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ABSTRACT

Policy makers across Europe have implemented renewable support policies with several policy objectives in mind.
Among these are achieving ambitious renewable energy targets at the lowest cost and promoting technology im-
provement through learning-by-doing. Although subsidy mechanisms based on energy output are cost-effective
for achieving a certain renewable energy target in the short run, policies tied to capacity installation might be
more effective in reducing technology costs in the longer term. We address the question of how policies that sub-
sidize renewable energy (feed-in premia and renewable portfolio standards (RPSs)) versus capacity (investment
subsidies) impact the mix of renewable investments, electricity costs, renewable share, the amount of subsidies,
and consumer prices in the EU electric power market in 2030. Our analysis is unique in its focus on the market
impacts of capacity-oriented vs energy-oriented policies while considering a realistic landscape of diverse and
time-varying loads and renewable resources (including existing and potential hydro, wind, and solar resources),
as well as fossil-fueled generators and network constraints.

1. Introduction

It is widely agreed that renewable electricity policies, such as feed-in tariffs, that encourage selection of
the type and location of renewable development irrespective of the marginal value of its output will
promote inefficient investment (Huntington et al., 2017; Neuhoff et al., 2017). Such policies tend to value
maximization of renewable production without considering the economic value of the energy they pro-
duce for meeting power demands or emissions goals. Therefore, the EU and its member states are moving
towards feed-in premiums, curtailment requirements, and other policies that are intended to align renew-
able investment profitability with the market value of electric energy. Development may therefore be
encouraged at locations where resources produce fewer annual MWh, but where the increased energy
market value more than makes up for decreased production, due to timing or transmission availability.
This supports the objective of minimizing the net economic cost of achieving renewable energy targets,
at least in the short-term.
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A longer term objective is to reduce renewable energy costs through learning-by-doing. Learning exter-
nalities are widely recognized as a benefit of renewables promotion (NAS, 2017; Newbery, 2018), alt-
hough estimates of the magnitude of learning differ among studies even of the same technology (Nagy
etal., 2012; Rubin et al., 2015). Some authors have quantified the magnitude of learning externalities for
technologies as justifications for particular subsidy levels (van Benthem et al., 2008; Andresen, 2012;
Gerarden, 2017). However, it has been argued that feed-in premia, renewable portfolio standards, pro-
duction tax credits, and other policies that subsidize energy (MWh) generation are inefficient means for
achieving the goal of promoting technology improvement. In particular, if learning-by-doing is a function
of cumulative MW investment rather than cumulative MWh production, then policies that are tied to
capacity installation rather than energy output might be more effective in reducing technology costs
(Newbery, 2012; Andor and Voss, 2016; Barquin et al., 2017; Huntington et al., 2017; Newbery et al.,
2018). On the other hand, capacity-oriented policies are argued to be less cost-effective than well-de-
signed energy subsidies for achieving energy penetration targets and reducing external environmental
costs, at least in the short run (Meus et al. 2018).

The simplest capacity-focused policies could take the form of straight-forward per MW investment sub-
sidies, such as auctions or investment tax credits. A more sophisticated variant, promoted by Newbery et
al. (2018) (based on an auction used in China; Steinhilber, 2016), would instead solicit offers based on a
per MWh cost, but would pay only up to a maximum number of MWh per MW of capacity over the
lifetime of the project. The subsidy is paid out only as those MWh are generated, and the number of years
of payments might also be limited. We term this policy the mixed investment/output subsidy policy.
Compared to energy policies, the mixed policy will dampen incentives for very high capacity factor
renewables; meanwhile, compared to pure capacity-based policies, generators with higher capacity fac-
tors will benefit by receiving more subsidies (up to the limit) and more quickly.

This paper addresses the cost and technology impacts of energy- versus capacity-based renewable poli-
cies using a detailed model of market-based generation investment and dispatch in Europe. The following
simple example illustrates the general nature of these potential market impacts.

Say that two locations are available for renewable investments. Site 1 has a net cost of 100,000 €/ MW/yr
(where net costs are defined as capital costs minus revenues from the electricity market) and a capacity
factor of 30%, while Site 2 has a net cost of 125,000 €/ MW!/yr and a capacity factor of 40%. Each location
can accommodate 600 MW of investment. Assuming competitive conditions such that each site bids its
levelized cost of energy, then an energy-based solicitation for 1,500,000 MWh of renewable energy per
year would result in Site 2 being selected to provide that energy, installing 428.1 MW of capacity at a
cost of 35.7 €/ MWh (compared to Site 1’s cost-based offer of 38.1 €/ MWh). These results are summa-
rized in the first case in Table 1. The total cost would be 53.5 M€/yr (= 1,500,000*35.7). On the other
hand, if that 428.1 MW of capacity was instead acquired through a capacity solicitation based on
€/MW/yr offers (second case in Table 1), then the following would instead happen. Site 1 would win
because its offer of 100,000 €/ MW/yr would undercut Site 2’s offer of 125,000 €/MW/yr. Total cost
would fall to be 42.8 M€/yr (=428.1*100,000). So, if the objective is to maximize capacity installation
to promote learning, then the capacity policy is a cheaper means of doing so (savings = 10.7 M€/yr =
53.5-42.8).

Continuing with the simple example, let’s instead consider a situation in which the government has an
implicit renewable energy goal of 1,500,000 MWh/yr, but uses a capacity mechanism to meet it by setting
a sufficiently ambitious capacity target. This is third case in Table 1. The government would then have
to acquire 570.8 MW from Site 2 to generate that amount of energy, at a total cost of 57.8 M€/yr. Com-
pared to the energy-based solicitation, this capacity-based policy costs 3.8 M€/yr more (=57.1-53.5), but
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results in 142.7 MW more installed capacity. The tradeoff is clear: a capacity-based subsidy is a cheaper
way to spur construction of capacity, but a more expensive way to achieve an implicit energy goal. But
in the latter case, in exchange for that added expense, much more capacity might be built and more

learning achieved.

Table 1. Simple comparison of energy- and capacity-based policies

Energy-based policy (acquire Capacity-based policy (acquire | Capacity-based policy (acquire
1,500,000 MWh/yr) 428.1 MW) 570.8 MW)
Capacity Energy Capacity  Energy Capacity  Energy
acquired  acquired Ofter acquired acquired  Offer | acquired acquired  Offer
MW MWh/yr €MWh MW  MWh/yr €MWir| MW  MWhiyr €MW/yr
Site 1 0 0 38.1 428.1 0 100000 | 570.8 0 100000
Site 2 428.1 1500000 357 0 0 150000 0 0 150000
Total 428.1 1500000 428.1 0 570.8 0
Total Cost (M€/yr) 53.55 4281 57.08

Meanwhile, the mixed investment/output subsidy policy’s outcome in this simple example depends on
that policy’s parameters concerning the ceiling on MWh/MW subsidies and the number of years that the
subsidies would be paid, as well as the interest rate and other factors. Continuing with the simple exam-
ple, say that the interest rate is 5%/yr; subsidies are paid at the end of the year in which production occurs;
investments have a 20 year lifetime which is also the last year that the subsidy is paid; and the maximum
allowed MWh/MW is 61,320 MWh/MW (equivalent to a 35% capacity factor over 20 years). Assume
that the government accepts the lowest €/ MWh bid subject to those conditions. Then the breakeven per
MWh subsidy for Site 1 turns out to be 38.05 €/ MWh (that amount paid over 20 years for its 52,560
MWh/MW of production would just cover the capital cost of 100,000 €/ MW/yr, plus interest). In con-
trast, Site 2 requires a subsidy of 40.21 €/ MWh (which it would receive for 61,320 MWh/MW of pro-
duction over 17 years). Thus, in this case, Site 1 would win the mixed capacity/energy auction. On the
other hand, if the auction’s maximum payout is 64,824 MWh/MW and the interest rate equals 10%/yr,
this would instead render Site 2 cheaper than Site 1 (37.44 vs. 38.05 €/ MWh, respectively). Thus, the
mixed policy is likely to produce an outcome between the pure capacity and energy ends of the spectrum,
with the exact outcome depending on the policy’s exact rules as well as the interest rate.

This simple example shows that choice of capacity vs. energy-based subsidy could significantly affect
the amount and mix of renewable energy investment, and its cost. In this paper, we ask what the out-
comes would be in a much more realistic context — the European Union (including the UK, Norway, and
Switzerland), accounting for varying market conditions, transmission limitations, and renewable energy
development opportunities across the continent. In particular, we compare the impact of energy-focused
(feed-in premium or renewable portfolio standard (RPS)) and capacity-focused (investment subsidies)
renewable policies upon the EU-wide electric power market in 2030 using an electric power market
equilibrium model. We use an power market model in order to determine what renewable investments
would earn from selling energy and the resulting net costs that the investment must then recover from
subsidies. These net costs must account for the value of power at different times and places, which in
turn depends on the simultaneous interaction of supply and demand throughout the network; analysis
methods that focus only on renewable resource capital and operating costs will miss these crucial inter-
actions.



The specific question we focus on is the following:

How do the different policies impact the mix of renewable and non-renewable generation invest-
ment, electricity costs, renewable output, the amount of subsidies, and consumer prices in the
year 20307 Specifically, do capacity-based policies result in significantly more investment and
possibly learning?

We also consider the mixed capacity/energy subsidy policy; as we show later, its result is a mix of in-
vestments that lies between the mixes incented by the pure energy and pure capacity subsidy policies.
We also examine the interaction of energy and capacity policies with policies concerning trading of re-
newable energy credits across country borders. In particular, we evaluate the efficiency of national policy
targets for renewable electricity production or capacity (as a whole or per technology) and compare these
with a cost-effective EU-wide allocation of renewable energy investment, given resource quality, net-
work constraints and the structure of the electricity system in the various EU countries.

To address these issues, we use COMPETES, an EU-wide transmission-constrained power market
model, which we have enhanced to simulate both generation investment and operations decisions for the
year 2030 (Ozdemir et al., 2013, 2016). The regional coverage and transmission grid of the model are
shown in Fig. 1. In contrast, other analyses of renewable electric energy policies in Europe have often
identified best locations and technologies based on levelized costs or other metrics that disregard the
space- and timing-specific value of their electricity output (e.g., del Rio et al., 2017). COMPETES uses
linear programming to simulate the equilibrium in a market in which generation decisions simultaneously
consider the effect of development costs, subsidies, and energy market revenues on profitability. The
calculated energy prices and renewable subsidies are the result of the clearing of supply and demand for
energy as well as for renewable capacity or energy, depending on the policy.

