are capped by an
emission permit market. We consider the impact of a cap and trade system where
different amounts of free allocations are granted for newly built facilities. After having
established the market equilibrium both for firms’ investment and production decisions
and for the emission permit market, we first determine the first best solution as a
benchmark. Analogous to most of the previous literature, if distributional concerns do
not matter, in an ideal market with perfectly competitive firms updating is not optimal

4 Numerical simulations by Neuhoff et al. (2006), Pahle et al. (2011) and more recently by Anoulies (2017)
and Dardati and Saygili (2020) highlight the importance of the proper design of free allocations in this case.

5 IEA (2010): “An important detail of systems using grandfathered allocation is the treatment of companies
that establish new facilities or close down. Current or proposed schemes generally provide new entrants with
the same support as existing facilities. The rationale for this is to avoid investment moving to jurisdictions
without carbon pricing. [...] However, there is an obvious political difficulty in continuing to allocate free
allowances to facilities that have shut down and almost all emissions trading systems require allowances to
be surrendered upon closure.”
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(i.e., no free allocations should be granted to any investment), and the total emission
cap should be set such that the permit price equals to marginal social cost of pollution.

In the main part of the paper, we then analyze the optimal design of a cap and trade
system if the market is not ideal. First, we consider the case that firms behave imper-
fectly competitively when making their investment and their production decisions.
In this case, investment and production are inefficiently low. As we show, measures
undertaken to stimulate investment incentives (such as capacity payments®) have a
very close relationship to free allocations made for newly installed production facil-
ities. In this case, it is optimal to either grant capacity payments or free allocations
in order to stimulate inefficiently low investment incentives. As we show, however,
in a closed system with endogenous permit market, it is not optimal to implement
total investment at first best levels since this would imply an inefficiently high permit
price which excessively depresses spot market output. Our results do thus have direct
implications for the design of capacity markets in the presence of a cap and trade
system.

Second, we analyze the case where the design of the cap and trade mechanism
is subject to political constraints (compare the second paragraph of this section) and
the competition authority has to determine the optimal market design given those
constraints.” We first analyze how the optimal target on total emissions should be set
if free allocations in all technologies are exogenously fixed. As we find, for moderate
levels of free allocations the target on total emissions should be set such that the
equilibrium permit price is above marginal social cost of pollution. For high levels
of free allocation, for example, in case of full allocation where all permits used by a
certain technology during a compliance period are freely allocated, the total cap on
emissions should be set such that the equilibrium permit price is below marginal social
cost of pollution.

We then analyze the case that free allocation only for a specific technology is
exogenously fixed and determine the optimal level of free allocation for the remaining
technology. In order to avoid excessive distortions of the resulting technology mix,
it is typically optimal to grant free allocation for the remaining technology. That is,
the insights obtained from the first best benchmark that free allocations are never
optimal, are no longer true if allocation to one of the technologies is exogenously
fixed. Moreover, if this technology is relatively dirty (as compared to the technology
with exogenously fixed allocation), the level of free allocation should remain below
the exogenously fixed allocation. If on the contrary the remaining technology is rela-
tively clean, the level of free allocation should even be above the exogenously fixed
allocation. Observe that often observed practices of full allocation (see IEA 2020;
ICAP 2020) induce a pattern of free allocation which is completely opposed to those
findings.

6 Compare, for example, capacity mechanisms introduced in liberalized electricity markets; for an overview,
see Cramton and Stoft (2008), or Cramton and Ockenfels (2012) or more recently Fabra (2018).

7 Observe that to some extent, this parallels the fundamental approach found in the previous literature:
Bohringer and Lange (2005) provide second best rules if (for political reasons) updating has to be based
on past output, Harstad and Eskeland (2010) analyze market design if governments cannot commit to full
auctioning of permits, and Bovenberg et al. (2005) and Bovenberg et al. (2008) consider the constraint that
firms have to be fully compensated for the regulatory burden.

@ Springer



SERIEs (2021) 12:281-327 285

Let us finally mention further related strands of the literature. First, several articles
analyze firms’ incentives to adopt cleaner technologies. Those include, for example,
Requate and Unold (2001), Montero (2002) or Requate and Unold (2003), for a survey
of this literature, compare Requate (2005). Whereas all those contribution focus on
the comparison of emission taxes and cap and trade systems, our contribution is the
first one to consider the phenomenon of updating in the context of technology choice.

Second, from a modeling perspective the present paper also contributes to the
literature which analyzes investment decisions in several technologies. For a survey
on this literature, see Crew et al. (1995). Further contributions include Zéttl (2010),
or more recently Grimm et al. (2017). Our article is (to the best of our knowledge) the
first one to introduce an endogenous emission permit market in such a framework, and
to derive the optimal design of a cap and trade mechanism with technology-specific
free allocations both for ideal and imperfect market conditions.

The remainder of the article is structured as follows: Sect. 2 states the model ana-
lyzed throughout this article, and Sect. 3 derives the market equilibrium for a given
cap and trade mechanism. We determine the optimal market design for the benchmark
case of perfect competition in Sect. 4, for the case of imperfect competition in Sect. 5
and for partially constrained cap and trade mechanisms in Sect. 6. Section 7 concludes.

2 The model

We consider n symmetric firms. Each firm i first has to choose investment in two
different types of production facilities prior to producing output g; () at many con-
secutive spot markets with fluctuating demand. We denote total investment of firm i
in both technologies by x1; and investment in technology 2 by xj;. Observe that in
the framework analyzed, where demand fluctuates over time, it is optimal for firms
to invest into a mix of both technologies. We will consider the case that technology
2 allows cheaper production, but exhibits higher investment cost. Those units have to
run most of the time in order to recover their high investment cost. (This is typically
denoted “baseload—technology.”) Technology 1 has relatively low investment cost,
but produces at high marginal cost. Those units are built in order to serve during peri-
ods of high demand (this is typically denoted “peakload—technology”), but run idle if
demand is low. Inverse demand for the quantity Q (9) at spot market 0 € [0, 0] is given
by P(Q(0), 6). Output produced by the different facilities causes emissions, and all
emissions have to be covered by emission permits. Permits are issued in the context
of a cap and trade mechanism and can be traded at a permit market. The total amount
of permits available is limited, and this induces a market clearing price e for permits.
Firms receive free allocation of permits based on installed capacities, i.e., each firm i
receives the technology-specific amount (A2x2; + Ay (x1; — x2i)) of permits for free,
all remaining permits required for production have to be purchased (can be sold) at
the permit market.® For the overall timing of our setup, see Fig. 1. Subsequently, we
provide all definitions and assumptions for our setup in detail.

8 We provide a discussion of the relationship of our modeling approach and existing cap and trade systems
when presenting our results, see the last paragraphs of Sects. 3 to 6.
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Firms receive free allocations for Market clearing at the product markets
invested capacities [A, and A,] [P(Q(8), )] and at the permit market [e]

I | "
Investment decisions Production decisions by firms [q,(0)]
by firms [x,;, x,] (all output has to be covered by permits)

Fig. 1 Illustration of timing

Investment and production decisions Firms have to choose investment in capacities
for two different technologies, + = 1, 2. Each technology ¢ has constant marginal cost
of investment k;, constant marginal cost of production ¢; and an emission factor w;
which measures the amount of the pollutant emitted per unit of output. We denote total
investment of firm i in both technologies by x1; and investment in technology 2 by x»;.
For aggregate values, we define X; = > |, x;;.2 For an illustration of the resulting
marginal cost function, see Fig. 2. We denote by ¢(0) = (q1(0), ..., g,(0)) the vector
of spot market outputs of the n firms in demand scenario 6, and by Q(0) = >/, gi
total spot market output in scenario 6.

Demand Inverse demand for some quantity Q at spot market 6 € [0, 8] is given by
P(Q, 0). Each spot market has weight f(6) with corresponding distribution F(6) =
/g £(©)d6.1° Inverse demand satisfies P,(Q, 0) < 0, Py(Q,6) > 0, Pyp(Q,6) >0

and Py(Q,60) + Pyg(0,0)2 < 0forall 0,6 e R

Cap and trade mechanism and social cost of pollution Total emissions produced at
all spot markets @ € [, §] are given by 7. The social cost associated with emissions
is denoted by D(7). We assume D7(7) > 0 and Dyp(7) > 0. A cap and trade
mechanism limits total emissions at some level T such that 7 < T. We denote the
resulting market price for emission permits by e. We make the following assumptions
regarding trade at the permit market, i.e., (i) Emission permit trading is arbitrage-free,
and storage of permits is costless, and (ii) firms are price takers at the permit market.!?
Notice, finally, that our formulation allows for technology-specific free allocations
(A1, A3). Free allocations might, for example, depend on the emission intensities
w1, wy and (or) the usage rates of each technology.

9 Thus, aggregate investment in technology 1 is given by X| — X»7. This at first sight unusual notation
allows for a considerably simplified representation of our results throughout the article.

10 Formally, we treat the frequencies associated with the realizations of 6 by making use of a density
and a distribution function. Notice, however, that there is no uncertainty in the framework presented. All
realizations of 6 € [0, 6] indeed realize, with the corresponding frequency f(6).

11" We denote the derivative of a function g(x, y) with respect to the argument x, by gy (x, y), the second
derivative with respect to that argument by gy (x, y) and the cross-derivative by gxy(x, y).

12 Since emission trading systems typically encompass larger regions which include several industries, it
seems unlikely that single firms are able to exercise market power on the emission permit market. Within a
specific industry, however, the product market might well be subject to the exercise of market power, and
we thus explicitly include this case in our analysis.
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3 The market equilibrium

In this section, we derive the market equilibrium with a cap and trade mechanism, for
the case of perfect and imperfect competition on the product market. To characterize
the market equilibrium for a given cap and trade mechanism (7', Ay, Az), we first
determine firms’ profits ;, given investments x1, x; and given spot market output g (9).

05 op
7 (X1i, X21) = /(P(Q 0)—ca—w2e) gi (0, X)dF(9)+f(P(X2,9) cy—wae) x2;d F(6)
3

/(P(Q 6) — 1 — w10) i 6, x)dF(9)+/(P<X1,9) ¢l — wie) x1dF(0)

p

ﬂ
g
[((m-irwle) (c24w2e)) x2id F (0) — (ko — Aze)xai — (k1 — Are) (x1; —x2;). (1)
bp

Note that the permit market affects both the firms’ marginal production cost and
their investment cost. No matter whether permits have been allocated for free or have
to be bought at the permit market, firms face opportunity cost of w,;e when deciding to
produce one unit of output with technology ¢t = 1, 2. This opportunity cost increases
their marginal production cost to ¢; + w;e, t = 1, 2. Investment cost is affected by the
firms’ anticipation of a free allocation of permits. A free allocation is equivalent to a
subsidy paid upon investment: If each unit of capacity invested is assigned A; permits,
investment cost k; is reduced by their value, that is by Ase fort = 1, 2.

The critical spot market scenarios!3 0%, 0p, 05 indicate whether firms produce
either at the capacity bounds x;, x1 (that is, at the vertical pieces of their marginal
cost curves), or on the flat (i.e., unconstrained) parts of their marginal cost curves.
They depend on the intensity of competition at the spot market and are illustrated in
Fig. 2, both for the case of perfect and imperfect competition. For 6 € [8, 6], firms
produce the output at marginal cost c3. For 6 € [, 0p], firms are constrained by their
investment in the base load technology and produce X», still at marginal cost ¢, and
prices are driven by the demand function. At those demand levels, using the peak load
technology 1 is not yet profitable. Observe that F'(6p) — F (65) measures the fraction
of time where investment in the base load technology is binding which we will refer to
as constrained base duration. For 6 € [0p, 65], firms produce output at marginal cost
c1,and we denote 1 — F (60p) as peak duration.'* Finally, for all realizations above 65,
firms are constrained by their total capacity choice X1, and prices are driven exclusively
by the demand function; we denote 1 — F'(65) as constrained peak duration. In the
subsequent lemma, we characterize the market equilibrium when firms invest in the
base load and in the peak load technology.

