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The integration of large amounts of variable renewable energy poses fundamental challenges to the operation
and governance of the energy system. In this article we address the main institutional challenges that are caused
by the integration of variable renewable energy sources like solar and wind energy in the European power
system. We ﬁrst address how the variable and unpredictable nature of wind and solar energy increases the
demand for ﬂexible resources and we discuss potential sources of ﬂexibility. Next, we elaborate on how the need
for more ﬂexibility challenges the prevailing market design of todays liberalized power systems. Furthermore,
we discuss the key areas where there is a need for a more integrated approach to research and policy making.
The need for a more integrated approach is motivated by exposing a number of critical interdependencies
between technical and institutional sub-systems.

1. Introduction
The transition to an energy system that is largely based on renewable energy sources (RES) is one of the greatest challenges of our time.
This transition, as it is currently unfolding, is leading to a number of
sometimes paradoxical situations in the energy sector. To begin with,
advances in RES technologies in recent years have led to sharp costreductions and, in concert with government support schemes, a
marked growth of the installed RES capacities worldwide. At the same
time, however, troublesome signatures of typical RES characteristics
such as negative wholesale prices are now becoming more visible in the
operation of power systems [1]. Secondly, although the German
Energiewende has known signiﬁcant successes, questions have been
raised about its fairness and cost-eﬀectiveness [2,3]. Thirdly, while the
installed wind and solar capacities in some European countries have
grown phenomenally, CO2 emissions have hardly decreased due to
lower coal prices and a consequent increase in coal generation [4,5].
Finally, the cost of wind and solar energy has fallen rapidly to levels
comparable to those of traditional sources, but at the same time the
price suppressing eﬀect of RES is causing problems for many traditional electricity producers across Europe, see e.g. [6] and [7]. The
above can be considered examples of friction in the energy system: the
system shows itself not to be ﬁt to accommodate the volume of RES
needed to achieve our 2050 decarbonization targets. One could argue
that they result from new technologies being forced on the old, fossil
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fuel based energy system paradigm, which resists change.
The main RES integration challenges relate to the fundamental
characteristics that the most widespread RES technologies – wind and
solar – posses: variability and uncertainty. These RES characteristics,
often summarized in the notion of intermittency, cause friction –
technical, operational, ﬁnancial - when integrating them in the energy
system.
A widely accepted approach for eﬀectively dealing with these
aspects is based on the notion of ﬂexibility. In [8], ﬂexibility is deﬁned
to ‘express the extent to which a power system can modify electricity
production or consumption in response to variability, expected or
otherwise’. Recent discussion papers by Eurelectric [9] and the
European Distribution System Operators’ Association [10] seem to
indicate that there is a wide consensus on ﬂexibility as a key
prerequisite for a new RES based energy system. In several studies,
see e.g. [8] and [11] for overviews, four forms of ﬂexibility are
identiﬁed: ﬂexible generation, storage, demand response and interconnection. Others have used diﬀerent but similar categorizations
[12,13]. The energy system is clearly more than a collection of
interlinked technologies: it also comprises market actors and network
companies as well as the rules and regulations that govern them, the
institutions of energy systems. Markets on which energy is traded, are
bounded on one side by legislation and (ﬁnancial) interests and on the
other side by the technological system, while the markets in turn shape
decisions on strategy, development and (dis)investment.
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reduction in wind and solar energy on May 13th) and longer periods of
high and low RES output. In addition, seasonal and even year to year
variations are present in both wind speed and solar irradiance, the
latter obviously showing a strong seasonal and diurnal trend.
The aspect of uncertainty or unpredictability of RES is related to the
inevitable forecast errors of numerical weather forecast models that
form the primary input of RES forecasting models. Fig. 2 shows the
residual load time series that was forecast 24 h in advance (i.e. the
actual load time series minus the forecasts of wind and solar power)
and the actually realized residual load. The diﬀerence between the
forecasts and realizations, indicated by the red line, can be interpreted
as the volume of back-up power that needs to be available to absorb the
unforeseen changes in RES output. Naturally, as RES capacity increases, the required volume of ﬂexible power also increases, as one
observes in the bottom graph of Fig. 2. One notes that the system may
rapidly alternate between large surpluses and deﬁcits of RES output. In
addition, comparing Figs. 1 and 2, one observes how ﬂexible power
may also be needed when the residual load is close to zero, i.e. when
RES are covering all production and no conventional generators are
required to be on-line.

1.1. Goals, scope and structure of the paper
The energy system can be viewed as a system where technology and
institutions are inexorably intertwined, as a socio-technical system that
consists of several interconnected sub-systems. While RES integration
issues have received a large amount of attention in the scientiﬁc
literature lately, the focus has mostly been on the technical challenges.
This paper, therefore, has two goals. The ﬁrst is to review the
challenges related to RES integration by extending a purely technical
viewpoint to the institutional challenges that come in parallel with the
technical changes. The second goal of this paper is to show how the
energy transition is creating even stronger interdependencies between
the technological and institutional sub-systems that require a more
integrated approach to research and policy making.
The European 2050 decarbonization goals are clear about the fact
that major emission reductions need to be realized in all sectors
(power, industry, transport, agriculture, etc) [14,15]. For the power
sector, the emission constraints will be the most stringent: by 2050, a
virtually CO2 free sector must be achieved. Simultaneously, carbon
reductions in transport and heating will require a shift towards
electricity as their main energy carrier - a notion generally referred
to as electriﬁcation. These considerations justify a limitation of the
scope of this paper to the integration of RES in the power system.
This paper is organized as follows. We ﬁrst explore the main
technological issues associated with the RES integration challenges
by exploring both the demand of ﬂexibility and its potential sources.
Next, we discuss how the current institutional design falls short in
supporting the integration of high volumes of RES. We treat some of
the key areas in which a more integrated approach is needed, by
exposing the crucial interrelations of the institutional sub-systems. We
conclude by summarizing the most important elements of this paper
and its implications for research and policy making.

