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Abstract

In a perfectly competitive market with a possibility of technological innovation we con-
trast guaranteed feed-in tariffs for electricity from renewables and tradable green certifi-
cates from a dynamic efficiency and social welfare point of view. Specifically, we model
decisions about the technological innovation with convex costs within the framework of a
game-theoretic model, and discuss implications for optimal policy design under different
assumptions regarding regulatory pre-commitment. We find that for the case of technolog-
ical innovation with convex costs subsidy policies are preferable over quota-based policies.
Further, in terms of dynamic efficiency, no pre-commitment policies are shown to be at
least as good as the pre-commitment ones. Thus, a government with a preference for in-
novation being performed if the achievable cost reduction is high should be in favor of the

no pre-commitment regime.

Keywords: Renewable electricity; Feed-in tariffs; Regulatory pre-commitment; Tradable
green certificates; Quota target; Innovation; Energy policy
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1 Introduction

Renewable energy is considered an important element in a sustainable energy development.
In many countries renewable energy promotion policies have been put into place. As far
as electricity generation from renewables is concerned, there has been much debate in
recent years about the relative merits of guaranteed feed-in tariffs (FIT) and tradable
green certificates (TGC), mainly in the form of qualitative discussion (e.g. Menanteau
et al., 2003; Nielsen and Jeppesen, 2003; Berry, 2002), and much less so in the form of
more rigorous formal analysis (e.g. Amundsen and Mortensen, 2001, 2002; Amundsen and
Nese, 2002).

Building on seminal work by Weitzman (1974, 1978), Pizer (1999a,b) studies the non-
equivalence of tax and quota policies given uncertainty and shows that uncertainty causes
the optimal amount of emission abatement to increase, which justifies a preference for price
over quantity control. Madlener et al. (2009) show that in terms of static efficiency a price
(subsidy) policy to promote renewable energy is equivalent to a quantity (quota) policy for a
competitive but not generally a duopoly market for power when competitors have different
production costs for renewable (but not conventional) energy. In this paper, we extend the
static analysis to incorporate technological innovation that lowers the (increasing) marginal
cost of production of electricity from renewable sources.

From environmental economics it is known that the dynamic efficiency of a policy
depends on whether or not the government pre-commits to a certain policy target (e.g.
Denicolo, 1999). In our analysis we want to find out which of the two policy instruments
provides a stronger incentive for innovation favoring renewable or “green” electricity in
two cases, (1) when the government adjusts its policy in response to innovation (no pre-
commitment), and (2) when it cannot react immediately to innovation (pre-commitment).
In contrast to Denicolo (1999), we find that the relative merits of the subsidy and quota
policies are the same in the two scenarios from the point of view of social welfare maxi-
mization. However, in terms of dynamic efficiency, this equivalence does not necessarily

hold. Rather, the no pre-commitment policy is shown to support equilibrium outcomes



with innovations that might not be attainable under pre-commitment.

The remainder of the paper is organized as follows. Section 2 derives optimal subsidy
and quota policies for assuming no pre-commitment on the part of the government when
innovation is present. Section 3 contains the analogous analysis for the pre-commitment

case. Section 4 discusses the results obtained in Sections 2 and 3 and concludes.

2 Optimal policy in the presence of innovation: no
pre-commitment case

In the no pre-commitment case, the government is assumed to have the information, ability
and obligation to respond to technological innovation by adjusting its subsidy or quota
policy, respectively. Let there be N + 1 competitive electricity generators in the market,
one of them being the potential innovator, assumed to possess the patent covering the rights
for the new technology. Innovation reduces the marginal cost of green electricity, and the
innovator can license the new technology to other producers in return of a royalty. Let
us assume that prior to innovation all firms have an identical cost structure for producing

green electricity of the simplistic form
Cy(g) = big + boag?, (1)

with by > 0, by > 0, to reflect decreasing marginal returns (DMR) in the production of green
electricity. DMR is a sensible assumption because the use of renewables (in particular solar
and wind) involves technologies that have not yet reached maturity. Accordingly, there is

scope for (exogenous) innovation, resulting in a new cost function of the form
Can(Tg) = binTg + boz,”, (2)

where Cg, denotes the cost function after innovation and by, < b; the reduced part of
the marginal cost. Note that by is unaffected by the innovation for simplicity (b1, < by

is sufficient to mitigate DMR). Thus, (b; — by,,) reflects the importance of the innovation.



The cost function for brown electricity (i.e. from conventional sources such as coal, nuclear
etc.) is assumed to be linear, Cy(xy,) = cpp.

The R&D investment required for the innovation is denoted by R[Cy(z4) — Can(24)],
with R'(-) > 0 and R"(-) > 0. This means that the R&D outlay increases progressively as
a function of the size of the achievable cost reduction. Therefore, R&D does not display
increasing marginal returns, reflecting the fact that no particular technology has dominated
the market for renewable electricity to this day. Given the continuity assumptions made in
(1) and (2), for any fixed value of x4, R[Cy(25) — Cen(x)] can be rewritten as R(by — byy).
We consider a parametric version of function R(-) of the form R(b; — by,) = r(by — b1y)?,
with parameter » > 0 reflecting the concavity of the function. In particular, the higher r,
the higher the marginal cost of innovation.

On the demand side, we assume that brown and green electricity are perfect substitutes.

Thus the demand function for electricity takes the following linear form:

N+1

pQ) =a—-Q=a->Y (xn+1y),

i=1
where () denotes the total quantity of electricity supplied in the market, x;,, the quantity
of conventional electricity produced by firm 4, and z;,, that of green electricity. Further,
we assume that by < ¢, i.e. marginal costs of green electricity are lower than those of
brown electricity for small quantities, and (¢, — by,,) is sufficiently smaller than by(a — ¢),
i.e. the average electricity price on the market, p, will always be given by the marginal
cost of brown electricity c.

The government observes whether a firm operates with the old or the new technology!
and is assumed to maximize social welfare. The externality function of green electricity?

(including avoided social cost of producing brown electricity) is assumed to have a simple,

! This is a plausible assumption since, in reality, the electricity producers are required to file the technical

description of their power generating technology to the regulator.
2Note that, in the real world, the quantification of the (positive and negative) externalities associated

with power generation from renewables is subject to several complications (e.g. Séderholm and Sundqvist,
2003). The value of the external benefits (including avoided environmental damages and learning-by-doing

effects) is likely to depend on the particular composition of the technology portfolio used to produce



linear-quadratic form:
D(I'g) = dlxg — dg[[’g, dl, dg > 0. (3)

The quadratic term reflects the fact that marginal avoided social cost of brown electricity
decreases with higher quantities of green electricity produced and might attain negative
values if large quantities of green electricity are produced.® In order to exclude the possi-
bility of extremely high social cost of additional production of green power, we additionally

assume that parameter d, is sufficiently small such that dy(N + 1)(¢r, — bin) < bad;.

2.1 Subsidy policy

Subsidy (or negative tax) here refers to a transfer paid by the government or electricity
consumers to the suppliers of green electricity. Thus, producers receive a surcharge s per
unit of green electricity.* The decisions of the agents can be represented by a game with
the following players: firms 1, 2, ..., N+1, and government GG. Without loss of generality,
let us assume that firm no. 1 is the potential innovator.

Now we analyze the decision sequencing under subsidy control with no pre-commitment.
There are three decision stages, described in the following and summarized in Figure 1.

Stage I. Firm 1 decides either not to innovate (INI), to innovate and offer N licenses
in the competition stage III (1), or to innovate and offer no licenses in stage 11T (Ip).

Stage II. Given the decision of firm 1 in stage I, the government determines the subsidy

levels for non-innovating and innovating firms in order to maximize social welfare.

(ITa) If firm 1 did not innovate, the government introduces a subsidy sy; per unit of output

for all firms (decision node Gy).

electricity, and thus also the amount of the brown electricity displaced and the (environmental) benefit

incurred.

3This can be motivated by arguing that with more intensive utilization of renewables, environmentally

and socially less benign projects are also being realized.
4In reality it is usually the power fed into the grid that counts, which due to on-site electricity consump-

tion and transmission losses may be considerably less than gross production. This difference is neglected

here for simplicity.
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Figure 1: Extensive-form game representation, no pre-commitment case, subsidy policy

(ITb) If firm 1 did innovate and announced to offer N licenses in stage III, the government
introduces two levels of subsidy: sj, for the innovator and the firms that adopted
the new technology and sy, for the firms that did not adopt the new technology

(decision node G).

(ITc) Finally, if firm 1 did innovate but announced that it will offer no licenses in stage I1I,
the subsidies are s;, for the innovator and sy, for the competitors (decision node

G).

Stage III. Given the innovation decision of firm 1 and the decision of the government

about the subsidy level, firms 1, 2, ..., N + 1 compete in quantities.