13 For the precise definition of those critical spot market scenarios, see Appendix A.

14 The equivalent base duration would be given by 1 — F(0) = 1, it is not explicitly introduced, however.
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| Imperfect Competition

Perfect Competition |

Price Price
A — &
P(0.,0) =
MR(Q,0.(X)))
MR(Q,0,(X,))
cl + ng L LT
’MR(Q,F)B(Xi ‘
_-MR(Q,Q) \
: c, +w,e < :
*  Quantity : X Quantity X,

Fig. 2 Tllustration of the critical spot market scenarios. Left: The case of a perfectly competitive mar-
ket, right: the general case with imperfect competition. In the figure, we denote marginal revenue by

MR(Q.6) := P(Q.6) + Py(Q.6)2

Lemma 1 For a given cap and trade mechanism (T, A1, A»), define the total invest-
ment condition WV, the base investment condition Vy; and the permit pricing
condition® Vg as follows:

6 X*
Uy = f [P(X*, 0) + P, (X7, 9)71 —(c1 + wle*)i| dF©) — (ki — Aje*)

o5
(2)
0P X*
W, = / |:P(X;,0)+Pq(X§,9)72 — (cz—i—wze*)] dF(0)
b5
0
+ ; (c1 —c2) + (w) — w2)e*dF(0) — (k — k1) + (A2 — Ape*  (3)
P
Og op o
Vg = / wrQ(e*, 0)dF(0) + / w2X;dF(9) + / w1 Q(e*, 0)dF(0)
[ o Op
0 6
+/ wiXTdF©) — | (w1 — w)XEdF@) — T @)
O Op

Equilibrium investment X, X5 and the equilibrium permit price e* simultaneously
solve \I/1 = \IJ” = \IJE =0.

Proof See Appendix A. O

15 For a positive permit price, we might also obtain the situation, where production for very low demand
realizations is suppressed and positive output is produced only for demand realizations which satisfy 6 :
P(0,0) — C(0,0) — e > 0. For ease of notation, we disregard this corner solution, which could be easily
included in the entire analysis.
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In the lemma, (2) is the first-order condition that determines total investment. Firms
*

choose their total investment % as to equal marginal profits generated by their last
running unit (running at total marginal cost ¢; + wie*) to the investment cost of
that unit (given by k; — Aje*). As already mentioned above, under a cap and trade
mechanism, the value of the permits required for production at the spot market is part
of the firms’ marginal production cost, and the value of free allocations is of firms’
marginal cost of investment.

Now, let us provide some intuition on the determinants of the optimal base load
investment. Since total investment X has already been fixed [it is determined by (2)],
the firms’ decision when choosing X»> has to be interpreted as a decision of virtually
replacing units of technology 1 by technology 2. The cost of such virtual replacement
of the marginal unit (given by k» — k; — (A2 — Aj)e™) has to equal the extra profits
generated by that unit due to lower marginal production cost. Lower production cost of
one additional unit has two effects: First, for all demand realizations 6 € [0, 6p] one
more unit is produced (that would not have been produced without the replacement);
for 0 € [6p, 6], one more unit can be produced at lower marginal cost ¢; + wpe™
(instead of ¢1 + wie*) due to the replacement. (Compare also Fig. 2.)

The market price for permits, e*, depends on the emission target 7" set by the market
designer as well as the technology mix installed by the firms. At the equilibrium permit
price, the market exactly clears, allowing for total emission of T units of the pollutant.
Notice that in expression (4), total emissions are determined by multiplying total
production at all spot markets with the relevant emission factors of the respective
technologies (w1, wy).

Finally, observe that Lemma 1 characterizes the market solution when firms decide
to invest in both technologies, that is, when indeed 0 < X’zk <X 1" is obtained. First,
whenever the base load technology (ka, ) is very unattractive,'© then only the peak
load technology (k1, c1) is active. Second, if the base load technology (k3, ¢2) is always
more attractive!” than the peak load technology (k1, c1), then only technology (k2, ¢2)
is active in the market equilibrium. Notice that in principle, the case of investment in
a single technology is covered by our framework, it is obtained by eliminating the
possibility to invest in technology 2, and expression (2) then determines investment
in the single technology. To keep the notational burden limited, however, we do not
explicitly include those corner solution in the exposition of the paper, but opted to
focus on all those cases when firms indeed choose to investment in both technologies.

To conclude the discussion of Lemma 1, let us already at this point mention
the relevance of endogenously modeling the emission permit market as compared
to the case which assumes an exogenously fixed price for pollution. Observe that
for a constant emission price, equilibrium investment under imperfect competition

. . . o X
differs from that obtained under perfect competition by the terms feﬁ Py(Xy,0)°t
and f;ﬂf Py(X2,0) %dF (0), respectively. This corresponds to the difference between

scarcity prices and marginal scarcity profits. Since those terms are negative (and profits
concave given our assumptions), investment incentives under imperfect competition

16 That is expression (3) yields X% < 0.
17 That is expressions (3) and (2) yield X3 > X7.
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are lower than under perfect competition. That is, in the absence of an explicit mar-
ket for emission permits (when pollution is, for example, taxed at some fixed level
") subsidies for investment (for example, by granting free tax vouchers A > 0
and A, > Aj, respectively) which exactly compensate for those differences would
induce optimal investment incentives. Since the emission price is endogenous in our
framework, however, we will obtain a different result (compare Theorem 2).

Before we now discuss existence of the market equilibrium, we introduce the fol-
lowing definitions which will simplify the subsequent analysis and allow for a more
intuitive discussion of our results:

Definition 1

(i) We denote the impact of increased total investment on total emissions (for fixed

e) by Af = % = (1 — F(@p)) w1, observe Af > (. This allows to state the

impact of changed emission price e* on the equilibrium condition ¥; as follows
3\111 _ E
gor = A1 — Ay

(ii)) We denote the impact of increased base load investment on total emissions (for

fixed ) by A} = §3E = (1= F(85)) wa — (1= F(6p)) wy. This allows to
state the impact of changed emission price ¢* on the equilibrium condition W;; as
follows 3;;? =A)—A|— Af. We furthermore denote wf = t?—ggwl (which
F(0p)—F(0p)
1-F(@3)

implies A¥ > 0 if and only if w, > w¥) and w} := w; (which

implies A{S + Ag > 0 if and only if wy > sz).
(iii) We denote the impact of changed X on the equilibrium condition W; by ¥y :

g;i , the impact of changed X on the equilibrium condition Wy, by Wy, := 55,
! 2

and the impact of changed e on the equilibrium condition Wg by Wg. :=
Observe that those three expressions are negative.

Observe!® that A¥ = (1 — F(05)) w determines the total amount of additionally
necessary permits resulting from an additionally invested unit of total capacity (for-
mally given by the partial derivative of total emission with respect to X1, i.e., % .
An increase of the permit price e now has two opposing effects on total investment
incentives: On the one hand, investment incentives are reduced by the amount AE:on
the other hand, they increase by A due to the increased value of free allocations.

A similar reasoning is obtained for investment incentives in the base load tech-
nology. AZE determines the total amount of additionally necessary permits resulting
from the replacement of one unit of the peak technology with one unit of the base
technology (formally given by the partial derivative of total emission with respect to
Xs, ie., %). An increase of the permit price e has two opposing effects on total

investment incentives: On the one hand, they are reduced by the amount AE: on the
other hand, they increase by (A2 — Aj) due to the increased value of free allocations.

Notice that Af > (0, whereas A2E can also become negative. That is, an increased
level of total investment X7} always implies additionally necessary emission permits.
An increased level of base investment X3 does only imply additionally necessary

18 Notice that the statements of Definition 1 and the subsequent discussion exclusively refer to partial
derivatives. In equilibrium, total emissions do not change since they are capped at 7'.
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emission permits if the base technology is “dirtier” than the peak technology. Inter-
estingly, the cutoff point is obtained for w, = sz < wq since an increased level of
X7 leads to increased emissions for 6 € [6p, 01if wy > wy, but also leads to one unit
of additional output for the demand levels 6 € [65, Op].

As already argued, Lemma 1 only characterizes the market equilibrium by estab-
lishing necessary conditions. In the subsequent lemma, we now want to establish
second-order conditions for the existence of the market equilibrium.

Lemma 2 (Second-order conditions)

o Lemma I characterizes the market equilibrium if

@) <A1 - A‘f) AF W W <0, () (A2 — Al - Af) AE W < 0
© ((4r-AF)AF = wnwee) (A2 = 41 - AF) AF — Wi )

> (Al - Af) AE (A2 —Ap - Af) AE

e [fthelevels of free allocation satisfy (A] — Af) Af < Qand (Az — A — Ag) Af <
0, then condition (i) is satisfied.

e Define by Allim the highest A1 yielding (A1 — Af) A‘F — W Vg < 0; define by
AS™ the highest Ay yielding (A2 — AT — A7) (A} + AT )= (W11 + Wip2) Wge <
0. The second-order conditions (i) cannot be satisfied if either A1 > All‘m or
Ay > Alm.

Proof See Appendix B. O

Part (i) of the lemma establishes the standard second-order conditions which guaran-
tee negative semi-definiteness of the Hessian matrix of firms’ optimization problems.
It allows the usual application of the implicit function theorem in order to conduct
an analysis of comparative statics for the equilibrium characterized in Lemma 1. In
part (ii), we establish conditions when those second-order conditions are satisfied and
part (iii) provides an upper bound on the levels of free allocation such that higher
allocations always violate those second-order conditions.

Notice that for the case of a monopolistic or a perfectly competitive market, the
second-order conditions established in Lemma 2(i) guarantee that there exists a unique
market equilibrium which is characterized by Lemma 1. For the case of oligopoly,
when firms behave strategically, also asymmetric equilibria might arise, however. Let
us explicitly mention at this point that in this case, our analysis focuses on symmetric
investment decisions only.

After having established the market equilibrium, we now determine the impact of
changing the parameters of the cap and trade mechanism (A1, Az, T') in an analysis
of comparative statics. If the second-order conditions specified in Lemma 2 (i) are
satisfied, we obtain the following results:

Lemma 3 (Comparative statics of the market equilibrium)
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Fig.3 Results of comparative statics in the degree of free allocation. Left: For the degree of free allocation
to the base load technology A», right: for the degree of free allocation to the peak load technology Aj.

—F
(65) F(G*) A?ross (wy=

For the case of linear demand, we obtain, left: A{™% (w; F(eL)

=0, wr=w) =

w—wQE,wz wz)—w2,A1'm(w1—w wy=0) =

1-F(p)

(1—F@p))w and rlght. A‘Otdl(m:o, wy=w) =

(1_

7171,(95) F(@E)) , ASTOSS (wi=w — w2, wy= wz) = wZE

(i) Higher free allocation for the base load technology A, always yields higher
investment in the base load technology (i.e., dX2 > 0). We furthermore obtain

dX‘ < O ifand only if (Ay — AF) A¥ < 0. Define A as the hlghest A] yield-

dA;
if and

ing (A1 — Af) A2E < Wg Yy — (A1 — Af) AE we obtain gﬁg <
only if(wz > wZE) and Ay € (A], Allim).
Higher free allocation for the peak load technology A1 always yields higher invest-

ment in the peak load technology (i.e., % > gﬁz ). Define by AtzOtal the highest Ay
which yields (A — A¥ — AF) ALY — W1, Wge < 0 and by A the highest As
which yields (Az — AE

A2 ) A — Wy WEe < 0. There exists a unique w2 with
E

Wy

dA

(ii)

e

< w5 < wysuch thatﬁ < Oifand only ifwy > w5 and Ay € (APE Alm),
. dx3 . . < :

Furthermore, we obtain ﬁ > 0 if and only if wy < wzs and Ay € (A5, Alz"n).

(iii) For a change of the total emission cap T, we obtain % > 0 if and only if

(A1 < Af) and we furthermore obtain % > 0ifand only if (A — Ay < Af).

Proof See Appendix C. O

As we establish in the lemma, an increase of the free allocation A in the base load
technology always leads to increased base load investment [i.e., % > (0, see point
(1)], and an increase of the free allocation A in the peak load technology always leads
to increased investment in the peak load technology [i.e., g5+ A1 > g5 A , see point (ii)].
The impact of such changes on the remaining investment decisions is more ambiguous.

