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The rise of renewable energies has brought a new challenge in terms of the management of their intermittency.
Pumped-storage hydroelectricity has served as the large-scale solution to the intermittency problem. However,
flawed European spot markets and innovation are jeopardizing the future of this technology. This paper: 1)
estimates historic revenues of 96 energy storage installations on 17 European electricity spot markets, 2) assesses
how arbitrage revenue has evolved, and 3) compares the present value of new energy technologies (compressed
air, batteries) with pumped-storage in energy-only markets. Results show that market openings to competition
had led to revenue drops and convergence: all markets generate low income. Based on the findings: 1) energy
storage requires revenue from other markets than spot ones 2) compressed air energy storage is competitive with
pumped-storage, and 3) markets value daily pumped-storage installations rather than seasonal, where this
technology keeps a technical comparative advantage. It means the current best pumped-storage installation
design could not be the long-term one. We also highlight that further research should investigate if inter-

connection, a natural monopoly, competes with energy storage, which is open to competition.

1. Introduction

Electricity generation must match consumption at any given mo-
ment. Otherwise, it affects the frequency and may lead to blackouts.
System operators must ensure enough flexibility, i.e. “the ability of a
power system to maintain continuous service in the face of rapid and
large swings in supply or demand” (Papaefthymiou et al., 2014, p.3).
This is a challenging task, given that electricity generation fluctuations,
especially in case of renewables. Photovoltaic panels stop supplying at
night, wind turbines need specific weather conditions, and run-of-river
hydropower relies on water seasonality. Therefore, increasing share of
new renewable energy jeopardizes electric system reliability (Shafiullah
et al., 2013).

The electricity system operator can address the intermittency pro-
blem using five main options (IEA, 2008). First, the energy generation
can be reduced in case of an excess of supply, e.g. by braking turbines.
This strategy is rarely applied where Feed-In-Tariff mechanisms guar-
antee a cost-based purchase price to renewable energy generation are in
place. Operators have no economic incentive to stop their installations
even during negative-price events. The second option is using backup
technologies, such as gas turbines, which can generate electricity
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quickly to ensure supply follows demand. Demand-side management,
e.g. through the introduction of information and communication tech-
nology (ICT) and smart grids is the third option. Interconnection can be
used as the fourth option to balance supply and demand. When a grid
covers a small geographical area, it is subject to homogenous meteor-
ological and climatic conditions. Through interconnections, an in-
tegrated system can be formed over a larger area as big as a continent
(e.g. Europe). Then, the undesirable (e.g. windy) conditions in part of
the interconnected system can be compensated by desirable (e.g.
cloudy) conditions in another part. The last option, which is the focus of
this paper, is employing energy storage technologies (introduced in the
Section 2.1) (IEA, 2008). Storage technologies are charged during off-
peak hours to generate energy during peak times. However, the prof-
itability of energy storage technologies has become questionable with
the experienced growth in renewable energy development.

Various specific case studies in Europe showed that renewable en-
ergy and storage energy may be complementary from an economic
perspective (Gomes et al., 2017; Khalilpour and Vassallo, 2016; Mulder
et al., 2013). Connolly et al. (2012) showed that pumped-storage is a
cost-effective way of stimulating wind penetration in the Irish market.
Zafirakis et al. (2013) conducted a similar study in Greece and

Received 16 July 2018; Received in revised form 30 October 2018; Accepted 2 November 2018

Available online 17 November 2018
0301-4215/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/03014215
https://www.elsevier.com/locate/enpol
https://doi.org/10.1016/j.enpol.2018.11.003
https://doi.org/10.1016/j.enpol.2018.11.003
mailto:gaudard@stanford.edu
https://doi.org/10.1016/j.enpol.2018.11.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enpol.2018.11.003&domain=pdf

L. Gaudard, K. Madani

investigated the option of storing energy by compressing air (CAES).
This technology was found to be only profitable in the German market
if wind energy represents a large share of energy generation (Swider,
2007). Anagnostopoulos and Papantonis (2012) looked at the im-
plementation of a pump system in an existing hydropower plant in
Greece. They concluded that PSES becomes attractive as intermittent
energy sources become more propagated. Iliadis and Gnansounou
(2016) conducted an analysis of a Swiss PSES installation. They con-
sidered revenue from both day-ahead and intraday markets. Connolly
et al. (2011) assessed the profitability of generic PSES installations in
13 electricity markets.

It is important to understand how the mature PSES is being threa-
tened by newer technologies (IEA, 2014). Numerous studies have
compared energy storage technologies in Europe. Some contrast their
technical characteristics and capital costs (IEA, 2014; Kousksou et al.,
2014; Lopes Ferreira et al., 2013; Evans et al., 2012; Dunn et al., 2011),
however, they do not assess revenue and investment. Lund and Salgi
(2009) compared the results of various energy storage technologies for
the Danish electric system from a social planner's perspective. They also
showed that CAES with an arbitrage-only revenue model is not profit-
able on the Noorpool market. Loisel (2012) showed that compressed air
energy storage (CAES) is unprofitable in France, although it holds a
social value. Finally, Kazempour et al. (2009) show that PSES is more
profitable than NaS battery in Spain.

