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Abstract

An analytical equilibrium model for a simultaneously functioning elec-
tricity market and a market for Green Certificates is formulated. The main
focus is on the effects of changing the percentage requirement, which is
perceived as the policy instrument affecting the level of green electricity
in end use consumption. We start by looking briefly at an autarky market
before opening for trade of electricity and certificates. The results show
that the percentage requirement is a very imprecise instrument as to in-
crease the provision of green electricity. In none of the cases considered
will an increase of the percentage requirement in a country necessarily
result in an increase in the generation of green electricity in the coun-
try itself. When opening for trade, the results show that the increase of
the percentage requirement in one country can have a negative effect on
green electricity generation in this country, but a positive effect in the
other country. Further it is shown that in the case of an open certificate
market where the certificates can be traded at a given international price,
a country will maximize it’s generation of green electricity by setting the
percentage requirement equal to zero.

1 Introduction

The introduction of Green Certificates (GCs) as a means for increasing the gen-
eration of electricity bases on renewable sources (green electricity) is currently
considered in many countries (Sweden, Denmark, UK, Holland, Italy, Belgium,
Australia, USA etc.). GC systems are supposed to be introduced in Sweden and
Denmark in 2003.

In short, the GC market consists of sellers and buyers of certificates. The
sellers are the producers of electricity using renewable sources. The producers
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are each allowed to sell an amount of certificates corresponding to the elec-
tricity they feed into the electricity network. The purchasers of certificates
are consumers/distribution companies that are required by the government to
hold a certain percentage of certificates, from here referred to as the percent-
age requirement, corresponding to their total consumption/end-use deliveries
of electricity.! The GCs are seen as permits for consuming electricity. Hence,
this system implies that the producers using renewable energy sources receive
both the wholesale price and a certificate for each kWh fed into the electricity
network. In this way the GC system is supposed to induce new investments
in green electricity generation. An additional indirect effect of increasing the
provision of green electricity will be to reduce CO; emission if the develop-
ment of renewable electricity generation technologies is substituting electricity
generation from fossil fuel fired plants.?

So far, the systems under consideration are mainly thought of as domestic
systems, but the hope and aim is that an international market for GCs will be
realized in the near future. International cooperation, e.g. RECS (Renewable
Energy Certificate System) has been established to look into the possibilities
of establishing an international market for GCs. However, the development of
the national systems have happened relatively fast and it seems like the effects
of a GC system have not yet been fully understood. The economic literature
in this area is still scarce, but some of the contributions show that there are
potential problems connected to the GC system and that the design of these
systems therefore should be made carefully. Research contributions have been
made by e.g. Voogt et al. (1999), Morthorst (2000 and 2001) Amundsen and
Mortensen (2001 and 2002), Amundsen and Nese (2002), Bye et al. (2002) and
Jensen and Skytte (2002). In this paper we will mainly build on the analyses
made by Amundsen and Mortensen and Amundsen and Nese.

Amundsen and Mortensen (2001) looks at the basic features of the proposed
Danish GC system. They identify a number of potential problems connected
to perverse and inconclusive effects on the generation of green electricity from
changes in different exogenous variables like the percentage requirement and the
CO; emission constraint. In their model, the authors derive results for both an
autarky situation and a setting which includes trade of electricity at a given
international wholesale price.

Amundsen and Nese (2002) focus on the effect of market power in a GC
system. Their findings suggest that faced with market power, the GC system
basically collapses into a system of per unit subsidies.

In addition, concerns about lack of liquidity and large price volatility in the
GC market has been expressed by critics of the GC system.

Some of the problems referred to here are to some extent believed to be
related to the size of the GC market. Small markets should be more exposed
to liquidity problems, price volatility and market power than larger markets.

Italy is an exception in this respect as the Italian system is supposed to put the purchase
obligation on the producers.

2Electricity based on non-renewable resources will throughout the article be referred to as
black electricity.



One way to increase the size of the GC market is to open for international trade
of GCs. In addition, an international market should help induce a more cost
efficient development of renewable energy.

A GC-system typically consists of two policy variables, the percentage re-
quirement and the GC-price bounds. The focus of this paper will mainly be
on the percentage requirement. In the proposed GC-systems, the percentage
requirement is perceived as a policy instrument affecting the level of green elec-
tricity in end use consumption. Unlike price-fixation (that leaves quantity an
endogenous variable) or quantity fixation (that leaves price an endogenous vari-
able) the percentage requirement neither fixes price nor quantity and thus leaves
both variables to be endogenously determined. However, some of the articles
mentioned above have shown that it is not in general true that an increase of
the percentage requirement leads to an increased generation of green electricity
in equilibrium. The analyses have, however, so far been done on an autarky
market and on a market with trade of electricity at a given international whole-
sale price. In this paper, we will develop the analysis further by allowing also
for trade of GCs. We will do the analysis step by step, starting by referring the
results for an autarky market. Thereafter we will open for trade of electricity,
trade of GCs, and trade of both electricity and GCs. We will start the analy-
sis of trade by looking at the market from the perspective of a small country,
which has no effect on the international prices of electricity and GCs. Finally,
we will increase the complexity by analyzing trade within the framework of a
two-country model in which the prices of the traded goods are no longer given.
This gives us the possibility to look into the interactions between the two coun-
tries as the prices in one of the countries can be affected by changes in demand
and supply in the other country. In each of these cases, the focus will be on the
effect on the key variables, i.e. generation of black and green electricity, and on
consumption, from an increase of the percentage requirement.

Many of the GC-systems discussed in different countries include price bounds
for the GC-price. The introduction of a lower price bound is used in order to
provide the producers of green electricity with a guaranteed minimum price for
their certificates. This means that the producers can produce as many GCs they
want and the State will guarantee that they get paid the minimum price bound.
The upper price bound is meant to provide the consumers with a guarantee
that they will not have to pay an ”unreasonable” high price for their necessary
certificates. At a binding upper price bound the consumers are offered the
possibility to pay a fine equal to the upper price bound to the State instead of
buying GCs. A GC system in which the GC-price is at one of the price bounds
is nothing else than a system of per unit subsidies. In this paper we are using
a long run model, and it does not seem relevant to consider a GC system in
which the GC-price stays at one of the price bounds in the long run. If this is
the case, it should just be replaced by a traditional subsidy scheme. Thus, we
will in the major part of our analysis assume that the GC system is actually
working in the sense that we get a market based price of GCs. However, we
may have a situation where the price bounds are binding for shorter periods.
Therefore, and also for the sake of completeness, we will also briefly discuss the



importance of the price bounds with respect to our analysis.

We will build on the models developed in the above mentioned articles by
Amundsen and Mortensen, and Amundsen and Nese, to investigate the effect of
introducing trade. The model is an analytic equilibrium model for simultaneous
functioning electricity and GC markets. In the analysis we will assume that
opening the markets will remove potential market power problems. The analysis
therefore assumes perfect competition in both the generation technologies (green
and black), like in Amundsen and Mortensen.

