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Abstract

Countries such as Germany and Switzerland have included the energy transition in their
policy programs, setting specific targets in terms of energy production from renewables.
However, the energy transition has a cost, which so far has been partly covered by
subsidizing the clean production. This has produced an adverse effect, leading to
overproduction in the clean sector and negative prices in the electricity spot market.
An excessive subsidy, which does not takes into account technological spillovers and
the elasticity of substitution, might be the cause. We use endogenous growth theory to
study how the cost of the energy transition - proxied by a subsidy - is affected by these
two channels. We provide a numerical solution to the model to give an insight into the
magnitude of the effect considered. The main findings are: (1) technological spillovers
reduce the cost of the energy transition and the subsidy becomes negative after a
threshold value of relative spillover intensities; (2) a higher elasticity of substitution
between the two sectors increases the cost of the energy transition.
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1. Introduction

The need to limit emissions in order to avoid undesirable consequences of climate
change is now widely recognized. Identifying opportunities to cut emissions of green-
house gases (GHG) requires a clear understanding of the main sources of those emis-
sions. The energy sector, including fuels consumed to generate, transmit and distribute
electricity and heat generation, is responsible for about 40% of global emissions accord-
ing to the International Energy Agency (IEA)’s estimates. Moreover, the energy sector,
contributes to approximately 35% of global emissions of CO,, which accounts for more
than 80% of total greenhouse gas emissions globally (IEA, 2015). Given these num-
bers, an energy transition - defined as a long-term structural change in energy systems,
encompassing a shift from a system dominated by fossil-based energy towards a system
using a majority of renewable energy sources - can play a fundamental role in mitigat-
ing climate change (Sims et al., 2007). As a consequence, countries such as Germany,
with the Energiewende, and Switzerland, with the Energy Strategy 2050, have started
to define goals in terms of energy produced from clean sources. Legislative support
for the Energiewende was passed in late 2010 and includes greenhouse gas reductions
of 80-95% by 2050 (relative to 1990) and a renewable energy target of 60% by 2050.
The Energy Strategy 2050 includes technology and energy efficiency measures aimed
at reducing energy consumption, increase energy efficiency and promote renewable en-
ergies. In particular, it states that the percentage of energy produced from renewable
sources must be increased by 5400 GWh in 2030 compared to the value in 2000 and
by 11400 GWh in 2035. However, these measures have costs (e.g. in terms of new
technologies development or infrastructures construction) that has been so far been
mostly covered by subsidizing the clean sector. Indeed, policy support is crucial to
trigger the energy transition and can affect the direction of technical change, encour-

aging firms to adopt a cleaner path (Smulders & de Nooij, 2003). In this paper, we



investigate how the cost of the energy transition, proxied by a subsidy, is affected by
technological spillovers and by the elasticity of substitution between sectors. We use a
model of endogenous growth with substitutable clean and dirty sectors and we intro-
duce technological spillovers from broad capital. The stylized fact which captured our
interest and led us to study how the subsidy is affected by technological spillovers and
by the elasticity of substitution between sectors is the realization of negative prices in
the german electricity spot market. We think this can be at least partly attributed
to an excessive subsidy and the latter may be the consequence of incorrect or lacking
expectations about the impact of spillovers and of the elasticity between sectors.

Our work is motivated by the goal of providing possible explanations to the neg-
ative electricity prices observed in countries that have adopted measures to promote
the production from renewable sources. We consider in particular the case of Ger-
many, where renewable power producers receive guaranteed feed-in payments for every
kilowatt-hour they produce. As their power is sold at the electricity market (either
by transmission grid operators or directly by renewable marketers) part of this feed-
in remuneration is covered from the market price for power. However, the choice to
subsidize clean production has turned out to have a potential adverse effect, leading
to overproduction in the renewable sector and negative prices in the electricity spot
market. The phenomenon rarely occurs in Germany but it is on the rise since a larger
number of renewable sources are feeding into the grid. Since 2008 more than 10 hours
with negative prices have occurred at the day-ahead market at the electricity exchange
for the German market area, EPEX-Spot, every year. After, the number of hours
rose to 71 in 2009 and then it fell again. In 2011 the renewable energy sector was
expanded further and the number of negative price hours rose. Between 2012 and 2014
a total of 10 intervals with negative electricity prices which lasted for at least 6 hours

occurred. Production of power was higher than initial demand during 126 hours in



2015. As shown in Figure 1, the german electricity spot market displayed several days
of overproduction in 2017, which has translated in negative prices (EPEX-Spot, 2017).
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Figure 1: Spot energy price in Germany in 2017. Baseload (grey), peakload (orange). Source:
EPEX-Spot

