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Abstract While there is relatively limited disagreement on the general need for support-
ing the deployment of renewable energy sources for electricity generation (RES-E), there
are diverging views on whether the granted support levels should be technology-neutral or
technology-specific. In this review paper we question the frequently stressed argument that
technology-neutral schemes will promote RES-E deployment cost-effectively. We use a sim-
ple partial equilibrium model of the electricity sector with one representative investor as a
vehicle to synthesize the existing literature, and review potential rationales for technology-
specific RES-E support. The analysis addresses market failures associated with technological
development, long-term risk taking, path dependencies as well as various external costs,
all of which drive a wedge between the private and the social costs of RES-E deploy-
ment. Based on analytical insight and a review of empirical literature, we conclude that the
relevance of these market failures is typically heterogeneous across different RES-E technolo-
gies. The paper also discusses a number of possible caveats to implementing cost-effective
technology-specific support schemes in practice, including the role of various informational
and politico-economic constraints. While these considerations involve important challenges,
neither of them suggests an unambiguous plea for technology-neutral RES-E support policies
either. We close by highlighting principles for careful RES-E policy design, and by outlining
four important avenues for future research.
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1 Introduction

To facilitate a transition towards sustainable modes of economic development, green tech-
nologies are needed. Compared to conventional technologies, green technologies allow
attaining a certain level of economic development at a reduced level of resource use and
environmental impacts. It is a major concern of environmental and energy policies to safe-
guard that investments in green technologies occur at an appropriate level. In this respect,
a decisive question faced by policy-makers is whether to implement technology-neutral or
technology-specific policy approaches to spur the development and deployment of green tech-
nologies (Aghion et al. 2009; Rodrik 2014). Technology-neutral policies may refer, inter alia,
to policy options pricing environmental externalities (e.g., by emissions taxes or emissions
trading schemes) or generic subsidies to research and development (R&D) and/or technology
deployment. In contrast, technology-specific policy approaches promote selected technolog-
ical fields, sectors or even projects based on differentiated support levels (e.g., feed-in tariff
schemes, specific R&D subsidies etc.). In this paper, we aim to shed light on this policy issue
by making reference to the case of promoting electricity generation from renewable energy
sources (RES-E).

Virtually all EU Member States have implemented RES-E support schemes. Most of these
schemes grant technology-specific support—either through differentiated feed-in tariffs or
differentiated RES-E quotas (or renewable portfolio standards) with tradable green certifi-
cates (e.g., Kitzing et al. 2012). Typically, the eventual remuneration a RES-E plant operator
receives per kilowatt-hour (kWh) depends on either

e The energy source used, e.g., higher support for solar photovoltaics (PV) than for wind
power,

e The technology employed, e.g., higher support for solar PV mounted on buildings than
for those mounted on the ground,

e The size of the plant, e.g., stepwise increase of support with decreasing plant size,

e The location of the plant, e.g., higher support for wind turbines set up closer to load
centres or at less windy sites,

e The fuel used, e.g., higher support for electricity generated from sustainably grown
biomass,

or a combination of these options.

Technology-specific support is usually most pronounced for feed-in tariffs. The German
scheme is an excellent example combining basically all options mentioned above (Fig. 1 illus-
trates the degree of technology-specific support by the energy source used) (BMWi 2015). The
high degree of differentiation has also been maintained under the recently implemented tender
scheme (BMWi 2016). And even quota systems, which are typically considered a technology-
neutral option for promoting RES-E generation, frequently turn out to be technology-specific
in practice. For instance, when implemented in 2002, the United Kingdom’s Renewables
Obligation was still strictly technology-neutral. Yet, with subsequent revisions, ever more
technology-specific bands have been implemented over time (see Fig. 2). In this context, a
band determines how many certificates are awarded for a megawatt-hour (MWh) of electricity
generated with a specific technology.

Technology-specific RES-E support has faced increasing critique. Several studies argue
that such a policy approach makes the attainment of RES-E deployment targets more costly
(Fiirsch et al. 2010; Frontier Economics 2012, 2013, 2014; Jagemann et al. 2013; Jige-
mann 2014). In turn, technology-neutral approaches to RES-E support, which thus abstain
from differentiating the support based on technology, have been praised for their cost-
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Fig. 2 Evolution of technology-specific bands for Renewable Obligation Certificates awarded per MWh of
RES-E generation in England and Wales. Source: Own figure based on data from Ofgem (2015)

effectiveness as they promote the deployment of the least costly technologies first. The
recommendation to switch from technology-specific to technology-neutral support to increase
the cost-effectiveness of RES-E support has also entered the guidance documents of the
European Commission (European Commission 2013a,b,c) as well as of national advisory

councils

(for Germany, see e.g., Monopolkommission 2011, 2013; SVR 2014). In this paper
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we aim to provide a critical examination of this policy recommendation, and more specifically
review a number of potential rationales for relying on technology-specific policy approaches
to increase the cost-effectiveness of RES-E deployment. Throughout this discussion we will
mostly refer to RES-E support in general, and the remuneration granted per kWh. That is, we
argue that most of the rationales apply irrespectively of whether the support is implemented
through a feed-in tariff or a RES-E quota. Yet, where deemed necessary, we will also address
implications of the choice between these two basic RES-E support schemes.

The promotion of technology-neutral RES-E support schemes rests on two important
assumptions: (a) market failures associated with the development and diffusion of RES-E
technologies are absent, or are properly addressed by other policies; and (b) the costs of
renewables deployment beyond the private generation costs—e.g., system integration costs
and environmental costs—are irrelevant for RES-E policy design because they are either
homogenous across RES-E technologies or properly internalized by other policies. Under
these assumptions RES-E technologies could be expected to compete among each other
efficiently on the basis of their total social generation costs, and there would be no need
for differentiating the support across these technologies in order to attain a certain RES-
E target. Our analysis essentially addresses the question of how the cost-effective choice
between technology-specific and technology-neutral RES-E policies can be affected once
these assumptions are relaxed.

To guide and illustrate our review, we develop and employ a simple partial equilibrium
model of the electric power sector with one representative RES-E investor. In the bench-
mark case, i.e., in the absence of any market or policy failures, this model replicates the
finding that technology-neutral support provides a cost-effective deployment of RES-E gen-
eration. Subsequently, however, as selected market and policy distortions are introduced,
the model analysis reveals that technology-specific support may perform better in terms of
cost-effectiveness. We focus on different types of market failures. First, RES-E technology
development and diffusion may be hampered by: (a) the knowledge spillovers related to tech-
nological learning; (b) investment uncertainties combined with risk aversion, capital market
failures and regulatory constraints, and (c) path dependencies biasing innovation and devel-
opment activities towards the dominating energy sources. Our discussion of these market
failures is in part inspired by a review of qualitative insights from the innovation system
literature. This research emphasizes the role of RES-E policies for promoting technological
development, and it often endorses the use of technology-specific policies given that differ-
ent technologies tend to face unique learning processes, bottlenecks etc. (Aghion et al. 2009;
Azar and Sandén 2011; Jacobsson and Bergek 2011). Moreover, RES-E investments may
also be distorted by the presence of external environmental and system integration benefits
and costs, whose magnitudes will often differ across technologies.

For each of the above market failures we also provide an overview of the available empirical
evidence to verify whether or not the preconditions for technology-specific support are likely
to be satisfied in practice or not. This requires both an assessment of the importance of each of
the above market failures, as well as of the extent to which existing policies have been able to
address each of these. We also reflect on a number of potential caveats to the implementation
of technology-specific support that may arise in practice. For instance, policy decisions on
technology differentiation may be distorted by imperfect information as well as politico-
economic constraints related to, among other things, distributional impacts and associated
lobbying efforts of interest groups. Regulators therefore face the challenge of picking (wrong)
winners. Yet, we conclude that the hazards of picking winners are eventually inescapable,
and we highlight policy principles which may help to control these hazards.
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Our paper is in part related to the ongoing debate on whether climate policies, such as car-
bon taxes or emissions trading, should be complemented by RES-E policies and targets. This
is in fact also a discussion about technology-neutral (e.g., carbon trading) versus technology-
specific (e.g., RES-E support) policies, and about the extent to which these two policy
approaches should be substitutes or complements (e.g., Sijm 2005; Bennear and Stavins
2007; Soderholm and Klaassen 2007; Fischer and Preonas 2010; Lehmann 2012; Lehmann
and Gawel 2013). The research on this issue suggests that carbon pricing needs to be comple-
mented by public R&D and technology deployment policies. RES-E support schemes may
often constitute an important component of this policy mix, but we go beyond these analyses
by asking whether these schemes should in turn differentiate across various RES-E technolo-
gies to promote a cost-effective deployment path over time.! Indeed, our review illustrates
that the potential benefits of technology-specific RES-E support schemes are in many cases
directly related to the economic rationales for implementing RES-E deployment policies and
targets in the first place.

