Energy Economics 111 (2022) 106034

Contents lists available at ScienceDirect = pEnerey
Energy Economics
journal homepage: www.elsevier.com/locate/eneeco
)
The EU electricity market: Renewables targets, Tradable Green Certificates el

and electricity trade™

Ourania Karakosta ?, Dimitra Petropoulou ™"

a Department of Economics, University of Ioannina, Ioannina 451 10, Greece

b Department of Economics, London School of Economics, London, WC2A 2AE, United Kingdom

ARTICLE INFO ABSTRACT

JEL classification: Several EU member states have introduced national systems of Tradable Green Certificates (TGCs), which
F18 stipulate the percentage of total energy consumption to be obtained from renewable sources. The Renewable
QS8 Energy Directive sets a binding EU-wide target of 32% but without imposing legally binding national targets.
Q28 To assess incentives for the choice of national percentage requirements we develop a two-country, Cournot
Keywords: duopoly model of the electricity market, with one “green” and one “black” supplier in each country. We show

Tradable Green Certificates
Renewable targets
Renewable energy

that nationally determined percentage requirements do not align with the EU-welfare maximising renewable
energy target due to cross-country externalities arising from trade in electricity and the market price of TGCs
and examine the direction of misalignment. Our results cast doubts on the feasibility of EU renewable energy

policy in the absence of binding national targets and inform how national targets should be shaped.

1. Introduction

In recent years, many countries have promoted the production of
electricity from renewable energy sources, such as wind, solar and
biomass. European Union (EU) member states, many U.S. states and
Australia, among others, require a share of total electricity to come
from renewable energy. In 2008, the EU’s Renewable energy directive
set a binding target of 20% of EU energy consumption must come from
renewable sources by 2020. This was complemented with legally bind-
ing national targets for EU countries, ranging from a 10% requirement
for Malta to a 49% requirement for Sweden, jointly intended to achieve
the EU-wide target.

The revised Renewable Energy Directive establishes a binding EU
target of at least 32% for 2030 without imposing legally binding
national targets. That is, the 32% target is binding only upon the EU
as a whole. The absence of binding national targets raises questions
as to whether nationally determined percentage requirements can be
expected to jointly meet the stipulated EU target and how international
linkages influence incentives for the choice of percentage requirements.
The objective of this paper is to explore the international spillovers aris-
ing from the non-cooperative setting of the percentage requirements for
green electricity. More precisely, what is the impact that the domestic
percentage requirement for green electricity has on the welfare of other

countries? How does the equilibrium percentage requirement chosen
non-cooperatively by national policymakers compare to that chosen by
a supranational authority, such as the EU? Under what circumstances
will national policymakers over- or under-regulate, relative to the
global optimum?

To implement their renewable energy targets many countries have
introduced a system of Tradable Green Certificates (TGCs), also known
as Renewable Energy Certificates or Renewable Portfolio Standards
(in the U.S), or Renewable Obligation Certificates (in the UK)! (see,
for example, Amundsen and Mortensen (2001), Linares et al. (2008),
Amundsen and Bergman (2012)). This is a market-based regulatory
system where “green” producers are issued with a certificate per unit
of production, which can be sold at the prevailing certificate price.
In turn “black” electricity producers and importers are required to
purchase a specific number of certificates from green producers per unit
of electricity injected into the grid. This creates a market for green cer-
tificates, while the stipulated percentage of total energy consumption
to be obtained from renewable sources serves as an important policy
instrument (the “percentage requirement”). The percentage require-
ment influences the level of green and black electricity production,
and thus the level of environmental damage. At the same time, there
exist important international linkages between countries through the
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development of interconnectors between national grids that have facil-
itated international trade in electricity, the flows of which contribute
to energy consumption and thus national targets. Moreover, there is
the potential for integration of TGC markets, such as the Swedish—
Norwegian common electricity certificate market introduced in January
2012.

An important question arising from the widespread introduction of
TGC markets is how policy-makers determine the optimal percentage
requirement in the presence of international linkages. This paper de-
velops a two-country, Cournot duopoly model of the electricity market,
in order to analyse incentives for national renewable energy policy
decisions in an open economy setting. It builds on the one-country
framework of Currier and Rassouli-Currier (2012) to explore how in-
ternational linkages through integrated TGC markets and international
trade in electricity impact on national decision making. While the
related literature treats the percentage requirement as an exogenous
parameter, we endogenise the choice of percentage requirement in an
open economy setting.

Each country is assumed to have one renewable electricity supplier
(“green”) and one fossil fuel electricity supplier (“black”), where carbon
emissions from black electricity contribute to an environmental damage
function. In such a framework nationally determined percentage re-
quirements do not align with the global-welfare maximising renewable
energy target due to cross-country externalities arising from trade in
electricity and the market price of TGCs. We identify these externalities
and illustrate the forces at work. In particular, international links
between electricity markets cause the domestic percentage requirement
to impact foreign welfare through (a) profits of overseas electricity
suppliers, (b) overseas pollution damage and (c) the market price of
TGC. We show that, under some circumstances, these externalities
drive national decision-makers to under-regulate relative to the global
optimum, suggesting serious limitations to the feasibility of 2030 EU
renewables target in the absence of binding national targets.

A growing literature has explored the effects of TGC markets. One
of the earliest contributions is Mozumder and Marathe (2004), which
discusses the tradable renewable energy certificates market in different
countries and examine the gains from trade in these certificates. The
first to endogenise the TGC market percentage requirement of green
electricity in a single country with a Cournot duopoly with one green
and one black producer is Currier and Rassouli-Currier (2012). They
do not obtain an analytical solution for the optimal percentage require-
ment, but Currier (2013) presents a regulatory adjustment process that
computes the optimal percentage requirement iteratively in a Cournot
oligopoly.

Other contributions to the literature explore TGC markets in multi-
country frameworks. Amundsen and Nese (2009) show that the per-
centage requirement guarantees only an increase in the share of green
electricity in total consumption, while the absolute level of green elec-
tricity may rise or fall (though black electricity strictly falls). Their
findings hold under autarky and when electricity, or both electricity
and TGCs, are traded between two countries. More recently, Aune
et al. (2012) assume a perfectly competitive energy market with free
trade, and evaluate the cost efficiency of meeting the overall EU target
under three scenarios, (i) common national targets and integrated
TGC markets, (ii) differentiated national targets and integrated TGC
markets, and (iii) differentiated national targets with segmented TGC
markets. They find that a common renewable target combined with
an integrated market in green certificates leads to the most efficient
solution. Both these contributions, however, treat the renewable targets
are exogenous and so cannot shed light on how international linkages
impact on national versus international decision-making.

Sun (2016) draws from Aune et al. (2012) and Currier and Rassouli-
Currier (2012) to analyse a perfectly competitive electricity market?

2 The literature has explored how market structure affects the impact of
TGC markets. Zhou and Tamas (2010) examine how mergers between green
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with two countries, where the percentage requirement is chosen op-
timally in a common TGC market. While the percentage requirement
is endogenous, the focus of the analysis is on a welfare comparison
between a common certificate market (with a single optimally chosen
share) and a number of different scenarios, such as the case where there
are only black producers regulated by a CO, emissions standard. In
contrast, we employ an imperfectly competitive framework and allow
country shares to be distinct,’> modelling integration of TGC markets
in terms of a common price for certificates; this allows national versus
international decision-making regarding percentage requirements to be
explicitly contrasted.