(IITa) If firm 1 did not innovate, all firms have identical cost functions Cy(-) and compete

in quantities given subsidy level sy; per unit of green electricity (subgame I'y7).

b}



(IIIb) If firm 1 did innovate and committed to offer NV licenses in stage III, then it first
offers licenses to N competitors in return of a royalty v given subsidy levels s7, and
Sn1y- Firms 2,..., N + 1 can either accept (I) or reject (NI) this offer. Since firms
2,..., N + 1 are identical, we assume that either all of them will reject the offer
and operate with cost function Cy(-) (competition in quantities will take place in
subgame 'y, n7) or all of them will accept it and operate with cost function Cygy(+)

(competition in subgame I'7, ).

(IlIc) If firm 1 did innovate but announced that it will offer no licenses in stage III, then
firm 1, operating with cost function Cy,(-), and firms 2,..., N + 1, operating with
cost function Cy(+), respectively, compete in quantities given their subsidy levels sy,

and syp, (subgame I'j)).

These three decision stages define an extensive-form game as shown in Figure 1. The
information revealed in the earlier stages of this game is taken as given in the corresponding
subsequent stages. Thus, in the earlier stages, rational players anticipate the equilibrium
outcomes in every subsequent stage. Each game branch starting with an information set
can thus be considered as a subgame, giving rise to the Subgame Perfect Equilibrium
(SPE) as the solution concept to be applied. As usual, the SPE solution can be obtained

by backward induction.

Lemma 2.1.1. In subgame T n; (stage IIla), all firms’ quantities of green electricity are

given by

Cp —b1 +8N]

.Tig(N[, SNI) = 2b2

(4)
Proof: see Appendix on p.25.

Lemma 2.1.2. In stage I1Ib, firm 1’s equilibrium offer v* is given by

) c _bn+8
(bl - bln) - (SNIN - SIN) Zf (bl - bln) — (SNIN — SIN) < %’
b = b+ 51y

otherwise.
2



This offer is always accepted by a firm of type 2 in equilibrium®

electricity produced by firm 1 and firms of type 2 are

Ch — by + s
vig(Iy, (Sn1ys s1y)) = ——m T oIv,

2by
e — b+ s .
(@bt svn) ) (o ) <
2by
.TQg([Na(SNIN?SIN)) = e — by + 5
Db TIn TPIN G therwise.
4b,y

Proof: see Appendix on p.26.

Quantities of green

2

Lemma 2.1.3. In subgame Ty, (stage I1lc), quantities of green electricity produced by firm

1 and firms of type 2 are given by

Cyp — bln + 8[0 )
2b2 ’
Cp — b1 + SNI,
2[)2 .

xlg(]m (SNfoa SIO)) -
-TZg([Oa (SNIO’ 810)) =

Proof: see Appendix on p.28.

Lemma 2.1.4. In stage Ila (subgame starting at node G ), the government chooses subsidy

level
3* _ bgdl—dg(N+1)(Cb—b1)
NI by + dy(N +1)

Proof: see Appendix on p.28.

Lemma 2.1.5. In stage IIb (subgame starting at node Gs), the government chooses any

combination of subsidy levels

200N — da(N + 2)?](ep, — bin) + 2(N + 2)b2d1)

(Sn1y+ 8Ty) = <37VIN> dy(N + 2)2 + 4by

where

[b2(N —2) — da(N + 2)?](cp, — bin) + (N + 2)b2d1'

<> (b — b
Sniy 2 (br = biw) + do(N +2)% + 4by

5As usual, we assume that in the case of indifference firms of type 2 decide in favor of the adoption of

the new technology.

Cb—bln—i‘S]N'

I



Proof: see Appendix on p.29.

Lemma 2.1.6. In stage IIc (subgame starting at node G3), the government chooses subsidy

levels
S* _ 8* _ bgdl — d2(N + 1)(Cb — bl) — dg(bl — bln)
Nlo = 7l by + da(N + 1)

Proof: see Appendix on p.30.

Proposition 2.1.7. The subgame-perfect equilibrium strategies on the equilibrium path
of the innovation game with subsidy control and no pre-commitment policy are given as
follows. Firm 1 does not innovate (NI) if (r — 1)(Aby)? + 28Ab; — a8* < 0 where

by 2(N +2)3 1 _
T4 ([4b2 +do(N +2)22 [bo + do(N + 1)]2) >0

ﬂ = Cb—b1n+d1>0;

Ab; = b1 — b

and innovates and offers N licenses (Iy) otherwise. The royalty and quantities in equilib-
rium are given by
o (N +2)(cp — b +di).
 do(N+2)24+4by
cp — b +dy 2 (Iy) = (N +2)(c, — b1y + dy)
by + dy(N + 1)) T8N dy(N +2)% +4by
Government sets subsidy levels
S* _ bgdl —dQ(N+1)(Cb—b1)
NI by + dy(N + 1) ’

a:’{g(NI) =3

*
SNIn

C [ba(N = 2) = day(N +2)%)(c — by + dy) + ba(N +2)(by — byy)
< {3' = 4by + dy(N + 2)° +d1}’

[ngN — dQ(N -+ 2)2](613 - bln) + 2(N -+ 2)b2d1

SIv T do(N 1 2)2 + 4by
Firms of type 2 innovate (1) if firm 1 chooses In and produce quantities
« Cp — b1 -+ d1

2[by + do( N + 1)]
(N +2)(c, = bin +di)
2[da(N + 2)2 + 4b,]

r5,(In) =

Proof: see Appendix on p.30.



2.2 Quota-based policy

Instead of subsidizing green electricity, the government can also impose a quota target
for green power on each generator. For each unit of green electricity produced, the firm
receives a certificate providing evidence of partial satisfaction of the target imposed”. If
a firm falls short of achieving the quota target, it faces a fine f that increases with the
shortfall (cf. Madlener et al., 2009).

As with the subsidy-based policy, we consider an extensive-form game with the following
structure. There are three decision stages.

Stage I. Firm 1 decides either not to innovate (NI), to innovate and offer N licenses
in the competition stage III (), or to innovate and offer no royalties in stage III (Ip).

Stage II. Given the decision of firm 1 in stage I, the government determines the
quotas to be satisfied and the fines for firms falling short of the quota for non-innovating

and innovating firms, in order to maximize social welfare.

(IIa) If firm 1 did not innovate, the government introduces a quota zx; and a fine fy; per

unit of output falling short of the quota for all firms (decision node G1).

(ITb) If firm 1 did innovate and announced to offer N licenses in stage III, the government
introduces two pairs of quotas and fines: (Zj,, fr,) for the innovator and those firms
that adopted the new technology and (Znr,, fyr, ) for those firms that did not adopt
the new technology (Gs).

(Ilc) Finally, if firm 1 did innovate but announced that it will offer no licenses in stage
I11, the quotas and fines set by the government are (Zj,, f7,) for the innovator and

(Tniy, [na,) for the competitors (G3).

6Tn practice it is often the wholesalers or retailers, and sometimes even the final consumers of electricity,

that are obligated to fulfil the quota target.
7Admittedly, the assumption that the market for tradable certificates is perfectly competitive and

efficient may, especially in poorly designed or managed schemes, be quite a strong one (e.g. Amundsen

and Bergman, 2004; Nilsson and Sundqvist, 2007; S6derholm, 2008).
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Figure 2: Extensive-form game representation, no pre-commitment case, quota policy.

The actions of the government o; for each node G;, ¢ = 1,2,3, are defined as follows:

o1 = (In1, fn1), 02 = (In1ys iy )s Ty, f1y), 03 = ((T1o, f10)s (Tn1es [N1))-

Stage III. Given the innovation decision of firm 1 and the decision of the government

about the quotas and fines, firms 1, 2, ..., N + 1 compete in quantities.

(I11a)

(ITIb)

If firm 1 did not innovate, all firms have an identical cost function Cy(-) and compete

in quantities given the quota and fine levels (Zny, fys) (subgame I'};).

If firm 1 did innovate and announced to offer N licenses in stage III, then firm 1
first offers licenses to N competitors for a royalty v?, given the quota and the fine
levels (Zry, fin)s (TN, [nry). Firms 203, ..., N + 1 (firms of type 2) can accept
or reject this offer. Since firms of type 2 are identical, we assume that either all of
them will reject the offer and operate with the new cost function Cy(-) (competition

in quantities will take place in subgame I' ‘}N’ n7) or all of them will accept it and

10



operate with cost function Cg,(+) (competition in subgame I'7 ;).

(ITIc) If firm 1 did innovate but announced that it will offer no licenses in stage III, then
firm 1, operating with cost function Cy,(+), and firms of type 2, operating with cost
function Cy(-), compete in quantities, given their quota and fine levels (zy,, f1,),

(ZE‘NIO, fNIO) (subgame F?O).

These three decision stages define an extensive-form game as shown in Figure 2. Like

in the subsidy case, we apply the solution concept of the Subgame Perfect Equilibrium

(SPE).

Lemma 2.2.1. In stage IIla (subgame I'%;;), all firms produce quantity

ey — b1+ far

(N1, fr) = 2

Proof: see Appendix on p.31.

