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tious emission target automatically increases the RES-E share. In a second step, we
investigate different policies for inducing an RES-E quota. Such a quota can be
efficiently achieved either by a system of tradable green certificates, budget-bal-
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ferentiated, technology-specific FITs are not efficient.
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1 Introduction

For the period 2008-2012, Annex I countries that have ratified the Kyoto protocol
are committed to an average reduction of their CO, emissions to 5.2 % below the
1990 level. Broadly speaking, there are four ways of achieving this target: reducing
the output of primary and secondary energy use and of other CO,-intensive
products, enhancing energy efficiency (i.e., producing the same amount of output
with less carbon input), substituting low-carbon fossil fuels (such as natural gas) for
carbon-intensive fuels (like lignite and hard coal), and generally replacing fossil
fuels by increasing the share of renewable energy sources (RES). An efficient mix of
all these measures would be the optimal solution. To make the allocation of such
CO; reduction efforts work, the marginal opportunity costs of all these measures
have to be equal. Following this rule, CO, reductions will be maximal given a fixed
amount of financial resources. To meet their joint target at the lowest possible cost,
signatory countries could implement a rigorous cap-and-trade system (or charge a
corresponding uniform carbon tax) covering all their CO, sources. If the whole
world implemented a cap-and-trade system (or a uniform carbon tax) covering all
sources of carbon, that of course would be better still.

Looking at the different measures countries opt for in their attempts to curb CO,
emissions, we observe quite an array of different policy instruments, some used
alternatively, others in an overlapping way. In the USA, for instance, a nationwide
CO, cap-and-trade system seems politically impracticable at the moment, with the
upshot that an increasingly complex set of policy measures has evolved at state
level. They encompass renewable portfolio standards, various energy efficiency
programs, and (output) taxes on electricity or fuels (labeled “public benefits
charges”) to generate revenues for energy efficiency programs and subsidies. In
addition, states like California or groups of states in the north-east (headed by NY,
MA, CT) have implemented local carbon-trading schemes, such as the Regional
Greenhouse Gas Initiative (RGGI). Other states have implemented different
schemes for using RES (renewable energy sources), notably for generating
electricity (RES-E).l

By contrast, Europe’s major carbon policy is the EU-ETS, a CO, emission cap-
and-trade scheme covering roughly half of the continent’s overall CO, emissions,
including all emissions from major power plants and carbon-intensive industries. As
a supplementary policy, the European Commission has also initiated the 20-20-20
target, meaning that by 2020 CO, emissions are to be reduced by 20 %, energy
efficiency increased by 20 %, and the share of RES stepped up to 20 %. Ignoring
the problem of international carbon leakage for a moment, we can say that the spirit
of Kyoto revolves around the emission reduction goal. But it is less obvious why the
other two targets (increasing energy efficiency and implementing a particular share
of RES) are necessary to achieve this overall emission reduction. In fact, it is far
from clear whether these two sub-targets would be the spin-off from efficient
allocation designed to achieve the main goal (a 20 % emission reduction). If they
were, a cap-and-trade scheme would automatically bring about the achievement of

! For details, see Selin and VanDeever (2009).
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these goals. If they were not, the sub-targets would only increase the cost of
achieving the actual emission reduction target.

Besides the main goal of curbing greenhouse gases, the EU directive on the
promotion of the use of energy from renewable sources names other objectives of
this policy, notably lowering dependence on fossil fuel imports, creating new
employment opportunities, triggering green growth, and promoting competition on
the electricity market (EC 2009). However, these additional objectives are highly
questionable. Take the lowering-import-dependence argument. Except for oil,
which plays almost no role in electricity production, fossil fuel resources are—
unfortunately for the greenhouse problem—abundant and ubiquitous. In the last few
decades, coal prices have increased only modestly and, due to the discovery of new
deposits and new methods of exploitation, gas prices have even gone down. From
the theory of exhaustible resources we know that if social and market interest rates
coincide, if resources come under private property, and if resource markets are
competitive, then the resource extraction path induced by the market will also be
socially optimal and there will be no market failure. Therefore, if we were not
facing the greenhouse problem, there would be little need to intervene in the market
and artificially reduce fossil fuel imports. The employment and growth arguments
also stand on shaky foundations. We will discuss these objectives in more detail in
Sect. 7.

Even if we take it as both self-evident and politically desirable that fossil fuels be
salvaged, the question is how to implement such a target in a cost-efficient way. To
achieve the 20 % RES share target in all energy use, various countries use different
policies to increase the share of RES-E. These policies divide roughly into two
classes, quantity-based and price-based. We refer to quantity-based policies if a
certain share of RES-E is compulsory for electricity utilities. Nationwide (or
worldwide), such a share can be implemented in a cost-efficient way by
implementing a system of tradable green certificates (TGCs). This means that
utilities (or private owners of RES-E equipment) exceeding the required share of
RES-E can apply for certification of RES-E electricity units and sell these to
electricity producers unable to meet the required target on their own (or only at a
prohibitively high cost). Two main types of price instrument exist, the feed-in tariff
system and the premium system. The latter, as implemented in Spain, works like a
customary subsidy. RES-E electricity producers receive a premium (i.e., a subsidy)
in addition to the market price, they are thus also exposed to market price volatility
and can react to supply and demand. In a feed-in tariff system, as originally
implemented in Denmark, the Netherlands, and Germany (62 other countries have
now followed suit), RES-E electricity producers receive a guaranteed feed-in price
independently of market prices. Electricity producers using RES are thus
completely divorced from supply and demand, and grid operators have to buy
RES-E electricity even if there is excess supply and the market price has become
negative.

In the feed-in tariff system as implemented in Germany (and other countries),
there is indeed a guaranteed feed-in price, but the system is also discriminatory.
Feed-in tariffs are technology-specific. The higher the unit cost of electricity
production using a specific technology, the higher the feed-in tariff. Supporters of
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the discriminatory system put forward different arguments to justify this policy. One
such argument is that the government has to boost learning-by-doing. By
subsidizing high-cost technologies, cost can be brought down to competitive levels.
The second, quite different argument is that a discriminatory system leads to low
rents for both RES-E operators and RES-E equipment producers, thus keeping the
social cost of subsidization low.

In this article, we analyze both CO, emission reduction and RES-E share
policies. We start by recalling that if an emission cap is the only policy target, an
optimal mix consisting of high and low carbon use of fossil fuels, deployment of
RES-E and energy savings can best be achieved by either setting a uniform tax for
CO, or by implementing a cap-and-trade system covering all CO, sources. An
additional RES-E share target only makes it more expensive to achieve the emission
cap. We also show that more ambitious emission targets lead to higher prices for
both emissions and electricity and thus to lower output (i.e., higher electricity
savings). A more ambitious target also automatically increases the share of RES-E
and lowers the share of carbon-intensive fossil fuels. By contrast, the impact on low-
carbon fossil fuels like natural gas is ambiguous. In a second step, we investigate
how a uniform feed-in tariff (FIT) impacts on the crucial endogenous variables. For
this purpose, we distinguish between a FIT financed in a lump-sum way (or by
raising distortionary taxes elsewhere in the economy) and one that is financed by a
mark-up on the electricity price. In the first case (lump-sum finance), increasing the
uniform feed-in tariff does precisely the wrong thing. It leads to lower electricity
prices and thus provides smaller incentives for households and industry to save
energy. Such a policy clearly increases the share of RES-E, which is desirable. But
it overshoots the mark, since it also crowds out low-carbon fossil fuels. If the FIT is
financed by a mark-up on the electricity price, the effect will be similar. While the
overall impact on total output and prices is ambiguous, electricity prices are indeed
likely to increase.