In the subsequent paragraphs, we briefly sketch the central trade-offs, and a complete
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proof is only provided in the appendix, however. First, consider a variation of the
free allocation A, and determine its impact on the system of equilibrium conditions
established in Lemma 1. The total differential yields:'®

d\IJI v dX>k LW de* —0 )
dA, ”dA dA, —
d‘-I/[[ dX* de* 8‘1’]]

— v W ——o 6
i, 112dA+ HedA2+8A2 (6)
dvp _, dxj L, dxs et -
dA,  Flda, 2dA Eeda, ~

In order to directly evaluate the impact of the changed emission price g;\ on the

equilibrium conditions for total investment and investment in the base load technology,

we solve expression (7) for de= i Az = _‘I'\f 1; % + _\I’lfé 3;2 and plug into expression (5)
which yields:
d\I/[ Uy 4 Yy dXT +(w Yo dXik _
dA, ¢ W ) dA, ¢ _Wg. ) dA,
£\ g\ dX7 E dx;
< (‘qJE""I’“ + (Al _A1>A ) A, ((Al -4 )Az) dA, ,=0®

Observe that the coefficient on the expression % determines the total impact of
changed X7 on the equilibrium condition W;. This is given by the direct impact
(i.e., ¥Y;1) and the indirect impact which takes into account the impact of changed
X7 on the emission price and its feedback on the equilibrium condition ¥; (i.e.,

Ve :I'fée = —g (A1 — Af) AF). Observe that the total impact of changed X} on

the equilibrium condition \IJI is negative if the second-order conditions establlshed in

Lemma 2(i) are to be satisfied. This directly illustrates why 3? cannot drop to zero.

Furthermore, observe that the total impact of changed X3 on the equilibrium con-
dition Wy is only indirect, since W; does not directly depend on X;. That is, we only
have to take into account the impact of increased X on the emission price ¢* and its
feedback on the equilibrium condition W;. According to Definition 1, an increase of
X5 leads to an increased equilibrium emission price if Ag > 0 (i.e., for wy > wf,
we obtain a decreased equilibrium emission price if Ag < 0,i.e., forw; < wf ). The
impact of an increased emission price on the equilibrium condition W; depends on the
degree of free allocation Aj. Whenever A} < A‘f (.e., % < 0, compare Definition
1), an increased emission price leads to a decrease of firms’ total investment activity
X7 Inthis case, the reduction of scarcity rents (obtained when total capacity is binding)
caused by the increased emission price dominates the increased value associated with
the permits granted for free. The reverse holds true for a high level of free allocation,
ie., A; > Af where an increased emission price leads to increased total investment

19 For a better traceability of our computations, we denote the partial derivatives %:’,! = Y, a;; L — Wy,

%\IJTE = Vg and 33\)1}(5 = Wgo;in a second step, we make use of A{E and Ag introduced in Definition 1.
1 2
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X7. Whenever the impact of increased investment X7 yields a decreased emission price
which is obtained for cleaner base load technologies (for Ag < 0,ie, wy < u)éE ),

. . dxs . .
we obt.aln the opposite results. In sum, ﬁ > 0 if and only if (A1 - Af ) A2E > 0, as
stated in the theorem. axt axt
Finally, expression (8) also provides the intuition when gz Az > ﬁ is obtained

(i.e., also mvestment in the peak load technology increases). To this end, observe that

gﬁz = 3 i if and only if in expression (8), the total impact of changed X7 is precisely

of the same size as the total impact of changed X7, but of opposite sign. As shown in
the theorem, this is only obtained if the increase of investment in the base technology
leads to an increase of the emission price (for Ag > 0,ie., wy > wf ) and if this
increase has a sufficiently positive impact on the equilibrium condition Wy, i.e., for
allocation A sufficiently big (for A; > A{™ > A{Z ). All those results are illustrated
in the left graph of Fig. 3.

Likewise, we can analyze the impact of changing A1, as established in Theorem
3(ii). Analogous to expressions (19) (20) and (21), we can determine the total derivative

and solve for dL After plugging in, we obtain for W + d\p’ L (observe % =
_ oy e):
d0A1 :
dv;  dyy; Yy \I’El ClXi|<
—t— = |V W W
dA1+dA1 n=+ Ie_\IJEe“r‘ Tle — aA,
o) \I’Ez ) dX>2k
+{ Vi + VY + ¥ =
( - Ee e_‘I’Ee dA,
dXy
& (—‘I’Ee‘l’n + (Az — AT — A2E> AF) —
dA;
E £\ 4£) 9%3
+(~WreWira + (42 - AF — AF) af) =0 O
1

Analogous to above the coefficients on the expressions % and %, determine the
impact of changed investment X} or X} on both equilibrium conditions. The sum of
both coefficients is strictly negative if second-order conditions are not to be violated
[compare Lemma 2(iii)]. This directly illustrates why % cannot reach the level of

dX Z21. (In other words, increased free allocation A cannot leave investment in the peak

load technology unchanged.)
. . dax*
Furthermore, as we show, for small A; both coefficients are negative (thus, ﬁ and
dx;
dA;>

dx: o dXE
—: > this implies ﬁ < 0. Observe that the

2
dA;
*

. . daxy . . . . . .
coefficient of the expression 3 Al is increasing in A, and the coefficient of expression

*

gi: is increasing in A, if A > 0 (i.e., wo > wf). That is, for A, high enough
the coefficients become nonnegative, leading to altered monotonicity behavior. As we
show in the theorem, we can establish a relative level of dirtiness wzs (with w2s > w2E
and wZS = wf in the case of linear demand) which separates the cases when either
of the coefficients becomes zero for higher levels of A;. (Remember the sum of
both coefficients has to be negative in order to satisfy the second-order conditions,
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see above.) Whenever the coefficient of % is equal to zero, expression (9) directly
implies % = 0 and vice versa, as stated in the theorem.

Finally, in Theorem 3(iii) we provide the results of comparative statics with respect
to the parameter 7 . For an intuition of those results, observe first of all that an increase
of the total emission cap T leads to a reduction of the equilibrium permit price. This in
turn induces increased total investment X7 if [similar to the intuition for part (i)] the
increase of scarcity rents (which is obtained due to lower emission price) dominates
the decreased value of the emission permits granted for free, i.e., A] < Af. The
opposite result is obtained for A > Af . Similarly, the reduced emission price induces
increased investment in the base load technology X7 if the total impact of reduced
emission price on the base load investment condition is negative, i.e., if and only if
Ay < A1 + Ag (i.e., Yne < 0). If we denote total emissions which obtain in the
absence of any environmental policy by T, then lowering the cap on total emissions
T below T corresponds to the introduction of a cap and trade mechanism.

Discussion and policy implications: Let us conclude this section by briefly dis-
cussing policy implications of our results. Many existing and planned cap and trade
systems worldwide do grant free allocations; in most cases, we observe updating
which also considers market entry of new capacities or retirements (IEA 2020). In
those cases, investment in production facilities receives free allocations based on their
expected technology-specific needs (see IEA 2020; ICAP 2020). Moreover, however,
updating in many cases additionally includes components which grant free allocations
based on past output choices. This induces additional distortions, both on investment
and output choices, since firms’ decisions anticipate free allocations received in later
compliance periods. Unlike previous contributions (compare, for example, Bohringer
and Lange 2005; Mackenzie et al. 2008, or Damon et al. 2019), we are able to explicitly
analyze the impact of free allocations on investment incentives. To keep our analy-
sis tractable, however, we refrain from considering several compliance periods in a
dynamic setup. For an interpretation of our analytical results in the context of cap
and trade systems which grant free allocations based on past output and additionally
grant free allocations to newly built facilities, a careful calibration of the parameters
(A1, Az) of our setup is required to reasonably approximate real-world incentives for
our model.?? An interesting reference case is obtained when free allocations are granted
such as to cover all emissions caused by a certain installation. In our framework, we
define this by AT and A, Observe A € [1 — (F(65) w1, 1 — (F(0p))wi] and
AR € [1 = (F(6g) w2, wal.

In the context of our formal results, for an allocation scheme (A{“H, Ag““) we obtain
increased total investment and increased base load investment when introducing the

20 An immediate calibration of the parameters (A1, Ap) and (Ag””, Ag””) of our setup is possible if free
allocations are explicitly granted contingent on installed capacities. An example for such allocation rule is
given, for example, by the two initial phases of the EU ETS (2005-2012) for the electricity sector. In this case,
free allocations have been determined by a technology-specific emission factor which measures average
emissions per unit of electricity produced (0.365 tCO2/MWh for gaseous fuels and 0.750tCO2/MWh for
solid and liquid fuels) multiplied by a pre-established technology-specific average usage. For open cycle
gas turbines, e.g., in Germany, the average usage has been established at 0.11 (i.e., 1000h per year), for
coal and combined cycle gas turbines, it was given by 0.86 (i.e., 7500 h per year), and for lignite plants, it
was given by 0.94 (i.e., 8250h per year), see Appendices 3 and 4 of German-Parliament (2007).
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trading system (i.e., the emission cap is lowered below T in our framework). To see this,
first, observe that Aflull > Af which according to Lemma 3 (iii) leads to an increase
of X}. Second, observe that AN — AN~ AE (since AN > (1 — F(6p)w,
and A{““ < (1 — F(6p))w;) which according to Lemma 3 (iii) leads to increased
investment in the base load technology.

To apply the findings of Lemma 3(i), consider the example of an electricity market
with lignite or coal-fired plants as a representative base load technology and open cycle
gas turbines as a representative peak load technology. Since open cycle gas turbines
have lower emission factors, we obtain w> > wj, which directly implies wy > wf
(compare Definition 1). Since furthermore Ag“u > Af , as established above, we can
directly conclude that an increase (decrease) of the free allocation A, not only would
yield increased base load investment but also an increased (decreased) emission price
and increased (decreased) total investment.

After having analyzed the market equilibrium which is obtained in the presence of
an emission trading system and derived its properties of comparative statics, we now
proceed to the main part of this article and analyze the optimal design of a cap and
trade mechanism.

4 Optimal market design under perfect competition

In this section, we determine the optimal cap and trade mechanism. We first determine
the first best solution as a benchmark, which is obtained for the case of a perfectly
competitive market when a regulator can freely choose all parameters (A1, A2, T) of
the cap and trade mechanism (see Theorem 1). We then analyze several market imper-
fections and solve for the corresponding second best solutions. We first determine the
optimal cap and trade mechanism which should be chosen for an imperfectly com-
petitive market (see Sect. 5). We then analyze the case when competition authorities
cannot freely choose all parameters (A1, Az, T) of the cap and trade mechanism but
only a subset of them (see Sect. 6). In order to answer all those questions, we first
determine total welfare generated in a market with some cap and trade mechanism
(A1, A, T):

op

op . fd .
W(Ay, Ay, T) = f UOQ (P(Y,0)—c) YdY} dF(@)Jr/ [/Oxz (P(X3.0)—c2) YdY} dF(0)
[4 b
Op o 7 Xt
/[/0 (P(Y,B)—cl)YdY:| dF(9)+/ [/0 (P(XT,@)—cl)Yin| dF(0)
Op b5
5
— [ (c1 = ) X3dF(0) — ka X5 — k(X — X3) — D(T). (10)
op

Observe that welfare does not directly depend on the parameters (A, A2, T') chosen
for the cap and trade mechanism, but only indirectly through the implied investment
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and production decisions X7, X5 and Q*. In order to maintain presentability of the
results, we relegated all computations to appendix and directly characterize the optimal
cap and trade mechanism in the subsequent lemma.

Lemma4 The optimal cap and trade mechanism solves the following conditions:

) dXy dX3
(i) Wa, = d_A]QI + A, Q=0
- dXxy dX;
(ii) Wa, = A, Q + JA Q=0
2

iii) W ~—dXTQ +dX§Q Dy (T) + *+A—0
(iii) Wr = ar 1t g S 7(T)+e S =0

The expressions Q2 and Q11 determine the total impact of changed X7 and changed
X3, respectively, on total welfare. They are defined as follows:

7 _p,Xx* A
Q; ::/ —2ZL4F @) — Aje* — —AF
% n n

br _p X* A
Q1 :=/ —TZ24F () — (Ay — Ap)e* — —AF,
0§ n n

6= * * 6 d0* *
Jo? 4% (= Py L )dF )+ [, T 4% (—Py 2 )dF ()
The term % = == ( . ) £ = ( . ) > 0 determines the

7= a0 [y
Jy P (5% w2 )dF @)+, (4% wi)ar @)

impact of changed emissions on welfare for those spot markets where investment

is not binding.

Proof See Appendix D. O

We now provide some intuition for the conditions which characterize an optimal
cap and trade mechanism. We first consider the optimal choice of the free allocation to
the peak load technology given by A;. Observe that the optimality conditions (i) and
(ii) express the impact of changed free allocation on total welfare exclusively through
the channel of changed investment in the base load technology X3 and changed total
investment X7. The total impact of changed investment on total welfare is denoted
by Q7 and €2/, and this total impact can be broken down into three components
corresponding to the three summands of €2; and 2;;, respectively.