Several papers model the interaction of TGC markets with other
policy instruments. For example, Amundsen and Nese (2009) show that
the emission permit price/emission tax affects the TGC price, impacting
on green electricity generation. Menanteau et al. (2003) show that a
feed-in tariff system is superior a TGC system in terms of installed
capacity and incentive effects. Tamas et al. (2010) compare feed-in
tariff and TGC systems in an oligopolistic market and show that for a
wide range of parameter values both black and green energy output
is higher, while social welfare is lower, under a feed-in tariff. Sun
and Nie (2015) show that, when a monopoly first chooses R&D and
then the quantity of energy, a feed-in tariff is more efficient than
TGCs as a means of increasing the quantity of renewable energy and
stimulating cost-reducing R&D input to reduce costs. Finally, Von der
Fehr and Ropenus (2017) model the case of a dominant electricity
producer of both conventional and renewable energy that faces a fringe
of price-taking producers of renewable energy, and explore whether the
dominant firm squeezes competitor margins by distorting certificates
prices. Furthermore, they compare this outcome with the case in which
renewables are regulated by a feed-in tariff.

We contribute to the literature by focusing on the externalities
arising from the non-cooperative setting of the percentage requirements
for green electricity in a two-country setting. With international trade
in electricity between two countries and segmented TGCs markets, a
change in the share of renewables in one country reduces the ex-
ports of the foreign non-renewable energy producer and so impacts
the pollution level abroad as well as the profit of foreign firms. We
show the direction of the resulting externality depends on the envi-
ronmental parameter, with the possibility of national policy-makers
either over-regulating (when damage is low) or under-regulating (when
damage is high) relative to the global welfare maximising percentage
requirement. In the case of integrated TGCs markets, a change in the
domestic share of renewables affects the price of the green certificates,
which in turn impacts foreign welfare. The resulting positive externality
results in under-regulation by each policy-makers relative to the global
welfare-maximising percentage requirement.

The rest of the paper is structured as follows. Section 2 introduces
the benchmark closed economy model with segmented TGC markets.
Section 3 analyses the choice of percentage requirements with interna-
tional trade in electricity and segmented TGCs market, while Section 4
explores the choice of percentage requirements with integrated market
for TGCs. In Section 5 we analyse transboundary pollution before exam-
ining the impact of cross-country heterogeneity in Section 6. Section 7
concludes.

and black electricity companies affect the performance of the TGC system.
Tanaka and Chen (2013) examine how the market power of suppliers affects
the way electricity price and the certificate price change with the percentage
requirement. Zhou and Liu (2015) show that where regional suppliers are
small relative to the national market green power output decreases with the
renewable energy percentage but increases with the TGC price.

3 Note, integration of TGC markets does not require national percentage
requirements to converge. For example, Sweden aims for a 50.2% share
of renewables in consumption of electricity by 2020, while Norway aims
for 67.5% by 2020, even though they share a common market for green
certificates since January 2012.



O. Karakosta and D. Petropoulou
2. The benchmark model

This section outlines the benchmark model, where TGC markets are
segmented, there is no international trade in electricity and environ-
mental damage from black electricity is contained within the country
in which it is produced. In these distinct circumstances, where interna-
tional links are severed, we show that policy-makers in each country
choose the renewable percentage requirement optimally, and in doing
so jointly maximise global welfare. Subsequent sections sequentially
relax these assumptions.

Consider two countries, Home and Foreign, denoted by j € {H, F}.
Each country has an electricity industry served by two firms: a “black”
producer, whose electricity production is generated by fossil-fuels (y;),
and one “green” producer, whose electricity production is generated
from renewable energy sources (x;). The total supply of electricity is
denoted by ¢; = x; + y;. Black and green electricity are produced
under constant marginal cost technology, where c,; > ¢;; that is, green
electricity is costlier to generate than black electr1c1ty For simplicity,
we abstract from uncertainty in production and assume firms do not
face any capacity constraints.

Black electricity production gives rise to environmental damage,
which is assumed to be contained within the country it is produced.
In particular, let the damage function be symmetric across countries
and given by D(y;) = gyjz., for which D’ > 0 and D" > 0.

Demand for electricity in each country follows from consumer
maximisation of consumer surplus, V; = U(q;) - p;q;, where U de-
notes total consumer utility from electricity consumption, assumed
symmetric across countries, and p; denotes the price of electricity by
final consumers in country j. Note that consumers do not distinguiszh

between green and black electricity. In particular, let U(q;) = fq; — 7’,
so maximisation of consumer surplus in each market gives rise to
inverse demand functions p;(q;) = f — g;.

For now, assume the TGC markets are segmented, where p.; denotes
the price of green certificates in country j. In each country, the green
producer is issued with a certificate per unit of production, which
can be sold at the prevailing certificate price. At the same time, both
producers in each country are required to surrender a; TGCs per
unit of production, at a cost of a;p,;. It follows that the supply of
green certificates is x;, while total demand for green certificates is
a; (x; + ;). TGC market clearing thus implies x; = a; (x; +y;), from
which it follows that:

X

@ =—. e))
x;+y;

Hence «; € [0, 1] reflects the percentage requirement policy instru-
ment in j, which pins down the share of renewable electricity in total
consumption.

The profit functions of green and black producers are thus given
by (2)-(3), where the TGC system implies a transfer from the black to
the green producer. Assuming Cournot behaviour, each firm chooses
quantity to maximise profit, given the percentage requirement and the

quantity of their competitor.
- e X+ (1= ;) pjx; @

— Py 3

I, = p; (x; +;) %
Mgy =p; (x;+y;)y;,—¢,

So the green producer sells (1 — a;) x; certificates at the prevailing cer-
tificate price p,; while the black producer needs to buy «;y; certificates.

Social welfare in j is denoted by W, and defined as the sum of
consumer surplus and profits net of environmental damage. It follows
that when the TGC market clears*:

VVjEVj+H(;j+HB/.—Dj=U(q]')_cxjxj_cy,»yj_D(yj)' “

4 This is as in Proposition 1 of Currier and Rassouli-Currier (2012).
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Policy-makers in Home and Foreign regulate the share of renew-
ables electricity by unilaterally setting the percentage requirement
in stage 1, prior to the strategic interaction of electricity producers.
They select ay and «j, respectively, to maximise national welfare,
anticipating firms’ quantity decision. The subgame perfect equilib-
rium of electricity quantities and percentage requirements is found by
backward induction.

2.1. The regulated Cournot equilibrium

Firms compete in quantities in stage 2, given stage 1 percentage
requirement levels. Maximising profits and solving the first order con-
ditions, assuming TGC clearing, gives rise to stage 1 production levels,
as well as electricity and green certificates prices in Home and Foreign
as functions of the percentage requirement and core parameters. These
are given by:

y, = (l_aj) f_(l_aj)cy/ %y (5)
J 2 ’
2 l—aj+aj
9 f_(l_aj)cy/ — @l ©)
) l—a; +a? '
J J
B lf—(l —aj)cyj —®icy; -
%=3 1 —a; +a?
J J
1 (Zaj—l)f+(2—aj)cxj—(1+aj)cy ®
pEj_Z l—a;+a? ’
J J
2
_1(20{/.—2aj+1)f+ajcxj+(1—aj)cyl 0
p=3 : ©)

2
l—aj+aj

Let f be sufficiently large such that f > a;c,; + (1 —a;)c,; Va;,
ensuring green and black electricity production is non-negative in both
countries. Note that electricity production and price where p,;; = 0
correspond to the unregulated Cournot equilibrium in Home and For-
eign without a TGC market. It follows from (8) that the corresponding

C— S=2cxj+ey;
proportion of green electricity is a; = ——=—=. If we further assume

T 2f—exmey
f > 2¢ — ¢y > ¢y, then® aJ.C € (0,1), so the policy space for the
. . ey jtey
percentage requirement of the TGC system is «; € foi—fz” 1| where
xj ¢y

pe; 2 0, and similarly for Foreign. Finally, electricity price is positive
for all parameter values.®

Substituting (5)-(9) into (2), (3), V; and D;, gives profits of the
green and black producers, consumer surplus and environmental dam-
age as functions of exogenous parameters and the percentage require-
ment.