The third issue we shall be investigating is RES-E quotas. Our findings indicate
that increasing the RES-E quota crowds out all fossil fuels including the low-carbon
varieties, which is not necessarily efficient. The impact on total output is also
ambiguous.

Accepting a politically set RES-E quota, however, we show that such a quota can
be efficiently decentralized by implementing a system of tradable green certificates
(TGCs). The quota can equivalently be decentralized by a budget-balanced
premium system where RES-E operators receive a premium on top of the market
price and the premium is financed through a mark-up on the electricity price. A
budget-balanced FIT system, by contrast, is less efficient since it creates a fiscal
distortion through excessive electricity prices.

We also discuss differentiated, technology-specific feed-in tariffs. Given a fixed
share of RES-E, an increase in the tariff for high-cost electricity coupled with a
reduction in the tariff for low-cost electricity will clearly lower the share of low-cost
RES-E and increase the share of high-cost RES-E, thus rendering electricity
production from RES-E altogether more costly and less efficient. The impact on the
electricity-price surcharge and hence on the final price paid by consumers and
industry is ambiguous. This finding contrasts with the claims typically put forward
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by the champions of technology-specific feed-in tariffs, who argue that these tariffs
lower producer rents in the RES sector and are therefore beneficial for consumers.

Finally, we scrutinize the learning-by-doing argument, contending that, if
learning effects are purely private (i.e., there are no learning spillovers), FITs are
not necessary or should simply be equal to the market price for electricity. Only if
there are learning effects that differ across technologies can a differentiated
technology-specific FIT system be justified. However, in contrast to current
practice, the FITs should be paid according to the marginal spillover effects, not the
current marginal cost of production. Private learning effects are (or should be) taken
into account by RES equipment and electricity producers.

There is a vast literature on the pros and cons of FITs and other climate policies.
Many of the items in it are, however, anything but rigorous and are frequently based
on unreliable theoretical foundations. Auer et al. (2009), Haas et al. (2004, 2010),
Held et al. (2006) and others argue in favor of technology-specific FITs. Their main
point is that such a differentiated system lowers producer rents and is better at
reducing electricity prices than either a uniform FIT or a market TGCs. Mitchell
et al. (2006) also favor FITs for the protection of RES-E generators from market
hazards, thus shifting the risk from the green electricity producers to society.
Klessmann et al. (2008) argue that a FIT system protects RES-E against market risk.
By contrast, Midttun and Gautesen (2007) argue in favor of a cross-European TGC
system.

Jensen and Skytte (2002) study the interaction between the electricity output
market and TGC markets. They argue that TGCs are not the right instrument for the
deployment of RES-E. Zhou and Tamas (2010) investigate the interaction between
TGCs and the output markets in the presence of market power. In a follow-up paper,
Tamas et al. (2010) show that even under imperfect competition, uniform FITs and
green certificates are equivalent. Morthorst (2003a, b) studies TGC markets in a
multi-country model. In contrast to our conclusions, he argues that a combination of
a CO, permit market and TGCs might be efficient in achieving national CO,
reduction targets.

Both Blési and Requate (2009) and Reichenbach and Requate (2012) study FITs
and learning effects in the RES-E equipment industry. For both competitive and
imperfectly competitive markets they show that pure learning effects do not warrant
subsidies. Only if there are learning spillovers do subsidies for the RES-E
equipment industry make sense, while FITs turn out to be inefficient. The authors
draw on Petrakis et al. (1997), who show that the presence of purely private learning
effects does not bring about market failure.

This article is organized as follows: in the next section we set up the elements of
a formal model. In Sect. 3, we study a pure emission target and instruments for
achieving it. In Sect. 4, we investigate how to achieve a quota for renewable energy
in an efficient way. In Sect. 5, we study differentiated industry-specific feed-in
tariffs. In Sect. 6, we discuss the implications of learning-by-doing effects. In
Sect. 7, we briefly discuss other objectives that are often put forward to justify the
promotion of renewable energy sources, and in Sect. 8 we draw some conclusions
and indicate various avenues that further research might usefully explore.
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2 Ingredients for a model

We consider a partial model with electricity as a homogeneous good. Aggregate
demand for electricity is represented by a downward-sloping inverse demand
function P(Q), where Q is the total market quantity. This (inverse) function covers
all demand from consumers and the factor demand from other industries.

We assume that there are two main sources of electricity: fossil fuels inducing
CO, emissions and renewable, emission-free energy.2 We refer to the former as
conventional and to the latter as renewable energy resources for electricity (RES-E)
technologies. We further assume there are j = 1, ..., J conventional technologies,
and we use Cg(q,) to denote their cost functions for producing g units of
electricity, with Céj > (0 and Cé; > 0. Furthermore, we use o, to denote the emission
coefficients of the conventional technologies. In addition, there are i =1, ..., [
RES-E technologies, where C,{(q,;) represents the cost of producing g, units of
electricity with RES-E technologies. Here we also assume C; > 0 and C/; > 0.

One might wonder how a wind turbine or a PV panel can incur increasing
marginal costs. While there are no direct costs of operation, there is typically the
cost of maintenance, and the more frequently maintenance is done, the better
performance will be. More importantly, the interpretation of such a cost function is
not that of a single unit but rather of a whole technology sector encompassing on-
shore wind power, offshore wind power, biogas, photovoltaic panels (PV), etc. In
the case of wind power, turbines located close to the shore are more effective than
those set up in the countryside far away from the coast (Menanteau et al. 2003).
With PV panels, sites in Southern Europe are typically more effective than those in
the North. In this sense, there are indeed increasing marginal costs, since at less-
favored locations more RES-E units need to be installed to produce the same
quantity of output (electricity) than at good locations.

In many cases it is of course useful to look at a full disaggregate model. In other
cases it is convenient to take a more aggregate view. In doing so, we assume that
there are two types of technology employing fossil fuels: (a) emission-intensive
base-load electricity-generation technologies with total output denoted by O,
(typically coal-fired power plants) and (b) low-emission, flexible technologies used
for peak-load electricity production with total output denoted by QO (typically power
plants fired by natural gas). Finally, total electricity output from renewable energy is
denoted by Q,. Thus, total electricity output is given by Q = Q, + O, + Oy

In this aggregate case we use Cy(Qy), C(Qp), and C(Q,) to denote the cost
functions of the three sources: base load, flexible peak-load, and RES-E. By writing
C/(0Q,) we assume that total output of renewable energy is allocated efficiently
among all generation facilities, i.e., C;j(qrj) = C(qu) for all j, k =1, ..., J with

0= Zle ¢y and analogously for Cy,(Qy) and C{(Qy). With distorting policies, such

an efficient allocation will not necessarily occur. We will come back to this point
later.