First, observe that at all those spot markets where total investment is binding (i.e.,
for 6 € [0, 0p] and 0 € [0F, 0], respectively), imperfectly competitive investment
behavior induces too low investment incentives, and an increase of investment X ’2" or
X7 leads to increased welfare given by the markup — P, % Second, free allocation
A1 > 0Qor(A;— A1) > Oinduces too high investment incentives, and thus, an increase
of investment would lead to a reduction of welfare given by the monetary value of the
free allocation (i.e., Aje* and (Ay — Aj)e™). Notice that in a world with exogenously
fixed emission price e*, the optimal level of free allocation should be chosen such as to
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balance those two effects.?! Since the emission price is endogenous in our analysis, an
additional term is obtained. An increase of investment dX | or d X7 leads to increased
emissions of dX TAF and dX ;‘AZE at those spot markets where investment is binding.
Since total emissions are capped by T, however, this necessarily has to imply an
equivalent reduction of emissions at those spot markets where investment is not binding
(i.e.,for € [0, 6] or 0 € [0p, 65]). Since production decisions are also imperfectly
competitive, a reduction of output leads to reduced welfare generated at those spot
markets. This impact is quantified by the term % defined in the lemma. That is, taking
into account the endogenous nature of the emission price leads to a lower degree
of optimal free allocation A; than suggested by an analysis with exogenously fixed
emission price.

The impact of a changed emission cap 7 on total welfare has a similar structure
than the impact of changed free allocations. Analogous to above, a changed emission
cap leads to changed investment incentives, and the impact of changed investment
incentives on welfare is given by the terms €2; and €2;; which have already been
discussed above. As we will see later on in Theorems 1 and 2, if the levels of free
allocation are chosen optimally such as to obtain Q2; = Qj; = 0, those terms will not
be relevant for the optimal choice of the emission cap. If the levels of free allocation
are not chosen optimally, however, they have to be considered when determining the
optimal level of the emission cap T (compare Theorems 3, 4, 5 and 6).

Apart from having an impact on investment incentives, a changed emission cap 7
leads to changed welfare also through several other channels. First, most apparently
an increased emission cap leads to increased emissions which reduce welfare by the
marginal social cost of pollution Dr. Second, observe that on the other hand, an
increased emission cap leads to a welfare increase since it implies a reduced emission
price which allows for increased output. The welfare increase at each spot market
is given by the changed output multiplied by the difference between marginal cost
as perceived by the firms and true marginal cost, i.e., d Q(w;e*), fori = 1, 2. Put
differently, however, this corresponds to the changed pollution at each spot market
multiplied by the emission price ¢*, and the change in welfare at all spot markets then
is simply given by the total change of emissions multiplied by the emission price, i.e.,
dTe*. As we will see in the subsequent Theorem 1, for a perfectly competitive market
the optimal cap and trade mechanism only balances those two effects and equates
the marginal social cost of pollution to the emission price (i.e., e* = D7).2? Third,
observe that an increased emission cap T leads to a reduced emission price. This
allows to reduce the welfare loss obtained due to imperfect competition at those spot
markets where investment is not binding and output too low. Notice that the impact of
changed emissions on welfare at those spot markets where investment is not binding
has already been discussed above, it is given by %.

21 Thatis, the monetary subsidy Aje*, for example, should then equate to the integral of the markups over
all relevant spot markets. The intuition for this result in some sense parallels the quite well known insight
obtained for a simple static model where a monopolist can be induced to produce first best output if he
obtains a subsidy corresponding to his markup.

22 This parallels the fundamental trade-off obtained in a simple static model where a Pigou tax should just
equal to the marginal social damage of pollution.
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Based on the findings of Lemma 4 as the first best benchmark, we can now directly
establish the optimal cap and trade mechanism which is obtained for a perfectly com-
petitive market

Theorem 1 (Optimal market design, first best benchmark) Under perfect competition,
the optimal market design satisfies

(i) A = (i) A5 =0 (iii) T*: e* = Dr(T).

Proof See Appendix E. O

Discussion and policy implications: The theorem demonstrates that in a competitive
market (i.e.,n — 00), where all aspects of the cap and trade system (here: parameters
A1, Ay and T) can be freely chosen by authorities, full auctioning is unambiguously
optimal (i.e., no free allocations should be granted) and the emission target 7" should be
set such that the equilibrium permit price equals marginal social cost of environmental
damage. That is, as already discussed above, the optimal cap and trade mechanism
balances welfare losses due to foregone production at all spot markets given by e* with
the marginal social cost of pollution given by Dr. In case of the EU-ETS, for example,
in the early phases [ and IT (2005-2012) free allocations have been granted to all sectors
including the electricity sector. One important reason has apparently been of political
nature allowing for industry support when introducing the cap and trade system (see,
e.g., Convery 2009). For the electricity sector, this has been changed since the start of
phase IIT (2013), since then no free allocations have granted to electricity producers>>.
This seems to be perfectly in line with the results obtained in Theorem 1. Observe,
however, that the theorem requires all aspects of the cap and trade mechanism to be
set optimally, including the total amount 7" of permits issued by authorities. Likely,
also this total amount 7' of emissions is subject to political constraints which require
the emission price e to remain within certain limits (likely below the socially ideal
level). Let us mention already at this point, however, that we are able to derive the
optimal design also in case of an exogenously fixed overall emissions cap 7 which is
not optimally chosen. As we show later on in Theorem 3, also in this case it is optimal
to fully auction permits without granting any free allocations. Thus, the elimination of
free allocations in the electricity sector in the EU-ETS since 2013 is perfectly in line
with our results, provided we can assume that producing firms interacts in a perfectly
competitive way (for the relaxation of this assumption, see the subsequent section).

In the subsequent two sections, we now consider market imperfections which make
an attainment of the first best outcome impossible. First, we analyze the case of imper-
fectly competitive markets (see Sect. 5). Apart from imperfect competition, another
source of market imperfection arises when authorities cannot freely choose all param-
eters (A1, Aa, T) of the cap and trade mechanism, but only a subset. Such situations
arise, for example, when the level of free allocation for (some of) the different tech-
nologies or the total emission cap is exogenously fixed due to political arrangements
or lobbing of firms and the competition authority can only determine the remaining
parameters (see Sect. 6).

23 There are exceptions for those member states with a GDP below 60% of the average, see IEA (2020).
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5 Optimal market design under imperfect competition

After having determined the first best benchmark (Theorem 1), we now analyze the
case of an imperfectly competitive market. Under imperfect competition, investment
incentives are generally too low (compare Sect. 3). One of the usually proposed mea-
sures to overcome problems of under-investment is given by capacity payments which
are assigned in capacity markets.>* Notice that the fundamental impact of a capacity
payment is equivalent to that of free allocations in our framework. That is, in our
framework it is equivalent if a monetary payment S; or free allocations of value A;e*
for t = 1, 2 are granted to a firm per unit of investment. In total, those measures lead
to a reduction of marginal cost of investment by A;e* + S;. Thus, the optimal design
of both instruments is closely related. In the present section, we want to shed light on
this interdependence and determine the optimal design of capacity payments and of
the cap and trade system.

Theorem 2 (Optimal Market Design under Imperfect Competition) Under imperfect
competition, the optimal market design satisfies

0 /_p x* A
(i) A’fe*—i—S]":/ (Ll) dF @) — —AF
GF n n

o (P, X% 0 /P, Xx* A
(ii) ALe* + S :/ ) dF(9)+/ 9Tl ) gF@e) - 2 (AF+A§>
QE n gﬁ n n

A
(i) T*: e* = Dy(T) — —.

Now, assume that Py9 = 0. We then obtain A*l‘e* + ST > 0. For wy < wf, we obtain
Afe* 4+ 85 > Ate* + ST, forwoy > sz, we can obtain Ale* + S5 = 0.

Proof See Appendix E. O

The optimal levels of total free allocations and capacity payments A} e* + S} under
imperfect competition are thus typically different from zero, a striking difference to the
result obtained under perfect competition (see Theorem 1). The fundamental reason
why this is the case follows directly from the insights provided by Lemma 1 and the
subsequent discussion of the results: Imperfectly competitive firms not only exercise
market power at the spot markets, but also choose their capacity to optimally benefit
from scarcity prices, implying reduced investment incentives.

As already discussed in the text following Lemma 1 (compare the last paragraph
which discusses Lemma 1), for an exogenously fixed price for pollution (e.g., a
Pigouvian tax at some fixed level ¢*) optimal investment incentives are obtained by
subsidizing investment such as to precisely compensate for the difference between
scarcity rents and marginal scarcity profits. To stick as close as possible to our nota-
tion, such subsidy could be made by assigning the amounts A and A of free tax

24 Fora survey on those capacity markets, compare, for example, Cramton and Stoft (2008), Cramton and
Ockenfels (2012), or Fabra (2018).
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vouchers to each unit invested in either of the technologies. Equivalently, such sub-
sidy could also be realized by appropriately chosen levels of capacity payments S;,
for t = 1, 2. Formally, for an exogenous emission price the total amount of subsidies
Ase* + S, is given by expressions (i) and (ii) of Theorem 2 by setting A = 0. (Notice
that for exogenously fixed permit price, we have A = 0.) Those would be the levels
of capacity payments granted by an optimal capacity market which disregards the
endogenous nature of the emission permit price.

However, if the emission permit price is not exogenous but changes with firms’
investment incentives (indeed A > 0), those levels of capacity payments are not opti-
mal, as we show. Positive free allocation leads to increased investment incentives,
which (through an increased emission price) can lead to reduced output (and thus
pollution) at those spot market where investment is not binding. The terms including
the expression % take this welfare loss into account. This leads to a reduced level of
the optimal degree of free allocation. As we show in the theorem, under imperfect
competition the degree of free allocation for the peak load technology is always pos-
itive, i.e., Afe® 4+ S} > 0. For the optimal allocation for the base load technology,
ambiguous results are obtained. If the base load technology is less emission intensive
than the peak load technology (i.e., wy < wj), increased investment in the base load
technology leads to reduced emissions and thus allows for more output at spot markets
where investment is not binding. As we show, this always implies that the base load
technology should receive more total subsidies than the peak load technology, i.e.,
AJe* + 85 > Aje* + S7. On the other hand, if the base load technology is more
emission intensive than the peak load technology (w, > wy, i.e., an increase of base
load investment leads to increased emission price), then it might be optimal to grant
less, i.e., Aje® + S5 < Aje* 4 S oreven Aje* 4 S5 < 0, as we show.

Finally, consider the optimal choice of the total emission cap T for the case of
imperfect competition. A brief look at the optimality condition (iii) established in
Lemma 4 reveals that the impact of a changed emission cap on investment decisions
can be neglected since the levels of free allocation are determined optimally (such
as to obtain Q; = Qj; = 0). What matters, however, is the fact that an increased
emission cap leads to a reduced emission price which in turn allows to reduce the
welfare loss induced by imperfectly competitive production decisions at those spot
markets where investment is not binding (given by %). As aresult, the optimal cap on
total emissions is chosen such as to yield an emission price below the marginal social
cost of pollution.

Discussion and policy implications: Based on our results, we can draw several
important conclusions for the debate on the design of cap and trade mechanisms. First
of all, policy makers should be very aware of the close relationship of capacity markets
and cap and trade systems which update based on installed production facilities. Most
importantly, as we show, the optimal capacity payments have to be fundamentally
different for markets with exogenous emission price (e.g., for an emission tax) than
for markets with endogenous price (as for a cap and trade system). Disregarding those
aspects when designing capacity payments for a market with a cap and trade system
will lead to flawed market outcomes.

Furthermore, policy makers might be able to exploit this strongly interdependent
nature of capacity payments and free allocations, especially if there are rigidities
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present in either of the instruments. On the one hand, those rigidities might be present
for the cap and trade system when free allocations have to be granted to enhance
political support (compare our discussion in Sect. 1). In this case, optimal capacity
payments should be designed such as to grant a total level of subsidies specified by
our optimality conditions. On the other hand, the introduction of capacity markets to
address problems of under-investment might be desirable, but politically infeasible
for certain markets or industries. In such case, appropriately designed levels of free
allocations might at least partially overcome this inefficiency. Our results established
in Theorem 2 characterize the optimal policy choice for all those cases.