The remainder of our paper is organized as follows: Sect. 2 introduces the analytical
model and discusses the benchmark case in which a technology-neutral RES-E support is
found to stimulate a cost-effective deployment of these energy sources. Section 3 then uses
this model to review some potential benefits of technology-specific RES-E support that arise
once selected market and policy failures are taken into account. Section 4 discusses possible
caveats to getting a technology-specific policy design right in practice, while Sect. 5 con-
cludes the paper and highlights some important policy implications as well as avenues for
further research.

2 Analytical Model and Benchmark Case

In order to illustrate RES-E generation decisions and the corresponding policy implications
for cost-effective RES-E support design, we develop a simple partial equilibrium model with
arepresentative firm in the renewable electricity sector. The model has two periods t = (1, 2).
Power generation from renewable energy sources occurs in both periods. There is discounting
attherate § = (1 + r)_l, with § € [0, 1], between the two periods.

In both periods the representative firm may generate renewable electricity xf , where super-
script i denotes available types of RES-E technologies. For illustrative reasons, we assume
that there are only two RES-E technologies available, i.e., i = (w, p), representing wind
power (w) and solar PV (p). Generation costs in period 1, i.e. c’i (x{), are simply a function
of the respective levels of electricity generation xi (e.g., in MWh). RES-E generation costs
in period 2 are a function of both the generation in the same period and electricity generation
in period 1: cé (xé, x’l) The costs of RES-E generation in one period are increasing and
convex in generation of the same period, i.e., dc! /dx! > 0 and 3%c /dx/> > 0. The inter-
temporal effect is incorporated to account for the possibility that RES-E generation in period
1 generates learning effects, i.e., tacit knowledge acquired through manufacturing and/or
improvements in the technology as a result of feedback from user experiences. We therefore
assume that the generation costs in period 2 are decreasing and convex in the generation of
period 1, i.e. acé/ax’i < 0 and azc;/ax'ﬁ > 0. We further assume the existence of a social
planner, which aims to attain a certain RES-E target Z in period 2 at least total cost, C. The

! The choice between a generic (technology-neutral) and a more specific innovation policy is discussed also
in Aalbers et al. (2013) and Nordhaus (2011), but in both these cases with a focus on the diversification of
public R&D support.
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social planner’s optimization problem can thus be expressed as:

minC:Zi c’i (x{)—i—SZi cé (xé,x{) (1)
Z=Y i @)

This optimization problem can be rewritten using the Lagrangian approach:
minA:Zic’i (xi)#—ézicé (xé,xi)—i—)w(Z—Zixé) 3)

The corresponding first-order conditions for minimizing total costs of attaining the second-
period RES-E target are:

subject to:

dc’i acé

dx; 0x;

9 i

2 _y )
1

0xy

In order to ensure that the RES-E target is met, the regulator introduces subsidies to both
types of RES-E generation, s;” and s” (per MWh) in both periods. For simplicity, we assume
that this subsidy is a fixed feed-in tariff introduced not in addition to but instead of the market
remuneration, an approach that exists in many EU Member States (Kitzing et al. 2012).
Thus, we use the RES-E policy approach that is simplest in terms of modeling to discuss
potential rationales for RES-E support in the following. The analytical results derived for this
policy approach can be transferred to more complex instruments for RES-E support, such as
premium tariffs (where the subsidy is paid in addition to the electricity price) or quantity-based
schemes like RES-E quotas or renewable portfolio standards (where an additional premium
to RES-E producers emerges endogenously through decentralized market transactions). Any
of these policies can be designed technology-specifically. And in either case, government
intervention eventually leads to an additional revenue stream for RES-E producers that varies
with the RES-E technology employed.

The resulting optimization problem for the representative firm in the RES-E sector maxi-
mizing its profit 7 is:

max T = Zi sixd — Zi cl (xﬁ) +4 [Zl shxh — 2 Zi (xéa xi)] (6)

The corresponding first-order conditions for maximizing the firm’s profit are then:

i N L %
dx} ! ox}

802 :

87)65 = Sé 3

Substituting Egs. (7) and (8) into (4) and (5) reveals that in a cost-effective setting (a) no
subsidies should be paid in period 1, i.e., s}’ = sf = 0; and (b) the subsidy paid in period 2
should be technology-neutral equaling the compounded shadow price of the RES-E target,
ie,sy = sé’ = XA /§. In this setting, firms properly account for (differences in) inter-period
learning effects because they are perfectly aware of these effects and can fully appropriate
the corresponding cost decrease in terms of a profit increase in period 2.
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Fig. 3 Excess cost of technology-specific RES-E support in period 2: benchmark case

Figure 3 illustrates the cost-effectiveness of technology-neutral RES-E support, and the
excess cost of technology-specific support under the above assumptions. Technology-neutral
RES-E support attains the RES-E target Z in period 2 by an optimal allocation of wind
power and solar PV deployment (xy"*, xé) *), since it ensures that the marginal generation
costs are equalized. The same target Z could of course also be reached through the use of
technology-specific RES-E subsidies. Following the graphical example in Fig. 3, the specific
subsidy to wind (sé‘” ) could be set below and the subsidy to solar PV (sf /) could be set above
the technology-neutral rate. This is an option of technology differentiation existing in many
EU Member States (Kitzing et al. 2012). In this specific case wind power deployment (x3"")
would be lower and solar PV deployment (xf ") higher than in the technology-neutral case.
The marginal generation costs of these deployment levels would then vary across RES-E
technologies, and in Fig. 3 the resulting excess cost of technology-specific RES-E support is
highlighted by the grey-shaded triangle.

3 Benefits of Technology-Specific RES-E Support

This section discusses the possible benefits of technology-specific RES-E support from a
cost-effectiveness point of view. These benefits will need to be compared to the excess costs
of technology-specific support outlined in the previous section to decide whether or not
technology differentiation may actually increase the cost-effectiveness of RES-E support.

3.1 Knowledge Spillovers Related to Technology Learning

In the basic model, it is assumed that the benefits of learning in terms of generation cost
reductions in period 2 are purely private, i.e., they can in their entirety be appropriated by
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the single RES-E generator. However, at least a part of the new knowledge created through
learning may also spill over to other generators, which can appropriate this knowledge at
a low (or even zero) cost. Such learning-generated knowledge spillovers can arise due to,
for instance, personnel movements and communication between firms, joint participation
in meetings and conferences, or so-called “reverse engineering” (Argote and Epple 1990;
Irwin and Klenow 1994). Certainly, patents protecting intellectual property rights (IPRs)
may be considered a first-best approach to address the presence of knowledge spillovers.
However, the patent system is often subject to important limitations. For instance, RES-E
technologies typically “consist of alarge set of components and require the expertise of several
companies to improve the system. A consortium will face difficulties in sharing the costs of
‘learning investment’, as it is difficult to negotiate and fix the allocation of future profits,”
(Neuhoff 2005, p. 98). Moreover, IPR policies may even slow down the deployment of some
RES-E technologies by creating a bias towards the development of close-to-commercial
technologies.” Under these circumstances, it may be worthwhile to consider policy options
that rely on differentiated RES-E support schemes.

Following Fischer and Newell (2008), knowledge spillovers related to learning can be
incorporated into our model through a spillover rate pi , with ,oi € [0, 1], which represents
the reduction in period-2 generation costs that can actually be appropriated by the firm gener-
ating the learning effect. This rate is allowed to be technology-specific. Correspondingly, the
period-1 first-order condition (7) for the representative firm can now be rewritten as follows:

;0¢h

del _ s ©
- =85 — -
dx} ! v 0x}

Substituting Eq. (9) into (4) gives following the cost-effective subsidy in period 1 in the
presence of knowledge spillovers related to learning:

]
si=—8 (1 — pi> 6c2 (10)
0x}

Equation (10) illustrates that now the RES-E subsidy in period 1 is positive, reflecting the
share of period-2 generation cost reductions that cannot be appropriated by the firm generating
the learning effect.> Moreover, this subsidy needs to be technology-specific if the RES-E
technologies are heterogeneous in terms of: (a) the degree of learning, i.e., if ¢}’ /dx}" #
865 / 8xf ; and/or (b) the degree of learning spillovers, i.e. if p% # ol A

These preconditions for technology-specific RES-E schemes—variations in the signifi-
cance of both learning and knowledge spillovers—are likely to be met in practice. In fact,
previous studies suggest that the innovation systems surrounding RES-E technologies tend
to be technology-specific. The different technologies are exposed to fairly unique and multi-
dimensional growth processes, e.g., in terms of bottlenecks, learning processes, the dynamics
of the capital goods industries etc. (Jacobsson and Bergek 2011; Hoppmann et al. 2014).
For instance, the technological progress of wind power has mostly been driven by turbine

2 One potential reason for this is put forward by Budish et al. (2015). These authors note that while patents
award innovating firms a certain period of market exclusitivity, the effective term may be considerably shorter
since some firms choose to file patents at the time of discovery rather than at first sale. This implies that the
patent system may provide meager incentives for firms to engage in learning about technologies that have a
long time between invention and commercialization.