2 To keep things simple, we neglect the fact that the production of RES-E equipment itself may generate
CO, emissions. See Abbasi and Abbasi (2000) and Tsoutsos et al. (2005) on negative environmental
impacts from RES-E equipment production.
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The properties of the disaggregate cost functions Cci(q.;) and Cy(qy;) transfer to
the aggregate case, i.e., aggregate marginal production costs are increasing and
convex. More particularly, we assume strict convexity for all sources, i.e.,
C/(Q;) > 0 for j = b, r, f. Here again we use o, >0 and o> 0 to denote the
emission coefficients of the two fossil fuel technologies, and we assume oy, > o5 to
reflect the fact that the base load is typically served by CO,-intensive coal, whereas
flexible power plants usually employ gas, which is less CO,-intensive. RES-E is
assumed to be emission-free.’

To account for the social damage from CO, emissions, one might introduce a
social damage function. In the case of CO,, however, the damage accruing to a
particular country from its own domestic emissions is relatively small, so domestic
CO; mitigation policies would not stand up to a cost/benefit analysis. For this
reason, we assume that a government will aim at achieving an aggregate emission
target E.

3 Emission target

We begin by considering the situation where the government’s only target is to
reduce CO, emissions. We are looking for the most efficient way to employ
different types of energy to achieve an aggregate emission target, so the (domestic)
social planner’s problem is to maximize welfare given by

9 I

J
W(CIcl7~ - qcyy4qrls - - -aqﬂ) = /P(Q)dQ - Z CQ/(qu) - Z Cri(qri)7 (1)

0 j=1 i=1

where Q = le: 149+ Zf: | gri 18 total output subject to the emissions constraint
J —
> g <E. (2)
=1

The first-order complementary slackness (or Kuhn-Tucker) conditions for the
conventional technologies are then given by

P(Q) ~ Cylgy) — 125 <0, [P(Q) — Cilag) — dolag =0 (3)
while for the RES-E technologies we obtain
Plo) - Cﬁi(q”') <0, and [P(Q) - Cll'i(Qri)]q”' =0. (4)

Here we see that for the RES-E technologies the equal marginal cost principle holds,
i.e.,

3 As Abbasi and Abbasi (2000) and Tsoutsos et al. (2005) point out this need not be the case.
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C;i(qri) = C;k(qu) = P(Q) (5)

This means that for all sources producing positive quantities it should be equally
expensive to produce the last unit of electricity, and marginal costs should be equal
to the consumers’ marginal willingness to pay, thus making them equal to the
competitive market price. Only if P(Q) — C}, (0) <0 holds for some technology iy

should this technology not be employed at all.
For the conventional technologies we obtain

P(Q) — Cy(qy) _ P(Q) — Cy(qer) 6)

Olej Olck

for all j, k. We can interpret both sides of (6) as the marginal abatement costs of
technology j and k, respectively. This is the gap between the consumers’ marginal
willingness to pay and the pure marginal production cost. This difference is then
divided by the respective emission coefficients. Thus, (6) requires the marginal
abatement cost to be equal for all polluting electricity-generating technologies. We
can summarize this well-known result as follows:

Proposition 1 Assume there is an emission target only. Then optimal allocation
between conventional and renewable electricity production requires RES-E sources
to produce at equal marginal cost and to be equal to consumers’ marginal WTP,
while conventional technologies should produce at equal marginal costs reflecting
the private marginal production cost of electricity production plus the uniform
shadow price for the emission target.

3.1 The impact of tightening the emission cap

It is worth looking briefly at how a tighter emission cap impacts on the employment
of the three types of electricity output. For this purpose, we look at the more
aggregate model, writing welfare as

0
W(Qb, O, Or) = / P(0)dQ — Cp(0y) — C¢(Qr) — Cs(Qs)-

0

The first-order conditions for socially optimal allocation are then given by

P(Q) = Gy(Qb) + 4o ™)
P(Q) = Ci(Qr) + Ao (8)
P(Q) = Ci(Qr) ©)
o, Qp + 00 = E. (10)

Differentiating (7)—(10) with respect to E, we arrive at the following result.
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Proposition 2 Assuming that the emission cap is binding and there is an interior
solution for all three kinds of energy sources, then

d do, d d dJ d (0
oy & o, Loy P Lo L(EVo
dE dE dE

>0, dE dE dE 0

By contrast, the sign of % is ambiguous.

For a proof, see the Appendix. We see that relaxing (tightening) the cap leads to
less (more) employment of renewable energy, while pollution-intensive base-load
electricity increases (decreases). The impact on flexible conventional electricity
(natural gas) is ambiguous, whereas total electricity output (and therefore also the
total amount of electricity generated from fossil fuels) increases (decreases). The
consumer price decreases (increases). Importantly, the share of renewable energy
also falls (increases)! The direction of the results is as we would expect. Note that
the amount of flexible energy Qr going up or down with the emission cap depends
mainly on the difference in the emission coefficients. If o is only slightly smaller
than oy, both types of fossil fuel electricity output will be reduced as the emission
cap is set more stringently. If flexible energy is considerably less CO,-intensive than
base-load energy, the flexible energy will increase and crowd out base-load energy
as the emission cap gets tighter.

3.2 Decentralization by emission taxes or tradable permits

It is well known that, if energy markets are perfectly competitive, the first-best
allocation with an emission cap can be decentralized either by implementing a cap-
and-trade system (with an aggregate supply of tradable permits equal to E) or by
charging an emission tax equal to the optimal shadow price of pollution A.

3.3 Feed-in tariff with lump-sum financing of subsidies

It is usually argued that FITs (or other policies promoting renewable energy) are
needed because generating electricity by means of environmentally friendly RES-E
is more costly than employing fossil fuels, and that RES-E would otherwise have a
competitive disadvantage as long as emissions are not priced appropriately (e.g.,
Menanteau et al. 2003). Against this background, it is natural to ask how FITs
perform in reducing emissions. There are basically two different ways in which FITs
are financed. In the past, some countries such as Denmark and the Netherlands have
financed FITs via the state budget, i.e., money for subsidies has been collected by
raising other, usually distorting taxes. In other countries such as Germany, the
money paid to RES-E operators is collected through a budget-balancing mark-up on
the electricity price. Although seemingly equivalent at first glance, the two systems
differ considerably. In the first case (financing via state budget), an increase in the
FIT has a negligible impact on the electricity price, while in the second case both
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increasing the FIT and extending RES-E capacity directly affects that price.* We
will first study financing through the state budget.

For simplicity, we stick to the aggregate version of the model. We assume that
RES-E suppliers receive a FIT instead of being exposed to the market price’ and
that the money financing the subsidies is collected from the consumers in a lump-
sum way (ignoring further burdens by other distorting taxes). Denoting the FIT rate
by {, the competitive market equilibrium is given by:

P(Q) =p = Cy(Qs) (12)
P(Q) = p = Ci(Qr) (13)
{=ClQr) (14)

The next result shows how an increase in the FIT impacts on the allocation.

Proposition 3 Assume the electricity market is fully competitive. Then an
increase in the FIT leads to

de de er dQ dp d Qr dE

=0 <0 15
T )
where E = o, Oy + 0¢Qr represent emissions.