The purpose of this paper is to focus on the effects of changing the policy
parameters under different assumptions about the markets involved in the GC-
system. As the GC-system first of all is meant to promote the generation of
green electricity, the major focus will be on how changes in the policy variables
affect this generation. Existing literature have already shown that these effects
are not straight forward in the cases of autarky and trade of electricity at a
given international price. We will investigate if and how these results change
as we also open the market for GCs, not only in the case of a small country
trading at given international prices, but also in the case where the trade is
affecting the prices of electricity and GCs, and the end user prices, within a
two-country model. It turns out that the effect on the generation of green
electricity from changing the percentage requirement in most of the cases will
still be indeterminate. A major result of this paper is that in none of the cases
considered will an increase of the percentage requirement in a country necessarily
result in an increase in the generation of green electricity in the country itself.
Actually, if only GCs can be traded internationally, and if the international
GC-price is given, a country will maximize it’s generation of green electricity by
setting the percentage requirement equal to zero. Among the other surprising
and perverse results is that in the case of trade of electricity in the two-country
model, an increase of the percentage requirement in one country will have an
indeteterminate effect on the generation of green electricity in the country itself,
while it will always induce a an increased generation of green electricity in the
other country. Thus, it turns out that even if opening the markets may have
a positive effect as to reduce the possibility of market power, the percentage
requirement will still be a very imprecise instrument as to affect the level of
green electricity in end use consumption.

The first section of the paper presents the model. The next section presents
and analyses briefly the equilibrium in the case of an autarky market. Section
3 introduces three trade regimes; trade of electricity, trade of GCs, and trade
of both electricity and GCs. In this section, it is assumed that the goods are
traded at given international prices. In section 4, we look at the same three trade
regimes, but this time within the context of a two-country model, in which the
trade affects the prices. Thereafter follows a brief discussion about the other
policy variable of the GC system, the GC-price bounds. Finally, the last section
summarizes and concludes.



2 The model

The following model is designed to capture a long run situation for the simul-
taneous functioning electricity market and the markets for GCs in the case of
autarky and in the case of trade at given international prices. The variables we
use are defined in Table 1:

Table 1: List of variables for autarky and trade at given international prices
Variable

consumer price of electricity

GC-price

wholesale price of electricity

consumption of electricity

generation of black electricity

imported quantity of black electricity
generation of green electricity (GCs)
imported quantity of green electricity (GCs)
percentage of green electricity consumption
GC demand

Q@ﬁNS‘@HQ%"@

We will apply the following general functions to describe the demand and
supply of electricity and GCs:
The demand for electricity is specified by the following inverse demand func-
tion:
Ip(x) _

p(x), with e p/ (x) <O.

The cost functions for the producers of black electricity are assumed given
by:

c=rc(y), with ¢ (y) > 0 and ¢’ (y) > 0.

The rationale for choosing an increasing long run marginal cost function for
the producers of black electricity is that the expansion of output may drive
up the price of COz-emission permits or COz-taxes to comply with national
CO,-emission constraints.

The technologies for green electricity generation is assumed to be specified
by the following cost function:

h=h(z), with B’ (2) >0and h" (2) > 0.

The rationale for choosing increasing long run cost functions for the gen-
eration of green electricity is that good sites for establishing green electricity
generation, e.g. wind-mill parks, may be in scarce supply by nature.

Under autarky, the two groups of generators deliver electricity to a common
wholesale market in each country, from where distribution companies purchase
electricity for end-use deliveries. The distribution companies are throughout
the article assumed to be perfectly competitive and act as profit maximizers.



As the markets are opened for trade, excess supply of electricity or GCs can be
sold at the international market, while excess demand can be covered through
import of electricity and GCs. We start by looking at the autarky situation.

3 Autarky

Assuming perfect competition in both the electricity and the GC market, all
the profit maximizing market participants are price takers. The producers of
black electricity act as if they jointly maximize the following profit function:

Maz m(y) =qy —c(y),st. y > 0.

Of course, the first order condition for an optimum in the competitive mar-
kets state that the wholesale price equals the marginal generation costs. Thus,
we have:

¢ =c ().

For each unit of green electricity generated there will be issued one certificate.
The producers of green electricity will always sell all their certificates and will
earn the wholesale price plus the GC-price per unit of green electricity they
generate. For a given wholesale price and GC-price the generators of green
electricity jointly act as to maximize:

Max 7(z) =[q+s]lz—h(z),st. z>0.

The first order condition states that the per unit price received by the pro-
ducers of green electricity equals their marginal costs:

¢ +s"=h(2),

For each unit of electricity bought and sold to the end users, the distribution
companies in each country will have to pay the wholesale price plus a proportion
« of the certificate price in accordance with the percentage requirement. Under
the assumption of perfect competition, the distribution companies jointly act as
to maximize:

Max 7 (x) = pr — [q¢ + as] x.

The first order condition is:

p=q+as.

In the market for GCs the demand is given by:

g =az.



3.1 Autarky equilibrium

Given the objective functions and the first order conditions we can specify the
equilibrium for the markets under autarky. The key variables used in the analy-
sis are the equilibrium price, generated quantities of black and green electricity
and total consumption of electricity. Total consumption of electricity is given

by x = % The quantity constraint implied by the percentage requirement is

sometimes referred to as the allowable consumption level. Assuming that ¢ (y*)
and h (z*) are representing the aggregate marginal cost functions, we have the
following result for the key variables in equilibrium under autarky:3

p(@@")=q¢ +as” (1)

* ¥ * Z*
f =yt = . (2)
¢"+s =h(2") (3)
¢ =c () (4)

3.2 Analysis

The percentage requirement, «, is in the proposed GC-systems perceived as a
policy instrument affecting the level of green electricity in end use consumption.
However, as shown in Amundsen and Mortensen (2001), it is not true that
an increase of the percentage requirement necessarily leads to an increase in
the generation of green electricity. It does, however, lead to a reduction in the
generation of black electricity. As the effect on green electricity is indeterminate,

the effect on sotal-electricity generation-and consuraption is also indeterminate,

i.e. we have 4o < 0 while sign 4 and sign 4% are indeterminate.*
do do da

4 'Trade at given international prices

In this section we will introduce trade as we look at the three different trade
regimes. In the analysis of trade, we will start by looking at trade of only
electricity, then we assume that only GCs can be traded, and finally we analyze
the case where both electricity and GCs can be traded internationally. In this

3The market equilibrium under autarky is as specified in Amundsen and Mortensen (2001,
2002).

4For a formal proof of the general case see Amundsen and Nese (2002). See also Bye et al.
(2002) and Jensen and Skytte (2002) that obtain more structure on the results by applying
specific functions on basically similar models as in Amundsen and Mortensen (2001, 2002),
e.g. how total electricity consumption varies as a function of the percentage requirement.



section we assume that we look at a small country that has no influence on
international prices.”

4.1 Trade of electricity

We are now assuming that electricity can be traded at an international market.
It is also assumed that there are neither any transaction costs associated by
this trade, nor are there any transmission limits between the markets. As we
look at a small country with no influence on international prices, the wholesale
price can be seen as fixed, represented by ¢gas. We can in this case think of
a common market for electricity in the sense that the generators observe the
market price and then supplies the relevant quantity to the common market.
The distribution companies will then purchase the electricity at the common
market, but the GCs will have to be purchased domestically. The certificates
are only financial assets, so the certificates and the green electricity that has
produced the certificates can be purchased separately. However, in this case
where only electricity can be traded internationally, the demand for GCs must
be covered through green electricity generated domestically.

We will not go through the model specification again as the only change from
the autarky case is that the wholesale price of electricity, ¢, is now replaced by
the internationally given wholesale price, ¢as, in the objective functions and the
first order conditions.

