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Abstract

We develop a model with two types of electricity producers, fossil fuel utilities
generating emissions, and suppliers of electricity from renewable resources such as wind
energy. We account for the vertical structure of the wind-energy sector by consider-
ing wind-turbine producers engaged in learning by doing and selling their turbines
to turbine operators. We show that in the absence of learning spillovers a first-best
policy requires Pigouvian taxes only. We also study second-best optimal subsidies on
electricity generated by wind power when (optimal) emission taxes are ruled out. We
further investigate the impact of subsidies on prices, output, the number of firms, and
environmental damage. It turns out that, in the case of purely private learning, second-
best optimal subsidies should only account for the environmental damage but are not

necessary to spur learning.
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1 Introduction

The governments of most OECD countries encourage the use of renewable energy
resources in one way or another. Notably electricity generated by wind power is or
has been subsidized by means of different instruments in Australia, Austria, Denmark,
Germany, Greece, India, Ireland, Italy, Spain, The Netherlands, and the US, to mention
only the larger markets.! Without those subsidies, or without an appropriate Pigouvian
tax on emissions, electricity from renewable resources such as wind and solar power
would hardly be able to compete with fossil fuel utilities. In political debate it has often
been argued that subsidizing the use of renewable energy is necessary especially in their
inventory phase in order to spur learning effects and thus to cause the producers of
wind power to move downwards on their learning curves. It is further argued that those
subsidies should be reduced once learning has occurred and costs have decreased.? In
this paper we scrutinize this claim by setting up a two-period model with two types of
electricity producers, (a) a mature fossil fuel utility sector generating emissions, and
(b) an emission-free sector generating electricity from renewable energy, such as wind
or solar power. In the remainder of the paper we concentrate on the example of wind
energy.

When developing our model we had in mind countries that subsidize (or used

to subsidize) the use of wind power and at the same time host a domestic turbine

'The “Global Renewable Energy Policies and Measures Database” of the International Energy
Agency (2006) provides detailed information about regulatory policies in over 100 countries. See
also the survey by BTM-Consult (2007) for details such as market shares of companies in different
countries, etc. A survey of Danish policy in this quarter is given by Morthorst (1999) and the Danish
Energy Authority (1999) for the period up to 1999.

2In particular, the International Energy Agency (2000) argues that countries should subsidize
renewable energy because of the learning effects. Among other governments the German Federal
government justifies its high feed-in tariffs for solar power with the objective of eventually making

those technologies competitive (BMU 2004).



producer sector. This is especially true of Denmark, Germany, Spain, and the USA,
also for the small but fast-growing Indian market. In those five markets we observe a
strong bias among turbine operators to buy the turbines from domestic producers (see
BTM Consult 2007).

Although conventional energy markets are characterized by a relatively high de-
gree of market power and other institutional and technical particularities, we make
some simplifying assumptions in our model. In particular, we assume that power-plant
operators sell their output directly to consumers in a competitive market, thus also ab-
stracting from the possible market power of grid connectors. We further simplify things
by assuming that only one conventional power-generation technology exists that emits
a single homogeneous pollutant. We also assume perfect competition on the market
for wind turbines.® Since a typical feature of wind-power production is dependence on
locations (e.g., at coastal sites wind blows more steadily and strongly than at inland
sites) we assume that wind-power operators are heterogeneous. Apart from its realism,
this assumption induces a nicely downward-sloping demand curve for wind turbines.

The wind-turbine operators, referred to as downstream firms, buy their turbines
from upstream turbine producers that incur decreasing costs in the second period
of production through learning. We distinguish between purely private learning and
learning spillovers. Private learning means that cost reductions in the second period
depend only on each firm’s own level of output in the first period, while with learning
spillovers firms benefit also from other firms’ first-period output. For the main part
of the paper we follow the model proposed by Petrakis et al. (1997), focusing only

on private learning and having the number of firms determined endogenously by free

3We have also worked out a richer version of our model including imperfect competition on both
the conventional electricity market and on the market for turbine producers. Due to the 2-period
model this feature induces further strategic effects, which makes the model rather complicated and
may distract attention from the essentials we are mainly interested in. Therefore we have decided to

submit the simpler version with competitive markets.



entry.

We show that if the regulator can charge a Pigouvian tax on emissions that
internalizes all damage from pollution and if learning is purely private, then no subsidies
are necessary to spur sufficient learning. This is in line with the findings by Petrakis
et al. (1997), who show that private learning in competitive markets does not induce
insufficient learning. If, however, an emission tax is not feasible, or if an exogenously
given tax falls short of the Pigouvian level, a second-best optimal subsidy policy implies
positive subsidy rates on electricity generated by wind power. We obtain the neat
result that in this case the subsidy rate exactly makes up for the difference between
sub-optimal emission tax and marginal damage. Moreover, we find that, if the subsidy
is increased in the first period, prices for wind-turbines will rise in the same period but
fall in the second period. We further show that, if no taxes on emissions exist, total
and fossil-fuel electricity output is higher than optimal. Accordingly, environmental
damage is greater than at the first-best allocation. Furthermore, we find that the
second-best optimal subsidy rate is constant over time if we assume constant marginal
damage from emissions and identical damage functions over time. The bottom line is
that if we assume that learning is mainly private, the “learning push” argument put
forward in the political debate is obsolete. But if learning spillovers exist, a subsidy
can be a corrective for insufficient learning.

There is a major strand of empirical literature claiming the existence of learning

4 From Blisi and

and learning spillovers in the sector of wind-turbine production.
Requate (2005) we know that in the presence of learning spillovers one needs two types
of subsidies for the learning industry to reach a first-best allocation: an output subsidy

and an entry premium or investment subsidy. So, in the case of electricity markets with

4Hansen, et al.(2003) and also Neij (1997,1999) find learning effects in the Danish market. Jungin-
ger et al. (2003) analyze a data set on Spanish and British wind farms. Isoard and Soria (2001)
analyze learning effects of different renewable energies, Neij et al. (2003) compare learning effects

observed in different countries.



pollution, we need an emission tax, an output subsidy on wind-turbine production, and
an entry premium for wind-turbine producers. For the case of learning spillovers we
also derive the second-best optimal subsidy rule when the only instrument available to
the regulator is a subsidy on electricity generated from wind power.