These studies provide a good understanding of the electric system
dynamics; however, none analyses a broad set of technologies at a
European level. They lack a meaningful comparison of the various
technologies with consideration of all European electricity spot prices.
The case specific results presented above could be further expanded
upon to identify regional trends to tackle policy issues at continental
level, which is getting increasingly interconnected.

Our study aims to assess whether arbitrage revenues alone, can at-
tract investment in storage in Europe, whether situations converge in
every market, and whether operators capitalize on their ability to ex-
port their flexibility to neighboring markets. Furthermore, this study
provides insights into the tradeoffs between round-trip efficiency and
power. This information will facilitate the evaluating the benefits of
innovation, which generally improves efficiency.

This study is carried out from a techno-economic perspective. We
simulated the operations of 96 generic energy storage installations on
17 European spot markets. A numerical algorithm maximizes the an-
nual revenue (archived on Zenodo, Gaudard and Madani, 2017) to
identify historical trends. We also compute the Present Analysis and
Modified Internal Rate of Return (MIRR) of the most common bulk
storage technologies in order to assess their profitability.

All models, including our model, have simplifying assumptions that
need to be considered when interpreting their outputs. Despite its
limitations, out model helps us develop a better understanding of op-
erations in a large area and provides a dataset that is versatile. It
therefore contributes to the emerging literature on the topic with its
original perspective.

2. Method and data
2.1. Energy storage technologies

Three main features characterize an energy storage installation.
Firstly, round-trip efficiency is calculated by dividing the quantity of
energy supplied by the quantity of energy consumed during a cycle. For
example, 80% round-trip efficiency means that 20% of energy is lost in
a charging and discharging cycle. Second, the energy storage volume
represents the full amount of energy that can be stored. Third, the
discharge duration is “the amount of time that a storage device can be
discharged at the nominal power rating” (ESA, 2016). A device with a
small discharge-duration will run out of charge in a few hours and
benefits from intraday volatility. In contrast, devices with a long
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discharge duration take advantage of weekly seasonality. For a constant
energy storage volume, the lower the discharge duration, the greater
the power of the storage device. Other technical characteristics matter
and determine the type of services that can be provided, e.g. load level
and power quality. However, such characteristics have little relevance
to electricity spot markets.

Energy storage is provided through different technologies, with
pumped-storage (PSES) installations being the major provider of energy
storage to date. PSES is a mature technology that pumps water to an
elevated position to generate electricity with a water turbine when
prices soar (Guittet et al., 2016; Rehman et al., 2015) and provides 99%
of the world's installed large-scale energy storage capacity. Compressed
Air Energy Storage (CAES) is an attractive emerging alternative. This
name encompasses various technologies, e.g. diabatic, adiabatic, iso-
therm, but all of which store energy by compressing air, i.e. in a me-
chanical form. The conventional diabatic system is reaching maturity,
but it still requires natural gas to accomplish the necessary thermo-
dynamic cycle and thus is not carbon-free. New technologies have been
developed that do not require fuel, however, they still need further
innovation before they become commercially viable. The scale of the
devices goes from small decentralized plants to large plants that use
underground natural or artificial caves as their reservoir (Kim et al.,
2012). Finally, batteries store energy in an electrochemical form. The
negative anode and positive cathode create a difference of potential.
When the two electrodes are connected, the cathode attracts electrons
and generates electricity. Lead-acid, Ni-Cd, Li-on batteries are mature
and will be considered in our investment analysis (Mahlia et al., 2014;
Dunn et al., 2011).

2.2. Optimization and investment analysis

We modified a hydropower management model (Gaudard et al.,
2013; Gaudard, 2015) to simulate the 30-min charge/discharge op-
erations. This model maximizes the annual revenues of any given en-
ergy storage device. It assumes that the operator is a price-taker, i.e. the
installation is too small to affect the market price. The objective func-
tion is:

=T
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where T denotes the time horizon, by, and bep,,, are two binary vari-
ables which indicate the period of discharge and charge (see Eq. (5),
below), 7 is the nominal power of charging and discharging [W], B is
the electricity spot price [EW h™'] or [EWh™'] and At is the time step
duration [hour].