4.1.1 Equilibrium for the case of trade of electricity

The possibility of trade of electricity is reflected by the import variable, m*, in
equation (6). We will then have the following competitive equilibrium solution:

p(x*) = g}y + as* (5)
Z*
Q
Ghy + 5" =h () (7)
Gr=c ) (8)

4.1.2 Analysis

Focusing on the effect of changing the percentage requirement, Proposition 1
shows that the effect on the generation of green electricity is again indeterminate,
the generation of black electricity is unaffected, while the consumption will
decrease from an increase of the percentage requirement.

5These cases have to some extent also been treated in Hansen (2001).



Proposition 1 In the case of trade of electricity at a given internatignal whole-
gale price, the percentage requirement, o, has the following effects: %’}5 =0,

dx* . . dz* o :
4= <0, while sign <% is indeterminate.

Proof. First, the given international wholesale price of electricity implies
that the generation of black electricity is not affected by an increase of , i.e. we
have % = 0. Then, inserting (7) and (8) into (5) yields the electricity price as a
linear combination of marginal costs of the two groups of generation technologies
in equilibrium, i.e. p(z*) = (1 —a)c (y*) +ah (z*). Take the implicit deriv-
atives of this expression with respec?l to a and arrz'vie at: C&—‘i = w

and %La = %, with D = % —a?h”" (z*) < 0. Inspection of signs

verifies the above claims.

dx*

We can explain the reduced demand by showing that the opposite, i.e. 4= >

0, would lead to a contradiction. % > 0 would necessarily imply an increased
demand for green electricity, which again would lead to a higher GC-price.
However, given the constant wholesale price, we see from equation (5) that
this would mean that the end user price also increases. This is obviously a

contradiction as an increased end user price necessarilyamust imply reduced

electricity demand. Thus, it is obvious that we must have % < 0. The open

electricity market implies, however, that the generation of green electricity can
go in both directions, even if the electricity demand is reduced. The increased
percentage requirement is working as to increase the demand for GCs, while the
reduced electricity demand is working in the other direction. The total effect
on the demand for GCs is therefore indeterminate.

4.2 Trade of GCs

Assume now that only GCs can be traded, while the market for electricity is
closed. Again we want to keep it as simple as possible as we disregard potential
transactions costs associated by the trade of GCs. In this case, the physical
electricity must be sold domestically while the GCs are sold at an international
market at a given GC-price. Note therefore, that the green electricity that
produces the GCs and the GCs are sold at different markets. The generators
of green electricity therefore receive the domestic wholesale price for each unit
of physical electricity they sell. In addition, they receive the GC-price from the
international market. Someone will perhaps question the relevance of a system
in which there is trade of GCs, but no trade of electricity. However, as the
GCs are only financial assets, they can be traded between countries without
any physical transmission lines connecting them. This provides possibilities for
countries in different parts of the world to utilize potential advantages stemming
from trade of GCs. This can be particularly relevant in this early phase in
which the different countries are at very different levels with respect to actually
implement such systems. It may then very well be the case that GC systems in



the beginning are implemented in countries which have no possibilities to trade
electricity between them.

Again, we skip the model exercise as the only change from the autarky model
is the replacement of the autarky GC-price, s, with the internationally given
GC—price SM-

4.2.1 Equilibrium for the case of trade of GCs

The relative share of green electricity generated domestically can now differ from
the percentage requirement due to the possibility of import or export of GCs.
This is reflected by the import variable n in equation (10). The equilibrium in
the case of trade of GCs is then characterized like this:

p(x*) =q" +asy 9)
K g *
x*=y*+z*=z " (10)
Q
g+ sy =h (2 (11)
g =c (y) (12)

4.2.2 Analysis

In the previous case, a given international wholesale price meant that the gener-
ation of black electricity was unaffected by a change in the percentage require-
ment. In this case of trade of GCs, the fixed international GC-price will not
imply the same for the supply of green electricity as the price per unit received
by the producers of green electricity also involves the domestic wholesale price.
Proposition 2 below shows that the generation of green electricity will always
decrease from an increase of the percentage requirement in this case. Actually,
all the key variables will decrease in this case as also the generation of black
electricity and the end use consumption will be reduced.

Proposition 2 In the case of trade of GCs at a given international certificate

grice, the perce:gtage, requirement, «, has the following effects: % < 0,

et <0and L <.
Proof. Inserting (11) and (12) into (9) yields the electricity price as a linear
combination of marginal costs of the two groups of generation technologies in
equilibrium, i.e. p(x*) =1 — a)c (y*) +ah (z*) Take the impligit derivatz’ve

_ Q-o)sy+a” ah’ (z) —E

dx

of this ea:presswn with respect to a and arrive at:

with D = 52 — (1 — a) ¢ (y*) — a?h” (z*). Inspectwn of signs Uerzﬁes the above
claim. Further wezknow that the internationally given GC-price implies that

Spr is constant. As % < 0 implies a lower qa, we see from (11) that the per

10



unit pice received by the producers of green electricity is redwced. ~Therefore we

have % < 0. Finally, id% <0 and % < 0 implies % <0. m

In contrast to the case of trade of electricity, the reduced wholesale price of
electricity cannot be compensated by an increased GC-price. Therefore, we get
the perverse effect that the generation of green electricity will be reduced if the
government increases the percentage requirement. The increase of o will in this
case of a given GC-price function as an increase of an unit tax on consumption.
This means obviously that the consumption decreases. Actually, in this special
case, the domestic generation of green electricity will be maximized at o = 0.
The producers of green electricity will then obviously sell all their GCs at the
international market at a price equal to sp;.

4.3 Trade of electricity and GCs

We will now combine the two previous cases assuming that the markets are open
for trade of both electricity and certificates. In this case both the wholesale price
and the GC-price will be given by the international markets.

4.3.1 Equilibrium for the case of trade of electricity and GCs

The equilibrium solution is in this case characterized like this:
In country A:

p (%) = qu + asy (13)
* o
az*=y*+z*+m*=z i (14)
Q
qar + s =h(2%) (15)
av =¢ ") (16)

4.3.2 Analysis

With a wholesale price and a GC-price that both are given at the international
market, Proposition 3 shows that a change of the percentage requirement will
not affect the quantities of black and green electricity supplied by the producers
in the small country. The consumption will, however, be reduced.

Proposition 3 In the case of trade of both electricity and GCs at givenznterna-

tiogal prices, the p:grcem‘age requirement, c, has the following effects: %Zg =

0, & =0and % <O

11



Proof. Fized wholesale and GC-prices obviously means that the price per
unit of black and green electricity received by the produeers are unaffectsd by an

increase of the percentage requirement. Thus, we have %= =0 and % =
’ da da

0. To show the effect on consumption, inserting (15) and (16) into (13) yields
the electricity price as a linear combination of marginal costs of the two groups
of generation technologies in equilibrium, i.e. p(z*) = (1 — a) ¢ (y*)+ah (z%).
Take the implicit derivatives of this expression with respect to « and arrive at:
% = FL. Inspection of signs verifies the above claim. ®

Ox

As is easily seen from equation (13), at a fixed wholesale and GC-price, the
end-user price faced by the consumers will increase from an increase of «, leading
to a reduction of the electricity consumption in equilibrium. As in the previous
case, the increase of « functions as an increase of an unit tax on electricity
consumption.

From the above analysis we can conclude that the uncertain and to some
extent perverse effect of changes in the percentage requirement continue as the
markets are opened for trade. At least this is the case when the international
prices of the traded goods are given. We will now continue the analysis within
the context of a two-country model, in which the international wholesale- and
GC-prices are no longer fixed.