For a proof, see the Appendix. Renewable energy thus crowds out fossil fuels,
which at first glance would seem to be a desirable outcome. Total fossil fuel
electricity output goes down, so emissions will also go down, and the share of
renewable energy will increase. However, the FIT is less efficient than an emission
cap since the less polluting fossil fuel input (e.g., natural gas) is not used efficiently.
An increase in the FIT also unambiguously lowers the relatively environmentally
friendly employment of flexible energy (natural gas), while a more stringent
emission cap would not necessarily crowd out that kind of energy. Moreover,
through a decrease in both types of fossil fuels, emissions also go down, which is a
desirable effect. However, total electricity output increases and the electricity price
decreases. This differs widely from the emission-cap scenario, where a tighter
emission cap leads to less output and thus a higher price. Accordingly, under a FIT,
and in contrast to a cap-and-trade system, consumers do not contribute to the
energy-saving opportunities induced by increasing the electricity price and hence
make no contribution to enhancing energy efficiency. This would make it more
difficult to achieve the third 20-20-20 target of enhancing energy efficiency by
20 %. Thus, a FIT financed through the state budget creates an additional source of

4 In Germany, the FIT mark-up was 3.59€ cents per kwh in 2012. By 2014 the mark-up increases by
47 % to 6.27€ cents per kwh. (http://www.bmwi.de). If the still low share of off-shore wind power
capacity is further increased, an additional sharp increase in the mark-up is likely to occur.

5 An institutional setting of this kind is used in Germany, for example. It is also possible to pay a tariff in
addition to the market price (premium model), as is the case in Spain. In the absence of uncertainty, these
two regimes are equivalent. The premium naturally differs in size from the FIT.
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inefficiency. Since consumers have to pay for the subsidy (in our model in a lump-
sum way), they are also hurt by that inefficiency.

3.4 Feed-in tariffs financed by a mark-up on the electricity price

We now change the institutional setting by assuming that expenditures for the
subsidies are collected from the consumers via a mark-up on the electricity price, as
is the case in most European countries. In such a setting the grid owners have to
purchase the “green” electricity from RES-E operators and sell it on the spot market
at market clearing price. Since the FIT typically exceeds the market price, there will
be a deficit which has to be financed by a surcharge on the electricity price, or
equivalently, by an implicit tax on conventional electricity. We stay with the
aggregate version of the model. Accordingly, the representative competitive
suppliers of fossil fuel electricity earn the following profit:

= (p—1)[0 + O] — Cv(Qp) — Cr(Q¥) (16)

where ¢ is the contribution conventional fossil fuel utilities have to make to cover
the expenditures for the FIT. Given a FIT rate {, the competitive equilibrium is now
given by:

P(Q) =p=GCy(Qv) +1 (17)
P(Q) =p = Ci(Qr) +1 (18)

{=Cl(Qr) (19)
[{ = p|Or = 1[Qb + Ox]. (20)

We again study the comparative statics effects of increasing the FIT. The results
can be summarized as follows:

Proposition 4 Assume the electricity market is fully competitive and expenditures
for the feed-in tariff are collected by a mark-up r = [Qy + Of]/[{ — p]Q; on the
electricity price. Then an increase in the feed-in tariff leads to

de de er 0 i (Qr

dr
d—C<O,d—C<O, i > '3l Q)>0,dC>0. (21)

The impact on total output and price is ambiguous. If the marginal cost function
of the baseline technology is sufficiently flat, the total impact on output will be
negative and the market price will increase.

For a proof, see the Appendix. We see that the results are similar to those
outlined in Proposition 2 except for the effect on total output, which is now
ambiguous. In the case of lump-sum FIT financing, increasing the tariff results in
unilaterally subsidizing one type of electricity generation and is therefore bound to
induce an increase in total output. Under a mark-up regime, by contrast, total output
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can rise or fall. This is the case because there are two offsetting effects. The share of
RES-E electricity always goes up. However, while lump-sum financing of the feed-
in tariff brings about a pure crowding-out effect on conventional electricity, with a
positive effect on total output (Proposition 3), a surcharge regime will make
conventional electricity more expensive. This may hurt consumers, but since it also
provides higher incentives to save energy, it is more efficient for the actual goal of
cutting down on total emissions. Note, however, that output is not optimally reduced
since flexible energy always goes down, although this is not optimal in general, as
shown in Proposition 2. Overall, it can be said that in order to reduce CO, emissions
a FIT combined with a budget-balancing mark-up on the electricity price is less
inefficient than financing the tariff in a lump-sum way or by collecting other
distorting taxes.

4 Quota of renewable energy

We now assume that emission reduction is not the government’s only goal. It also
wants to establish a particular share (quota) of renewable energy in the overall
electricity supply. For this purpose, we return to the disaggregate model for a
moment. A quota for renewable energy f can then be written as:

1
Z qri
i=1
- =F (22)
Z; qri + 2} qcj
i= Jj=

We start by looking at the (constrained) optimal allocation under constraint (22)
and then consider decentralization.

4.1 The constrained social optimum with an RES-E quota

The social planner’s problem is maximization of (1) subject to constraint (22). For
conventional technologies, the first-order complementary slackness conditions are
then given by

P(Q) — Cji(gqe)) — B <0,  [P(Q) — Cii(qq) — 1Blae = 0, (23)
for the RES-E technologies by

P(Q) — Cpigni) + (1 = ) <0, and [P(Q) — Cpi(gni) + p(1 = B)lgn = 0.
(24)

If RES-E technologies produce positive quantities in the optimum, we obtain

Cii(gni) = Cylgn) = P(Q) + (1 — B). (25)
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Obviously, it should be equally costly to produce the last unit of electricity for all
RES-E sources that produce positive quantities. If P(Q) — Cy; (0) + u(1 — ) <0
holds for some iy, technology i, should not be employed at all. From (25) we also
see that the marginal cost of electricity production from RES-E technologies must
exceed the consumers’ marginal willingness to pay for electricity. In other words,
there must be an implicit subsidy for RES-E technologies if the quota for renewable
energy is binding. For conventional technologies the contrary is true. There is a gap
between marginal cost and the consumers’ marginal willingness to pay, which
results in an implicit tax. We can summarize this result as follows:

Proposition 5 Assume there is a quota for RES-E only. Then the optimal
allocation requires RES-E sources to produce at equal marginal cost above the
consumers’ marginal WTP for electricity, while the conventional plants produce at
(equal) marginal costs below the consumers’ marginal WTP. We use g;, ¢y;, and p*

to denote the optimal levels of all variables.
4.2 The impact of increasing the quota
To study the comparative statics effects of increasing the quota for renewable

energy, it suffices to look at the aggregate model, where the first-order conditions
for the constrained social optimum are represented by

P(Q) = Gy(Qb) + up (26)
P(Q) = Ci(Qr) + up (27)
P(Q) = C/(Qr) — u(1 - p) (28)
(1= B)Or = POy + BOs. (29)

Differentiating this system with respect to f yields the following result.

Proposition 6 When the quota for renewable energy is increased, we obtain

dQy dQ¢
¥l <0, W5 <0 (30)

while the signs of %Qﬁ’, ?1_’;;’ and dd—% are ambiguous.