Lemma 2.2.2. In stage I1Ib, firm 1’s equilibrium offer v¥* is given by

dmax Zf pdmax - 5 :

v =
¢ — bin + fiy

otherwise.
2

where

pImax _ \/(Cb — b + fIN)2 + 4bQ(fNIN'fNIN - fINjIN) - (Cb — bin + fIN)'

This offer is always accepted by firms of type 2 in the equilibrium®. Firm 1 produces quantity

T1g(In, (fniys f1y), 0) = %,

The quantity of green electricity produced by any firm of type 2, Tog(In, (fNiy, fins Tiy, TNIy)),

amounts to
2(cp — b1+ fary) — /(e — b+ fry)? + 4bo(FninEnty — finTiy) if pomax < Ch — b+ f1y
2by 2 ’
— by, _
% otherwise.

8By assumption, firms of type 2 adopt the new technology if indifferent.

11



Proof: see Appendix on p.32.

Lemma 2.2.3. In stage I1Ib (subgame I'] ), quantities of green electricity produced by firm
1 and firms of type 2, respectively, are given by

¢, — by +
xlg(10>fNIo) = %?
c, — by +
Tog (Lo, fnry) = %-

Proof: see Appendix on p.34.

Lemma 2.2.4. In stage Ila (subgame starting at node G1), the government chooses fine

level

. bgdl — dQ(N + 1)(Cb - bl)
fNI - )
by + doy(N + 1)

while the quota level Ty can be deliberately set by the government.

Proof: see Appendix on p.34.

Lemma 2.2.5. In stage 1Ib (subgame starting at node G), the optimal decision of the

government is given by any combination of fines

(f* f* ) _ f* [2b2N - dQ(N + 2)2](Cb - bln) + 2(N + 2)b2d1
N M7\ TN do(N =+ 2)? + 4b,

where [, satisfies inequality

w

Ve = b+ f )7+ ol fiy o — i, 70) 2 Sl —butfi) 0)

[\]

The government’s choice of quotas Ty, T1y i constrained by inequality (5).
Proof: see Appendix on p.35.

Lemma 2.2.6. In stage Ilc (subgame starting at node G3), government chooses fine levels

f* _ f* _ bgdl — d2(N+ ].)(Cb — bl) — dg(bl — bln)
NIy 1o b2 —|—d2(N+ 1) :

Proof: see Appendix on p.36.

12



Proposition 2.2.7. The subgame-perfect equilibrium strategies on the equilibrium path of

. : : : : VBZ—AAC-B
this game are given as follows. Firm 1 does not innovate (NI ) if Aby € <O, =,

where
by
A = > (;
A[by + do(N + 1)]2 +r
by + do(N + 1) N Aby + do(N + 125
do(N +1) _ do(N + 2)? — 20, N _
2 2 2
= —af?— d - d
¢ of (b2+d2(1\7+1)Jr 1)a:m ( 4by + do(N + 2)? Fad ) <0
with
by ( 2(N +2)3 1 )
a = — — > 0;
4 \ [4by + do(N +2)%]2 [by + da(N + 1)]?

ﬂ = Cb—b1n+d1>0,

and innovates and offers N licenses (In) otherwise. It offers N licenses in return of a

royalty
bQ(N + 2)(Cb — bln + dl)
do(N + 2)2 + 4by

and produces quantities of green electricity

*q

Cb—b1+d1
(NI) =
(N = o N
N +2 —
Iig(IN) _ ( -+ )(Cb bln—i‘dl)‘

da(N + 2)2 + 4b
Government chooses fine levels

bgdl — d2(N -+ 1)(Cb — bl)

fNI b2+d2(N+1) )
. {[2boN — (N + 2)%dy](cp, — byn) + 2(N + 2)body } 71
fNIN s T
NI
+5 205N (¢, — bin) — da(N + 2)2(by — i) 4 2(N + 2)bydy — 4byby]’
16bo[4bs + (N + 2)2do)%Z Ny ’
. 200N — dy(N + 2)?](cr, — bin) + 2(N + 2)bad,
Iy .

do(N +2)2 4 4b,

13



Firms of type 2 innovate (1) if firm 1 offered N licenses and produce quantities

Cb—b1+d1
*P(NI) =
g (NT) 0bs + do(N + 1]’

N +2)(cp — by +d
25 (In) = ¥ 2)(e — b + )

2[da(N + 2)2 + 4b,]

Proof: see Appendix on p.36.

2.3 Comparison between subsidy and quota-based policies

In Madlener et al. (2009) it is shown that, in perfectly competitive markets, subsidy and
quota policies are equivalent in terms of social welfare maximization. In this study, we
have particularly shown that in the subgame-perfect equilibria all fine levels correspond to
the subsidy levels.

However, the allocation of welfare to producer vs. consumer surplus differs under these
two alternative policies. In particular, the profits achieved by the potential innovator as
well as by its competitors are lower under the quota policy (79) than under the subsidy

policy (7*) regime:

= m(In) — f(IN)Try-

Thus, given a no pre-commitment policy, the firms have a strict preference for price rather
then quantity controls.

Next, we want to investigate under which policy regime (subsidy or quota) the incentives
to innovate are higher. Therefore, we compare the differences of profits of the potential
innovator (firm 1) with or without innovation under both regimes. For the subsidy policy,

this gain from innovation amounts to
Ari = m(In)—7m{(NI).

14



Under the quota policy, the corresponding profit difference is
Ar] = 7i(Iy)—7I(NI).
The incentives to innovate are higher under the subsidy policy if
Amy — Anl = f} Ty — farZnr > 0. (6)

Suppose that the difference between the quota levels (Zr, —Z ) is sufficiently small. Then
it can be shown that under the assumption that do(N 4 1)(c, — bin) < bady, as made in
our model, condition (6) is satisfied. Therefore, not only is the subsidy policy preferred
by profit-maximizing firms but it also provides a higher incentive to innovate, which is an

interesting finding.

3 Optimal policy in the presence of innovation: pre-
commitment case

In the pre-commitment case, the government is assumed to stick to its green electricity
policy (in terms of subsidy and quota) even under innovation. Possible reasons for pre-
commitment include: imperfect information, limited ability for short-run policy adjust-
ments etc. Compared to the no pre-commitment assumption, pre-commitment appears
to be more realistic, because in the real world there are always difficulties in adjusting
policies, for reasons like the ones described above. Besides, there may be other costs as-
sociated with policy adjustment, similar to the menu costs in the price adjustment case,
that further stymies quick policy reaction to innovations.

We maintain the basic assumptions made in the no pre-commitment case, except that

the quota and subsidy levels remain unchanged after the innovation has occurred.

3.1 Subsidy policy
We consider an extensive-form game presented in Fig. 3. There are two decision stages.

15
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IS IV,

Figure 3: Extensive-form game representation, pre-commitment case, subsidy policy

Stage I. Firm 1 decides either not to innovate (INI), to innovate and offer N licenses
in the competition stage II (Iy), or to innovate and offer no licenses in stage IT ().
Simultaneously, the government determines the subsidy levels Sy; for non-innovating and
sy for innovating firms in order to maximize social welfare.

Stage II. Given the innovation decision of firm 1 and the decision of the government

about the subsidy level, firms 1, 2, ..., N + 1 compete in quantities.

(ITa) If firm 1 did not innovate, all firms have identical cost functions Cg(-) and compete

in quantities given the subsidy level 5y, per unit of green electricity (subgame r NI).

(ITb) If firm 1 did innovate and announced to offer N licenses in stage 11, then it first offers
licenses to N competitors in return of a royalty © given the subsidy levels s; and Sy;.

Firms 2, 3, ..., N + 1 can either accept or reject this offer. Since firms 2, 3, ...,

16



N +1 are identical, we assume that either all of them will reject the offer and operate
with cost function Cy(-) (competition in quantities will take place in subgame r I.NT)
or all of them will accept it and operate with cost function Cy,(-) (competition in

subgame f‘u).

(IIc) If firm 1 did innovate but announced that it will offer no licenses in stage 3, then
firm 1, operating with cost function Cyy,(+), and firms 2, 3, ..., N + 1, operating
with cost function Cy(-), compete in quantities given their subsidy levels §; and Sy,

respectively.

Proposition 3.1.1. There exist two sets of subgame-perfect equilibria in the innovation
game with subsidy control and pre-commitment policy. The subgame-perfect equilibrium
strategies on the equilibrium path of these two sets are given as follows.

Set 1. Firm 1 does not innovate (NI) and produces quantity

Cyp — b1 + d1
2[by + do(N + 1)]

ng(NI7 (E*Nllv 5?1)) =

of green electricity. Government chooses subsidy levels (54, 55) such that

~x1 _ bgdl — dQ(N + ].)(Cb — bl) .
NI by + dy(N + 1) ’

) %y [ bo(cn — by + dy)?
;! —(cp — b)) £ 2 (2 4r(Aby)?
€ [ (e = brn) \/N 2\t " r(Ab)

Firms of type 2 produce quantity

Cp — b1 + dl
2[by + do(N + 1)]

x;g(NI7 (§*N117 5?1)) =

of green electricity.

Set 2. Firm 1 innovates and offers N licenses (Iy) in return of a royalty

bQ(N -+ 2)(Cb — bl -+ dl)
do(N +2)2 4 4b,

~

per unit of green electricity produced by firms of type 2 and itself produces quantity

(N +2)(cp, — bin + di)
do(N +2)2 4 4b,

vig(In, (331 57" =
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of green electricity. Government sets subsidy levels (8%, 5%) such that

3 ba(N +2)3(ct, — bin + dy)?