Fig. 1 The geographical scope of COMPETES

The paper is organized as follows. In Section 2, we provide a brief review of the literature on model-
based analyses of renewable energy policies in order to situate the capacity- vs energy-subsidy question
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relative to analyses of the many other important questions concerning renewable policy. Then Section 3
summarizes the version of the COMPETES model used here. In Section 4, we present results concerning
the impacts of capacity, energy, and mixed capacity-energy policies, as well as the effects of country
specific targets as opposed to free trade of renewable energy or capacity credits among countries. Ap-
pendices present technical details about the formulation of the mixed capacity/energy policy model, and
country-specific results concerning renewable capacity investments, annual energy prices, and energy
market revenues earned by photovoltaic (PV) and wind investments.

2. Literature review: Analysis of renewable electricity policies

Renewable electricity policy in the EU as well as elsewhere is in flux (e.g., Banja et al., 2013; Resch,
2017). On one hand, targets in some places, such as Hawaii or California, have been ratcheted up as far
as 100%. On the other hand, many jurisdictions are fine-tuning policies in an attempt to lower the cost
of achieving those goals as the inefficiencies inherent in existing policies become more apparent
(Neuhoff et al., 2016). There is a huge literature that addresses the economic and environmental costs
and benefits of different policy designs, addressing five basic sets of questions summarized below. We
limit ourselves to citing illustrative examples of each set because it is not possible to thoroughly cover
the huge literature on renewables here.

The first set of questions asks: How large are the external environmental costs of electric power, how do
they depend on location and timing of power consumption, and how do renewable policies affect those
costs? For instance, one study shows how development of relatively low quality renewable resources in
the eastern US would more effectively reduce the health costs of air pollution than development in the
western US where resources are cheaper and more abundant (Siler-Evans et al., 2013).

Perhaps the largest set of analyses address the second set of questions: accounting for the response of the
energy market to subsidies, how efficient are alternative subsidy mechanisms in terms of achieving mul-
tiple societal goals? These goals can include maximizing clean energy generation and minimizing emis-
sions (which are not necessarily the same thing); minimizing cost and energy prices (also not the same
thing; Fischer, 2010); fairly distributing of cost burdens and environmental benefits; providing leadership
by example; accelerating reduction of renewable costs from learning-by-doing and research (Fischer and
Newell, 2008); and limiting landscape and other direct environmental impacts of renewables. Policies
considered can include supply-push policies such as renewable portfolio standards/obligations, auctions
and tenders, feed-in tariffs, feed-in premia, and auctions of publicly owned-sites, as well as demand-pull
policies such as green pricing and marketing (Huntington et al., 2017; del Rio et al., 2017; Resch 2018).
For instance, Beurskens (2011) compares several of these policies for the Netherlands within the context
of EU-wide markets and policies.

The third set of questions addresses the interplay of multiple simultaneous policies. It asks questions such
as: what is the combined effect on costs, emissions, and renewable development of the coexistence of
local, federal, and international renewable policies, or simultaneous pollution limitations and renewable
subsidies? Many studies ask whether mixes of policies result in inefficiencies in achieving society’s
overall goals, or if they instead provide important complementarities (del Rio, 2017). Others suggest
ways to adjust the policies to lessen conflicts or inefficiencies (Richstein et al., 2015).

A fourth set of analyses looks at how renewable policies interact with market failures in the electricity
market. Examples include retail prices that fail to reflect the dynamics and geography of marginal costs,
or the presence of market power in generation (Koutstaal et al., 2009; Tanaka and Chen, 2013).



The fifth and final set investigates the effects of particular implementations of individual policies. Some
examples include the cost and emissions effects of allowing renewable credits to be traded across multi-
ple jurisdictions (Perez et al., 2016; Unteutsch, 2014; Green et al., 2016; Meus et al., 2018); approaches
to the “gap filling” that will be necessary if EU-wide targets will not be attained by reliance on individual
country targets alone (Resch, 2017); separate targets for different classes of renewable technologies
(“carve outs”) (Kreiss et al., 2018); the banking of renewable credits in order to dampen year-to-year
variations; and rules regarding the “additionality” of renewable energy sold as green power.

Nearly all market simulation-based analyses of these five sets of questions consider policies that subsi-
dize renewable energy (MWHh) rather than capacity (MW), since capacity-based mechanisms have been
used far less in practice than energy-oriented instruments. Exceptions are the theoretical analyses by
Newbery et al. (2018) and Barquin et al. (2017), who discuss the mechanics and possible advantages of
capacity-based auctions using highly simplified examples. The question of capacity versus energy poli-
cies that they address is becoming more important as some policy makers ask whether there are more
cost-effective ways to accelerate learning and technology improvement.

Thus, our analysis is unique in its focus on the market impacts of capacity-oriented vs energy-oriented
policies while considering a realistic landscape of loads and resource characteristics, as well as fossil
generators and grid limitations. In the next section, we summarize the COMPETES market modelling
methodology as well as the assumptions made.

3. Model Description

We describe our modelling approach in two steps. First, we pose a static market equilibrium problem for
a single year that assumes perfect competition (price-taking behavior) among all market parties, includ-
ing renewable and non-renewable energy generators and the transmission system operator. Second, we
state a single optimization problem for each renewable subsidy mechanism that is equivalent to the mar-
ket equilibrium problem. This problem maximizes the sum of consumer-, transmission-, and producer
surpluses (market surplus), subject to the relevant policy constraint. To start with, we define our notation.

Sets and Indices

H Set of hours, indexed h, each representing a sample of a combination of load and renewable
output. H(s) is the set of hours in season s. Note that because the model represents less than
8760 hours per year for computational reasons, a given “hour” h actually represents a subset of
individual hours, and so its variables are weighted by the number of hours in the subset in the
objective function.

I Set of nodes, indexed i, j
I, Set of supply nodes of firmn € N

L, Set of supply nodes of hydro generator v € VV

K, Set of supply technologies of firm n € N, indexed k. K is the superset of these technologies
L Set of cross-border transmission lines, indexed [

N Set of generation firms, indexed n

R, Set of renewable technologies of firm n (i.e., wind and solar), indexed r € R ¢ K



S Set of seasons, indexed s

%4 Set of hydro power generators firms, indexed v

Parameters

AICy, Annualized capital cost of generation capacity [ % /yr]

B, T Maximum hours of output [MWh/MW] qualifying for subsidy hours, and maximum number
of years of payments, respectively, in a mixed investment/output capacity auction

Din Fixed electricity demand per hour [MW]

EFLH;, Equivalent full load hours of renewable generator [hr/yr]

ee Max, min state of charge for hydro pumped storage (or, more generally, other within-day en-
ergy storage) (default: e = 1,e = 0)

FLH;, Full load hours of renewable generator [hr/yr]

G Target minimum renewable energy capacity in a capacity auction [MW]

IR Discount rate [1/yr]

MC;, Marginal cost of generated energy [ﬁ]

NH,, Number of sample hours per year corresponding to hour h [1/yr]

NTC, Net transfer capacity of cross-border transmission line [MW]

P4 geasonal hydro generation [MWh]

_Z:Zx Maximum conventional hydro capacity, which can vary over the year [MW]

_Z),: Minimum run of river (ROR) generation, which can vary over the year [MW/].

PS,; Max charge/discharge capacity of storage [MIV]

SCyi Max storage level [MW h].

Tix Economic lifetime of generator investment [yr]

14 Equivalenced annual minimum renewable energy target in a mixed investment/output capacity
auction [MWh]

Yo, Existing capacity of generator in 2030 [MW]

QAikn Maximum capacity factor of generator

Tyi Cycle efficiency of pumped hydro storage (z,; € [0,1])

D, Node-line incidence matrix of transmission lines



¢ Target minimum renewable share of total MWh electricity production in an feed-in premium
or renewable portfolio standards (RPS) mechanism, ¢ € [0,1]

Decision variables

ain Net injection into transmission grid at node i [MIV].
chyin Charge level of hydro pump storage [MIV].

dsyin Discharge level of hydro pump storage [MWV/].

fins fin Power flows on transmission line [ [MW/].

Inikh Generation dispatch level [MW].

ghyare Conventional hydro generation [MW].
Din Locational marginal electricity price [i]

MWh

S0C,;,  Storage level of hydro pump storage [MW h].

ue;p Unserved demand at node i [MW].

Vnik Generation capacity investment [MW1].

A Green certificate price for a renewable portfolio standards (RPS) mechanism [ﬁ]
p* Clearing price of a capacity auction [ %]

V" Clearing price of a mixed investment/output capacity auction [i]

MWh

3.1. Market equilibrium problem

A market equilibrium assuming competitive conditions has two characteristics. First, each market party
pursues its own objective (its profit) and believes that it cannot increase its surplus by deviating from the
equilibrium solution. This is modelled by formulating a profit maximization problem of each market
participant such as generators, consumers, and transmission system operators. The second characteristic
is that the market clears at a wholesale price where power supply equals demand at each node in the
network. Similar clearing conditions also apply to reserve and renewable energy/capacity markets, as
appropriate. One approach to modelling market equilibria is to concatenate the first-order conditions for
each market party's problem with market clearing equalities, yielding a complementarity problem (Ga-
briel etal., 2012). Complementarity problems can be solved either by specialized algorithms or, in special
cases, by instead formulating and solving an equivalent single optimization model. Real-world problems
lead to large scale complementarity models that are computationally challenging to solve. Fortunately,
we are able here to use the single optimization problem approach, which allows us to solve large scale
systems with millions of variables.



Before presenting the single optimization problem that we actually solve, we first describe the optimiza-
tion problem of each market player in this section in order to make the assumptions of the model trans-
parent. We assume perfect competition in which each market player is a price taker. Price-taking behavior
can be modelled by treating price (which is signaled by an asterisk *) as an exogenous parameter in each
market player's profit objective, even though price is endogenous to the market as a whole. We present
the problem of renewable generators receiving remunerations under three alternative market-based re-
newable support schemes, namely a renewable portfolio standard (RPS) or energy-based policy, a capac-
ity auction, and a mixed investment/output capacity auction proposed by Newbery et al. (2018).

To preserve computational tractability, the model below calculates an equilibrium for a single year rather
than for a multiple year time horizon. We omit details on reserves markets and unit commitment con-
straints, which have been used in other COMPETES applications (e.g., van Hout et al., 2017; Hytowitz,
2018). Finally, for simplicity of notation and to explore the general impact of energy versus capacity
policies, the renewable policies we show in the model equations below are technology-neutral with the
same level of subsidy applied to all renewable sources, and assume a single EU-wide target. However,
later in this paper, we solve generalizations of the model that simulate markets with technology and
country-specific targets.

3.1.1. Generator problems

Each firm chooses its generation production and capacity in conventional and/or renewable technologies
in order to maximize its annualized profits. The profits of a generator depend on the market price it earns
for selling electricity in the spot market and the subsidy it receives for the MWh renewable generation
or MW capacity installed. Below, we formulate the problem of an electricity firm operating in an energy-
only market without a renewable subsidy, followed by formulations in which generators also participate
in one of three alternative market-based renewable support schemes.