For a proof, see the Appendix. Thus, as expected, we see that a higher quota
means using fewer conventional energy sources. This reduction is partly induced by
crowding out through renewable energy (when the quota is small) and partly by the
shadow cost of meeting the quota (when the quota is sufficiently large). To satisfy
the quota in that case, the cost of increasing the amount of green electricity may be
too high, so that it is cheaper to reduce the amount of conventional energy instead of
increasing the amount of renewable energy.
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4.3 Decentralization by (tradable) green certificates

If there is perfect competition on the electricity market, the quota for RES-E sources
can easily be decentralized by creating a market for green certificates. To see this,
let us assume that no conventional firm i has any RES-E technology of its own but
has to buy green certificates denoted by z; to meet the target, i.e.,

Zi
> p. (31)
qci +Zi

Thus the Lagrange function of a conventional utility is given by
Li(qeir z) = pqei — Cei(qei) — pzi + plzi(1 = B) — Bgeil, (32)

where p is the market price for tradable green certificates and y; is the Lagrange
multiplier w.r.t. (31). The RES-E firms maximize profits given by

n(qy) = pay + pzi — Ci(qy) = [P + plgy — Cyi(qy) (33)

The second equality in (33) holds because the number of green certificates z;
created by the RES-E firms is equal to the amount of energy they produce, i.e.,
% = 4ij-

The first-order necessary conditions for maximum profit for the conventional
firms are then given by

oL ) B

0n P Cli(gei) — =0 (34)
oL
= P rm=p) = (35)

while for the RES-E firms the first-order condition is

on

~—=pr+p—Cilgy) =0. (36)
aZj

From (35) we obtain y; = p/(1 — f§) and thus w; = p,;, = u for all i. Accordingly,
the equilibrium is determined by the following equations:

P(Q) — Céi(CIci) =P - Céi(%i) = p% (37)

P(Q) — Cyj(ay) = p — Cylay) = —p (38)

J 1
Yogi= a (39)
= =1

Comparing these conditions with the constrained social optimum, we see that the
competitive price for green certificates is given by
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p=u(l=p). (40)
We can summarize this finding as follows:

Proposition 7  If the electricity market is competitive and the government wants to
implement a quota for RES-E, establishing a market for green certificates will
implement the constrained social optimum.

Together with Proposition 6 we obtain:

Corollary 1 Increasing the quota induces less use of fossil fuel energy, while the
impact on the quantity of renewable energy, total output, and price is ambiguous.

4.4 Decentralizing an RES-E quota target by a feed-in-tariff or a premium
system

The bulk of the literature discussing policies promoting RES-E favors FITs over
tradable green certificates (see, e.g., Menanteau et al. 2003; Haas et al. 2004, 2010;
Held et al. 2006; Madlener et al. 2009). Also, the majority of European countries
aiming at achieving the 20 % RES-E share use FITs.®

In the following, we will show that the constrained social optimum can equally
well be implemented by a budget-balanced FIT or by a premium system. In the
latter case, instead of a receiving a fully artificial price, the FIT, the RES-E
operators sell their electricity on the market but get a subsidy (premium) on top. Let
us first study the premium system. For this purpose, we use & to denote the premium
and ¢ to denote the mark-up on the conventional firms’ cost. Thus the conventional
firms’ profit is given by

Hi(qci) =P4ci — Cci(‘]ci) — 1q.i (41)
while the RES-E firms’ profit is given by
;(qy) = [p + &y — Cyj(gy)- (42)

The first-order conditions for profit maximization are then written as

oIl ,
S == Cyla) =1 =0 (43)
and
oIl,;
L=p+&- C;j(qq) =0. (44)
aqrj

Choosing r = p*ff and £ = u*(1 — f8), we see that (43) and (44) are equivalent to
(34) and (36). Moreover, a balanced budget requires

6 According to Savin et al. (2012), 65 countries world-wide use FITs, while 18 countries (53
jurisdictions) use quotas or renewable portfolio standards, the less efficient version of a tradable quota
system.
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I J
IZQci=§Zer
J
& uﬁqu—u (1-8 quj

& ﬁchi=(1—ﬁ)qu_; (45)
i—1 =1
Rearranging the last equation yields

I
Z qri
i=1
> G+ qq
i=1 j=1
which is the same as (22). Let us denote by p*, £*, and r* the second-best optimal
price, premium, and mark-up decentralizing the social optimum.

To see that under conditions of certainty a FIT is equivalent to a premium
system, we can simply choose

A balanced budget then requires

1 J J
1Y qi=1lc—plY ay=E) 4y (48)
i=1 Jj=1 J=1

which is then equivalent to (45). So all in all, we obtain

Proposition 8 An RES-E target quota can be decentralized by implementing a
uniform budget-balanced FIT system, or by a premium system where RES-E
operators receive a premium on top of the market price financed by a budget-
balancing mark-up on electricity from conventional sources.

For equivalence of the three systems, it is important to note that both the
premium and the FIT must be uniform. We will study differentiated systems in the
next section. Note also that equivalence holds only under certainty. If the electricity
market price fluctuates caused by demand and supply shocks, RES-E operators do
not adjust their supply under a FIT, whereas they partially do so under a premium
system and have to fully adjust under TGCs. Proponents of FIT consider this as an
advantage of the FIT, because all risk is taken away from RES-E operators. In fact,
however, the risk is only shifted to the consumers, and due to suboptimal supply, a
welfare loss arises.
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5 Different RES-E technologies and technology-specific feed-in tariffs

Most countries employ systems where technology-specific tariff rates are paid for
electricity generated by different RES-E. The tariffs are basically adapted to the
(marginal) cost of electricity production deriving from different RES-E. The
operative rule is: the higher the (marginal) production cost, the higher the FIT rate.
As an example, Table 1 shows the different tariff rates from Germany and Spain.

Different reasons are given for such policies and we discuss them below. First,
however, we analyze the effect of a system of differentiated FITs. For simplicity, we
assume that there are only two RES-E technologies [we refer to them as wind power
(W) and photovoltaic panels (PV)] and that there is just one conventional technology
(C). We use Cw(gw) and Cpy(gpy) to denote the aggregate cost of producing
electricity from the two RES and C.on(gcon) to denote the cost of electricity
generation with conventional technologies, i.e., aggregating Cy(qp) and C(gy). We
further assume that 0 <Cy,(0) <Cpy(0) and C{,(q) <Cpy(q) for any output level
q > 0, i.e., producing electricity from PV is more costly than using wind. Moreover,
we use {w and {py to denote the corresponding FIT rates for electricity generated by
wind and PV, respectively.