<2 ey —by) % by | 2 — 4r(Aby)?
A [ o \/ (e~ e
5*2 . [ngN — dQ(N + 2)2](Cb — bln) -+ 2(N + 2)b2d1

L da(N + 2)2 + 4by '

I

Firms of type 2 innovate (I) and produce quantity

(N +2)(cp — bin +di)
2[do(N + 2)2 + 4b,]

x;g(]]\fv (57\/%1“7 5?2) =

of green electricity.

Proof: see Appendix on p.37.

3.2 Quota-based policy

Now we consider an extensive-form game with the structure presented in Figure 4. As
under the subsidy policy, there are two decision stages.

Stage I. Firm 1 decides either not to innovate (NI), to innovate and offer N licenses
in the competition stage II (Iy), or to innovate and offer no licenses in stage IT ().
Simultaneously, the government determines the fine levels fy; for non-innovating and f;
for innovating firms in order to maximize social welfare.

Stage II. Given the innovation decision of firm 1 and the decision of the government

about the subsidy level, firms 1, 2, ..., N + 1 compete in quantities.

(ITa) If firm 1 did not innovate, all firms have identical cost functions Cy(-) and compete

in quantities given the fine level fNI per unit of green electricity (subgame f‘fw).

(ITb) If firm 1 did innovate and announced to offer N licenses in stage 11, then it first offers
licenses to N competitors in return of a royalty ©¢ given the fine levels f; and fNI.
Firms 2, 3, ..., N + 1 can either accept or reject this offer. Since firms 2, 3, ...,
N +1 are identical, we assume that either all of them will reject the offer and operate

with cost function Cy(-) (competition in quantities will take place in subgame f% ~N1)
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NI I

r %NI r %1
Figure 4: Extensive-form game representation, pre-commitment case, quota policy

or all of them will accept it and operate with cost function Cg,(-) (competition in

subgame I'] ;).

(Ilc) If firm 1 did innovate but announced that it will offer no licenses in stage 3, then firm
1, operating with cost function Cy,(+), and firms 2, 3, ..., N 41, operating with cost

function Cy(+), compete in quantities given their fine levels fr and fyr, respectively.

Proposition 3.2.1. There exist two sets of subgame-perfect equilibria strategies in the
pre-commitment game with quotas. The subgame-perfect equilibrium strategies on the equi-
librium path of this game are given as follows.

Set 1. Firm 1 does not innovate (NI) and produces quantity

Cp — b1 + d1
2[by + do(N + 1)

xig(Nja ( 7;71]7 }kl))
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of green electricity. Government sets fine levels (fY, fi) such that

el _ bgdl — dQ(N -+ 1)(Cb — bl) .
N by + dy(N +1) ’

V2
(N +2)[b2 + (N + 1)dy]

~}k1 € [_(Cb — bin) + 4boTr £

where T denotes the minimum quota to be produced by an innovating firm, and

€ = \/8BT] + AN + 12N +2)d36 + 4bje + b,
with

0 = T(Abl)Q — (Cb — bln).f[ — (Cb — bl)f]\[[;
e = (N+2)r(Ab)? +4(N + 1)doz? — (N + 2)[(cp — b1n)Z1 + diZn1];
n = (N —+ 2)[(Cb — b1 —+ d1)2 — Qdel] +

FAN + D)do[2(N + 2)r(Aby)? + 2(N + 1)doT2 + 2b1aTr — (N +2)(cn + b1)Zn1)].

Firms of type 2 produce quantity

Cp — b1 + d1
2[bg + do(N + 1)]

952g(NI ( NI? ;1))

of green electricity.
Set 2. Firm 1 innovates and offers N licenses (Iy) in return of a royalty

bQ(N -+ 2)(Cb — bln -+ dl)
dao(N + 2)2 + 4by

0"

per unit of green electricity produced by firms of type 2 and itself produces quantity

- (I (~*2 ~>¢<2) _ (N+2)(Cb_bln+d1)
g\ N AN T dy(N + 2)% + 4b,

of green electricity. Government sets fine levels (f2, f72) such that

= 2b
2 R AV

fnr € (cb — bin) + 2boZ Ny Iy + (N + 2724,
2 [ngN — dQ(N + 2) ](Cb — bln) + 2(N -+ 2)b2d1
L da(N + 2)2 + 4by
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where Tyy denotes the minimum quota to be produced by a non-innovating firm, and

= \/321)3:5%\” —2(N 4 2)*k — 160311 4+ (N + 2)%bov + 2b1yp + 2doT
with

ko= 1(Ab)* — (cp — b)) — (cp — b)) Znr;

o= 2r(Ab)? + [N(cp — by +di) +2d1]Z; + [2(cy, — b1) — (N + 2)*doZn1) TN
v = (N+2)[(cy = bin +d1)* + 2b1n(cp + di) — 4(N + 2)doy;

p = 2(N —2)dyz; — (N +2)(cp, + dy);

T = fN[[(N + 2)2d2f]\[[ — 8(Cb — bl)] — 2Cb(N — 2)@[ — 8T(Abl)2.

Firms of type 2 innovate (I) and each produce quantity

(N +2)(ep — by + dy)
2[da(N + 2)% + 4by)

‘I;g(IJ\U ( XTQD ;2)
of green electricity.

Proof: see Appendix on p.39.

3.3 Comparison between subsidy and quota-based policy

Under pre-commitment, the subsidy and quota policies again are equivalent in terms of
social welfare. However, the firms prefer the subsidy policy since they achieve higher profits
than under the quota policy.

Furthermore, as under no pre-commitment, the profits achieved by the potential inno-
vator as well as by its competitors are lower under the quota policy (7%) than under the

subsidy policy (7):



Thus, the firms have a strict preference for the subsidy policy under pre-commitment, too.
Again, as in the no pre-commitment case, the innovation incentives are higher under

the subsidy policy:

Ay — Anl = fi Z1, — fri@n > 0. (7)

4 Discussion and Conclusions

Madlener et al. (2009) found that the conventional wisdom related to the equivalence of
tax (subsidy) and quota (certificate) schemes in terms of static efficiency may not hold if
markets for electric power are imperfectly competitive. Due to the inequivalence found in
terms of social welfare, the authors recommend targeted subsidies as being the preferable
policy instrument.

In this paper, we have followed up studying the merits of price and quantity control
policies for promoting renewable electricity generation. In particular, we study the role of
government regulatory pre-commitment when technical innovation is present.

In the pre-commitment case, the government is assumed to stick to its green elec-
tricity policy (in terms of subsidy and quota) even under innovation. Possible reasons for
pre-commitment include: imperfect information, limited ability for short-run policy adjust-
ments etc. Compared to the no pre-commitment assumption, pre-commitment appears to
be more realistic, because in the real world there are always difficulties in adjusting poli-
cies, for reasons like the ones described above. Besides, there may be other costs associated
with policy adjustment, similar to the menu costs in the price adjustment case, that further
stymies quick policy reaction to innovations.

We maintain the basic assumptions made in the no pre-commitment case, except that
the quota and subsidy levels remain unchanged after the innovation occurred. We can
conclude that the difference is larger without pre-commitment, i.e. the subsidy scheme is
preferred more in the case of no pre-commitment.

Thus we find that the price (subsidy) policy is again preferred in terms of promoting
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innovation of green electricity technology. The intuition behind the result is also the same
as that under the no pre-commitment case. Since technological improvement and inno-
vation mainly represent the dynamic aspect of energy efficiency for a firm (and also for
an economy), our results strongly support the subsidy policy in terms of its dynamic effi-
ciency in general, no matter which policy regime, pre-commitment or no pre-commitment,
is feasible (or followed) in the real world.

An important finding concerns the issue whether the existence of equilibrium solutions
depend on pre-commitment. The sets of subgame-perfect equilibria derived in this paper
confirm that pre-commitment can influence the equilibrium conditions. In particular, under
no pre-commitment a sufficiently high cost reduction would necessarily lead to innovation
and exclude the possibility that no innovation occurs. By way of contrast, both equilibria
are possible under pre-commitment even if the cost reduction by the innovation is high.
Still, under pre-commitment an equilibrium with innovation remains possible in a case
of a relatively low cost reduction as opposed to the no pre-commitment case. It follows
that a government with a preference for innovations being performed if the achievable cost

reduction is high (and otherwise not) should be in favor of the no pre-commitment regime.
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A Appendix

Proof of Lemmma 2.1.1 Suppose that firm 1 does not innovate in stage I, i.e. it chooses action NI.
The subsidy level chosen by the government for all firms in stage II is sy;. Given a competitive market

in stage III, a representative power generator ¢ faces the optimization problem

max [pxi, + (p + sn1)Tig — Ch(zin) — Cg(ig)], (A1)

Tib,Tig
where z;, and x;; denote the amounts of electricity produced by firm 4 from fossil/nuclear (‘brown’) and
renewable (‘green’) energy sources, respectively, and p, the average market price for electricity. The f.o.c.

for an interior solution are
p —Cilaj] =0 (A.2)

p +sn1— Cglri,] = 0. (A.3)

Inserting (A.2) into (A.3) reveals that in an optimum with z;;, > 0 and x;; > 0, the government subsidy

sy has to be equal to the difference (in absolute terms) between Cé [x;*g] and ¢, i.e. the marginal costs
of green electricity evaluated at the optimum and the constant marginal cost of brown electricity. The
intuition behind this result from an economic perspective is that if sy; > Cg[2},] — cp, then all generators
will exclusively supply green electricity. In contrast, if sy < Cg[z},] — cp, no green electricity at all will be
provided. Given the assumptions of a competitive market and homogeneous costs, the subgame solution is
described by (A.2) and (A.3). In particular, all firms produce the same quantity of green electricity given
by

¢, — b+ s
Tig(NI,sn1) = bTQNI (A.4)
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while each firm’s profit amounts to

_ 2
mi(NI,snr) = W (A.5)

Proof of Lemma 2.1.2 Suppose that firm 1 innovates and announces to offer N licenses. The
government determines welfare-maximizing subsidy levels sy, for non-innovating and sy, for innovating
firms. We denote the royalty for the new technology per unit of green power as v. In equilibrium, it must
not exceed the cost difference Cy(z25) — Cgn(2g), as otherwise there is no incentive to switch to the new
technology.