3 Analytically, this is shown in multiple more elaborate studies (Kverndokk and Rosendahl 2007; Fischer and
Newell 2008; van Benthem et al. 2008; Blisi and Requate 2010; Kalkuhl et al. 2012; Lehmann 2013).

4 Kverndokk and Rosendahl (2007) and Lehmann (2013) also confirm this finding in more complex modeling
settings.
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Table 1 Range of learning rates

. . . Range of learning rates
reported in empirical studies. & g

Source: Rubin et al. (2015) Wind (onshore) “11t0 32%
Solar PV 10 to 53%
Biomass
Biomass production 20 to 45%
Biomass power generation 0to 24%
Hydropower 0to21%

manufacturers and the existence of strong home markets, while equipment suppliers and
manufacturers that produce their own equipment have dominated solar PV development.
This is, for instance, likely to have created different conditions for producer-user interactions
and feedbacks, in turn influencing the presence and the magnitude of learning spillovers.

The heterogeneity of RES-E technologies in terms of the rate of learning has also been
confirmed in quantitative empirical work. Even though the actual level of learning rates is
debatable (Nordhaus 2014)°, there is overwhelming evidence that these rates are positive and
varying across technologies (for overviews, see [IEA 2000; McDonald and Schrattenholzer
2001; Rubin et al. 2015). Table 1 summarizes the results from a recent literature review
of empirical estimates of RES-E learning rates, which indicate how much the generation
costs decline in percentage terms with every doubling of cumulative production or capacity
installed. Although these figures illustrate considerable uncertainties concerning the magni-
tude of the respective learning rates, they also show evidence of important differences across,
for instance, wind power and solar PV.

There is less empirical work, though, examining the knowledge spillovers related specifi-
cally to learning with RES-E technologies—even though such spillovers have been found to
be significant for non-renewable energy technologies (Zimmerman 1982; Lester and McCabe
1993) and manufacturing in general (Argote and Epple 1990; Irwin and Klenow 1994). To
our knowledge, Bollinger and Gillingham (2014) have been the only authors so far to pro-
vide an estimate of knowledge spillovers related to learning for a specific RES-E technology
and a specific context: They look at solar PV installations in California. They find that non-
hardware costs for solar PV contractors within a county have declined by $0.005 per watt with
every 1,000 solar PV installations set up by competitors outside a county. In addition, using
patent data, knowledge spillovers have been affirmed to exist and be technology-specific in
the case of research and development (R&D) in RES-E technologies (Popp 2002; Braun et al.
2010; Dechezleprétre et al. 2013; Noailly and Shestalova 2013). Explanations for technology-
specific differences in knowledge spillovers are found to be two-fold: First, the degree of
technological change—i.e., in our modeling language, the learning rate Bcé / 8x§ —may vary.
Second, the applicability of green energy to other technology fields—i.e., in our modeling
language, the spillover rate p'—may differ (Dechezleprétre et al. 2013).

Noailly and Shestalova (2013) shed particular light on the variance in the degree of gener-
ality of RES-E inventions and the corresponding knowledge spillovers. Following a relatively
long tradition in the literature, Noailly and Shestalova (2013) employ patent citation data to
measure the magnitude of knowledge spillovers (e.g., Trajtenberg 1990; Jaffe and Trajtenberg

5 Empirically it remains very difficult to separate learning-by-doing from exogenous technological change
and economies of scale (see also, Soderholm and Sundqvist 2007). For instance, significant advances in
solar PV technology have resulted as a result of investments made outside the RES-E sector, such as in the
semi-conductor industry (Nemet 2006).
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Table 2 Likelihood of RES-E technology patents cited by successive patents compared to an average fossil-
fuel technology patent, organized by renewable energy technology and type of citation (n.s. = not statistically
significant). Source: Noailly and Shestalova (2013)

Total citations Intra-technology Inter-technology External-technology cita-
citations citations tions
Wind 1.86 2.79 n.s. 0.68
Solar PV 1.36 1.54 0.34 1.19
Biomass n.s. n.s. 1.89 n.s.
Geothermal 1.23 0.74 0.04 0.45
Hydropower  0.55 0.42 2.09 0.61

1999; Hall et al. 2005). Patent documents offer a paper trail of knowledge flows as inventors
are required to reference previous patents which have been useful for developing the new
knowledge described in the patent.® The authors distinguish between: (a) intra-technology
spillovers (patents cited by other patents in the same specific RES-E technology field, e.g.,
wind power); (b) inter-technology spillovers (patents cited by patents in other renewable
and non-renewable power technology fields); and (c) external-technology spillovers (patents
cited by patents in other technology fields not related to electric power technologies). Our
analytical model addresses the first of these categories.

Table 2 provides an overview of the results presented in Noailly and Shestalova (2013).
The values illustrate how much more or less likely a patent related to a specific RES-E tech-
nology is to be cited compared to an average fossil-fuel technology patent. For instance, wind
power patents are 86% more likely to be cited in general than patents for fossil-fuel tech-
nologies. Bringing these pieces of evidence together, it seems fair to assume that knowledge
spillovers may be significant with respect to RES-E technologies and they tend to vary across
technologies.

Finally, since RES-E technology development takes place at a global level, learning
spillovers will also transcend across country borders. Peters et al. (2012) show that the
international learning spillovers from solar PV production support schemes have tended to
be more prevalent than the corresponding spillovers from public R&D. For a single country
this raises the question to what extent the domestic economy can appropriate the learning
benefits emanating from the implementation of national RES-E support schemes. Still, while
these considerations may render difficult choices and trade-offs in the design of domestic
policies, neither of them do suggest a strong emphasis on technology-neutral RES-E support.
For instance, some RES-E technologies (e.g., wind power) tend to be more dependent on the
presence of a home market than others, which points to an important interaction between
basic knowledge generation and learning-by-using.

3.2 Capital Market Failures and Other Obstacles to Long-Term Risk Taking

So far, we have assumed that there is perfect foresight regarding the future benefits of invest-
ments in RES-E deployment in the first period. However, these benefits are a priori unclear

6 Certainly, not all successive patent citations can be assumed to be external to innovating firms. In this
sense, the actual market failures are likely less profound than suggested by the results reported in Noailly and
Shestalova (2013). This notwithstanding, the figures presented clearly illustrate the heterogeneity in terms of
spillovers.
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to investors for a variety of uncertainties related to (Yeh and Rubin 2012; Aalbers et al. 2013;
Purkus et al. 2015):

e The degree of technological learning (also visible by the large ranges provided in
Table 1),

e The development of resource and fuel costs and energy prices, and

e The trajectories of climate and energy policies, e.g., the CO, allowance price emerging
from the EU Emissions Trading Scheme and the remunerations paid under RES-E support
schemes.

If capital and insurance markets worked perfectly, private RES-E investors would be able to
hedge against the risks resulting from these uncertainties and behave risk-neutrally—just as
a public investor who can spread the risk across numerous tax payers (Arrow and Lind 1970).
In such a case, an investor will be indifferent between two types of RES-E investments with
different risk profiles as long as the expected return on investment is equal. Arrow and Lind
(1970) argue, however, that this condition is unlikely to hold in practice because capital and
insurance market failures are ubiquitous. Inter alia this may be due to problems of moral
hazard and/or significant transaction costs (the latter may be particularly prevalent in the
case of small-scale RES-E plants). Consequently, private RES-E investors are typically risk-
averse, inducing them to charge a risk premium on their capital. Moreover, the capital markets
may also face difficulties in providing risk-management instruments for immature RES-E
technologies, in part due to the lack of historical data to assess risk.

Again, of course, a first-best approach would directly correct the failures of capital and
insurance markets. The feasibility of such responses may be doubtful, though. For example,
the risks RES-E generators face could be eliminated in principle through the use of long-
term contracts between final consumers and the owners of the power plants, but in liberalized
electricity markets such practices are prevented due to regulations aiming at fostering retail
competition (Neuhoff and De Vries 2004). Given such restrictions, it may make sense to
consider modifications in RES-E support schemes to correct for these failures.

Risk aversion has two important implications in the context of our model: First, a risk-
averse private investor will discount future benefits of RES-E investments more strongly
than a risk-neutral social planner, i.e., 7/ > r* and correspondingly 8/ < §° (similarly in
Torvanger and Meadowcroft 2011), where superscripts f and s denote the discount rates for a
private investing firm and the social planner, respectively. This thus provides one reason why
private investors may behave excessively myopically from a social perspective.® Second, a
risk-averse private investor will discount riskier RES-E investments more strongly than less
risky ones, i.e., it may turn out that §/* # §/P (see further below).