The optimization problem is formulated as:
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where E; denotes the energy stored at time t [Wh], », and 7, are the
efficiency of discharging and charging respectively, ¢ is the energy
storage capacity [W h] (Eq. (4)), which is normalized to 1 kW h for all
the results. The storage devices always start and end at mid-level sto-
rage volume. Contrary to large hydropower plants, this constraint in-
significantly affects the results as energy storage observes many char-
ging-discharging cycles in 365 days. The model assumes perfect
foresight, i.e. the operator knows the prices in advance. While this as-
sumption ignores the uncertainty that the operators face in practice and
might result in overestimation of revenues, it has been an acceptable
method in the literature (Francois et al., 2015; Madani and Lund, 2010,
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2009; Tanaka et al., 2006)

A local search-threshold acceptance algorithm approximates the
optimal 30-min management (Gilli and Schumann, 2012; Gilli et al.,
2011). This algorithm modifies an initial random charging/discharging
schedule and values the objective function. If it does not decrease by a
defined threshold, the new schedule is recorded and the old one is
discarded. The model adjusts the schedule during n steps, then reduces
the threshold for m new rounds. We determined the value of each
threshold with a data-driven procedure (Gilli et al., 2006; Winker and
Fang, 1997).

A recent study by Ranzani et al. (2018) shows that the algorithm
used here provides a reliable approximates of the actual operation in
case of a storage-hydropower plant in Switzerland. Nevertheless, we
remain unable to fully compare our results with operating installations
because of the lack of data as operators are reluctant to sharing such
data. We, therefore, validated the computational performance of the
model by three means. The general optimum can be easily computed
(without the optimization algorithm) if we discard volume storage
constraints. We compared this outcome with those obtained from the
local search algorithm with a discharge duration of 8760h for two
round-trip efficiency levels, i.e. 0.50 and 0.95. Our model error was
below 1%, which we considered satisfactory. We also verified that no
negative revenue was computed in all our results. Finally, we visually
validated the daily and weekly patterns. In particular, supply must
occur during peak hours, i.e. generally during the day, and pumping
must happen during the night and weekends (off-peak hours). No re-
levant inconsistency was observed.

We considered 17 European electricity spot markets provided by
Eikon (2018). We ignored other new markets, e.g. the balancing market
(Hirth and Ziegenhagen, 2015; EPEX, 2016; NordPool, 2016), because it
would have significantly shortened the price time series and limited the
scope of our results. The revenue on these ‘niche’ markets has even
tended to drop as they became mature and competitive (Hirth and
Ziegenhagen, 2015). Spot markets remain the largest in terms of volume
exchanged and the most attractive for producers in Europe (Schillinger
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where B, is the benefits at time t [€], r is the discount rate. C, is the cost
at time t [€] and I is the initial investment cost [€]. I, is computed with
Eq. (8), provided by Kaldellis and Zafirakis (2007), where ¢, is the
capital cost per nominal power [€W '] and c, is the capital cost per
energy storage capacity [€Wh~']. We used nominal values in our si-
mulation, however the investment analysis considers real value annual
revenue (year 2015 € equivalent), using the Harmonized Index of
Consumer Prices (HICP) of the European Economic Area (EEA) pro-
vided by Eurostat (2016).

The discount rate depends on the risk taken. It is therefore inter-
esting to complete the analysis with the Modified Internal Rate of
Return (MIRR) (Quiry et al., 2011). This approach considers that the
discount rate is an unknown variable. Therefore, the goal is to de-
termine the discount rate that will make the present cost and present
value equal. We considered the MIRR rather than the standard Internal
Rate of Return (IRR) because the lifetimes of each technology differ. In
this context, MIRR is more relevant.

This part of the assessment required further information. Energy
storage data vary from a paper to another. We, therefore, decided to use
the data provided by the latest available review paper written by
Nikolaidis and Poullikkas (2018), see Table 1. We cross-validated this
data with Lazard (2016), Kousksou et al. (2014), Lopes Ferreira et al.
(2013), and Evans et al. (2012). They provide the same magnitude for
all but the round-trip efficiency of CAES (Lazard: 75-79%, Kousksou
et al.: 50-89%, Lopes Ferreira et al.: 50-80%, Evans et al.: 50-89%),
and Li-ion (Lazard: 92-93%, Kousksou et al.: 85-90%, Lopes Ferreira
et al.: 85-90%, Evans et al.: 85-90%). We only changed operational and
management costs, because Nikolaidis and Poullikkas (2018)'s data
were substantially different from the four above-mentioned references.
Nevertheless, we acknowledge that energy storage characteristics
evolve and some considered values might be inaccurate. We split the
present cost of the present value in our analysis to make comparison
with available data easier for the reader. The readers can also carry out
the investment analysis with their technical characteristics by down-
loading our revenue series on Zenodo (Gaudard and Madani, 2017).

Table 1
Technologies considered and their characteristics. The investment analysis considers the values in parentheses.
PHES CAES Lead-acid Ni-cd Li-ion

Round-trip efficiency” (%) 70-85 (80) 42-54 (50) 85-90 (90) 60-90 (75) 100 (95)
Discharge duration” (h) 10-100 (24,96) 2-100 (24) 1-24 (12) h (6) h (6)
Lifetime® (years) 30-50 (40) 30 (30) 5-15 (10) 10-20 (15) 5-15 (10)
Capital cost” ($/kW) 600-2000 400-800 300-600 500-1500 1200-4000
Capital cost” ($/kW h) 5-100 2-50 200-400 800-1500 600-2500
O&M cost” ($/kW-year) 2-4 1-2 16-22 16-22 5-11

& According to Nikolaidis and Poullikkas (2018).
b According to Lazard (2016).

et al., 2017). European practitioners confirmed that they generated most
of their revenue on the spot markets. In the USA, market design differs,
and the consideration of ancillary service markets would have been more
crucial. The prices are given in euro (€) for all but the United Kingdom,
which has its prices in pound sterling (£). The Eurostat (2016)'s annual
exchange rate was used to convert the currency.