5 Two countries: The model
The following model is designed to capture a long run situation for the simulta-

neous functioning electricity market and the markets for GCs in two countries;
country A and country B. The variables we use are defined in Table 1:

Table 2: List of variables for the two-country model

Variable Country A | Country B
consumer price of electricity pA PB
GC-price SA SB
wholesale price of electricity qa qB
consumption of electricity TA TB
generation of black electricity Ya Y
quantity of black el. sold domestically YAA YBB
exported quantity of black el. YAB YBA
generation of green electricity (GCs) Za 7B
quantity of green el. (GCs) sold domestically | z44 ZBB
exported quantity of green el. (GCs) ZAB ZBA
percentage of green electricity consumption aa ap
GC demand ga gB

We will apply the following set of general functions to describe the demand
and supply of electricity and GCs:

12



The demand for electricity can be different in the two countries and the
inverse demand functions are assumed to be:
In country A:

. 3 X ’
paGea), with 2 = <
T A
and in country B:
0 /
pp (xB), with % =pg(zp) <O.
B

We will assume that the technologies used to generate black and green elec-
tricity may be different in the two countries, but that the technologies are coun-
try specific. Thus, all the generators of black electricity in country A have the
same cost function, as will the generators of green electricity. The technologies
used by the producers in country B can be different from those used in country
A and thus lead to comparative advantages/disadvantages in one or both of the
technologies.

The cost functions for the producers of black electricity are assumed given
by:

For the producers located in country A:

ca =cy (Yya), with c/A (Y4) >0 and c;; (Ya) >0,

and in country B:

e = ¢ (Yp), with cg (Y5) > 0 and cp (Y5) > 0.

The technologies for green electricity generation in the two countries are
assumed to be specified by the following cost functions:
For the producers in country A:

ha = ha(Z4), with By (Z4) > 0 and h o (Z4) > 0,

and in country B:

hg = hp (Zp), with hp (Zg) > 0 and hy (Z5) > 0.

5.1 Trade of electricity

Again, we start the analysis assuming that only electricity can be traded between
two countries. As in the previous section it is assumed that there are neither
any transaction costs associated by this trade, nor are there any transmission
limits between the countries. Thus, the markets for electricity in country A and
B can in this case be seen as a common market with a common wholesale price,
ie. ga = qB = qu-

In this case, the producers of black electricity act as if they jointly maximize
the following profit functions:

13



In country A:
Max 7 (Ya) = quYa —ca(Ya), st. Y4 >0,
and in country B:

Max 7 (YB) = quYs —cg (YB), s.t. Yg > 0.

Under perfect competition, the first order conditions in this case must imply
that in equilibrium the marginal cost of the producers of black electricity in
both countries are equal to the common wholesale price of electricity. Thus, we
have:

anr =4 (Ya) =5 (Yn).

The generators of green electricity now jointly act as to maximize:
In country A:

Max m(2a) =g + 541 Z4 —ha(Z4), s.t. Z4 >0,

and in country B:

Mazx 7 (25) = [qm + s8]l Z5 — he (ZB) , s.t. Zp > 0.

The first order conditions obviously are just:
In country A:

qu +5a=h,(Za),

and in country B:

g + s =hp (Z5).

The distribution companies jointly act as to maximize:
In country A:

Maz 7 (x4) =paza —[qu + aasa]za,
and in country B:
Mazx 7 (xB) = prB — [qM + aBsB] B.

This yields the following first order conditions:
In country A:

PA = qnm taasa,

and in country B

PB = qm t apsp.

14



The demand for GCs is as usual given by:
In country A:

gA = QAT A,

and in country B:
gB = OBIB.

5.1.1 Electricity trade

As we have a common market for electricity in this case, the market balance
condition for electricity can be expressed as:

Yo+ Z,+Yp+Zp > x4 +0pB,

i.e. total supply of electricity from the generators in country A and B must
be at least as large as total demand for electricity in these two countries. How-
ever, when characterizing the equilibrium for the two countries it is convenient
to separate the generated quantities of black electricity in each country into
quantity sold to consumers in the home country and electricity sold to the con-
sumers in the other country. For the quantity of black electricity generated in
country A, Y4, we then have Y4 = yaa + yap, with ya4 being the quantity
sold to domestic consumers, while y4p represents the quantity exported to the
consumers in country B. In the same way we have Yg = ygp + ypa.

Export of electricity will happen when the domestic supply exceeds domestic
demand. Obviously electricity will be exported only if there exist a supply deficit
in the other country. In this model of only two countries, the export from one
of the countries must equal the import of the other country. Thus, only one of
the trade variables y4ap and ypa can be positive in equilibrium, the other will
always be zero, i.e. we have the trade of electricity specified as:

Yap = max (0, Y} + 7 — x73),
and
Yia = Max (0 Yz + Zh — o).
5.1.2 Equilibrium for the case of trade of electricity

Assuming that c;l x5, h:4 (Z), c;3 (Y3) and h;3 (Z3) are representing the
aggregate marginal cost functions in the two countries, we have the following
result for the key variables in equilibrium in the case of trade of electricity:

In country A:

pa(@h) = gy + aasy (17)

*

* % * * — A
xA_yAA+ZA+yBA_a

(18)
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G + 53 = Iy (Z3) (19)
ay = ca (V) (20)
In country B:

B (*3) = gy + apsp (21)

*

T =ypp+Zp+Yip = ap (22)
Gy + 8 = hig (Z3) (23)
Oy =5 (VE) (24)

5.1.3 Analysis

We will focus the analysis on the effects of an increase of the percentage require-
ment in one of the countries. We do this because it gives a better understanding
of the interactions between the countries. Neither will it be necessary for the
countries involved in the trade to have the same percentage requirement. The
analysis will then investigate the effects on the generation of black and green
electricity, and on consumption, in both countries, from an increase of the per-

centage requirement in country A.°
Proposition 4 shows some interesting results. In country A, an increase of
the percentage requirement will definitely lead to a reduced demand for black
electricity, which means that the wholesale price of electricity falls, see equation
(20). Note that we use the symbol Y, representing the total supply of black
electricity to the common market from the two countries, i.e. Y =Y, +Yg. A
common electricity market with a common wholesale price must imply that the
effect on the generation ofsblack electricity from an increase of a4 is the same
dy* avy dyp

in both countries. Thus, dox < 0 means that both Tors and T

are

negative. The effects on the generation of green electricity and on electricity
consumption in country A are again indeterminate, as they were both under
autarky and in the case of trade of electricity at a given international wholesale
price. Thus, the effects with respect to country A are as in the previous cases.
Within the two-country model, however, also country B will be affected by
a change of the percentage requirement in country A. As already mentioned
above, the generation of black electricity will be reduced also in this country

61t should be noted that the results would be the same if we looked at a change of the
percentage requirement in country B. Of course the analysis could also be made assuming that
the countries have a common percentage requirement, but this will not give any additional
information. The effects of changes in a common « will be identical to the effects on the key
variables in country A from a change in aa.
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as we now have a common market for electricity. However, and this is a quite
surprising result, both the generation of green electricity and the consumption
of electricity in country B will actually increase from the increase in a4."

Proposition 4 In the case of trade of electricity in the twoscountry model,

the pgrcenﬁage requirgment,, ag, has the following eﬁegts: i) 9T b 0, 47)

da g
sign A andsign 924 are indeterminate, and 141) 45 S Qand 2o >
g da g g do g ) do g da g

0.