While the wedge between the private and the social discount rate does not impair firms’
decisions in period 2, it will lead to underinvestment of private firms in RES-E deployment

7 Certainly, the values provided in Table 1 do not necessarily indicate a probabilistic variance of possible
learning rates. Instead, the different results may also be strongly driven by differences in the methodological
approach, the data used as well as the specific context of the empirical case study (Lindman and Séderholm
2012). This notwithstanding, a significant share of learning is likely to be driven by global developments
in technological change. So the figures provided in Table 1 do at least to some extent illustrate the general
uncertainty regarding technological learning. What is more, the fact that observed learning rates may also be
driven by methodology, data and context only increases the uncertainty on the learning rates that should be
considered for specific investments.

8 Certainly, myopic behavior may also be due to other factors such as the fact that firm managers are only
appointed for short periods of time (e.g., 4-5 years). Stein (1989) argues that firms may be acting inefficiently
with a bias towards short-term payoffs due to agency problems within the firm, thus suggesting myopic
behavior also in the presence of efficient capital markets.
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in period 1. This has an effect on the cost-effective design of the RES-E subsidy. In this case,
the social and private first-order conditions for period 1 given in Eqgs. (4) and (7) must be
rewritten as follows:

dei _ _ps2c (1D
dxj 0x]

d—ci =5 — 5fia—ct? (12)
dx} 0x}

Substituting Eq. (12) into (11) yields the optimal subsidies in period 1 in the presence of
myopic firm behavior. We have:

1
si= (67— #) 95 (13)
0x}
Equation (13) illustrates that, in the presence of risk aversion, a positive RES-E subsidy is
necessary also in period 1 to compensate for the difference between privately and socially
discounted future generation costs reductions emanating from learning. This RES-E subsidy
needs to be technology-specific if: (a) learning effects differ across the RES-E technologies,
ie.,if dca/dx]" # 8cz/8xf; and/or (b) risks vary across these technologies, i.e., §fw * 8/p.
We have already shown that RES-E technologies tend to vary with respect to the magnitude
of the learning rates. It is also likely that the perceived risks will vary with different types of
RES-E technologies; these risks may be a function of:

e Maturity: With more mature (i.e., more commercially viable) technologies, not only
the degree but also the variance of possible learning effects declines (e.g., compare the
ranges in the learning rates for hydropower and solar PV, respectively, in Table 1). Popp
et al. (2013) show that innovation risks may in fact be lower for relatively mature wind
technologies than for solar PV technologies. They argue that this is due to technological
progress being the result of several cumulative innovations building upon each other,
rather than a single technological breakthrough.

e Technological complexity: Technologies incorporating a larger amount of technical com-
ponents or depending on a larger variety of inputs for plant production (e.g., diverse rare
earth metals for solar PV) or power generation (in particular biomass) are likely subject
to higher overall risks.

Moreover, the eventual impacts of a certain risk on generation costs are also a function of
capital intensity: RES-E technologies with a higher share of upfront investment costs per unit
of output impose higher risks on the investors (compare, e.g., biomass with wind or solar
PV) (see, e.g., Fischer et al. 2012). This also implies that some of the well-known risks on
energy markets, like fluctuations in the prices of fuels and CO, allowances as well as political
uncertainty, will affect different RES-E investments differently. For the above reasons it is
likely that the preconditions for technology-specific RES-E support schemes in the light of
uncertainty—heterogeneous learning effects and risks—may hold in practice.

Interestingly, our analytical model result also implies that the necessity of technology-
specific policy designs is more profound in the presence of RES-E support schemes that
impose higher risks on private investors. Several studies have shown that investment risks
increase when switching from fixed feed-in tariffs to premium schemes, tenders or quotas
(see, e.g., Rathmann et al. 2011; Klessmann et al. 2013; Kitzing 2014). For instance, while
under feed-in tariff systems there is no risk in terms of price fluctuations, RES-E generators
face price volatility under a quota system. However, in spite of this and thus in contrast to
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our above finding, existing quota systems are usually less differentiated technologically than
feed-in tariffs.

3.3 Path Dependencies

Investments in RES-E technologies create path dependencies. Path dependencies emerge
because technology choices are subsequently reinforced by positive feedback effects in
technology systems, e.g., firms often choose to build on accumulated technology-specific
knowledge when developing new or better-performing products and processes (Acemoglu
et al. 2012). Arthur (1989) points out that technology choices are likely to be particularly
self-reinforcing if investments are characterized by high upfront costs and increasing returns
from technology adoption, such as scale, learning and network economies and adaptive pref-
erences. Technological path dependencies may be reinforced by an institutional framework as
well as an existing well-functioning actor network, which co-evolve with technologies; this is
usually referred to as the techno-institutional complex (Unruh 2000; Geels 2004; Rohracher
2008). These institutions—e.g., legal rules such as permitting procedures and informal codes
of conduct—are subject to path dependencies themselves (North 1990).°

In the presence of such path dependencies the cost of exploring alternative technology
pathways steadily increases. For instance, the establishment of new actor networks around
the new technology may be cumbersome due to coordination failures and uncertainties about
which actors should take on which roles in the technological development (Story et al. 2011).
Thus, past investments can be said to generate long-run “switching costs”, which will affect
the economic viability of future investment decisions (Prado and Trebilcock 2009). As a
result, a “lock-in” of incumbent technologies may arise.

Switching costs can be incorporated into our model by assuming first that deployment of
wind power in period 1 does not only reduce the generation costs of wind power in period 2
but also produces an increase in the cost of solar PV in period 2, i.e., cé’ (xf , xf’ , xi”) with
dcy /ax’ > 0 and 9%c) /9x1> > 0. Obviously, vice versa, solar PV deployment in period
1 may also affect the cost of wind power deployment in period 2 in a corresponding way.
Consequently, the social planner’s first-order conditions for period 1 given by Eq. (4) can
then be rewritten as:

acy _ s acy n 36‘5 (14)
oxy’ - oxy  axp
80{7 ack acy
L= s(=3+=3 15
Bxf (Bxf Bxf (1)

If multiple firms invest in RES-E deployment simultaneously, the path dependencies created
by single investment decisions are unlikely to be considered by the investing firm. Thus, the
switching costs that arise from technology deployment constitute an external cost; e.g., if the
period-1 power generators invest in wind power-specific human, institutional and physical
capital, this will lower the pay-off of directing period-2 activities towards solar PV that (at

9 Differences in terms of ownership and traditions may affect future pathways. For instance, in his assessment
of the electricity regimes in the Nordic countries, Thue (1995) notes that while the Danish electricity system
has largely been organized in a bottom-up manner with cooperative organizations and municipalities as owners
of power stations, the Swedish system has been more hierarchical. The latter led to a relative lack of experience
of investment in small-scale plants in Sweden, and instead a focus on large state-supported hydropower and
nuclear energy. During the 1990s this contributed to a relative lack of Swedish interest in wind power, while
the tradition of local ownership enabled high level of penetration of small-scale wind power in Denmark.
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least in part) cannot make use of this capital. Consequently, the private first-order conditions
for the RES-E investor in period 1 remain unchanged as in Eq. (7). Substituting Eqs. (14)
and (15) into (7) yields the cost-effective subsidy for each RES-E technology:

Bcg
ocy

P 2

P = —8-2 (17
axf

Equations (16) and (17) show that the existence of path dependencies requires a negative RES-
E subsidy, or a markdown to the subsidy, in period 1 to address the external switching costs
generated by investments into specific RES-E technologies. A simple example illustrates
that this markdown may vary across RES-E technologies. Assume that: (a) wind power
deployment in period 1 is higher than solar PV deployment (x}" > x{’ ) because the marginal
costs of wind power deployment are lower (dc}’ /dx}’ < dcf/dxf); and (b) the slope of
the marginal switching cost curves produced by either technology in period 2 is equal for
both RES-E technologies (8205 / axi"z = Bzc‘z" / 8xf 2. 0). Under these assumptions, the
marginal switching costs produced by wind power deployment and affecting solar PV will
be higher than the corresponding effect from solar PV deployment (3¢} /dx? > dcY /dx?).
Thus, in this example the markdown to the RES-E subsidy needs to be higher for wind power
than for solar PV, thus providing an additional rationale for the use of technology-specific
RES-E support.

It is frequently pointed out that the power sector exhibits several characteristics, which are
likely to produce strong path dependencies (see, e.g., Grubb 1997; Unruh 2000; Neuhoff 2005;
Kalkuhl etal. 2012; Lehmann et al. 2012). Investments in this sector are large-scale, long-term
and exhibit increasing returns from technology adoption. Technological path dependencies
are aggravated by the fact that power outputs from different types of technologies are almost
perfect substitutes. That is, emerging power technologies can only compete on price with
incumbent ones, and thus offer little scope for product differentiation. Moreover, the power
sector is highly regulated, implying that existing technological patterns of power generation
are embedded into and enforced by a complex set of institutions (see above).