Apart from the inflexible power generation, which cannot be shut down and restarted
in a quick and cost-efficient manner, negative prices can be attributed to the subsidy
received by the renewable sector: when this is higher than the one needed to meet de-
mand, it leads to overproduction. The facts reported above show that subsidizing the
renewable sector excessively can generate a double cost. On one side, consumers have
to finance the subsidy scheme; on the other side, producers have to sell electricity at
negative prices or at least to reduce their profits. The excessive subsidy can be due to
the government’s lack of correct information on the intensity of technological spillovers
in the economy and on the elasticity of substitution between clean and dirty sectors.
As a consequence, we think it is important to investigate the impact of these channels
on the subsidy, even though this is not the only component involved in the cost of an
energy transition. We show that including the impact of technological spillovers and of
the elasticity of substitution can explain the negative prices observed in the electricity

market.



Although the link between global economic output and energy-related GHG emis-
sions weakens (Bretschger et al., 2015), a transformation in the energy system is re-
quired in order to stabilize GHG concentrations at low levels (Dasgupta, 2015). The
long-term transition to an energy system consistent with the 2°C climate goal, entails
fostering the development of new technologies, which are the more convincing tool to
face the increasing demand for energy and, at the same time, satisfy the sustainability
constraint (Stern, 2007).

Technological innovation potentially leading to an energy transition can occur by
means of three, non-exclusive, processes: (1) Learning-by-doing; (2) Research and
development (R&D) investments that lead to the improvement of the technology; and
(3) Technological spillovers.

The learning-by-doing effect refers to the increasing experience in the development
of the technologies and to the innovative activity that results from knowledge gained
from operating experience (Taylor et al., 2005). Indeed, technological development
is characterized by a process of learning such that countries and firms can rely on
already accumulated knowledge to further improve their production processes and re-
duce their costs (Jamasb, 2007). A widely used method to describe technology cost
reduction is the learning curve approach (also known as experience curve), which was
first introduced by Wright (1936), who originally observed this relationship for airplane
manufacturing.

R&D is one of the basic driving force of technological progress: R&D contributes
to expand the knowledge base, which in turn can stimulate further technological inno-
vation and reduce the costs of production (Azevedo et al., 2013). R&D is also one of
the variables that government policies might affect and in the case of energy system it
constitutes a fundamental factor for the successful introduction of new, more efficient

and clean technologies (Barreto & Kypreos, 2004).



Technological spillovers refer to the flow of knowledge from one country or industry
to another and to the positive impact that this can have on technological improvement
and innovation in the recipient country or industry (Yeh & Rubin, 2012). It is widely
recognized that knowledge spillovers exist on a national as well as an international level,
that is, knowledge originating in one country or in a sector transcends its boundaries
and contributes to productivity growth and technological progress in other countries or
sectors (Grossman & Helpman, 1990). In particular, there is empirical evidence that
a country’s innovative performance in the renewable energy sector depends positively
on the knowledge stocks of the other countries in the same sector (Garrone et al.,
2014). However, it is not clearly understood how innovation spillovers or transfer
between technologies, sectors and countries take place (Yeh & Rubin, 2012). Given
the potential of spillovers to increase the productivity in the sectors receiving them,
this mean of technological innovation is particularly relevant to analyze the cost of the
energy transition and this is why we decided to focus on them in our model.

Next to the three channels identified above, technological innovation is fostered by
both demand-pull instruments, which affect the size of the market for a new technol-
ogy, and technology-push instruments, which influence the supply of new knowledge.
Demand-pull policies can be devised as market based instruments such as tradable per-
mits, feed-in tariffs, production and tax credits and control regulation inducing demand
through standard setting (Dechezleprétre & Glachant, 2014). Demand-pull instruments
have both a direct and an indirect effect: they promote the diffusion of new technolo-
gies, and they have a positive effect on the innovative activity causing, indirectly, more
R&D or more learning by doing (Taylor et al., 2005; Taylor, 2008). Technological in-
novation occurs also by means of supply-push policies such as R&D funding, leading
to knowledge accumulation and improvement in the technologies. Technology-push

policy instruments influence the supply of new knowledge and, in this case, a supply



side driven process occurs from research to development and diffusion of a technology
(Dosi, 1988).

In this paper, we consider an economy in which a final good is produced with a clean
and a dirty intermediates, which benefit from clean and dirty spillovers respectively.
Since spillovers are recognized to have a role in technological change, we want to start
from this fact and focus on how they affect the cost of the technological shift needed
for an energy transition. We also analyze the impact of the elasticity of substitution
between sectors and of the market size effect on the cost of the energy transition.
We use our findings about the interactions between these two parameters and the
subsidy to explain the negative prices observed in the german electricity spot market.
The objective of the theoretical model is to shed light on the trade-offs at work in
the economy and to help understanding through which channels energy policies can
operate. We then provide a numerical solution to the model to give an insight into the

magnitude of the effects considered.

