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We have recently developed a simple yet powerful method to identify key properties of electricity
systems with a high share of renewables. Here, our weather-driven methodology is described and
applied to model the Danish power system with combined wind and solar energy gross shares of up to
100% of the total demand. We show that in a wind only scenario, surplus energy grows rapidly beyond
gross shares of about 50%, while the potential for arbitrage of surplus renewable energy, i.e. demand-side
management or high-efficiency storage, is very limited in this case. A scenario with a wind-solar energy
mix of 80/20, on the other hand, both decreases the total amount of surplus and has a significantly higher
potential for arbitrage of the remaining surplus. However, beyond gross shares of about 75%, only large-
scale seasonal storage of, e.g. hydrogen, enables the use of Danish surplus wind and solar energy to cover
the residual Danish electricity demand in both scenarios.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In the ARESG (Aarhus Renewable Energy Systems Group), we
have recently developed a simple, yet powerful method to identify
key properties of a fully or partly renewable power system. Here,
we dub it WDRESM (Weather-Driven Renewable Energy System
Modeling). So far, the approach has primarily been applied to a fully
renewable pan-European power system,where the future needs for
storage, balancing and transmission capacity have been assessed,
and a number of synergies between different technologies have
been identified [1e5]. Central toWDRESM is the ability to provide a
solid benchmark for the integration of VRES (variable renewable
energy sources) in the power system, independently of regulatory
and economical constraints. We do this by identifying andmapping
fundamental properties of the system directly from the analysis of
large-scale and high-resolution weather data and detailed histori-
cal consumption data. Largely owing to its simplicity and to the
extent and detail of the underlying data, nearly any geographic and
temporal scale can be modeled.
k (G.B. Andresen).
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In this paper, the model is scaled to the Danish power system,
where the excellent wind resources are expected to fuel a transition
to a renewable power system with a share of VRE (variable
renewable energy) which exceeds that of conventional sources [6].
But also solar PV (photovoltaic) may come to play a significant role
in the future.

Wind and solar power generation cannot be expected to match
the instantaneous demand for electricity, and it is well known that
VRE surplus is unavoidable at high penetrations. By combining
wind and solar PV, it is possible to optimize the match between the
hourly production and consumption patterns and, thus, to reduce
surplus VRE in the system [1,2,7]. In addition, arbitrage of surplus
VRE, using technologies that allow the energy to be moved in time
by using either flexible demand or some form of storage, can be
applied to increase the local use of the wind and solar resource.

In this paper, we quantify the minimum amount of surplus VRE
in Denmark for any combination of annual wind and solar PV
production. We then proceed with a detailed investigation of the
interplay between energy arbitrage technologies and surplus VRE
for two different scenarios. In one case, we assume that only wind
power is built in Denmark. In the other, an optimized windesolar
energy mix is used. For both we show how the energy capacity of a
generalized storage unit affects its ability to redistribute surplus
VRE. We then analyze the impact of constraining the storage
bitrage of wind and solar surplus power in Denmark, Energy (2014),
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charging and discharging power capacities. Finally, we use a simple
market model to estimate howmany storage units VRE surplus can
support in the Danish power system.

Monetary cost of implementing different combinations of wind,
solar or energy arbitrage technology is not quantified. Instead, we
present and compare the benefit of awide range of combinations of
the three. But since cost projections are abundant [8e11], although
with high uncertainties attached, we invite the reader to make his
or her own cost estimates.

The effect of combining different VRES in the Danish power
system has also been investigated in Ref. [7] for a specific set of
technical and regulatory constraints. The results presented here are
calculated without any such constraints, and can be viewed as a
best case benchmark for what can be achieved by changing the
constraints.

Several studies analyze the detailed interaction between high
wind penetrations and storage technologies in Denmark and other
countries. Typically, a specific technology like PHS (pumped hydro
storage) [12,13] or CAES (compressed air energy storage) [14], is
analyzed. In this paper, a top-down approach is used to simplify the
analysis and generalize the findings. The aim is to allow a broader
and more focused discussion of how and if energy arbitrage should
be supported to facilitate integration of surplus VRE. In addition, we
show how the windesolar mix has a direct impact on the potential
for arbitrage of surplus VRE.

The stoRE project has recently published a report on combining
wind power and storage in Denmark [15]. They use a similar
methodology as that presented here. But the concept of storage
neutrality (see Ref. [3]) is ignored and as a consequence the storage
dispatch time series, energy and power capacity estimates are
incorrect.

This paper is organized as follows: In Section 2, WDRESM is
described. Section 3 is a case study, where WDRESM is applied to
analyze the interplay between wind, solar power and energy
arbitrage in a future highly renewable Danish power system. Sec-
tion 4 concludes the paper.

2. Methodology

2.1. General remarks

The central idea in WDRESM is to include the correct temporal
and spatial correlation structure of VRES, as these technologies will
dominate the dynamics of a future highly renewable energy sys-
tem. This is achieved by basing the model on high-resolution
weather and electricity load data that includes large areas and
spans many years. Specifically, normalized time series of wind and
solar power generation and electricity load data are currently the
only external input. In addition, we reduce the complexity of the
model by assuming very few technical constraints and employing
optimal operational strategies.