2.2. The supply of ﬂexibility
In order to deal with foreseen and unforeseen ﬂuctuations in
consumption and, more importantly, RES production, a certain level
of ﬂexibility is needed. As stated earlier, in the scientiﬁc literature one
observes a classiﬁcation of ﬂexibility in four forms: ﬂexible generation,
demand side resources, interconnection and energy storage (see e.g.
[8,19] and [11], chapter 5). Other authors distinguish even more forms
of ﬂexibility, for example by separately listing technologies such as
power-to-gas in a category called advanced technologies [13].
The transition from a traditional power system (with relatively few
large generators that feed into the transmission network and the energy
transported down to consumers through the distribution system) into a
renewable energy-based power system therefore constitutes a major
paradigm change. Fig. 3 schematically shows the diﬀerences between
the two systems. The typical plant size of RES is much smaller that
those of conventional thermal energy plants. Hence, the number of
points where energy is fed-in will increase. In addition, a large part of
this energy will be fed in at the distribution level. This is especially the
case for solar energy. Secondly, because energy is injected at the
distribution level, two-way ﬂows of energy may occur here. This,
together with consumption peaks due to storage and/or demand
response, may increase congestion of distribution networks. On the
other hand, increased interconnection between power systems leads to
a less ﬂuctuating aggregate RES production proﬁle and increases the
volume of ﬂexible resources. Finally, the ﬂexible resources are much
smaller in size and thus more numerous than the conventional
generators that were the main source of ﬂexibility in the old paradigm.
They are found at diﬀerent voltage levels, both in the transmission and
distribution system. Because the diﬀerent forms of ﬂexibility will play a
crucial role in the future RES based power system, we will discuss them
separately.
Flexibility from the supply side: solar and wind vs. conventional
and biomass: The main RES integration issues are largely due to the
variable and uncertain nature of wind and solar energy. However,
despite the intermittent nature of wind and solar irradiance, there
exists some ﬂexibility of wind and solar energy output in the form of
curtailment: in some instances it may be the least-cost option to limit
or ramp down RES production.
Brouwer et al. [20], Appendix B provide a detailed discussion on
ﬂexibility aspects of diﬀerent power plants. Flexibility of power plants
may be expressed in terms of the parameters minimum load level,
ramp rate, start-up time and start-up costs. Contrary to the conventional coal-ﬁred and nuclear thermal power plants that have been built
to run steadily at their most eﬃcient operating point, signiﬁcant

2. Technical changes
2.1. The increasing demand for ﬂexibility
Flexible generation capacity has traditionally been used to cope
with changes in demand, foreseen and unforeseen, and outages of
generating units. With the continuing growth of renewable energy
sources, the system needs to cope with even larger variations to ensure
the load-generation balance. (See e.g. [16] for an analysis of European
ﬂexibility demand). Two aspects of renewable energy play a key role:
variability and uncertainty.
The former is related to the variability of atmospheric processes,
which take place on a large number of time scales. Small-scale
atmospheric processes like turbulence and the formation of small
clouds cause fast ﬂuctuations in output of wind and solar, but since
they are short-lived and local phenomena, the aggregate power output
over a larger regions (e.g. national power systems) shows modest
variability on this time scale. Larger spatial and temporal scales are
associated with weather phenomena such as high and low pressure
areas, front passages and large cloud systems. These phenomena
typically occur on spatial scales of 10 – 1000 km and time scales
ranging from hours to days or weeks, and they are the dominant factor
that shape the variability of RES production proﬁles.
As an example, Fig. 1 shows a recent time series of electricity
demand and renewable energy production in Belgium. The blue area
denotes the residual load: the part of the load that needs to be met by
either conventional generation or imports. The top graph shows the
current situation, whereas the bottom graph shows the situation in
which the wind and solar production time series have been scaled by a
factor that corresponds to their installed capacity as given in the Vision
3 scenario of the European Network of Transmission System Operators
for Electricity [17]. One observes how the residual load curve becomes
increasingly volatile, with both fast ramp events (note e.g. the fast
661
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Fig. 1. Electricity demand and renewable energy production in Belgium in the current situation (top) and with the installed capacities according to the ENTSO-E Vision 3 scenario for
2030 (bottom). The part labeled conventional is the part of the demand that needs to be met by either conventional generation or imports. Data from [18]. (For interpretation of the
references to color in this ﬁgure, the reader is referred to the web version of this article.)

Fig. 2. Comparison of forecasted and actual residual load in the current situation (top) and with the installed capacities according to the ENTSO-E Vision 3 scenario for 2030 (bottom).
Data from [18]. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this article.)

European RES ‘droughts’, even if they are run at very low capacity
factors. When emissions become are reduced towards a 100% CO2 -free
energy system, additional measures such as carbon capture and
sequestration (CCS) may be needed. In anticipation of a larger scale
application of CCS, there has been signiﬁcant interest in ﬂexible fossil
fuel plants with post-combustion CO2 capture, see e.g. [22,23]. As [24]
argues, it is still hard to tell whether the ﬂexible power plant ﬂeet will
evolve more towards natural gas-dominated, or ﬂexible coal-based
plants with CCS. Eventually, however, it may be an economic matter

advances have been made that have rendered these plants much more
ﬂexible. However, modern gas ﬁred power plants combine high
eﬃciency with shorter ramping rates and start-up costs/times compared to coal and nuclear.
Nevertheless, a high-RES power system by deﬁnition reduces the
consumption of fossil fuels. Several studies have shown, however, that
even in high-RES scenarios, fossil fuel plant may be a cost-eﬃcient
complement to wind and solar. For example, in [21] it is shown that
gas-ﬁred back-up plants may be a cost-eﬀective solution to pan662
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Fig. 3. The traditional technical system levels in a power system (a) and the positioning of the main RES and options for ﬂexibility across the system levels (b).