Proof. i) Inserting (19) and (20) into (17) yields the electricity price in
country A as a linear combination of marginal costs of the two groups of gener-
ation technologies in equilibrium, i.e. pa (x%) = (1 — a4) C(Y*)+ aAh/A =).
Toke the implicit demvﬁztwes of this expreisswn with respect to « A and arrive

dy* (—aa)+zly aahl(z5)—0%h,(5) dz} as(—ap)C’ (¥}

at: doa = ; D ) dan = — anD and
Gk = QomC 0TIy D= 824 — (1 aa)? O (Y*) — %y (23) < 0.

Inspection of signs vesifies the abcwe clmm

1) To show that j{ii and % are indeterminate, it suffices to give
examples satisfying the assumptions of the model. Examples are provided in
appendiz B.

111) Inserting (23) and (24) into (21) yields the electricity price in coun-
try B as a linear combination of marginal costs of the two groups of genera-
tion technologies in equilibrium, i.e. pp (x3) = (1 — aB) C (Y + oth/B (=5)-
Toke the implicit derivatives of this expression with respect to as and arm've
dzh — _ap(-ap)C"(Maa 00 doh _(1*043)%/(3’)%4’ with D =

at: da g apD da g

B:vA
1- 04,4)2 ") — aih;ll (=) < 0. Inspection of signs verifies the above
claims. W

In order to understand and explain this surprising result with respect to
the increase of the generation of green electricity in country B, it is enough to
explain why the electricity demand in country B, x g, must increase. As there is
no trade of GCs in this case, an increase of x g must necessarily imply an increase
in the generation of green electricity in country B to cover the increased demand
for certificates. In order to obtain a contradiction, assume that the opposite is
true, i.e. Z—ﬁ < 0. For this to be the case, the end user price of electricity in
country B, pp, must be at least as high as before the increase of a4. As we
know that qps is reduced and ap is unchanged, we see from equation (21) that
i:;’j‘ > 0 must imply that sp is increased by at least ﬁ times the decrease
of qps. As ap < 1, this must imply that the price per unit received by the

"In the proofs for the cases involving trade of electricity we will assume that C (Y) repre-
sents the horizontal sum of C' (Ya) and C (Yg), with Y = Ya + Yg being the total quantity
of black electricity generated in the two countries. This assumption is straight forward as
we know that the common electricity market induces a common V\&holcmlc pr&(‘c of electricity,

qm, in the two countries, which means that we have qM = YA =C YB in equilibrium.
Thus we also have C” )= c’ (Ya) + c’ (Yg) and o’ )= c” (Ya) + c”’ (Y).
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producers of green electricity in country B, gas + sp, has increased as compared
to before the increase of a4. This means that the generation of green electricity
in this country has increased. However, this contradicts the above assumption
of % < 0, as a non-increase of the electricity consumption in country B is not
consistent with an increase of the generation of green electricity in this country.
The increase of the percentage requirement in country A must therefore imply
an increase of the electricity consumption, and thus also in the generation of
green electricity, in country B.

We also note that even if the generation of black electricity falls also in
country B, the supply of black electricity to the consumers in country B will
increase. The reduction in generated quantity is therefore due to the reduced
net export of black electricity from country B to country A.

Thus, we have the paradoxical situation that while an increase of the percent-
age requirement in country A may actually lead to a reduction of the generation
of green electricity in country A, it will always increase the generation of green
electricity in country B

5.2 Trade of GCs

Assume now that only GCs can be traded, while the market for electricity is
closed. In this case, the physical electricity must be sold domestically while the
GCs can be sold in a common market at the common GC-price s37.%

The only changes of the objective functions and the first order conditions
from the previous case are the replacements of the common wholesale price,
qn, with the domestic wholesale prices, g4 and ¢p, and the introduction of a
common GC-price, s)y, instead of the country specific GC-price, s4 and sp.

5.2.1 GC-trade

As the GC prices in the two countries are equal, the trade of GCs will be given
by the following two expressions in equilibrium:
Export of GCs from country A:
zhg =max(0; 7% — aaxy),

and from country B:

zpa = max(0; Z5 — apxp).

In this case, there will be export of GCs if the domestic supply is larger than
the domestic demand. As in the case of trade of electricity, only one of these
trade variable can be positive in equilibrium in our two-country model.

8 The introduction of GC-price bounds can have the effect as to make the GC-prices different
beween the trading countries. This will be treated later in this paper.
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5.2.2 Equilibrium for the case of trade of GCs

In the case of trade of GCs we will then have the following competitive equilib-
rium solution for the key variables:
In country A:

pa(@h) = ¢4+ aasiy (25)
* 4+ %
B =Y 4, = 2AAT EBA (26)
QA
g+ shy =h (Z3) (27)
gy =c (Y}) (28)
In country B:
pr (@) = ah + apsiy (29)
* 4+ »*
vy =Yg+ ahy = BB EAB (30)
ap
a5 +sh =h (Z5) (31)
a5 =c (Y5) (32)

5.2.3 Analysis

As is shown in Proposition 5, it turns out that increasing « 4 as usually leads to a
reduction in the demand for black electricity in country A. However, in contrast
to the case of trade of electricity, the effect on generation of black electricity in
country B is now indeterminate. Actually, in this case it is only the effect on
generation of black electricity in country A that is certain. All the other key
variables in both countries are indeterminate.

Proposition 5 In the case of trade of GCs in the twascountry model, the

. . Lo dy* ..
perceptage_requirement,_aa, h%s the,followzgg effects: i) @ < 0, and i)

. dz’, . da’y . dyg . dzp . dap .
sign g s sign gt sign i sign. B and sign da are all in-
determinate.

Proof. i) Inserting (27) and (28) into (25) yields the electricity price as a
linear combination of marginal costs of the two groups of generation technologies
in equilibrium, i.e. pa(xh) = (L—aa)c (Yh) + aah, (23). Take the implicit

dy* — (1—aa)siy
daa D ’

with D = g% —(1- aA)2 " (Y —aih:l (=) < 0. Inspection of signs verifies
the above claim.

derivative of this expression with respect to aa and arrive at:

19



11) Fxamples satisfying the assumptions of the model are provided in appendix

C m

The intuition behind the indeterminate effects is that as the electricity mar-
kets are now closed, the change of the percentage requirement in country A only
affects directly the common GC-price, while the wholesale price is not directly
affected in country B. As the per unit price received by the producers of green
electricity consists of both the wholesale price and the GC-price, the remunera-
tion to the producers can be different in the two countries even if there is trade
of GCs. The effects on the wholesale price and the end user price in country
B are also uncertain. The result is then that the only certain effect is that the
generation of black electricity in country A decreases.

5.3 Trade of electricity and GCs

We will now combine the two previous cases assuming that the markets are open
for trade of both electricity and certificates. Both the wholesale- and GC-price
will then be common between the countries, leading to a replacement of ¢4 and
qp with qpr, and s4 and sp with sy, in the objective functions and the first
order conditions.