2
f=(l—-a;)c,; —a;c,;
gy = B8~ e)” o
4(1—a +a)
1y, = Z8) U= (1) ey aey)” an

4(1-a;+a2)
_ (r-(1 —“j)cyj—“j‘ij)z’ 12)
8(1—(Ij+01j2)2
D:b(l—"‘j)z (f—(l—“/)"y/—a/‘ij)z_ 13)
S(I—aj +aj2)2

. ) 2e,,+
® We can rewrite the lower bound on a, as af {;:—-:
y

yi
f—z%‘”u . . . . _ oo
v Gy’ which is between 0 and 1 if (i) f > 2¢,; = ¢y and (ii)

f>2¢c,; —c,;. However, since Cyj > €y it follows that (ii) is satisfied when (i)
holds. Thus f >2¢,; —¢,; is a suff1c1ent condition for aj.c € (0,1).

Y]
. 1=d)e, . -,
6 1t follows from (9) that p; > 0 provided f > —%; this condition
-2,

is always satisfied since f > 0.
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From (5)-(13) we can assess how the choice of percentage re-
quirement in stage 1 affects the stage 2 equilibrium. As in related
work (see Currier and Rassouli-Currier (2012) and Amundsen and Nese
(2009), the following Lemmas show that an increase in the percentage
requirement unambiguously lowers the production of black electricity,
while the relationship between the percentage requirement and green
electricity is non-monotonic. The combined effect is for total production
of electricity to be non-monotonic in «;, and similarly the electricity
price since p; = f — q;. As the production of black electricity shrinks,
so does the level of environmental damage.

From (2)—(3) we can see that an increase in the percentage re-
quirement acts as if to shock the marginal cost of the black producer
upwards and that of the green producer downwards. This shifts market
share towards green electricity, while the market power of the green
producer grows. For weak regulation, total electricity production rises
and electricity prices fall with the percentage requirement, while with
strong regulation the monopoly power afforded the green producer
constrains production driving up the price of electricity and lowering
consumer surplus.

More specifically:

Lemma 1. Black electricity production, profit and environmental damage
are strictly decreasing with the percentage requirement.

aj C. —a?)(cyi—c
Proof. :%j_ __u )(fz(::f’: 2);)( 5 =C) <0,
s _ _ (l_aj)(f_(l_“!)”y/‘“jc)r/)[a/(2"1/)(f—fx;)+(l—a,2)(cxj—cyj)] <0
aa; - 2(1 aj+a; )3
and ﬂ - _b(lfaj)(f’(lf‘lj)cw “JCXI)[ j(2- )3(f exj)+ ( —a; )(ij’Cyj)] <
4% 41 —aj+a; 2)

Osince a; € (0, 1), ¢ > ¢, f > aje+(1 - aj) ¢, Va;and f>c ;. W
Lemma 2. Green electricity production and profit increase with the per-
centage requirement over the interval
1
N
S=2¢cx+¢y; ((f_cyj)(f_CX/’)‘*‘(ij_Cyj) ) * ey =ty )
2f—ej=ey” S=exj

a; €[

=

((f ey (f CX/)‘*'(ij_Cyj)z) +eyji—Cxj

and decrease over the interval « ;€ ( = 11
xj
dx; 1=a2 ) (f=eyxj)+(1=2;) (cxj—c
Proof. ﬁ:( ) (el ’2)( =) =0 and
daj 2(1—a1+aj2)
atgy _ 4U=(e)eyares))[(1-03) (/e +(1-20) (exy=en)] _ _
da, T TS =late; =
'j 2(1 a;+a; )
1
((ffcyj)(f’cxj)*(ij’E}’j)z)2’(6)(/’7‘7”) c (f—2¢’xj+cyj 1
f=cxj 2f —exj=cy;’
)2 (e -c,)
—((f—c ) f—cyi +(cx»—c,) —(exj—cy;j . .
and a; = (=) (=) = CJ ) . ¥ < 0; discard the negative
xj
root; —>0and p’ >0 if

(S

2

—¢y;)7) T Hei—e  dxs

i ) L Yy, 2L <0 and
da;

e [f—ZcX/+£y/ ((f <y, )(f cxj)+ +(cy)

J 2f—cxj=ey;’ f*Ex{

ey ) (f=exj)+(ex) _Cyj)z) 2 ey —Cxj
fcxj

dnoj <

Oifaje(((f_ AL m

Lemma 3. Total electricity production and consumer surplus increase (and
the price of electricity decreases) with the percentage requirement over the

1
S=2cyj+ey; ffcy/’((f’cyj)(ffcxj )+ (exj ’Cyj)z) :

interval a; € [ ) and decrease

2f=exj=ey;’ Cxj=Cj .
: . f=c,i—=((f—cy (f—c.)+ cx-—c-z 2
(increases) over the interval a; € ( Y (( ”)C c” (e =) ) 1.
xXj i
d 1-2a; ) (f=¢y; )—(1=a? ) (cxj—¢y))
Proof_ i — ( J)( YJ) ( /2)( xj v — O and
da; 2(1—a/+aj2)
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ajeq) [ (12205) (£=eyy)= (102 ) (exy=cyy)

av; _ U=(-g)ey- —0ata =
da; 4(1—a/+aj2)3 /
1
N
f_”y/_((f_cyj)(f‘CXJ)"'(Cx/_Cy/) )2 c (f*ZijHyj 1] and
Cxj=Cyj 2 —exj=¢y;”
f—c f=eyi)(f—c c —c.v)z 2 . .
@ = o - _:’) (co=e)’) > 1; discard the root which
xXJ Y
exceeds 1; W, o
qj cx/+cyj
s, >0and —£ >0ifa; € [—zf_ch_cyj,

1
FerWWHWWW

- ); dqf <0 and

1
Hmwcw%MWwT

<01f

xj 6y

a; € (

,1]. Conversely for electricity

Cxj~Cyj |
N
d; da; (e U=ex) e =) ) 4oy
price since — = ——L. Note
d(xj d(x/ . f—cxj
2\2
f_cy/_((f_cyj)(f_CXj)“'(ij_Cy/) ) f=2¢xj+ey; -
Cxj=Cyj 2f—cyj=cy;

Lemma 4. The price of certificates is strictly increasing with the percentage
requirement.

DI—

2
dp,; f=2cyi+c,; [ ((f ¢y, )(f i)+ (cxj—cyj) )]
Proof. — = .= 7/ A
o0 da; 0ata 2 =exjey 2f=exj=cy; <
2\12
f=2cxj+cy; _ f=2cxj+ey; [((f cy )(f CX])+(CX_/_Cy_/) )]
Py and a; = 2 —y—cy; + pYEr— > 1 when

(20; (1-a))+1) (F=e))+(2-205=02 ) (e=¢yy)

2(1-a;+a;? )7

> 0 over the inter-

Y ra— 1] A |
2.2. Non-cooperative vs world welfare maximising percentage requirements

Anticipating the effects on the stage 2 equilibrium, policy-makers
in each country non-cooperatively choose the percentage requirements
in stage 1 to maximise W;. Substituting (10)—(13) allows national
welfare to be expressed in terms of core parameters and the percentage
requirement:

V"j(aj)=(f Lo)e, — )
8<1—aj+a?)
x [3-da (1-a) b (142 - 20, )] a4

dw;
The optimal percentage requirement a ( Sfiboeyj, yj) solves T =0

and satisfies the second order conditions for a maximum. The complex—
ity of the first order condition does not allow us to present a closed form
solution for a?.