Subgame I'7, y;. Suppose that firms 2, 3, ..., N+1 (from here on: firms of type 2) rejected firm 1’s
offer. Then firm 1 operates with the new cost function Cgn(z15) while firms of type 2 continue to operate
with the cost function Cg(z2g). Thus, firm 1’s profit maximization problem is given by

max [prip + (P + S1y)T1g — Ch(@1n) — Can (1) — R(b1 — b1n)]s (A.6)

Z1b,T1g

while firm 2’s profit maximization problem corresponds to (A.1) with ¢ = 2 and sy; = syy,. Thus,

quantities of green electricity produced by firm 1 and firms of type 2 are given by

C _bn+s
z1g(IN, (SN1y, 815 ), 0, NI) = bSTQIN;

co — b1+ SNIy

Tog(IN, (5N1y, 51y ), U, NT) = SR T

and firms’ profits therefore amount to

cb — bin + s14 )2
7T1(IN7(SNIN7SIN)7U)NI) = ( b 1[)2 IN) _R(bl _bln);

(ch — b1 + sn1y)?
4bo '

WQ(INv(SNIstfN)v’UaNI) =

Subgame I';, ;. Now suppose that firms of type 2 accept firm 1’s offer and pay a royalty of v per
unit of green electricity produced. Then all firms operate with the new cost function Cgp(zg). The profit

maximization problems of firm 1 and firms of type 2 are respectively given by

nax P16 + (P + 515 )71g — Cb(216) — Cgn(T1g) + Nvzag — R(b1 — b1n)]; (A7)
Tg)la??; [pzan + (P + s1y )25 — Cb(w2b) — Cn(T2g) — V2] (A.8)

the quantities of green electricity produced are

¢b — bin + 51
2bgy ’
ch — (bin +v) + 51y
2by '

xlg(IN; (SNIstfN)avvj)

ng(INa(lewvslN)avvl) =
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The firms’ profits thus amount to

(b — bin + 51y)° N (bin +v) + 515
4bo 2bs
(b — (bin +v) + SIN)2
4by '

Wl(IN,(SNIN,S[N),U7I) _R(bl_bln)a

mo(IN, (SNIy,>SIx) U5 T)

Firms of type 2 decide in stage IIIb whether to reject (NI) or accept (I) the offer, depending on the
comparison of the maximum profits calculated for subgames I'y, nr and I'r, ;. Thus, their subgame-

perfect equilibrium actions are given as follows:

NI if v >oMaX .= (bl_bln)_(sNIN_SIN)
I if otherwise.

MaX s the highest possible royalty level at which firms of type 2 innovate.

In other words, v

Firm 1’s decision in stage IIIb is based on the maximization of its profits w.r.t. royalty level v.
Notice that firm 1’s profit, provided firms of type 2 accept the offer m (In, (Sniy,Sin), v, 1), is always
at least as high as if they reject it as long as v € [0,cp — by + s1,]. Moreover, the profit function
m1(In, (SNIy,SIn), U, ) attains its maximum in v at the royalty level v = (¢ — b1y + 51y )/2. Thus, taking

into consideration the possible case of a corner solution, firm 1’s equilibrium offer v* in stage IIIb is given
by
. ch — bin + 51
VM = (by = b1n) = (sn1y = s1x)  if (b1 = bin) — (8N1y — S1x) < —; =
*
—b
o~ Oin ¥ Sty otherwise.
2

This offer will always be accepted by a firm of type 2 in the equilibrium®. Green electricity produced by
firm 2 in the subgame starting at node G5 thus amounts to

(cy — b1+ sN1y) Cp — bin + 51y

if (b1 — bln) — (SNIN — S]N) <

2b 2 ’
x2g(In, (SNIx,SIN), 1) = o b —2|—s
o in TP otherwise.
4by
Firms’ profits in this subgame are thus given by
7Tl(INv(S]\HNvSIN)vI) = (Ag)
cp — bin + 5142
(<t Zb L) — R(by — biy)+
2
cp—bi+s . e, —b n+s
= { N = bu) = (swry = sp )] g (b= bu) = (swry — 1) < S—p

(N +2)(ch — bin + s1y)?
8bs

— R(by — b1n) otherwise,

9As usual, we assume that in a case of indifference firms of type 2 decide in favor of the adoption of

the new technology.
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(cb — b1+ sn1y)?
4bo

(ch — bin + 51y )2
8bo

Cb — bin + 51,
2 )

if (b1 —bin) — (sn1y — 81y) <
7.f-Q(I]\/;(81\711\75811\1)51) =

otherwise.

Proof of Lemma 2.1.3 Suppose that firm 1 innovates but offers no licenses to competitors (Iy). The
government determines welfare-maximizing subsidy levels (syp,, s1,). Firm 1, after innovating, operates
with the new cost function Cyy, (214) and firms of type 2 continue to operate with the cost function Cy(z2g).

Thus, firm 1’s profit maximization problem is given by

max [pzip + (p+ S1,)1g — Co(@1b) — Can(z1g) — R(b1 — bin)], (A.10)

T1b,T1g
while firm 2’s profit maximization problem corresponds to (A.1) with ¢ = 2 and sy = snyy,. The quantities
of green electricity produced by firm 1 and firms of type 2 are therefore given by

¢ — bin + 57
w1g(lo, (sn1y,81,)) = ———0n Mo,

2bo
e, —by+s
zog(lo, (sN1ys 51,)) = b TPl T ONI
2b9
Firms’ profits therefore amount to
cb — bin + s1.)?
m(Io, (5N1y,51,)) = w — R(by — by); (A.11)
ey — b1 + sy, )2
m2(lo, (SN10551,)) = (e Z:bg N1o) : (A.12)

Proof of Lemma 2.1.4 Given the decision of firm 1 not to innovate, the government anticipates

all firms’ optimal quantity decisions in the subgame I'n; and maximizes the social welfare function

WN](SN]) = Q (CL— %) + (N+ 1)71'1‘(NI,SN[) — SN[(N+ 1)$g(NI, SN[)

+di (N + 1)zg(NI,sn1) — da[(N + 1)ag(NI, sn1)]? (A.13)

(a—cp)(a+cp)

. 2
_ ! LN+ (ecb — b1+ sn1)

4by

cp — b1+ snr

— (N +1 _—
(N +1)sny T

o (cb — b1+ sn1)?

152

¢b — b1+ snr

N+ 1)d
+(N + 1)d4 T

—da(N +1) (A.14)

with respect to syy. The socially optimal subsidy level is thus given by

body — do(N + 1)(cp, — b1)
* = A..].
NI by +do(N+1) (A.15)

while the equilibrium quantities and profits are

cp, — b1 +dy
w(NI) = ;
Zig(N1) 2[bs + da(N + 1))
B 2
m(NI) = ba(ep — b1+ di)

4[bg + da(N + 1)]2°
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Proof of Lemma 2.1.5 Given the decision of firm 1 to innovate and offer N licenses, the government

anticipates the equilibrium outcomes of subgames I'r n7, I'ry 1, as well as that of the royalty bargaining
subgame, and faces the social welfare function

Wiy (sNIn, SIy) = Q(U«_%)+7T1(IN,(3NIN,31N))+N7T2(IN,(3NIN,31N))

_SIleg(NL (SNIN7SIN)) - NSINng(NL (SNIN7SIN))
+di [21g(NT, (5N1x,51x)) + Nxog (NI, (sN1y,51x))]
~d [21(NT, (sn1y 81y )) + Naag (NI, (sn1y,513))]

Since the outcome of the following subgame crucially depends on whether condition

cb — bin + 81
(b1 —bin) — (SNIy — S1y) = # (A.16)
is satisfied, the welfare function in stage IIb is a piecewise-defined continuous function. We distinguish

two cases, depending on whether or not condition (A.16) is fulfilled.