1.1. Relation to the Literature

Our paper is related to the literature in several ways. We refer to the literature on
the drivers of technological diffusion; we introduce technological spillovers from cap-
ital into a model of endogenous growth formalizing the determinants of productivity
growth (Romer, 1990; Rebelo, 1991; Aghion & Howitt, 1992; Helpman, 1992). We
also build on the literature on technological spillovers (Eaton & Kortum, 1999; Keller,
2001). The work is particularly close to Bretschger et al. (2016), which shows that
knowledge spillovers mitigate the negative impact on welfare from environmental poli-
cies. However, we consider technological spillovers and we focus on the impact of the
elasticity of substitution between sectors instead of the impact of the elasticity between
different types of knowledge. As for the role of spillovers in technological innovation an

important contribution is provided by Dechezleprétre & Glachant (2014), which shows
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that technology improvements respond positively to policies both at home and abroad,
but the marginal effect of domestic policies greater because the influence of foreign
polices is reduced by barriers to technology diffusion.

Acemoglu (2002) introduces directed technical change in an economy where final out-
put is obtained by means of two factors. The respective rates of technical progress
are determined by the relative profitability of developing factor-specific innovations, so
that the direction of technical change is determined endogenously. Our paper differs
because we focus on sectors rather than on factors of production. This allows us to de-
termine the relative productivity of sectors and hence their market shares. Bretschger
(1998) studies the substitution possibilities between man-made inputs and natural re-
sources in order to determine the conditions for long term sustainable development.
In a one sector economy, growth is sustainable only if the elasticity is larger than one.
In a multisector economy a small value of the elasticity is favorable for growth; on
the oppposite, a too high elasticity between factors may harm long-term growth. Our
results are in line with these findings even though we consider the cost of switching
from the clean to the dirty sector. Bretschger & Smulders (2012) found that low values
of the elasticity between natural resources and other inputs are not necessarily detri-
mental for sustainable growth; low values can foster structural change and research
investments. We build on their results adding that low values of the elasticity are also
not detrimental for the achievement of an energy transition. An empirical investiga-
tion of the determinants of directed technical change at the firm level in the electricity
generation sector is provided by Noailly & Smeets (2013).

Our paper is also close to the literature on climate policies and growth. Among the
others Michel & Rotillon (1995), presents an endogenous growth model including an
aggregate capital stock which implies a learning-by-doing effect and a pollution flow

proportional to production; they show that in this case the optimal policy is to tax capi-



tal. Differently from us, they only consider one sector in their analysis. Acemoglu et al.
(2012) shows that depending on the degree of substitution between inputs, taxes and
subsidies aiming at redirecting innovation towards the clean sector must be temporary
or permanent. Bretschger & Schaefer (2017) studies the impact of economic policies
on energy transition, considering history and expectations, and Acemoglu et al. (2015)
characterizes the optimal policy path in the transition from dirty to clean technologies.
This paper differs because we include technological spillovers in the analysis. Finally,
Johnstone et al. (2010) provides an analysis of how energy prices and various policy
instruments affect innovation in different renewable energy technologies and shows that
more costly energy technologies such as solar power need targeted subsidies.

To the best of our knowledge, this is the first paper which tries to explain the
negative electricity prices encountered in countries experiencing an energy transition,
such as Germany. As we think that this adverse effect can depend on a excessive
subsidy generating overproduction in the clean sector, we try to reproduce the trade-
offs at work in the economy to investigate how the subsidy needed to achieve a given
target in terms of production from clean sources varies depending on the intensity of
technological spillovers and on the elasticity of substitution between sectors. Lacking
or incorrect expectations about the values of these parameters might lead to the choice
of a subsidy higher than the one needed.

We develop the theoretical model for technological spillovers and for the energy
transition in Section 2. In Section 3 we solve the model numerically and we discuss
the results in Section 4. Section 5 concludes and introduces possible future lines of

research.



2. Model

In this section we present the theoretical model in the spirit of Romer (1986). We
consider a closed economy that produces a single final consumption good (Y') and the
production process is divided into two stages. The final good sector uses, as inputs,
the outputs from a clean (Y.) and a dirty (Yj) intermediate production sectors. The
second stage of production defines the production functions for these intermediate
goods, which combine capital (K;) and labor (L;) augmented by a productivity term
(A;), where i = {¢,d}. The productivity term depends on technological spillovers due
to capital accumulation (B; K, where B; is an intensity or productivity parameter and
K is broad capital).