As a result WDRESM can provide hard upper limits on what can
be accomplished by better international power network integration
[5,4], better technology or better market design [16]. Thismeans that
more detailed models have a solid frame of reference or benchmark
to be measured up against. At the same time, our results provide
precise boundaries for policy makers, allowing for a simpler analysis
and a clearer presentation. The price is that a more detailed model is
necessary in order to give useful answers to questions regarding
specific implementation of, e.g. storage and other dispatchable
technologies. Any considerations regarding economic costs are not
included in the current implementation of WDRESM.

Three of the most scalable renewable energy sources are wind,
solar and biomass. Of these, biomass stands out as being dis-
patchable, meaning that it can be used for balancing the variable
Please cite this article in press as: Andresen GB, et al., The potential for ar
http://dx.doi.org/10.1016/j.energy.2014.03.033
renewable energy sources such as wind and solar power. In
WDRESM, dispatchable technologies are not modeled explicitly, as
their power output is assumed to exactly match the residual load.
Besides wind and solar power, one of the most important non-
dispatchable power sources is run-of-river hydropower. Although
run-of-river contributes significantly to the present-day power
systems of Europe with a few per cent of the total generation, the
perspective for future growth is highly limited [17]. However, if
data becomes available to us, it is straight-forward and an obvious
choice to include. Therefore, only wind and solar power is currently
included.

Finally, WDRESM is relatively computationally simple, which
means that we do not only provide results for a few end-points, or
for a pathway to any such. Rather, we are able to provide a
continuous map of results for any combination and penetration
level of wind and solar power generation see Refs. [1e5,18].

In the following, WDRESM and our current input wind, solar and
electricity load data is described in more detail. The description here
applies to a power system with no region-internal transmission
bottlenecks. WDRESM can also be combined with constrained
transmission flow algorithms. This is the topic of Refs. [4,5].

2.2. Model implementation

2.2.1. Wind and solar PV
Historical weather data with hourly resolution was used to

derive potential wind and solar PV power generation time series
per MW installed, wn(t) and sn(t), for a total of about 2600 grid
points in Europe (indexed by n) for the 8-year period 2000e2007.
The grid points are spaced by approximately 50-by-50 km2, and
cover 27 European countries including offshore regions. This data
set was produced by the German ISET (Fraunhofer-Institut für
Solare Energieversorgungstechnick) (now known as the Fraunhofer
institute IWES (Fraunhofer-Institut für Windenergie und Ener-
giesystemtechnik)), in 2008, and is described in more detail in Refs.
[1,19]. Fig. 1a and b shows the geographical extent of the wind and
solar PV data as well as the spatial distribution of their average
annual capacity factors. The choice of wind turbine and solar PV
technologies represents a best guess for technologies commonly
used in the year 2020.

In most of our studies, we aggregate all grid cells belonging to a
specific region, such as a common price area, a country, or all of
Europe. This means that the absolute generation of wind and solar
power time series of all grid cells within this region is added to
obtain the generation time series for the entire region. The aggre-
gated wind power time series for a region is calculated as

wðtÞ ¼
X

cwn wnðtÞ (1)

and for solar power the corresponding time series is

sðtÞ ¼
X

csnsnðtÞ (2)

That is, potential region-internal transmission bottlenecks are
neglected. The geographical wind and solar PV power capacity
layout cwn and csn used in this aggregation, i.e. how many MW of
wind and solar capacity are installed in grid cell n, can be varied. In
the studies presented here, they are based on a combination of
attractiveness of sites as well as political goals for 2020. As a
consequence, we implicitly assume a larger effect of geographical
dispersion than what can be observed today. The reason being that
significantly more sites are assumed to have installed capacities of
wind and solar PV. Fig. 1c and d show excerpts of monthly and
hourly time series aggregated for Europe. Fig. 2 illustrates the effect
of spatial aggregation, which is also discussed in, e.g. Refs. [20,21].
bitrage of wind and solar surplus power in Denmark, Energy (2014),



Fig. 1. Panels a and b illustrate the geographical extend of the data set, which covers 27 European countries including offshore regions. In color we show: (a) Annual wind power
capacity factor, and (b) annual solar PV power capacity factor. Panels (c) and (d) show normalized monthly and hourly averages of wind and solar PV power generation and
electricity demand aggregated for all 27 countries. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2.2.2. Electricity load
In addition to weather data, historical load data with hourly

resolution were obtained for all countries. They were either
downloaded directly from UCTE (Union for the Coordination of the
Transmission of Electricity) (now ENTSO-E) [22] for the same 8
years, or extrapolated fromUCTE data for countries where load data
were not available throughout the 8-year simulation period. For
additional details see Refs. [1,19]. Finally, the load time series of
each country was detrended from an average yearly growth of
about 2%. Excerpts of monthly and hourly load time series aggre-
gated for Europe are shown in Fig. 1c and d.