The paper is organized as follows: In Section 2 we set up the model. In Section 3
we characterize the socially optimal allocations. In Section 4 we study the optimal pol-
icy of the regulator in a decentralized economy with and without learning spillovers. In
Section 5 we investigate second-best optimal subsidy policies for the wind-power sector
when a first-best optimal policy is not feasible for both private learning and learning
spillovers. We also study comparative static effects with respect to that subsidy and
carry out some comparisons between first-best and second-best allocations. In Section

6 we summarize the results and draw some policy conclusions.

2 The Model

We consider a vertical industry structure with n wind-turbine producers (upstream
firms) selling their turbines to wind-turbine operators (downstream firms). These op-
erators produce electricity and compete with conventional utilities employing fossil
fuels.

The technologies of both sectors are represented by their cost functions, I'(+) for
producers of wind turbines and C(-) for wind-turbine operators, while conventional
utilities produce at constant marginal costs £ and emit a pollutant, notably COs,
proportional to output.

Since we are focusing on learning-by-doing effects in the upstream sector produc-
ing wind turbines, we have to consider at least two periods t = 1, 2. Let y; denote the
output of a typical (symmetric) turbine producer in period t. Then I'!(y;) denotes the

production cost in period 1 (without experience) and I'%(y; L) the production cost in



period 2, where L = y; + ¢(n — 1)y; denotes total learning or experience. This is the
sum of a typical firm’s own output and the output 7, of all other (n — 1) firms in the
first period, where € with 0 < e < 1 is the spillover coefficient. For ¢ = 0 we have only
private learning and for ¢ = 1 we have complete spillovers. In the latter case, it does
not matter for a firm’s cost reduction whether some of the output is produced in the
firm itself or by some other firm. In the main part of Section 5 we will assume that
e = 0, i.e. that learning is purely private.

We assume that the cost function I satisfies the following properties: I‘Zt > (0 and
I't >0, ie. wehave positive and increasing marginal costs in each period. Moreover,

Yty
I'7 <0and T}, <0, ie. experience (own or by other firms) in period 1 decreases
both cost and marginal cost in period 2. Furthermore we assume I'7;, > 0, i.e. the
marginal effect of learning is decreasing. Finally, we assume overall convexity of I'?,
implying I'7 ,T7, — [[7,.]> > 0. To allow for free entry we also assume - deviating
from Petrakis, et al. (1997) - that there is a fixed cost F' that the firms incur only once.
This implies that firms will either produce or stay out of the market in both periods,
as indicated in Blési and Requate (2005).

A producer of electricity using wind power (a downstream firm) generates ¢
units of output in period . We assume that there is a continuum of downstream firms
represented by the interval [0,00]. Thus Z € [0,00] can be interpreted either as a
particular firm or as a firm-specific parameter, e.g. location. This parameter has an
impact on the cost: the larger ¥ is, the higher both total cost and the marginal cost
of production become. The idea is that wind turbines closer to the shore are more

productive than those further inland. So the smaller 7 is, the better the location of

the wind turbine must be. Hence we write the downstream firms’ cost as C*(q;, &) with

c, >0,C, >0 C.>0C!

B wi > 0, l.e. we have positive and increasing marginal

costs in output and in the location parameter . Again we assume overall convexity of
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the cost function implying C%; b Oz — [Ch 2]

Each downstream firm buys only one wind turbine. We use x; to denote the
marginal downstream firm still producing in period ¢ = 1,2.° By virtue of C% > 0
and C’};ti. > 0, it is efficient for all firms = < x; to produce if firm x; produces. This
structure also holds for a decentralized economy: If it pays for firm z; to produce, then

it willn pay for any ¥ < z; to produce. Hence
Ty = MYy (1)

is the total wind-turbine output by the upstream firms and the total capacity installed
in period ¢. Since the downstream firms are asymmetric, we write ¢;(Z) as the output
by firm z. The technical reason why we introduce asymmetry into the electricity
production sector based on wind power is the following: If either with or without
regulation the firms of that sector were symmetric, the minimum average costs of
all the turbine operators would be either lower or higher than the unit costs of the
conventional electricity utilities. This would imply that, except for special parameters,
either the wind sector or the fossil fuel sector would serve the whole market and no
continuous comparative static effects could emerge.

The total output of electricity in period t is thus given by

Qi = /0”“ @(2)dT + K, (2)

where k; is the total output of the fossil fuel utilities.

50ne might object that the supply of wind is given exogenously and thus is ¢;. Maintenance of wind
turbines, however, requires effort and induces variable costs. Inefficiently maintained wind turbines

generate no output. Therefore we consider ¢; as a choice variable.

6Note that the wind-turbine operators have to buy a new wind turbine in each period. It might
seem more realistic to allow for wind-turbine operators producing with the same wind turbine in
periods 1 and 2. However, this merely makes the computations more involved and the qualitative
results do not change if we allow for two-period operators. Accordingly, we restrict the analysis to

the case where a turbine only lives for one period.



Demand for electricity is given by a downward sloping inverse demand function

ie. P/(Q;) < 0. Moreover, there is damage to society from pollution generated by
output k; of the fossil fuel utilities and evaluated by a damage function D;(k;) with
D;(k:) >0 and Dy (k;) > 0. We are now ready to define welfare 1V by

Q1 x1
W = /0 P (Q)dQ — /0 CYqy,z)dr —nT (1) — nF — ky — Di(ky)  (4)

Q2 T2
+ (5[/(; Pg(@)d@ — /0‘ CQ(QQ, l’)dl’ — nFQ(yg; L) — fk’g — Dg(kg)] N

where § represents both the social and private discount factor.”