The empirical significance of these characteristics is likely to differ across RES-E tech-
nologies. For instance, investments in new RES-E capacity are generally capital-intensive,
and since the investment costs of existing plants are sunk, this capacity will compete with new
capacity on the basis of their variable costs. The greater the difference between the total cost
of a new plant and the variable cost of an existing plant, the greater is the incentive for a more
intense use of existing capacity through higher capacity utilization, life time extensions, and
incremental capacity additions (e.g., Séderholm 2001). Moreover, some new RES-E tech-
nologies are likely to be more aligned with existing institutions than others, thus lowering
the cost of new plants. For example, spatial planning law may discriminate between differ-
ent types of RES-E technologies.!” In addition, for some technologies increases in RES-E
generation within existing technologies, e.g., co-firing with biomass in combined heat and
power plants, are easier than for others.

As indicated above, path dependencies are not only related to investments into power
generation capacity but also to the direction of technological change (Acemoglu et al. 2012;
Aghion et al. 2012). Such path dependencies have been used to explain the competitive

10" see, for example, §35 of the German Building Code, which privileges the use of wind power and bioenergy;
corresponding plants can be installed in areas for which no formal development plan exists, i.e., in areas where
other types of developments are ruled out.
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advantage of fossil-fuel over RES-E technologies (“‘carbon lock-in"), and to derive a general
rationale for implementing RES-E policies in addition to emission policies. Similarly, path
dependencies may also distort the allocation of R&D investments across different RES-E
technologies (Kverndokk et al. 2004). Some empirical evidence is available for path depen-
dency in the direction of technological change with RES-E technologies. Popp et al. (2013)
show that patents for successful RES-E technologies, such as wind energy, have triggered
more subsequent innovation than, for example, technological advances in solar PV. They
point out that this may be because technological progress typically depends on a sequence
of incremental inventions building upon each other (see also Popp 2002). Another piece
of evidence is provided by studies comparing the innovation effects for technology-neutral
and technology-specific RES-E support schemes, respectively. Using patent counts data,
Johnstone et al. (2010) and Béckstrom et al. (2014) show that technology-neutral RES-E
policies are more likely to induce technological change for close-to-commercial technolo-
gies, such as wind power, which are primarily promoted under such schemes. In contrast,
technology-specific RES-E policies are required to induce innovation in the case of more
costly, emerging technologies, such as solar PV. This may be understood as an indication of
existing path dependencies, even though it may also be attributable to other factors, such as
differences in the allocation of risks under the different policies. Moreover, the process of
technology diffusion also exhibits technology-specific path-dependencies. The adoption of
solar PV, for example, strongly hinges on peer effects, i.e., individuals choosing to install
PV modules because their neighbors have done so successfully (Bollinger and Gillingham
2012; Noll et al. 2014; Graziano and Gillingham 2015). Overall, it thus seems plausible to
assume that path dependencies may also impair choices between RES-E technologies, and
should therefore be considered in designing technology-specific RES-E policies.

3.4 External Costs of RES-E Generation

Next to the private generation costs, RES-E deployment may also produce additional costs
that may be inadequately internalized through other policy measures (e.g., taxes, standards
etc.). First, RES-E plant installation and operation as well as the production of bioenergy
crops bring about environmental costs (Abbasi and Abbasi 2000; Sathaye et al. 2011). These
costs may be (a) site-specific, regarding impacts on ecosystem services and biodiversity
due to habitat destruction and fragmentation, and water and air pollution; and/or (b) related
to the distance of a site to human settlements, regarding impacts of landscape changes, air
pollution or noise emissions. In addition, the pollution avoided by marginal increases in RES-
E generation may also differ across technologies, thus giving rise to heterogeneous marginal
external benefits (e.g., Kaffine et al. 2013). Second, additional costs are also associated with
the integration of RES-E in-feed into the power system. Hirth et al. (2015) distinguish between
three types of system integration costs produced by RES-E deployment: (a) balancing costs
(the marginal costs of coping with deviations from day-ahead generation schedules due
to forecast errors for intermittent RES-E sources); (b) grid-related costs (marginal costs of
transmission constraints and losses due to the location of RES-E generation in the power grid);
and (c) profile costs (marginal costs of output adjustments and an overall reduced utilization
of convention thermal power plants due to the timing of variable RES-E generation).

These diverse cost categories may at least in part be external to the single firm, i.e., not
included in c!. To illustrate this, we incorporate external costs e! (x; ) into our model for both
periods. We do not here explicitly consider the possible impacts of avoided environmental
impacts following any decline in non-RES-E deployment, although much of the general
arguments made below will be valid also for this case. The external costs are assumed to
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be increasing and convex in RES-E generation, i.e. de! /dx! > 0 and d?e! /dx!> > 0. The
first-order conditions for the social optimum in Eqgs. (4) and (5) are consequently modified
as:

dc’i 8c§ dei1
=2 1s)
dx| ox;  dxj

9 i d i

2 -5 (19)
0x5 dx;

Obviously, these external costs could be internalized efficiently by, for instance, a Pigovian
tax on emissions. However, such first-best policies may not be available for a variety of
reasons (see also below). In this case, modifications in the RES-E subsidy design may be one
available means of addressing the externalities of RES-E deployment. Substituting Eqgs. (7)
and (8) into (18) and (19), respectively, gives the following cost-effective RES-E subsidies
in the presence of external costs:

(o _de (20)
S = — -
! dxj
;1 de!
= [r-52 @1
) dx}

Equations (20) and (21) illustrate that the cost-effective subsidy is negative, i.e., a tax or a
markdown to the subsidy in period 1, and below the shadow price on the RES-E target in period
two to compensate for the external costs. Moreover, the subsidy needs to be technology-
specific if the external costs vary across technologies, i.e., if de/dx? # del /dx!. Of
course, if the external costs of non-RES-E generation is also taken into account this technology
differentiation should also reflect the potential heterogeneity in avoided impacts (Novan
2015).

It is obvious that the environmental and system integration costs of RES-E deployment
will vary significantly across technologies (by RES-E type) as well as within technologies
(by RES-E plant location and design). Table 3 provides illustrative examples. Obviously,
any attempt to assess the cost differential between RES-E technologies empirically and in
monetary terms faces significant restrictions. It is subject to diverse uncertainties and general
limitations of economic valuation and hinges crucially on the technological assumptions for
either technology or the cost categories and stages in the life cycle considered. It may also
be difficult to determine the extent to which these costs are already internalized.

These limitations notwithstanding, some general indications on external cost differences
can be detected. In their survey of the literature estimating the environmental external costs of
power generation S6derholm and Sundqvist (2006) report that these costs tend on average to
be higher for biomass generation than for both wind power and solar PV, although this review
also identifies substantial variance in the cost estimates. Important differences typically exist
also in the case of avoided air pollution. For instance, Novan (2015) shows that in the Texas
electricity market an increase in wind power generation will offset more carbon dioxide
emissions than output from solar PV plants and this difference increases as the installed
capacity grows. Turning to the system integration costs this is clearly a more important issue
for intermittent RES-E generation, such as wind power or solar PV, as compared to, for
instance, biomass. Importantly, this discussion and Table 3 also illustrate that there is no
RES-E technology that is a priori superior to others if all dimensions of environmental and
system integration costs are considered jointly. When biomass is compared to wind or solar
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Table 3 Examples of heterogeneity in environmental and system integration costs by RES-E type, plant

location and plant design

Environmental costs

System integration costs

RES type

RES plant location

Different relevant categories of costs,
e.g. biomass-specific impacts of grow-
ing, transporting and burning energy
crops (Miyake et al. 2012)

Different levels of costs, e.g., land-
scape impacts higher for wind power
than for solar PV and biomass (Dobers
et al. 2015)

Increasing with higher ecological sen-
sitivity of the site (Drechsler et al.
2011)

Landscape impacts increasing with
declining distance to human settle-
ments (Meyerhoff et al. 2010; Drech-

Generally, higher for intermittent
RES-E technologies (i.e., wind, solar
PV)

Profile costs higher for solar PV than
for wind power because daily solar
radiation is concentrated in few hours
(Hirth 2013)

Balancing costs lower for solar PV
than for wind power due to fewer fore-
cast errors (Hirth 2013)

Depending on RES-E mix, e.g., aggre-
gated profile costs lower with equal

shares of wind power and solar PV
(Tafarte et al. 2014)

Profile costs lower with a more even
spatial distribution of RES-E plants
(geographical smoothening of RES-E
in-feed) (Hirth et al. 2015)

Profile costs lower for offshore wind
power than for onshore installations
(Hirth et al. 2015)

sler et al. 2011)

Lower grid-related costs for RES-E
plants closer to load centers (Hirth
et al. 2015)