Based on the revenue data, we assessed the present value (PV) and
present cost (PC) of six generic energy storage devices. The model
considers the revenue over the lifetime of the installation as follows:

L B
PV = !

Z} a+r) 6)

T

C
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Iy = cpmm + ce€ (8)
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3. Results and discussions
3.1. Historic revenue evolution

Fig. 1' shows the annual revenue for a typical pumped-storage in-
stallation. An annual revenue of 0.4-3 € might seem very low. To better
understand this figure, one can consider a Tesla powerpack with the
following characteristics: energy capacity of 210 kW h, round-trip effi-
ciency of 90% and discharge duration of 6 h. In this case, the annual
revenue for 1 kW h was between 1 (Nordpool) to 11 (Ireland) €in 2016
(higher than observed in Fig. 1, because of the higher power and round-

1 Austria, AT; Belgium, BE; Switzerland, CH; Czech Republic, CZ; German,
DE; Spain, ES; France, FR; Italy, IT; Ireland, IR; Netherlands, NL; Nordpool
(Denmark, Estonia, Finland, Latvia, Lithuania, Norway, Sweden), NP; Poland,
PL; Portugal, PT; Romania, RO; Slovenia, SI; Slovakia, SK; United Kingdom, UK.
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Fig. 1. Revenue of a normalized closed-loop PSES in the European Electricity
Market from 01-01-2000 to 31-12-2016 (round-trip efficiency = 0.8, discharge

duration = 24 h, energy storage = 1kWh).

trip efficiency). Therefore, the annual revenue for this installation
varies between 210 and 2310 €per year. Arbitrage alone cannot justify
an investment in the powerpack (~ 80’000 €, according to Lambert,
2016), but it shows that the magnitude of our results is reasonable.

In the beginning of the century, many European pumped-storage
operators expected revenue growth following the introduction of in-
termittent energy. Fig. 1 shows that the opposite happened in most of
the European markets. In contrast to electricity suppliers, the decrease
in cash flows for storage operators is not associated with the drop in
mean prices. The storage device owners' profits mostly depend on
seasonality (daily, weekly and annual) and volatility of electricity
generation. An installation with an efficiency of 0.8 must sell electricity
at 1.25 times the charging price, otherwise it loses money. So, the
profits mostly rely on the relative spread between prices rather than the
mean price.

Fig. 2 shows the peak and off-peak prices in Germany in 2003, 2008
and 2016. We define ‘peak’ as the 84 highest hourly prices of the week
and ‘off-peak’ as the remaining 84 cheapest hours. The revenue in 2003
(see Fig. 1) was higher than in 2016 despite the mean prices were si-
milar, ie., 29.4 and 28.9 €MWh™! respectively. The revenue also
shored in 2008, when the spread between prices peaked.

Various studies investigated the impact of specific drivers of elec-
tricity prices (IEA, 2016; Genoese et al., 2015; PPC, 2014; Gaudard
et al., 2014; Cochran et al., 2013). Based on their results, the rest of this
section explains and discusses the trend observed in Figs. 1 and 2. We
also identified some specific events, which support our analysis, in the
2008-2017 ‘Quarterly Reports on European Electricity Markets’

iy
B
o

—2003 off-peak

—2003 peak

120 —2008 off-peak
2008 peak

100 —2016 off-peak
2016 peak

=]
o

Weekly mean price [Euros MWh'1]
[<2]
o

Month

Fig. 2. Weekly mean peak and off-peak prices in Germany in 2003, 2008 and
2016 throughout the calendar year (source: EEX, 2017).
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(QREEM) provided by the European Commission (Market Observatory
for Energy, 2008-2017).

The high penetration of new renewable energies may increase the
volatility of supply because of their intermittency. In some extreme
cases, negative prices were observed, which is a bonanza for energy
storage. The operators are paid to charge their battery. These events
occurred when renewable energies generated a large amount of elec-
tricity. Renewable operators kept supplying because they earned in-
come with the Feed-In-Tariff schemes. In contrast, it was cheaper to pay
for consumption rather than stopping the inflexible base-load technol-
ogies, such as nuclear power plants. In January 2012, intensive wind
energy generation, inflexible load and warm winter caused frequent
negative prices (Market Observatory for Energy, 2012a). The energy
storage revenue should have increased with the growing share of in-
termittent energy, but these events were still occasional and too short to
compensate for other drivers. In 2010, the European Commission even
noticed that intermittent energy deployment might not boost volatility
(Market Observatory for Energy, 2010a).