The competitive market equilibrium with apportioning of FITs to the electricity
price is then given by the following equation system:

P(Q) = p = Ciop(Qeon) +1 (49)
lw = Cy(Qw) (50)

lpv = Cpy(Qpv) (51)

{wOw + (pvQpv = 105 + O] (52)

From the previous sections we know that, in the absence of positive externalities,
any system with differentiated FITs (w # (py is inefficient for both an emissions
target and an RES-E quota target. To analyze the effect of spreading the two tariff
rates, we let (py increase and (y decrease, keeping the total electricity output
generated from RES-E constant, i.e., Ow + Opy = O,. We thus differentiate (49)—
(52) w.r.t. {py. Writing ' = dr/d{py and so on, we obtain

Table 1 FIT rates differentiated with respect to sources for selected countries and years (source BMU
2012; CNE 2013)

Type of RES-E Germany 2000 Germany 2012 Spain 2012
Wind on land 6.2-9.1 8.9-9.9 7.3
PV 48.1-59.9 18.0-24.5 26.9
Biomass 8.7-10.2 6.0-25.0 13.1
Geothermal 7.2-9.0 233 7.8
Wind offshore - 15.0 7.3
Power and heat cogeneration - 5.1 13.3
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P'(Q)[Qeon + Qw + Qpv] = Cion(Qeon) @iy +7 (53)
lw = Cw(Qw)Qy (54)

1 = Cy(Qev) Opy (55)

{wOw + Opv + (wQly + Loy Qpy = 1'Qc + 10, (56)
Oy + Qpy = 0. (57)

Solving this system for O\, = dQcon/dlpy, {y = d{w/d{py and so on yields
dQcon  Cpy(Qpv)Qpv — Cyy (Ow)Ow + Spy — Sw

= 58
depy  —Cpy(Qpv) [Qeon[Clon (Qeon) — P'(Q)] — 1] (58)
dQOpv 1
= 0 59
dcpy C{’/V(QPV) ~ ( )
dQOw -1
=— 0 60
dcpy  Cpy(Qpv) = (60)
dr _ [Cgon(Qcon) B P/(Q)] [CQV(QPV)QPV - C{)/V(QW)QW + Cpv — CW]
GPV _CI/D/V(QPV) [Qcon [Cgon(QCOH) - P,(Q)] - t]
! / d con
= - [Ccon(Qcon) -P (Q)] Q— (61)

dcpy

These expressions give rise to the following result:

Proposition 9 Increasing one FIT rate, say {py, and at the same time lowering the
other FIT rate {w while keeping the total amount of RES-E electricity constant
induces the following effects:

1.

2.

The amount of electricity generated from PV will increase, while the amount of
electricity generated from wind power will decrease [see (59) and (60)].

The impact on the amount of electricity generated from conventional (fossil
fuel) technologies, Q.q,, is ambiguous [see (58)].

The impact on the electricity mark-up ¢ and therefore on the market price is also
ambiguous. The impact on ¢ is positive (negative) if and only if the impact on
Ocon 18 negative [see (61)].

So contrary to what the champions of differentiated FITs claim, the mark-up will

not necessarily decrease with the spread of FITs. Furthermore, even if the mark-up
t decreases, the incidence of both conventional electricity and emissions will
increase, an effect that the use of renewable energy is supposed to prevent.
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Auer et al. (2009), Haas et al. (2010), and various other authors argue that a
system of differentiated FIT rates leads to lower costs than a uniform FIT and thus
to a lower mark-up on the electricity price. Figure 1 reproduces this argument. The
implicit assumption behind that figure is that there are constant marginal costs per
unit of electricity and technology, and that there is a fixed capacity for each
technology. Neither assumption holds in reality. Space for all three major RES-E
technologies (wind turbines, PV panels, biogas electricity power plants) is not really
limited (except by legal constraints), and turbine locations close to the sea shore are
more effective than remote locations in the hinterlands, particularly in mountainous
areas. This means that costs will increase per unit (megawatt hour), the less
effective the locations are. A similar argument holds for PV panels. Locations in the
south (of Europe) are more effective, so their deployment there is more efficient
than in the north. Accordingly, the assumption of an increasing supply curve for
each technology is more in line with the real world than the model behind Fig. 1.
For simplicity’s sake, Figs. 2 and 3 display the case of only two technologies, say
wind power and PV. In Fig. 2 there is a uniform tariff, at which electricity from PV
will not be supplied on the market. The cost of producing the first unit at the most
favorable site exceeds the uniform FIT rate. In Fig. 3, the FIT rate for wind has been
lowered while the rate for PV has been increased, thus reducing the supply of wind
power and providing incentives for PV to enter the market. By construction, total
output is the same as under the uniform tariff. In this case, however, savings in
expenditures for wind electricity are lower than the expenditures for PV. Of course,
the opposite may be the case. This depends on both the marginal cost for the
cheapest unit and the elasticity of the supply curve. The most severe fault in Fig. 1
is certainly the assumption of fixed capacities for the specific technologies. It
overlooks the fact that less effective wind locations are still much more effective
than good PV locations.

A
{ Ci’gi

MC,

N ——

MC,

Stepwise supply function of RES-E, &;
corresponds to tariff of technology i

Fig. 1 Technology-specific feed-in tariffs with stepwise supply function of RES-E. ¢; corresponds to the
feed-in tariff of technology i and MC; to its marginal production cost
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“MC,.,g,. MCPV

gtmi

o

Fig. 2 Increasing supply functions for different RESs. Uniform tariff. Grey area cost of FIT. No
electricity supply from PV

gzmi
Sw

0.0, e on

Fig. 3 Differentiated tariffs. Additional expenditures for PV (dark grey area) exceed cost savings (light
grey area) for wind power

Note also that part (3) of Proposition 9 tells us that even if the effect of differentiating
the FIT on the mark-up is ambiguous, one unwanted effect cannot be avoided. By
differentiating FITs, either the mark-up goes up, and for consumers electricity gets more
expensive, or the amount of fossil fuel energy increases, which is bad for the climate.

6 Learning-by-doing and technology spillovers

So far, we have been looking at policy instruments from a static perspective. One
argument frequently advanced in public debate is that high FIT rates are necessary
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to bring down production costs through learning-by-doing. This argument, however,
poses a number of questions. Why should there be market failure, why do RES-E
equipment producers not internalize learning effects by themselves, and why does
the market provide insufficient rates of learning? One answer might be that there are
learning spillovers that are not internalized by the market. Petrakis et al. (1997)
show that if learning effects are purely private and markets are competitive, firms
will produce sufficiently large outputs in a first phase of production and market
introduction, and there will be no market failure. Both Blési and Requate (2009) for
the case of competitive energy markets, and Reichenbach and Requate (2012) for
the case of conventional electricity producers exercising market power, consider a
two-period model where learning effects occur in the production of RES-E
equipment. An RES-E equipment producer’s output level in the first period does not
only lower its own second-period cost, but also benefits other RES-E equipment
producers. The authors show that in such a case a subsidy on RES-E equipment is
efficiency-enhancing. The subsidy level should be equal to the marginal cost
reduction through spillovers. FITs, by contrast, do not target the product where the
learning spillovers occur, but rather affect a product downstream in the production
chain. Reichenbach and Requate (2012) show that as a substitute for direct subsidies
on learning spillovers a FIT is largely ineffective and creates major welfare losses.

Real FIT systems, however, are not tied to the marginal effects of learning
spillovers. They are adapted to the competitive disadvantage, i.e., the difference
between market price and marginal cost of the RES-E operator. Moreover, the
marginal spillover effect is usually independent of the level of marginal production
cost. Accordingly, the differentiated systems currently employed lack any
theoretical foundation.

Moreover, as Schmalensee (2012) points out, to date there is no empirical
investigation of the question whether such learning spillovers actually exist and, if
so, how large they are. Nemet (2000) argues that cost reductions in RES-E
equipment production are not necessarily due to learning effects. Cost reductions
over time can also be driven by economies of scale and employee turnover. In the
case of PV, Nemet finds that learning from experience only weakly explains the
most important factors such as plant size, module efficiency and the cost of
silicon.