2.2.3. Generation-load mismatch
The central equation in WDRESM is the generation-load

mismatch described by Eq. (5) below. In our implementation, the
power generation time series w(t) and s(t) and the load time series
l(t) are all normalized to the average electrical load, yielding three
new time series, W(t), S(t) and L(t), see Eq. (3). Results are then
either presented in units of av.h.l. (average hourly load), av.y.l.
(average yearly load) or scaled to 2007 values. In the equations
below, h,i denotes the direct average of the time series in question.
Fig. 2. Example of aggregating (a) solar PV and (b) wind power generation over areas of di
only Germany and to a single location (Wolfsburg) in Germany. It is evident that the effect o
installed capacity. (a) Solar PV. (b) Wind.
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LðtÞ ¼ lðtÞ
hli av:l:h:;

WðtÞ ¼ wðtÞ
hwi av:l:h:;

SðtÞ ¼ sðtÞ
hsi av:l:h::

(3)

So

hLi ¼ hWi ¼ hSi ¼ 1 av:l:h: (4)

Using this notation, the generation-load mismatch time series
D(t) is given as

DðtÞ ¼ g½awWðtÞ þ ð1� awÞSðtÞ� � LðtÞ (5)

Here, aw denotes the wind power fraction of the average wind and
solar power generation, and g represents the gross share of com-
bined wind and solar PV, i.e. their average output divided by the
average load. As an example, a gross share of 100% corresponds to
fferent geographical extend. Here, a European aggregation is compared to aggregating
f aggregation is most significant for wind power. Both time series are normalized to the

bitrage of wind and solar surplus power in Denmark, Energy (2014),
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g¼ 1, and an aw of 0.8 corresponds to a windesolar mix where 80%
of their combined average output originates fromwind. This is also
referred to as an 80/20 windesolar mix.
Fig. 3. Color map showing the balancing optimal build-up of wind and solar PV in
Denmark (2007 units). The colored contours indicate the amount of VRE surplus that is
incurred in addition to the balancing optimal amount for any combination of wind and
solar PV energy up to a VRE gross share of 100%. The white line shows the balancing
optimal mix, and the dashed lines indicate constant VRE gross shares (g). The total
amount of VRE surplus is shown for selected scenarios in Fig. 4. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)
2.2.4. Storage
Many different storage dispatch algorithms can be implemented

in WDRESM. Here, we employ a storage algorithm that can be
mathematically proven to maximize redistribution of VRE surplus
to hours where a residual load remains (Eqs. (6) and (7), below). In
this implementation, VRE surplus is always stored whenever it is
available and the storage volume is not full. Likewise, stored energy
is always used to cover residual load as soon as possible. This
storage algorithm is discussed further in Ref. [3] for the case where
charging and discharging power capacities are assumed uncon-
strained. In Section 3.6 of this paper, the consequence of con-
straining these capacities is explored.

Eqs. (6) and (7) describe the basic mathematics of the model in
terms of the storage volume Cs, the storage filling level time seriesH
and charging and discharging efficiencies hin and hout.

HðtÞ ¼

8><
>:

Cs; for Hðt � 1Þ þ eDðtÞ > Cs
0; for Hðt � 1Þ þ eDðtÞ < 0
Hðt � 1Þ þ eDðtÞ; otherwise

(6)

where eDðtÞ is given by the equation

eDðtÞ ¼ hinDþðtÞ � h�1
outD�ðtÞ (7)

The filling level of the first hour, i.e. H(0) is determined such that
it matches the final storage level to ensure that energy is not added
or subtracted from the system. Notice that the generation-load
mismatch is split in to its positive component Dþ and minus its
negative component D� in Eq. (7).

In the equations above, storage charging and discharging ca-
pacities, Pin and Pout, are assumed to be unlimited. In the casewhere
these capacities are constrained, Eq. (7) must be modified to

eDðtÞ ¼ hinðDþðtÞ^PinÞ � h�1
outðD�ðtÞ^PoutÞ; (8)

where (x^y) denotes the minimum of x and y. This modification is
used in Sections 3.6 and 3.7, below.
2.2.5. Optimal windesolar mixes
WDRESM can be used to determine different optimal mixes of

wind and solar power. In the papers [1e3,5,4], the characteristics of
the European generation-load mismatch time series have been
used to determine the balancing optimal windesolar mix as well as
the storage optimal windesolar mix. Below, these mixes are
expressed in terms of the wind share in the following way. The
balancing optimal windesolar mix is defined as:

aw;balancing optimal ¼ min
aw

X
t

D�ðt;awÞ (9)

where the total balancing energy required when insufficient VRE is
available is minimized.