6 Optimal design of a partially constrained cap and trade mechanism

In Theorems 1 and 2, we determined the optimal design of a cap and trade mechanism
when all its parameters (A, Az, T') can be freely chosen by the competition author-
ity. We first analyzed the case of a perfectly competitive market, which yields the first
best benchmark (Theorem 1) and then the case of imperfect competition (Theorem
2). Another source of market imperfection, apart from imperfect competition, arises
when the competition authorities cannot freely choose all parameters (A1, Az, T) of
the cap and trade mechanism. Such rigidities might be due to political constraints and
arrangements or due to lobbing of firms. As already discussed extensively in the intro-
duction of this article, free allocations have been key to guarantee the political support
necessary to introduce cap and trade systems, compare Convery (2009), Tietenberg
(2006), Bovenberg et al. (2008) or, for example, Grubb and Neuhoff (2006)3. Tt is the
purpose of the present section to analyze how a competition authority should optimally
design a cap and trade mechanism if it can determine only a subset of the parameters
of the cap and trade mechanism, whereas the remaining parameters are exogenously
fixed due to the above discussed problems.

Theorem 3 determines the optimal degree of free allocations for the case of exoge-
nously fixed level of the total emission cap 7. In Theorems 4, 5 and 6, we determine the
optimal degree of free allocation to the remaining technologies and the corresponding
level of the optimal total emission cap T'. Observe that our results obtained in Lemma
4 in principle would allow for a detailed analysis of those questions both for the cases
of perfect and imperfect competition. In order to limit the notational burden in the
present paper, we restrict ourselves to the case of perfect competition, however. In this
case, the optimality conditions determined in Lemma 4 read as follows

Wy, = dx; (—Ay) e* + a3 (A1 — A e* =0 (11)
LT dA dA;

Wy, = dx; (—Ay) e* + X3 (Aj — Ay e* =0 (12)
27 dA, dA,

25 “Due in part to the sheer scale of the EU ETS, governments are subject to intense lobbying relating to
the distributional impact of the scheme, and are constrained by this and by concerns about the impact of
the system on industrial competitiveness. Few academics understand the real difficulties that policy-makers
face when confronted with economically important industries claiming that government policy risks putting
them at a disadvantage relative to competitors.”
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Wl 0K A
T = dT( e ar

(A = A)e* = Dr(T) +e"=0.  (13)

We first analyze the case of an exogenously fixed level of the cap on total emissions
T, and an example might be a situation where politicians are willing to introduce a cap
and trade mechanism, but are reluctant to induce too severe (even though optimal from
an overall welfare point of view) distortions on the economy. The above optimality
conditions directly reveal that in a perfectly competitive market, no free allocations
should be granted to firms, independently of the level of the emission cap.?® This is
summarized in Theorem 3.

Theorem 3 (Optimal design for fixed emission cap T') For any exogenously fixed total
emission cap T, it is optimal to choose the levels of free allocation A7 = A5 = 0.

That is, the result obtained in the first best benchmark (Theorem 1) where no free
allocation has been found to be optimal is also obtained if the total emission cap is
not set at an optimal level. This seems to be perfectly in line with the abandonment of
free allocations for the electricity sector in most member states in the context of the
EU-ETS since 2013. For a more detailed discussion of the policy implications, see the
discussion following Theorem 2. Observe that the reverse does not hold as we show
in the subsequent theorem, however.

Theorem 4 (Optimal design for fixed allocations A and A2) Suppose the initial allo-
cations A1 and Aj are fixed exogenously. Define

To(A1, A2) == (A} — A AW + (As — Ap — AFY(As — ANV . (14)

The optimal emission cap T* has to be set such as to satisfy e* = Dp(T*) for
To(A1, A2) = 0, ¢ > Dp(T*) for To(A1, Ay) > 0, and e* < Dr(T*) for
Fo(Al, Az) < 0.

Proof See Appendix F. O

That is, for levels of free allocation A, A, which are not set optimally the optimal
cap on emissions T typically does not implement an emission price e* equal to the
social cost of pollution D7. To get an intuition for the result, note first that the cap T
on total emissions governs the price for emission certificates e* which in turn influ-
ences both investment decisions and unconstrained production decisions at those spot
markets where investment is not binding. Optimal production decisions are induced
by an emission price equal to the social cost of pollution. This is only overall optimal
in case of optimal investment incentives.

Now, first observe that in case of positive free allocations (as considered in the
theorem), investment incentives are distorted, however. That is, for A; > 0 invest-
ment incentives in the peak load technology are too high; for Ay > A; (A2 < Ay),
investment incentives in the base load technology are too high (low). A distortion of
the emission price can then be suited to at least partially adjust investment incentives.

26 The results of Theorem 3 for the case of imperfect competition are obtained analogously, and the optimal
levels of free allocation are given by conditions (i) and (ii) established in Theorem 2.
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Fig. 4 Choosing the optimal T* for exogenously fixed initial allocations A; and A,. Left: for relatively
dirty base technology, i.e., wy > wZE , right: for relatively clean base technology, i.e., wy < wj

Second, observe that the impact of a changed emission cap 7 on investment incen-
tives already has been derived in Lemma 3 (iii) and was discussed in the subsequent
text. As established there, a higher emission cap 7 (implying a lower emission price e*)
leads to increased investment in the peak load technology X7 if and only if A; < AE,
and it leads to increased investment in the base load technology X7 if and only if
Ay < Ay + AL

Intuitively, Theorem 4 formally joins those two effects; that is, whenever the levels
of free allocation A, Ay are such as to induce over investment, the total cap on
emissions should be set such as to induce an emission price which leads to a reduction
of investment incentives and vice versa. All those findings are illustrated graphically
in Fig. 4.

Consider the case A, = A1 > 0, where all technologies get the same amount of
free allocations (the 45-degree line of Fig. 4). In the light of the above discussion,
this implies first of all that investment incentives in the base load technology are
undistorted (since A; = A1) and investment incentives in the peak load technology
are too high. For A} < Af, investment incentives are reduced for a higher emission
price; for A} > Af , they are reduced for a lower emission price. Next, consider the
case Ay = Ay + Ag. In this case, a changed emission price e¢* has no impact on
investment in the base load technology, and analogous to above, the optimal cap 7 is
thus designed exclusively such as to reduce the too high investment incentives in the
peak load technology (i.e., for A| < AF, we have e* > D7 and vice versa).”’

27 Observe that an analogous reasoning is obtained for the case A1 = 0 when only investment incentives
in the base load technology are distorted and the case A} = Af when a changed emission price has no
impact on investment in the peak load technology and only distortions of base load investment are to be
adjusted by the total emission cap.
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Fig. 5 Left: Choosing the optimal A; for exogenously fixed initial allocation Aj. Right: Choosing the
optimal A’f for exogenously fixed initial allocation Ay

Discussion and policy implications: We conclude the discussion of Theorem 4 by
applying our findings to the above discussed policy of full allocation (Ali““, Ag“”) as
already introduced at the end of Sect. 3. Remember that we derived the following
properties for the levels of full allocation: ATl > AE and Al > Al 4 AZ Ag
already discussed, if we consider either lignite or coal-fired plants as the representative
base load technology and open cycle gas turbines as the representative peak load
technology, we also obtain Ag“" > A{“". For our framework, we thus obtain that the
optimal cap on total emissions has to be set such that the equilibrium permit price is
lower than the social cost of pollution, i.e., e* < Dy.

In the subsequent Theorem 5, we consider the case that only the allocation for
the peak load technology A is exogenously fixed, and allocation for the base load
technology A; and the total emission cap T can be determined optimally, however.

Theorem 5 (Optimal design for fixed allocation A1) Suppose the allocation for the
peak technology A1 is exogenously fixed. The optimal allocation for the base tech-

nology then solves A% = WAL More specifically, we obtain (see left
2

graph of Fig. 5)

A5 =0 if (A < A < Alm)
0<As <A if ((0<A; <AF) & wr <wh)) OR ((AF < A < A7) & (wy > wi))
Al < A} if ((AF <Ay < AT) & (w2 < wF)) OR ((0 < Ay < AF) & (w2 > wh)).

The optimal cap T* is such that e* > D7 if A| < Af and e* < Dy if A| > A{z.
Proof See Appendix G. O

Observe that the optimality condition for A, as stated in the theorem is obtained
directly by rearranging expression (12). To derive the properties of the optimal degree
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of allocation for the base load technology A as stated in the theorem, we can now make
use of the properties of comparative statics derived in Lemma 3(i). Most importantly,

as established there, we always obtain X5~ 0. We thus obtain A3 > Ay ifandonly if

dA>
dx . . . .
ﬁ < 0. Since we only consider nonnegative levels of free allocation, we furthermore
. dx;  dXx; . .
obtain A5 = 0 whenever 0 < ﬁ < d—A;. All those results of comparative statics have

been derived in Lemma 3 and have been discussed subsequently in Sect. 3. Figures
3 and 5 do thus in principle look identical; observe, however, that Fig. 3 exclusively
states results of comparative statics, whereas Fig. 5 illustrates the properties of the
optimal allocation A% by making use of the previously obtained findings.

The intuition for the optimal level of free allocation 7* in principle goes along
the same lines as the one provided for the findings of Theorem F. As compared
to the first best benchmark, for positive allocation A investment incentives in the
peak load technology are too high. Whenever A; < Af , we obtain Wi < 0 which
implies that a higher emission price ¢* allows to reduce investment incentives in the
peak load technology. Observe furthermore that investment incentives in the base load
technology as induced by A are either too high ortoolow (i.e., A5 > A forw; > wf
and vice versa). As we show in the theorem, it is optimal to set the total cap such as
to obtain an emission price e* > D7 which induce reduced investment incentives in
the peak load technology whenever A1 < Alc. Observe that for A1 = AIC, we obtain
A3 = Al = AIC which implies undistorted investment incentives in the base load
technology; in this case, we thus obtain e* = Dy . The reverse holds true for the case
A > Alc where the optimal emission cap 7™ has to be set to obtain ¢* < D7 which
induces reduced investment incentives in the peak load technology.

In the subsequent Theorem 6, we consider the case that allocation for the peak load
technology A» is exogenously fixed, and allocation for the base load technology A»
and the total emission cap T is determined optimally.

Theorem 6 (Optimal design for fixed allocation Ay) Suppose the allocation for the
base technology A; is exogenously fixed. The optimal allocation for the peak technol-

ogy then solves A} = %Az. More specifically (see right graph of Fig.
5)
AT =0 if (A§oS < Ay < AlM)

0< A} <Ay if ((0<Ay<A§*) & (wy <w3)) OR((0 < Ay < AP™) & (w3 > w3))
Ay < A} if (AYW < Ay < ANM).

Define AS™ := AF + Ag. We obtain AS™ < Ag’tal and AS™ < A5, The optimal
cap T* is such that e* < Dy if Ay < AS™ and e* > D if Ay > AS™.

Proof See Appendix H. O

Observe that the optimality condition for A as stated in the theorem is obtained
directly by rearranging expression (11). To derive the properties of the optimal degree
of allocation for the peak load technology A7 as stated in the theorem, we can now make
use of the properties of comparative statics derived in Lemma 3(ii). Most importantly,
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. . dXE dXE . . .
as established there, we always obtain ﬁ > g A? . Since we only consider nonnegative

. . dx* .
levels of free allocation, we obtain AT > (0 whenever ﬁ < 0. Furthermore, we obtain

dx*  dx:
* 2 1
A} > A whenever A < da < 0.

Let us finally provide some intuition for the optimal cap on total emissions 7. First
of all, observe that for A, < At2°tal and Ay < A5%, we always obtain 0 < AT < A3
which implies that investment incentives both in the base load and the peak load
technology are too high as compared to the first best benchmark. For low levels of
allocation to the base load technology (i.e., Ay < AT(A2) + A2E ), we obtain Wi < 0
which makes it optimal to induce an emission price e* > Dy to lower investment
incentives for both technologies.28 Observe that for Ay = A7(A2) + AL we obtain
Ure = 0, and a distortion of the emission price above (or below) social cost of
pollution has no impact on investment incentives in the base load technology. However,
investment incentives in the peak load technology are too high (since AT > 0). Since
V. < 0, the distortion of the emission price above social cost of pollution is thus
still suited to reduce investment incentives in the peak load technology. In total, the
theorem thus balances increased investment incentives in the base load technology
with reduced investment incentives in the peak load technology. The cutoff is reached
where Wye + Wie = 0 which implies A> = AF + AL = AS™. That is for Ay < AS™,
it is optimal to set an emission cap 7* which induces e* > D7 and for A, > AS™,
the optimal cap 7* induces e* < D7.?? All those results are illustrated in Fig. 5.