technologies that appear potentially viable include pumped hydro,
compressed air and ﬂow batteries, but their technical potential may not
be enough to cover all future storage needs. Chemical storage using
hydrogen, ammonia, methane or methanol are again being investigated
as they provide a means to store large quantities of energy. New system
concepts based on long-established conversion technologies are being
explored with the aim of improving their cycle eﬃciency and ﬂexibility
and reducing costs. Some of these can be categorized under the wider
Power-to-Gas concept, which, as discussed in [35], uses hydrogen
storage as an intermediate stage. Alternatively, though not necessarily
relating to RES based electricity generation, seasonal thermal energy
storage may be a cost-eﬃcient complement to fulﬁll heat demand.
Flexibility from the demand side: smart grids and demand
response: Demand response (DR) – also referred to as demand side
management - can loosely be deﬁned as electricity demand that can be
shifted in time to anticipate or react to certain signals [36–38]. Despite
the large body of literature that has recently been published about
smart grids and demand response, the concept has been explored for
decades. Traditionally studied appliances suitable for DR are non-time
critical loads like refrigeration and climate control systems or washing
machines, see e.g. [39] for one of the earliest treatments of the subject.
With the expected electriﬁcation of transport and heating, i.e. the
advent of electric vehicles and heat pumps, two potentially very large
sources of ﬂexible demand are emerging. Physically, DR is closely
related to energy storage. In fact, many forms of DR are energy storage
because energy is stored in electro-chemical form (EV batteries), in
heat (heat pumps), or in ‘cold’ (refrigeration). As a fundamental
diﬀerence with energy storage in the conventional use of the concept,
one may note that in demand response, energy is not stored with the
purpose of converting it back to electricity. DR may have an energetic
advantage over energy storage because no extra conversion losses are
incurred. This may, on the other hand, be at the cost of lower
convenience levels for consumers, less ﬂexibility than in the case of
storage and higher thermal losses in the case of heating and cooling
systems.
Demand response has been identiﬁed in a large body of literature as
a promising and cost-eﬀective option for supporting the integration of
RES. For instance, in [33], it is concluded that ‘Among the various
options to achieve a cost-eﬃcient integration of a high share of RES-E,
demand response stands out as particularly promising’. Contrary to
Europe, where its current role is still modest, in the US, demand
response has already claimed a signiﬁcant share in many power
markets [40].
The networks: interconnection and distribution: Originally, national transmission networks were built to interconnect diﬀerent power
systems for backup and reliability. Over time, cross-border interconnects were established, too. With the ongoing process of creating of an
internal European electricity market and pan-European level playing
ﬁeld, the function of the network and the cross-border interconnects
increasingly has become an economic one. Today, routinely, large

rather than that of technical capabilities, since gas plant have higher
variable and lower ﬁxed costs than coal and nuclear, making them
more attractive at lower load factors.
An alternative to fossil fuel back-up plants are bio-fuel based backup plants. In medium-term projections, see e.g. the scenario outlook as
aggregated by ENTSO-E [25], the role of biomass generation is,
however, still modest. Within the available capacities, though, biomass
and/or biogas may become important ﬂexible resources for complementing a RES-based portfolio. However, a higher priority for biomass
may be as a replacement of mineral feedstock for the chemical industry
as well as fuel for the transport sector.
Large scale energy storage: Energy storage technologies have been
created with the purpose of providing the ﬂexibility to shift power
consumption and production in time and are therefore often intuitively
considered as necessary elements in a RES based power system. The
range of power system applications in which storage could be important is long and diverse, with diﬀerent requirements to e.g. energy
capacity, power capacity and response time. In [26], for example, 28
diﬀerent applications for storage in power systems are identiﬁed, with
relevant time scales ranging from microseconds (e.g. power quality,
frequency response) to months (seasonal storage). No single technology will thus be superior for all intended applications. Because storage
can play such a key role in RES based energy system, it forms one of the
central research challenges related to RES integration.
For typical daily ﬂuctuations associated with variations in demand
and RES production, the currently most economic and widely used
form of large-scale energy storage is pumped hydro storage. A RESbased power system, however, may require much longer storage
durations than what is currently common practice. Most notorious
are so called ‘wind droughts’ in winter, when solar generation is at its
lowest. Such events may last several weeks, requiring very large energy
quantities. Depending on assumptions on cross-border network capacities and the amount of wind and solar curtailment, the seasonal
storage needs of a pan-European electricity system may be as large as
10% of the current European annual electricity use, see e.g. [27]. The
combined European pumped hydro capacity is not suﬃcient for meeting this very large storage requirement [28].
As it is largely compatible with decentralized energy systems,
battery storage is considered to have great potential. Recently, there
have been numerous interesting developments in laboratories and
battery production and deployment are growing [29,30,31].
Nonetheless, the costs, performance and lifespan of commercially
available batteries need to be enhanced further to play a key role in
high RES energy systems. Currently, the levelized costs of all largescale energy storage options lies beyond the beneﬁts they bring to the
power system, see e.g. [32] for recent cost ﬁgures and [33,34] for
estimates of the ﬁnancial beneﬁts of storage in the European power
system.
So it remains unclear which large scale storage technologies will be
available for overcoming long periods of low RES output. Storage
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3.2. Key areas where a more integrated approach is needed

volumes of electricity are transported from where it is produced at
lowest cost to where it is needed most.
When transmission and interconnection capacity are suﬃcient,
surplus RES generation can be exported instead of sold in national
markets at low or even negative prices. A pan-European electric ‘supergrid’ has been advocated for aggregating the RES production of the
continent. At a pan-European scale, the result would be a smoother and
more regular RES production proﬁle, as has been shown by e.g. [41]
and more recently explored further in e.g. [42].
In parallel to the trend of strengthening the pan-European transmission backbone is the increase in importance of the regional
distribution networks. Not only is a large part of RES production
embedded at this distribution level, but so may two of the important
sources of ﬂexibility: storage and demand response.