Decreasing with advanced, more
system-friendly plant design, e.g.
PV modules oriented to east and
west, weak-wind turbines (Hirth and
Mueller 2015)

RES plant design Landscape impacts increasing with
height of wind turbines/size of wind
parks (Bergmann et al. 2008; Meyer-

hoff et al. 2010)

PV, for example, higher environmental costs may trade off lower system integration costs
and vice versa. Such trade-offs are likely to be context-specific, and need to be assessed and
considered when a political decision on technology-specific RES-E support is to be taken.
Obviously, the discussion on technology-specific RES-E support also must verify to which
extent environmental and system integration costs are in fact external to RES-E investors
under the existing policy framework. Moreover, policy-makers need to be aware that even if
these costs are external, technology-specific RES-E support will not be the first-best response
to correct for these externalities. Environmental costs can be internalized by direct taxes
on environmental harmful activities such as air pollution. They may also be addressed by
command-and-control regulations, such as performance standards and/or land use planning.
System integration costs are imposed on RES-E investors if: (a) RES-E remuneration reflects
market prices, as under a premium tariff; and if (b) the temporal and spatial variation of the
market value of electric power is properly reflected in spot, future and balance markets
(Loschel et al. 2013; Hirth et al. 2015). However, the institutional framework may often
fail to internalize these costs properly. For example, the system integration costs of RES-E
deployment are currently not fully imposed on investors: fixed feed-in tariffs are used instead
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Table 4 Summary of analytical results

Cost-effective RES-E subsidy

Assumptions Period 1 Period 2

No market and policy failures

0
(benchmark case)
__ack
Knowledge spillovers —5(1-pH—=
0x; A
5
Uncertainty, capital market el
(671 - 65) =
13
failures, risk aversion 0x;
Path dependencies —6ﬁ nd _5ﬂ
P : axy g axf
del 1 del
External costs - S A==
dx; ) dx}

Grey-shaded areas highlight potentially necessary technology-specific RES-E subsidies

of premium tariffs. Power markets fail to send proper investment signals due to the design and
timing of the contracts traded, the absence of locational price signals, regulatory uncertainty
or market power (Hirth et al. 2015). Obviously, the correction of these institutional failures
would be the first-best response to directly internalize system integration costs. However,
this may not be possible because—and actually institutional failures may be the result of—a
lacking political will and/or significant administrative costs and legal hurdles (Loschel et al.
2013), or simply because some costs may be produced outside the administrative area under
consideration. Under these conditions, the differentiation of support schemes across (as well
as within) different RES-E technologies may be a politically feasible option.

3.5 Interim Conclusion

Table 4 provides a summary of the cost-effective RES-E subsidy levels derived in the previous
sub-sections. For each category of market failure, the subsidy needs to be designed to reflect
the wedge that exists between the private marginal generation costs of RES-E deployment
and the corresponding social costs.

This wedge may be negative for some market failures, i.e., the social costs may be lower
than the private generation costs. This holds true in the case of positive learning externalities
as well as for uncertainty combined with capital market failures (the latter leading to excessive
discounting by private investors). The wedge will instead be positive for some other market
failures, i.e., the social costs may be above the private generation costs. This is the case in
the presence of path dependencies (generating external switching costs) as well as external
environmental and system integration costs. Importantly, our discussion of either case of
market failure has demonstrated that the size of the wedge is likely to be technology-specific
in most cases. Consequently, technology-specific RES-E subsidy rates are needed to address
the relevant market failures.
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Excess cost of
technology-neutral
RES-E support

Marginal generation Marginal generation
costs of wind power ac? ac? AP ac* ., 9c¢” | costs of solar PV
(e.g., in €/MWh) dxP dxP \\\ axv . 0xv (e.g., in €/MWh)
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Z
Level of RES-E deployment (e.g., in MWh)

Fig. 4 Excess cost of technology-neutral RES-E support with external costs in period 2

The policy implications of the wedge driven between private and social costs of RES-E
deployment by the diverse market failures are also illustrated in Fig. 4, which extends upon
the benchmark case displayed in Fig. 3. For the sake of generality, we represent this wedge as
A" and abstain from using the time subscript (given the fact that the wedge may be produced
within one time period as well as between periods). Next to private generation costs Fig. 4
also depicts the social costs, i.e., the sum of generation costs plus a wedge (3¢’ /dx’ + A,
the dashed lines).

In this example, we assume that the wedge is positive and lower for wind power than
for solar PV deployment. In this case, the cost-effective allocation of deployment to attain
a given RES-E target (x'*, xP*) deviates from that in the benchmark case with generation
costs only (x*’, xP"). The cost-effective level of wind power (solar PV) deployment is higher
(lower) than in the benchmark case because it exhibits a smaller (larger) positive wedge
than solar PV (wind power). If the RES-E support scheme is to correct for the wedge, these
cost-effective deployment levels can only be attained through the use of technology-specific
RES-E subsidy rates (s*, s¥). A technology-neutral RES-E subsidy (s = s?"), as in the
benchmark case, would produce an excess cost (see the grey-shaded triangle in Fig. 4).
Notably, Fig. 4 illustrates that the technology-specific subsidy to wind power is higher than
in the benchmark case—even though a positive wedge would imply a markdown to the
subsidy rate (see, e.g., Eq. (21)). This is because the shadow price A of the RES-E target V4
is higher than in the benchmark case if the social costs of RES-E deployment exceed private
generation costs.

Our previous discussion has shown that there is some analytical insight and empirical
evidence of the relevance of the different market failures for the development and deployment
of RES-E technologies. However, similar market failures may also arise with other energy
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and non-energy technologies. Moreover, reallocating public and private funds to investments
into specific RES-E technologies necessarily also affects investments taken elsewhere in
the economy, even more so in a second-best setting. Consequently, it is necessary to show
that addressing the market failures is particularly important for RES-E deployment. There
are some indications that this may actually hold true, even though empirical and analytical
insight is still clearly insufficient to answer this question satisfactorily. In particular, the
existing literature suggests that there are reasons to assume that:

e Knowledge spillovers may be more pronounced for green technologies than for dirty
technologies, inter alia, because technological progress in green technologies typically
has more general applications and tends to be more radical (Dechezleprétre et al. 2013).

e Risks, and thus the market failures to cope with them, tend to be higher for green tech-
nologies. They are less mature and more capital-intensive than dirty technologies, and
are often introduced into the market by new actors and actor networks, thus suggesting
the presence of possible coordination failures (e.g., Jacobsson and Bergek 2011).

e The environmental external costs are often lower for RES-E technologies compared
to, for instance, power generation based on the use of fossil fuels (e.g., Sundqvist and
Soderholm 2002).

e Path dependencies are more important than for non-energy technologies because the
use of energy technologies typically involves large-scale, long-term investments with
high sunk costs and because electricity is a rather homogeneous good, i.e. technologies
primarily compete on price, not on quality (Neuhoff 2005).

By the discussion of benefits of technology-specific RES-E support schemes so far we do
not mean to suggest that designing and implementing such schemes cost-effectively is a
straightforward exercise. To the contrary, we have shown that the actual size of the wedge
will be uncertain. Moreover, the arguments we have discussed in isolation so far need to
be merged to provide an aggregate assessment of cost-effective technology differentiation.
In this context, potential trade-offs between addressing different rationales for technology
differentiation have to be considered. For example, some rationales may point to a relatively
high level of support to solar PV (e.g., knowledge spillovers, uncertainty etc.) while others
may call for alower level (e.g., system integration costs). What is more, the different rationales
for technology-specific RES-E support may also interact. For example, the welfare loss from
imperfectly addressed learning spillovers or external costs as well as capital market failures
may be aggravated in the presence of technological and institutional path dependencies. These
challenges lead over to potential practical caveats to implementing technology-specific RES-
E support cost-effectively.

4 Potential Caveats to Technology-Specific RES-E Support

So far, we have discussed the potential benefits of technology-specific RES-E support
schemes. Certainly, technology differentiation may also give rise to government failures.
Notably, the proper design and implementation of technology-specific policies may be
impaired because regulators face significant information constraints, and/or because their
decisions may also be driven by politico-economic considerations (Rodrik 2014). Given the
fact that investment decisions in the power sector tend to be strongly path dependent, such
distortions may result in governments “picking the wrong winners” by relying on technology
differentiation. These challenges will be discussed critically in the following.
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4.1 Regulation Under Asymmetric Information

The design of technology-specific support schemes is quite demanding in terms of
information—with respect to both the relevance of individual rationales as well as their
aggregation. As the theoretical analysis has demonstrated, a proper design requires infor-
mation on current technology costs, technology learning rates and any related knowledge
spillovers, investment risks, path dependencies as well as environmental and system exter-
nalities, and suitable technological responses to address these. This also implies that adjusting
technology-specific policies over time to account for new knowledge (e.g., about new tech-
nological developments) is cumbersome.