3 The Social Optimum

The social planner maximizes welfare W with respect to ¢, ki, 7, and the optimal
number of upstream firms n. The first-order conditions for welfare maximum are given

by the following equations, where W, = 0W/0q, etc. denote partial derivatives:

Wy = PU(Q)—Cl(qnd)=0 forall # <z (5)

W, = Po@)—C2(g®) =0  forall 7 < a (6)

Wi, = Pi(Q) —&—Dj(k1) =0 (7)

Wi, = Po(Q2) =& = Dy(ka) =0 (8)

Wy = P@Q)a(r1) = CHq,21) — Ty, (1) (9)
—0[T% (y2; L) +T7 (y2; L)e(n — 1)] = 0

Wy, = Pa(Q2)qa(2) — C*(ga, 22) — T3, (y2; L) = 0 (10)

"In general, the social and the private discount factor need not coincide. We neglect such differences

as they are not important to the focus of this paper.



W, = [P@Q)a — CHaq,z)ys — T (y1) — F (11)
—6[0%(y2; L) + 'L (y2; L)ew]

+0[P2(Q2)q2 — C*(g2, x2)]y2 = 0

The interpretation is straightforward. (5) and (6) require that the marginal willingness
to pay for electricity must be equal to the marginal costs of electricity production by the
clean (wind) sector while (7) and (8) require that the marginal willingness to pay must
also be equal to the private plus the external marginal costs for the dirty (fossil fuel)
electricity sector. (9) and (10) determine the optimal output levels for wind turbines
for a single upstream producer, while (11) determines the optimal number of upstream
firms. Note that (9), (10), and (11) also determine the optimal number of wind-turbine

operators in both periods, as defined by (1).

4 The Optimal Regulation in a Decentralized Econ-
omy

In this section look at a decentralized economy and ask which policy instruments will
be necessary to implement the first-best allocation. We know that, if markets are
competitive, a Pigouvian tax usually induces a first-best allocation even if there is free
entry of firms (see Spulber 1985). Petrakis et al. [?] have shown that competitive
firms incurring private learning effects fully take these effects into account and thus
voluntarily incur losses in the first period that they will recover in the second. Hence
under free entry, firms enter the market until the optimal number of firms is reached
and no governmental intervention is necessary. By contrast, Blési and Requate (2005)
have shown that if learning spillovers are present, the regulator needs two instruments,
an output subsidy and an entry premium, to establish the first-best allocation. The
intuitive explanation of why the entry premium is necessary alongside the output sub-

sidy to reach a first-best allocation is as follows: While the output subsidy s,,; takes

9



account, of the fact that there is too little output by each firm in the first period, we
need the entry premium s.,; to cover the fact that there is also too little market entry
and hence not enough sources of learning.

Therefore, with pollution and learning by doing under free entry, we will need
three instruments to decentralize the first-best allocation: a Pigouvian tax, an output
subsidy for turbines, and an entry premium for turbine producers.

Thus the profit of the fossil fuel utility =¥ is given by
7'(';g = ptl{ft — gkt — Ttkt for t = 1, 2, (12)

using 7; to denote the emission tax rate in period t.
Facing an output subsidy s,,; and an entry premium s.,;, the profit of a typical

turbine producer (upstream firm) is given by
7Tu = blyl - Fl(yl) + SoutY1 + Sent — F + 5[b2y2 - F2(92, L)] ) (13)

where b; denotes the competitive price for turbines in period 1.

Finally, a typical turbine operator’s profit (downstream firm) is given by
7l = pig — O gy, ) — by fort =1,2, and all 7 < x4 (14)

Since all firms are assumed to behave as price-takers, profit maximization leads to the
following behavioral equations:
P = €+Tt fort:1,2
Py = C’;t(qt,j) fort =1,2, and all < 24
by = T, (y1) + 607 (Y25 L) — Sour
by = T2 (yxL)
Zero profit conditions due to free entry for both turbine producers and operators yield
pig — Cq,x) — by = 0 for t = 1,2(19)
biys — T (1) = F + Soutts + Sent + Olbaye — T (y2; L)) = 0 (20)

10



Note that (19) holds for the marginal turbine operator z;, while for all Z; < x;
the profit is positive. Comparing equations (15) - (20) with the conditions for the
social optimum (5) - (11) shows that the optimal levels of 73, Sy, and Sen; are given
by 7 = Dy (k?), Sous = —0€(n— 1)T2 (y5, L*), and Senr = —0€l'2 (35, L* )y, where asterix
variables denote first-best levels.

We can summarize these results as follows:

Proposition 1 In the model with pollution, private and public learning by doing, and
market entry as outlined above, the socially optimal allocation can be reached by i)
charging a Pigouvian tax (equal to optimal marginal damage) 7, = D;(kf) on elec-
tricity produced by fossil fuels, ii) paying a first-period output subsidy per turbine
Sout = —0€(n — 1)T'2 (y5, L*), and iii) paying an entry premium for wind-turbine pro-

ducers Seps = —0€l's (y3, L*)y}.

We observe that with a sufficiently rich toolbox of instruments we do not need
any subsidies for electricity generated from renewable energy sources. Instead, the
subsidies should be paid directly to where the learning effects occur, i.e. to the turbine
producers.

Note that instead of taxing emissions, the regulator could alternatively issue a
corresponding number of permits inducing the same (optimal) total level of emissions
and leading to a price for emission allowances that is equal to the Pigouvian tax rate.

A second important conclusion from our result is that if the regulator can tax
emissions according to the Pigouvian level (or can issue a corresponding number of
tradable permits), no subsidies should be paid if the learning effects are purely private,
ie if e=0.