We will now speciﬁcally address a number of key areas where a
more integrated approach is needed in particular, i.e. where diﬀerent
elements of the technical and institutional landscape are interdependent and need to be considered jointly in order to achieve the main
policy goal of a transition to a renewable, aﬀordable and reliable energy
system.
Changes to the design of short-term markets: An in-depth discussion of how the prevailing European electricity market design may be
improved towards the integration of large shares of RES is given in
[44]. The proposals for market design made herein are based on two
important principles: to reduce the need to increase resource ﬂexibility
in the ﬁrst place and to make the value of resource ﬂexibility more
visible in market prices. In addition, the importance of demand side
resources is emphasized once more.
Regarding the ﬁrst principle, i.e. mitigating the need for greater
resource ﬂexibility, an important advantage may be realized by
increasing the size of the balancing control areas. This advantage is
mostly based on the previously discussed fact that weather patterns are
decorrelated over large distances, rendering a less volatile RES
production proﬁle when aggregated over a large geographic area. In
addition, forecast errors of RES production are decorrelated over larger
distances, too. To reap the beneﬁts of these phenomena, the area over
which the energy is traded should be as large as possible, i.e. a further
integration of national markets is needed. Other measures to mitigate
the need for ﬂexibility are to reduce the time-step of day-ahead and
intra-day markets (e.g. to 5 min instead of 1 h, as is common in many
markets), to have the intra-day market close as late as possible and to
have a liquid intra-day market in the ﬁrst place.
The second principle is that markets better reﬂect the value of
ﬂexible resources to the system. This is especially important to ensure
that the markets properly signal the investment needs for ﬂexibility.
Currently, a part of the resources that are needed for reliable system
operation fall outside the markets; they are procured in long-term
bilateral contracts between system operator and suppliers of ﬂexible
resources, mostly conventional generators. In [44], a variety of
measures is proposed addressing amongst others the pricing of system
security actions taken by the system operator, scarcity pricing in the
balancing markets and the lack of locational pricing. Similar measures
have been proposed in [45]. Institutional barriers for demand-side
ﬂexibility resources have also been addressed as a concern [44,46].
In addition to improvements to the functioning of electricity
markets, there is a large debate about the need for capacity mechanisms to attract RES generation and the ﬂexible resources required to
complement it. In [44], it is also emphasized that no capacity
mechanism can compensate for all ﬂaws in electricity market design,
which gives the list discussed above a character of non-regret measures. In [47], the authors even explicitly distinguish between a series
of non-regret adaptations to market design and the “fundamental
policy decision” of an optimized electricity market or a capacity
market alongside the electricity market.
Coordination between ﬂexible resources and network management: The prevailing model in Europe's electricity systems are national
price zones where cross-border energy trade is facilitated via market
coupling. In the market clearing process, internal transmission constraints are essentially ignored and the possible congestion issues are
solved via re-dispatch. Because the network constraints are not taken
into account in the commitment decisions of the generating units, the
outcome of the re-dispatch process will diﬀer from the optimal one.
With further RES integration, this is expected to become ever more
costly [48]. [49] have assessed available options for congestion
management and have concluded that nodal pricing, or locational
marginal pricing, is the most viable option to eﬃciently align generation and demand resources with network management. In addition,
there may be complexities that are the result of the fact that balancing

3. Institutional challenges
Now we extend our discussion from technological issues to the
energy markets, rules and regulations – the institutional sub-system –
that govern the operation and development of the energy system. First
we discuss the shortcomings of the current system when it comes to a
massive RES integration. Next we highlight some important interdependencies between diﬀerent technical and institutional sub-systems.