Fig. 1 illustrates the choice of percentage requirement in the bench-
mark model a la Currier and Rassouli-Currier (2012), for parameter
values’ f = 100, c, ;=6,¢, =2, b= % The solid arc corresponds
to all the combinations of x; and y; that are feasible given TGC market
clearing (“the equilibrium locus”), with varying «;. In the unregulated

Cc _ S=2cxj+ey;

Cournot equilibrium, ay = = 0.47, electricity price is p; = 36,

2f—exj=ey;
while certificates have no value. W€ denotes the isowelfare contour
at this unregulated equilibrium, where® (x;,y;) = (30,34). It can

be seen that the unregulated equilibrium does not maximise social
welfare; the optimal percentage requirement is that which gives rise

7 We use the same parameter values as Currier and Rassouli-Currier (2012)
as a benchmark against which to compare the analysis in subsequent sections.

8 Note the unregulated equilibrium is to the left of the diagonal as the
producers differ in their marginal cost, giving the lower-cost black producer a
larger initial market share.
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50T w¢ P
y = - o Z WT
~ 4
N 7
40 T %, ,
o s
(30,34)
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20T
/
/7
7/
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X

Fig. 1. Optimal choice of percentage requirement, for parameter values f = 100, ¢, = 6,
¢,=2and b= %

to a tangency between the isowelfare contour W7 and the equilibrium
locus. The optimal percentage requirement is af = 0.65, which results
in production (x B y/-) = (40,22), and higher electricity and certificate
prices.

So far we have focused on the decision of national policy-makers. An
important question is whether a world-welfare maximising authority
would select the same national targets as the local authorities. Since
markets in the benchmark model are segmented by construction, it is
straightforward to see that the global authority chooses exactly the
same percentage requirements as national policy-makers. That is, if
world welfare is denoted by W = WH + W, then ay, = argmax W =
argmax WH, and similarly for Foreign. The reason for this is that
the home percentage requirement does not affect foreign welfare and
therefore ¥~ = 0.

Therefore if TGC markets are segmented and there is no trade in
electricity, then the global welfare maximising percentage requirements
are identical to the non-cooperative equilibrium national percentage
requirements. According to this benchmark result, it makes no differ-
ence if the EU sets individual binding targets for all EU Member States
or if the member states choose their renewable energy targets on their
own. This stems from the fact that in the benchmark model there are no
cross-country externalities. In practice, however, there are externalities
arising for example from trade in electricity or when TGC markets
are integrated. In what follows we analyse the effect of the domestic
percentage requirement on the welfare of foreign countries through
these channels and explore whether the non-cooperative national per-
centage requirements are higher or lower than those that maximise
global welfare.

3. International trade in electricity

This section allows international trade in electricity between Home
and Foreign, while maintaining the assumption of segmented TGC
markets. We address whether the non-cooperative national percentage
requirements over- or under-shoot those that maximise global welfare
in the presence of international trade. Since the two electricity markets
are segmented, firm decisions regarding over quantity of electricity
supplied domestically and abroad are independent. For simplicity, we
assume no tariffs, transport costs, or restrictions to the volume that can
be traded.’

9 In practice, there is a binding upper limit to the amount of electricity that
can be traded, determined by investment in grid interconnectors. We abstract
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Let x;; and y;; denote green and black electricity, respectively,
produced in country i and consumed in country j, where i, j € {H, F}.
Pollution is generated from domestic black production, encompassing
both domestic sales and exports:

2 2
(yHH +yHF) (yFF+yFH)

2 2 ’
while consumer surplus arises from consumption of domestic produc-
tion and imports:

Dy=0b and Dy =b (15)

qu =Xyp +Xpy +Yyp +Yry a0d qp = Xpp +Xgp+ypp +yype (16)
The TGC market clearing conditions are now:

Xpy +Xpn =y (Xgy +Xpy + Yuu + V)

Xppt+Xgp =Qaf (xFF +Xygrt+Yrr+ yHF)

. txp
such that the percentage requirement ay — JHHTXEH ____ apd
o otx XHHYXFHYYHHYYFH
ap = LEZZHE reflect the share of renewable electricity in total
XFFtXHFYYFFYYHF
consumption.

For purposes of tractability, assume marginal costs are identical
across countries. The profit functions of green and black producers in
Home and Foreign are thus given by:
1g, = [(PH _Cx) Xpg + (1 - aH)chxHH]

+ [(pF—cx)xHF+(1—aF)chxHF] a7

g, = [(PF =) xpp+ (1= “F)PcFXFF]

+ [(pr = ex) xpu + (1= ay) Pery X (18)
gy = [(l’H _Cy) YHH — aHchyHH]

+ [(PF - cy) YHF — ancFyHF] (19)
Igp = [(PF - Cy) YFF — ancFyFF]

+ [(PH - Cy) YFH ~ aHchyFH] . (20)

Policy-makers in Home and Foreign select ay and ap in stage
1. Given these percentage requirements, firms maximise their profits
in stage 2 by the appropriate choice of quantities. We solve using
backwards induction.

3.1. The regulated Cournot equilibrium

Maximising profits and solving the first order conditions, assum-
ing TGC clearing, gives rise to stage 1 production, trade flows and
consumption:

f- (1 —aH)cy —apc,
3-2ay +2ay?
TEE = HE = A : 3(1— 2::12111?:#)6 @
f=(—ay)e,—ayc,
3-2ay +2ay?
f- (1 —aF)cy —apc,
3= 2ap +2az?

2(/-(1-g)ey—aey)

.= . 25
9 3 —2a; +2¢;2 25

XHH = XFH = Oy 21D

yun =yrn = (1 -ay) (23)

YFF =YHF = (1 - aF) (24)

Certificate and electricity prices are:

2, = 1) f+(3=a)) e, — (a; +2
by = ( @ ) £+ ( aJ)sz (a/ )cy (26)
3-2a; +2q;

from this here, for tractability, and because a cap on trade flows is not expected
to qualitatively change the results.

10 with international trade, production and consumption of electricity in a
country may differ. Since the EU sets percentage requirements as a share of
consumption, we also follow this convention here.
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(1 —2q; +2aj2)f+2(1 —aj)cy+2ajcx

.= 27
P 324 +2a,2 @7)
. f-3e,42¢,
At the unregulated equilibrium p.,; = 0, where ; = e
—
. . . —3c,+2c),
Assuming f > 3c, — 2c,, the policy space is a; € [le_z—t:’l]
x Ty

Moreover:

2 2
—(1-= - —(1-= —
HGj=a3_1<f ( aH)cy chx> +a§:<f ( aF)Cy ach>

3= 2ay +2ay? 3= 2ap +2ap?

(28)

2
2 f—(l—aﬁ)cy—“ch
My = (1= an) ( 3—2ay +2a5?

2
—(1- —
+ (l—aF)2<f U-ar)e, aFC") (29)

3= 2ap +2az?

D:%((l—ay)f_(l_aﬂ)cy_chx

3-2ay +2ay?

f_(l_aF)cy_aFCx :
+ (1-ar) 3—2ay +2a;° @0
V:z(f—(l—aj)cy—ajcx)z a1

! (3 - 2a; +2a,2)

The impact of a change in a; on production streams, prices, prof-

its, pollution and consumer surplus follows the same pattern as in

. d dyy OVpr
Lemma 1-Lemma 4. In particular, 248 = 2FH o ( gpd"! ZEE =
dapy day dap

Bya% < 0, so an increase in the percentage requirement unambiguously
lowers black domestic sales and black electricity imports. In contrast,
an increase in the share of renewables in a country has an ambiguous
effect on both green domestic sales and green imports,'? and in turn on
profits; it does, however, reduce environmental damage both at home
and abroad, as it restricts both domestic black production and black
electricity imports.