In the next section we investigate second-best optimal subsidies for wind-turbine
operators when both taxes at the Pigouvian level and direct subsidies to turbine pro-

ducers are ruled out.
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5 Second-best Optimal Subsidies when Pigouvian

Taxes and Direct Subsidies are Ruled Out

Emission taxes at the Pigouvian level are often ruled out for political reasons. More-
over, direct subsidies for wind turbines are also ruled out by WTO rules, especially if
the turbines are traded internationally. In several countries, such as Germany, Spain
or Denmark, subsidies are camouflaged as so-called feed-in tariffs paid to turbine op-
erators by the conventional power plants. As mentioned in the introduction, these
subsidies are justified by arguing that the increased output of today’s turbines acceler-
ates learning by doing and thus shifts down the cost curves by sliding along the learning
curve. Another argument frequently heard is that for this reason subsidies should be
chosen high in the early periods of technology invention and should then decrease as
learning proceeds. We investigate this hypothesis by introducing subsidies on “clean
electricity” in the decentralized economy. In Subsections 5.1 and 5.2 we assume that
there is only private learning, i.e. € = 0.

Under this policy setting, profit functions and first-order profit-maximum condi-
tions for the fossil fuel utilities remain unchanged because while we still allow for taxes
on fossil fuels, we assume that the tax level is given exogenously and may possibly not
be optimal. The only difference in the profit functions and first-order conditions for
the upstream turbine producers (17), (18), and (20) is that we drop the subsidies sy
and s.,;. By contrast, the profit function and first-order conditions for the turbine
operators now include the output subsidy on wind power o;. We neglect the fact that
in some countries, such as Denmark and Germany, conventional utilities and not the
government pay those subsidies directly to the turbine operators. Since we assume
the electricity market to be fully competitive, this does not make any difference. Note
that if we included market power on the electricity market, feed-in tariffs according to
market shares could induce further strategic behavior by large utilities, because higher

market shares would induce higher amounts of feed-in payments to the wind operators.

12



However, we neglect those complications in this paper.
The operator’s profits are therefore given by piq; — C*(qs, x) — by + 04q;, where
we use o; to denote the subsidy rate for ”clean electricity”. The turbine operator’s

first-order condition for profit maximum is therefore given by
P+ 0y :C’;t(qt,f) fort =1,2 and all 7 < z;

and zero profits through market entry imply
Pege — C*(qe, 1) — by 4 04gr = 0 fort =1,2

for the marginal firm z;, while for all 7; < z; the profits are positive.

5.1 Comparative Statics if Learning is Private

Second-best analysis usually requires carrying out some comparative statics exercises.
Besides, the results are of some interest in themselves. We therefore investigate the
impact of increasing both output subsidies o; and tax rates 7; on the firms’ choice
variables, notably output and also on the number of firms and on energy prices. For
this purpose we differentiate the equations (1), (2), (3), and (15) - (20) with respect
to the policy variables, assuming here that learning is purely private (e = 0). Signing
the effects is, however, not possible without making further assumptions. We therefore

define the following three conditions:

F;lylyl + 6F§2Ly2 > 0 (21)
FZ2J2y2y2 + FZ2Ly1 > 0 (22)
F%Lyl + F§2Ly2 > 0 (23)

All these conditions imply that the effect of learning on the second-period marginal

costs of turbine production is not too large.

Proposition 2 Assume that tazes and subsidies are on a level such that both types of

firms, fossil fuel utilities, and some wind-turbine operators are able to operate in the

13



market simultaneously and that learning among the wind-turbine producers is purely

private. Then

1. Enhancing the subsidy rate in one period (other policy instruments being held

constant) yields®

dxy Oy Okt Okt Oqt. Oqt Oby. by

80'75 > O’ 80'7t > 07 Bat < 0’ 80'7t < 0’ 80’,5 > 07 aa‘,t - 07 Bat > 0’ 80',t < 07
Opt __ Opt  __ 29Q: 0Q: __

o = 0, T = 0, Dar = 0, and 5o = 0.

Further, g—g’t' > 0 (< 0) if and only if the LHS of (22) is strictly positive (negative).

Moreover, if (21)is satisfied, then 22= >0 and g—g > 0.

80'7,5

2. Enhancing the tax rate in one period (other policy instruments being held con-

stant) yields

Ozt Oxt Ok Ok 9qt Oqt  __ by Oby

ot > 0’ oT_y > O’ ot < 07 OT_¢ < 0’ oTy > 0’ or_¢ 07 oTt > 0’ oty < 07
Opt _ Opt  __ 0Q¢ 0Qr __

o =1, 57 =0, 35 <0, and 5 =0.

Further, g—i’: > 0(< 0) if and only if the LHS of (22) is strictly positive (negative).

Moreover, if (21) is satisfied, then ;T—Zi >0 and g—z > 0.

The proof is rather lengthy since we have to differentiate a 7-by-7 equation system.
But it follows standard techniques and can be obtained from the authors on request.
For the comparative statics effects of a simultaneous increase in the subsidy rates (the
uniform subsidy) see the Appendix.

As we would expect, if the subsidy (tax) rate in one period is raised, the output
k of the fossil fuel utilities will decline in both periods, while both the output of wind-
power production (i.e. [) ¢(Z)dZ) and the number of wind-turbine operators « (and
hence the number of wind turbines sold) increase in both periods. An increase in the
subsidy (tax) in one period also increases the output ¢ of each wind-turbine operator

in the same period, while the output of wind-turbine operators in the other period

8We use —t to denote the respective other period, i.e. —t =3 —¢ for t =1, 2.

14



does not change. A change in the subsidy rates leaves electricity price p and total
output of electricity ) unchanged in both periods. The reason is that due to perfect
competition the electricity price is determined solely by the marginal costs & of the
fossil fuel producers (unless electricity from fossil fuel producers is completely driven
out of the market). By contrast, an increase of the tax rate in one period increases
electricity price p; by the same amount and reduces total output ); of electricity. Price
and output in the respective other period are not affected.

Interestingly, however, an increase in the subsidy (tax) in one period drives up
the price b for the wind turbines in the same period but reduces it in the other. The
intuition is that a higher subsidy for clean electricity boosts the demand for wind
turbines but due to increasing marginal costs this demand can only be satisfied at
higher prices. The higher level of production in the first period induces more learning
and thus lowers both costs and prices in the second period. Moreover, if the subsidy
(tax) rate is raised, the effects on the number of wind-turbine producers and their
respective output is ambiguous, although total output must increase.