3.1. The need for institutional change
While the technical energy system as we know it today has been
shaped in the last 50 years, the social subsystem we see today is the
result of the process of unbundling and liberalization that (only) started
in the 1990s. A central role in liberalized power systems is played by
the spot-market, also referred to as wholesale market or day-ahead
market: a market place where electricity can freely be traded between
producers and consumers, that are usually represented by retailers. A
number of additional markets and mechanisms are needed to deal with
the characteristics that make electrical energy a peculiar commodity:
intra-day markets and balancing markets make sure that uncertain
demand and supply are matched in real-time. Capacity based reserve
markets, ancillary services (frequency and voltage control) and transmission congestion management further enhance the reliability of the
power system. The central tenet of this system, though, is that the
conventional, controllable, fossil fuel based generation capacity is
providing the majority of this energy. Marginal generators set the
electricity price; all generators that are dispatched under this price
collect revenues they need for capital cost recovery. Together, the
generators provide the additional system functions required for system
stability and security. It is this picture that is rapidly changing however,
with the continuing growth of renewable energy sources.
RES, in principle, have a marginal cost of zero. According to the
merit-order logic underlying our electricity markets, in times of high
RES production, the resulting electricity price will fall [43], and may
increasingly reach zero if RES generation exceeds demand. In fact, due
to a lack of ﬂexibility in the current system, negative wholesale prices
are being observed more frequently. They can be seen as the price that
large, inﬂexible generators are willing to pay to avoid temporary shutdowns [1]. With near-zero or negative prices, not only will RES
generators receive insuﬃcient revenues, but the spot-market will
provide too little incentive to conventional generators to be on-line to
provide the essential system services, too. Clearly, the system must be
organized diﬀerently when the RES shares grow to the levels required
to meet 2050 emission targets. This pertains both to the short-term
operation of the system, i.e. how the market signals allocate the given
assets, and to the long-term, i.e. how the markets incentivize investments in renewable energy and the required ﬂexibility options.
664
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capacity) ceteris paribus reduce the demand for CO2 rights. This will
lead to lower carbon prices, which beneﬁts the most polluting
generators. Eﬀectively, a part of the public funding in clean generation
capacity goes directly to the pockets of polluting generators, and
emission reduction achieved may be much lower than anticipated.
Hence, if public money is invested in clean generation capacity, the
equivalent amount of CO2 credits should be taken out of the market.
This example illustrates how CO2 policy cannot be decoupled from RES
policy, and the two need to be considered in coherence, see also [63]
and [64]. In addition, it justiﬁes further research to alternative CO2
pricing mechanisms, such as carbon taxation [65] and the currently
proposed changes to the design of the ETS [66].
International harmonization of energy policies: Market coupling
brings economic advantages by eﬃciently matching production and
demand across national borders. This means, however, that certain
eﬀects of national energy policies are also ‘transported’ across the
border. For example, in Germany, the large installed capacity of RES
has mainly been realized with the help of the feed-in tariﬀ. In the
Netherlands, however, RES production is to be traded on the electricity
market like any other form of electricity generation. So when a German
wind surplus is lowering wholesale prices in the Netherlands [67], the
Dutch wind producers will collect lower revenues. The spatial correlation of wind energy production, i.e. when it is windy in the
Netherlands, it is, on average, also windy in Germany, enhances this
eﬀect. A same reasoning applies to the cross-border eﬀects of capacity
mechanisms [68,69] and CO2 policies [70]. All of these are examples
where a national policy inﬂuences the generation ﬂeet in a certain
country, but this inﬂuence crosses the national borders by the market
coupling mechanisms that are in place. In addition, national policies
often explicitly protect energy intensive industry from high energy
prices by mechanisms such as subsidies, tax exemptions, etc [71]. Such
measures clearly have a marked inﬂuence that extends beyond national
borders, too.
Social acceptance and a renewed perception of the energy system:
In addition to the technical changes and the restructuring of the
markets and regulations, a whole renewed public perception of the
energy system may be needed. One could classify this at as a required
change on the social level. Currently, the continuous availability of
cheap energy is a matter of course. When production of energy will be
largely driven by ﬂuctuating weather conditions, it seems inevitable
that stronger energy price ﬂuctuations will be the result. While such
price volatility may currently be perceived as undesirable, it is not
unthinkable that some day it will be socially accepted, like is the case
for many other commodities with volatile prices. People may adapt to
it, and become used to plan their EV charging or washing clothes on
those days when energy prices are expected to be lowest. Comfort,
utility (in the economic sense of the word) and energy costs may be
weighed more carefully. Promising ﬁeld experiments have been conducted and reported in e.g. [72] and [73].
For energy intensive industries, too, the transition to a RES based
electricity system may oﬀer opportunities. Perhaps surprisingly, ﬂexibility of the electricity demand of industrial consumers has received
far less attention in the scientiﬁc literature than that of household
electricity demand. One could argue that this is partly the result of the
low electricity tariﬀs that energy intensive consumers are generally
paying [71]. However, instead of designing industrial production
processes to run 24 h per day against a reduced electricity tariﬀ (of
which small consumers or tax-payers usually bare the costs [2,3]), one
could think of designing a ﬂexible plant that runs only when energy is
available at very low prices [74]. Recently, more research has been
exploring such opportunities, see e.g. [75–77].
Changes on the social and institutional level described above might
create more price-elasticity of energy demand, which will have a
dampening and stabilizing eﬀect on the system. Policies promoting
such change may need to be considered and contrasted to the current
policies that essentially subsidize energy-intensive industry.