The storage optimal windesolar mix minimizes the re-
quirements for large-scale seasonal storage and is calculated as

aw;storage optimal ¼ min
aw

Cs;seasonalðawÞ (10)

where the minimum sufficient seasonal storage capacity Cs,seasonal
is at a minimum. Details on how to calculate Cs,seasonal can be found
in Ref. [3].
Please cite this article in press as: Andresen GB, et al., The potential for ar
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3. Case study: the potential of short-term storage to integrate
wind and solar surplus in Denmark

One of the official Danish targets for energy is to supply all
power and heat from renewable energy sources by 2035 [6]. In this
case study, we focus on the role of wind and solar PV in the elec-
tricity sector. Currently, the total wind power generation in
Denmark corresponds to more than 30% of the electricity con-
sumption. In 2020, the number is targeted to become 52%, and by
2035, wind power generation is expected to correspond to between
75 and 80% of the electricity demand [6,23]. In comparison, the
amount of solar power is low, although the installed capacity has
seen a large relative increase from 1.4 MWat the beginning of 2011
to more than 200 MW by the end of 2012. Recently, the first Danish
long-term target of 800 MW solar PV in 2020 has been announced.
This solar capacity would generate about 2% of the annual elec-
tricity demand.

In the case study presented here, we define two future scenarios
for Denmark. In the first scenario, called wind only, we assume that
wind power becomes the only VRES in the country. This scenario is
roughly consistent with current political plans. The second scenario
is called balancing optimal mix. Here, wind and solar energy is
combined to reduce total VRE surplus generation. For reasons
explained in Section 3.1 below, one can assume a fixed windesolar
mix of about 80/20 for the second scenario. Thus, this scenario
features a significant amount of solar PV.

In the following, we apply WDRESM to derive key properties of
i) the total minimum amount of wind and solar surplus energy (VRE
surplus) for the two scenarios, and ii) the interplay between short-
term round-trip storage and the windesolar mix. In particular, we
calculate an upper bound on the ability of arbitrage of VRE surplus
to increase the use of the Danish VRE production in Denmark. Here,
round-trip electricity storage is used to model energy arbitrage, but
very similar results would apply to demand-side management as
well.
bitrage of wind and solar surplus power in Denmark, Energy (2014),
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3.1. Reducing VRE surplus by mixing wind and solar power in
Denmark

The absolute minimum amount of hourly VRE surplus is calcu-
lated as the sum of VRE generation that exceeds the hourly demand.
Here, it is expressed as the positive part of the generation-load
mismatch as given by Eq. (5). In the absence of round-trip elec-
tricity storage, we can determine that VRE surplus from Danish
sources must begin to grow significantly when the VRE gross share
approaches about 50% of the average demand. Exactly when VRE
surplus cannot be avoided depends on the windesolar mix.

The balancing optimal windesolar mix, defined in Eq. (9),
minimizes VRE surplus and is about 75/25 for an isolated, highly
renewable Danish power system [4]. In Fig. 3, the balancing optimal
mix is indicated (white line) as a function of the annual wind and
solar energy in Denmark. The figure also shows the amount of
additional VRE surplus incurred by deviating from the optimal mix.
Clearly, only little additional surplus is incurred for gross shares
lower than about 25%. After this point, deviations from the optimal
path become more important as the path narrows for increasing
gross shares. However, even at a gross share of 100%, the winde
solar mix can still vary by about �10% without significant increase
in VRE surplus. If the effect of international transmission is
included, a balancing optimal mix of 80/20 is more accurate [5]. So,
since Denmark is well connected with transmission lines to the
neighboring countries, a balancing optimal mix of 80/20 can be
assumed, when simplicity is required.

The effect of combining wind and solar power to minimize VRE
surplus in Denmark is illustrated in Fig. 4 for the wind only and the
balancing optimal mix scenarios. It can be seen that VRE surplus
starts to grow at gross shares of about 50%, and the optimal mix can
significantly reduce the amount of VRE surplus for gross shares
between about 50 and 75%. However, for a gross share of 100%, the
amount of VRE surplus has grown to about 25% of the total VRE
production, even for an optimized windesolar mix. For the wind
only scenario, the total amount of VRE surplus corresponds to about
33%. At this point, the total surplus increases by 0.75e0.8 TWh per
additional TWh of produced wind and solar PV. Only between 20
and 25% of the additional production can be used directly to cover
the Danish demand.

In Ref. [7], H. Lund applied the energy system analysis tool
EnergyPLAN to identify the wind, solar and wave power mix that
minimizes total surplus electricity generation from both
Fig. 4. Minimum annual VRE surplus fromwind and solar PV in Denmark (2007 units).
Results are shown for the wind only (blue) and the balancing optimal mix (green) with
and without a 50 GWh storage included. Dashed lines indicate VRE gross shares (g) of
25, 50, 75 and 100%. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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conventional and renewable sources for different gross shares of
VRES in a Danish reference system. He finds a total surplus gener-
ation which is significantly higher than that identified above.
However, a large though unspecified fraction of the surplus in Ref.
[7] clearly originates from conventional power plants due to a
combination of a regulatory framework and strict requirements to
ancillary grid services from large central units. As an example, 30%
of the power must come from conventional units at any hour. In the
case of a wind-only scenario, the effect of changing these re-
quirements is explored in Ref. [24].