3.2. Non-cooperative percentage requirements

Anticipating stage 2, policy-makers non-cooperatively choose per-
centage requirements in stage 1 to maximise W;. Substituting (28)
—(31) gives national welfare equations:

(f— (1 —aH)cy—chx)2

Wy =
" 3—20{H+2a§{
2
—(1=- _
+(1—2‘J’F+20‘i~) ! ( aF)cy B
3-2ap +2a%
2
_é( Z (1_0‘j)(f_(l_aj)cy_a/CX)> (32)
2\, 3~ 2a; + 207
WF:(f—(l—aF)cy—ach)z

3= 2ap +2ap?2

2
f—-(1l—ay)c,—agc
+ <l—2a + 2a 2) ( H) 4 Hox
" H 3-2ay +2ay?

11 Dun _ 4rn
day day

= _ 2 (an)(fme) ) +2an (F=3e 20 )4 (fman e (lman)e, W (an) (e me))
(3-2ay+2ay,%)°

0 and analogously for % = Qur <,
F

day
1o dxgy _ dxpy _ 3 2fay’+buyc42edd~6aye, _ Ay dYpy + 1 y
d T a - _ 2)? T 1= 2 /FH
ay ay (3-2ay+2ay,2) l—ay day (1 —U‘H)
| —

negative v
positive

P dxpp _ dxyp
and similarly for e T aar
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Fig. 2. Non-cooperative and socially optimal percentage requirements with free trade;
drawn for parameter values f =100, ¢, =6, ¢, =2 and b= %_

3 —2a; + 20,2

_ ;( <1—a,-><f—<1—a,->cy—a,-cx>>2. =)

Wy — 0 and 2
dayy Ja
@, (f ey cx.bap) and a, (f, ¢y, ¢y, b, ap ), which can be solved jointly

for the non-cooperative equilibrium percentage requirements. The first
order conditions are again too complex for closed form solutions.
Fig. 2 illustrates the reaction functions a, (ap) and a, (ap) for

= 0 implicitly give the reaction functions

parameter values f =100, ¢, =6, ¢, =2 and b = % Solving these gives
non-cooperative equilibrium percentage requirements a* = aj. = 0.60,
which corresponds to welfare levels Wy = Wy; = 4044 and Dy = Dy =
329. This illustrates that opening to trade is welfare-improving relative
to the benchmark model where welfare levels were 3814, but can
give rise to higher levels of environmental damage, despite percentage
requirements being higher under free trade. Intuitively, opening to free
trade increases both green and black electricity generation, increasing
environmental damage; this provides an incentive to regulate more
heavily, mitigating the effects to an extent.

3.3. World welfare maximising percentage requirements

Now suppose a federal authority were to choose the percentage
requirements for Home and Foreign to maximise world welfare W =

I;VH +Wp. These socially optimal shares, denoted by ai © and a;° solve
w

day
W — 0 are illustrated in Fig. 2 for the case where f = 100, ¢, = 6,

dap

¢, =2and b = 2 World welfare is maximised where a50 = aso =
0.76, illustrating that national policy-makers choose inefficiently low
percentage requirements. Interestingly, environmental damage at the
social optimum is Dp = Dy = 110, which is even lower than in the
autarky equilibrium.

The inefficiency in national decision-making stems from the positive
impact of an increase in a country’s percentage requirement on its
trading partner, which is not accounted for. To see this, we perturb
Wy with a change in . We appeal to symmetry in order to simplify

oW,
by evaluating WH where ay = ap:
F

=0 and STW = 0, respectively. First order conditions ;«—W =0 and
F H

aﬁ_Z(f_(l_aF)cy_o‘ch)

dap (3 - 2ap +2a;2)’

positive
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5 f+3c, —4cy - 20{F3 (cx -2f +20y) —6(1F2 (f —2c,+ cy) —9ap (cx - cy) (35)
T (-ap) [20p(1 = ap) (f —c,) +2ap (f +2¢,=3¢,) + f —ape, — (1 —ap)e, + B+ ap)ey —c,)]

Box L.
X [2ap7 (e, —2f +¢,) +6ap” (f —2¢, +¢,) +9ap (¢, —c,) The percentage requirements of the two countries may vary, with the
— 3¢, +4c, — f+b(1—ap)[(l - ap)ap (f —c,) overall equilibrium requirement given by:
+ 20p(f +2¢, = 3¢,) xg+xp=ag (xg+yyg)+ap(xp+yp). (36)
+ (f—ach—(l—aF)cy)+(3+aF)(cX—cy)]]. (34)

Maximising (2)—(3) gives:
The first term is positive, while the second is positive provided b > b

~ 1
where!® b is as given in Box L. =3 [f=2cc+e,+ (2~ aj)Pc]
Hence, provided b is sufficiently large, the externality on Home 1
from a change in the percentage requirement in Foreign is positive.'* YiT3 7 - 2eytep = (1+a;)p el @7

Intuitively, a rise in the share of renewables in Foreign does not affect
consumer surplus in Home. It does, however, reduce the pollution level
in Home (by reducing black exports) and affects the profits of both
firms. If the positive effect of the reduced pollution is strong enough to

4.1. The regulated Cournot equilibrium

overcome negative effects on profits, then the overall effect on Foreign Solving the first order conditions given (36) yields stage 1 produc-
welfare is positive. tion and prices for Home, with analogous equations for Foreign given
These results are summarised by: in Box IL.

. ) ) o Moreover, we can compute profits, consumer surplus and environ-
Proposition 1. If there is free trade in electricity and TCG markets mental damage for Home are (analogous equations arise for Foreign):
are segmented, then the global welfare maximising percentage requirements
are higher than the non-cooperative percentage requirements provided the Hgy = x5 and Mgy =y, (43)

. . - X
environmental damage parameter is sufficiently large. Lo ( (1-2a, +2ay) ay (2f —c.—¢,) =6 (f —c,) —ay (2f = Tc, +5¢,) )
=
The following numerical examples based on Proposition 1 shows 72 (1-ay +ay?) + (1 -ap +a5?)
that externalities can take either sign. Suppose that the damage func- (44)
. . _ 8 — —
tion parameter is b._ ;7 and the other. Parameters.a.re =6, ¢, = 2, Dy = b [6(/ —c,) —ap (47 + ¢, — 5¢,)
and f = 100. In this case the externalities are positive and (49) gives 72[(1=ay +ay?) + (1 - ap +ap?)]
oW, . ) . .
?;’ =1183 > 0: Therefor.e an llfncref';lse in t.he non cooperative optimal + 202 (f +¢,—2¢,) —ay (2f +5¢, = 7¢,) +30% (¢, —¢,)
percentage requirements 1s welfare improving. N
. . + +c, -2 45
If however b = 1_11 while the other parameters are the same as in aran (¢t e, =2/)] (45)

the previous example (¢, = 6, ¢, =2, and f = 100), then the world
welfare maximising percentage requirements are lower than the non

. . 4.2. Non-cooperative percentage requirements
cooperative ones (aj; = a; = 046 and ap = a, = 0.47). In this case

the externalities are negative (% = —19) and national policy-makers
choose inefficiently high percentgge requirements. The reason for this
result is that a rise in the share of renewables in the other country does
not reduce domestic pollution much (because of the low value of the

Anticipating stage 2, policy-makers non-cooperatively choose per-

centage requirements in stage 1 to maximise W;, where W; = V; +
i, Wy _ Wr _ a1 .