From the results of Proposition 2 it follows directly that in both cases - efficient
outcome with a positive tax and no subsidies and second-best optimal solution with a
positive subsidy and no taxes - the electricity output of the conventional firms is lower,
while both the electricity output of wind-turbine operators and the number of wind
turbines is higher than in the unregulated market outcome. This finding may explain
why lobbying activities by conventional utilities attempt to achieve less regulation
while lobbying activities by the wind energy sector are in favour of more regulation.
We also observe that introducing the tax to induce the first-best outcome increases
the electricity price compared to the unregulated market outcome, while this price is
the same for both the second-best outcome with subsidies and the unregulated market
outcome. From a political point of view, it might be more difficult to introduce the first-
best solution as the price increase of electricity will then be directly linked to regulation.

The regulator’s resulting positive budget and redistribution (e.g. by lowering other

15



taxes) might, however, go unnoticed by the consumers. Conversely, in the second-
best regulation the electricity prices remain constant and consumers might appreciate
the increased share of renewable energy without linking the regulator’s budget burden

(financing the subsidies) to the regulation.

5.2 Second-best Optimal Subsidies without Spillovers

We are now ready to determine the second-best optimal subsidy rate for clean electric-
ity. In this section we do this first for the case of purely private learning. Let us assume
that the Pigouvian level for the emission tax is not feasible for political reasons and is
therefore given exogenously, with 7, = 0 as a special case. In this case, the regulator
maximizes welfare with respect to oy and o5. Taking into account the behavioral equa-
tions (15) through (20), some straightforward calculations yield the following result on

the second-best optimal subsidy rates:

Proposition 3 1. If the requlator can control only the subsidy rate on wind power,

the second-best optimal subsidy rate on wind power follows the rule
oy — D;(]Ct) — Tt (24)

2. The subsidy rate of the first period should be higher than the subsidy rate of the
second period, i.e. oy > oy if and only if Dy (ki) — 71 > Dy(ky) — 72, d.e. if the
difference between marginal damage and the suboptimal tax rate is larger in the

first period.

3. In the special case of constant marginal damage we obtain o1 = 0.

9For CO, the empirical literature largely finds marginal damage to be constant (see Tol, 2005 and

others).
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4. If the requlator can only set a uniform subsidy over time, the "third-best” optimal

subsidy rate follows the rule

Dy (k1) — 7] 2 + §[ D)y (ky) — 7] %2 (25)

g =
ok Ok
do + do

For the proof see the Appendix. Result i) implies that subsidy rates are positive
whenever the exogenous emission tax rate is lower than marginal damage. It also
implies that for the special case ; = 0 the optimal subsidy on wind power is equal
to the marginal damage generated by burning fossil fuels. For the accidental case
7, = D;(k,) the subsidy is zero, as already shown in section 4. Even if the regulator can
only set a uniform subsidy, that subsidy rate will be positive given the comparative
statics results of Proposition 2.3), i.e. %ﬁa < 0, and given that the emission tax rates
are lower than marginal damage in each period.!® Moreover, the uniform ”third-best
optimal” uniform subsidy rate is a weighted average of the two second-best optimal
subsidy rates per period since it accounts for the marginal damage in both periods.
Part 3 shows that the (second-best) optimal subsidy rates do not have any increasing
or decreasing time profile to account for any learning effects.

Finally, we investigate how the second-best optimal subsidy rates depend on an

exogenously given tax.

Proposition 4 Assume marginal damage is constant. An increase of emission tax T

requires lowering the second-best optimal subsidy rate oy by the same amount.

The proof is simply given by differentiating (24):

80t . " 8]%’,5 . " .
8—7} = Dt (l{ft) aTt 1=-1 fOT ‘Dt (kt) =0. (26)

10Note that in 2005 we observed prices higher than 20 euros per ton of CO; in Europe. This price
was above the marginal damage of COy calculated in several studies. See in particular Tol (2005).
Nordhaus and Boyer (2000), for example, calculate an optimal tax rate of 9 euros per ton COz in

2005.
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Proposition 4 implies that the second-best optimal non-uniform subsidy rate is
equal to marginal damage if the emission tax is zero. However, it is not a perfect
substitute for an emission tax. Simple rearrangement of the first-order conditions
shows that the electricity output generated from wind power is equal in both cases but
the output of electricity from fossil fuels is higher. Thus we can state the following

result:

Proposition 5 Assume marginal damage is constant. In a regime of second-best opti-
mal subsidies on wind power, the output of electricity generated from fossil fuel exceeds
the efficient level, implying that total environmental damage is higher than optimal,
whereas the output of electricity generated from wind power is equal to the first-best

level.

Assessing the political implications of these results, it is interesting to compare
existing subsidy rates to their optimal levels. Consider the optimal real-world level of
those subsidies. In Germany the feed-in tariff amounts on average to about 0.08 euros
per kWh. Modern combined cycle power plants emit about 0.4 kg COy/kWh (see
Deutsche Emissionshandelsstelle, 2005). As discussed recently by Tol (2005), there is
no consensus on the marginal damage of one ton of CO; . So look at two different

(relatively extreme) values of 5 and 100 euros /ton C'O,. For 5 euros /ton CO2 we end

up with marginal damage in modern power plants of 0.4’“%},6[;22 * D t;;f’”c?gz = O.2kc—mih,

ct
kWh*

while for 100 euros /ton C'O, we obtain a marginal damage of 4 Thus even if we
assume a high amount (100 euros /ton C'Os) of marginal damage and further assume
that there is no tax on fossil fuels (contrary to the European reality with an emission
market), our theory suggests that the second-best optimal subsidy should be no higher
than 0.04 euros per kWh. Adding the subsidy to the marginal cost of conventional
electricity production (0.03 euros per kWh), we end up at 0.07 euros per kW h. This,

however, is still lower than 0.08 euros per £Wh.
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In addition we have to bear in mind that one kW h generated by wind power does
not have the same value as one kW h generated by fossil fuels since the supply of wind
(and sunlight) is stochastic and cannot be used by the utilities to crowd out one kW h
generated by burning fossil fuels. We have neglected this feature in our model. If we
take it into account, the optimal subsidy rate for electricity generated by wind power

will be even lower.

