
plants can be seen in Figure 10. For the optimization
in the year 2050, the same parameters of the PHES
system were used as in 2030. Again the typical PHES
system operation scheme—provision of peak-load
power and consumption of off-peak power—can be
observed in the CWE region for 2050. Additionally,
about 80% of the annual surplus RES-Electricity
generation can be integrated (i.e. stored) in the inher-
ent electricity system. The high negative peak of the
RL precludes that all surplus RES-Electricity

generation can be integrated in the system; the PHES
system is not sufficient, and more pumping power is
needed for full RES-Electricity integration.

RESULTS FOR THE IBERIAN
PENINSULA

Figures 11 and 12 show the construction of the RL
curve and its coverage with existing thermal power
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FIGURE 9 | Coverage of the 2050 residual load of the Central Western Europe (CWE) region with existing thermal power plants and pumped
hydro energy storage (PHES) in the Blue storyline. TPP, thermal power plants.

350

300

250

200

R
e
s
id

u
a
l 
lo

a
d
/i
n
s
ta

lle
d
 c

a
p
a
c
it
y
 (

G
W

)

150

100

50

0

–50

–100

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000

Gap
PHES

Other TPP
Gas

Lignite

Residual load
Residual load w/ PHES

Coal

Nuclear

7500 8000 8500

Hours over a year (h)

Residual load curve of CWE in the Blue Storyline 2050

FIGURE 10 | Coverage of the 2050 residual load after pumped hydro energy storage (PHES) optimization in the Central Western Europe
(CWE) region with existing thermal power plants in the Blue storyline. TPP, thermal power plants.

WIREs Energy and Environment Contribution of bulk energy storage to integrating variable renewable energies

© 2016 John Wiley & Sons, Ltd



plants and PHES in the Blue storyline for the Iberian
Peninsula in the year 2030. The RES-Electricity feed-
in already exceeds electricity demand for quite some
time (about 2000 h) of the year 2030 in the Iberian
Peninsula. Wind and solar (PV and CSP) generation
especially lead to low and even negative RL values.

Furthermore, it can be seen that sufficient (ther-
mal) power plant capacity is available in the region
(i.e. no capacity gap between supply and demand)
for 2030 (cf. Figure 12); there is an overcapacity of
more than 34 GW of gas-fired TPP in the Iberian
Peninsula. This fact has two reasons: on one hand,

high RES-Electricity deployment in the region and,
on the other hand, large amounts of still-existing
TPP in the year 2030, especially due to high invest-
ments in gas-fired thermal power plants in the last
10 years in the Iberian Peninsula.

This set of flexible gas-fired electricity genera-
tion technologies [i.e. CCGTs and conventional
open-cycle gas turbines (OCGT)] is perfectly quali-
fied to balance electricity systems and to provide
reserve capacities in electricity systems with high
shares of variable RES-Electricity generation. These
gas-fired generation technology types are needed and,
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alongside bulk ESTs (e.g. PHES, CAES, etc.), they
are key candidates for maintaining smooth electricity
system operation, especially peripheral areas of elec-
tricity systems, that is, in a European context, in the
Iberian Peninsula, Italy, UK, and Ireland (necessity
depending also on the future interconnection with
the Nordic region) and also other areas, such as the
Balkan region (in the future, most probably passed
through by a gas pipeline like ‘South Stream’). These
countries also have access to natural gas (either own
resources and/or transit countries of natural gas cor-
ridors/hubs) as a primary energy carrier.

For the optimization of the PHES system opera-
tion, in the Iberian Peninsula, for the year 2030, the
maximum storage capacity was set to 2000 GWh,7

and the maximum turbine/pumping power was set
to 14/13 GW. The results of the optimization algo-
rithm are shown in Figure 13. It can be seen that the
residual peak-load in the Iberian Peninsula can
be lowered to about 18 GW for the year 2030.
Furthermore, more than 90% of the domestic excess
RES-Electricity generation can be integrated in the
electricity system by the PHES system. For a full
RES-Electricity integration, a higher pumping power
would be needed. Due to the PHES system operation,
the maximum full-load hours of TPP are increased to
about 7250 h. For about 1100 h, the RL is reduced
to zero by the PHES system; the electricity system is
balanced with 100% RES-Electricity generation.

RES-Electricity feed-in exceeds electricity
demand about half the time for the year 2050 in the
Iberian Peninsula; additional solar generation units
especially contribute to this. Until 2050, a further

increase in RES-Electricity deployment leads to even
lower maximum full-load hours for TPP in the Ibe-
rian Peninsula (cf. Figures 14 and 15). However, CSP
plants equipped with thermal energy storage systems
could, to some extent, also operate in a more flexible
way,35 that is, as dispatchable power plants compa-
rable to gas-fired TPP. When operating CSP plants
like TPP, that is, taking them out of the calculation
of the RL in Eq. (5), the maximum full-load hours of
TPP can be increased again to about 6500 h.