Discussion and policy implications: We conclude the discussion of Theorems 5 and
6 by applying our findings to the above discussed policy of full allocation (Aﬁ““, Ag““)
which served as the main illustrating example throughout this article:

First, consider the case of Theorem 5, where the allocation A; for the peak tech-
nology is exogenously fixed. As already shown, under full allocation we obtain
A{““ € [AF, (I — F(fp))w1]. For the case of a completely clean base load tech-
nology (that is wp = 0, in the context of electricity markets this would be the case for
nuclear power plants, for example) under the current rules such technology would not
obtain any permits. As our results directly show, however, such technology should be
granted more free allocations than the peak technology, i.e., A5 > A?‘H. Moreover,
the total emission cap 7™ should be chosen such as to implement e* < Dy in order
to dampen excessive investment incentives induced by those levels of free allocation.

Next, consider the case of Theorem 6 where the allocation A, for the base technol-
ogy is exogenously fixed. The optimal level of free allocation for the peak technology
has to be strictly positive if the peak technology is less emission intense than the base
technology. In particular, if the peak technology is completely clean (thatis w; = 0, in
the context of electricity markets this would be the case for small biogas-fired engines
or turbines for example), under full free allocation this technology would not receive
any free permits. As our results directly show, however, such technology should be
granted a positive amount of free permits. Unlike in the case discussed in the pre-

28 Observe that for Ag < 0, this range is degenerated at zero.
29 For Ay > ASOS, only investment incentives in the base load technology are distorted; since A5 >

AS™, the optimal cap then clearly has to implement ¢* > Dr. For Ay > A‘2°"“1, the optimal AT (A2) > Ay
is so large that the optimal cap also has to implement ¢* > Dy, as we show.
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ceding paragraph, however, the level of free allocation for the peak load technology
should remain below the exogenously fixed level of free allocation for the base load
technology. The reason for this difference lies in the fact that free allocations Ap
for the base load technology only have an impact on the resulting technology mix,
and free allocations A to the peak load technology have an impact on the resulting
technology mix and on firms’ total investment activity. For exogenously fixed A»,
the optimal level of A7} is thus more moderate since it also leads to distorted total
investment decisions. Finally, notice for the optimal cap on total emissions: Since
AS" < (1 = F(Op)wy < Ag““ (compare Definition 1 and the last paragraph of Sect.
3), we can directly conclude that the total cap on emission has to be chosen such as to
implement e* < Dy in order to dampen excessive investment incentives induced by
those levels of free allocation.

In sum, if one of the technologies is granted an exogenously fixed level of free allo-
cation (e.g., due to lobbying), then the optimal pattern of allocations to the remaining
technology is completely different from the one that is obtained under full allocation.
Furthermore, for high levels of free allocation, the cap on total emissions should be
chosen such as to induce an emission permit price which is below marginal social cost
of pollution in order to reduce the distortions on the resulting technology mix.

7 Conclusion

Tradeable pollution permits are an increasingly important policy tool in environmental
legislation worldwide. The possibility to freely allocate permits provides an important
possibility to share the regulatory burden. This seems to significantly enhance the
political support for recently introduced legislations (see, for example, Tietenberg
2006; Bovenberg et al. 2008, or Convery (2009)). Since free allocations typically are
subject to implicit or explicit updating, the allocation of permits has an impact on
firms’ decisions: First, updating of free allocations on the one hand has an impact on
firms’ operation of existing production facilities if they believe that current output or
emissions do have an impact on allowances granted in future periods. Second, updating
will also have an impact on firms’ incentives to modify their production facilities.
The first aspect has already been intensively analyzed in the literature (compare, for
example, Bohringer and Lange 2005; Mackenzie et al. 2008; Bohringer et al. 2017, or
Meunier et al. 2018).

All those contributions focus on the impact of free allocations with updating on out-
put decisions and abstract from investment decisions. However, free allocations with
updating also have a direct impact on firms’ investment incentives which determine
production capacities and the technology mix in the long run. It has been the purpose
of the present article to analyze its impact on firms’ investment decisions and to derive
the optimal cap and trade mechanism in such an environment.

In the present article, we have thus analyzed an analytical framework with tradeable
permits and a cap on total emissions. Potentially strategically acting firms have been
able to invest into production facilities (with different emission intensities) which allow
for production for a longer horizon of time. After establishing the market equilibrium

@ Springer



SERIEs (2021) 12:281-327 309

and the resulting technology mix, we have analyzed the optimal design of the cap and
trade mechanism.

As abenchmark, we established the first best solution which is obtained for an ideal
market. We then have derived the optimal design of the cap and trade system for a series
of market imperfections. First, we have analyzed the case of strategic investment and
production decisions in an imperfectly competitive market. This allowed to highlight
the close interdependency of mechanisms to overcome low investment incentives (such
as, for example, capacity markets, compare Fabra 2018) and cap and trade systems:
If the endogenous nature of emission prices in the presence of a cap and trade system
is disregarded, too high investment incentives are induced by such mechanisms.

We then have analyzed the case that the competition authority cannot freely choose
all parameters of the cap and trade system due to restrictions imposed by the political
processes. The optimal choice of the remaining parameters differs substantially from
that observed for the first best benchmark. Our result showed, for example, that if
a certain technology receives free allocations, it is typically optimal to grant free
allocations also to the other technology. Interestingly, those free allocations granted to
the other technology should be higher in case this technology is less emission intensive.

OpenAccess Thisarticleis licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

A Proof of Lemma 1

Note that given our assumptions on demand and cost, existence of spot market equi-
librium at each demand scenario 0 is ensured for the case of perfect and imperfect
competition. We denote by ¢ (6, x) spot market output of firm i in scenario 6, given
investments x = (x11, ..., X1x, X21, - - - , X2,). Remember, X and X, denote industry
investment in either technology and Q*(6) industry output at each spot market 6, and
it is given as follows:

QiP(Q,9)+Pq(Q,9)%—cz—wze*=0if 0 0,05

0 = X> if 0 €log 0p] (15)
Q:P(Q.0)+ Py(Q.0% —ci —wie* =0if 6 €[0p,6p]
X1 if 0 €l6p.0]

The critical spot market scenarios are defined as follows:

1
05 P(Xa2,0p) + Py(Xa, 9§); —cp—we" =0
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1
Op : P(X2,0p) + Py(X2, Qﬂ); —c—wie* =0

1
05 : P(X1,9p)+Pq(X1,9ﬁ); —cr—wie* =0

That is, at spot market 6z investment X5 in the base load technology (c2, k2) starts
to be binding, at 6p, firms start to produce with the peak load technology (c1, k1) and
at 6, the total capacity bound X is met. The first-order conditions stated in Lemma
(1) are obtained when equating expressions (16), (17) and (18) to zero. Notice that the
case solution for the case perfect competition is obtained as the special case where
n — oo.

We first derive the first-order conditions for optimal investment decisions. Note that
although in equilibrium at different demand realizations 6 firm i might sometimes
produce an unconstrained equilibrium quantity and sometimes is constrained by its
choice xy; or xp;, equilibrium profit of firm i is continuous in 6. Thus, by Leibniz’
rule, the first derivatives of the profit function are given as follows:

dm 0 Xl
— = / [P(Xl, 0) + Py(X1,0)— — (c1 + wle)i| dF(0) — (k1 — Aye)
dxy; 05 n
(16)
drm; op X
— = / |:P(X2, 0) + Py(X2,0)— — (c2 + wze)] dF ()
dxy; o5 n
0
+ ) (c1 —c2) + (w1 — wp)edF(0) — (ko — Aze) + (ky — Aye)  (17)
P

In the market solution, the emission price e has to be such as to equate the following
expression to zero:

- o o5
/ W Q*AF (9) + / W X2dF () + / w1 Q*dF (9)
0

0F bp

7 7
+/ leldF(G)—/ (w1 — w2)X2dF (@) — T (18)

3 Op

which are the conditions W, W;; and Wg as given in the lemma.

Let us directly at this point determine all partial derivatives of the equilibrium
system characterized in the lemma. The partial derivatives of W; (expression (16)),
W, (expression (17)) and Wg (expression (18)) read as follows:

v o +1 X}
’:xp,]zf P, ( T,e)"T+qu( T,9)71dF(9)<0

Xt 65
v op n+1 X

1 =w,,2=/ Py (X3,0) —— + Py (X5,0) =2 dF(6) <0
X5 05 n n
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2

Ve _ o= [ “2 dF (0
- Ee — }’l-‘rl Q* )
de 0 Pg(Q* 0)== + Pyq(0*,0)%-

Qi, w%
+/ p o dF(6) <0
op  Py(Q*, 0)5= + Pyg (0%, 0)=-
AWE AW,
— =V =(1-F0p) wi=Af >0— =W =A—(1-F(0p)wi =A; — A}
IX* de
8\115 E
s =Y =1 —-F@®3)w — (1 — F@p)w; = A5
IX3
rya e =A2— A1 — (1= F@p)wr + (1 - F(p)w; = A — A1 — Aj

AV oV oWy Vg

— = = e =e€ e
dA d0A1 dA> aT

B Proof of Lemma 2

Part (i) To derive the second-order conditions established in Lemma 2, first observe

that differentiation of the permit pricing condition W with respect to X and slight

rearranging yields % = :yf éc. Plugging into the derivatives of W; and W;; and

replacing for Af: and Af as introduced in Definition 1 yield:

dy; Ve E AF
ax, n+ Ie_\pEe 11+ (A 1)—‘I/Ee
dw; Ug AE
= Ve = (Ay— A — AD) L
dXi —WEe —Wge
Likewise, we obtain
dy; Yo E Ag
— =V = (A1 — AY)
dX», —Wge —Wge
dvy; Ve E Ag
=W+ W =W+ (Ar— A — A
X, 112 Ie “ 112+ (A 1 7) "

dv;/dX, d¥;/dX»
dWrr/dX, dV¥yr/dX,
tions (a), (b) and (c) established in Lemma 2 (i) are satisfied. To save on notation, we
introduce C := det(H); observe that C > 0 if H is negative definite [compare (¢) in
Lemma 2 (i)].

Part (ii) Since Wy < 0, W72 < 0 and Wge < O (see Appendix A), the conditions
provided in Lemma 2 (ii) are sufficient to guarantee negative definiteness of the matrix
H.

The matrix H = ) is negative definite if and only if condi-
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Fart (iii) To see why this is true, just observe that for A} > Alim condition (a)
established in Lemma 2(i) will be violated. The condition deﬁmng Ahm is given by
the sum of conditions (a) and (b) of Lemma 2(i); for A} > Allm at least one of those
two conditions will be violated.

C Proof of Lemma 3

C.1 Preliminaries: comparative statics

dx: dxy dXxj dX3 dXx3 dX3
The differentials for ;- A s T4y 9T apd v A1 i A , g7 are obtained by applying the
implicit function theorem to the equilibrium condltlons established in Lemma 1. The
total derivative of this equations system with respect to the parameter A; yields:

v w0 g 9 0 (19)
- “dA da; T 9A;
dxz de* oWy
v v 24y =0 20
11 ”2dA1 + IIedAl oA, (20)
ve: vy, e e, @1
£ EldA1 £ dA; dA; 84,

dx:
In order to derive an exp11c1t formulation for 1

TA A , we solve expression (21) for

and expression (20) for X2 A A . Plugging into expression (19) yields:

Ve > ( ‘I’Ez> (‘l’ue ‘I’Ee) dXxy
— (v ( it

W+ Yy
( ‘- Ee e—\I’Ee U+ Ye ‘I’Ez) dA;

Wiy ) 0w
+8\II1 (‘IIIC 7\5,;) oA _0
0A g )
Vi + Wie =g

By making use of the definition of the variable C (compare Appendix B), we can
rearrange this expression and obtain:

dxj 1 % (‘1‘112 + Yy _lp\fée) - %‘I}T'l’ (‘I’le _Lll\fée)
dA;, C
—e
= (2 = A = ADAF —wrve) (22)
- c

dx;
Likewise, to obtain an explicit formulation for -—7=

A A , we analogously solve expres-

sion (21) for dL and expression (19) for jT Plugging into expression (20) and
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solving for % yield:

dxz S (‘1111 + Ve = ) - (‘Pne _\quée)
dA, =D c
- A—AE—AEAE—\II\D> ¢ 23
(( 2 1 2) 1 11 ¥Ee —‘I’Eec ( )
Analogously, we obtain:
dx* e dXx* —e
L= (- abraf) 2 = (A= AHAf - vy we)
dA; —VE.C dA; —Vg.C
dx* )\ dx* )\
1 :(AI—AF) 112 —2=(A2—A1—A§) L (24)
dT —WgC dr —WgC
C.2 Proof of Lemma 3(i)
First, we define
- Ve
Ti™(A)) = ¥ + e
— YEe
0
= / Pq(X*, 0)dF(0)

b5
Ap — AEYAE
b o)
B P
Jo —Pq(é*,e)dF(9)+f9£ —Pq(é*,e)dF(G)

Observe that the second-order sufficient conditions for existence of the market equi-
librium specified in 2(i) require Flllm (A1) < 0. Since Fll‘m (A1) isincreasing in Ay, we
can define a unique Allim which solves Fllim (Allim) = 0 and conclude that % > 0 for
all A < Alim,

Second, we define

v Ap — AE) AE
Ftotal(Al) = \I‘,le E2 ( 1 ) (26)
€
fe —P, (Q* e)dF(e) + fe —P, (Q* e)dF(G)

This allows us to rewrite % as established in expression (24) as follows:

dXy e*

— Ftotal A . 27
A, (A1) c (27)
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We finally show that Af < AJ™. To see this, observe that '™ (A};f) =Y, < 0.
Since Flllm(Al) is increasing in A1, we necessarily obtain Alllm > AT
Third, we define

v W
TS (A}) 1= Wy + Wpe—e 4 Wy, E2
—WEe —WE,e
’ Ay — AF) (AF + A
= / P (XT.0)dF () + 2( ) ( )2
" Jo" = om 4F©) + ng o dF©)

Observe that g2 dX* < f‘f if and only if I'{"*(A;) > 0 (compare expression (24)).