Case 1: condition (A.16) is satisfied. The government maximizes the welfare function

a—cp)la+e cb — bin + 814 )2
WIN(SNIN7SIN) = W_FQ(N—Fl) ( . 18b2 IN) _R(bl _bln)

Cb—b1n+8[N

_ N 1oy “n '~

Sin (N +2) b,
_bn _bn 2

Hdy (N 4 2) 2 T8N ib+81N—d2(N+2)2(cb 1 + $1y)

2

1602

with respect to (snyr1y,S1y) and subject to constraint (A.16). The socially optimal subsidy level is given
by

" [ngN — dQ(N + 2)2](Cb — bln) + 2(N + 2)b2d1
ST, = . (A.17)
N do(N +2)2 4 4by

The maximum welfare level attained in this case is

2(cp — by 2
W) = R G~ e b

Case 2: condition (A.16) is not satisfied. The government maximizes the welfare function

(a—cp)(atcp)  (ob—bintsf,)?
WI/N (SININ’ S/IN) = 9 + 4bsy - R(bl - bln)
ch — b1 + sy (ep — b1+ 8y )?

+N[(b1 = b1n) = (Shry — 57y )] o N FTr—

/ Cb_b1n+5/]N_ g cp — b1+ Sy,

I 2b; In 20,

cp — bin + 57 cp — b1+ sy
di|———— 4y N — N

+ ! < 2b2 + 2b2

¢b — bin + 87 e — b1+ sy 2
o (2T TPy TP P T ONIN
2 < 2 2
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with respect to (s’y; . ,s% ) and subject to constraint (A.16) reversed with <. The socially optimal subsidy
NIy STy

levels are given by

go_ badi—do(N +1)(ch = b) +ba(by — bin) (A.18)
NIw = by +da(N +1) ’ |
body — da(N + 1)(cr, — bin)

by +da(N +1)

(A.19)

ST
The maximum welfare level to be attained is

(N +1)(cp — bin +d1)?

Wi (Iv) = 4[by + d2(N 4 1)]

— R(by — b1n).

A simple computation shows that W*(Iy) > W'™*(Iy) for any N > 0. Thus, the optimal decision of the

government in stage IIb is given by any combination of subsidies

(S* & ) — [2b2N - dQ(N + 2)2](Cb — bln) + 2(N + 2)b2d1
NIn>®In/ ™ Nin> dQ(N+2)2+4b2 ’

where
[bQ(N — 2) — dQ(N + 2)2](Cb — bln) + (N + 2)b2d1.

* > _
Sniy 2 (b1 = bin) + da(N + 2)2 + 4by

Proof of Lemma 2.1.6 Given the decision of firm 1 to innovate and offer no licenses, the government

anticipates the equilibrium outcome of subgame I';, and maximizes the welfare function

(a—a)laten) | (co=bin+s)’

Wi, (SN1os S1o) 5 1, — R(by — bn) +
N (e — biuj; SNIy)> s cp — 1221;2—1— 51 Nswi ch — b21b—2|- SN,
d <cb - b21(:2+ SI, LN cp — b21b—2|— sN10> B
—dsy (Cb — (721;24- SIo + N ‘b — b21b‘2f' SNI, )2

with respect to (sn1,,S1,). The socially optimal subsidy levels in this subgame coincide for the innovating

firm and the non-innovating firms and are given by

b2d1 — dQ(N + 1)(Cb — bl) — dg(bl — bln)
=gt = . A.20
SNIo = ¥l by + da(N + 1) (4.20)

Proof of Proposition 2.1.7 Instage I, firm 1 anticipates optimal decisions of the government and
other firms in the subsequent subgames and thus decides whether or not to innovate (and if so, whether
to offer licenses) based on its maximum profits to be attained given the utility-maximizing decisions of
other players. First of all, observe that, for any N > 0, m1(In, (SN1y,s1,)) > 71 (Los (SNIos S1,))- Thus,

firm 1 will never take the strictly dominated action Iy in stage I. Consequently, the solution depends on
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the comparison of profits attained from playing NI and In:

ba(ep — by +d1)?
4[by + da(N + 1)]2’
(N +2)3by(c, — bin + d1)?

* _ _ _ 2
m(Iv) = 2[4by + da(N + 2)2]2 r(br = bin)”.

m(NI) =

I is preferable if my (In) > w1 (INI). Condition m (Inx) > w1 (V) is satisfied if

(N +2)%ba(ch = bin +d1)*  ba(ep — b1 +di)? > r(Ab)?
2[4bs + d2(N +2)2]2 Alby + do(N + 1)~ 1

or, equivalently, if
(r —1)(Aby)? +2BAb; —aB* < 0. (A.21)

The solution of ineq. (A.21) depends on the value of concavity parameter r. In particular, if r = 1,

condition (A.21) is satisfied for Aby € (0,5/2). If r > 1, it is satisfied for any

Aby € <o,r_i1( 1+a(r—1)—1)].

Finally, if 0 < r < 1, this condition is satisfied for
Aby € (o,i (1- 1_a(1_r>)] U [i (1+m),oo).
1—7r 1—r
Thus, the equilibrium outcome depends on the R&D cost of innovation and thus on the marginal cost
difference Ab;. The subgame-perfect equilibrium action of firm 1 in stage I is given by Iy for a sufficiently
low value of Ab; (with the notable exception of the case with r < 1 when sufficiently large values of r
support this equilibrium, too). By way of contrast, if Ab; is too high, then the only action of firm 1

sustainable in a subgame-perfect equilibrium is N1.

Proof of Lemma 2.2.1 Suppose that firm 1 does not innovate in stage I by choosing action N1.
The fine and the quota levels chosen by the government in stage II are fy; and Zn;. Given a competitive
market in stage III, a representative power generator faces the optimization problem
max [p(ai, + zig) = [nr(Tnr = zig) = Cp(zin) — C(wig)], (A.22)
ibsTig

Quantities of green electricity produced by each firm and their profits are given by

Tig(NI, fnr) AT INT b21b2+ I ; (A.23)
B cp — by + 2 _
(NI, fn1,ZNT) = % — [NIZNT. (A.24)
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Proof of Lemma 2.2.2 In stage IIIb, firm 1 innovates and announces to offer N licenses in return
of a royalty of v? per unit of green electricity. The government determines welfare-maximizing quota and
fine levels (Z1y, fin), (TNIy, fNIN)-

Subgame F(IIN’NI. Suppose that firms of type 2 reject firm 1’s offer. Then firm 1 operates with the
new cost function Cgy,(z14) while firms of type 2 continue to operate with the cost function Cy(xag). Thus,

firm 1’s profit maximization problem is given by

max [p(xu) + leg) — f[N)(.fN[ - a:lg) - Cb(arlb) — Clgn(xlg) — R(bl — bln)], (A.25)

Z1b,T1g

while firm 2’s profit maximization problem corresponds to (A.22) with i = 2, fx; = fn1y, and Ty; =
Inr1y- Thus, quantities of green electricity produced by firm 1 and firms of type 2 are respectively given

by

¢b — bin + f1
xlg(INv(fNINafIN),'U,NI) = 2—b2N7

ey — b1+ fnr
Tog(IN, (fNIn, fIn), v, NI) = 2—b2N’

with profits therefore amounting to

(cb — bin + fry)?

TN, (fNIys f1y s Z1y ), 09 NT) - = 10y — R(by — b1n) — fixT1ys
_ c — by + 2 _
To(IN, (fNIxs fIn, TNIy ), 0!, NT) = & 14b2fNIN) ~ NI NIy

Subgame I“}N’ ;- Now suppose that firms of type 2 accept firm 1’s offer and have to pay a royalty of
v? per unit of green electricity produced. Thus, all firms operate with the new cost function Cgy (). The
profit maximization problems of firm 1 and firms of type 2 are respectively given by

max [p(zib + Z1g) — fiy)(@1y — T1g) — Co(@1b) — Can(1g) + Nvlagg — R(b1 — bin)];

T1b,T1g

Jnax [p(z2n + T2g) — f1n ) (T1y — T2g) — Cb(T2n) — Cgn(T2g) — v2g],

The quantities of green electricity produced are

C _b n+
T1ig(IN, (fNIns fIn), v, 1) = b;TQfIN;

Ch — bn+Uq +
og(In, (fNIns fin) v, ) = b — (b1 0 ) fIN’

with profits thus amounting to

(cb — bin + f1y)° o = (bin +09) + f1
4b2 v 2b2
—R(b1 — bin) — finTiy;
(cb — (b1n +09) + f1y)’
4by

7T1(IN7(fNINvfINvifIN)avan)

WQ(INv(fNINafIijIN)aUan) _fINj:IN'
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Firms of type 2 decide in stage IIIb either to reject (INI) or accept (I) firm 1’s offer depending on which
of their maximum profits attainable in subgames I‘?N Ny and P?N_ ; is larger. Thus, its subgame-perfect

equilibrium actions with respect to the adoption of the new technology are given as follows:

NI if 0?1 >0 = /(cr, — b1 + f1y)2 +4ba( NIy ENIN — finZiy) — (b — bin + f1y)

I if otherwise.

In other words, v9™?* is the highest possible royalty level at which firm of type 2 innovates.