IIg; + Ig; — D;. The conditions oy = 0 and e 0 implicitly give

damage function parameter » and therefore the positive effect of the reaction functions a,, (fe s Cxs b ap)and « F (f 2CyCrs b, ag ), which can
reduced pollution is not strong enough to overcome the negative effects be solved jointly for the non-cooperative equilibrium percentage re-
on the joint profits of the two domestic firms. quirements. While too complex for closed form solutions, it can be
shown numerically that «, and a,, are once again strategic substitutes,

4. Integrated TGC markets and increasing in f, b and ¢, and decreasing in c,.
Fig. 3 illustrates the reaction functions a, (ap) and a, (af) for
This section explores the efficiency of national decision making parameter values f =100, ¢, =6,c, =2and b= % Solving these gives
where TGC markets are integrated. We maintain the assumption of no non-cooperative equilibrium percentage requirements a7 = a}. = 0.55,
trade in electricity, while additional imposing symmetric costs across ~ Which corresponds to welfare levels Wy = Wy, = 3774, and Dy = Dy =
countries for tractability. Integration of the market for certificates 298. Percentage requirements and national welfare are thus lower, and
implies a common certificates price, such that p,; = p.r = p.. pollution higher, than in the benchmark model where TGC markets

are segmented. Weaker regulation also implies certificate have a lower
price. The analysis demonstrates that integration of TGC markets can

13 To arrive at this result we appeal to the fact that the sec- be welfare-reducing when policy-makers act non-cooperatively. Each
ond term in the denominator of (50), that is [2ap(1—ap)(f—¢c,)+ policymaker fails to account for the impact of their domestic policy
2ap (f +2¢,=3¢,) + f —ape, — (1 —ap)e, + B+ ap)c, —¢,)], is positive. We decision on welfare abroad; by raising the common certificate price, an
know that f—apc,—(1—-ay)c, > 0 so that green electricity production x to be increase in the percentage requirement in one country has the effect of
non-negative. For a; =0 and ay = 1 it becomes f > ¢, and f > ¢,. Moreover, curtailing black production and environmental damage abroad, while
we have assumed that f —3¢, +2¢, > 0 so as the proportion of green electricity enhancing green production abroad. The failure to account for this ex-
in the unregulated Cournot equilibrium % to be positive. ternality results in under-regulation by each country, with detrimental

14 An analogous condition also applies for ”;:;F > 0. effects on both pollution and overall welfare.
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_ 2(1?, (f—20x+cy)+2ap (f+cx—2(:y)—3a%_, (cx—cy)+(2—aF)aH (2f—cx—cy)
Xy = (38)
6(1—ag+ag?)+(1—ap+ag?)
1 2
= - 4f +c,—5¢c,) +2 +c,—2 39
i 6[(1—aH +aH2)+(1—aF+OlF2)][ aF( fHes CY) *F (f o Cy) 39
— ay (2f +5¢, —7cy) +3afi (cx —cy) +apay (—2f+cx+cy) +6(f—cy)]
16(f—c,)+ay (2f —=Tco +5¢,) + (2ap —2a = 1) ap (2f —c, —¢,)
qn = ¢ (40
6 (1-ag +ag?) + (1 —ap +ap?)
1
= 6(f+c,) - 4f +cc+ 41
b 6[(1—aH+aH2)+(l—aF+aF2)][ (f+e)) —ap (4f +ecte,) 41
+ Za; (f+cx+cy) —ay (8f—7cx+55y) +6fa%{ + 2apay (2f—cx—cy)]
12f(a,., +aF—1)+(4—aH—ocF)cx—(2+aH+aF)cy
Pe=3 (42)
2 (1-ag +ay?) + (1 —ap + ap?)
Box II.
1ot
O ' \\\\\ \ ff/
~
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Fig. 3. Non-cooperative and socially optimal percentage requirements with integrated TGC markets; drawn for parameter values f =100, ¢, =6, ¢, =2 and b = LS

11

4.3. World welfare maximising percentage requirements in ay and appeal to symmetry in order to simplify by evaluating %
F
where ay = ap:

If a federal authority were to choose the percentage requirements to W f=(1—ay)e,—aye

maximise world welfare, then o> and 39 would again solve :TW =0 a—H = 7y ’; il
o 2
and ZTW = 0, respectively. First order conditions ;.—W =0 and ST =0 £ 24 (1 -ay +ay)
H F
are illustrated in Fig. 3 for the case where f = 100, ¢, = 6, ¢, = 2 positive
_ 8 : P SO _ SO _

and' b= I Worl'd welfare is maximised where @) =ap = 0:65, x [(1=a2) (f +e —2¢,) +ay (2—ay) (f =2, +¢,)]
which again implies more stringent regulation than national policy-
makers choose. Welfare at the social optimum is again 3814, restoring positive
the welfare level to that of the benchmark model. [b (1- aHz) +2ay — 1] ) (46)

The inefficiency in national decision-making stems from the impact
of an increase in a country’s percentage requirement on foreign welfare,
through the effect on the certificates price. The price of certificates is
increasing with the percentage requirement, entering negatively in the
foreign black firm’s profit and positive in the foreign green firm’s profit.
The output response to this price change is beneficial to foreign overall
if the welfare gain from reduction in pollution more than offsets any
negative effect on profits. To see this, we perturb W with a change

The first two terms are strictly positive, so the direction of the cross-
country externality depends on the sign of the third term. The two roots

of b (1 —ay?)+2ay—1=0are = lb_””’z and Y lb_b”’z, where the lat-

. 1=V 1=b+b2 f=2c+c
ter exceeds 1 and can be discarded. Furthermore, % ZfC—ch
Zex—cy

(ex=c¢y)(2f=¢x=¢y)

is satisfied when b > S

, which is the range of damage
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parameter values under which the policy-maker chooses to regulate.'®
If follows that b (1 - a?) + 2a — 1 is positive for the entire parameter
space ay € [;;ff—it: 1] and so for all relevant parameter values the
externality is positive. Hence, a federal government would increase the
percentage requirement of green electricity in both countries so as to
increase global welfare. These findings are summarised by:

Proposition 2. If TCG markets are integrated and there is no trade in
electricity, then the global welfare maximising percentage requirements are
higher than the non-cooperative percentage requirements.

5. Transboundary pollution

Our analysis thus far has assumed that environmental damage arises
from domestic pollution only. Indeed, in the context of climate change,
environmental damage is not restricted to the country generating pol-
lution, but arises as a function of total greenhouse gas emissions and
concentration. In this section we explore the impact of transboundary
pollution where a country is impacted by pollution overseas.

To focus on the effect of transboundary pollution as a mechanism,
we first assume segmented TGC markets and there is no trade in elec-
tricity. Suppose welfare in country j is affected from the environmental
damage created by black production from both countries:

W, = V) + I, + Ty ~ D (y;) ~ 6D (1) “7)

The parameter g € [0, 1] reflects the degree of transboundary pollution,
capturing the impact of pollution overseas on domestic welfare. The
limit case of f = 0O reflects the case where environmental damages is
purely local, whereas § = 1 reflects the case where aggregate global
damage impacts on domestic welfare.

As we have seen, the non-cooperative behaviour of countries creates
externalities through several channels. Here we see transboundary
pollution creates a new avenue for such avenues. Specifically, a rise
in the share of renewables in one country reduces the environmental
damage created domestically (from Lemma 1 we know that % < 0),
which in turn results in less transboundary pollution irnpactl/ng the
other country.

The effect of a change in the domestic percentage requirement on

the welfare of the other country is given by, after using (47),
aw; oD,
—=—f—>0 (48)
da;
Therefore an increase in a country’s percentage requirement reduces
the level of the transboundary pollution (by reducing the environmen-
tal damage level of domestic black production), resulting in higher
welfare in the other country. This externality is unaccounted for in
national decision-making, resulting in inefficiently low national per-
centage requirements. It therefore follows that even with segmented
TCG markets and no trade in electricity, the global welfare max-
imising percentage requirements are higher than the non-cooperative
percentage requirements in the presence of transboundary pollution.