We define the locus where 798 (A1) = 0 by AJO.

We now compare the critical allocation AC“’Ss relative to the critical values Allm
and AE

e For wy > w2 , we can establish the following ranking AE ATO® < Alim
To show the firstinequality, observe thatforall A < A1 ,We obtam F“’“l(Al) <0.
As shown above, we also obtain Fhm(Al) < 0, which implies ['{™"(A;) =
r llm(A )+ T “’tal(Al) < 0. This directly implies, however, that A{"* cannot be
in the interval [0, Af: ].
To show the second inequality, observe that for A} > AE wehave F‘Ota] (Ap) > 0.
Whenever ' (A1) = T'lim(A})+ 0% (A,) = 0, we must thus have rimA)) <
0. Since Fhm(Al) is strictly increasing in A1, this implies Allm AT,

e For w, < wf, we establish that TS™5(A;) < 0 (i.e, AT > 0) for all
Ay € (0, Alm).
First, observe that for Aj > AP we obtain T (A;) < 0 which implies that
T (A1) = Tim(A) + TP%(A) < 0 for Ay € [AF, Alm],
Second, observe thatfor A} < Afand ((1 — F(Og)wy — (F(6p) — F(Gﬁ))wl) >
0, we obtain T'{™%(A) < 0.
Third, observe that for A; < Af and ((1 — F0)wr — (F(6p) — F(Qﬂ))wl) <
0, ['§™5 (A1) is maximized for A; = 0. Expression (28) then reads as follows:

0
{7%(0) :/ P,(X7,0)dF(6)
o

— (1 - F6p) w1 ((1 = Fp)wa — (F(6L) — F(6p))wi)

6;
L ORI S IO

which can be guaranteed to be negative if P;; < 0 and Py > 0. Without those
additional assumptions, it might happen that A7 = 0 in the region where A; < Af
and ((1 — F(op)wr — (F(6p) — F(GB))wl) <0
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C.3 Proof of Lemma 3(ii)

First, we define

(28)

- Wy + Wey
rim(Ay) == <‘1’112 + W+ (e + Wie) —) .

- \I'Ee

In order to precisely define Alzim, first observe that Wy + Vg = Af + Ag (compare
Definition 1), we thus have to consider the following two cases:

e For the case wy > wé‘ (.e., A‘F + Ag > 0), Flzim is strictly increasing in A, and
we can define a unique Alzim which solves I" %im (Alzim) =0

e For the case wy < wZL (.e., Af + Ag <0), Fgm (A») is non-increasing in A, and
it is thus minimized for A, = 0 which yields

E E
AT + A;
_qJEe

LA™ — Wy + Wy + (Az — (AF 4 Ag)) < 0.

That is, Flzim(A1) < 0 for all A» > 0. For ease of notation, we thus define
A12lm = 00 in this case.

We now determine % — % as given by expressions (22) and (22). After plugging

. A x Ik . . dx:  dXxj,
in for A =¢ and Far = —e" (compare Appendix A), we obtain for A~ dA
Ve Vi Vel Vg —e*
Ui+ We—— |+ (Vie—— | + (¥ + ¥ +(Vpe——— ) | —
(( 112 Ile *‘I’Ee) < Ie VR 11 Ie 7 Ile 7 C
= Tl"z'm(Az)

Since Flzim(Az) < 0 as established above, we conclude that % > % for all A, €
[0, Alimj,
Second, we define

Wy 200
thotal(Az) = <<\IJ”2 + Ve “ug, ) + (\I’Ie_\IIE ))
R e

AE
_ _ AE _ 4E 2
= <\11112 + (A2 Al A2> —‘IJEe) (29)

e For wy > wf (.e., Af > 0, see Definition 1), Fg’ml(Az) is strictly increasing in
As. Since T'@(0) < 0, we can thus define a unique A > 0 which satisfies
Ftotal(AtOtal) =0

2 2 - ) E . E o, . l . . .

e Forthe case wy < wjy (i.e., Ay < 0, see Definition 1), Fg"a (A»>) is non-increasing

in A,. Observe that in this case, I'"?! is maximized for (Ay = 0, wy = 0) which

@ Springer



316 SERIEs (2021) 12:281-327

yields:

AE
reao) = [ W0 + (Az — A7 — Af) — ) <o. (30)
—WEe

That is, for A > 0 we obtain Fg’tal(Ag) < 0. For ease of notation we thus define
Atz"tal := 00 whenever wy < wf .

.. dXxt . . . .
Observe now that we can rewrite ﬁ [established in expression (23)] in terms of FE"ta]
which yields:

dXy —e*
— Ftotal A 31
A, 2 (A2) c (31)
Third, we define
Cross \II ‘l’ AE
5% (Ag) == (‘1111 + Ve —\5E1e> + (‘Ifne _‘fl;) =W+ (Az - AlE - Af) —‘IJlEe
(32)

. dX3 . . . . Lo
We now rewrite ﬁ as established in expression (23) in terms of I'S"** which yields:

dXx; , e*
— FCFOSS A _ 33
A, > (A2) C (33)

Observe that ['5"% is strictly increasing in A (see Appendix A). Since I'5*°(0) < 0,
we can thus define a unique A5 > 0 which satisfies '3 (A5"%) = 0:

W WEe
E
Aj

ASOS = AT + AS + (34)

Finally, we compare the different critical values: Alzim, A‘zoml, and AS%. We have to
consider the following three cases:

e For wy, < wk : In this case, we obtain I'J™(A,) < 0 and I'*%!(A4,) < 0 for all
A3 > 0. Thus, AS™% provides the only critical level of initial allocation (remember
we defined A12im = 0o and Ag’tal = 00), and we thus obtain A" < Alzim.

e For wé‘ <wy < wf : In this case, we obtain Fg’tal(Az) < Oforall A, > 0 (remem-
ber we defined AP = 00). Observe, furthermore, that ['J™(Ay) = IVl (A) +
['57%(A3) for all A>. This directly implies, however, that FSrOSS(Agm) > 0 and

Cross lim
thus A5 < A,
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e For wy > wf , we evaluate Fg’tal(Ag“’ss) which yields [compare expressions (29)
and (34)]:

il g oros Af =
EH(AS®) = Wyp — wnA—? = P; (F(0p) = F0p))

(L= F@p)wn = (1 = F@p)wn

: o (35)

Observe that we denote by P_q1 the average slope of demand for those demand

levels where total investment is binding and by P_q2 the average slope of demand
for those demand levels where base load investment is binding, i.e.:

0 0
/ P,(X, 0)dF (6) / “ (X5, 0)dF(0)
N pl._ 0P . B, Y0
A R ) R TS gy
(36)

Rearranging this yields:

_Fql(l _ F(QE)) (l - F(eﬂ)) + (F(QE) - F(GE))i:j

total Crossy __ _
YA = ———— [w = Fey wi
(37
Now, define

P2

(1= F©p)) + (FOp) — FOp) 5t
ws = T wy (38)

I = F(05)

Observe that wf < wzs < w; since F(Op) — F(05) > 0and 0 < < I

3y

notice that for qu = Pq1 (e.g., for Pyy = Py = 0), we obtain wy = wj.
Furthermore, for wy > wg we obtain Fg"al(Agmss) > 0 and for wy < wg , We
obtain [P (AS%) < 0. Since Ti™(A2) = TP (A3) + ISTOS(A), for all A,
we obtain: )

0 < APEl < Al < ASIOSS if gy > wd

0< Atzot‘ﬁll = A12im = ASO% if wy = w§ (39)

0 < A5 < Alzim < Ag’tal if wf <wy < wzs
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C.4 Proof of Lemma 3(iii)

Observe that we have derived dd# and % in expression (24). The statements of
Lemma 3(iii) follow directly since W;; < 0, W72 < 0 and Wge < O (see Definition

).
D Proof of Lemma 4
To derive the optimal design of the cap and trade mechanism (Aj, A, T), we first dif-

ferentiate welfare as given by expression (10) with respect to each of those parameters.
We obtain for %:

r d0*
dA;

dw (% do*
dA;  Jy  dA;

dXx; [
+

dA;
N dXy

dA;
We can now plug in the equilibrium conditions for firms’ investment choices given

by expressions (2) and (3), and we can plug in the optimality conditions for the
unconstrained spot markets whenever investment is not binding. 3° This yields:

[P(0".6) ~ ] ar @)+ | "S- [P@"0) — ei]ar @)

bp

o5 7
/ [P(X5.60) —c2] dF(6) +/9 (c1 — 2)dF(0) — (k2 — kl):|

5

7
/ [P(X].0) —c1]dF(©®) — k1:|

b

3 * * op * *
aw = do [—Pq% +wze] dF(9)+/ do [—Pq% +wle] dF(0)
0

Tm 0 dA] p dAl
dXx* Op X* 6
2 f |:—Pq—2 + wgei| dF(6) + (wy — wy)edF(0) — (Ay — Ay)e
dA; o5 n Op
ax* [ o
—P, dF @) — A
+dA1 /GF[ y +wie]dF(©) — Aje

This can be further simplified by making use of the derivative of the permit pricing
given by expression 4 with respect to A (i.e., \X—f). This allows to eliminate all terms
containing the emission factors w and w, from the above expression (shown explicitly
in expression (41)). We thus obtain

dw (% do* [ Q*]

aa "y aan [Th0 aro+ | [_P‘47]dm)

op dAl

30 That is for spot markets 6 € [0, 65] U [0p, 6F]; in those cases, the optimality conditions are simply
*

given by P(Q*,0) + Py 2 —¢; —w;e* =0, fori = 1,2.

n
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dx3 /GP[ XﬂdF(@) (Ay— Ay)
-P,—= —Ape
anr |y 2 1
dXT ! P XT dF (6 A 40
A /07[_ "7] O e e

In order to show why indeed expression (40) is obtained, we now differentiate the
permit pricing condition Wg (compare Lemma 1) with respect to Ay, and this yields

O * 05 *

d d
—waz Q dF(G)—/Pwl Q
0 dA; 0 dA;

P

319

_dX3

dF (o ’ dF (o dXT ’ dF
=1, /; wrdF(0) + %fwz—un) ) _%dAl A;un ©) |-

(41)

do* _ dO* de* .
Now, observe that 73— AT = dev daT> Since unconstrained spot market output does not

directly depend on the degree of free allocation Aj. By multiplying expression (41)
with A (as defined in the lemma), we obtain:

GPdQ* Q* GFdQ* Q* de*
(/9 — [ P —} dF(9)+/0P o [—PqT}dF(G) Y

_ -4 dX;AE—i-dX*A (42)
T on \dA, T ? T dA,

We can now plug expression (42) into expression (40), which yields

AW —A (dX3 . dX%
— = A} LAF
dA; — n \dA, dA,

dx* op X*
ool | (— —2) AF©) - (A2 - A)e
dAy | Jog
ax: [ r? Xf
+ / —P,— |dF(@®) — Aje
dA1 gﬁ n
Rearranging finally yields
dw  dx3 | [ X§ A g
— = —P,— )|dF(#) — (Ay — Aj)e — —A;
dA; dA; o5 n n

+dXT /9 PXT dF @) — A A AL
_p 2L Ao 2
dA; 05 ) ! nl
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which corresponds exactly to the expresswn for stated in the lemma. The very
dx?
same steps y1e1d T = gt

dAz Qr+ dA2 Qyy, as stated in the lemma.
We finally determlne dT Analogous to expression (40), we obtain:

dw  dX3 /f’P PX§ AF @) — (As — Ay

ar AT | Jo |0 2T Ae

axi | ¢ X;
—P,~L|dF@) — A

+ /%[ qn} ©) - Are

/9 ar |: P—:|dF(9)+/ ar [ P—i|dF(9)+e — D7 (T)

Op

(43)

which is obtained since all terms containing the emission factors w; and w; integrate to

1. Why this is the case becomes clear when differentiating the permit pricing condition
W with respect to T':

05 dO* O dO*
—/sz 0 dF(@)—[Pwl Q
0 dr op dT

_dX;3 dxs
= —2Af
dr dr

AF —1.