5.3 Comparative Statics with Spillovers

If learning spillovers exist, the comparative static effects change compared to the case
with private learning only. In particular, fewer effects can be signed unambigously.
Differentiating the equations (1), (2), (3), and (15) through (20) with respect to oy
and assuming that learning spillovers exist, i.e. 0 < ¢ < 1, we obtain the results in
Proposition 6. In order to be able to sign the comparative static effects, we introduce
two additional conditions which again ensure that both the cost and the marginal cost

reductions induced by learning are not too high:

V

6el'7 + T, 1 0 (27)

L2 wye(n—1)+T2 yin > 0 (28)

Y2y2
Proposition 6 i) Given that producers of wind power and fossil fuel utilities are both

active in the market and learning spillovers exist, we obtain

S =0, 2 =0, S8 =0, 29 =0, 2 >0, and 2L = 0.

doy 7 Qo_¢ 7 Qo ? Oo_y ? Qo 0o _¢

it) If further conditions (22) and (27) are satisfied, then % > 0, % > 0,

oby Ok1 Ok1
5ee <0, 5+ <0, and 5or < 0.

iii) If condition (28) is satisfied, then g%ﬁf >0, 22 <0, and % < 0.

7 o
iv) The effects are ambiguous for the output of wind turbines y,, the number of

Oby  Ozg

wind turbine producers n, and for the effects Doi7 Doy’

Ok
and o
The proof again follows standard methods of comparative statics and can be

obtained from the authors on request.
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Here too, price and output of total electricity are not affected by varying the
subsidy rates because the marginal costs of the fossil fuel utilities remain unchanged.
Total output of wind power increases if the subsidy rate is increased in the same period
and remains unchanged if the subsidy is increased in the other period. All other effects
are ambiguous without additional conditions. Under conditions (27) and (28) we get
increasing output of wind turbines and decreasing electricity output from fossil fuel
producers. An increase of the subsidy rate in one period leads to a fall in the prices of

wind turbines in the other period.

5.4 Second-best Optimal Subsidies with Spillovers

Finally we look at the second-best optimal subsidy policy in the presence of learning
spillovers. In this case, those subsidy rates for electricity generated by e.g. wind power
should not only take into account the marginal damage of emissions generated from
burning fossil fuels but also the market imperfections caused by the spillovers. Not
surprisingly, the optimal subsidy rate consists of two parts, where the second part is
due to the learning spillovers:

5 n \ Ok ) on \ Ok_
, enT2[((n — 1)8—?,1 + ylg—m)a(fj —((n— 1)80'yjt T 824) 80;]
o = D, (ki) + Oky OF—t Ok Ok

0ot Oo_¢ Oo_¢ Oo

(29)

Using the comparative statics effects of the preceding section we cannot sign the second
term of this subsidy unambiguously. Intuitively, the spillovers should call for higher
subsidies. If by increasing the subsidy the direct effects dominate the indirect effects
(e.g. g—ii > %), one can show that the subsidy is positive. But the latter inequality
may not hold in general. To the best of our knowledge there is however no empirical ev-

idence specifically indicating that spillovers are a great deal stronger in the production

sectors of renewable energy equipment than in any other sector.
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6 Conclusion

In this paper we have scrutinized subsidy policies for clean energy, as applied in many
countries all over the world. In particular, we have set up a model enabling us to investi-
gate whether learning effects justify subsidizing electricity generated from emission-free,
(so-called) renewable resources such as wind and solar power. We have characterized
the first-best allocations for both private learning and learning spillovers and we have
investigated the instruments suitable for decentralizing those allocations. We have
established that for the case of purely private learning, the regulator should only inter-
nalize the external effects of emissions by introducing an emission tax. With learning
spillovers, the regulator should additionally subsidize production of wind turbines and
the entry of wind-turbine producers. We have also studied second-best optimal subsidy
policies where subsidies on electricity generated by wind power are the only instrument
available to the regulator. Finally, we have looked at the comparative static effects of
these instruments. On the one hand, our results suggest that the regulator does not
have to bother about learning effects if he can expect learning to be mainly private be-
cause the second-best optimal subsidy rate is determined only by the marginal damage
of emissions. On the other hand, if there are learning spillovers the regulator should
take those effects into account. However, little can be said in general about the sign
of such second-best optimal subsidy rates that have to correct for both emissions from
pollution and insufficient learning due to non-internalized spillovers.

Our results clearly indicate that current regulation in many European countries
with high subsidy rates is not optimal and that the subsidy paid to wind-power opera-
tors is too high if learning is entirely private. If learning spillovers exist among turbine
producers (or producers of other equipment generating emission free electricity), the
second-best optimal subsidies might be slightly higher than those without spillovers.
Accordingly, the challenge for future empirical research on renewable energies is to test

whether learning spillovers or private learning plays the leading role in the learning
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process.

Note finally that the results on second-best optimal subsidies under exogenously
given emission taxes cannot be transferred in a one-to-one way to a system of tradable
permits, as currently implemented in the European Union for regulating C'Oy and in
the US for regulating SO, and NOx. The reason is that the total amount of emissions
is determined by the total emission cap set by the regulator. Thus one unit of electricity
created by wind or solar power leads to a decreasing demand curve for tradable permits.
Since the supply of permits remains constant, the price for permits (unlike the emission
tax rate) will fall and other firms will buy those permits, thus keeping the total amount
of pollution constant. Accordingly, a subsidy on clean electricity in the presence of
permit trading would have no environmental benefit whatsoever. This also shows that
a policy mix consisting of permit trading and a subsidy for creating electricity from
clean resources, in particular feed-in tariffs, is inconsistent. If governments want to
limit the price for emissions for reasons of international competitiveness and at the
same time to provide positive incentives for employing clean energy, then an emission

tax appears to be a better instrument than tradable permits.