Renewable energies themselves tend to reduce the gap between
peak and off-peak prices, significantly affecting the energy storage
revenue. In 2012, the peak price already felt below the baseload price
because photovoltaic energy is generated during day hours when the
consumption is high (Market Observatory for Energy, 2012b). The
spread narrows, because conventional thermal power may stop gen-
erating during peak hours, as observed in 2014 (Market Observatory for
Energy, 2012a).

The supply curve also relies on conventional technologies. The price
of fuel and carbon emission allowance impact the mean price and the
spread. As commodity markets are volatile, trends are hard to be
identified. In 2012, coal power plants benefited from low resource and
carbon prices (Market Observatory for Energy, 2012a), while in 2016,
the coal price soared, boosting the competitiveness of and the elec-
tricity generation from natural gas plants (Market Observatory for
Energy, 2016) However, one can expect that a high carbon price will
tend to intensify the competition between the carbon-intensive coal and
gas turbines, which must lead to a smaller spread.

Prices and volatility also soar when hydropower or nuclear power is
lacking. A lower-than-usual hydropower reservoir level in Greece re-
quired higher coal and gas electricity generation, which boosted the
peak hour price in 2011 (Market Observatory for Energy, 2011).
Nordpool volatility also grew in a dry season at the beginning of 2015
(Market Observatory for Energy, 2015).

Energy demand also affects the spread (Madani et al., 2014; Guégan
et al.,, 2012). Weather temperatures impact household consumption.
During cold winter and hot summer, the price tends to peak. In July
2010, the Italian spread price rose to 12 € per MW h because of a heat
wave, and then drop to 7.1 € per MW h (Market Observatory for Energy,
2010c). However, temperatures explain some inter-annual variability,
not a trend, as climate warming occurs on a longer time horizon.

In contrast, economic growth increases industrial consumption. The
2008 financial crisis and European turmoil in 2010 mostly affected the
industrial sector, rather than the domestic sector. At the beginning of
2009, cold weather stimulated household demand while industrial
consumption diminished (Market Observatory for Energy, 2009). Most
industries run during the diurnal weekday. Therefore, an economic
slowdown mostly shaves peak demands. The economic recession nar-
rowed the price range resulting in energy storage revenue shrinkage.

Surprisingly, the correlation between the economy and electricity
consumption was observed in the late 2009, but disappeared while the
economy restarted. Various QREEM reports in 2015-2016 highlight
that the economic growth no longer boosts the electricity consumption.
This is believed to be due to the fact that the economic crisis of 2008
has permanently affected the economic fabric and made the European
economy less energy-intensive.

Finally, a significant trend-breaker was the opening of competition
and the coupling of markets. Even in the period of economic recession,
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liquidity increased, i.e., the share of electricity exchanged in the market
grew, resulting in smoothing volatility. The latter further decreased
with the coupling of the Central West Europe markets in 2009. The
prices in each region became similar most of the time (Market
Observatory for Energy, 2010b). In particular, the occurrence of reverse
power flow almost disappeared; the price was no longer lower in the
importer country. This market inefficiency may have increased the
volatility of prices in the past. In 2014, the coupling was extended to
the United Kingdom, Nordpool, and South Western Europe markets.

This coupling went with investments in physical interconnections.
The cross-border flow has been growing over the years. Countries with
surplus of flexible technology were able to export to neighboring
countries (Midttun and Piccini, 2017; Ries et al., 2016). Fig. 1 shows
that in addition to the drop in revenue, the variance amongst the
markets tends to diminish for all but Nordpool and Ireland. The Scan-
dinavian market benefits from a high share of flexible hydropower,
which explains its lower revenue for storage. The latter increased from
2008, because they exported more flexibility thanks to the increasing
integration with North-Western Europe. Ireland on the other hand,
deployed renewable energy while decreasing its share of flexible gas
turbines (SEAI, 2015). A large share of wind energy has increased price
volatility (Market Observatory for Energy, 2014). As Ireland's low in-
tegration with the Great Britain and continental Europe prevented the
country from using international trade to compensate for their lack of
flexibility. Although this might not be a conclusive evidence, Fig. 1
shows that interconnection competes against storage devices (Lamy
et al., 2014). By extending the spatial coverage, interconnection also
softens the impact of supply intermittency (Mareda et al., 2017). For
instance, wind turbines may stop generating in an entire country, but
are unlikely to cease across one whole continental region, and this
narrows the price spread.

While some trends were discussed in this section, they cannot be
fully generalized due to the complex interaction of different drivers.
Readers are referred to the 2008-2017 QREEM for further details.

