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a b s t r a c t
This paper provides a comprehensive discussion of the market value of variable renewable energy (VRE). The
inherent variability of wind speeds and solar radiation affects the price that VRE generators receive on the
market (market value). During windy and sunny times the additional electricity supply reduces the prices.
Because the drop is larger with more installed capacity, the market value of VRE falls with higher penetration
rate. This study aims to develop a better understanding on how the market value with penetration, and how
policies and prices affect the market value. Quantitative evidence is derived from a review of published
studies, regression analysis of market data, and the calibrated model of the European electricity market
EMMA. We ﬁnd the value of wind power to fall from 110% of the average power price to 50–80% as wind
penetration increases from zero to 30% of total electricity consumption. For solar power, similarly low value
levels are reached already at 15% penetration. Hence, competitive large-scale renewable deployment will be
more difﬁcult to accomplish than as many anticipate.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Electricity generation from renewables has been growing rapidly
during the last years, driven by technological progress, economies of
scale, and deployment subsidies. Renewables are one of the major
options to mitigate greenhouse gas emissions and are expected to
grow signiﬁcantly in importance throughout the coming decades
(IEA, 2012; IPCC, 2011). According to ofﬁcial targets, the share of

☆ The ﬁndings, interpretations, and conclusions expressed herein are those of the
author and do not necessarily reﬂect the views of Vattenfall or the Potsdam-Institute.
☆☆ I would like to thank Falko Ueckerdt, Álvaro López-Peña Fernández, Reinhard
Ellwanger, Peter Kämpfer, Wolf-Peter Schill, Christian von Hirschhausen, Mats Nilsson,
Catrin Jung-Draschil, Dania Röpke, Eva Schmid, Michael Pahle, Sonja Wogrin, Albrecht
Bläsi-Bentin, Simon Müller, Mathias Normand, Inka Ziegenhagen, Alyssa Schneebaum,
Juliet Mason, Gunnar Luderer, Lena Kitzing, Marco Nicolosi, Ottmar Edenhofer, Thomas
Bruckner, Marcus Bokermann, Felix Färber, Filip Johnsson, Thomas Unger, Hannele
Holttinen, and Michaesl Limbach two anonymous referees, and the participants of
the Strommarkttreffen, DSEM, and YEEES seminars for valuable comments. Especially
I want to thank Falko, Catrin, and Simon for inspiring discussions. The usual disclaimer
applies. A previous version of this paper was presented at the IAEE 2012 Europe Conference in Venice.
⁎ Tel.: +49 30 81824032.
E-mail address: lion.hirth@vattenfall.com.
0140-9883/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.eneco.2013.02.004

renewables in EU electricity consumption shall reach 35% by 2020
and 60–80% in 2050, up from 17% in 2008. 1 As hydropower potentials
are largely exploited in many regions, and biomass growth is limited
by supply constraints and sustainability concerns, much of the
growth will need to come from wind and solar power. Wind and
solar are variable2 renewable energy sources (VREs) in the sense that
their output is determined by weather, in contrast to “dispatchable”
generators that adjust output as a reaction to economic incentives.
Following Joskow (2011), we deﬁne the market value of VRE as the
revenue that generators can earn on markets, without income from