mechanisms are not well aligned with congestion management [50].
Such issues could be eﬃciently handled by nodal pricing, too [45,49].
However, the creation of a European nodal pricing system is a complex
operation with considerable political barriers, rendering alternative
solutions more feasible in the short-term.
Management of the distribution networks may change even more
profoundly. As discussed in Section 2 of this paper, large parts of
generation and ﬂexible resources will be embedded at the distribution
level. This may lead to large network peaks due to feed-in of RES, but
also due to ﬂexible demand and storage units that react to market
prices – an eﬀect sometimes referred to as load clustering [51]. This
can be a desired eﬀect when the RES are embedded at the distribution
network itself, like the case of rooftop PV, because generation peaks are
locally absorbed by demand response. When RES are, however, mainly
embedded at higher network levels (e.g. large wind parks), the energy
has to ﬂow all the way down to the responsive demand at distribution
network. This may lead to high network load peaks that, in turn, cause
costly network reinforcements [52]. A coordination mechanism is thus
needed to align the network capacity, RES production and demand
volumes and location by market signals. Such a mechanism, essentially
a form of congestion management, is more common on the transmission level, but its extension to the distribution level is a new feature
that results from the increased RES penetration and the role of ﬂexible
demand [53]. Current research focuses on the exact design of such a
mechanism, either price based or capacity based, and its practical
implementation, see e.g. [54,55] and [56]. The enabling IT infrastructure will be a crucial component of such a systems, which translates to
a range of business opportunities on the cross-section of the IT and
energy sector. Furthermore, unbundling (the legal separation between
network management by DSOs and commercial activities) currently
prohibits some of the actions that may be taken by DSO to apply some
form of congestion management. New regulatory frameworks for grids
with a more active role for DSOs are therefor being considered [57].
Flexible resources and CO2 policy: In the current market structure,
the power system is operated from a proﬁt maximization or cost
minimizing point of view. This implies that additional ﬂexibility will be
employed to steer the system further towards the minimum cost
operating point. In a situation where the generation capacity with the
lowest marginal cost is simultaneously the most polluting, like in
portfolios that include coal and lignite, this boils down to using the
ﬂexibility to keep coal plants running, thereby saving expensive startup costs and fuel costs of the more expensive gas plants. This results in
the paradoxical situation that in a mixed portfolio with RES, gas and
coal, the availability of extra ﬂexibility, be it interconnection, storage or
demand response, leads to a shift from gas to coal and thus causes
higher emissions. In various model studies, this eﬀect has been
observed, see e.g [58–60] and [34]. One could argue that in practice,
we already observe signatures of this phenomenon, too. At times of
high wind and solar generation, the German coal and lignite plants
keep running while energy is exported abroad [4]. Without these
exports, these plants would be forced to experience more shut-downs,
favoring the more ﬂexible and cleaner gas plants. A higher CO2 price
where coal and gas would switch places in the merit order would
remedy such eﬀects. Alternatively, a regulated decommissioning of
some inﬂexible and polluting base load plants has been proposed,
because they are not only incompatible with emission targets, but they
are also suppressing market prices and thereby hampering investment
into more ﬂexible and cleaner units [61,44].
Carbon policy and RES support schemes: The European Union
Emission Trading System (EU-ETS) system has been labeled the EU's
main instrument for energy transition. The carbon price has been very
low because there has not been real scarcity in emission rights. This is
due to shortcomings and inherent ﬂaws in its design, and too many
rights issued and banked, a situation which has been exacerbated by
the ﬁnancial crisis which stalled electricity production growth [62].
RES support schemes (public funding for new RES generation
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4. Conclusions
We have discussed the major changes and challenges that the
European power sector faces in the light of the transition to a system
largely based on renewable energy sources. At the technical level, we
showed how variability and uncertainty of RES output is requiring a
higher degree of power system ﬂexibility and we discussed various
ﬂexibility options.
The ﬁrst goal of this paper was to go beyond the technical viewpoint
and to explore how required technical changes are posing new
institutional challenges to the sector. We have identiﬁed a number of
key challenges, such as the necessary reforms of short-term electricity
markets, the coordination of energy trade and network management,
the coordination of CO2 policies with renewable energy policy and the
international harmonization of energy policies.
The second goal was to identify how the integration of renewable
energy sources magniﬁes certain inter-dependencies between the
diﬀerent technical and institutional elements that comprise the energy
system. Recognizing these interdependencies, we advocate a more
integrated approach to research and policy making, in which the
technical and institutional sub-systems are considered in coherence.
This integrated approach is not only a necessary condition for shaping
the energy system of the future, it is a challenge in itself to develop this
approach. Hence, to eﬀectively guide the transition process, new
modeling and decision making tools need to be developed that can
capture the complex interdependencies of a RES based energy system.
Competing interests
The authors declare that they have no competing interests.
References
[1] De Vos K. Negative wholesale electricity prices in the German, French and Belgian
day-ahead, intra-day and real-time markets. Electr J 2015;28(4):36–50. http://
dx.doi.org/10.1016/j.tej.2015.04.001, URL 〈http://www.sciencedirect.com/
science/article/pii/S1040619015000652〉.
[2] Frondel M, Sommer S, Vance C. The burden of Germany's energy transition: an
empirical analysis of distributional eﬀects. Econ Anal Policy 2015;45:89–99.
http://dx.doi.org/10.1016/j.eap.2015.01.004, URL 〈http://www.scopus.com/
inward/record.url?eid=2-s2.0-84923875710 & [#38;partnerID=tZOtx3y1〉.
[3] Cludius J, Hermann H, Matthes FC, Graichen V. The merit order eﬀect of wind and
photovoltaic electricity generation in Germany 2008–2016: estimation and distributional implications. Energy Econ 2014;44:302–13. http://dx.doi.org/10.1016/
j.eneco.2014.04.020, URL 〈http://www.sciencedirect.com/science/article/pii/
S0140988314001042〉.
[4] Agora EnergieWende, The German energiewende and its climate paradox: an
analysis of power sector trends for renewables, coal, gas, nuclear power and CO2
emissions, 2010–2030. Tech. rep.; 2014.
[5] Kunze C, Lehmann P, The myth of the dark side of the energiewende; 2015. URL
〈http://www.energypost.eu/energiewende-dark-side/〉.
[6] Kungl G. Stewards or sticklers for change? Incumbent energy providers and the
politics of the German energy transition. Energy Res Soc Sci 2015;8:13–23. http://
dx.doi.org/10.1016/j.erss.2015.04.009, URL 〈http://www.sciencedirect.com/
science/article/pii/S2214629615000523〉.
[7] Michel J, Quo Vadis RWE? A power giant’s struggle with the Energiewende. URL
〈http://www.energypost.eu/quo-vadis-rwe-power-giants-struggle-energiewende/〉;
2015.
[8] International Energy Agency (IEA), Harnessing variable renewables., Tech. rep.;
2011.
[9] EURELECTRIC, Flexibility and aggregation. Requirements for their interaction in
the market. URL 〈http://www.eurelectric.org/media/115877/tf_bal-agr_report_
ﬁnal_je_as-2014-030-0026-01-e.pdf〉; Jan 2014.
[10] EDSO for Smart Grids, Flexibility: The role of DSOs in tomorrow’s electricity
market. URL 〈http://www.edsoforsmartgrids.eu/new/wp-content/uploads/EDSOviews-on-Flexibility-FINAL-May-5th-2014.pdf〉; May 2014.
[11] Morales JM, Conejo AJ, Madsen H, Pinson P, Zugno M. Integrating renewables in
electricity markets. Springer; 2014.
[12] Cochran J, Miller M, Zinaman O, Milligan M, Arent D, Nrel BP, et al., Flexibility in
21 st Century Power Systems; 2014.
[13] Lund PD, Lindgren J, Mikkola J, Salpakari J. Review of energy system ﬂexibility
measures to enable high levels of variable renewable electricity. Renew Sustain
Energy Rev 2015;45(0):785–807. http://dx.doi.org/10.1016/j.rser.2015.01.057.
[14] European Commission (EC), A roadmap for moving to a competitive low carbon
economy in 2050; Mar. 2011.

666

Renewable and Sustainable Energy Reviews 75 (2017) 660–667

R.A. Verzijlbergh et al.