7 Promoting renewable energy not only for the sake of emission reductions?

In its renewable energy directive (EC 2009), the European Commission names the
reduction of greenhouse gases as the number one reason for the need to increase the
share of RES-E. Besides this, however, it also lists a number of other targets it is
aiming at by promoting the deployment of RES-E. Essentially, these targets are:
(a) making countries less dependent on energy imports;’ (b) providing new
employment opportunities and creating green jobs; (c) establishing economic
growth through innovation; (d) creating opportunities for competitive energy

7 Introduction to DIRECTIVE 2009/28/EC (EC (2009)), paragraph (1).
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policy.® The directive also claims the existence of positive ancillary benefits from
the deployment of RES-E such as: (a) positive impact on regional and local
development opportunities and (b) export prospects.” However, as we shall see in
the following, all of these additional targets and the existence of ancillary benefits
are questionable.

7.1 Independence from energy imports

Tribes, peoples, and nations have engaged in trade since the beginning of mankind.
People buy or import goods that they do not have or can only produce at
comparatively high cost. Therefore, reducing imports is not a meaningful target in
itself. Concerning fossil fuel resources (with the exception of crude oil and oil
products),'” prices have turned out to be rather stable. Both natural gas and coal
deposits are abundant and ubiquitous (including new natural gas deposits such as
shale gas). So, despite recent regional conflicts (such as the Russian—Ukrainian one)
the risk of sudden price hikes is relatively low. Even though prices may increase
moderately, markets will typically react to scarcity and geo-political risks. Moreover,
except for the Middle East, oil is hardly used anymore to fuel power plants.'' On the
other hand, the production of RES-E equipment such as PV panels and wind turbines
creates new dependencies on other non-renewable resources such as light and heavy
rare earth elements.'? Finally, the supply of RES-E is highly volatile and has to be
backed up by flexible, relatively expensive gas turbine power plants. So switching
from fossil fuel imports to RES-E merely shifts the risk of resource dependence and
may create new price volatility through the stochastic supply of wind and sun (an
issue that is beyond the theoretical model presented in this article).

7.2 Providing new employment opportunities and creating green jobs

While southern Europe currently faces high unemployment rates, this is not the case
in central Europe where engineers and high skill works have become a scarce
resource. While promoting RES-E will indeed create new jobs in specialist
segments of the economy, it is doubtful whether the total employment effect is
positive. As shown theoretically in this article, and as experienced painfully in
Germany, FITs sharply push up electricity prices. The economy as a whole typically
reacts quite sensibly to energy price increases by lowering output and thus laying off
workers. Recent CGE studies show the overall employment effects triggered by the
deployment of RES-E to be typically negative (Bohringer et al. 2012, 2013). High
employment figures in one particular sector of any economy is not a meaningful

8 Ibid. paragraph (3).
° Tbid., paragraph (4).

10 Here, we observe a 200 % real price increase over the last 12 years (InvestmentMine (2013) and own
calculations).

"' The share of oil in electricity production is 5 % worldwide and 3 % in the EU.

12 Especially magnets for modern wind turbines use large amounts of Nd. Batteries, catalytic converters,
and other so-called environmental technologies often require up to a dozen different rare earth elements.
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target in itself, and it makes even less sense if they are achieved at the cost of
increasing unemployment on the aggregate level. Moreover, there is no clear
division between “green” and “brown” jobs. Creating so-called green jobs can
result in shifting from one externality to another.

7.3 Innovation and green growth through green technologies

Similarly, innovation is not a meaningful target in itself either. While promoting so-
called green sectors may result in growth for these sectors, it is questionable
whether green policy triggers higher aggregate growth rates and higher TFP. The
bulk of the endogenous growth literature predicts that environmental policy leads to
a change in the direction of technological progress (Acemoglu et al. 2012) but does
not typically predict higher aggregate growth (Aghion and Howitt 1998).

7.4 Regional development and export opportunities

Whether certain products are developed in large factories with strong increasing
returns to scale (such as cars and aircraft) or whether production is spatially spread
out, as is the case with agricultural products, is a matter of technology.
Agglomeration is not necessarily a bad thing, nor spatially spread-out production
a blessing. The example of Germany’s transition to a higher share of RES-E
(“Energiewende”) shows that electricity transportation costs are in fact increased by
spreading out electricity production, while the production of RES-E equipment is
concentrated in a few locations. Moreover, Europe has turned into a major importer
for PV panels. With respect to wind turbine production, the picture is mixed. While
European producers have lost market shares, notably to Chinese and Indian
producers, some firms, especially from Denmark and Germany, have increased their
export volumes while others face shrinking demand."

While it is true that market failure with respect to excessive CO, emissions is
indeed huge, there is no evidence for market failure with respect to inefficiently high
energy imports. As for other targets such as reducing unemployment or boosting
regional development, the promotion of RES-E is not a very effective instrument
and may even be harmful. It is highly unlikely that the unemployment problem in
Southern Europe can be solved by large-scale deployment of RES-E. The Tinbergen
rule (Tinbergen 1952) is still valid. It is not very effective to apply a single
instrument to achieving several different targets.

8 Conclusions

Supporters of RES-E who argue in favor of discriminatory, technology-specific FIT
systems seem to ignore some basic economic principles. The first of those principles
is the equal marginal cost principle, meaning that it should be equally costly for the
marginal producer (facility) to produce the last unit of a homogenous good (such as

13 US Department of Energy (2012), Burger (2012).
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electricity). Supporters of technology-specific FIT systems evade the equal marginal
cost principle by hinting at the major cost-decreasing potential of learning-by-doing
effects. However, they forget that rational producers have an incentive to internalize
cost decreases through private learning-by-doing effects on their own. In the
absence of learning spillovers, learning-by-doing does not create market failure, and
there is no need for policy intervention. If learning spillovers exist, which may well
be the case, it is the marginal spillover effect that should determine possible subsidy
rates, not the present average or marginal cost of producing electricity from RES-E.
Third, even if we accept the existence of learning spillovers, internalizing such
spillovers also incurs costs. It is not only the marginal effect that matters, but also
the total cost (in terms of subsidies) of making a certain technology competitive. It
is far from clear that making a certain technology competitive, notably the
deployment of PV in northern Europe, would stand up to a cost/benefit analysis.
This is doubly true if we take into account other opportunities of cutting down on
carbon emissions in developing countries. Also, the additional target of achieving a
particular share of renewable energy only increases the cost of achieving a
particular emission target and does not reduce emissions any further.

Our conclusion is that for a pure emission target a cap-and-trade system is
sufficient. All other measures are wasteful except for non-internalized spillover
effects. Proponents of technology-specific FIT systems argue that additional support
for renewable energy is necessary to bring costs down and, in a second step, tighten
emission caps. This argument is flawed for several reasons. First, it is much more
efficient to reverse the order: tighten the emission cap first, and let the market look
for opportunities to cut back emissions at the lowest possible cost. Second, the
benefits of a national support policy for FITs accrue mostly to foreign RES-E
equipment producers and to other countries within the cap-and-trade system (say the
EU-ETS), which then free-ride on decreasing permit prices.