These analyses are highly relevant in the context of improving
the system integration of VRES in to the reference system. However,
the studies do not identify a solid lower bound on VRES surplus.
WDRESM, on the other hand, includes no technical, regulatory or
economical constraints, and it is designed to identify the best
possible integration of VRES. Thus, by comparing results from
WDRESM and detailed analysis tools such as EnergyPLAN, one can
distinguish between fundamental limitations to the integration of
VRES and limitations induced by technical, regulatory or econom-
ical constraints. The simple requirement of 30% power from con-
ventional units, mentioned above, is mathematically equivalent to
multiplying the gross share in Eq. (5) by 1/(1 � 0.3). As an example,
a gross share of 50% in this paper is roughly equivalent to 70% in
Ref. [7].

3.2. Short-term storage for Denmark

Another way to reduce VRE surplus is to use storage or flexible
demand to redistribute the VRE surplus to hours where it can be
used directly. A seasonal storage that can redistribute all surplus
takes this idea to the extreme and requires very large storage vol-
umes [1e3]. However, a storage that is small compared to seasonal
storage can be used to reduce VRE surplus significantly, and, rela-
tive to its size, it has a large potential to reduce VRE surplus in the
electricity supply. As an example, a storage volume of 10 GWh can
provide up to 34% of the benefit from a seasonal storage of
372 GWh, if a VRE gross share of 75% and a balancing optimal
windesolar mix is assumed. Here, any storage with a volume less
than 50 GWh is considered as a short-term storage, in order to have
a simple and convenient definition. With this definition, the short-
term storage can, in principle, be cycled once per day as 50 GWh
corresponds to about 12 times the average hourly electricity de-
mand of 3.9 GWh in Denmark (2007 value). A seasonal storage, on
the other hand, will typically require weeks or month to cycle.

For Denmark, between 1 and 50 GWh of storage will require
large-scale deployment of storage and/or load displacement tech-
nology. But unlike a seasonal storage, many different storage
technologies with a high round-trip efficiency could contribute
significantly to a short-term storage. An example of direct physical
storage could be CAES (compressed air energy storage) [14]. These
have a typical volume of a few GWh and a round-trip efficiency of
up to 89% [10]. Another popular example could be the batteries of
EV (electrical vehicles). Today, about 2 mio. cars are registered in
Denmark. If all were equipped with a typical EV battery of about
25 kWh, the total potential approaches 50 GWh with a round-trip
efficiency of about 90e100% [10]. Virtual storage such as load
displacement can have a near 100% round-trip efficiency, and if, e.g.
10% of the load could be shifted by 12 h on demand, it would
correspond to about 5 GWh. Finally, a strong coupling between
heating and electricity can also provide virtual storage in the GWh
range [25].

In Fig. 4, the impact of a 50 GWh storage with a 100% round-trip
efficiency is illustrated for the wind only and the balancing optimal
mix scenarios. Notice that there is a synergy between the optimal
windesolar mix and storage, in particular for high VRE gross shares.
bitrage of wind and solar surplus power in Denmark, Energy (2014),
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This means that the reduction in VRE surplus when going from a
wind only scenario to a balancing optimal mix is larger with the
storage than it is without.
3.3. The ability of short-term storage to integrate VRE surplus

In this analysis, the success of a storage unit is measured as its
ability to redistribute VRE surplus. By definition, a seasonal storage
can redistribute all VRE surplus and it represents a full solution to
the integration of VRE in the electricity supply. A short-term stor-
age, on the other hand, cannot cycle all VRE surplus, but it can have
a much greater impact per unit volume. If the amount of VRE sur-
plus that remains when a short-term storage is in place is relatively
small, it may be considered as a sufficient solution to the integra-
tion of VRE. Here, the short-term storage is considered to be a
sufficient solution when the remaining surplus is less than
0.35 TWh/yr (1 pp (percentage point) of the demand). In the range
0.35e1.7 TWh/yr (1e5 pp of the demand), it is considered to be
nearly sufficient, and beyond 1.7 TWh (5 pp), it represents an
insufficient solution. The minimum VRE surplus remaining when a
short-term storage with a round-trip efficiency of 100% has been
applied is shown in Fig. 5a and b as a function of the VRE gross
share and the storage volume. Fig. 5a shows the results for thewind
only scenario, and 5b the corresponding results for the balancing
optimal mix. In general, the remaining surplus decreases with
increasing storage volume and increases with increasing gross
share.

Because the total amount of surplus is smallest for the balancing
optimal windesolar mix, storage is needed later in this case and the
short-term storage represents a sufficient solution for a larger
range of VRE gross shares. As an example, a storage of up to 50 GWh
is a sufficient solution for gross shares in the interval 44e60% in the
wind only scenario. For the balancing optimal mix, the range is 50e
Fig. 5. The impact of applying a small storage of varying volume to the Danish power system
gross shares of 25, 50, 75 and 100%, respectively. Panel (a) shows the annual VRE surplus tha
figure for a balancing optimal windesolar mix. In panels (c) and (d), the annual number of sto
average annual cycle count never exceeds about 150 yr�1. For the balancing optimal winde
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70%. The short-term storage has a larger effect on reducing surplus
for the balancing optimal mix because surplus appears more
frequently and in smaller quantities at a time. Thus, the storage is
less likely to overflow and it can be emptied before surplus appears
again.