Firm 1’s decision in stage IIIb is based on the maximization of its profits with respect to the royalty level
v?. Notice that firm 1’s profit if firms of type 2 accept the offer w1 (In, (fN1x, fIn,Zix), v, I), is always
at least as high as if the offer is rejected as long as v? € [0, ¢, — bin + f1]. Moreover, the profit function
m(In, (fNIn, fIns TIn ), 09, I) attains its maximum w.r.t. v? at the royalty level v? = (¢, — b1 + f14)/2.
Thus, firm 1’s equilibrium offer v7* in stage IIIb will be given by

ch = bin + fIy

pamax if pgmax 5 :

v* =

—b
% otherwise.
This offer will always be accepted by firms of type 2 in the equilibrium'®. The quantity of green electricity
produced by any firm of type 2 in the subgame starting at node Ga, 2o (In, (fN1n, fin,Tin,TNIN), L),

thus amounts to

2(cp b1+ fvry) = V(b = b1+ f1)? + 40 (IN1y BNty — SixBix) o gmax _ C0 = bin + fiy
2bs 2 ’
- b n .
% otherwise.

Firms’ profits in this subgame are therefore given by 71 (In, (fNIx, fin,> TIn, INIx), L) =

(co = bin + f1y)?

— 2N fnin@ZNiy + (2N = 1) f1yZry — R(b1 — bin)

4bs
+ N[3(Cb*b1n+fIN)\/(Cb*lerfIN)2+4b2(fN1NiN1N7f1NEIN)7(Cbib1+fIN)272(cbibm+fIN)2]
b2
= lf ,quax < m,
2
N +2)(ch — bin §
(N + )(Cbgb i+ fry) — R(b1 — bin) — f1yT1y otherwise,
2

To(IN, (fNIns fIn> TIn s TNIN ), 1) =

2
|:2(Cb —bin + fIy) — \/(Cb = b1+ f1y)? +4ba(fNINENTN — fINiIN)}
- fIN:fIN
, 4boy
= if pImax < m§
2
— b1y 2
(cp 18b+ fin) — fInZIy otherwise.
2

0By assumption, firms of type 2 adopt the new technology if indifferent.
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Proof of Lemma 2.2.3 Now suppose that firm 1 innovates but offers no licenses to its competitors
by choosing Iy. In stage II, the government determines the welfare-maximizing quota and fine levels Zj,,

f1os N1y, fN1,- Firm 1’s profit maximization problem is thus given by

max [p(xu) + xlg) — f[o)(.fjo — a:lg) — C’b(xlb) — an(arlg) — R(b1 — bln)], (A.26)

Z1b,T1g
while firm 2’s profit maximization problem corresponds to (A.22) with ¢ = 2, fxr = fn1,, and Zy; = TN, -

Thus, quantities of green electricity produced by firm 1 and firms of type 2 are respectively given by

cp — bin +
z1g(lo, fN1,) = bTQfIO;

cp — b1 +
ng(IOafNI[)) = b 21b2 —fNIO.

Firms’ profits therefore amount to

(eb — bin + f1,)?

w0, (fr 1)) = P i — Ry bua):
_ cn — by + 2 _
m2(lo, (fN1y, TNT,)) = G Zbg fzo) — INILINI,-

Proof of Lemma 2.2.4 Given the decision of firm 1 not to innovate, the government anticipates

all firms’ optimal quantity decisions in the subgame I'};; and faces the social welfare function

Wii(fnrnr) = Q (a - %) + (N + D)m(NI, fnr, @n1) — fvr(N + Dag(NT, fag) +
+di (N + 1)xg (NI, fnr) — dao[(N + 1)zg(NI, fnn))?
- vy [Qm R ]
+(N 4+ 1) fny <m BTN l;lbj sNI) +
F(N 4 1)dy 2L TINT bt e do(N + 1)2w

2by 4b2

One can immediately see that both expressions containing the quota levels cancel out. Thus, this welfare
function is identical with that in (A.14) with sy; = fnys. Consequently, the government maximizes the
welfare function with respect to fy; and sets the socially optimal fine level as

bady — do(N + 1) (e, — b1)
* = A2
fNI bg + dg (N + 1) ' ( 7)

while the quota level T can be deliberately set by the government. The equilibrium quantities and

profits are thus given by

cp, — b1 +di
ig(NI) = ;
zig(NT) 20bs + da(N + 1)]
_ 2 _ _
T(NT) = ba(cp — b1 + di) _ beody da(N + 1) (cp bl)ijI<7Ti(NI)-

4[by + do(N 4 1)]? by +do(N +1)
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Proof of Lemma 2.2.5 Given the decision of firm 1 to innovate and offer N licenses, the government
anticipates the equilibrium outcomes of subgames I‘?M NI I‘?M 1, as well as that of the royalty bargaining
subgame, and faces the social welfare function W7 (fnry, fix,TN1x,T1y) specified below. Since the
outcome of the subsequent subgame crucially depends on whether or not condition

cb —bin + fry
2

L dmax >

(A.28)

is satisfied, the welfare in stage IIb is given as a piecewise defined continuous function. We distinguish two
cases, depending on whether condition (A.28) is fulfilled or not.

Case 1: condition (A.28) is satisfied (the ‘otherwise’ case in stage IIIb). The government
maximizes the welfare function

(cb = bin + f15)?
8by

(a—cp)(a+cp)
2

—R(bl — bln) — (N + 1)f[N.f3]N
— b1+ fiy _ — bin N
_|_le <:f11\7 _ u) +NfIN (xIN _ M)

Wi Nty s BTy Try) = +2(N +1)

2b2 4b2
— by + — by + 2
o+ 2 ey gt )
2

with respect to fnry, fiysTNIn,Z1y and subject to constraint (A.28). Again, since the quota levels can
be set exogenously, the welfare function is identical with that in the subsidy case. The socially optimal

fine level is given by

[2b2N — dQ(N + 2)2](Cb — bln) + 2(N + 2)b2d1

* = A.2
Ty do(N + 2)2 + 4by (4.29)

The maximum welfare level attained in this case is therefore

(N +2)2(ch — bin + d1)?
4[(N + 2)2dy + 4by)]

W (Iy) = — R(by — byn).
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Case 2: condition (A.28) is not satisfied. The government maximizes the welfare function

(cp = bin + f7)?

W}?V(ffva,f}N,fﬁwN,f}N) T — 2N fy1 TNy + CN = 1) f7 & — R(b1 — bin)
N [BGen = bin + F1 )y flen = b1+ F1,)7 + 40P ry Py, — Fiy ) = (06 = b+ £1,)2 = 20 — bin + 1, )?]
+ b
! ! ! =44 ! = 2

[2(017 —bin + f[N) - \/(Cb — b1+ f[N)2 + 4b2(fNIN$NIN - f[N$[N)] ;o

+N by *fINxIN
bebln‘i’f}

+f1y <5:’1N AT =

o 2es =it Sigy) =y flew = b+ F1 0%+ b2 (g By — T, %)
+Nfiy | Ziy — 205

beb1 +f/ Z(bebl“’f]/\f[ )7 (bebl‘i’f} )2+4b2(f]l\]] f5\71 7f} j/[ )
+d, n In N N \/ N N N NTIN _

2bo 2ba

2

oo bt fy 200 bt Sh) e b S AU Py~ fi )
2bo 2ba

—a2

with respect to (fi 1> f1y> Ty T1,) and subject to constraint (A.28) reversed with <. Tt can be shown
that, as in the subsidy case, W*4(Iy) > W'?*(Iy) for any N > 0. Thus, the optimal decision of the

government in stage IIb is given by any combination of fines

(f;” f}k ) _ <f;/] [2b2N — dQ(N + 2)2](Cb — bln) + 2(N =+ 2)b2d1>

da(N + 2)? + 4b,

where ;= satisfies inequality

3
\/(Cb—b1+f1*N)2+4b2(f}§qufN1N—fI*foIN) > E(Cb—b1n+f1*N)~ (A.30)

In this case, the government’s choice of the quotas Ty, ,Zs, is constrained by inequality (A.30).

Proof of Lemma 2.2.6 Given the decision of firm 1 to innovate and offer no licenses, the government
anticipates the equilibrium outcome of subgame F(IIO. As in other subgames, welfare maximization is

equivalent to the subsidy case. Here we simply state the socially optimal fine level, which is given by

bad; — dQ(N + 1)(Cb — bl) — dQ(bl — bln)
C e A3l
fNIO fIO bo + dao(N + 1) ’ (A-31)

which is identical for the innovating and non-innovating firms as in the subsidy case.

Proof of Proposition 2.2.7 Firm 1 anticipates optimal decisions of the government and its com-
petitors in the subsequent stages and thus decides whether or not to innovate (and if so, whether or not

to offer licenses), based on the comparison of its maximum attainable profits given the utility-maximizing
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decisions of other players. In contrast to the subsidy case, the profit functions in the quota case depend
on the quotas set by the government. However, as shown above, the quota levels are not determined from
welfare maximization but set exogenously'!.