Underregulation in the context of a “public bad” such as greenhouse
gas emissions is not new. What is novel is an exploration of how
international trade in electricity impacts on policy incentives in the face
of transboundary pollution; we now turn to this case.

. e, +e,
15 To see this we set a; = gf j‘i’ in ‘;ﬂﬂ = 0 and solve for b to
—Cx—Cy H
find the value of the damage parameter that must prevail in order for the

optimal percentage requirement to correspond to the Cournot equilibrium
(e,—¢,)(2f—c.—¢,) .
=2~ 2 From there it is
(f=c)(f+e—2¢,)
(ex=e,)(2f —ex—c,)
(f=e)(f+ee=2e,)
optimal non-cooperative percentage requirement to fall within our policy

space.

(no regulation). This corresponds to b =

straightforward to show that b > must hold in order for the
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With only local pollution (# = 0), we have seen that a rise in
the share of renewables in Foreign decreases the exports of the Home
country, creating a positive effect in Home through reduced local
pollution. When the environmental damage parameter is sufficiently
large, b > b, this positive effect can overcome the negative effects on
profits. Now consider that in addition there is transboundary pollution,
where p € (0,1]. This gives rise to an additional positive effect on
Home welfare through the direct impact through Foreign environmen-
tal damage reduction. A rise in the share of renewables in Foreign
decreases the production of the black firm in Foreign, lowering Foreign
environmental damage and impacting on Home welfare directly. For a
sufficiently high environmental damage parameter b the externality is
positive. Solving:

% _r-(zer)e afc") Rag> (c, -2/ +2¢,)

r (3 2ap +2ap2)

positive
+ 6aF2 (f - 2c, + cy) +9ap (cx - cy)
- 3¢, +4e, — f+2b(1 —ap)[(1 - ap)2ap (f —¢)
+ 20p(f +2¢y = 3c,)
+ (f—cy) +3(c, — I (49)
Solving (49) gives'®:

where b is the value of the environmental damage parameter needed
for the externality to be positive in the case of local pollution. Hence,
transboundary pollution results in a broader parameter range for which
externalities are positive; in particular, the threshold damage parameter
is half as large as where pollution is purely local.

Now consider the integrated TGC markets, where we found in Sec-
tion 4 that the effect of an increase in a country’s percentage require-
ment on foreign welfare is positive with local pollution. This externality
continues to be positive if pollution becomes transboundary pollution,
but is larger in magnitude as welfare is affected both indirectly through
the impact of a change in the certificates price, and directly through
transboundary pollution. Transboundary pollution does not alter the
incentives, except to magnify the externalities present and thus enlarge
the disparity between national policy decisions and those that are
globally optimal.

6. Cross-country heterogeneity

Our analysis thus far has assumed the benchmark case of symmetric
countries. An important question is how cross-country heterogeneity
in production costs or damage functions shapes policy decisions and
thus welfare. We explore this question through a series of numerical
simulations to offer a sensitivity analysis of our findings to parameter
changes.

6.1. Differences in the damage functions

First we focus on cross-country differences in the damage func-
tion when there is international trade in electricity. Electricity that is
created from nonrenewable energy sources can give rise to different
degrees of pollution; for example, burning coal for energy results in
more emissions than burning natural gas. This can be incorporated

16 To arrive at this result we appeal to the fact that the second term in the
denominator of (50), that is 2a(1—ay) (f — ¢,)+2ax (f +2¢, =3¢, )+(f —¢,)+
3(c, —¢,), is positive. We know that for a;; =0 and a;; =1 it becomes f > ¢y
Moreover, we have assumed that f —3c, +2¢c, > 0 so as the proportion of green
f=3¢,+2¢,

—c—¢,

electricity in the unregulated Cournot equilibrium to be positive.
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Fig. 4. Non-cooperative and socially optimal percentage requirements with free trade; drawn for parameter values f = 100, ¢, =6, ¢, =2 and by =

into our model by assuming a different damage parameter b, > 0
for each country j = {H, F}. In particular,? the damage functions are
asymmetric, such that Dy = bHM and Dy = bFM,
where by > by > 0.

The appendix provides the analysis of the impact of an increase in a
country’s percentage requirement on its trading partner in the context
of free trade and asymmetric damage parameters. Results are similar to
those in Proposition 1, in that the global welfare maximising percentage
requirements are higher than the non-cooperative percentage require-
ments provided the environmental damage parameters are sufficiently
large. However the threshold values differ from those in Proposition 1
due to the asymmetry in damage.

We conduct a simulation where we keep b;; fixed at % as in earlier
examples, but raise b, above b to examine the impact on the global
optimum percentage requirement and the non-cooperative percentage
requirements under free trade. These are illustrated in Fig. 4. The
first observation is that despite heterogeneity in damage functions
the globally optimal percentage requirements remain symmetric. This
emerges because percentage requirements are defined in consumption
and free trade in electricity serves to equalise consumption patterns
across countries and in turn globally optimal percentage requirements.
Despite a common optimal percentage requirement in a freely trad-
ing EU, welfare differs across countries because of the asymmetric
damage function entering into national welfare. Within the range of
valid parameter assumptions in the model, we continue to observe
positive cross-country externalities, that cause national decision-makers
to under-regulate relative to the global optimum. Moreover, we observe
a divergence between the non-cooperative requirement percentages
across the two countries as the Foreign country’s damage parameter
rises, with the country with most damage regulating more strictly.
However, we also observe that the while Foreign’s non-cooperative
requirement ratio approaches the global optimum, that of Home gets
progressively further away.

Intuitively, a rise in the share of renewables in Home ay reduces
the pollution level in Foreign through a reduction in its black exports.

Tl

1.2

ey — aﬁ” and a;‘;”

10

pennEt
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This positive external effect is larger, the greater is 5. When this effect
is large enough to overcome the negative effects on profits, an increase
in the share of renewables in Home is beneficial to Foreign. The larger
the parameter b, the greater the positive externality through the
damage function of Home’s requirement ratio, and thus the larger the
misalignment between non-cooperative and globally optimal regulation
levels. A similar argument applies to the incentives of the Foreign
country when setting ag.

The policy implication of these findings are that decision-makers
in relatively low damage countries will not factor into their decision-
making how their national requirement ratio interacts with trade in-
centives to create positive benefits in high damage countries. This
suggests that more stringent regulation in relatively low emissions
regions would confer welfare benefits through a reduction of emissions
in higher emissions regions. In fact, from a global perspective if trade
in electricity were completely free, then there would be no need for
regional variation in requirement ratios. The role of free trade here
is key, as it is the driving mechanism for uniform optimal percentage
requirements across regions.

We now turn to the case of integrated TGC markets where the black
supplier of electricity in one country has a larger negative impact on
the environment than the one in the other country (for example, where
oil or coal is used rather than cleaner natl;ral gas). In the azlbsence of

trade the damage functions are Dy = bHyT” and Dy = by yTF, and we
further assume b, > by > 0.