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Economics. URL 〈http://www.synapse-energy.com/Downloads/SynapseReport.
2013-03.RAP.US-Demand-Response.12-080.pdf〉; 2013.
Czisch G. Low cost but totally renewable electricity supply for a huge supply area - a
European/Trans-European Example, Routledge Taylor & Francis Group. 〈http://
dx.doi.org/10.4324/9780203841563〉. URL〈http://www.scopus.com/inward/
record.url?Eid=2-s2.0-84911071003 & partnerID=tZOtx3y1〉; 2010.
Fraunhofer IWES, The European Power System in 2030: Flexibility Challenges and
Integration Beneﬁts. An Analysis with a Focus on the Pentalateral Energy Forum
Region. Analysis on behalf of Agora Energiewende., Tech. rep.; 2015.
Hirth L. The market value of variable renewables. Energy Econ 2013;38:218–36.
http://dx.doi.org/10.1016/j.eneco.2013.02.004, URL 〈http://www.sciencedirect.
com/science/article/pii/S0140988313000285〉.
Regulatory Assistance Project (RAP), Power Market Operations and System
Reliability: a contribution to the market design debate in the Pentalateral Energy
Forum, Study on behalf of Agora Energiewende.
Borggrefe F, Neuhoﬀ K. Balancing and intraday market design: options for wind
integration, Tech. rep., Discussion Papers, German Institute for Economic
Research, DIW Berlin; 2011.
Koliou E, Eid C, Chaves-Ávila JP, Hakvoort RA. Demand response in liberalized
electricity markets: analysis of aggregated load participation in the german
balancing mechanism. Energy 2014;71:245–54. http://dx.doi.org/10.1016/j.energy.2014.04.067, URL 〈http://www.sciencedirect.com/science/article/pii/
S0360544214004800〉.
BMWi, An Electricity Market for Germany’s Energy Transition. URL 〈http://www.
bmwi.de/English/Redaktion/Pdf/gruenbuch-gesamt-englisch,property=pdf,
bereich=bmwi2012,sprache=en,rwb=true.pdf〉; 2014.
Neuhoﬀ K, Barquin J, Bialek JW, Boyd R, Dent CJ, Echavarren F, et al. Renewable
electric energy integration: quantifying the value of design of markets for international transmission capacity. Energy Econ 2013;40(0):760–72. http://
dx.doi.org/10.1016/j.eneco.2013.09.004.
Neuhoﬀ K, Hobbs BF, Newbery D. Congestion management in European power
networks: criteria to assess the available options, Tech. rep., Discussion Papers,
German Institute for Economic Research. DIW Berlin; 2011.
Chaves-Ávila JP, van der Veen RA, Hakvoort RA. The interplay between imbalance
pricing mechanisms and network congestions - analysis of the German electricity
market. Util Policy 2014;28:52–61. http://dx.doi.org/10.1016/j.jup.2013.11.005,
URL 〈http://www.sciencedirect.com/science/article/pii/S0957178713000738〉.
Flath CM, Ilg JP, Gottwalt S, Schmeck H, Weinhardt C. Improving electric vehicle
charging coordination through area pricing. Transp Sci 2014;48(4):619–34. http://
dx.doi.org/10.1287/trsc.2013.0467, URL 〈http://www.scopus.com/inward/record.
url?eid=2-s2.0-84918800507 & [#38;partnerID=tZOtx3y1〉.
Veldman E, Verzijlbergh RA. Distribution grid impacts of smart electric vehicle
charging from diﬀerent perspectives. IEEE Trans Smart Grid 2015;6(1):333–42.
http://dx.doi.org/10.1109/TSG.2014.2355494.
Verzijlbergh RA, De Vries LJ, Lukszo Z. Renewable energy sources and responsive
demand: do we need congestion management in the distribution grid. IEEE Trans
Power Syst 2014;29(5):2119–28. http://dx.doi.org/10.1109/
TPWRS.2014.2300941.
Bach Andersen P, Hu J, Heussen K. Coordination strategies for distribution grid
congestion management in a multi-actor, multi-objective setting, in: Innovative
Smart Grid Technologies (ISGT Europe). In: Proceedings of the 3rd IEEE PES
international conference and exhibition on. 〈http://dx.doi.org/10.1109/
ISGTEurope.2012.6465853〉; 2012. p. 1–8.
Huang S, Wu Q, Liu Z, Nielsen AH. Review of congestion management methods for
distribution networks with high penetration of distributed energy resources, In:
Proceedings of the 5th IEEE PES innovative smart grid technologies Europe (ISGT
Europe); 2014, pp. 1–6.
Jargstorf J, De Jonghe C, Belmans R. Assessing the reﬂectivity of residential grid
tariﬀs for a user reaction through photovoltaics and battery storage. Sustain Energy
Grids Netw 2015;1:85–98. http://dx.doi.org/10.1016/j.segan.2015.01.003, URL
〈http://www.sciencedirect.com/science/article/pii/S2352467715000107〉.
Ruester S, Schwenen S, Batlle C, Pérez-Arriaga I. From distribution networks to
smart distribution systems: rethinking the regulation of european electricity DSOs.
Util Policy 2014;31:229–37. http://dx.doi.org/10.1016/j.jup.2014.03.007, URL
〈http://www.sciencedirect.com/science/article/pii/S0957178714000198〉.
Hittinger ES, Azevedo IML. Bulk energy storage increases United States electricity
system emissions. Environ Sci Technol 2015;49(5):3203–10. http://dx.doi.org/
10.1021/es505027p, URL 〈http://pubs.acs.org/doi/abs/10.1021/es505027p〉.
Brancucci Martinez-Anido C, de Vries L. Are cross-border electricity transmission
and pumped hydro storage complementary technologies? In: 2013 Proceedings of
the 10th international conference on the European Energy Market (EEM), IEEE.
〈http://dx.doi.org/10.1109/EEM.2013.6607370〉. URL 〈http://www.scopus.com/

[60]