3.2. Tradeoff between discharge duration and round-trip efficiency

Fig. 3 provides the mean revenue in the day-ahead European power
market for the 2011-2016 period for different round-trip efficiency and
discharge duration combinations. We weighted each country according
to its share of the electricity generation in Europe, based on BP (2015).
The figure shows the expected increase in revenue from increased
round-trip efficiency. For example, for a 6 h discharge duration device,
the operator's annual revenue can grow from 1 to 1.5 € by increasing
the round-trip efficiency from 0.50 to 0.58. This kind of comparison can
also help with quantifying the value of efficiency increasing innova-
tions.

The figure also shows the growth of expected revenue with in-
creased power capacity, i.e. lower discharge duration. For example, the
revenue of a device with 0.8 round-trip efficiency can increase from 1.8
to 3 € if the discharge duration drops from 20 h to 10h. This means
doubling power capacity. Depending on the cost of power capacity, one
can determine if buying more power is profitable for the installation. To
sum up, Fig. 3 highlights that greater power capacity can compensate
for lower efficiency.

3.3. Investment

Fig. 4 shows the present value for six standard energy devices, with
their characteristics presented in Table 1. We only converted dollars
into euro (1 € = 1.15$). The Nordpool market always represents the
lowest present value. This area possesses abundant back-up power

2 AT,2; BE,3; CH,2; CZ,2; DE,18; ES,8; FR,15; IR, 1; IT,10; NL,4; NP,13; PL,5;
PT, 2; RO,2; SL1; SK,1; UK,11.
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Efficiency

Discharge duration [hours]

Fig. 3. Revenue tradeoff between round-trip and discharge duration (€ for
1kWh of storage volume) for the European market prices from 2011 to 2016.

Present
Cost

730-2830
Ni-Cd 910-1720

Lead-Acid 300-540

30-100

PSES 96h 40-160

PSES 24h 60-220

150

Present Value [Eur2015]

Fig. 4. Present value of future income and present cost of various standard
energy storage technologies (for 1kWh of storage volume), including PSES
with two discharge duration (24 and 96 h).

capacity, mainly through hydropower plants. In contrast, all energy
storage technologies are the most profitable in Ireland, closely followed
by the Netherlands’ present value for PSES with a discharge duration of
96 h and CAES.

We present revenue and cost separately. Indeed, the level of un-
certainty of revenue is low, because it was computed with market data.
On the other side, costs largely fluctuate between countries, projects,
and change with innovation. The given numbers in the literature are
not always consistent. Separating revenue from cost lets readers use
their own cost data to make conclusions if needed.

If the present value is lower than the present cost, the spot market
revenue does not justify investments. Fig. 4 shows that all technologies
are barely profitable within an energy-only market. It becomes only
profitable if CAES and PSES 24-h costs are in the lowest range observed
in Table 1 and in the most profitable markets.

The profitability of PSES decreases with the discharge duration.
Thus, utilities are inclined to invest in daily pumped-storage installa-
tions, rather than seasonal where this technology benefits from a
comparative advantage. PSES maintains a technical advantage for
weekly to monthly arbitrage by making long-term water storage pos-
sible. It means markets incentivize utilities to invest in PSES projects
that are the most vulnerable to introduction of new technologies.

According to our data, CAES is becoming competitive with PSES.
While 99% of worldwide storage capacity currently relies on PSES, this
situation is likely to change in the near future. The comparative ad-
vantage of PSES can become less significant since it is the most mature
energy storage technology. The cost of PSES will not decrease drasti-
cally whereas with new technologies are expected to become cheaper
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by likely innovations. On the other hand, most PSES installations can
take advantage of natural runoffs. This can represent a great advantage
not reflected in our results.

A discount rate of 5%, considered here, might be lower than the rate
applied in the sector (IEA et al., 2015). This rate could be relevant for
PSES, but investing in a new technology means taking a higher risk.
Thus, the investment analysis should consider a higher discount rate for
CAES. This is why we also computed the MIRR (in parentheses) for the
six generic installations: PSES 24 h (— 4.3 to 6.0%), PSES 96h (— 5.9
to 3.6%), CAES (— 3.1 to 7.1%), Lead-acid (— 5.9 to 1.7%), Ni-Cd
(— 8.9to — 0.2%), and Li-on (— 8.1 to 0.7%). The numbers for CAES
are comparable to, and even better than PSES. The increased risk as-
sociated with investing in this technology may explain why it has not
observed greater deployment.

3.4. Limitations

By making certain assumptions, this paper provided a computa-
tionally cost-effective approach to analyze 17 European electricity
markets. These simplifications that result in uncertainty that must be
acknowledged when interpreting the results.

As confirmed by practitioners, arbitrage has remained as the pri-
mary source of revenue for the European energy storage operators to
date. The European electricity markets grant considerable importance
to the energy-only market, in contrast to the US market design. Our
results provide a reliable first approximation, but do not consider all
sources of revenue. We disregarded balancing and ancillary markets,
because they concern a small volume of energy or power, attributed
through auctions. Most past models of these markets have assumed
perfect foresight, where the operator wins every profitable bid. This
tends to overestimate the actual revenue and adds other uncertainties.
To sum up, our results show that energy-only markets do not reward the
full value brought by energy storage to the electric system, thus jeo-
pardizing investments in storage installations.