Here, we assume that the quota level Z; set for any innovating firm is equal irrespective of its decision

about licenses, Zr := Zr, = Z1,.- Then we can observe that, for any NV > 0 and any fine level,

miIN, (fN1xs f15)) > T (Lo, (fN 105 [10))-

Thus, firm 1 will never take action I in stage I. The optimal decision of firm 1 depends on the comparison
of maximum attainable profits from choosing NI and Iy, respectively:

x ba(c, — b1 + d1)? . =

TN = 4[b2+d2(N+1)]2_fN1xN“

. N +2)3by(cp, — byn + d1)? .
M) = ¢ 2[4b)2+2c(12b(N+12)2]21) = (b1 = bin)? = [i Try

Iy is preferable if 77 (Iy) > 7 (INI). As in the subsidy case, Iy constitutes a subgame-perfect equilibrium

strategy for sufficiently low values of Ab;, namely when the following inequality is satisfied:
A(AD)* + BAb, —C < 0,

or, equivalently, for any

(A.32)

VvB? —4AC - B
Aby € <O, 2AC

By way of contrast, if Ab; exceeds the threshold value of 7W, then the only subgame-perfect
equilibrium action of firm 1 is NI (Not Innovate). Note, however, that under the quota policy the

threshold level of Ab; can be influenced by the government as the quota levels are set exogenously.

Proof of Proposition 3.1.1 In stage III, competition takes place given firm 1’s decision in stage I
and the government’s decisions in stage II. Notice that subgame I'y; is equivalent to T with sy7 = Sn7,
subgames f‘LNI and fL[, respectively, to I'y yr and 'y ; with (sn1y,S1y) = (8n1,51), and subgame flo,
to 'y, with (sniy,81,) = (Sn1,87). The maximum profit levels of firm 1 in these subgames are therefore
given by:

- N ey — by + §n7)?
m (NI, (5n1,81)) = %;

~ ~ _bn‘f'~ 2
m(lo, (8n1,81)) = W_R(bl—bm);

m(In,(3n1,51)) =

1'With the notable exception of stage IIb, in which constraint (5) must be satisfied. However, this is
the only constraint for the choice of three variables, fx ;. , TNy, and Zry. In other words, for any free

choice of both quota levels, there exists a lower bound for f3;
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(cy — bin + 31)?
4by

= AN[(by —b1n) — (ns — 51)]L=YENLif (by — byn) — (581 — 51) <

— R(by — bin)+
Cp — bin + 51
5
(N +2)(ct — b1y + 31)?
8b2
Under the pre-commitment regime, the government (G) sets the subsidies without any information

— R(by — b1n) otherwise.

about the innovation decision of firm 1. Moreover, firm 1 makes its decision whether to innovate or not
(and if so, whether to offer licenses) prior to the announcement of the subsidy levels set by the government.
Therefore, both decisions can be considered to be made simultaneously and can be modeled as a normal-
form game taking place in stages I and II. In this game, firm 1 chooses one of three actions {NI, Iy, I},
while the government determines a pair of subsidies (syr, s1)-

In a Nash equilibrium of this normal-form game, any equilibrium strategy of a player must belong to
the set of best responses to an equilibrium strategy of the other player. The government’s best responses

(BR¢) to firm 1’s actions are equivalent to its actions in stage II in the no pre-commitment case:

s = (s\p.s)) = BRG(NI) = {(bzch —da(N +1)(cp —61)751) - ]R};

by +do(N +1)

o o oy _ [2baN — da(N + 2)?](ct, — bin) + 2(N + 2)bad; \
s = (syp;871) = BRg(In) = {(SNI’ da(N + 2)2 + 4by .

4b2(b1 — bln) — dQ(N + 2)2(Cb — bl) + bQ(N — 2)(Cb — bln) + (N + 2)b2d1
4by + dQ(N + 2)2

)

sn1 <

s* = (sX1,57) = BRa(lo) =

_ <b2d1 — dQ(N + 1)(Cb — bl) — dg(bl — bln) body — dQ(N + 1)(Cb — bl) — dg(bl — bln))
by +da(N +1) ’ by +do(N +1) '

Firm 1’s best responses (BR;) to s, s?, and s® can be derived by observing its profits as functions of
subsidy levels given in (A.5), (A.9), and (A.11). Notice that, since the government’s best response to Iy
is given by s* = (s%;,s%) as shown above, condition (A.16) cannot be violated in a Nash equilibrium.
Therefore, if firm 1 chooses action Iy in stage I it faces the profit function

L N +2)(ct, — bin + 51)?
ST L G R )

Moreover, since m1(In, (5n71,81)) > m1 (Lo, (Sn1,81)) for any (Sn71,57)), action Iy is strictly dominated and
thus cannot be played in a Nash equilibrium. Hence, action s* = (s%;,5%) of the government cannot
be supported in an equilibrium since it constitutes a best response to the strictly dominated action I
only. Action NI is a best response of firm 1 to (sk;,s}) if m (NI, (s}, s}) > mi(In, (sky,s}). A

rearrangement shows that this condition is satisfied if

she l_(cb ) & \/ 2by (bQ(Cb — b1 +di)? N 4T(Ab1)2)] 7 (A.33)

N +2 \ [by + do(N + 1)]?
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where Ab; = by — by,. Therefore, the first set of Nash equilibria is given if player 1 does not innovate
and the government chooses (s}, s}) with sk, given above and s} satisfying condition (A.33). By an
appropriate choice of s}, the government is able to prevent or allow for the occurrence of this equilibrium.
Action Iy is a best response of firm 1 to (s%,s%) if m1(In, (8%, 5%)) > m1 (NI, (s%, 5%)). After solving
for s%;;, we obtain the following condition:

s, € [—(Cb — b))+ \/ by <b2(]\[;b+2 ?‘};FN_ f;)j];iﬂ? - 4r(Ab1)2)1 . (A.34)

The second set of Nash equilibria is given if player 1 innovates and announces to offer N licenses, while
2

the government chooses (s%;, s7) with s? given above and s3;; satisfying condition (A.34).
Proof of Proposition 3.2.1 We have shown in section 2.2 that, due to perfect competition, the
optimal decisions of the agents in all subgames are equivalent under subsidy and quota-based policies.
Therefore, we derive the solution by considering the normal-form game obtained after the truncation of
all subgames following the decisions of the government.

In a Nash equilibrium of this normal-form game, any equilibrium strategy of a player must belong
to the set of best responses to an equilibrium strategy of the other player. As in the subsidy case, the
government’s best responses (BRg) to firm 1’s actions are equivalent to its actions in stage IT in the no

pre-commitment case:

(41 J3) = BRG(NT) = {(b2d1 —da(NV + Do —br) ,f1> fe R};

fl
by +da(N +1)

[2b2N — dQ(N + 2)2](Cb — bln) + 2(N + 2)b2d1) :

P o= G D)= BRo(in) = { (fur N

4b2(b1 - bln) — dQ(N + 2)2(61) - bl) + bQ(N - 2)(Cb - bln) + (N + 2)b2d1 }
Inr < m 3 ;
o+ da(N +2)
2= (fn f1) == BRa(lo) =
_ <b2d1 —do(N +1)(ep — b1) — da(by — bin) badi — da(N + 1)(cp — b1) — da(b1 — b1n)>
by +d2(N +1) ’ by +da(N + 1) .

Firm 1’s best responses (BR;) to f!, f2, and f2 can be derived by observing its profits as functions
of the fine levels. First notice that, since the government’s best response to Iy is given by f? = (f%;, f7)
as above, condition (A.16) cannot be violated in a Nash equilibrium. Therefore, if firm 1 chooses action

Iy in stage I it faces the profit function

~ ~ _ £ \2
m(In, (fnr, f1) = (N”)(CbSbel”f” — R(by — byy).

Moreover, since 71 (I, (fNI, f])) > 71 (1o, (fNI, fI)) for any (fNI, ff)), action I is strictly dominated and

thus cannot be played in a Nash equilibrium. Consequently, action f2 = (f%;, f?) of the government
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cannot be supported in an equilibrium since it constitutes a best response to the strictly dominated action
Iy only.

Action NI is a best response of firm 1 to (fx;, f1) if m (NI, (fi;, 1) > m(In,(fk, f}). A
rearrangement shows that this condition is satisfied if

£v/2by
(N +2)[be+ (N +1)da] |

fi € |—=(cp — bin) + 4boi £ (A.35)

The first set of Nash equilibria is therefore given if firm 1 does not innovate and the government chooses
(fig, 1) with fi; given above and f} satisfying condition (A.35). By an appropriate choice of f}, Znr,
and Ty, the government is able to prevent or allow for the occurrence of this equilibrium.

Action Iy is a best response of firm 1 to (f%,, f?) if m(In, (f, f3) > m(NIL, (f%;, f7)). After
solving for f%;, we obtain the following condition:

YV/2bo
4by + (N + 2)2dy’

v\/2bs
by + (N +2)2d;

fJQVI S —(Cb — bln) + 2b2TNT — —(Cb — bln) + 2bsT Ny + . (A.36)

The second set of Nash equilibria is given if firm 1 innovates and announces to offer NV licenses, while the

government chooses (f%;, f7) with f? given above and f%; satisfying condition (A.36).
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