3.4. Storage throughput per unit volume

A direct measure of the storage throughput per unit volume is
the average cycle count Ncycles. The average cycle count relates the
discharge energy, Edischarge, to the storage volume, Cs, and it ex-
presses the throughput of the storage in units of its volume:

Edischarge ¼
�
NcyclesCs

�.
hdischarge; (11)

where hdischarge is the discharge efficiency of the storage. In this
paper, Ncycles is measured in the unit of average cycles per year
(yr�1). In this unit, it has a similarity to the term FLH (full load
hours) in the sense that like for FLH, the annual output to the grid
can be calculated directly from Ncycles. The annual input to the
storage can be calculated using a similar relation.

In Fig. 5c and d, the maximum possible average cycle count is
shown as a function of VRE gross share and storage volume for a
wind only and a balancing optimal windesolar mix, respectively.
The cycle count decreases with an increasing storage volume, since
it takes longer to charge and discharge, and it increases with the
gross share, as more surplus becomes available. When the two
figures are compared, it is clear that a balancing optimal mix leads
to a significantly higher cycle count in most cases. Cycle counts
larger than about 150 yr�1 are not possible in the wind only sce-
nario despite the fact that surplus is much more abundant in this
case. For the balancing optimal mix, the maximum possible cycle
count is about 260 yr�1.
is shown for different amounts of total annual VRE production. Dashed lines indicate
t cannot be absorbed by the storage for a wind only mix, and panel (b) shows a similar
rage cycles that can be achieved for the two mixes is shown. For the wind only mix, the
solar mix, the maximum number is about 260 yr�1.

bitrage of wind and solar surplus power in Denmark, Energy (2014),



Fig. 6. Redistribution of VRE surplus using a 10 GWh storage system. The charging and discharging capacities of the storage are limited using a gain of (a) 100% and (b) 90%, a VRE
gross share of 75% and a balancing optimal windesolar mix is assumed in all cases. The round-trip efficiency is 100%. (a) Limited charging and discharging (100% gain). (b) Limited
charging and discharging (90% gain).

Fig. 7. Minimum charging and discharging capacities required to realize a gain be-
tween 0 and 100%. A 10 GWh loss-less round-trip electricity storage operated in the
Danish electricity systemwith a 75% VRE gross share is assumed. Results are shown for
the wind only (blue) and balancing optimal mix scenarios (black). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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3.5. Arbitrage of VRE surplus in Denmark

Some form of storage or flexible demand is often considered as a
possible mean of integrating more VRE surplus in the Danish sys-
tem. To facilitate a storage dispatch strategy that would allow this,
charging the storage must be the most favorable form of energy
consumption after satisfying the ordinary demand for electricity. In
addition, the storage must have sufficiently high merit order for
producing electricity when a residual load remains. In this way, one
can realize the highest annual throughput of the storage. In
Denmark, wind and solar power is currently guaranteed the highest
merit order in the market via a combination of direct subsidy per
kWh produced and by a favorable market framework. Similar
measures could be implemented to support arbitrage of VRE
surplus.

In this case, a simple economical model for the revenue gener-
ated by a storage unit can be assumed:

revenue per year ¼ Ncyclesðrevenue per cycle� cost per cycleÞ
� fixed cost per year:

(12)

Each full storage cycle is assumed to generate a fixed revenue
and the cost is divided between a fixed annual cost of operation and
a cost per cycle. A storage system can also provide ancillary services
and earn revenue that is not directly related to the average cycle
count. However, unlike energy arbitrage, these services do not
reduce VRE surplus directly, and the revenue generated from them
is not considered here.

Using the simple revenue model, it is clear that to generate
positive revenue from round-trip storage operation: i) the revenue
per cycle must be higher than the cost per cycle, and ii) the average
cycle count must at least be high enough to offset the fixed cost.
Because the average cycle count is decreasing for an increasing
storage volume (see Fig. 5c and d), the revenue per unit storage is
also decreasing with an increasing storage volume. For this reason,
the last unit to be installed in the system will determine the
maximum average cycle count and annual revenue for all storage
units. It is assumed that free market mechanisms will lead to a
number of storage units that will dynamically self-regulate towards
a particular average cycle count that allows a minimum acceptable
revenue per year.

In this case, the free-market-like build-up of storage units can
be identified as contours of constant average cycle count in Fig. 5c
and d. From the figures, it is clear that if a minimum acceptable
Please cite this article in press as: Andresen GB, et al., The potential for ar
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revenue can be achieved with an average count of only 50 yr�1,
both a wind only and a balancing optimal mix will lead to a
gradual build-up of storage units with a total volume that even-
tually exceeds 50 GWh. However, if more than 100 yr�1 are
required, only a windesolar mix with a relatively high share of
solar PV, such as the balancing optimal mix, can sustain a signif-
icant number of storage units.