Energy-only market

We first consider the generators’ problem in an energy-only market without any renewable support mech-
anism. In an energy-only market, the profits of a generator depend on the market price, p;,,, it earns for
selling electricity in the spot market. For each firmn € N,

max  Yier, keknphed NHr(®in — MCi) Gnikn — Zier, kek, AlCik Ynik (1)
subjectto (s.t.)  Gnikn < Xikn Yo + Ynix) Vi€ I,k €K, h€H 2)
Inikh Ynik = 0 Vi€l k €K, h€H, (3)

where MC;;, is the marginal generation cost and AIC;, is the annualized investment (capital) cost of generation
capacity. The objective function (1) maximizes the gross margins earned from the spot market minus the
investment costs of the capacities installed. Constraint (2) limits the maximum generating capacity of
each unit and (3) is the non-negativity constraint. To account for variability of renewable output, the
capacity of each technology is multiplied by a coefficient a;;;, which takes values less than or equal to
one, and varies per hour or season depending on the technology and location of the generator. This model
can be generalized to include nonlinear production cost functions, start-up costs, ramp limitations, and
the sale of operating and installed reserve capacity (e.g., Brouwer et. al, 2016; van Hout et al., 2014; van
Hout et al., 2017; Ozdemir et al., 2014; Ozdemir et al., 2017; Sijm et al., 2017).



Energy-based renewable policy

In an electricity market with energy-focused renewable support policies, firm n receives an energy sub-
sidy per MWh of renewable generation (i.e, wind, solar-PV, biomass, and geothermal) in addition to the
gross margin they earn from selling electricity to the power market. The renewable energy subsidy we
consider is a feed-in premium type of instrument (equivalently, a RPS) or a green certificate price. Con-
sequently, producers will have an incentive to optimize production at locations where local resources are
such that the levelized cost of energy is low while also taking into account the local market value of the
electricity production. With other types of energy subsidies such as, for example, a fixed feed-in tariff,
there is only an incentive to generate at the lowest possible investment and O&M costs, and the value of
the electricity provided to the market does not play a role in the decision of where to produce.

For each firmn € N,
max Yier, kek, hedn NHR(Din — MCy) gnikn + A" Zier, rer, hen NHrGnirn — Xier, ke, AlCik Ynik ~ (4)

s.t. Constraints (2), (3).

Both conventional and renewable generators of firm n earn profits from the spot market represented by
the first component of the objective function in (4). Renewable electricity generators owned by firm n
(denoted by r) receive a per MWh payment A* in addition to the revenue they earn from selling electricity
on the electricity market.

Capacity-based renewable policies

The rationale for these policies is that learning might more related to cumulative capacity installations
than to MWh production per se. There are several possible variants of these policies that might, for
instance, adjust subsidies to reflect relative capacity factors (in which case the policies would take on
more of an energy-based flavor). Another variant might reward capacity whose output might coincide
better with system demand peaks, although the fact that installations would earn revenues in the energy
market would likely mean that such facilities would earn a higher price for their production.

Capacity Auction: The first type of capacity-based renewable support policy we consider is a capacity
auction. In a capacity auction with an EU-wide total renewable capacity target, firm n receives a capacity
payment per MW of renewable capacity that contributes to the target:

max Yier, kek, hert NHR(Din — MCi) Gnikn + B* Xier, rer, Ynir — 2iet, kek, AICik Ynik ~ (5)
s.t. Constraints (2), (3),
where £* is the clearing price of the capacity auction.

Mixed investment/output subsidy: Another variant of capacity-focused support policy is inspired by
Newbery et al. (2018) who propose a type of mixed investment/output subsidy. In this proposal, a MWh
payment determined by an auction which would apply to production up to a specified maximum number
of MWh per MW of capacity, defined as B—e.g., 20,000 MWh/MW over the lifetime of renewable
generators. Payments would not be made for more than T years. In a multiyear version of COMPETES,
it would be possible to track payments for qualifying MWHh in each year to a generator installed at a given
time, and to discount them appropriately. In this static (single year) version, we instead calculate the
equivalent annualized subsidy stream (in €/ MW of capacity/yr), based on the lifetime of the asset, the
maximum number of years that MWh payments can be collected, and the maximum MWh/MW. For a
given MW of, say, wind capacity, this equivalent annualized revenue will in general be less if an asset
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has a lower capacity factor or shorter life, and/or if the policy’s maximum years of payments and
MWh/MW is smaller. The overall annualized subsidy is defined as y*}.;, EFLH;Yn:, Where
y*EFLH,, is the equivalenced capacity payment per MW of renewable capacity investment of type r at
location i. Appendix A derives the formula for EFLH;,.

Given these assumptions, we can formulate the generating company n’s problem with the equivalenced
annualized costs and revenues as:

max Yier, kek, hen NHL(0in — MCy) Gnikn + V™ Xier,rer, EFLHyYnir — Yier kex, AlCik Ynik  (6)

s.t. Constraints (2), (3).

3.1.2. Hydropower generator’s problem
We model seasonal and daily electricity storage from hydro. Hourly Run-of-River (RoR) generation,

—ror

P, 1S assumed to be must-run generation, given monthly data on the share of RoR per country. Mean-
while, flexible generation from hydro storage is endogenously distributed over the hours within a season

such that the sum of the hourly hydro generation is equal to the total seasonal hydro generation P,,’lfgd”,
based on historical (2011-2016) seasonal availability of water reservoir levels. Finally, generation from
hydro pump storage is modelled such that the pump storage operators maximize their net revenues by
charging and discharging electrical energy within a day. These electricity storage operators buy power
by charging during low priced hours and sell power by discharging during high priced hours. By doing
so, they increase or decrease system demand for electricity and contribute to the flexibility for balancing

generation and demand. For each hydro generator v € V:

. « hyd
max Yier, nen[NHyDin (dSyin, — chyin) + NHppin gy ] 7

s.t. SOCvih = SOCvi,h—l + Chvih - dSm'h/Tm' Vie€e Iv,h EH (8)

e % SCy < SOCpin < €* SCyi viel,heH (9)

0 < dsyip < PSy; Viel,heH (10)
0 < chyp < PSy; Viel,heH (11)
Ynesmy NHogonlr® = PRY4e Viel,seS (12)
Poin < i3 <Py Viel,heH (13)

The objective function maximizes the revenues of generation by conventional hydro generators and rev-
enues of discharging minus the costs of charging electrical energy by hydro pump storage generators.
Constraints (8)-(11) represent the operation of hydro pump storage. Note that in (8), h-1 is the hour that
chronologically precedes hour h, with the exception of the first hour of the day, which is assumed to be
preceded by the last hour of the same day. Constraints (12) and (13) represent the dispatch of power
generation from conventional hydro storage bounded by the minimum ROR generation and maximum
capacity, based on the monthly/seasonal availability of water reservoir levels.

11



3.1.3. Transmission system operator’s problem

The transmission system operator (TSO) is modeled as a power pool operator: it buys power directly
from generators and sells it to consumers. It can be shown that the outcome is the same as modeling a
market where producers sell bilaterally to consumers, and pay a transmission fee that efficiently rations
grid capacity. The TSO is assumed to be a single entity, although in reality there are multiple operators,
one or more per country. The operator's objective is to maximize the value of its transmission services
(i.e., revenues obtained from this arbitrage) subject to the cross-border flows limited by the net transfer
capability of transmission lines (NTC) between countries:

max  Yie;nen NHrDin in (14)
st. X®u(fn—fw)—an=0 Vi€elLheH (15)
Yiap =0 VheH (16)

fin < NTC, VieLheH (17)

fin < NTC, vieLheH (18)

fir finz0 VIeELhEH. (19)

Constraints (15) and (16) are the arbitrage constraints balancing the import and export flows between
countries, with (15) being the energy balance at i from the operator’s point of view and (16) ensuring
that total supply and demand are in balance. Constraints (17) and (18) are the maximum and minimum
flow limits of cross-border transmission lines. Constraints (19) impose non-negativity. In order to pre-
serve computational tractability, we did not consider optimal transmission capacity investments, Kirch-
hoff’s Voltage Law constraints, or transmission losses; however, the TSO’s problem can be extended to
include these constraints (Ozdemir et al., 2016).

3.1.4. Market clearing conditions under alternative renewable support mechanisms

The market clearing conditions for the wholesale electricity market correspond to the energy balance,
accounting for imports/exports, generation, discharge/charge from hydro pump storage, and demand net
of unserved energy for each node at every hour:

hyd \ .
Ain + Ynen ek, Inikh + Zvev Jyin - + ASpin — Chyin + uey = Dy (pjp) Vi€l h€eH. (20)

0<uey L (VOLL —p},) =0 VielLheH. (21

The Lagrange multipliers of market conditions (20) correspond to the hours-weighted (NH},) electricity
market prices, p;},, that are endogenous to the whole system. We consider fixed demand profiles. Market
condition (21) allows the fixed demand to be curtailed at an assumed price cap or value of loss load
(VOLL). The “perp” symbol L indicates that the product of the expressions on the left and right of that
symbol must be zero.

Energy-based renewable policy

We model the energy-focused renewable support policy as a market-based support scheme, i.e., a RPS
with an EU-wide renewable obligation target and tradable green certificates. An obligation target, de-
noted by ¢ € [0,1], is the minimum share of renewable energy sources in total electricity production.

12



The market clearing condition (22) corresponds to the certificate/quota constraint set by the regulating
authorities. The Lagrange multiplier, A%, of this constraint is the certificate value needed to achieve the
obligation target. Producers could choose to generate more than the target, in which case the certificate
value will be zero.

0<2" L Bnen,ict, rerphed NHnGnirn — ¢ Lierhen NHRDin) = 0. (22)

Capacity-based renewable policies

Capacity Auction: We also model capacity-focused renewable support policies as market-based support
schemes. The first variant of a capacity support scheme is represented by a capacity auction with an EU-
wide total capacity target G. The firms contributing to the target receive remuneration 5* per MW re-
newable generation capacity, which is the clearing price of the capacity target constraint (23).

0 S.B*J- (ZnEN,iEIn,reRn Ynir — G) >0. (23)

Mixed investment/output subsidy: In the second variant of a capacity support scheme (the mixed invest-
ment/output subsidy), any firm investing in new renewable generation capacity will receive €/ MWh pay-
ments determined by an auction, with the payments being made in the year of production. The lowest per
MWh bids into this auction are awarded payments that are upper bounded by two constraints: (1) there
cannot be payments for more than a predetermined number B of MWh per MW capacity over the lifetime
of renewable generators, and (2) payments are made for no more than T years of payments. As Appendix
A shows, this payment is equivalent to imposing the following market clearing constraint, whose shadow
price is the subsidy. The constraint says that the annual contributions of all firms to an equivalent MWh/yr
target V must satisfy:

0< V* 1 (ZnEN,iEIn,reRn EFLHnirynir - ‘7) >0 ' (24)

where EFLH,;, is the annualized equivalent full load hours (hr/yr), discounting future payments/MWh,
as discussed in Appendix A. When multiplied by capacity, the result is in an annual equivalent energy
production in MWh/yr. The Lagrange multiplier y* (€/MWHh) is the clearing price of the auction.