Y
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The final good is produced according to a CES specification such that the clean and
dirty intermediates are imperfect substitutes. The price of the final good is normalised

to one. Hence, we may write:

o—1
V=pYer +(1-7)Y,° (1)

v € (0,1) denotes the distribution parameter and o € (0,00) is the elasticity of
substitution between inputs. If ¢ > 1 the two factors are gross substitutes whereas
if 0 < 1 the two factors are gross complements. The case of substitutes appears as

the more empirically relevant benchmark, as established in the literature (Papageorgiou
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et al., 2017). Hence, in the numerical solution, we will focus on the case of substitutable
inputs. In the theoretical model, however, we consider both cases; Acemoglu et al.
(2012) shows that results are very different depending on whether goods are substitutes
or complements.

Final output can be used for consumption (C') and investment (/)
Y=C+1

The production technologies for clean and dirty intermediates are symmetric. The
two inputs are produced within a perfect competition market structure, using sector-
specific labor augmented by a productivity index and physical capital. The two factors

of production are combined in a Cobb-Douglas fashion

Y. = Kca(AcLC)l_a (2)
Y= Kg§(AaLg)' ™" (3)

where A;, with i = {c¢,d}, are the sector specific productivity indexes; output is
increasing in the productivity term as a greater level of A; signals an improvement in
technology. Capital is assumed to be perfectly mobile across sectors. Without loss of
generality, we assume that labor is fixed across sectors ! and no population growth.

By market clearing, in equilibrium,
K.+ Ky=K (4)

where K is total capital in the economy.

The resource constraint of the economy is given by

K=1-6K (5)

!This assumption is made for tractability matters, but it does not affect the results, as it will be

made clear afterwards.
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where K is the derivative of K with respect to time.
Clean and dirty productivity indexes are defined in a symmetric way; they depend on

technological spillovers from broad capital

A, = B.K (6)
Ay = B,K (7)

where B;, with ¢ = {c, d}, are productivity parameters representing the intensity of
spillovers.

We impose the condition that the clean sector is initially backward relative to the
dirty sector

B. < By

Given our definition of spillover in (6) and (7), sectoral output can be expressed as

KN\® -
V;=|=—) KB;
(%)

where Bi = (B;L;)'~*. This term indicates which sector is more productive; other-
wise, everything else is equal between sectors.

K
For convenience, we define ?C = ( the share of capital allocated to the clean sector

and % = 1 — ( the share of capital allocated to the dirty one. Notice that the share
of capital allocated to a sector determines the market size of that sector. In our model,
when the elasticity of substitution is sufficiently high, the market size effect implies
that more capital will be allocated to the larger sector, increasing its production. This

effect is strengthened by an increase in the elasticity of substitution?.

2Following the literature of directed technical change, when the elasticity of substitution is suffi-

ciently high (above a threshold value between 1 and 2), the market size effect implies that innovation
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2.1. Insights

In this subsection, we look at how expenditure shares (s;) affect the final solution of
the model depending on the sectors’ growth rates and on the elasticity of substitution

between inputs in final production. Expenditure shares in each sector are given by:

p.Y. AN
SC: fr— —_—
vy~ \y

where the equality follows from the profit maximizing behavior of final good pro-
ducers and p; are the prices in the clean and dirty sector respectively.

Since the markets are competitive

Y —pYe—piYa=0 — s.+s3=1

By manipulating the expressions above we can show

c—1 - -

Sc = 5c(1—sc) (Y, —Yy)

o

Since expenditure shares are constant in steady state, . = 0. Hence, denoting by
X the growth rate of a variable, there are two possible solutions in our model:

1. If }A/c = }A/d, s. € (0,1): if both sectors grow at the same rate they are both active.

2. If }A/c =+ Yd, S = 0 or s, = 1 and the outcome depends on the elasticity of

substitution between the two inputs. In particular if Y, > Y, and inputs are

will be biased towards the more abundant factor.

13



substitutes, then s, = 1, because s, is increasing over time. If instead, inputs are

complements, s. = 0 because s, is decreasing over time.

2.2. Firms

Solving the maximization problem in the final sector where Y is given by (1) yields

_1
o) (®)
pa 1—7 By \1-¢
The firms in the two intermediate sectors ¢ = {c¢,d} do not take into account

technology spillovers and solve

max m; = p;Y; — RK; — w;L;

154

where Y; is given from (2) and (3) respectively, R is the rental rate of capital and

w; is the wage in each sector. Solving the maximization problem yields

a—1
R = ap (%) Bl (9)

where BZ = (BiLi)lia.

Hence we can compute relative prices

pe _ Ba( C\TT

By equating (8) and (10) we can find the share of capital, ¢ € (0, 1), that goes to

the clean sector
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0(170(-1)+o¢ ~ BC
where 5 = (L) and Br = R The fraction of capital that is allocated

-~ d
to each sector is increasing in the sector productivity level if ¢ > 1, whereas it is
decreasing in the sector productivity level if o < 1. ¢ determines the level of production

in each sector and is constant.