Atleast some of the needed information may be more easily accessible to private investors
than to a central regulator, e.g., information on current and future technology costs and/or
suitable pollution abatement technology. Due to these information asymmetries, a regulator
may fail to design technology-specific schemes properly—a critique that has been raised
with respect to RES-E support in particular (Frontier Economics 2013, 2014; Monopolkom-
mission 2013; del Rio and Cerda 2014; SVR 2014) and government intervention in general
(Lerner 2009). In this respect, technology-neutral schemes may be superior because they
require fewer policy design decisions (in theory, only the determination of one uniform price
or quota for all RES-E generation sources). Thus, one would eventually have to balance the
potential benefits from technology differentiation against the potential welfare losses from
implementing policies that are sub-optimally designed because of information constraints.

Notably, however, technology-specific RES-E support schemes can also be designed to
reveal private information by including auctions. Certainly, auctions only make sense for
moderate degrees of technology differentiation (e.g., across but not within RES-E technolo-
gies) because they require a certain quantity of bidders (del Rio and Linares 2014). In addition,
asymmetric information can be addressed by facilitating policy learning over time, e.g., by
installing a preset monitoring and revision process for RES-E support schemes that allow for
policy reforms once new information becomes available to the regulator (Foxon and Pear-
son 2008; Rodrik 2014). Eventually, asymmetric information may therefore not question
technology-specific support in general but rather call for a careful assessment of the feasible
depth and temporal flexibility of technology differentiation.

Moreover, it is important to emphasize that information constraints faced by a regula-
tor may also be due to general uncertainties, regarding for example the expected degree of
technological learning for different technologies. These constraints will also impair private
investors’ decisions, and cannot serve as an argument against technology differentiation.
The main implication is rather that governments should avoid supporting ‘“single win-
ners”’, and instead provide support schemes for several emerging technologies (that are not
perfect substitutes) to reduce uncertainties (Azar and Sandén 2011; Aalbers et al. 2013).
However, such a portfolio approach to RES-E support does not in any way preclude tech-
nology differentiation. In the light of the uncertainties about the future prospects for RES-E
generation some technologies sometimes labeled backstop technologies may deserve pref-
erential treatment (Fischer et al. 2012). A true backstop technology is available in more
or less unlimited quantities at some given cost, and for this reason it may assist in putting
a cap on the cost of reaching strict emission reduction targets, i.e., it represents an insur-
ance against high costs. Some RES-E technologies are more likely to exhibit important
backstop characteristics than others; e.g., compared to biomass the scarcity constraints
are likely to be less prevalent in the case of solar PV since the flow of solar energy to
earth is abundant and solar panels can be placed on roofs. Technology-specific support
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schemes that can bring down the cost of solar PV can therefore have an added insurance
value.

4.2 Political Economy of Regulation

A second caveat to technology-specific RES-E support (and indeed regulation in general) is
that political decisions concerning the degree of technology differentiation may not only be
driven by cost-effectiveness motivations but also by other policy criteria as well as by the
self-interests of political actors and key stakeholders (for an overview, see Strunz et al. 2016).

One important motivation behind implementing technology-specific RES-E support
schemes may be distributional concerns. In particular, surcharges on electricity prices to
fund RES-E subsidies may impose a substantial financial burden on electricity consumers.
It is shown in the literature that technology-specific RES-E support schemes may decrease
final consumer costs (i.e., the sum of generation costs and producer rents) basically because
price discrimination across technologies with different costs may help to reap producer rents
(e.g., Jacobsson et al. 2009; Bergek and Jacobsson 2010; del Rio and Cerda 2014; Held
et al. 2014; Hitaj et al. 2014; Resch et al. 2014). From a politico-economic perspective this
redistribution of income from power producers to consumers may be motivated by political
concerns about the public acceptance of RES-E deployment and potentially lost votes for
upcoming elections.

Moreover, it is often argued that technology-specific policies are more prone to regulatory
capture by different political interest groups than technology-neutral ones (Lerner 2009;
Aalbers et al. 2013; SVR 2014). According to Helm (2010), technology differentiation opens
up avenues for a “renewable pork barrel”, i.e., lobbyists of different RES-E technologies
may be able to simultaneously satisfy their potentially heterogeneous interests and maximize
their individual rents by promoting technology-specific subsidy rates. Lobbyists may also be
more able to seek rents under technology differentiation because their information advantage
increases.

For the case of Germany, Gawel et al. (2017) illustrate that the choice of technology-
specific RES-E support rates was indeed the result of both cost-effectiveness considerations
as well as politico-economic constraints. On the one hand, economic rationales, such as tech-
nology market failures or external costs of RES-E generation, have been frequently referred
to in the Renewable Energy Sources Act and its amendments to justify the differentiation of
the feed-in tariff. For example, the relatively higher tariffs for solar PV were motivated by
the technology’s immaturity and comparatively high expected degrees of technology learn-
ing. On the other hand, a major intention behind technology-specific support has also been
to reap producer rents and to control the distributional impacts on electricity consumers.
For example, support for wind power was made to decrease with increasing wind yield at
a specific site to minimize support costs for consumers. Moreover, there is clear empirical
evidence that the technology-specific rates under the German feed-in tariffs have been driven
by interventions from business groups as well as from the subnational administrations of
the German states (Hoppmann et al. 2014; Siihlsen and Hisschemoller 2014; Vossler 2014;
Strunz et al. 2016). States in the North of Germany, where wind yields are relatively high, lob-
bied for higher feed-in tariffs for wind power to promote regional development. In contrast,
Bavaria, a German state with a lot of small-scale agriculture, advocated beneficial support
rules for biogas production. Technology-specific RES-E support has thus helped to satisfy
both political interests simultaneously.

Against this backdrop, Helm (2010) argues that there is a “premium to simplicity”.
Technology-neutral policies should, the argument goes, be preferred over technology-specific
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ones as they are harder to capture. However, this recommendation may hardly be instructive
for practical policy-making. As Strunz et al. (2016) point out, all types of policies are likely
to be eroded by the influence of political interest groups—even those which are meant to be
technology-neutral in the first place. This has become obvious for carbon emissions trading
in the EU ETS where the alleged textbook simplicity has in part vanished during the imple-
mentation process (see, e.g., Anger et al. 2008; Rudolph 2009; Spash 2010). This insight is
eventually also confirmed by Helm (2010), who reports that it has been due to lobbying efforts
that the technology-specific bands were introduced for the originally technology-neutral con-
cept of UK’s renewable obligation certificates (see Fig. 2).

Moreover, the political economy of technology-specific RES-E policies may also be inter-
preted as an advantage when climate policy needs to overcome significant opposition from
incumbent industries. In fact, such targeted policies are likely to build stronger constituen-
cies supporting the implementation of ambitious climate policies in the future compared to a
reliance on technology-neutral policy approach (Gawel et al. 2014; Jenkins 2014; Meckling
et al. 2015).

S Concluding Remarks

Technology-specific RES-E support schemes, which differentiate subsidy rates between RES-
E technologies, are ubiquitous in the EU and beyond. A frequent critique of this kind of policy
is that, compared to a technology-neutral RES-E support scheme, it generates an excess cost
of reaching a given RES-E deployment target. In this paper, we have scrutinized this critique.
Based on our review, three concluding remarks can be made, and these are outlined in the
following. First, picking winners by technology-specific RES-E support may be economically
reasonable, particularly in a second-best world. Second, the implementation of technology-
specific RES-E support requires an elaborate political and institutional process. Finally, the
scientific knowledge base needs to be extended to design and implement technology-specific
support properly.

5.1 “Picking Winners” by Technology-Specific RES-E Support May Be
Economically Reasonable

We have argued that rationales for technology-specific RES-E support schemes may be
related to market failures associated with technological development as well as additional
external costs, both of which drive a wedge between private and social costs of RES-E
deployment. The degree and the empirical relevance of these market failures are typically
heterogeneous across different RES-E technologies. Technological differentiation of RES-E
support schemes may be a regulatory response to this heterogeneity. Certainly, this policy
approach of “picking winners” will be only second-best in most cases—but it may be a
reasonable policy pathway if other (first-best) policy solutions need to be ruled out. In fact,
the term of “picking winners” may be misleading in this context. In the presence of multiple,
uncorrected market failures the idea of technology-specific RES-E support is rather to allow
for a fair competition between RES-E technologies.

With asymmetric information and politico-economic constraints, the implementation of
technology-specific RES-E support admittedly runs the risk of “picking the wrong winners”
in practice. This concern is based on the assumption that specific support for a selected set
of RES-E technologies may impair the development of other technological options, which
may be emerging but are not yet known to or accepted by regulators (Kverndokk et al. 2004).
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This effect is aggravated by the fact that (technology-specific) RES-E policies may not be
easy to revise, modify or abolish even if new information about new emerging technologies
becomes available to the regulator. Reasons include institutional path dependencies and
politico-economic barriers (Strunz et al. 2016). Nordensvird and Urban (2015) testify a
feed-in tariff lock-in for the German wind power sector, and Kverndokk and Rosendahl
(2007) show that the cost of picking the wrong winners among RES-E technologies may be
substantial. But does this insight necessarily imply that technology-neutral RES-E support
schemes should be preferred over technology-specific ones?