3.1.5. Equilibrium problem

Since the surplus maximization problems for the generators, TSO, storage operators given above are
convex optimizations (each optimizing a concave objective function subject to a linear set of constraints),
a point satisfying their first-order (Kuhn-Karush-Tucker, KKT) conditions is sufficient for global opti-
mality. Hence one can obtain the equilibrium by solving the KKT conditions for every player simultane-
ously in an equilibrium model. The equilibrium model combines the first-order (Kuhn-Karush-Tucker,
KKT) conditions of the surplus maximization problems for the generators, TSO, storage operators with
the energy and renewable market clearing conditions (Sections 3.1.1-3.1.4, respectively).

For instance, the equilibrium problem of the energy-only market without a renewable support scheme is
constructed by concatenating the KKT conditions of all the generators’ problem (1)-(3) and (7)-(13), the
TSO’s problem (14)-(19), and the energy market clearing conditions (20)-(21). For energy or capacity-
focused renewable support schemes, the KKT conditions of renewable generators are adjusted to account
for renewable subsidies, and the renewable market clearing condition for the relevant policy is included
in the equilibrium model. As an illustration, the KKT conditions for the generators and TSO are given in
Appendix B.
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When correctly defined, the KKT and market clearing conditions together define a square system of
complementarity and/or equality conditions, in which the number of conditions equals the number of
variables. This system can be solved for the market equilibrium by using commercial complementarity
solvers such as PATH (Dirkse and Ferris, 1995). However, solving complementary problems for large-
scale systems are computationally challenging and is limited to few thousands of variables in practice.
Therefore, we obtain the equilibrium by formulating a single linear optimization problem which can be
solved for problems with millions of variables.

3.2. Equivalent optimization problem

In this section, we formulate a single linear program that is equivalent to the electricity market with profit
maximizing generators, TSOs, and storage operators all subject to the relevant energy and renewables
market clearing conditions. The set of KKT conditions of such a single linear program is equivalent to
the combined sets of KKT conditions of all the generators’ problem, TSO’s problem, and the market
clearing conditions under each renewable support scheme defined in Section 3.1.5 (e.g., KKT conditions
(26)-(47) given in Appendix B). In general, formulation of a single equivalent optimization problem may
not be possible for any particular market equilibrium problem, but it is often feasible for equilibrium
problems formulated under the assumption of perfect competition (Gabriel et al., 2012).

The linear program below is an integrated model of economic power dispatch and generation capacity
planning, taking into account generation intermittency and the cross-border transmission constraints be-
tween the countries. It is a stochastic linear program, with the scenarios being different sets of load and
renewable conditions h, and its set of KKT conditions is sufficient for global optimality. Because the
optimal solution of the linear program below must satisfy its KKT conditions (which is equivalent to the
market equilibrium problem as defined by the combination of KKT and market clearing conditions de-
fined in Section 3.1.5), it is therefore also a market equilibrium. The reverse is also true; that is, the
solution of the electricity market equilibrium model defined in Section 3.1.5 maximizes social welfare
(the negative of total cost), subject to the policy constraint. The linear program is:

min Y pen ier, ke, hed NHRMCixGnikn + Znenier, kek, AICik Ynik + ierhen VOLLuey  (25)

s.t. Generators' Constraints: (2) - (3), VvneN
Hydro Generators' Constraints: (8) — (13), VveV
TSO's Constraints: (15) — (19)

Energy market clearing constraints: (20)
Renewable support policy constraint: (22) or (23) or (24),

where the objective function minimizes total electricity operation and investment costs, including a pen-
alty for unserved demand. For an electricity market without any renewable support policy, the constraint
set consists of the constraints of all the market participants plus the energy market clearing conditions
(20) whose Lagrange multipliers are equal to the locational electricity market prices. Depending on the
renewable support policy, one of the market clearing conditions (22), (23), or (24) is also included in the
constraint set. (Note that in a linear program, only the right-hand inequality of a renewable complemen-
tarity condition needs to be included; the first order conditions of the LP automatically enforce the full
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complementarity condition.) The Lagrange multiplier of such renewable support policy constraints gives
the clearing price of the auction with a renewable energy or capacity target.

4. Simulations of 2030 EU power market

4.1. Model Assumptions

We implement the modelling approach in Section 3 in the European market model COMPETES which
includes 33 countries represented by 22 nodes? (Fig. 1). Transmission in COMPETES mimics an inte-
grated EU network limited by the net transfer capabilities (NTC) between countries or regions. NTC
values are estimated based on the 2016 Ten Year Network Development Plan of ENTSO-E (2016a). The
model adopts zonal pricing which is the current market structure in the European Union. Given that
COMPETES does not model transmission constraints within a country (with the exception of the DC
link between Denmark East and Denmark West), the model is equivalent to locational marginal pricing.
The net power costs for a given country are calculated assuming that power purchases and sales are
settled at locational prices. The calculation of a country’s net costs accounts for all within-country gen-
eration costs as well as transmission congestion rents, which are split by countries at either end of the
connectors.

For initial installed capacities, we use the generation capacities given by ENTSO-E’s Mid-Term Ade-
quacy Forecast (MAF) scenario (ENTSO-E, 2016b) up to 2020, taking into account renewable policies
and targets of 2020. The investments and/or decommissioning of nuclear until 2030 are assumed to be
policy-driven and are exogenous to the model. The installed capacities of hydropower and biomass up to
2030 are also taken as exogenous, based on the Vision 1 scenario of ENTSO-E (ENTSO-E, 2016a).
Given initial generation capacities and the ten-year network development plan of ENTSO-E, the model
endogenously calculates the incremental investments in onshore wind, offshore wind, and solar-PV be-
tween 2020 and 2030 as well as the investments and decommissioning of gas and coal power plants.
Annual investment costs of conventional generation technologies are estimated based on capital costs
and economic lifetime assumptions in Ozdemir et al. (2013). Annual investment costs and potentials of
onshore wind are estimated based on the 2013 EU Reference Scenario (Capros et al., 2013). The input
data for offshore wind and solar-PV are taken from Resolve-E, which is a European market model for
renewable electricity (Daniéls and Uyterlinde, 2005). The investment costs of solar-PV and offshore
wind and their potentials in the Netherlands are based on the Dutch National Energy Outlook 2017
(Schoots et al., 2017). For all other EU countries, the potentials of solar-PV and offshore wind originate
from Hallstead (2013) and Cameron et al. (2011), respectively. Costs are differentiated by country and,
in the case of off-shore wind, several tranches with increasing capital costs are defined representing in-
creasing distance from the shore.

The demand is perfectly inelastic and the annual consumption for all the countries in 2030 is in line with
the Vision 1 scenario of ENTSO-E, 2016a. We assume the same fuel- and CO; prices as given by the

1 COMPETES includes 26 EU members (excluding Malta and Cyprus) and 7 non-EU countries (i.e., Norway, Switzerland,
and Balkan countries). Every country is represented by a single node, except Macedonia, Montenegro, Albania, Serbia and
Bosnia-Herzegovina that are aggregated in a single node ‘non-EU Balkan’; Romania, Greece, Bulgaria, Croatia, Slovenia,
Hungary that are aggregated in a single node ‘EU Balkan’; the Baltic countries; Luxembourg which is included in Germany;
and Denmark, which split in two nodes due to its participation in two nonsynchronous networks.
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Dutch National Energy Outlook (Schoots et al., 2017). Fuel prices in 2030 represent the New Policies
Scenario of World Energy Outlook (WEO) 2016 (IEA, 2016). The CO> price in Schoots et al. (2017) is
assumed to be 15 €2010/tonne CO2 in 2030,2 , although we also do a sensitivity analysis based on 42
€/tonne. Our assumption is that the supply of offsets and carbon trades with other sectors are sufficiently
elastic to maintain that price if power sector emissions change; other assumptions would be unlikely to
significantly affect our comparison of the costs of energy vs. capacity policies.

COMPETES includes hourly variability of load, wind and solar generation. For practicality, we use a
sample of 50 representative days of a year (i.e., 1200 hours out of 8760) for capturing load and renewable
output variability within a year, sampled from 8 years of data from Gorm et al. (2015). For sampling, we
employ the k-means clustering algorithm to cluster days with similar patterns of load, wind and solar
generation. The k-means method groups the original set of observations (i.e., load, wind and solar-PV
profiles) into n partitions or clusters with the objective of keeping the variance in each cluster to a mini-
mum, where n is the number of days we use for our sample (Hartigan, 1975). For every resulting cluster,
a single historical day that is closest to the cluster’s centroid is selected as the representative day of that
cluster, which is shown by Nahmmacher, 2016 to yield a better approximation than using the cluster’s
centroid itself. The weight assigned to each representative day, i.e., the number of days that are repre-
sented by the selected day, corresponds to the relative size of its cluster (i.e., number of historical days
grouped in its cluster divided by the total number of days in the dataset). In this way, we account for both
common load and variable renewable generation patterns represented by large clusters and the rare situ-
ations represented by small clusters. The weighted average of the sample may deviate from the average
of the underlying historical time series. Therefore, the hourly data of the representative days are scaled
to match the 2030 average capacity factors by country for wind and solar from the EU 2013 Reference
Scenario (Capros et al., 2013).

4.2. Renewable support policy scenarios

We establish a scenario framework, summarized in Table 1, to compare a baseline scenario of no renew-
able policies with three EU-wide support policies achieving alternative levels of renewable energy and
capacity targets. The renewable policies we consider, in general, assume a single EU-wide target without
country-specific mandates, and furthermore assume that the same level of subsidy applies to all renewa-
ble sources. Of course, the reality of EU policy is that there are distinct programs for wind, solar, biomass,
and hydropower, and each country has their own targets, with relatively limited opportunities for coun-
tries to satisfy their renewable requirements elsewhere. However, these simplifications allow us to ex-
plore the general impact of energy versus capacity policies upon the 2030 market. In sensitivity analyses,
we consider country- and technology-specific targets as well. We do not attempt to quantify long-term
learning that results from alternative levels of investment in the various technologies.