5.3.1 Equilibrium for the case of trade of electricity and GCs

As in the previous case, the relative share of green electricity generated in one
country can differ from the percentage requirement due to the possibility of
import or export of GCs. This is reflected in equations (30) and (34). The
equilibrium will then be:

In country A:

pa(Th) = qu + aasy (33)

* * * * — Zha 2L
TA=Yaat2zaatYpa = AAQ—ABA (34)
G+ sh = h'(Z3) (35)
G =c (V) (36)

In country B:

pB (E) =gy +apsy (37)

* * * * — Z* + Z*
Tp=Ypp Y 2pp tYap = % (38)
G+ i = (Z3) (39)
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gy =c (V5) (40)

5.3.2 Analysis

As shown in Proposition 6, we have that increasing a4 will reduce the demand
for black electricity and therefore the common wholesale price decreases, leading

to a drop in the generatiaa of blaek eleetricity in both countries. The other two

dz? dx’

effects in country A, ie. —& —4  turns out to be indeterminate, as they
’ day do g )

have been in the two previous cases in the two-country model. In contrast to the
trade of electricity case, we find that the additional opening of the GC market
will mean that it is no longer certain that the increase of a4 will induce in
increase of the generation of green electricity in country B. Neither can we say
anything certain about the effect on end use consumption in country B.

Proposition 6 In the case of trade of both electricity and GCs in the two-
sountry model, the percentege requirement, aa, has the fotlowing effegts: )

%
are all indeterminate.

Proof. 1) Inserting (35) and (36) into (33) yields the electricity price in
country A as a linear combination of marginal costs of the two groups of gener-
ation technologies in equilibrium, i.e. pa (x%) = (1 — a4) C (Y*)+ ozAh;l (=1).
Take the implgcit derivative of this expression with respect to as and arrive at:

* (1—aa) sh+aazh n' %) 1" "
dy* _ M Al aAZ g . _ 9 2
= - , with D = 5%—(1 —aa) O (Y= h, (1) <

0. Inspection of signs verifies the above claim.
111) Examples satisfying the assumptions of the model are provided in appen-
diz D. m

%
dx’)

daa

. dzg . dm*B
, sign o= and sign o

. .. . dz™ .
< 0, while i) sign d;—i , sign

So far in this paper we have assumed that the GC-price is decided by the
market. However, as mentioned in the introduction, many of the GC-systems
discussed in different countries include price bounds for the GC-price. We will
now place the focus on this other policy variable of the GC-system. The GC-
price bounds will function as to restrict the variations in the GC-price. An
upper price bound should be of particular significance in an early phase of a
GC-system. At the time of introduction, the technologies for generation of green
electricity will probably be quite immature and it may be difficult to generate
enough green electricity to satisfy the percentage requirement at a reasonable
cost. In such a case the upper GC-price bound will come into effect as the
consumers can fulfill their percentage requirement buying GCs, or really paying
a fine, to the State to be allowed to consume more electricity than a times the
amount of GCs they have bought at the GC market. The lower price bound
should be more relevant in a more mature GC-system to secure a minimum
payment to the producers of green electricity. As argued earlier, a GC system
that in the long run generates a GC-price at one of the GC-price bounds should
rather be replaced by a system based on direct per unit subsidies. However, we
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may have a situation in which the price bounds are binding for shorter periods.
Therefore, and also for the sake of completeness, we will now briefly discuss the
importance of the price bounds with respect to our analysis.

6 Effects of GC-price bounds

We will discuss the effects of the price bounds from two different perspectives.
First, we look at how the authorities can directly regulate the GC-price, up-
ward or downwards, by changing the price bounds. Second, we will see if the
comparative statics results may change if one of the price bounds is binding
when the percentage requirement is changed. We will limit our discussion to
the two-country model.” The following symbols are used to represent the GC-
price bounds: s, and sp are the lower price bounds in country A and B, while
54 and Sp represent the upper bounds.

6.1 Price bounds in the case of trade of electricity

Assuming that we are in an equilibrium in which the GC-prices in both countries
are within the price bounds, and that the authorities in one of the countries, say
country A, think the current GC-price is "wrong”. They can then use the price
bounds to either increase or decrease the GC-price. An increase will happen if
the lower price bound in country A is set to be higher that the current GC-price
in country A, i.e. s, > s%. Reducing the upper price bound below the current
GC-price will, on the other hand, reduce s%. As we are in the two-country
model, this will affect the equilibrium in both countries, due to the common
wholesale price of electricity, gas.

An increase of s* means that gps is reduced. This is because it gets more
expensive for the consumers in country A to fulfill the percentage requirement
and they will therefore reduce their demand for electricity. The generation of
green electricity in country A will, however, increase, as the producers of green
electricity can sell as many certificates as they want to the authorities at the
given minimum GC-price, which is higher than the former equilibrium GC-
price. It is therefore worth noting that the positive effect on the generation of
green electricity in country A is financed completely by the authorities, which
illustrates the point that a GC-price at a price bound is equal to a direct subsidy.
In country B, the effect on demand is positive, as they only face a lower wholesale
price. The increased demand will obviously also induce higher generation of
green electricity in country B.

A decrease of s%, by lowering the upper price bound, will have the complete
opposite effect. The demand in country A will increase, thus leading to an
increase of gpr and a larger generation of black electricity. The lower GC-price,
however, leads to a reduction of the generation of green electricity in country
A as the consumers now can buy the necessary GCs from the authorities at the

9The effects of increasing the percentage requirment in the cases of a binding GC-price
bound under autarky is treated in Amundsen and Nese (2002).
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given maximum price. The effect in country B is obviously reduced demand
and lower generation of green electricity. The increased generation of black
electricity will just increase the net export of electricity from country B to
country A.

6.2 Price bounds in the case involving trade of GCs

In order to illustrate the interaction between the countries in the cases involving
trade of GCs, we will assume that the price bounds are different in the two
countries. In these cases, the effects of an eventual binding price bounds will
have to be considered carefully, as this will give rise to different GC-prices in
the two countries.'® With an open GC-market, a difference between the GC-
prices will mean that all the certificates are sold in the market with the highest
GC-price. For such a situation to be a possible equilibrium it must be so that
the lowest GC-price must be equal to that country’s upper price bound. This
is because no certificates will be sold in this country, which means that the
consumers must buy their GCs from the authorities. Such a situation is only
consistent with a GC-price at the upper bound. In the other country, i.e. the
country with the highest GC-price, the price can in principle be either at one
of the price bound or between the bounds.

Increasing the GC-price in one of the countries, e.g. country A, by increasing
the lower price bound, s 4, above the valid GC-price will only generate a possible
equilibrium if s, > Sp. In equilibrium, we must therefore have s% = s,,
sy = sp and s4 > Sp. This will induce higher GC-prices in both countries.
The effects are reduced demand and generation of black electricity, but increased
generation of green electricity in both countries. Again, as in the case of trade
of electricity, this increase will solely be at the expense of the authorities in the
country initiating the GC-price increase.

Assume then that country A wants to reduce the s% by setting the upper
price bound, S4, below the current equilibrium GC-price. We then get s4 <
sp.The generators of green electricity will then want to sell all their GCs in
country B. This will of course put a downward pressure on sp. It is then
possible that the GC-price in country B is reduced below the new s4 again so
we get a new equilibrium price where the GC-prices are again equal, but at a
lower level than before. Alternatively, we get a new equilibrium where the sj; =
sp (this conditions that 54 < sp) or sg < 8% < 3p. This will obviously depend
on both elasticities and the level of the price bounds. The effect will be a lower
GC-price in both countries, leading to increased demand, increased generation
of black electricity, and reduced generation of green electricity in both countries.