7 Appendix

Extension of Proposition 2 As an extension of the results in Proposition 2 we derive

the comparative statics results for identical subsidy rates in both periods. We obtain

the following results: Enhancing identical subsidy rates simultaneously (other policy

instruments being held constant) yields < % > 0, 8’“ < 0, a‘“ > 0, 83” = =0, %’: =0,
C’2 C’l

X Q1($1 xT°

If the conditions (22) and (23) hold, we have 9% > 0. The proof can be obtained

88%’ =0, and abl ab2 < 0 with ‘%1 > ( if and only 1f

from the authors on request.

Proof of Proposition 3 The first-order conditions of the welfare maximum with
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respect to oy are given by

Wa = (PUQ) = €= Dilk) G2 +3(PaQs) — €~ Dhlh) 52

+P(Qq) /”1 aql(@di - /Of‘l Ol (q1, Zi‘)aql () dx

0 80’1 30'1
062(%) ;- 892( )
+(5(P2(Q2) /0 Do d / Do dx)
0
+<P1(Q1)ql B C <QI7 xl) B Fyl (yl) - 5Fy1 (y27 yl))na_gi

Yy
+5(P2(Q2>C]2 - CQ(Q% 532) - Fyz (y2, yl>> 331

+[(P(Q1)q1 — CH g, m1))pn =T (py) — F
on

+0((P2(Q2)g2 — C*(qa, 2))ya — I (ys, yl))]aa1 =0

Using the behavioral conditions (15) - (20), the subsidy rates Sy, and se,; drop out

in (17) and (20) and by using the envelope theorem we can simplify equation (30) to

obtain
0k, Oko
(11 — D’(kl))a +6(7y D’(k‘g))a (31)
o1 8(]1 - *2 8(]2
— d —do
01/0‘ 80'1 / 80'1
ya
—016]1718 o1 5026]2n801
on on
_UIQIyla— - 56’2€12y28 o = 0
: ; : : ok 1 0 oz ok
Solving o, using the comparative statics results —871 = J ! ?9101 Az + ¢ 801 87? =
Jo* Spdi + g 52, G2 =2 4+ nglt, and G2 = 2 4 n g, we obtain:
o = —(Di(k1) —m)
5(D’2(l€2) _ 7_2)8k2 1 60y (fxz Oq2 a:)dx + q2naoz + Gy aa n)
o ok - (32)
ORr1
do1

Differentiating the welfare function with respect to oo we obtain the following symmet-

ric result:

oy = —(Dy(kz) —72)
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(D} (k1) — 1) 2 + 6oy (f;* 282z + g2 + quy 22)
o 6k2 (33)

Ooa

Solving these two equations for oy and o5 we obtain the optimal subsidy rates as given
by equation (24).
Proof of part 3 The first-order conditions with respect to o are identical to

equation (30) if we replace o1 by o. Simplifying with the envelope theorem we get

Ok, Oksy

(1 — Di(k1))— 8 + (1 — Diy(kq))—=— 8 (34)
_U/ aﬁh d~ So / 8q2
0
—Uqln— — 50q2nay2
do Jo
o s~ o
06]1913 06_12928 =

Solving for o yields equation (25).
Proof of proposition 2: Note that for private learning we have L = y;. Dif-

ferentiating the behavioral conditions and simplifying by using the envelope theorem

yields:

o St (35)

ey t8”+ %yo_; (36)

aitt - /0 8q8;i~)d£+q_t%x%t+aal;t (38)

D R (39)

LS P’_t<@t>a§@t (40

P@IGE = 0 (1)

P <@t>a§j — 0 (12)
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8qt 1

9o, Cr(ad) (43)
aaqa: =0 (44)
S—Z = -G (Qtaxt)gxz (45)
8860: = —C. (g1 t)aax tt (46)
S_Z%”%ifw =0 (47)
2—2 = r;lylglera[riLgy +FLy2§‘z2] (48)
T = Thnge +Thige (19)

In the following we use some writing simplifications:

A F§2y2 P%L (F%yz) O (50)
D=C2y;36(I2 T) +6A)+CL [yid A+ C2 ndB+yil, , (T2 +nC2] > 0(52)

With our model assumptions A, B, and D are all positive. Solving the 15 equations
(35) - (43) yields:

Condztzon (22)

% — 02 q1y25 <Fy2Ly1 + Py2y2y2) >0 (53)
80'1 D
Condition:(21)
2 N
80'1 D
% — CiZqu%(s(F?];lylrzﬂJZ + 5A) > 0 (55)
80'1 D
—C? rL T2 +0A
% _ xgqulyQ( Y1Y1~— Y2Y2 ) < 0 (56)
80'1 D
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Condition:(23)

@ = (Félyl (I yay2 T 02 n) + 0y A+ Ci%zn (F?lelyl + F§2y1 y2)]
80'1 D

Oz _ @y, Ty, + Coyt) +9(iA + ConB)]

801 D

% _ Q1y1y2(ré1y1 yay2 T 6A) -0

801 D

Since total output is not affected (%2: =0 and ‘?—Uj = 0), we obtain:

Ok

— <0
80'1

(57)
(58)

(59)

(60)

The effects for o, are symmetric. The comparative statics for 7; are very much the

same except for:

o

For the comparative statics with respect to a uniform subsidy o we obtain:

[en]

ALV

0
ot 8(]1/(%) - 8xt 8kt .