Although 2030 targets set by the EU explicitly rule out binding national renewable energy targets, the
individual member states are putting in place policies to achieve their own targets. We also explore the
efficiency of country-specific targets compared to an overall EU-target. To simulate national targets, we
assume a MW-based policy with a minimum amount of solar, onshore wind, and offshore wind capacity
based on targets reported by ENTSO-E’s Sustainable Transition (ST) scenario (ENTSO-E, 2018). Fur-
thermore, we assume no Renewable Energy Certificates (REC) trading among countries in that case,

2 All the prices and monetary values in this paper are given in €2010.
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under the assumption that the rules for renewable imports to qualify for national targets are so onerous
that relatively negligible amounts of qualifying renewable developments will occur.

Table 1. Overview of renewable support policy scenarios

RES sup- | Implementation Target variation in 2030

port pol-

icy sce-

narios

Baseline no renewable policies in 2030 No target

Energy Renewable portfolio standards (RPS) Renewable electricity share
T subsidy targets up to 65%
@ Capacity | Capacity auction for MW installations Capacity target up to 550

'5 subsidy GW (achieving up to 65% re-

w newable electricity share)

= Mixed in- | MW auction MWh/MW target achieving

§ vest- Payments made per MWh up to a maxi- up to 65% renewable electric-

@) ment/out- | mum MWh/MW ity share

put sub-
sidy pro-
gram
(Newbery
etal.,
2018)

Na- Country A MW-based policy with a minimum Based on renewable capaci-
tional | specific amount of solar, onshore wind, and off- ties in 2030 reported by
target | targets shore capacity ENTSO-E’s Sustainable

Transition (ST) scenario
(ENTSO-E, 2018).

e In addition to the basic policy alternatives shown above, the following variants are also consid-
ered:All three renewable policies under a higher CO- price (€42/tonne, versus €15/tonne in the
base case)

e Capacity based policies that set technology-specific targets. This might be rationalized under the
assumption that some technologies have more opportunity for learning-based cost reductions than
others.

4.3. The economic impacts of capacity vs. energy mechanisms

4.3.1. The costs of meeting MWh vs. MW targets

The total renewable electricity share in EU in the baseline scenario without renewable policies reaches
to 47% in 2030—of which 24% is from wind energy and 5% is from solar-PV. This is comparable to
economic penetrations given by the EU 2013 Reference Scenario with 22% wind and 6% solar-PV shares
(Capros et al., 2013) and the Low Scenario of Wind Europe, 2017 with 22% wind share. In Fig. 2, we
show the annualized cost (EU-wide) of meeting higher renewable MWh targets by the three EU-wide
policies. The energy subsidy policy directly puts a floor under the total renewable MWh (equation (22)).
To simulate the use of capacity and mixed policies to meet a MWh target, we needed to iteratively adjust
the right hand sides of their constraints (equations (23) and (24), respectively) until enough capacity is
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built such that the annual renewable MWh meets the target. The latter runs simulate a situation in which
policy makers use a capacity or mixed instrument to promote renewables, but have an implicit energy
percentage target in mind.

These runs allow us to compare the incremental cost of increasing the renewable electricity share beyond
the energy-market only level of 47% by using energy or capacity-focused policies. (Note that by cost,
we mean the objective function (25), which includes generation investment and operations cost as well
as customer outages.) Theory says that the most cost-effective way to reach a MWh target is by directly
constraining MWh through energy-focused policies (Meus et al., 2018), and this is indeed the case (Fig.
2, left side). Although the capacity-focused policies result in similar costs for the less ambitious MWh
targets, they become relatively more expensive as the targets get more aggressive. Using MWh feed-in
premiums rather than capacity payments is cheaper because paying for the product that contributes di-
rectly to a desired target (MWh rather than MW) is the first-best way of meeting that target. For instance,
at a renewable energy target of 65%, the capacity subsidy results in 58% higher incremental costs of
renewables (compared to the base case of 47% renewables) than an energy subsidy (e.g., 11B €/yr for
the RPS policy versus almost 18B €/yr for a capacity subsidy). On the other hand, that capacity policy
results in much more capacity installation (99 GW less of wind, 271 GW more of solar, for a net increase
of 173 GW, with round-off error).

We observe a reverse effect if the goal is instead to promote technology improvement through capacity
installation. A capacity-focused policy is the cost-effective (first-best) way of reaching a certain capacity
level for renewables, whereas achieving the same level of renewable capacity by an energy subsidy is
more costly. For instance, the 377 GW of new renewables that results from the 65% RPS policy could
also be achieved directly by capacity policy at an incremental cost that is 26% lower than the 11 B€/yr
cost of the RPS policy (right side, Fig. 2). On the other hand, a capacity policy achieves only a 60%
(rather than 65%) renewable share in total MWh electricity consumption.

Meanwhile, the mixed investment/output subsidy (MWh/MW capacity) falls in between these two cases
as it has characteristics of both capacity and energy policies. For instance, the incremental cost of the
mixed investment/output subsidy is 14B €/yr if that policy is used to achieve a 65% renewable electricity
share, which is 28% higher than the energy subsidy policy’s cost (11 B€/yr) and 22% lower than the
capacity subsidy policy’s cost (18B €/yr). It results in 57 GW less of wind and 156 GW more of solar-
PV, with a net increase of 99 GW renewable capacity compared to the energy-based policy.
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Fig. 2. Incremental generation cost/yr of meeting MWh vs MW targets under the three policies

The required subsidies to achieve the various targets are of interest. The marginal subsidy required for
the RPS case (left side of Fig. 2) rises from zero (at an EU penetration of 47%) to 13 €/ MWh (@55%
penetration), rising to 21 (@60% penetration) and 33 (@65%). These values correspond to the shadow
price of the RPS constraint in the model, and equal the slope of the solid curve in Fig. 2 (left). The
implicit marginal subsidy of providing renewables by capacity policies is higher than by an RPS policy
for penetrations of 60% or over, based on the slopes of their curves in that figure; for the pure capacity
auction, the marginal cost is about double that of the RPS. On the other hand, the capacity policy has a
lower marginal cost of achieving capacity goals. Based on the solid curve in Fig. 2 (right), the subsidy
price for the capacity policies is 30204€/MW/yr for 243 GW of investment 47614€/MW/yr for 377 GW,
and 57354€/MW/yr for 550 GW. The implicit marginal cost of providing that same capacity by an RPS
energy-based policy instead is, of course, higher.

The inefficiencies identified in Fig. 2 depend on the price of carbon. In Fig. 2, an ETS price of €15/tonne
is assumed; however, since carbon prices recently have been that high, it is of interest to consider higher
values. Fig. 3 shows the impact of a higher carbon price (€42/tonne) on the energy- and basic capacity-
based policies relative to the base case of Fig. 2. Two basic trends are evident. One is that the higher
carbon price motivates a greater penetration of renewables (53% of energy compared to 47%) without
the need for additional subsidy. Second is that the inefficiency resulting from choosing one type of policy
to meet a different type of goal is diminished. Fig. 3 (left) shows that the cost increase from using a
capacity auction to meet an energy goal of 65% falls by more than half, from about €7B/yr (€15/tonne)
to less than €3B/yr (€42/tonne) (right most points in the figure). Meanwhile, Fig. 3 (right) indicates that
use of an RPS energy-based policy to meet a capacity goal of 377 GW of renewables investment would
cost about €3B/yr more than using a capacity policy under the lower carbon price, and only about
€1.5B/yr more under the higher price. Thus, our conclusion that there are inefficiencies on the order of a
billion €/yr from using one kind of policy to meet an ambitious goal of the other type still holds, but the
magnitude of the effect is less.
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Fig. 3. Effects of carbon price on incremental generation cost/yr of MWh vs MW targets under energy-
and capacity-based policies

4.3.2. Where does the subsidy go?

The subsidy required to achieve a certain share of renewables increases as the targets get more ambitious.
There are three factors contributing to the rise in subsidies: increases in capital costs because investments
in renewables are taking place at more expensive locations; increases in scarcity rents (economic profit)
earned by renewable generators whose investment levels have already reached their upper bound; and
increases in required compensation to make up for the reduction in energy market value of renewables
as a result of decreasing electricity prices. Here we ask: what are the relative contributions of these three
factors to the expense of subsidies?

Fig. 4 shows the average amounts of subsidy for on-shore wind and solar-PV as a function of the total
energy penetration, and how those subsidies are partitioned into the three sources (capital costs of more
expensive sources, economic rents, and compensation for decreases in market value). The subsidy rises
to as much as 43 €/ MWh (equivalent) as penetration increases. The energy subsidy favors onshore wind
investments since wind has higher a capacity factor and contributes directly to the MWh target, whereas
the capacity subsidy supports more solar-PV investments since solar-PV has lower capital costs per MW.
Consequently, the total amount of subsidy to solar is higher under the capacity policy than the energy
policy (for a given energy target) (compare the two lines on the right side of Fig. 4), while the reverse is
the case for wind (compare the two lines on the left side of the figure).

Meanwhile, profits (scarcity rents) are higher for wind in the energy subsidy case because of the full
exploitation of onshore wind capacity at some attractive locations, and these economic rents increase as
the subsidies increase.

An example is the case of onshore wind in Belgium under energy subsidies which is shown on the left
side of 5; in comparison, this does not occur in Denmark-west because the resource is not fully exploited
there (Fig. 5, right). On the other hand, there are no economic rents for solar-PV because the potential
resource is not fully used in any region in any scenario.
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Fig. 4 The contribution of energy and capacity subsidies per unit output for onshore wind and solar-
PV (to make up for rising renewable costs, provide scarcity rents, and to compensate for reduced value
in the energy market)
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Fig. 5 Total market value and sources of revenues for onshore wind producers in Belgium (where the
full potential is eventually developed) vs Denmark (where the its potential resource is not fully devel-
oped) under the RPS subsidy. Market Energy Price is the consumption weighted bulk power price,
while Energy Value is the average revenue received by wind

We now discuss the Belgium and Denmark-west onshore wind results in more detail. 5 breaks down the
sources of revenue (energy market and renewable subsidies) and compares them to the levelized marginal
cost for onshore wind producers in Belgium and Denmark-west under an RPS policy. Both of these
countries have high wind capacity factors but the onshore wind potential in Denmark-west is much higher
than in Belgium. In contrast, the value of wind energy production is greater in Belgium, which is closely
connected to high value markets in the Netherlands. Therefore, the onshore wind potential in Belgium is
fully exploited once the 55% EU-wide renewable target is met, whereas the onshore wind potential in
Denmark-west is never binding although the investments are much larger than in Belgium. As the target
increases above a 55% share, the decrease in market value of onshore wind producers in Belgium is
milder than the increase in their subsidy, which means that their marginal revenue (subsidy+marginal
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energy value) rises above their marginal cost, resulting in economic rents. In Denmark-west, in contrast,
the investments in wind-onshore increases further as the target increases above a 55% share, which leads
to a strong decrease in market value of onshore wind producers. In other words, the energy subsidy serves
to just cover the difference between their marginal cost and market value. As renewable penetration
increases, it dramatically widens gap between average electricity prices in Denmark-west (with demand-
weighted price average market price decreasing from 47 €/ MWh to 32 €/ MWh) and revenue received by
wind producers (whose average falls from 42 €/ MWh to 14 €/ MWh). The weighted average market prices
and market values of onshore wind and solar-PV for each country are given in Appendix C.