2.53. Households

The representative household in each sector ¢ = {¢, d} maximizes utility

9] 1-6
=1
U; :/ Pl M

where p is the rate of time preference and @ is the degree of relative risk aversion.

The standard flow budget constraint is
di:TGi+w¢—Ci+T

where a are assets; r is the risk-free market rate of return on assets and T are
transfers collected by the government in a lump-sum way. We assume that the No-Ponzi
game condition applies, preventing paying debt with new higher debt, ad infinitum.
This yields the standard optimality condition for the rate of change of consumption

(Keynes-Ramsey rule)
t= 2= p)
= —\T —
9e 9 P
which shows that if the rate of time preference, is lower than the net marginal

product of capital, per capita consumption will be increasing.
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Since there is no uncertainty and a depreciation rate of 9, the market rate of return on
assets will be given by

r=R-—9§

Hence, the growth rate of consumption in equilibrium becomes

ola—1)—«

g == [aygf}?:%é% -0 — p} (12)

o
o—1

where B = [y(B(®)% + (1 —7)(Ba(1 - ()a)%} o ((A.2) in the Appendix).
The growth rate only depends on the parameters of the model. If the sectors are
substitutes, the growth rate is increasing in the intesity of the spillovers received by the
sector and in the share of capital going to that sector. If the sectors are complements,
the growth rate is decreasing in the intesity of spillovers received by the sector and in

the share of capital going to that sector.

2.4. Balanced growth path

We know that ((A.2) in the Appendix) output grows at the same rate of capital

. Y C
In equilibrium K is constant. Since e is constant and ¢ is constant, — has to be
constant as well. Therefore, in equilibrium, all the variables grow at the same constant

rate.
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2.5. Energy Transition

To reproduce the policies aiming at triggering an energy transition in our model,
we assume that in order to trigger an energy transition output in the clean sector to
be at least % larger than output in the dirty sector, where x > 1. Considering the
economy in which no policies are at work, we find the share of capital that has to be
allocated to the clean sector (¢) in order for output in the clean sector to be 1% larger
than output in the dirty sector

1

Y.=2Yy = (= (13)

- 1
1+aBp

This value is different from (11) where we did not impose any restrictions to the
economy and will be used as a benchmark for policy recommendations. Also notice
that, in (13), the share allocated to the clean sector is decreasing in the sector pro-
ductivity: this is because the larger the productivity of the sector, the lower the share

needed to achieve the target.

2.6. Cost of the energy transition: the subsidy

For the economy to rely more on the clean than on the dirty sector, policies covering
the cost of the energy transition are required. In this work, we assume that the cost
of the energy transition can be proxied by a subsidy, although this is not the only
component of such cost.

Suppose that the government can subsidize production in the clean sector using
a proportional profit subsidy and that all proceeds are financed lump sum, such that
revenues are raised in a non distortive way. Denoting this subsidy by ¢ profits in the
clean sector become

max 7 = (pe +q)Ye — RK. — w.L,
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it is clear that a sufficiently high subsidy can increase relative production in the
clean sector. Notice that now we are not imposing any restriction on the magnitude of
output in the two sectors.
Solving the maximization problem in the clean sector yields

ola—1)—a

1 Lo—1 .1 ~
=3 (a’ycs 7 Be” Bf +0aq(l ' Be—6— P) (14)

The growth rate is equal to the one in (12), but for the different share of capital
going to the clean sector and for the additional term due to the presence of the subsidy.
The clean and dirty sectors grow at the same rate, but the level is higher in the clean
one because of the subsidy.

Relative prices in the intermediate sector are now given by

&:< Cs )M 5 q((l—Cs)ag—j>a -

in contrast to (10).
In the final output relative prices are still given by (8), but ¢ is different in the

economy with the subsidy

%(12)] (16)

By equating (15) and (16), we find ¢ that is allocated to the clean sector in the

Q|

Pc v

pa  1—v

economy with the subsidy ((;), without imposing the restriction that output in the

clean sector has to be 2% higher than output in the dirty sector
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Given (13) and the solution from (17), we equate them to find the subsidy that

closes the gap between the clean and dirty sector.

We know that for any subsidy above the level found from this equality, production

is larger in the clean sector and hence we have an energy transition.

Since we cannot find an analytical solution to equation (17), we proceed numerically.

3. Numerical Solution

In order to provide an insight into the magnitude of the effects considered, we solve
the model numerically. We focus on the impact of technological spillovers and of the
elasticity of substitution between clean and dirty sectorson on the cost of the energy
transition.