As already seen in the results for the year 2030,
sufficient generation capacities (gas and PHES power
plants) are available in the system to cover the RL
also in 2050. Again, there is an overcapacity in the
region—about 9 GW of gas-fired TPP.

For the PHES system optimization in the year
2050, the turbine as well as the pumping power were
increased by 1 GW to 15 and 16 GW, respectively.
The storage capacity was held constant, indicating an
upgrade of existing PHES facilities in the Iberian Pen-
insula between 2030 and 2050. Coverage of the
2050 RL after PHES optimization in the Iberian Pen-
insula with existing thermal power plants is depicted
in Figure 16. Again, the residual peak-load is lowered
to about 25 GW. Due to the low RL in the Iberian
Peninsula in the year 2050 in general, the remaining
RL is also curtailed to a large extent; maximum full-
load hours of TPP are therefore further reduced to
about 4000 h. About 60% of the surplus RES-
Electricity generation can be integrated in the Iberian
Peninsula’s electricity system by the PHES system.
However, large amounts of excess RES-Electricity
generation remain, about 26 TWh in the year 2050.
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This indicates that there is an additional need for
pumping power in the region.

ROLE OF CROSS-BORDER
TRANSMISSION GRID EXPANSION
AND EXTREME WEATHER EVENTS
IN THE EUROPEAN ELECTRICITY
MARKET REGIONS

The contribution of possible future transmission grid
expansion between neighboring EEMRs for better

matching variable RES-Electricity generation,
bulk EST/other flexible electricity generation technol-
ogies, and load centers (e.g. balancing ‘stressed’ con-
tinental European electricity systems with bulk
storage energy from PHES from the Alps) is
qualitatively discussed in Figure 17. Furthermore,
the contribution of existing and new PHES and
flexible thermal power plant units within a
region and the management of extreme weather
events (e.g. high correlation of wind across
Europe) within a region and between regions are
assessed.
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Due to a lack of available (flexible) power plant
capacities in the future, the CWE region can hardly
contribute to balancing services in neighboring
regions, even in case of significant transmission grid
expansion (cf. red export arrows of the CWE region
in Figure 17). However, imports from the Nordic
region, the Iberian Peninsula, and Italy could help
mitigate the effects of variable RES-Electricity genera-
tion in the CWE region in case of significant trans-
mission grid expansion and negative correlation of
wind. In case of moderate transmission grid expan-
sion or positive correlation of wind between the
regions, the contribution from these regions is limited
(cf. yellow-green import arrows of the CWE region
in Figure 17). Imports of flexibility from the Central
Eastern Europe (CEE), Western Balkan, and the UK
and Ireland regions are only limited (even in case of
significant transmission grid expansion and negative
correlation of wind, cf. yellow import arrows of the
CWE region in Figure 17). Table 2 explains the situa-
tion for the CWE region in detail.

In addition to the information given in
Figure 17 (i.e. contribution from outside and contri-
bution to other regions), Table 2 also indicates that
new and existing PHES and thermal power systems
contribute highly to mitigating the effects of variable
RES-Electricity generation in the CWE region.

The Western Balkan region could only provide
limited flexibility to the CWE and the SEE regions.
Due to current low transmission capacity between
Italy and the Western Balkan region, a significant
transmission expansion is necessary for reciprocal
flexibility provision between these two regions.

As the Iberian Peninsula is located on the outer
edge of the European electricity system, its import-
ing/exporting capabilities from/to neighboring
regions are limited. However, in case of significant
transmission grid expansion to the CWE region, the
Iberian Peninsula could export flexibility from gas-
fired thermal power plant units.

The CEE region is very similar to the CWE
region in terms of possible contribution to neighbor-
ing electricity regions as it also has only limited capa-
bility. The region could profit from Nordic, SEE, and
Western Balkan PHES capacities in case of significant
transmission grid expansion and negative correlation
of wind.

Because of its vast amounts of flexible (P)HES
systems, the Nordic region could contribute to bal-
ance neighboring European regions in case of signifi-
cant transmission grid expansion and negative
correlation of wind. If additional generation capaci-
ties are needed, UK and Ireland could contribute with
their flexible thermal power plant portfolio.

For the remaining EEMRs, the following can
be observed: as Italy’s electricity system is very simi-
lar to the Iberian Peninsula’s (i.e. high shares of gas-
fired thermal power plants and PHES systems), Italy
could export flexibility to CWE and the Western Bal-
kan region. Because of high shares of PHES capaci-
ties in its electricity system, the SEE region could
export flexibility to its neighboring regions. On the
contrary, due to low overall installed power plant
capacities, the Baltic region’s flexible power plant
portfolio is only of minor importance in a European
context. In the UK and Ireland region, PHES systems
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will have little contribution to the electricity system
because of low future PHES potentials. Nevertheless,
the UK and Ireland region could provide flexibility
from gas-fired thermal power plant units to neighbor-
ing regions.