Note that although the average price effects of different policies may appear somewhat similar, larger
differences emerge if we focus on the prices in windy versus sunny hours. The energy subsidy, which
favors wind investments, depresses prices more in winter, and a capacity subsidy favoring solar-PV in-
vestments depresses prices more in the summer. For instance, at a 65% renewable share, the average
price in summer falls by 6 euros/MWh in Denmark-West but rises by 15 euro/MWh under the capacity
subsidy relative to the energy subsidy results. Similarly, prices during summer daylight hours are lower
under the capacity subsidy because of the large amount of PV generation, while prices during winter
daylight hours are lower under the energy subsidy because wind output is higher than solar output in
northern Europe at those times.

In general, for both capacity and energy policies, Fig. 4 shows that most of the subsidy covers the losses
due to the declining value of energy produced. The portion of the RPS subsidy that is compensating for
the decrease in market value increases up to 26 €/ MWh (out of 33 €/ MWh) for onshore wind, and 29
€/MWh (out of 33 €/ MWh) for solar-PV at a 65% renewable share. Meanwhile, the contribution of the
capacity subsidy increases to 14 €/ MWh (out of 18 €/MWHh) for onshore wind, and to 29 €/ MWh (out of
45 €/MWh) for solar-PV.

The above results should be interpreted somewhat cautiously, however. Our assumption of uniform costs
for solar and on-shore wind within a country will in general result in an understatement of the amount of
economic rent, since in fact there is generally a diversity of resource qualities and development costs
within countries. Given some within-country cost diversity, there will be some relatively inexpensive
wind and/or solar-PV generators who will earn an intramarginal rent in, e.g., Denmark-west as well as
other countries.

4.4. Technology choices under technology neutral vs. technology-specific
targets

If all types of renewable energy compete for the same subsidies, then energy and capacity-focused sub-
sidies lead to markedly different types and locations of renewable investments. The RPS pays for the
production that contributes directly to a MWh target and supports technologies and locations with higher
renewable generation. On the other hand, capacity subsidies pay for investments that contribute directly
to a MW target, thus supporting technologies and locations with lower investment costs.

The EU and its member states in general aim for certain share of renewables in their generation (energy)
mix; however they are also interested in reduction of the costs through learning-by-doing. Although en-
ergy subsidies such as the RPS are the most cost-effective way of achieving a renewable share target, EU
can also implement capacity subsidies to achieve its renewable energy goal while benefiting from accel-
erating learning and technology improvement via additional capacity installations. Assuming that policy
makers implement capacity subsidies to meet a 65% energy target, the capacity subsidy increases the
GW of total renewable investment by 46% compared to an RPS (6) while increasing the cost of the
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incremental renewables by about 7 €B/yr, or over 50% (Fig. 2). Achieving the same level of renewable
energy, capacity subsidies boost solar-PV installations that have lower investment costs, whereas an RPS
increases onshore wind investments which have higher capacity factors. The RPS also yields a small
amount of offshore investment. Finally, investments under the mixed investments/output subsidy fall
between these two cases, as it has characteristics of both capacity and energy policies.

600

500 —

400 —— I —

3300 —— e — ——————— —

100 -

RPS (MWh) The mixed investment/output auction Capacity auction (MW)
(MWh/MW)
B Investments Wind Onshore M Investments Wind Offshore Investments Solar PV

Fig. 6 Incremental investments compared to base case: wind and solar under energy and capacity-
focused subsidies achieving 65% renewable share: Technology neutral case

The large differences in types of generation investments encouraged by the different policies diminish if
the programs are targeted towards specific categories of investment (“carve-outs™). We now consider the
impact of energy vs capacity subsidies when technology-specific targets are set; in particular, we quantify
effects on cost, renewable MWh, and locational incentives for renewable investments. Technology-spe-
cific targets can make sense if the policy aim is to reduce costs through learning-by-doing, since the
opportunities for such reductions will differ among technologies in part because they are at different
stages of development. Ideally, one would base the capacity target on current costs and installed capaci-
ties, taking into account long-term cost-reductions resulting from both R&D and learning-by-doing, (see
Fischer and Newell, 2008). However, as we shall see, creating carve-outs will diminish the cost differ-
ences between energy and capacity policies, such as those shown in Fig. 2, although the siting of new
investments may still shift dramatically.

To analyze these effects, we conduct a sensitivity analysis assuming separate capacity auctions for wind
and solar capacity with respective targets that equal the same GW of wind and solar investments achieved
by an energy (RPS) subsidy (246 GW and 131 GW, respectively, shown in the left bar in Fig. 6). Unsur-
prisingly, this results in a lower total cost, saving 160 M€/yr relative to the RPS, and achieves almost the
same renewable share as in the RPS case (64.6% rather than 65%). This is over an order of magnitude
smaller than the over 3 B€/yr savings that results from using a single capacity auction (no separate wind
and solar targets) to meet a total 377 GW (i.e., the difference between the solid dot and hollow square at
377 GW on the right side of Fig. 2).

If we now look at the locational implications (Fig. 7) of energy and capacity subsidies that achieve the
same GW of wind and solar capacity, we see that capacity subsidy results in a shift of investments from
locations with lower electricity prices and, therefore, lower market value of renewables (e.g., Sweden for
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wind and Spain for solar) to locations with higher electricity prices and market value despite the lower
capacity factors of the renewable resources in these locations (e.g., Czech Republic for wind and Austria
for solar). These shifts are, however, less than 10% of the total incremental investment in these technol-
ogies (left bar, Fig. 6).

In summary, most of the benefit of directing subsidies to capacity rather than energy, in terms of reducing
the expense of promoting learning-by-doing by meeting a capacity target, arises from shifting investment
from wind to solar, and not from shifting investment in a particular technology among different locations.
Directly subsidizing 377 GW of investment without limiting the type of investment can save more than
3 B€/yr, but defining particular carve-outs for wind and solar cuts that savings by 95%, with minor sav-
ings occurring because more efficient locations are chosen.

Fig. 7 The changes in installed wind capacity (left, out of 246 GW investments) and installed solar-
PV capacity (right, out of 131 GW investment) when technology specific capacity subsidies are used
to achieve the same GW investments as the RPS/energy subsidy with 65% renewable share target.
(Note: shifts less than 0.5 GW in magnitude rounded to zero)

4.5. The inefficiencies of country-specific targets instead of an overall EU
target

Implementation of country-specific targets without allowing between-country trading of renewable en-
ergy credits is inefficient and greatly increases the cost of renewable policies. For instance, Capros et al.
(2011) used PRIMES to estimate the cost of meeting a 20% renewable target by 2020 in the EU with and
without renewable credit trading, and found the latter to be 20.4 B€/yr more expensive. Meanwhile New-
bery et al. (2013, Fig. 1) estimated an annual benefit of such trading of 15.4-30 B€/yr over the period
2015-2030.

As shown in 8, the country-specific targets in ENTSO-E’s Sustainable Transition (ST) scenario achieve
a 52.7% EU-wide renewable electricity share with 225 GW of new renewable capacity investments at an
incremental cost of 8.5 B€/yr compared to the baseline scenario. These country targets are based on
reported national plans complied by ENTSO-E. The COMPETES model estimates that this cost is about
seven times higher than the incremental cost of achieving the same level of renewable share by an EU-
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wide RPS mechanism (1.2 B€/yr). Most of the cost increase of 7.3 B€/yr results from investing in renew-
able technologies with higher investment costs (especially offshore wind). This value is well below those
of Capros et al. (2011) and Newbery et al. (2013) in large measure because of the steep decline in renew-
able capital costs since that time.

Moreover, the incremental cost of country-specific targets is four times higher than the incremental cost
of achieving the same level of renewable capacity by an EU-wide capacity auction (2.0 B€/yr). In this
case, EU-wide capacity auction actually achieves a higher renewable share (54%) than the national tar-
gets. Of the 8.5-2.0 = 6.5 B€/yr cost increase relative to the efficient capacity solution, three-quarters of
the ENTSO-E ST’s cost increase is due to investing in more expensive technologies while one-quarter
due to an increase in fuel costs. Emissions are also higher in the ENSTO-E ST case.
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Fig. 8. The cost of inefficient technology-mix and locations resulting from country-specific targets

In order to quantify the impact of inefficient location vs inefficient technology choice on the cost in-
crease, we simulated the RPS mechanism with EU-wide technology-specific MWh targets achieving the
same shares of solar-PV (9% of total generation), onshore wind (19%), and offshore wind (7%) genera-
tion as achieved by the national targets, as assumed to be represented by the ST scenario of ENTSO-E.
The incremental cost (compared to no renewable subsidies) of achieving the same technology-specific
MWh targets but using the most efficient locations is 4.6 B€/yr. This is 3.4 B€/yr higher than the least
cost solution for achieving 52.7% renewable energy. However, the country-specific targets (ENTSO-E
ST) cost 8.5-1.2 = 7.3 B€/yr more. This indicates that about half of the inefficiency of country-specific
capacity targets is due to the wrong mix of technologies, and half is due to the wrong locations.

Further, we also simulate the EU-wide capacity auction with technology-specific MW targets achieving
the same capacity investments of solar-PV (113 GW), onshore wind (76.7 GW), and offshore wind (34.7
GW) as with national targets. The incremental cost of achieving the same technology specific MW targets
at best locations is 5.3 € B/yr. Again, the inefficiency is roughly evenly divided between wrong mix and
wrong location of technologies, with the former being responsible for about 60% of the total inefficiency.
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5. Conclusions and policy implications

One of the goals of renewable energy promotion is to reap per-unit cost reductions in the long run through
learning-by-doing. Capacity-based subsidies have been argued to be more effective than the prevailing
approach of energy subsidies (e.g., Newbery, 2012). In this paper, we address the practical impacts on
short-run (year 2030) technology adoption and costs in Europe if capacity-based auctions were to be
adopted instead. We do not address longer-run impacts on learning and per-unit costs.