We set parameter values in accordance with the literature 3. In particular, the share
of capital in input production is set to o = 0.3. We also assume that the target is to
have clean sector production 50% higher than dirty sector production, that is = 1.5.
We let the share parameters v to be equal for the two intermediates.

The more important parameters to our analysis are the intensity of spillover - the

productivity levels of the two sectors - and the elasticity of substitution.

3See, for example, Acemoglu et al. (2012).
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In the benchmark case, we set the productivity level to be the same in the two
sectors. Then, given that the subsidy depends on the ratio of productivities in the two
sectors, we look at how the cost of the energy transition changes when we disturb the
productivity of the clean sector keeping the productivity of the dirty sector fixed.

As for the elasticity of substitution, we focus on the case of substitutable clean and
dirty production (o > 1) as it is the more established in the literature (Papageorgiou
et al., 2017); hence, we increase the value of the elasticity to analyze the impact of
this parameter on the results. However, we also provide an insight for the case of
complement sectors (o < 1) to support our results. Where not specified, the findings

refer to the case in which the two sectors are substitutes.

4. Results

The main findings of the model are (Figures 3 and 4):

1. Regardless of the elasticity of substitution, the subsidy needed to increase pro-
duction in the clean sector up to a x percentage of the dirty sector is decreasing
with the relative intensity of the spillovers received by this sector. Moreover,
for values of the clean spillover intensity larger than those of the dirty spillover

intensity, the subsidy becomes negative.

2. For higher productivity level of the dirty sector, the subsidy needed to increase
production in the clean sector up to a x percentage of the dirty sector is increasing

with the elasticity of substitution between the sectors.

The first finding (see Figure 3) is that an increase in the clean sector productivity
for a constant elasticity of substitution, generates an increase in the share of capital
(¢) that goes to the clean sector. Given that the share of capital allocated to a sector

determines production in that sector, a larger share of capital allocated to the clean
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sector implies that the subsidy needed to increase its production up to a certain target
is lower (Bretschger et al., 2016). This result is in line with the weak induced-bias
hypothesis presented in Acemoglu (2002), which states that, irrespective of the elastic-
ity of substitution between factors (as long as it is not equal to 1), an increase in the
relative abundance of a factor creates some amount of technical change biased towards
that factor. We found that, for equal productivities of the two sectors, the subsidy
becomes zero and then negative when the clean sector is more productive. This means
that a subsidy set without taking into account the impact of technological spillovers,
might be excessive and generate overproduction in the clean sector, leading to negative
prices in the electricity market. By way of example, in May 2016 (Figure 2) Germany
produced so much electric power from clean energy sources that prices were actually
negative for several hours. This implied commercial customers were being paid to
consume electricity. Germany’s power surplus showed the system is still too rigid for
power suppliers and consumers to respond quickly to price signals. However, another
reason for overproduction can be found in the excessive subsidy provided to the clean
sector. The choice of such a high subsidy can depend on the lack of the inclusion of
technological spillovers in the determination of the value of the subsidy. An excessive
subsidy generates costs both for consumers and producers; hence, episodes as the one
described above show that policy makers should take into account that the more a
sector benefit from spillovers, the less it should be subsidize.

The second finding is more surprising and shows that an increase in the elasticity of
substitution when the dirty sector is more productive, generates a decrease in the share
of capital allocated to the clean sector (Figure 4), because more capital is allocated to
more productive dirty sector. Given that production in the dirty sector is now higher,
the subsidy that is required for clean sector to be some percentage of the dirty sector is

larger (Bretschger, 1998; Bretschger & Smulders, 2012). This result is due to the strong
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Figure 2: Spot energy price in Germany on 8" May 2016. Source: EPEXSPOT

induced-bias hypothesis. This states that if the elasticity of substitution is sufficiently
large (greater than a threshold betwee 1 and 2), the induced bias in technology causes
the market size effect to dominate both the price effect and the substitution effect and
to increase the relative reward to the factor that is more abundant. Not considering
the value of the elasticity of substitution can lead to the choice of a wrong value for
the subsidy: for instance, the excessive subsidy adopted in Germany could be due to
an elasticity of substitution between clean and dirty energy production higher than the
one expected.

In our model the price and market size effects determine the relative profitability
of the sectors and hence the share of capital that is allocated to each sector, so we can
define our model as a model of endogenous market size. To show how the market size
effect works, we assume that productivity is the same in the two sectors as a benchmark
case. That is, we switch off the market size effect; in this case, the share of capital
that goes to each sector is the same (0.5) and it is not affected by the elasticity of
substitution.