100Of course, equal price bounds in the two coutries would mean that the GC-prices would
be equal also in the case of binding price bounds. However, the effects with respect to our
analysis would then just be equal in the two countries.
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6.3 Comparative statics in cases of binding price bounds

We will now look at how the comparative statics results are affected if the price
bounds are binding in one of the countries when the percentage requirement is
increased. In general, the effect is that the GC-price in the country in which
the price bound is binding will not be affected by the change of the percentage
requirement. In the above discussion we argued that the existence of binding
GC-price bounds are leading to different GC-prices between the countries in
cases where the GC market is open. For these to be possible equilibria, strict,
and to some extent quite unrealistic, conditions had to be fulfilled. We will
therefore limit our discussion in this part to the case of trade of electricity.

6.3.1 Trade of electricity

In the case where thesprice-bounds werenot binding we bad the following result

(see Proposition 4): Tmn S0, sign g4 and sign Z4 were indetermi-

nate, while % and % were both positive.

As an illustration, assume that s% is at one of it’s price bounds and that it
remains there also after the marginal increase of a4. First of all, the wholesale
price, qps, will still fall as it did before. The direct effect of the binding price
bound is that s¥% is unaffected by the increase of a4. This means that the
generation of green electricity will definitely be reduced as the reduction in the
wholesale price, ¢qas, is not compensated at all by an increasing GC-price. The
effect on electricity consumption is still indeterminate in country A in this case.
An unchanged s% and a reduced g,s has a positive effect on demand, while the
increase of a4 has a negative effect. In country B, however, the effects are going
in the same direction as they were in Peoposttion 4. In this case of a binding

dz?

price bound in country A we thus have Zz4 > 0. Otherwise, the results are

as in Proposition 4.

Assume then that s} is at one of it’s price bounds. The reduction of g
will, as s% is fixed, mean that the generation of green electricity in country B
in this case will be reduced. However, the end user price is also reduced so the
electricity consumption increases in country B. The increased demand will be
covered by a reduced net export of electricity from country B to country A. The

effects in country A are the same as in Proposition 4. Thus, we have %}i <0,

but otherwise the same results as in Proposition 4.

7 Summary and concluding remarks

In this article we have mainly focused on the percentage requirement, which
is the variable that is supposed to function as the policy instrument affecting
the level of green electricity in end use consumption in a Green Certificate
system. We have investigated the effect of changing the percentage requirement
in different market settings from autarky via trade at given international prices
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and finally looking at trade between two countries where the international prices
are affected by the trade. When looking at trade, we have done this step by step
in the sense that we started with trade of only electricity before moving to trade
of only certificates, and finally opening the markets for both these goods. For
each case we have derived theoretical expressions or used numerical examples
to prove the effects on generation of black and green electricity and on end use
consumption from an increase of the percentage requirement. Our results are
summarized in the table below.

Table 3: Summary of the results

da g da g do g da g da g da g
Autarky — ? ?
Trade at given international prices
Trade of electricity 0 ? —
Trade of GCs — — —
Trade of electricity and GCs 0 0 —
Trade in a two-country model
Trade of electricity — ? ? — + +
Trade of GCs — ? ? ? ? ?
Trade of electricity and GCs — ? ? — ? ?

From the above table we take particular note of the more or less paradoxical
result that in neither of the cases can an increase of the percentage requirement
in one of the countries guarantee an increase of the level of green electricity
consumption in the country itself. This quite surprising result is followed up
in the two-country analysis in which an increase of the percentage requirement
in country A can, and in the case of trade of electricity always will, induce an
increase of the generation of green electricity in country B. We can then have
a situation where the increase of the percentage requirement in one country
have a negative effect on green electricity generation in the country itself, but
a positive effect in the other country.

An additional result that further increases the impression of the GC system
as a system generating strange and perverse results was found in the case of
trade of only GCs at a given international GC-price. It was shown that a
country’s generation of green electricity in this case would be maximized by
setting the percentage requirement equal to zero. This would mean that the
whole generation of green electricity in this country is financed from abroad.

The analysis also showed that the possibility to use the GC-price bounds as
an additional policy variable in a GC system had limited effects.

Opening of the markets for electricity and GCs can to some extent reduce
potential problems connected to market power, but this paper has shown that
the indeterminate effect on green electricity generation from increasing the per-
centage requirement found under autarky continues when opening for trade.
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The results from this analysis should therefore further contribute to the

warnings to the countries considering to implement GC systems; a great amount
of consideration should be done before implementation as the functioning of
these systems seem to be far more complex than it may seem at first glance.
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Appendix

A A numerical model

In this appendix we will present a simple numerical model satisfying the as-
sumptions we have made about the electricity market. The model will be used
to provide proofs for the existence of some of the results for the two-country
model referred to in Proposition 4, 5 and 6 in this article. We assume the
following functions:

The inverse demand functions are given by:

For country A:

pa(xa) =aa —baxa, with ag, bg >0,

and for country B:

pg (rB) = ap — bpxp, with ag, bg > 0.

This gives falling demand curves as we have:

p/A(xA) =-by < 0

and

PB (IB) =-bp <0
The technologies for generation of black electricity are summarized in the
following increasing cost functions:
For country A:
CA (YA) = k‘AYj, where k4 > 0,

with / ,
cy (Ya) =2kaYs >0 and ¢y (Ya) =2ka > 0.

For country B:

CB (YB) = k’BYBg, where kg > 0,
with ) .
cg (YB) =2kpYp >0 and cg (YB) = 2k > 0.
The producers of green electricity have the following cost functions:
For country A:

CA

> Zfl + gaZa, where cq,g4 > 0,

ha(Za) =

with ) B
hy(Za)=caZa+ga>0and hy(z4) =ca >0.
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For country B:

hp (ZB) = C7BZ}23 +QBZBa where CB,gB > 0,

with )
hB (ZB) =cpZp+gp >0and hB (ZB) =cp>0.
By running this model we can find the competitive equilibrium solution for
the key variables in both countries for each of the three different ” trade regimes”.

B Proposition 5

According to Proposition 4, trade of electricity in the two-country model pro-
duces indeterminate effects with respect to the effects of a change of the per-

centage requirement in country A on the generation-of green electricity and

.. . . . . dza dx A
the electricity consumption in country A, i.e. T and doy were both

indeterminate.
The following parameter values are used to generate the equilibrium solution
in the case where only the electricity market is open:

a b c |g k
Country A | 200 | 0,75 | 30 | 100 | 3
Country B | 200 [ 0,75 | 30 | 100 | 2

The results showing the effect of increasing a4 from two different levels are
presented in the tables below.

Country A
as | qu N pa Yy ZA | Ta YAB
0.2 137.75 | 177.02 | 173.15 | 2296 | 7.16 | 35.79 | O
0.21 | 135.75 | 182.33 | 174.04 | 22.63 | 7.27 | 3462 | O
0.5 38 300.18 | 188.09 | 6.33 794 | 1588 | 0
0.51 | 37 297.11 | 188.52 | 6.17 7.8 15.3 0
Country B
aA | QM sB B Yp 2B | =B Ypa

0.2 | 137.75 | 177.02 | 173.15 | 34.44 | 7.16 | 35.79 | 5.8

0.21 | 135.75 | 183.94 | 172.54 | 33.94 | 7.32 | 36.62 | 4.65
05 | 38 300.18 | 188.09 | 9.5 7.94 | 1588 | 1.56
0.51 | 37 3029 | 188.05|9.25 | 797 | 1594 | 1.28

Thus, the first two rows of the table above show that the generation of
green electricity in country A increases from 7.16 to 7.27 when the percentage
requirement in country A increases from 0.2 to 0.21. The two last rows, on the

other hand, show the opposite effect as-z4 there will decrease from an increase

of a4. We have thus shown that j{;i is indeterminate.
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The example above also illustrates the point that even if the generation
of black electricity decreases in both countries from an increase of a4, the
consumption of black electricity will still increase in country B as its export
of electricity to country A has been reduced by more than the reduction in
generated quantity.