Balancing and ancillary service markets are relatively recent in
contrast to the day-ahead market. So, focusing on the energy-only
market let us enlarge the time and spatial spans of the analysis. For
example, German intraday market data is available since 2012, as op-
posed to 2001 used in our analysis. By limiting the analysis to spot
markets, we could cover 23 countries over a period of up to 16 years
without the need to develop models that are very specific to each
market. This helped us develop a long-term continent-wide perspective.
Nevertheless, there is a need and value for market-specific investiga-
tions in the future.

We also limited the analysis to an ex-post perspective, relying on a
single scenario, i.e., the same pattern as the historical one, for the in-
vestment analysis. This helped us avoiding uncertain projections in the
face of the evolving market design and energy policies evolve
(Newbery, 2016), changing demands and prices (Madani et al., 2014),
as well as volatility projections, that are relevant for storage technol-
ogies. While historical patterns are not expected to hold into the future,
our analysis helps with better understanding the studied markets.

Additionally, we assumed generic energy-storage devices, re-
presented by only three parameters, i.e., efficiency, discharge duration
and volume of storage. As discussed in Section 2.1, other characteristics
have a limited impact in the context of an arbitrage only model and
their integrating could complicate the interpretation of outcomes. The
calculated annual revenues can be used as the base approximation of
the incomes in future in-depth studies.

Finally, this paper only considered the economic aspects.
Nevertheless, energy design and operation decisions must also consider
other factors such as safety, environmental risks, and social acceptance.
Consideration of such aspects can decrease or increase the desirability
of an economically attractive energy option (Hadian and Madani,
2015). Future studies can include additional factors to provide a more
holistic evaluation of technology options to prevent unintended and
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secondary consequences (Haghighi et al., 2018).

4. Conclusion and policy implications

This paper provided an overview of the current economic situation
of storage technologies in Europe by looking at their revenue and
profitability. It also shares a dataset of annual revenue of the storage
device on 17 electricity markets that can be used to assess the revenue
tradeoff between round-trip efficiency and discharge time. This helps
comparing various storage devices or estimating the economic value of
innovations aimed at improving efficiency.

The study results suggest that the revenue for storage technologies
has dropped in most European markets. This justifies the lack of in-
centive to develop capacity in an energy-only market (Joskow, 2006).
Our simulations can contribute to addressing this market failure
(Cramton et al., 2013), as it quantifies the gap in income that hinders
investment in six generic energy installations.

Our results show that the position of pumped-storage energy storage
(PSES) has been jeopardized. The existing installations are unprofitable
in the current market and PSES's comparative advantages could vanish
in the near future, as some alternative storage technologies (e.g. com-
pressed air) are emerging and benefitting from innovation. PSES's
monopolistic position in terms of bulk energy storage is expected to
cease, particularly given that current markets are deterring investment
in seasonal storage services where PSES has a technical advantage. The
modified internal rate of return (MIRR) highlighted which policy
measures could spur investment in new energy storage technologies.
New and revised policies are required to reduce the risks associated
with CAES, e.g. offering guarantees and insurances. The MIRR of this
new technology is comparable to PSES. Therefore, subsidies may not be
justified, contrary to the other energy storage technologies, which have
low to negative MIRR.

The historical revenue of energy storage devices in Europe tended to
converge in time. This highlights that interconnection may represent a
threat to storage and cause challenges for the regulator which sounds
counterintuitive. Due to electricity transport being a natural monopoly,
the transport system operator's strategy could conflict with the interests
of the utilities. The lack of flexibility may promote further investment
into interconnection, while deterring private companies from investing
in storage capacity. This issue has not been highlighted to date, and
further research should be conducted in order to investigate this spe-
cific issue.

As a primary state review study, this paper underlined the current
issues rather than making projections and simulations to identify so-
lutions. The fact that renewable energy tends to reduce the price spread
should be addressed in the future. Beyond a large share of intermittent
energy, one may expect volatility to increase, thus enhancing the
profitability of energy storage. However, this issue requires further
investigation. Revising the market design could represent part of the
solutions, as investigated by others. Our paper highlights the value of
such investigations.