We use the Europe-wide electricity market model COMPETES to address these short-run impacts. Con-
sistent with previous theoretical analyses (Meus et al., 2018), under the assumption that policy makers
adjust renewable capacity targets to meet a 65% EU-wide energy target by 2030, we find that the basic
capacity-based policy would increase the incremental cost of achieving that target (by 58% compared to
MWh subsidies such as a feed-in premium). This is under the assumptions that all renewable technologies
are eligible for the subsidy, and renewable energy credits are fully tradable across EU members. The
capacity policy is more expensive because directly constraining (and paying for) the product that directly
contributes to a desired target (in this case, renewable MWh) is the first-best way of meeting that target.
But the capacity policy does have the benefit of increasing the GW of renewable investment compared
to the no-policy case (446 additional GW, which is 63% higher than the 273 GW additional capacity in
the energy target case). In contrast, the results of Newbery et al. (2018) proposal fall in-between these
cases, as it has characteristics of both capacity and energy policies; compared to no policy, it increases
the incremental GW capacity investment used to meet the 65% MWh target (by 36%, 372 GW vs. 273
GW under the energy policy) at a somewhat lower cost than the capacity policy (a 28% higher incremen-
tal cost than the feed-in premium policy, as opposed to a 58% increase in the case of the capacity policy).

On the other hand, if the objective is to promote technology improvement through building capacity,
then a policy that directly promotes such installations may be preferred. We show, in particular, that it
can be significantly less expensive (up to several billion €/yr) to use capacity subsidy mechanisms to
achieve a given capacity installation goal than to use an approach based on renewable energy subsidy.
On the other hand, that particular capacity policy also achieves a lower renewable penetration on an
energy basis (e.g., 65% with energy subsidy vs 60% with capacity subsidy, both achieving 377 GW of
renewable investments) and, therefore higher carbon emissions from the power sector that we assume
are mitigated by reductions or sequestration elsewhere at the assumed carbon price.

We have also examined the costs of more aggressive renewable electricity targets, the fate of the subsi-
dies, and the impact of technology carve-outs and renewable credit trading. If the most cost-effective
technologies are adopted, the percentage of electricity provided by renewables could increase from 47%
to 65% in the year 2030 at a cost of about 11B €/year using MWh subsidies. For the same $11B €/year
of cost, however, Fig. 2 shows that new capacity installations could be increased from 377 GW to 430
GW by switching to capacity-based subsidies, albeit resulting in less total renewable energy (falling to
about 62% of the total). Under either policy, the subsidies largely go to making up for the reduction in
energy market revenues that are caused by expansion of zero marginal cost renewables; as an extreme
case, average revenue received by on-shore wind in western Denmark will fall by two-thirds. This loss
of revenue must be made up by subsidies if renewable development is to occur.

However, if instead energy or capacity targets were to be achieved through country- and technology-
specific targets without trading renewable credits, consistent with present national targets compiled by
ENTSO-E (2016a), then the costs would be several times higher (Fig. 8). Roughly half of the cost in-
crease is due to cost-ineffective technology mixes, and the other half is due to cost-ineffective locations.
Thus, a failure to implement and expand the EU Energy Directive that requires countries to allow imports
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to comprise up to 15% of incremental national targets in the 2026-2030 (European Commission, 2018)
will potentially be very expensive for EU power consumers.

Overall, our analysis shows that there is considerable room for coordinating and improving renewable
energy policies within Europe which will help reduce the total costs of realizing renewable energy pro-
duction. Future research could refine these conclusions based on models that include more operational
details, such as generating unit commitment; specific assumptions about the likely amounts and qualities
of wind and solar resources within each country; and explicit modeling of carbon offsets and trading with
non-power sectors in order to represent interactions with carbon policies. Finally, the extent of learning
and resulting cost reductions that might result from investment in various technologies under alternative
policies could be estimated based on learning rates from the literature (e.g., Nagy et al., 2012; Rubin et
al., 2015; National Academy of Sciences, 2016).
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Appendix A: Derivation of annualized revenue and market clearing con-
straint for mixed investment/output subsidy policy

In this Appendix, we first derive an equivalent annualized revenue expression for the mixed auction
described by Steinhilder (2016)/Newbery et al. (2018) in which an auction is held for MWh, but no more
than a predetermined number B of MWh per MW of capacity from a given facility will receive a subsidy
(B’s units are therefore in total hours). We assume further that the subsidy will be paid at the end of the
year in which qualifying MWh are generated, and will not be paid to a given facility for more than a
predetermined number of years T. We then consider the simulation of the market impact of this subsidy
using the linear programming market model COMPETES.

Consider a renewable generator of type r at location i with lifetime T;, that can produce the target B
number of MWh prior to the last year of eligibility or last year of its operation (whichever is less). We
then define M, satisfying M;,. + 1 < MIN(T, T;,) years such that FLH;, * M- + RFLH;, = B (FLH;, is
the full load hours for the generator; i.e., it is in units of MWh/MW. RFLH;, is the remaining full load
hours that can receive subsidies after year M;,.). Then this generator will earn the per MWh price, y*, for
B MWh of renewable generation distributed over M;,- + 1 years. The present value of the revenue from
this subsidy for a plant owned by company n if it has capacity y,;, is:

M;

. S/ FLH,, RFLH,,
NPVSnir =¥ Yir Z ((1 n 1NT)f> T AT IND) M

t=1

where INT is the relevant interest rate. Note that we are assuming that there is no curtailment of renew-
able output by the system operator (or due to low prices). This is equivalent to the regulators paying for
potential output when system conditions require curtailment, which elsewhere we argue is a policy that
promotes more efficient system operation due to the deleterious effects on system cost and even emis-
sions when negative bidding is incented (Deng et al., 2015). If a policy in which only MWh actually
produced is to be simulated, more complex versions of the formulas in this Appendix can be derived.

On the other hand, if the generator’s capacity factor is sufficiently low such that it cannot produce the
target B prior to the last year of eligibility or its retirement year (i.e., FLH;, * MIN(T, T;,.) < B), then it
will receive revenue for less than B MWh over its lifetime. The above present value expression is then
simplified to:

MIN(T, ;)

. FLH;,
NPVSnir =V Vnir Z (m)

Then by multiplying this present value (in €) by the appropriate annualization factor (A|P,INT, T;,) =
INT = (1 + INT)Tir /(1 + INT)Tir — 1) (in 1/yr) (given the interest rate and asset lifetime) provides the
equivalent annual revenue subsidy in €/yr:

=Y Ynir EFLH;;

« My ( FLH; RFLH;, INT+(1+INT) ir
NPVSur = (AIPINT, Ti) = ¥ v (025 () )

(1+INT)t A+INT)Mir+t1) © ((1+INT)Tir-1)

EFLH,,
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where EFLH;, is defined as the equivalent full load hours per year for that generator. This term is summed
over all new renewable generators owned by the company and included in its annualized profit objective

(6).

Now consider the simulation of this auction in the LP formulation of the market model. Assume that a
subsidy of y* €/ MWh is announced to all comers which is paid out according the rules in the first para-
graph of this Appendix. If the company n’s annualized profit objective is given by (6), and if the company
builds y,; MW of renewable generation capacity, then it will view that subsidy as contributing
¥ vnir EFLH;, t0 its annualized profit (6) in its solution. The marginal subsidy term y*EFLH;, will appear
in its first-order condition for its variable y,,;,- in its profit maximization problem (in Section 3.1.1). This
is complementarity condition (38) in Appendix B.

Now consider a LP formulation of the entire market (as in Section 3.2) in which the market clearing
condition is imposed: Y., ; - EFLH; Y < V. The units of both sides are MWh/yr. This constraint will
have a shadow price, say y* €/ MWHh. In the first-order conditions of the LP, this market clearing condi-
tion will result in including a term y*EFLH;, as a “benefit” in the first-order condition for variable y,,;,.,
consistent with the profit maximizing condition for the company. This is identical to the first-order con-
dition we just discussed for a profit-maximizing firm subject to such a policy (condition (38), below).
Thus, including this market clearing constraint simulates the incentive provided to renewable generators
by a mixed investment/output subsidy policy in which a €/ MWh subsidy is paid consistent with the rules
we have assumed.
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Appendix B: KKT conditions

In Section 3.1, the optimization problem of each market player operating in an energy-only market or
one of three alternative market-based renewable support schemes is convex (concave objective subject
to convex feasible region). Therefore, the solution to each player’s problem is equivalent to solving its
KKT conditions. In this Appendix, we will derive the set of KKT conditions for the generators and TSO
as an illustration.

The KKT conditions for each firm n in an energy-only market:

0 < —pj, + MCyy + Unikn L gnxn=0 VneN,iel,keK, heH, (26)
0 < aikn Vg + Ynik) = Gnikn L Hnin =0 Vn€N,i €I,k € K, h € H. (27)
0< _Zh NHhaikhum-kh + AICik L Vnik =0 vn € N,l € In,k € Kn, (28)

where u,;xn * NHj, is the €/yr dual variable (e.g., shadow price) of the generator’s maximum capacity
constraint (2). The economic interpretation of (26) and (27) is that firm n with generator type k operating
in hour h earns a positive (scarcity or capacity) rent ;. in that hour when it produces at maximum
capacity. This rent is equal to the difference between the electricity price p;,, in that hour and the gener-
ator’s marginal cost MC;;. The economic interpretation of (28) is that firm n invests in generator type k

when the annualized weighted sum of the scarcity rents over all hours is equal to the annualized investment cost
AlCy.

The KKT conditions for each firm n in an electricity market with energy-based renewable policy:

In an electricity market with energy-based renewable policy, firm n with renewable generator r operating in
hour h receives energy subsidy 1* in addition to the electricity price p;;,. Therefore, (29) implies that the
capacity rent of the renewable generator r is equal to the difference between its marginal revenue
(X* + pj) in that hour and the generator’s fuel cost MC;,. The KKT conditions for the nonrenewable
generators of firm n (k € (K,, — R,)) is the same as in the energy-only market case.

0< A —pp +MCy + ttpirn L gnin=0 VReN,i€l,r€ER, hEH, (29)
0 < —pjp + MCiy, + tnixn L gnikn=0 VneN,iel,ke€K,—R, heH (30)
0<-—-Yn,NHpajxntnikn + AICy, L ynpi =0 vneN,iel,, k€K, (31)
0 < @kn(Yre + Vi) = Gnikn L Hnikn 20 VN € N,i € I,k € Ky, h € H. (32)

The KKT conditions for each firm n in an electricity market with renewable capacity auction:

In an electricity market with capacity auction, firm n receives annualized capacity payment g* per MW re-
newable capacity . The KKT condition (34) implies that firm n invests in renewable generator type r when
the sum of this capacity payment and the weighted sum of the scarcity rents over all hours in a year covers its
annualized investment cost AIC;.. The KKT conditions for the nonrenewable generators of firm n (k €
(K,, — R,)) is the same as in the energy-only market case.