As an example, consider a situation where an average cycle
count of 100 yr�1 is the stable market equilibrium. In this case, each
1 GWh storage unit would be able to redistribute 100 GWh VRE
surplus per year. In the wind-only scenario, a maximum of three to
four such units could be built in Denmark. However, for a balancing
optimal windesolar mix, the number could increase gradually to
more than twenty 1 GWh units at a VRE gross share of 100%.
3.6. Storage charging and discharging power

In the previous sections, the charging and discharging capacities
of the storage are assumed to be unlimited. This means that the
maximum average cycle count only depends on the storage energy
capacity (see Eq. (11)). In this section, we let the average cycle count
be a function of the charging and discharging capacities. This is
expressed as Ncycles(Pin,Pout).
bitrage of wind and solar surplus power in Denmark, Energy (2014),
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By gradually decreasing the charging and discharging capacities
in the storage model (Eqs. (6)e(8)), a set of minimum sufficient
charging and discharging capacities can be identified as

P0in ¼ minPin; (13)

where Ncycles(Pin,N) ¼ Ncycles(N,N), and

P0out ¼ minPout; (14)

where NcyclesðP0in; PoutÞ ¼ NcyclesðN;NÞ.
Although these capacities do not limit the maximum average

cycle count, they can influence the charging and discharging time
series as charging and discharging is spread out more evenly in
time. Note that the order in which P0in and P0out are determined has
only little practical implication.

When the charging and discharging capacities are lowered
further than their minimum sufficient values, the average cycle
count will naturally decrease below the maximum too. This
decrease is quantified by the storage gain parameter.

gainðPin; PoutÞ ¼ 100%� NcyclesðPin; PoutÞ
NcyclesðN;NÞ (15)

At a gain of 100%, the charging and discharging capacities are
larger than or equal to P0in and P0out, respectively. Thus, the
maximum average cycle count for a given storage volume is ach-
ieved. At a gain below 100%, either one or both of the charging and
discharging capacities limits the cycle count to the gain percentage
of its maximum. In this paper Pin, and Pin are determined for a
certain gain g0 such that

gain
�
Pin; P

0
out

�
¼ 50%þ g0=2 (16)

and

gainðPin; PoutÞ ¼ g0: (17)

In Fig. 6, it can be observed how the charging and discharging of
a 10 GWh storage is spread out more evenly in time, when the gain
is reduced from 100 to 90%.

The relationship between gain, charging and discharging power
is illustrated in Fig. 7, where the charging and discharging capac-
ities of a 10 GWh storage are minimized as a function of the gain. In
the calculation, a fixed 75% VRE gross share is assumed and the
results for both wind only mix and a balancing optimal windesolar
Fig. 8. Charging and discharging capacities for storage volumes of 10 GWh at VRE gross share
for the wind only (blue) and the balancing optimal mix (black) for gains of 99 (fully drawn
respectively. (a) Charging power, 10 GWh storage. (b) Discharging power, 10 GWh storage. (F
the web version of this article.)
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mix are shown. All of the power capacities shown in the figure
increase at a roughly constant rate for gains lower than about 90%,
but in the interval 90e100% the required power capacity more than
doubles, because extreme and relatively rare weather events begin
to dominate. For the charging capacity, the power required to
achieve a gain of 100% is about 2200 MW for a wind only and
2700 MW for a balancing optimal mix. However, if the gain is
reduced to 99%, both are reduced by about 1/3 to 1300 and
1700 MW, respectively. At a gain of 90%, the charging capacities are
further reduced to 750 and 1100 MW.

A similar substantial decrease in power requirements can be
observed for all VRE gross shares and storage energy capacities in
the interval 1e50 GWh. This is illustrated by Fig. 8, where the
charging and discharging power required to achieve a gain of 90
and 99% are shown for a 10 GWh storage volume as a function of
combined annual wind and solar power. In both cases, the power
requirements are roughly halved when the gain is reduced from 99
to 90%. The power required to reach a gain of 100% (not shown) is
generally about 50% higher than for a gain of 99%.

Because of the rapid increase in required charging and dis-
charging power for gains higher than about 90%, there are signifi-
cantly diminishing returns per MW installed charging and
discharging capacity beyond this point. For this reason, a gain of
90% has been chosen as high but not unrealistic gain for a storage
with a particular volume. It will be used as a basis for comparison
and discussion in the summary Section 3.7 below. Note though that
exactly 90% is chosen for simplicity. A more elaborate analysis
would be required to determine the cost optimal gain for each
storage energy capacity, VRE gross share and mix.

Fig. 8 also illustrates that the charge and discharge capacities of
a given storage volume rise quickly for VRE gross shares below 50%
after which they become nearly constant. Very similar charging and
discharging capacities are required for both a wind only and a
balancing optimal mix if the storage volume is the same. However,
as discussed in the previous section, the average cycle count is
generally higher for the balancing optimal mix. The implication is
that similar storage installation in terms of volume, charging and
discharging capacity will have an increased cycle count and, thus, a
higher annual revenue, as more solar PV is installed in the Danish
system.
3.7. Summary of the Danish case study

As shown in Section 3.1, total VRE surplus can be reduced by
combining wind and solar energy in a balancing optimal mix. But
s between 0 and 100% of the Danish electricity demand (2007 units). Results are shown
) and 90% (dashed). Dashed vertical lines indicate gross shares of 25, 50, 75 and 100%,
or interpretation of the references to color in this figure legend, the reader is referred to

bitrage of wind and solar surplus power in Denmark, Energy (2014),



Fig. 9. Stable market build-up of (a) storage volume, (b) charging and (c) discharging
power capacities for the wind only and the balancing optimal mix scenarios. The
calculations are performed for average annual cycle counts of 50, 100 and 200 yr�1. A
storage gain of 90% and a round-trip efficiency of 100% are assumed. Dashed lines
indicate VRE gross shares of 25, 50, 75 and 100%, respectively. (a) Storage volume. (b)
Storage charging capacity. (c) Storage discharging capacity.
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even for an optimizedmix, surplus starts to increase quickly for VRE
gross shares higher than about 50%.