We again conduct a simulation where we keep by fixed at % but
raise by above by to examine the effects on the global optimum per-
centage requirement and the non-cooperative percentage requirements,
under integrated TGC markets. These are illustrated in Fig. 5. In the
absence of international trade we see we no longer have a convergence
of the socially optimal national targets. Instead we find that it is optimal
for the country with the more polluting black industry to set a more
stringent percentage requirement, with the reverse true for the country
with the relatively cleaner black industry.
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Fig. 5. Non-cooperative and socially optimal percentage requirements with integrated TGC markets; drawn for parameter values f =100, ¢, =6, ¢, =2 and by = 1871

The externality incurred on the Home country by a change in the
optimal percentage requirement of electricity from renewable sources
in Foreign becomes much more complicated here, because of the break
in symmetry here. It can be shown numerically that optimal q; is
increasing in b; but decreasing in b;. Both externalities % and %
are increasing in by and by, so the non cooperative percentage require-
ments always lie below the cooperative ones. Moreover, as b increases,
the Foreign non cooperative percentage requirement converges to the
world welfare maximising percentage requirement.

6.2. Production cost asymmetries

This section explores the effect of heterogeneity in green produc-
tion costs across countries. Some countries are likely to have a cost
advantage in solar or wind-powered electricity production, by virtue
of their geographical location or climate. We keep damage functions
symmetric and explore the effect of asymmetric green production costs
in the case of free trade in electricity and integrated TGC markets. We
assume country specific green production cost parameters c,; and ¢, r,
where ¢,y > ¢,p > ¢,

The simulation carried out increases the cost of green electricity pro-
duction in Home, keeping that of Foreign fixed. The resulting socially
optimal and non-cooperative requirement percentages are illustrated in
Fig. 6.

We again observe that free trade gives rise to convergence in
the socially optimal percentage requirements, while global welfare
maximising percentage requirements continue to be higher than non-
cooperative percentage requirements for this range of parameter val-
ues. We also observe a growing divergence between the two non-
cooperative percentage requirements as the cost of green production
rises in Home, with the Foreign non-cooperative percentage require-
ment converging to the social optimum and the Home non-cooperative
percentage requirement getting father from it.

Intuitively, higher Home green production costs impacts the share of
green production in Home, as well as exports to Foreign, weakening the
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incentive to regulate in Home. Moreover, the impact of Foreign’s per-
centage requirement on Home profits is progressively smaller as Home
green production costs are higher, reducing the size of the externality
on Home and thus narrowing the gap between the non-cooperative and
socially optimal percentage requirements in Foreign.

A policy implication from this simulation emerges. If the cost of
green electricity production were to fall in regions where it is relatively
high, perhaps through technological advance, then — assuming free
trade in electricity — the socially optimal renewables policy target
would become more stringent for all countries.

A similar simulation is carried out for the case of integrated TGC
markets, where the effect of higher Home green production costs on
socially optimal and non-cooperative percentage requirements is ex-
plored. This is illustrated in figure Fig. 7. Here the picture is again more
complex, due to non-monotonicity in green production and profits,
which for a high degree of heterogeneity could even lead to Foreign
setting a higher than optimal percentage requirement.

The consistent pattern that emerges, however, across the two sim-
ulations is that higher green production costs in one country tends
to lower socially optimal percentage requirements in general, while
dramatically lowering the non-cooperative percentage requirement of
the high cost country. That is, in the absence of a socially optimal
binding target, we can expect higher cost countries to fall short when
choosing their percentage requirement. At the same time, technologi-
cal innovations that lower the cost of green electricity production in
regions where they are relatively high, will result in more stringent
socially optimal percentage requirements.

7. Conclusions

The former Renewable Energy Directive of the EU set individual
binding targets for all EU Member States, the sum of which should lead
to a share of 20% renewable energy in the EU ‘gross final consumption
of energy’ by 2020. The revised Renewable Energy Directive sets an
EU-wide target of 32% renewables in total EU energy consumption by
2030, without imposing legally binding national targets. The absence
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Fig. 7. Non-cooperative and socially optimal percentage requirements with integrated TGC markets; drawn for parameter values f =100, ¢,r =6, ¢, =2 and b =

of binding national targets raises questions as to whether national
policy incentives over the choice of percentage requirement can be
expected to jointly meet the stipulated EU target. Opening to trade in
electricity, as well as integrating national TGC markets, have in fact
been put forth as possible mechanisms for aligning national and EU
incentives.

This paper explores whether this is indeed the case in a two-country
framework in which countries employ a system of Tradable Green
Certificates. The national targets on renewable energy are met through
TGC percentage requirements. In contrast to much of the related lit-
erature, which treats the percentage requirement as an exogenous
parameter, we endogenise the choice of percentage requirement in an
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open economy setting. In our framework governments first choose the
percentage requirement of total electricity that must be obtained from
renewable sources and then, one “green” and one “black” supplier in
each country compete in quantities.

We show that nationally determined percentage requirements do
not align with the global-welfare maximising renewable energy targets
set by a federal authority. Integration of TGC markets and free trade in
electricity generate cross-country externalities, which are unaccounted
for in national decision making. Transboundary pollution also serves
as a mechanism for cross-country externalities, reinforcing the positive
externalities from regulation in both the free trade and integrated TGC
cases.
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Box IV.

When the TGCs market is integrated between countries, a posi-
tive externality arises through the change in the price of the green
certificates, causing the non-cooperative Nash equilibrium percentage
requirements chosen by national policy-makers to be inefficiently low
compared to those that would maximise EU welfare. Moreover, het-
erogeneity across countries in terms of the damage function or green
production costs leads to heterogeneous socially optimal percentage
requirements. The findings suggest that all other things equal, countries
with relatively higher costs of green electricity production, or with
relatively higher environmental damage arising from black production
(e.g. through coal rather than natural gas) should face relatively more
stringent targets.

In contrast, we show that barrier-free international trade in elec-
tricity leads to convergence in the socially optimal percentage require-
ments across countries, even where the countries are heterogeneous
in terms of damage functions or production cost. This is a theoretical
benchmark — in practice we are very far from free trade in electricity
due to the relatively small infrastructural capacity for international
exchange in electricity, so one would not expect targets to be common
across countries. Even if EU socially optimal targets were to converge
across countries through trade, we show that international trade flows
create a channel for cross-country externalities causing non-cooperative
percentage requirements to be too low, for a sufficiently high damage
parameter.

Overall, our findings identify serious limitations to the feasibility
of the new EU renewable energy policy in the absence of binding
national targets, and point to factors that can shape national targets.
In particular, countries in which electricity supply from nonrenewable
energy sources causes relatively high environmental damage (e.g. be-
cause it derives from coal rather than natural gas, or because of climate
conditions) should have higher national targets. In contrast countries
with high cost of producing green electricity should have lower national
targets.

There continue to be further avenues for research in this area. It
remains, for instance, an open question whether national policy-makers
under-regulate when there is interaction of the system of Tradable
Green Certificates with other policy instruments and how effects are
shaped by international trade in electricity. The biggest challenge to
extending the research to explore endogenous policy choice with fur-
ther policy interactions is the inability to derive closed form solutions.
Such analysis would need to focus on calibrations, but can yield further
insights. Related research questions that merit exploration are the role
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of international trade in electricity in containing electricity supply
instability. Electricity supply that comes from renewable energy sources
is inherently more uncertain than electricity production from non-
renewable energy sources. Trade in electricity may serve an important
role in lowering the risk of shortages when a greater share of electricity
supply comes from renewable energy sources. Modelling the supply
side more carefully could be of interest. Finally, capacity constraints are
typically binding and meeting national targets must go hand-in-hand
with infrastructural investments in renewable energy. An exploration
of the interplay between national targets and national incentives for
capacity expansion are also areas for fruitful further exploration.
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Appendix A

Externalities in the case of cross-country differences in damage
functions and international trade in electricity:

We perturb W with a change in ay and we get the equation given
in Box IIL

The term multiplied by bj; is positive (see footnote 13)

Thus aaw,, > 0 when the condition given in Box IV is satisfied.

A similar condition applies to Foreign country.
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