We now want to prove that the electricity consumption in country A van
go in both directions if the percentage requirementsin this country is increased.

The above example has already that we may have g—w‘i < 0. In order to show
3 aa

dra

doy < 0, we assume the following parameter values for our example:

a b c |g k
Country A | 205 | 0.75 | 10 | 200 | 5
Country B | 180 | 20 10 | 200 | 200

The result from changing a4 from 0.2 to 0.21 is presented in the tables
below.

Country A
aa | qu SA PA Yy ZA | TaA YAB
0.2 174.21 | 70.37 | 188.28 | 17.42 | 4.46 | 22.29 | O
0.21 | 172.7 74.14 | 188.27 | 17.27 | 4.68 | 22.31 | O

Country B
oA | am SB PB Yp |28 | 7B | yBaA
0.2 174.21 | 25.85 | 179.38 | 0.44 | 0.01 | 0.03 | 0.41
0.21 | 172.7 27.48 | 178.2 0.43 | 0.02 | 0.09 | 0.36

3
We have thus proved that g—fj is indeterminate in the case of trade of

electricity in the two-country model.

C Proposition 6

3 - 3 - 3 - 3 - 3 -
According to Proposition 5, 424 drg dyp dzp  and 422 are all
? daa daa daa daa daa

indeterminate in the case of trade of only GCs in the two-country model.
The following parameter values are used to generate the equilibrium solution
in the case where only the GC market is open:

a b c |g k
Country A | 200 | 0.75 | 50 | 200 | 3
Country B | 200 | 0.75 | 30 | 100 | 3

The results from changing a4 from 0.2 to 0.21 is presented in the tables
below.
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Country A
aa | sm qa DA YA Za | wA ZAB
0.2 2145 | 137.62 | 180.52 | 22.94 | 3.04 | 2598 | O
0.21 | 219.0 | 134.85 | 180.84 | 22.47 | 3.08 | 25.55 | O

Country B
as | sm qB pB YB Zp | =B ZBA
0.2 2145 | 134.12 | 177.02 | 22.35 | 8.29 | 30.64 | 2.16
0.21 | 219.0 | 133.24 | 177.04 | 22.21 | 8.41 | 30.61 | 2.29

3 3 -

The above results thus show that we may have: 424 >0, 44 <
3 3 daa

dyB dz dx
—LdaA <0, YR >0 and = <0.

Assume now the following parameter values:

a b c |g k
Country A | 200 | 0.75 | 50 | 100 | 3
Country B | 200 | 0.75 [ 30 | 50 | 3

The results from changing a4 from 0.5 to 0.51 is presented in the tables
below.

Country A
a4 | Su qa DA ya | Za | za ZAB
0.5 293.3 | 44.25 | 190.9 7384751213 |0
0.51 | 29.25 | 42.05 | 191.23 | 7.01 | 4.69 | 11.7 0

Country B

aa | sm qB PB ys | ZB | 7B ZBA

0.5 293.3 | 41.1 187.75 | 6.85 | 9.48 | 16.33 | 1.31

0.51 ] 29.25 | 41.47 | 187.72 | 6.91 | 9.47 | 16.38 | 1.28
3 3

s -
Th%se regults then show that we may have %‘3 <0, (‘iiaLi > 0, %ﬁ <
dz
Oand g2 >0. s -

It then remains only to show that we may have C’ﬁ(’;—f‘ > 0. To prove this,

we assume the following parameters:

a b c |g k
Country A | 205 | 0.75 | 10 | 200 | 5
Country B | 180 | 20 10 | 200 | 200

The results are as presented below:

Country A
as | sm | qa pa YA Za | TaA ZAB
0.2 61.2 | 176.67 | 188.91 | 17.67 | 3.79 | 2145 | O
0.21 | 64 175.44 | 188.88 | 1754 | 3.94 [ 2149 | O
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Country B
aa | sm | gB pB ys | Z | vB | 2BA
0.2 61.2 | 146.02 | 158.26 | 0.37 | 0.72 | 1.09 | 0.5
0.21 | 64 144.0 156.8 0.36 | 0.8 1.16 | 0.57

3
Thus, we have shown that it is possible to have (df—*‘ > 0. . _
3 o g 3 3
The above examples have then proved that g—ZA , g—w‘i , %’ﬁ , %ﬂ
3 L A Ll A Lo A Lo A
and g_za are all indeterminate.
A
D Proposition 7
3 - 3 - 3 -
According to Proposition 6, %‘i , g—;ﬁ and %ﬁ are all indeterminate

when both the electricity and the GC markets are open in the two-country
model. The examples below will prove that this can be the case.
Assume first the following parameter values:

a b c |g
Country A | 200 | 0.75 | 50 | 200
Country B | 200 | 0.75 | 30 | 100 | 8

N

The results are:

Country A
aA | qu SM pa Yy Zy | TA YAB | 24B
0.2 139.2 | 202.1 179.62 | 34.8 283 | 2717|1045 | 0
0.21 | 137.3 | 207.39 | 180.8 34.31 | 2.89 | 25.6 1161 (0
0.5 35.75 | 311.7 191.6 8.94 295 | 11.2 0.69 0
051 | 35 310.4 193.3 8.75 2.91 | 8.93 2.73 0
Country B
aA | QM SM PB Yp | Zp | zB yBa | ZBA

0.2 | 139.2 | 2021 | 179.62 | 8.7 | 8.04 | 27.17 | O 2.61
0.21 | 137.3 | 207.39 | 178.73 | 8.58 | 8.15 | 28.36 | O 2.48
0.5 | 3575|3117 | 1916 |223|825|112 |O 2.65
051 | 35 3104 | 190.2 | 219 | 8.18 | 13.07 | O 1.65

3 These resalts from the first tweo rows show that the following is possible:

%A- > 0, %‘i < 0 and ,!;LZE > 0. From the last two rows we can see
QA 3 A 3 QA

-

that also %‘i < 0 and %ﬁ; < 0 are possibflse results.

It then remains to show that we may have 32—2 > 0 and gz—i < 0. To

prove this, we assume the following parameters:
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a b c |g k
Country A | 205 | 0.75 | 10 | 200
Country B | 205 | 20 10 | 200 | 5

ol

In addition we have assumed ap = 0.55.
The results are:

Country A
aa | qu Sy pa Ya Zy | Ta YAB | 2AB
0.2 159.1 | 80.86 | 175.22 | 15.91 | 3.99 | 39.7 0 0
0.21 | 1574 | 84.63 | 175.12 | 15.74 | 4.2 39.84 | 0 0

Country B
as | qu Sm PB Yp Zp | B | YA | ZBA
0.2 159.1 | 80.86 | 203.52 | 15.91 | 3.99 | 0.07 | 19.82 | 3.95
0.21 | 157.4 | 84.63 | 203.9 15.74 | 4.2 0.06 | 19.88 | 4.17

3 - 3 -
Thus, it is also possible to have 424 > 0and %2£ <0.
) daa dag ¥4 - 3 -~
) dza dx s dzp
W3e haye then from the above examples proved that dos s day o db

and % are all indeterminate when both the electricity and the GC markets

are open in the two-country model.
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