Aghion et al. (2009, p. 689) emphasize that the hazards of picking wrong winners are
inescapable. Technology-neutral RES-E support schemes leave the static and dynamic tech-
nology choices to the market. This implies that primarily those RES-E technologies are
developed and adopted which are most competitive in terms of current market prices, such
as onshore wind power. In the presence of uncorrected market failures, however, this choice
does not fully consider the long-run social benefits and costs of specific RES-E technolo-
gies. Hence, technology-neutral support is also likely to pick the wrong winners and to
impair the cost-effectiveness of RES-E deployment. Thus, there is no reason to assume that
technology-neutral RES-E support leads per se to a better outcome in terms of social welfare
than technology-specific policy approaches.

In the face of the ambiguities as to how to design RES-E support one might be tempted
to abstain from RES-E subsidies in general—and rather rely on the even more technology-
neutral policy approach of carbon pricing only. However, Kverndokk and Rosendahl (2007)
demonstrate that this is not a dominant strategy either: without explicit subsidies to clean
technologies existing market failures next to the carbon externality cannot be addressed cost-
effectively (see also, Fischer and Newell 2008). Technology development and deployment
would be distorted in favor of established non-renewable technologies—and even more so if
carbon prices are improperly designed and the external costs of non-renewable generation are
not fully internalized. The resulting excess cost may outweigh the potential risk of picking
the wrong technologies by a technology subsidy.

Consequently, the real issue in designing RES-E support schemes is not how to avoid
picking winners—as this will happen under any scheme—but “to be picky on your picks”
when designing technology-specific subsidies (Grubler et al. 2012, p. 1708). In addition, and
as was noted above, decision-making under uncertainty also implies a portfolio approach
to RES-E support rather than an extreme picking-the-winner policy—but with technology-
specific support levels.

In the end the discussion on the cost-effectiveness of technology-neutral versus
technology-specific RES-E support schemes is related to the debate on economic rationales
for supporting RES-E in the first place. This boils down to the notion that a RES-E target
cannot be a desirable goal in itself; it must be logically derivable by analysis of more basic
motives and of the relevant costs and constraints. Our key point is that almost regardless
of which these motives are, there is generally a stronger case to be made for technology
differentiation compared to technology neutrality.

5.2 The Implementation of Technology-Specific RES-E Support Requires an
Elaborate Institutional Framework

Deriving generalizable guidelines for designing technology-specific RES-E support schemes
is challenging, if not impossible, for at least two reasons. First, the empirical relevance of mar-
ket failures and the corresponding rationales for technology-specific RES-E support may vary
from one regulatory context to another. For example, the importance of knowledge spillovers
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depends on the structure of a country’s industry sector, and the relevance of environmental
externalities hinges on natural and geographical characteristics of a country.

Second, the economic valuation of market failures, which is necessary to attach price tags
to specific RES-E technologies, involves normative value judgments. As there is no “objec-
tive” market valuation for the corresponding social costs and benefits, the value judgments
can only be taken by the political decision-makers (on behalf of the society they represent).
The outcome of the valuation may well vary between countries, depending on the preferences
of the respective societies. The heterogeneity of judgments is likely to be aggravated by the
uncertainties surrounding many market failures (as decision-makers with different degrees
of risk aversion will factor this in differently), and by the fact that policy-makers need to
consider trade-offs when addressing the diverse market failures simultaneously (i.e., there
is no RES-E technology which is superior along all dimensions of social welfare). Conse-
quently, the economically sensible design of technology-specific RES-E policies is likely to
vary between different regulatory contexts.

These ambiguities notwithstanding, some general principles for implementing technology-
specific RES-E support schemes are worth highlighting. Following Rodrik (2014), the
institutional design of green industrial policies should be ideally characterized by (1) embed-
dedness, (2) discipline, and (3) accountability. These principles may help safeguard that
policy-makers are indeed “picky on their picks”.

Embeddedness implies that the decision-making process, e.g., in the run-up to an amend-
ment of technology-specific RES-E regulation, allows for interaction and communication
between different government branches (e.g., economic, energy and environmental affairs)
as well as with industry representatives, non-governmental organizations and civil society in
general. Even though there is certainly a trade-off in terms of regulatory capture, the partic-
ipation of private actors may be essential to overcome informational constraints on part of
the regulators (e.g., in terms of prospective development of RES-E technologies), and to ease
policy learning. Instruments to collaborate with a broad range of public and private actors
include, inter alia, deliberation and advisory councils, sectoral round-tables, or green and
white paper processes preparing legal amendments.

Discipline relates to clarity in the objectives that are to be attained by technology-specific
RES-E support. If policy objectives are clear, it is easier to hold policy-makers liable for
their decisions, and to control political discretion and politico-economic interference. Thus,
policy-makers should be explicit about their intentions behind promoting RES-E deployment
(e.g., mitigation of climate change, technological development, regional development and
job creation) as well as relevant side-conditions (e.g., minimization of current compliance
costs vs. reduction of long-run societal costs). Ideally, policy-makers should also reveal the
priority they attach to each objective and side-condition. Moreover, objectives and side-
conditions should preferably be translated into measurable targets (e.g., deployment targets
for different RES-E technologies, cost reduction targets). Finally, monitoring and evaluation
routines must be established to verify whether the technology-specific RES-E support has
actually contributed to meeting objectives, targets and side-conditions.

Accountability requires that public agencies explain why and how they take decisions. Con-
sequently, policy-makers implementing technology-specific RES-E policies should complete
a checklist. First, they should make transparent based on which rationale(s) they consider
technology differentiation. Given the multiple trade-offs between rationales, they should
also clarify which rationales they consider as most relevant, and why. Second, policy-
makers should make clear which alternative first- and second-best policy approaches could be
employed to address the market failures they consider important, and why these are ruled out
or inferior to the technology-specific RES-E support scheme proposed. Third, they should
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illustrate why they believe the degree of technology differentiation chosen for the RES-E
scheme is adequate to mitigate the market failures considered. This is particularly important
because differentiation by technologies is certainly only a second- or third-best proxy for
addressing a market failure.

5.3 A Broader Knowledge Base is Needed to Design Technology-Specific RES-E
Policies Properly

Certainly, our review has also highlighted the need for further research on the foundations
of possible rationales for technology-specific RES-E policies. It is useful to emphasize four
different areas for such future research. First, more empirical studies are needed that exam-
ine how strongly market failures vary with technologies and to what extent these differences
vary with countries and contexts. This includes, not the least, questions such as how strongly
knowledge spillovers as well as system and environmental costs vary with RES-E tech-
nologies. For instance, previous research—e.g., Dechezleprétre et al. (2013)—has shown
that there are more spillovers from supporting clean compared to dirty technologies, but
it is also important to make comparisons across different types of green (e.g., renewable)
technologies.

Second, there is a need for additional empirical research investigating the question to what
extent externalities of RES-E deployment are already internalized by existing policies (as
in Bollinger and Gillingham 2014). The more the externalities are internalized, the less the
need to address them by technology-specific support.

Third, we also see a need for empirical work on how different market failures interact.
For example, will attempts to address market failures related to technology development
by technology-specific policies aggravate or mitigate system integration and environmental
costs of RES-E deployment? More advanced energy-system models and agent-based models,
which are spatially explicit on system and environmental impacts and include more realistic
assumptions about technological change, could possibly shed more light on these issues.
This would in turn assist policy-making by clarifying the question whether multiple market
failures can actually be addressed simultaneously by technology-specific support, or whether
they necessarily call for a broader policy mix.

Fourth and finally, more second-best policy analysis is warranted. There is work addressing
the issue of second-best climate policies, e.g., comparing the cost of meeting a reduction
target by combining a low tax on carbon with RES-E support to the first-best option of only
implementing a tax on carbon high enough to reach the target (e.g., Galinato and Yoder
2010; Parry and Williams 2010; Kalkuhl et al. 2013). However, related studies comparing
technology differentiation to what could be considered a first-best (cost-effective in this case)
policy approach are still lacking. In other words, more second-best policy analyses comparing
the performance of suboptimal technology-neutral as well as suboptimal technology-specific
policies in the presence of multiple market failures are needed. These could address questions
such as how sensitive welfare is to the actual design and degree of technology differentiation,
how close such approaches can come to first-best policy mixes (which address all market
failures directly, e.g., by Pigouvian taxes), how technology-specific policies can be designed
to more closely approximate the first-best solutions, as well as how one can account for
the uncertainties surrounding many externalities when designing policies in the multiple-
externalities setting.
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