/0 0o dx+qt80+80_0
/ 0

P %% -

; > ()

Clrar (a1, T)

1

N[ Fll!lyl( Y292 + 02 )qu% - 52AQ2yly2

+0(—Aqyi — CF,Bngy — Ty, T, asyn)] >

Yy1y1

[—(0A+T, , T2 ya(qyr + 6q212)

= ZIH

Condition:(22)

A

aTt =1

0Q _ 1

oT H(Qt)
0

Rl

00,
do
o
do
g,
Jo
Oz
do
O
do

~C! ng(T y1y1+5B)]

Oy . L o~

% = N[fS(Cxlfbyl_
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30 Condition(23)
oy 1 - % - %
6_02 = N[—CS (Craey1 — C2q1y2) (D7 Lyn + T2 L) (71)
0,01 (C,y2 = Ch )] Z 0
et
on 1 1
o - N[ 0(A+ Fy1y1ry2y2)(Q1yl +0G2y2) — CIZF?lelnqul (72)
—6C, gz (T b2+ T QL?Jl) —0C2,ngy \(F%Lyl + FiLZhZ] >0
Condztzon.(22) Condi;z;n:@?))
20
by 1 1 -~ 2 1 2 >
o = Wl (Chayt - CLayy)GA+ T}, T7,,)] 20 (73)
>0
by I —= 1 2 >
W N[( Crq2y; + C. 26111/13/2)(5A + T D)) 2 0 (74)

The denominator N is negative and is defined as follows:

— —(CLy? +6C2 y2)(FA+T?

Yiyi y2 Y2

) = C,, Cn(Ly, 1 + B) <0

Proof of Proposition 6 (comparative statics if learning spillovers exist):

The stability of the equilibrium with private learning follows from the model
assumptions immediately. In the case of learning spillovers, however, we need to assume
the stability explicitly.

Totally differentiating the first-order conditions and the zero-profit conditions

(15) - (20) with respect to oy and oy yields the following system:

0y1/0s1 0
0ya/0s1 0
on/0s, 0
0b1/0s1 0
M| aby/ds, | = | @ (75)
0q1/0s1 0
0q2/0s1 1
Oky/0s1 0
Ok /0s1 0
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0y1/0ss 0
Oy /082 0
on/0sy 0
Oby/0sy a1
M| dby/ds, | =] 0 (76)
0q1/0sq9 1
0qa /082 0
Ok1/0sq 0
Oks /s 0

M is a 9x9 - matrix. M must be negative definite to guarantee stability. For the nine
principal minors the following conditions must hold: |M;|, |Ms],...,|Mg| < 0 and |Ms|,
| Myl,..., |Ms| > 0. To sign the comparative statics effects we are particularly interested
in the 5x5 submatrix My,, comprising the first five rows and columns of M. My, is

given as follows:

Il —6(1+en—1)r2, —or2, —6el2;49p 1 0

Y11 y2 L
—(I+e(n—1)r2,, -2, Iy 0 1
—de(n —1)I'2 0 —8el2y;  y1 Oy
Cln 0 Chyn 10
0 C2n C2y 0 1
The determinant |Ms,,| = |Ms| = N is the denominator of several comparative statics

effects. From stability it follows that |Ms| < 0 and therefore N < 0. N is given as

follows:
N = [01 (Fgl;lyl( Y212 + 02 )y% + 5((1 - E)Ay% (]' - 6)02 F%Lny% (77)
+C§zrz2/2yzny2 + (2 - 6)022 pLY1Y2 + EFQ( yoy2 T 02 ) >>
+5(6F%y1(1—‘11/1y1 s T 0A) + C’2 L(0(L+€e(n — 1))Ay2

+6el3 (G2, (n — Vyo + T ) + Ty (T2 3 + enyn (T — T2, 14))))]

Again, we use the writing simplifications A and B that are positive given our model

assumptions:

A=T%,T2 — (rsz

)* >0 (78)

Y2y2
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B=T7y; +2I2 pyiya + 15 y5 >0 (79)

We obtain the following comparative statics effects:

8qt 1
7 = == >0 80
aat Ogtqt (Qt7 ZE) ( )
094
=0 81
60}/ ( )
C'ondztwn (27)
Ox — -
oot = (T ST, + Conly + 84 - 0 (82)
hey n (T2, 08+ (2= O sy + (1 — OL3,52)] > 0
Condition?(r22) wfie=1
5 Condition:(28)
T -1 - > ~
8—; = a1+ e(n = 1) Ayays + 0eL] (T, 30(n — 1) = Ty mn) - (83)
+F;1y1 (F22y2y2 - enF?JzLyl)] >0
0by 1 5 1 )
8_0'1 = N[qlé(erLyl(F@jlyl Y2y2 + (SA) + C ((5(1 + E(Tl — ].))yQAyQ (84)
Condition:(23)
+el7 (F?;ZL( — 1)y + 7 )
Ly (0,05 + engn (0 = 17, 132)))] 2 0
Condition?(rZ2):if:e:1
Condition:(28)
0b - N ~
8—021 = [022q1(5(1 +e(n— 1)) Ayrys — 8el2 (T2, ya(n — 1) + T2 Lyin) (85)
+Fé1ylyl<F§2y2y2 —enl’, )] <0 (86)
! 1 2 12 1 2
% = N(Q2y15< §€F PyzL PylylryzyzyQ —0(1 —€)Ayz) > 0 (87)
If:condztzon:(27):and(22),:then:<0
9 Condition:(27) Condition:(22):if:e=1
x 1 7 % N 7 N Y
8—02 = N[%(C;ln((%m 1+ 0e07) 1 4+ 0(y2 (T2, 02 + (2 — T3, Lun) (88)

+(1— T uD)) (89)
+6(0(1 4 (n — 1)e)y2 Ays + (SEF% (F;ZL(n — Dy + F%Lyln)

—~
Condition:(23)

+Ly g (Dt + enyn (T —1',)))] 2 0

Condztwn:(22) i fe=1
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oby

Yoy %(C;lcpylé( p;lylr§2y2ygv + 6el I, L, (1 =€) Ayp) <0 (90)
I f:condition:(27):and(22),:then:>0

0by -1 9 a1l o
90s = W[%%(&Fﬂryly{wyg + 5142 (91)

<0
+Cy, (T (T, 41+ 0€l7) +0(1 — €) Ayr)] 2 0 (92)

Condition:(27) .
=0

If % > 0 and % > 0, then - due to the constant total electricity output - g—fji < 0.

Equally we get % < 0 and % <0.
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