In general, it can be observed that existing and
new PHES and flexible thermal power plant units are
strongly needed in the majority of the European elec-
tricity regions to cope with the effects of variable
RES-Electricity feed-in in the future. Sufficient (flexi-
ble) power plant capacity is already in the electricity
system only in the Iberian Peninsula and Italy
because of high investments in new gas-fired thermal
power plants in the last 10 years and also due to high
amounts of already implemented PHES schemes.

SUMMARY AND CONCLUSION

The long-term scenario analyses performed in this
paper showed interdependencies between regional
and trans-national energy systems and also the
importance of bulk ESTs for integrating large
amounts of variable RES-Electricity in electricity sys-
tems in the future. The analysed Blue storyline with
high RES-Electricity deployment and high electricity
demand growth showed the following results.

Due to age-related phase-out of thermal power
plants in the future, additional new power plant
capacities are will be needed in many European elec-
tricity regions by the year 2030. These gaps of elec-
tricity generation capacity can be either filled up with

FIGURE 17 | Contribution of transmission grid expansion for mitigation of variable renewable energy sources (RES)-Electricity generation
(e.g. wind) within the regions.

Advanced Review wires.wiley.com/energy

© 2016 John Wiley & Sons, Ltd



new PHES systems (as far as additional potential is
available in the region) or new flexible thermal
power plants; higher RES-Electricity generation also
reduces these gaps. However, in the electricity market
regions of the Iberian Peninsula, sufficient (thermal)
power is available (i.e. no capacity gap between gen-
eration and demand). This has two reasons: on one
hand, high RES-Electricity deployment in the region
(especially wind, but also PV) and, on the other
hand, large amounts of still-existing thermal power
plants in the year 2030/2050 due to high investments
in gas-fired thermal power plants in the last 10 years.

Furthermore, in the analysed Blue storyline,
RES-Electricity feed-in exceeds electricity demand for

some time of the year 2050 in several of the
analysed regions. The Iberian Peninsula especially
shows high RES-Electricity feed-in exceeding electric-
ity demand about half the time of the year 2050.
This surplus RES-Electricity generation can be
used for (large-scale) electricity storage (e.g. this elec-
tricity might be available at low cost for pumping
purposes in a PHES system) and/or for exports to
neighboring European regions if there are enough
transmission grid capacities in place. As shown in the
analysis, PHES systems in the CWE region and Ibe-
rian Peninsula can help to integrate large amounts of
the surplus RES-Electricity, 80% and 60%,
respectively.

TABLE 2 | Contribution of Transmission Grid Expansion for the Mitigation of Variable RES-Electricity Generation (e.g. Wind) within the CWE
Region and Management of Extreme Weather Events

Contribution of Transmission Expansion for Mitigation of Wind within the Regions and Management of Extreme Weather Events

Central Western Europe

Within the Region

Contribution in CWE

PHES Thermal

Contributions from Outside (Imports’)

Transmission Expansion to the Nordic Region

Mode Rate

Limited

Limited

Significant

Significant

Moderate

Limited

Moderate

High (Anticorrelation Wind, PHES)

Limited (Anticorrelation Wind)

High (Anticorrelation Wind, Thermal)

Limited (Correlation Wind)

Limited (Correlation Wind)

Limited (Correlation Wind)

Transmission Expansion to UK and Ireland

Transmission Expansion to the Iberian Peninsula

Transmission Expansion to Italy

Transmission Expansion to the Western Balkan

Transmission Expansion to CEE

Moderate

Moderate

Limited

Limited

Limited

Significant

Significant

Moderate Significant

High (Anticorrelation Wind, Thermal)

Limited (Anticorrelation Wind)

Limited (Anticorrelation Wind)

Limited (Correlation Wind)

Limited (Correlation Wind)

Limited (Correlation Wind)

Significant

Contributions to Other Regions (’Exports’)

Transmission Expansion to the Nordic Region

Moderate

Low

Transmission

Moderate

Low

Low (Anticorrelation Wind)

Low (Correlation Wind)

Expansion to UK and Ireland

Significant

Low (Anticorrelation Wind)

Low (Correlation Wind)

Transmission Expansion to the
Iberian Peninsula

Moderate

Low

Transmission Expansion to Italy

Moderate

Low

Significant

Low (Anticorrelation Wind)

Low (Correlation Wind)

Transmission Expansion to the Western Balkan

Transmission Expansion to CEE

Moderate

Moderate

Low

Low

Significant

Significant

Low (Anticorrelation Wind)

Low (Anticorrelation Wind)

Low (Correlation Wind)

Low (Correlation Wind)

Significant

Low (Anticorrelation Wind)

Low (Correlation Wind)

Significant

High (Existing) High (Existing)

High (New) High (New)
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Because of its vast amounts of flexible (P)HES
systems, the Nordic region could significantly con-
tribute to balance the electricity systems of

neighboring regions in case of significant transmis-
sion grid expansion and negative correlation of wind
between the regions.
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