1
National targets for 2020 are formulated in the National Renewable Energy Action
Plans. Beurskens et al. (2011), Eurelectric (2011a), PointCarbon (2011) and ENDS
(2010) provide comprehensive summaries. The EU targets for 2050 have been
formulated in the European Commission (2011). Historical data are provided by
Eurostat (2011).
2
Variable renewables have been also termed intermittent, ﬂuctuating, or nondispatchable.
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subsidies. The market value of VRE is affected by three intrinsic technological properties:
• The supply of VRE is variable. Due to storage constraints and supply
and demand variability, electricity is a time-heterogeneous good.
Thus the value of electricity depends on when it is produced. In
the case of VRE, the time of generation is determined by weather
conditions. Variability affects the market value because it determines when electricity is generated.
• The output of VRE is uncertain until realization. Electricity trading
takes place, production decisions are made, and power plants are
committed the day before delivery. Forecast errors of VRE generation need to be balanced at short notice, which is costly. These
costs reduce the market value.
• The primary resource is bound to certain locations. Transmission
constraints cause electricity to be a heterogeneous good across
space. Hence, the value of electricity depends on where it is generated. Since good wind sites are often located far from load centers,
this reduces the value of wind power. 3
We use a framework introduced in Hirth (2012a) and compare the
market income of a VRE generator to the system base price. The
system base price is the time-weighted average wholesale electricity
price in a market. The effect of variability is called “proﬁle costs”, the
effect of uncertainty “balancing costs” and the effect of locations
“grid-related costs” (Fig. 1). We label these components “cost” for
simplicity, even though they might appear as a discount on revenues
and not as costs in a bookkeeping sense.
Proﬁle, balancing, and grid-related costs are not market failures,
but represent the intrinsic lower value of electricity during times of
high supply, at remote sites, and the economic costs of uncertainty.
In this paper, we focus on the impact of variability on the market
value of VRE, leaving uncertainty and location for further research.
The reason for doing so is that in a broad literature review we have
identiﬁed proﬁle costs as the largest cost component and found this
topic under-researched relative to balancing costs (Hirth, 2012a).
The market value of VRE will be measured as its relative price
compared to the base price. We call this relative price “value factor”4
and deﬁne it more rigorously in Section 3. The value factor is calculated
as the ratio of the hourly wind-weighted average wholesale electricity
price and its time-weighted average (base price). Hence the value factor
is a metric for the valence of electricity with a certain time proﬁle relative to a ﬂat proﬁle (Stephenson, 1973). The wind value factor compares
the value of actual wind power with varying winds with its value if
winds were invariant (Fripp and Wiser, 2008). In economic terms, it is
a relative price where the numeraire good is the base price. A decreasing value factor of wind implies that wind power becomes less valuable
as a generation technology compared to a constant source of electricity.
There are two mechanisms through which variability affects the
market value of renewables in thermal 5 power systems. We label
them “correlation effect” and “merit-order effect”. If a VRE generation
proﬁle is positively correlated with demand or other exogenous
parameters that increase the price, it receives a higher price than a
constant source of electricity (correlation effect) — as long as its

3
Of course all types of generation are to some extent subject to expected and unexpected outages and are bound to certain sites, but VRE generation is much more uncertain, location-speciﬁc, and variable than thermal generation. Also, while weather
conditions limit the generation of wind and solar power, they can be always downward adjusted and are in this sense partially dispatchable. The fourth typical property
of VRE that is sometimes mentioned (Milligan et al., 2009), low variable costs, does not
impact the value of electricity.
4
In the German literature known as “Proﬁlfaktor” or “Wertigkeitsfaktor.”
5
“Thermal” (capacity-constrained) power systems are systems with predominantly
thermal generators. These systems offer limited possibility to store energy. In contrast
(energy-constrained) “hydro” systems have signiﬁcant amounts of hydro reservoirs
that allow storing energy in the form of water.

Fig. 1. The system base price and the market value of wind power. The difference
between those two can be decomposed into proﬁle, balancing, and grid-related costs.

capacity remains small. For example, while the 2011 base price in
Germany was 51 €/MWh, solar power received an average price of
56 €/MWh (a value factor of 1.1) on the market, because it is typically
generated when demand is high. In Europe, there is a positive correlation effect for solar due to diurnal correlation with demand, and for
wind because of seasonal correlation.
However, if installed VRE capacity is non-marginal, VRE supply
itself reduces the price during windy and sunny hours by shifting the
residual load curve to the left (merit-order effect, Fig. 2). The more
capacity is installed, the larger the price drop will be. This implies that
the market value of VRE falls with higher penetration. The ﬁgure also
suggests that the price drop will be larger if the merit-order curve
becomes steeper in the relevant region. The fundamental reason for
the merit-order effect is that the short-term supply function is upward
sloping because a) there exists a set of generation technologies that
differ in their variable-to-ﬁx costs ratio and b) electricity storage is
costly.
More generally, it is of course a well-known economic result that
the price of a good decreases as supply is increased.
Proﬁle costs have important implications for policy makers, investors,
and energy system modelers alike. In a market environment, investors

Fig. 2. Merit-order effect during a windy hour: VRE in-feed reduces the equilibrium
price. Numbers are illustrative.