0 < —pjy, + MCyy + tnixn L gnxn=0 VneN,i€el,keK,heH (33
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0< _ﬁ* - Zh NHhairh:unirh + AICiT 1 Ynir =0 VneN,i¢€ In;r € Rn' (34)
0 < _Zh NHhaithnikh +AIClk L Vnik = 0 vn € N,l € In,k € Kn - Rn, (35)

0 < @xn (Y + Ynik) = Inikn L pnxn=0 VneNi€lykeK,,heH  (36)

The KKT conditions for each firm n in an electricity market with mixed investment/output subsidy:

The difference between capacity auction and the mixed auction is the annualized capacity subsidy which is
equal to y*EFLH;, for renewable generator type r contributing to its annualized profit. The KKT condi-
tion (38) implies that firm n invests in renewable generator type r when the sum of this capacity payment
and the weighted sum of the scarcity rents over all hours in a year covers its annualized investment cost AIC;,.
The KKT conditions for the nonrenewable generators of firm n (k € (K,, — R,,)) is the same as in the en-
ergy-only market case.

0 < —pj, + MCyj + Unixn L ghxn=0 VneN,iel,keK,heH, (37)
0 < —y*EFLH; — ¥ NHyajrptinivn + AIC; L Yy =0 vneN,i€l,,r ER,, (38)
0 < —Yn NHpaiknlnien + AICy, L vy =0 vneN,i€l, k€K, —R,, (39)
0 < @kn (Ve + Ynik) — Inikn L ppxn =20 VneN,i€lykeK, heH. (40)

The KKT conditions for TSO:

0=-—piL—0im+pn L ayfree Viel,heH (41)
0<Y;®ubin+&n L fin=0 VIELheH (42)
0<—-2i®Pubin+ &n L fin=0 Vviel,heH (43)
O=Zl¢il(ﬂ—@— ain, L 0 free Vviel,heH (44)
0=Yapn L pn free VheH (45)
0 < NTC,— fin L Fg,=20 VIeELheEH (46)
0 <NTC, — fin 1 &n =20 vieLheH 47
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Appendix C: 2030 Simulation results per country

Table C-1. Wind Capacity Investments (GW), subsidies and total incremental generation costs (€B/yr)
under EU-wide energy vs capacity-focused policies

New Wind Capacity Investments (GW) in 2030
The mixed in-
Baseline RPS achieving % RES shares Cap?city Sy et V:S:;“ sir:s/i:l;t
ing % RES shares o
achieving %
Wind Ca- RES shares
pacity
EU-27 member 2020 47% 53% 55% 60% 65% 55% 60% 65% 55% 65%
states (excl. Malta) (GW)
BEL 5 0 0 0 1 1 0 1 1 0 1
CZE 1 0 0 0 0 6 0 0 0 0 1
DEN 2 0 0 0 0 1 0 0 0 0 1
DEW 5 0 0 2 3 4 1 3 2 1 4
FIN 3 4 5 5 5 5 5 5 5 5 5
FRA 15 28 38 42 58 58 35 35 35 35 40
GER 61 0 5 5 5 5 5 5 5 5 5
IRE 5 1 2 2 3 4 2 2 3 2 4
ITA 12 0 4 4 4 4 4 4 4 4 4
NED 6 0 3 3 3 6 3 3 3 3 3
POL 7 0 0 0 8 22 0 2 7 0 19
POR 5 0 6 8 11 11 1 0 0 4 2
SKO 0 0 0 2 2 2 2 2 2 2 2
SPA 28 25 25 25 25 25 25 25 25 25 25
SWE 9 3 11 13 23 34 10 14 14 11 21
UKI 22 20 29 30 36 43 28 30 32 30 41
BLT 1 0 0 1 2 6 1 1 2 1 3
AUS 4 3 3 3 3 3 3 3 3 3 3
BLKEU 9 0 1 5 5 5 5 5 5 5 5
Total (GW) 198 86 133 151 197 246 131 142 147 138 189
Total subsidy pay-
ment for new wind
units (€B/yr) - 0 4.0 7.5 14 26.8 4.0 6.7 8.4 4.5 13.4
Total Incremental
Generation cost?
(€B/yr) - 0 1.2 2.2 5.6 11.1 2.5 8.2 174 23 14.1

% Includes investment costs (as well as savings from retirements) and variable generation costs of con-
ventional units, storage and renewables, as well as costs of load shedding. NB: no load shedding was
observed in any of the cases. Furthermore, import costs from non-EU countries are included as well, with
import prices adjusted for border congestion, assuming that congestion revenues are equally shared be-
tween neighboring countries.
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Table C-2. Solar-PV Capacity Investments (GW subsidies and total increamental generation costs
(€B/yr) under EU-wide energy vs capacity-focused policies

New Solar-PV Capacity Investments (MW) in 2030
The mixed invest-
L Capacity Subsidy achieving ment/output sub-
2,_ Baseline RPS achieving % RES shares % RES shares sidy achieving %
EU-27 member pacity RES shares
states (excl. 2020 47% 53% 55%  60%  65% 55%  60% 65% 55% 65%
Malta) (Mw)
BEL 4 0 0 0 0 0 0 4 13 0 9
CZE 0 0 0 0 0 0 0 2 0 0
DEN 0 0 0 0 0 0 0 0 0 0 0
DEW 1 0 0 0 0 0 0 0 0 0 0
FIN 0 0 0 0 0 0 0 0 0 0 0
FRA 9 0 0 0 0 0 3 22 54 0 36
GER 47 0 0 0 0 0 0 13 68 0 0
IRE 0 0 0 0 0 0 0 5 8 0 2
ITA 20 0 19 34 52 66 55 71 85 52 92
NED 6 0 0 0 0 0 0 0
POL 0 0 0 0 19 0
POR 1 0 0 0 2 5 6 1 6
SKO 1 0 0 0 0 0 0
SPA 8 18 30 33 39 52 47 56 64 44 68
SWE 0 0 0 0 0 0 0 0 0 0
UKI 14 0 0 0 0 0 0 0 3 0 0
BLT 0 0 0 0 0 0 0 0 0 0
AUS 0 0 0 0 13 5 30 35 0 32
BLKEU 0 0 0 0 0 0 30 47 0 43
Total (GW) 122 18 49 67 91 131 112 236 403 97 287
Total subsidy
payment for new
solar-PV units
(€B/yr) - 0 0.7 1.3 3.1 6.9 34 11.2 23.1 2.7 16.5
Total Incremen-
tal Generation
cost (€B/yr) - 0 1.2 2.2 5.6 11.1 2.5 8.2 17.4 2.3 14.1
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Table C-3. Weighted Average electricity prices under EU-wide energy vs capacity-focused policies

Weighted average electricity prices (€2010/MWh)

The mixed invest-

Capacity Subsidy e
Baseline RPS achieving % RES shares achieving % RES B e
shares RES shares
47% 53% 55% 60% 65% 55% 60% 65% 55% 65%
EU-27 member states (excl. Malta)
BEL 50 47 46 44 40 46 42 38 46 40
CZE 48 47 46 44 38 45 41 38 45 39
DEN 49 46 44 39 32 45 39 35 44 35
DEW 47 45 44 39 32 44 39 35 44 35
FIN 39 32 30 23 21 32 28 25 32 22
FRA 42 35 32 25 21 34 28 25 34 23
GER 48 46 45 43 39 45 40 36 45 38
IRE 48 43 41 35 27 43 38 35 42 33
ITA 51 49 47 44 41 45 40 37 45 36
NED 50 47 46 44 40 46 42 38 46 40
POL 48 47 46 43 35 46 42 38 46 37
POR 45 36 33 25 19 36 29 27 35 23
Sko 47 46 43 42 37 43 38 35 43 35
SPA 43 36 33 26 20 34 28 25 34 22
SWE 40 33 30 21 14 33 28 25 32 21
UKI 49 44 42 36 29 44 41 38 43 35
BLT 46 42 38 30 20 39 34 30 39 26
AUS 48 47 45 43 38 44 37 34 44 35
BLKEU 49 48 46 45 42 46 39 36 46 36
Average EU energy price (€/MWh) 46 43 41 37 32 41 36 33 41 32
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Table C-4. Energy market value (revenue) of onshore wind under EU-wide energy vs capacity-focused
policies

Market Value Onshore wind (€2010/MWh)

Baseline RPS achieving % RES shares Capacity it;l;ssi:\a/rae(;hieving o
AU e AL 47% 53%  55% 60% 65% 55% 60% 65%
(excl. Malta) €2010/MWh
BEL 52 44 40 39 37 32 40 36 33
CZE 67 47 45 42 40 34 43 38 36
DEN a7 44 38 35 26 14 37 31 28
DEW 47 42 38 35 26 14 37 31 28
FIN 39 39 31 29 22 19 32 27 25
FRA 37 37 29 25 18 15 29 24 21
GER 45 44 40 39 37 33 39 35 32
IRE 37 37 28 25 16 4 29 25 22
ITA 57 51 48 47 44 40 45 41 39
NED a4 44 40 38 36 31 39 35 32
POL 58 46 44 42 37 25 42 38 34
POR 41 41 32 29 20 14 33 27 24
SKO 54 47 45 43 41 35 43 38 35
SPA 38 39 32 29 22 16 30 25 23
SWE 40 40 32 28 19 7 32 27 24
UKI 42 42 34 31 22 9 34 29 27
BLT 49 45 40 37 28 16 39 33 29
AUS 46 47 46 43 41 37 43 37 35
BLKEU 57 49 48 46 45 43 45 40 38
Energy Subsidy (€2010/MWh) 0 9 12 21 33 - - -
Capacity Subsidy (€2010/MW) 0 - - - - 30204 47614 57345

38



Table C-5. Energy market value (revenue) of solar-PV under EU-wide energy vs capacity-focused

policies
Market Value Solar-PV (€2010/MWh)
Baseline RPS achieving % RES shares Capacit;‘/, z:l;ssi:\a/raecshieving
AU e AL 47% 53%  55% 60% 65% 55%  60% 65%
(excl. Malta) €2010/MWh
BEL 83 46 44 43 40 36 42 34 24
CZE 87 44 42 41 39 33 39 31 25
DEN 92 44 43 41 37 32 40 31 22
DEW 91 44 42 41 37 32 39 31 20
FIN 97 29 25 23 15 22 25 22 14
FRA 52 41 35 32 24 18 31 19 12
GER 84 44 42 41 38 33 39 31 20
IRE 87 49 47 46 42 37 46 36 25
ITA 54 49 45 42 33 21 34 22 16
NED 94 45 43 42 39 34 41 33 23
POL 92 44 43 42 39 34 40 36 27
POR 48 44 34 31 22 15 30 20 14
Sko 83 44 42 40 38 33 39 29 24
SPA 41 41 32 29 20 8 24 15 10
SWE 97 28 24 23 14 19 24 21 14
UKI 100 46 43 42 38 33 43 38 34
BLT 96 41 37 34 28 21 33 29 23
AUS 66 45 43 41 38 33 39 24 16
BLKEU 71 47 45 44 42 38 43 30 22
Energy Subsidy (€2010/MWh) 0 9 12 21 33 - - -
Capacity Subsidy (€2010/MW) 0 - - - - 30204 47614 57345
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