In this regime, energy arbitrage may be used to redistribute part
of the surplus to hours where a residual load remains. In Section
3.3, we showed that a short-term storagewith an energy capacity of
up to 50 GWh can enable nearly full integration of VRE gross shares
up to between 60 and 75% in the Danish electricity supply,
depending on the windesolar mix. Beyond this point, a short-term
storage alone is an insufficient solution, and other measures are
required to make use of all VRE surplus.

More specifically, the value of a fixed volume of short-term
storage will increase with an increasing VRE gross share, in
particular, with an increasing amount of solar PV in the power
system. The primary reason for the synergy between short-term
storage and solar PV is the dayenight pattern of solar power. This
pattern will typically cause the storage to charge during day-time
and discharge the following night. For wind power, the most
dominant time scale is the synoptic, which is about 4e10 days. This
is too long to fully exploit redistribution of surplus VRE bymeans of
a short-term storage.

In Section 3.5, a simple market model for energy arbitrage is
presented. The model allows us to estimate a free-market-like
build-up of storage energy capacity in the Danish electricity sys-
tem. A central assumption in this estimate is that arbitrage of VRE
surplus is the only source of income for the storage. Here, the
market model (Eq. (12)) has been combined with storage charging
and discharging capacities determined such that the gain is 90%
(see Section 3.6). As a consequence, the average cycle count is about
10% lower when compared to the calculations presented in Fig. 5c
and d. The results of the new calculation are shown in Fig. 9, where
five examples for the build-up of storage are presented as a func-
tion of the VRE gross share. Three examples with average cycle
counts of either 50, 100 or 200 yr�1 belong to the balancing optimal
mix scenario. For the wind only scenario 200 yr�1 is not possible,
and only examples with either 50 or 100 yr�1 are presented.

In the case of a wind only scenario, it is evident from Fig. 9 that a
significant amount of storage is only possible if a cycle count of
about 50 yr�1 or less is favored in the market. As an example, a
10 GWh storage can achieve a cycle count of about 50 at a gross
share of 50%. This means that 70% out of 800 GWh surplus can be
redistributed at this point. For a gross share of 75%, only about 30%
out of 4800 GWh surplus can be cycled at 50 yr�1.

For a balancing optimal mix, the total amount of surplus is
smaller (see Fig. 4) and higher cycle numbers are available (Figs. 5d
and 9). This would allow either a lower number of storage units to
create a similar impact as in the wind only case or a higher total
impact by using the same number of units. An example which
combines both of these is a 10 GWh storage unit operated at a VRE
gross share of 75%. In this case, about 1000 of 3000 GWh surplus is
redistributed per year. The same storage would only cycle about
700 out of 4800 GWh per year in a wind only scenario.

4. Conclusion

In this paper, the new WDRESM approach developed by ARESG
has been applied to analyze the interplay between wind, solar PV
and energy arbitrage for a future Danish power system with high
shares of VRE.

The analysis shows that, compared to a scenario with only wind
power, a windesolar mix with a 20% share of solar PV can sustain a
significantly larger number of storage units and a higher annual
throughput of VRE surplus. A likely consequence is that the concept
of energy arbitrage, in the form of smart grid technologies such as
storage and flexible demand, can only be used to efficiently inte-
grate VRE surplus if significant amounts of solar PV are introduced
Please cite this article in press as: Andresen GB, et al., The potential for ar
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in the Danish system. If, on the other hand, only wind power is
built, the potential for short-term arbitrage of VRE surplus is
limited.

Other solutions to reduce or use VRE surplus could be more cost
effective than energy arbitrage. These include export to other
countries or conversion of VRE surplus electricity to cover heating
or transportation needs. If Denmark remains one of few European
countries relying on VRES, it is reasonable to expect that most, if not
all VRE surplus can be exported. However, detailed analysis of the
bitrage of wind and solar surplus power in Denmark, Energy (2014),
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effect of international transmission in a European power system,
where the European ambition of a highly renewable power supply
is implemented by the year 2050, shows that only about 40% of the
total VRE surplus can be exported [4,5]. This leaves conversion of
VRE surplus to cover heating or transportation demands as a strong
alternative to round-trip electricity storage or demand-side man-
agement. Scenarios including these options are explored in
Ref. [25]. As a last resort, VRE surplus can also be curtailed if other
options are not considered attractive.
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