We also consider the case of complementary sectors and we find that an increase

in the productivity of the clean sector increases the share of capital allocated to the
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dirty. Hence, the share allocated to the clean sector is decreasing with the sector
productivity. This happens because, given the complementarity of the two sectors,
an increase in the productivity of the clean sector increases the demand for the dirty
sector by more than the demand for the clean. Similarly, in Acemoglu (2002), when
the factors are complements the price effect is stronger than the market size effect and
technical change is directed to the less abundant factor.

Notice that introducing endogenous technical change in the model, the higher mar-
ket share allocated to the dirty sector would imply more innovation in this sector,
further increasing the gap between the two sectors. However, this would not contra-
dict our results: the only implication would be that the subsidy needed to achieve the
target is higher.

Another finding is that the subsidy is decreasing with the amount (z) of which
we require the clean sector to be larger than the dirty sector. Although this might
seem counterintuitive, it is again an outcome of the market size effect mechanism.
Indeed, when the market size of the clean sector increases, the profitability of this
sector increases as well, reducing the subsidy needed to lift up production in this
sector. Moreover, increasing the percentage of which we want the clean to be larger
than the dirty shifts the model to a new balanced growth path. However, the model
does not analyze the transition path so it can be that increasing x the subsidy jumps
up and then it decreases to its new (lower) value in the new balanced growth path.

A final remark is that relaxing the assumption of fixed labor in the two sectors,
the results do not change. What happens in this case is that when output increase
in the clean sector because of the subsidy, not only more capital, but also more labor
will be allocated to the clean sector. This means that production will be higher in
the clean sector as compared to the case in which labor is fixed. As a consequence,

the value of the subsidy needed for any productivity parameter and for any value of
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the elasticity of substitution will be lower; however, the shape of the curves presented

in Figures 3 and 4 will not be affected by the relaxation of the assumption of fixed labor.
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Figure 3: The share of capital that goes to the clean sector (¢) is increasing with the relative intensity
of spillover (B R = %); as a consequence, the subsidy (q) is decreasing with the intensity. Notice
that when productivities in the two sectors are the same, the share of capital that goes to each is
sector is 0.5. The horizontal dotted red line reminds that ¢ is a share so it cannot be larger than one.

Moreover, when the intensities of the spillover in the two sectors are equal, the subsidy is zero, and it

becomes negative for clean spillover intensit larger than the dirty one.
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Figure 4: The share of capital that goes to the clean sector is decreasing with the elasticity of

substitution; as a consequence, the subsidy is increasing with the elasticity of substitution.
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5. Conclusions

We observe that countries such as Germany, that have decided to strongly subsidize

the renewable energy production, have encountered an adverse effect due to overpro-
duction and leading to negative electricity spot prices. This is definitely due to the lack
of flexibility in the power generation system, but also to the excessive subsidy received
by the clean sector. Hence, we try to investigate what elements can lead the value of
the subsidy to be above the one needed to meet demand. We argue that the exclusion
of technological spillovers from broad capital and of the elasticity of substitution be-
tween sectors in the determination of the subsidy play a role.
We use a model of endogenous growth to study the influence of technological spillovers
and of substitution possibilities on the cost of the energy transition, which we proxy
with the subsidy that has to be provided to the clean sector to achieve a given target
in term of relative production of the two sectors. The model represents an economy
that uses clean and dirty intermediates to produce a final good. These intermediates
goods, in turn, use capital and labor in their production; labor is augmented by a
productivity index which is due to technology spillovers from broad capital. We then
provide an insight into the magnitude of the effects considered by solving the model
numerically. The main findings of the work are: (1) technological spillovers reduce
the cost of the energy transition; moreover, the subsidy becomes negative when the
intensity of the clean spillover is larger than the one of the dirty; (2) when the sectors
are substitutes, the market size effects dominates the price effect and, given that the
dirty sector is initially more advanced, a higher elasticity of substitution between the
two sectors increases the cost of the energy transition.

The policy relevance of our results is to show how the subsidy needed to achieve
a given target changes, taking into account the interactions between spillovers, the

market size effect and the elasticity of substitution. This allows us to provide rec-
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ommendations in terms of the policies to be adopted. On one hand, the presence of
spillovers helps the energy transition: when the intensity of spillover is higher, for a
given elasticity of substitution, the subsidy that has to be provided to the clean sector
is lower. It is worth notice that an excessive subsidy might generate overproduction
in the renewable sector and, consequently, negative prices in the electricity sector. Ig-
noring this aspect would lead to misjudgments in the decision process and negative
effects on economic growth. In these circumstances, in addition to the cost beared by
consumers to finance the subsidy scheme, there is a cost on producers, who have to sell
electricity at negative prices, as it has happened in Germany in the last years.