We have been looking at a simple deterministic model. In reality, an additional
difficulty arises through the volatility of RES-E supply. This creates additional costs
as a result of short supply in phases where there is little wind or sunlight. This then
has to be substituted for by flexible fossil fuel power plants. Regulation energy of
this kind is especially expensive because the capacities of the respective power
plants (typically gas turbines) are usually not exhausted, so capital costs are high.
On the other hand, the volatility of RES-E supply causes excess supply of electricity
in situations when wind and sun supply is high. This causes net stabilization costs
reflected by negative market prices for electricity. Negative market prices, however,
are a sure sign of market inefficiency.

Countries that pay high subsidies for RES-E claim to be front runners and hope
that others will emulate them. If it turns out that by domestically increasing
electricity prices, firms will relocate production to less ambitious countries, the
opposite effect may materialize. Such a development may be interpreted as proof
that the quick replacement of fossil fuels by certain particularly expensive RES-E
does not work and thus discourage developing countries from engaging in carbon
mitigation. Therefore, countries ambitious about reducing CO, emissions should
rethink the lessons from economics, reduce CO, emissions at the lowest possible
economic cost, and thus reduce as many CO, units with limited financial resources.
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This can best be achieved by cap-and-trade or by a carbon tax. Other market-
interacting measures only increase the cost without saving additional CO,.
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Appendix

Proof of Proposition 2 Differentiating (7)-(10) with respect to E, we can write the
resulting equation system in matrix form (omitting the function arguments) as

P - P P —op, | [dQy/dE 0
P P-C P 0 do,/dE| _ |0 (62)
P P P —C! —o||dQ¢/dE| |0
Op 0 ol 0 dA / dE 1

Let Det(M) = {oc%C{,’ + o Cf } [C! — P — CI'P'[oty — o]” > 0 be the determi-

nant of the matrix in (62). Solving (62), we obtain

@ . [Off — OCb]CgP, + OCbC;/ [C;l — Pl]

D _ 0 63
dE Det(M) g ( )
0 [oy — ] C/P' + 0 CY[CY — P'] (64)
dE — Det(M)
dQ; _ Gy + G _ (65)
dE ~ Det(M)
G PlaC s qa ) - qad (66)

dE Det(M)

While (64) is ambiguous as to the sign, we see immediately by adding (63) and
(64) that
Aoy + 0] _ 1 G[C — P
dE. Det(M)

> 0. (67)

Finally, for the share of renewable energy we obtain
dE cro

@ Springer



236 Environ Econ Policy Stud (2015) 17:211-239

That the sign of % is indeed ambiguous can be shown by example. Choose
P(Q) =A — BQ and C;(Q;) = %le and let A = 100.0, B = 1.0, ¢, = 0.1, ¢f = 0.3,
¢ = 1.0, o, = 1.0, oz = 0.5. If we now tighten the emission cap from E = 50 to
E = 40, we will find that Qf increases from 16.67 to 37.78. If we choose ¢; = 0.9,
keeping all other parameters as before and tightening the emission cap from E = 50

to E = 40, we will find that Q; decreases from 18.13 to 17.10.14
Proof of Proposition 3 Differentiating (12)—(14) with respect to { yields in matrix

form

P—-cy P P [dQ,/d¢ 0
P P —Cl P ||dojdl| = |0 (69)
0 0 | |do./d 1

Let Det(M) = C/'[C/C! — P'(C] + C{)] > 0 be the determinant of the matrix in
(69). Solving this equation, we obtain

g, _ GiP (70)
d{  Det(M)
doy ar
= _ 71
d. ~ Det(M) (71)
a0, _ i — PlCy+
—_— . 2
dC Det(M) >0 (72)
From this we derive, after simplification,
dg B clcy (73)
d{  Det(M)
_Pl C// Cl/ CII Cll
d (o) _-Po[cr+ G+ G f[Qb+Qf]>0' (74)
di\ Q Det(M)

Proof of Proposition 4 Differentiating (17)—(20) with respect to { yields in matrix
form

P - P P ~1 dQ,/d¢ 0
P P-C P ~1 dgs/dc| | o 75)
0 0 ! 0 do./dl | ~ | 1

t+PQ; t+PQ p+PO - Op+ 0O dt/d{ O

14 Detailed calculations of all values can be obtained from the author on request.
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By stability of the competitive equilibrium the determinant of the matrix
Det(M) = C![[C] + C}][-P' x Q—1]+ C{CJ[Q» + Qf]] must be positive.
Solving (75), we obtain

doy _ C{[PQI—C/Qr+p—¢(

dr Det(M) <0 (76)
a9y  CGJIP'Ol - C/0r+p—¢
a - Det(M) <0 (77)
do, 1
& >0 (78)
@ _ CgC;f [Qb + Qf] + [C{; + C;‘/] [p -{- C;/Qr - t] (79)
¢ Det(M)
d (%) _O[-CIP' x Q+1]] + GC[Qy + O] — P x Q1]
a’\ o det(M) (80)
+Qr[C{,’ +CY][Cr O+ 1+ —p] -0
det(M)
dt_—GClp—{+ [P - qlo] + [Ch + P [p— - /O — 1] =0 (81)

¢ det(M)

To show that the sign of dQ/d{ is ambiguous, we again choose linear (inverse)
demand P(Q) = A — BQ and cost functions of the type Cj(q) = cjoq + cj1q*/2 for
Jj = b, f, r. Parameters are selected according to A = 100.0, B = 1.0, ¢y = 0.1,
Cp — 0.1, Cro = 0.2, 1 = 03, Cro — 1.0, Cr1 — 0.05.

Then for { = 8 ({ = 10, { = 12) we obtain Q = 380 (Q = 385, { = 380).
Proof of Proposition 6 By differentiating (26)—(29) with respect to § we can write
the resulting equation system in matrix form (omitting the function arguments) as

P - P P -p dQ,/dp u
P PP 1-p||dos/dEB r
B B 1-p 0 du/dEP 0
Writing the determinant of the matrix in (82) as Det[M] = —C/C![1 — f]* +
B[C + CY[P' — €] <0 for short and solving (82), we obtain
(] — " _ pl

dap Det[M]
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dQr _ Cylp(1 — ) + QIFC) — P']

ap Det[M] <0 (84)
do, _ [CIP + Gy[P — CY]]0 + Blu[Cy + €T + Gy ¢ O] (85)
ap Det[M)]
du _ CU[CY + CY]Bu+ CY[CY + CiIP'Q — Gy [CE (1 = B)u+ [C] — P']Q] (86)
g Det[M]
do _ Cfu+ pCo] + Gilu— [(1 - p)CY + Gi] Q] &7

dp Det[M]

To show the ambiguity of ilQ/i 8—’;, and ?i% we take the functional forms as in the

proof of Proposition 2 and choose A = 100.0, B = 1.0, ¢, = 0.1, ¢, = 0.3, ¢, = 1.0.
Increasing f leads to strictly increasing Q,, decreasing total output and increasing
shadow cost of the RES-E. Taking a less elastic inverse demand function by
selecting B = 0.2, we can show Q, and the shadow cost u to be inverted U-shaped.
Choosing B = 1.5, we can see that for small but binding f, total output is first
increasing then decreasing when f is increased.
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