Now, observe that ddi = (;Q* ((ifT since unconstrained spot market output does not

. A
directly .depend on the total emission cap 7. By multiplying expression (44) with 2,
we obtain:

(/9 o [ P—]dF(9)+/ — [ P—}dF(@))—T

op
_ -4 <dX;AE dXTAE - 1)

44
n \dT "% ' dr (“44)

We can now plug expression (44) into expression (43) which yields after rearranging:

dw  dx3 | (o X3 A g

— =1 / —P, =2 )dF () — (A2 — Ay)e — — A}
axy [ ¢ X3 A A

+ P,—L )dF(®) — Aje — — A7 |+ — +¢* — Dr(T)
dT o5 n n n

which corresponds exactly to the expression for

stated in the lemma.
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E Proof of Theorems 1 and 2

The optimality conditions established in Lemma 4 are satisfied if the following con-
ditions hold:

f _P,X} A
Q =/ —2ZL4F @) — Aje* — —AF =0
GF n n

o — P, X3 A
Q1 =f —I724F ) — (Ay — Ap)e* — —AF =0
[ n n

B

* A
e ZDT(T)——.
n

The case of perfect competition as analyzed in Theorem 1 is obtained for n— >
infty. Observe that elimination of all terms involving the number of firms » in the
denominator in the above conditions yields the characterization of the first best solution
stated in Theorem 1. In order to obtain the solution obtained for the case of imperfect
competition as established in Theorem 2, we solve the first two conditions for the
levels of free allocation A} and A,.

F Proof of Theorem 4

The optimality condition for 7 has been derived in Lemma 4 (iii). After plugging
in the results of comparative statics for % and % derived in expression (24), we
obtain:

¢ =Dy = (A — ApeWe—atl 4 AeWy o112 (45)
T = 2 1 Ile _‘I,Eec 1 Ie _\IJEeC

‘We now make use of the notation introduced in Definition 1 which allows us to rewrite

expression (45) as follows:

*

—Wg. C
(46)

e = Dr = ((A2 = A1 = A)(A2 = ADW112 + (A1 — AP A W)

Notice that ﬁ > ( as established in Appendix A. The remainder of the right-hand
side of expression (46) states "o (A1, A3), as defined in expression (14). The expression
e* — Dr(T) and 'y do thus exhibit the same sign which proofs the theorem.

G Proof of Theorem 5

As afirst step, we determine the properties of the optimal allocation A}. Observe that
dX3%/dAr—dXF/dAs

L . .
the optimality condition A5 = IXT/dA,

A stated in the theorem directly is
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obtained by rearranging expression (12). In Lemma 3 (i), we have established % >0

forall A} < Allim. We thus obtain A5 > A if and only if % < 0. Furthermore, we

. odXy o dxy o . .
obtain A} = 0 if ﬁ < ﬁ since we only consider nonnegative levels of free allo-
cation. By making use of the properties of comparative statics established in Lemma
3 (i), we directly obtain the properties of A3 as stated in the theorem.

As a second step, we determine the optimal emission cap 7*. The optimality condition
for T* has been derived in expression (13) and yields after substituting for A:

dXy dX dX;/dA
o — Dy = SN 2 4, [ 1/ 2]

Ao — —= et Vet
a7 T AT dX2/dA,

After substituting for d% d%, % , and % [expression (24)], this reads as follows:

(_qjle 3&) Aje
e 1
¢ = Dr = | (V112V1e) — (V11 ¥ne) - v
- (‘1’11 - \I’qu,—ﬁcl) T Ee

Rearranging and plugging in for Wi, (compare Appendix A), we obtain:

(‘1’11 (‘Ifne ) + Wi (W + Ve~

)\I—’Eec

i) e

(47)

e — Dy = (Af—Al)

(‘1111 + W~

Observe that for A} < AlL™, the sign of the right-hand side of expression (47) is
entirely determined by the expression (A‘IE — A1), the remainder of expression (47) is

strictly positive since (‘-1111 + Wy L ‘e) < 0 and (‘I-’ue Eée) < 0 (as shown further
below in step three).

Finally, notice that expression (47) has been derived without nonnegativity con-
straint on A%. As shown above, however, for wy > wf and A; € [AE, Al™M], we
obtain A3 = 0 [instead of a negative value as resulting in the computations leading
to expression (47)]. In this case, the optimality condition given by expression (13) is
simplified as follows:

_pp = (KX e — v A Z0 )
e — = e = — —<
T d7 dT 1 112 % Te 11 ¥Tle Ee C

The inequality is obtained since W > 0 and Wy < O for wy > w2 and
Ay € [AF, Ahm] (compare Appendix A). We thus summarize the results obtained
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in expressions (47) and (54) as follows:

e* > Dr if A; < AF
e*=Dr if Aj = Af (49)
e* < Dr if Ay > AE

As a third step, we finally show that the second-order conditions established in Lemma
2 (i) are indeed satisfied for all A; € [0, Ai™], A%. Since (\11 1+ Ve \vme ) < 0 for

—Ug
Al < Allim, we just need to show that (\I’He _‘y\ﬁée) < O0for A; < Allim. Notice first
that we can rewrite Wy (compare Appendix A) and thus obtain:
) W)
Wy = (A3 — A — ¥ (50)
¢ _\IlEe ( 2 ) _qJEe

Furthermore, we obtain for (A5 — A7) [compare expressions (12) and (24)]:

dx; (\Ifle V) )Al
dA —WEe

(A3 —AD=—g5- A= "
A, (‘1’11 + g _\ffée)

Plugging in allows us to rewrite expression (50) as follows:

v Wp»)? A v
E2 (WE2) W 1 W) W El

- Ve - -
Ee (\Ij” + Y \111 ) (—WEe) Ee Ee

Ee

Wite

Substituting for V1o = A — Af and Vg = A‘E (see Appendix A) then yields:

v Wg)? Ay —Af)?
W YE2 (Yg2) (\D“ A ) <0
—VEe (‘1’11 + Ve _\p\fée> (WEe) —VEe

We can thus conclude that the second-order conditions established in Lemma 2 (i)
are satisfied if and only if A} < Alllm [Notice that the “only if” part follows directly
from Lemma 2 (iii)].

H Proof of Theorem 6

As a first step, we determine the properties of the optimal allocation A}. Observe
dX3/dA,
dX5/dA;—dX/dA,
is obtained by rearranging expression (11). In Lemma 3 (ii), we have established

% > 2 for all Ay < Al™ We thus obtain A¥ > 0 if and only if %0.

dA;
. . odX% o dxe .
Furthermore, we obtain A7 > A if and only if ﬁ < ﬁ < 0. By making use of

that the optimality condition A} = Aj stated in the theorem directly
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the properties of comparative statics established in Lemma 3 (ii), we directly obtain
the properties of A7 as stated in the theorem.

As a second step, we determine the optimal emission cap 7. The optimality condition
for T* has been derived in expression (13) and yields after substituting for A} (compare
the first step above):

dX, dXy dX, dA LAze*
& —Dr = —= (A — A}) e* + L Afe* = =
dX dXx
d7T dT d7 % d%
dxF — 2 Ase”
dX dX
d7 Gt — o

We can now plug in for dX L and dx2 as derived in expressions (22) and (23) and for

% and dX2 as derived in expressmns (24) which yields:

(=1) A (e%)?
(% - %) (—WEe) C?

YEy WEy
)\ VY )\
[( 11+ Ve _"I’Ee> + ( Ile —‘I’Ee>]
Wer Ve
+ (WreWrr) |:<‘1’112 + Vrre ) + (‘I’Ie )])
_“I'Ee _\I’Ee

(—1) Az ()
(0 - 92) v C

e* —Dr =

(Y1eWir2)

= (Ve + Vi)

(S

Now, define:
TS™(As) 1= Wie + We = Ay — (AF 4 AF). (52)

Observe that '™ (AS™) = 0. Furthermore, notice that AS™ < 0 for wy < w2 , that
is, [§™(A2) > O for all Ay > 0 whenever wy < w2 In order to compare AS™ to the
previously established critical levels of initial allocation, we make the followmg two
observations:

LA™ =Wy <0 and  TSOS(AS™) = Wy <0

This allows to directly conclude that AS™ < At2°tall and AS™ < A5,
By making use of the newly introduced I'S™, we can rewrite expression (51) as follows:

Age*

dXx dXx
(ﬁ - ﬁ) (=WEge) C

e* — Dy = —T3"(A2) (53)
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Finally, notice that expression (53) has been derived without nonnegativity con-
straint on A}. As shown in step one of the present proof, however, for wy < w25 and
As € [A5°%, Alim] we obtain A% = 0 [instead of a negative value as resulting in the
computations leading to expression (53)]. In this case, the optimality condition given
by expression (13) is simplified as follows:

dx; VR dx* Ui Are*
e —Dr = 2A2€*=ﬁAze*= ZAZe*Z(AZ_Al_A2E>“72€<O
d7 —Wge C d7T —Wg C

(54)

Observe that the above inequality is satisfied since Ay > A + Ag whenever AS% <
Ay < Alzim [compare expression (34); remember that A; = A’f = 0 in the case
considered].

We can thus establish the following results for the optimal cap on total emissions:

e* > Dy if Ay < AS™
e* = Dr if Ay = AT" (55)
e* < Dy if Ay > AS™

As a third step, we finally show that the secpnd-order conditions established in Lemma
2(i) are indeed satisfied for all A, € [0, Alz‘m], A’f. Remember we obtained for A’f:

l—wgross Fgross

* —

Al = rlim Ay = [cross 4 total
2 2 2

A

In order to verify the second-order conditions established in Lemma 2(i) (a), (b), and
(c), we now separately analyze the following cases:

e First, observe that

Vg Vi) rietal Vi
Y =(A— A1 -V = — Ay — VU 56
e (A2 — A — Wp2) “n, < rlim 2= V2 | =~ (56)

— Forw, < wf (i.e., Wg2 < 0), expression (56) is negative since Fg’tal < 0Oand
rim < 0if A < AY™ and w, < w¥ (compare Appendix C).

— For wy > w¥ (ie., gy > 0) and A‘Z"tal < Ay < AIm_ expression (56) is
negative since T'"? > 0 and '™ < 0.

Whenever expression (56) is negative, this directly implies that condition (b) is
satisfied. Since, furthermore, A, < Alzim, also conditions (a) and (c) are satisfied.

e Second, for A%“’SS < Ay < Alzim we obtain A’f = 0 (compare step one of the
present proof). We thus directly obtain:

Ve £ YEI
Uy, =—-A <0 67
e_\I’Ee ! _\I/Ee
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This directly implies that condition (a) is satisfied. Since, furthermore, Ay < Alzim,
also conditions (b) and (c) are satisfied.
e Third, for wy > w¥ (i.e., Ugr > 0) and 0 < Ay < min(AP?, A5)

— Whenever Ay < A; + Ag (i.e., Y < 0), we directly obtain Wyge :pq’fée < 0.
This directly implies that condition (b) is satisfied. Since, furthermore, A, <
Alzim, also conditions (a) and (c) are satisfied.

— Whenever Ay > A + Ag (i.e., Y > 0), then Wy :pq’fée > 0. Since I'§" <
0, in the region considered this directly implies that condition (a) is satisfied.
Since, furthermore, A, < Alzim, also condition (b) is satisfied. Finally, since
conditions (a) and (b) are satisfied and I'5"*** < 0 and Fg“al < 0, also condition

(c) is satisfied.

We can thus conclude that the second-order conditions as established in Lemma 2(i)
are satisfied forall 0 < A; < Agm.
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