[61]
[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

667

inward/record.url?Eid=2-s2.0-84891593928 & partnerID=tZOtx3y1〉; 2013. p. 1–
7.
Verzijlbergh R, Brancucci Martínez-Anido C, Lukszo Z, de Vries L. Does controlled
electric vehicle charging substitute cross-border transmission capacity?. Appl
Energy 2014;120:169–80. http://dx.doi.org/10.1016/j.apenergy.2013.08.020,
URL 〈http://www.sciencedirect.com/science/article/pii/S0306261913006557〉.
International Energy Agency (IEA), The power of transformation: wind, sun and
the economics of ﬂexible power systems; 2014.
Chappin EJL, Dijkema GPJ. On the impact of {CO_2}emission-trading on power
generation emissions. Technol Forecast Soc Change 2009;76(3):358–70. http://
dx.doi.org/10.1016/j.techfore.2008.08.004.
Richstein JC, Chappin EJ, de Vries LJ. Adjusting the CO2 cap to subsidised RES
generation: can CO2 prices be decoupled from renewable policy?. Appl Energy
2015;156:693–702. http://dx.doi.org/10.1016/j.apenergy.2015.07.024, URL
〈http://www.sciencedirect.com/science/article/pii/S0306261915008533〉.
Fagiani R, Richstein JC, Hakvoort R, De Vries L. The dynamic impact of carbon
reduction and renewable support policies on the electricity sector. Util Policy
2014;28:28–41. http://dx.doi.org/10.1016/j.jup.2013.11.004, URL 〈http://www.
sciencedirect.com/science/article/pii/S0957178713000726〉.
Chappin EJL, Dijkema GPJ, de Vries LJ, Carbon policies: do they deliver in the long
run? In: Sioshansi F, (Ed.), Carbon constrained: future of electricity generation,
Elsevier; 2010. p. 31–56.
Richstein JC, Chappin EJ, de Vries LJ. The market (in-)stability reserve for EU
carbon emission trading: why it might fail and how to improve it. Util Policy
2015;35:1–18. http://dx.doi.org/10.1016/j.jup.2015.05.002, URL 〈http://www.
sciencedirect.com/science/article/pii/S0957178715300059〉.
Mulder M, Scholtens B. The impact of renewable energy on electricity prices in the
Netherlands. Renew Energy 2013;57:94–100. http://dx.doi.org/10.1016/j.renene.2013.01.025, URL 〈http://www.sciencedirect.com/science/article/pii/
S0960148113000505〉.
Mastropietro P, Rodilla P, Batlle C. National capacity mechanisms in the European
internal energy market: opening the doors to neighbours. Energy Policy
2015;82:38–47. http://dx.doi.org/10.1016/j.enpol.2015.03.004, URL 〈http://
www.sciencedirect.com/science/article/pii/S030142151500110X〉.
Bhagwat PC, Iychettira K, de Vries LJ. Cross-border eﬀects of capacity mechanisms.
In: Proceedings of the 11th international conference on the european energy
market (EEM14), IEEE. 〈http://dx.doi.org/10.1109/EEM.2014.6861269〉.
URL〈http://www.scopus.com/inward/record.url?Eid=2-s2.0-84905686455 &
partnerID=tZOtx3y1〉; 2014. p. 1–5.
Richstein JC, Chappin EJ, de Vries LJ. Cross-border electricity market eﬀects due
to price caps in an emission trading system: an agent-based approach. Energy
Policy 2014;71:139–58. http://dx.doi.org/10.1016/j.enpol.2014.03.037, URL
〈http://www.sciencedirect.com/science/article/pii/S0301421514002043〉.
Grave K, Hazrat M, Boeve S, von Blücher F, Bourgault C, Breitschopf B, et al.
Electricity costs of energy intensive industries: an international comparison. URL
〈http://www.ecofys.com/ﬁles/ﬁles/ecofys-fraunhoferisi-2015-electricity-costs-ofenergy-intensive-industries.pdf〉; 2015.
Kobus CB, Klaassen EA, Mugge R, Schoormans JP. A real-life assessment on the
eﬀect of smart appliances for shifting households' electricity demand. Appl Energy
2015;147:335–43. http://dx.doi.org/10.1016/j.apenergy.2015.01.073, URL
〈http://www.sciencedirect.com/science/article/pii/S0306261915001099〉.
D'hulst R, Labeeuw W, Beusen B, Claessens S, Deconinck G, Vanthournout K.
Demand response ﬂexibility and ﬂexibility potential of residential smart appliances: experiences from large pilot test in belgium. Appl Energy 2015;155:79–90.
http://dx.doi.org/10.1016/j.apenergy.2015.05.101, URL 〈http://www.
sciencedirect.com/science/article/pii/S0306261915007345〉.
Merkert L, Harjunkoski I, Isaksson A, Säynevirta S, Saarela A, Sand G. Scheduling
and energy - industrial challenges and opportunities. Comput Chem Eng
2015;72:183–98. http://dx.doi.org/10.1016/j.compchemeng.2014.05.024, URL
〈http://www.sciencedirect.com/science/article/pii/S0098135414001768〉.
Ding YM, Hong SH, Li XH, Demand A. Response energy management scheme for
industrial facilities in smart grid. IEEE Trans Ind Inform 2014;10(4):2257–69.
http://dx.doi.org/10.1109/TII.2014.2330995, URL 〈http://www.scopus.com/
inward/record.url?eid=2-s2.0-84910105945 & [#38;partnerID=tZOtx3y1〉.
Hadera H, Harjunkoski I, Sand G, Grossmann IE, Engell S. Optimization of steel
production scheduling with complex time-sensitive electricity cost. Comput Chem
Eng 2015;76:117–36. http://dx.doi.org/10.1016/j.compchemeng.2015.02.004,
URL 〈http://www.sciencedirect.com/science/article/pii/S0098135415000472〉.
Feng J, Brown A, O'Brien D, Chmielewski DJ. Smart grid coordination of a
chemical processing plant. Chem Eng Sci 2015:1–9. http://dx.doi.org/10.1016/
j.ces.2015.03.042, URL 〈http://linkinghub.elsevier.com/retrieve/pii/
S0009250915002237〉.