The other aspect that policy makers should take into account is the impact of the
elasticity of substitution: the cost of the energy transition is increasing with the sub-
stitability between sectors because this implies that a greater share of capital is al-
located to the more productive dirty sector, reducing production in the clean sector
further. Hence the subsidy required to raise production in the dirty sector is larger,
when the elasticity of substitution is higher. Similarly to the case of spillovers, a wrong
expectation about the value of the elasticity of substitution can lead to the choice of a
too high or too low subsidy.

Overall, the model shows that the possibility to increase production of a given sector
depends on relative productivities and on the elasticity of substitution. What emerges
is that spillovers and their impact on productivity on one hand and substitution and
market size on the other hand should be linked to the effect of the subsidy when
designing an energy transition.

Several extensions of the model presented are possible. First, it would be interesting
to add the negative impact of pollution generated from the dirty intermediate to the
utility function. Second, we could compute the social planner solution and use it as a

benchmark to derive the optimal policy. Third, targets could be set in terms of COy
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emissions instead of intermediate sector shares. Fourth, in the paper we assume the
elasticity of substitution to be exogenous; however, it would be reasonable to consider
that policies can have an impact on the extent to which dirty energy production can be
substituted by energy produced from renewable sources. Finally, storage possibilities
could be introduced in the model to see how this affects the results. All these aspects

are left to future research.
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Appendix A.

Appendiz A.1. Firms

In the final sector, the producers solve

Y —p.Y. — pgY.
I;Cl%%{ Pelc Pda¥d,

where Y is given by (1). Solving the maximization problem yields

N2 AN (7Y
r=(3) = (2)y (A1)
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Hence, relative prices are given by

n_oo(B)
pa  1—7\Yy

which shows that the relative marginal product of inputs is decreasing in their
relative abundance. Moreover, it can be seen that the elasticity of the relative price

response is the inverse of the elasticity of substitution between the two inputs.
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Substituting the expressions for sectoral output and the definitions for sectoral

capital shares yields (8).

The firms in the two sectors i = {¢, d} do not take into account technology spillovers
and solve

%180{ T =piYs — RK; — w; L

where Y; is given from (2) and (3) respectively and R is the rental rate of capital.

The FOC with respect to capital is

ous Y;

In equilibrium we can substitute the expressions for spillovers and we get (9).
By the no-arbitrage condition, the rate of return has to be the same in the two sectors,
SO

apcga—léc =R= Oépd(l — C)a—le

which implies (10).
The FOC wrt labor is
or Y;

= 1— U — s

and we can compute relative wages as
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which shows that the ratio of wages is given by the ratio of marginal productivities

of labor in the two sectors.

Appendix A.2. Equilibrium

Because of the no-arbitrage condition, what holds for one intermediate sector holds

for the other as well. Hence, we can consider the clean sector only. Then,

* 1 a—11
9e = 5(05pc§ 1Bc —0— p)

and we can derive p. as follows: first, we substitute sectoral production into the

expression for final output and we get

o

o— o—1

WBLK) T + (1= 9)(Ba(l = O)"K) 7]

v=|
BK

(A.2)

g
o—1

where B = [V(BCCO‘)% + (1 —7)(By(1 - §)a)7]ﬁ. Then, we can be rewrite
(A1) as

NAW

Hence, the growth rate of consumption in the decentralized equilibrium becomes

(12).

Appendixz A.3. The Government

The government is introduced in a minimal fashion. We abstain from public con-

sumption or public production goods; instead, all revenue is redistributed to the house-
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hold in a non distorting lump sum manner. The government flow budget constraint is
given by

D=G-T

where D is deficit, G is the government expenditure and 7T is tax revenues.
We assume that the government does not issue bonds and hence it is forced to run a

balanced budget in every period.

Appendiz A.J. The cost of the energy policy: the subsidy
Denoting this subsidy by ¢, profits in the clean sector becomes
c — c Yc - Kc - CLC
max @ (petq)Ye— R w
while profits in the dirty sector are still given by

Tqg = paYq — RK4 — wqlqg

The solution to the maximization problem in the clean sector is

Y.
R = Oé(pc + Q)?

which in equilibrium becomes
R = a(p.+q)¢¢ " B,
In the economy with the subsidy final output can be written as
Y = B,K

following the same procedure as before.
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Given (A.3), the growth rate is given by (14). By the no arbitrage condition we
have

a(pc + Q)Csa_léc =R= apd(l - Cs)a_lgd

hence, relative prices are given by

pe [ & \ Ba g
p_d_<1—<s) B pe (A4)

|=

1 ~ _

Y\ © By’

Substituting the optimal p; = (1 — 7) (Vd) =(1—-7) ((1 — CS)O‘B—d into
(A.4) we get the price ratio in the economy with the subsidy as in (15).
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