Acknowledgements

The research is part of the cluster project ‘The Future of Swiss
Hydropower: An Integrated Economic Assessment of Chances, Threats
and Solutions’ (HP Future) that is undertaken within the frame of the
National Research Programme 70 ‘Energy Turnaround’ (www.nrp70.
ch). We thank the Swiss National Science Foundation for funding this
research throughout the project "HP Investment" (No. 153761). It was
conducted in the framework of the SCCER-CREST (http://www.sccer-
crest.ch) and SCCER-SoE (http://www.sccer-soe.ch). The authors thank
Thomson Reuters for giving permission to publicly publish the dataset.
Fruitful discussions with Dr. Franco Romerio are acknowledged. We
also thank the reviewers, who contributed to improving our paper.


http://www.nrp70.ch
http://www.nrp70.ch
http://www.sccer-crest.ch
http://www.sccer-crest.ch
http://www.sccer-soe.ch

L. Gaudard, K. Madani

References

Anagnostopoulos, J.S., Papantonis, D.E., 2012. Study of pumped storage schemes to
support high RES penetration in the electric power system of Greece. Energy, vol.
45(1), pp. 416-423. In: Proceedings of the 24th International Conference on
Efficiency, Cost, Optimization, Simulation and Environmental Impact of Energy,
ECOS 2011. <http://www.sciencedirect.com/science/article/pii/
S0360544212001260.

BP, 2015. Statistical review — data workbook. <http://www.bp.com/en/global/
corporate/energy-economics/statistical-review-of-world-energy.html), (site accessed
7 April 2016).

Cochran, J., Miller, M., Milligan, M., Ela, E., Arent, D., Bloom, A., Futch, M., Kiviluoma,
J., Holtinnen, H., Orths, A., Gomez-Lazaro, E., Martin-Martinez, S., Kukoda, S.,
Garcia, G., Mikkelsen, K.M., Yongqiang, Z., Sandholt, K., 2013. Market Evolution:
Wholesale Electricity Market Design for 21st Century Power Systems. NREL Report.
(site accessed 18 March 2016). <http://www.nrel.gov/docs/fyl4osti/57477.pdf>.

Connolly, D., Lund, H., Finn, P., Mathiesen, B.V., Leahy, M., 2011. Practical operation
strategies for pumped hydroelectric energy storage (PHES) utilising electricity price
arbitrage. Energy Policy 39 (7, SI), 4189-4196.

Connolly, D., Lund, H., Mathiesen, B.V., Pican, E., Leahy, M., 2012. The technical and
economic implications of integrating fluctuating renewable energy using energy
storage. Renew. Energy 43, 47-60.

Cramton, P., Ockenfels, A., Stoft, S., 2013. Capacity market fundamentals. Econ. Energy
Environ. Policy 2 (2), 27-46.

Dunn, B., Kamath, H., Tarascon, J.-M., 2011. Electrical energy storage for the grid: a
battery of choices. Science 334 (6058), 928-935.

EEX, 2017. Power spot prices. <http://www.eex.com), (site accessed 15 January 2017).

EPEX, 2016. European Power Exchange. <http://www.epexspot.com/document/26145/
EPEX%20SPOT Trading%20Brochure.pdf), (site accessed 18 February 2016).

ESA, 2016. Energy Storage Association. <http://energystorage.org/energy-storage/
glossary), (site accessed 2 February 2016).

Eurostat, 2016. <ec.europa.eu/eurostat), (site accessed 14 March 2016).

Evans, A., Strezov, V., Evans, T.J., 2012. Assessment of utility energy storage options for
increased renewable energy penetration. Renew. Sustain. Energy Rev. 16,
4141-4147.

Francois, B., Hingray, B., Creutin, J.D., Hendrickx, F., 2015. Estimating water system
performance under climate change: influence of the management strategy modeling.
Water Resour. Manag. 29 (13), 4903-4918.

Gaudard, L., 2015. Pumped-storage project: a short to long term investment analysis
including climate change. Renew. Sustain. Energy Rev. 49, 91-99.

Gaudard, L., Gilli, M., Romerio, F., 2013. Climate change impacts on hydropower man-
agement. Water Resour. Manag. 27, 5143-5156.

Gaudard, L., Madani, K., 2017. Historical annual revenue of energy storage on European
electricity markets. Dataset (site accessed on August 30, 2017). <https://doi.org/10.
5281/zenodo.569483>.

Gaudard, L., Romerio, F., Dalla Valle, F., Gorret, R., Maran, S., Ravazzani, G., Stoffel, M.,
Volonterio, M., 2014. Climate Change impacts on hydropower in the Swiss and
Italian Alps. Sci. Total Environ. 493, 1211-1221.

Genoese, F., Egenhofer, C., Hogan, M., Redl, C., Steigenberger, M., Graichen, P., Weale,
G., 2015. The future of the european power market. Intereconomics 50 (4), 176-197.
<http://dx.doi.org/10.1007/s10272-015-0541-3>.

Gilli, M., Kéllezi, M., Hysi, H., 2006. A data-driven optimization heuristic for downside
risk minimization. J. Risk 8 (3), 1-18.

Gilli, M., Maringer, D., Schumann, E., 2011. Numerical Methods and Optimization in
Finance. Elsevier, Oxford, UK.

Gilli, M., Schumann, E., 2012. Heuristic optimisation in financial modelling. Ann. Oper.
Res. 193 (1), 129-158.

Gomes, 1., Pousinho, H., Melicio, R., Mendes, V., 2017. Stochastic coordination of joint
wind and photovoltaic systems with energy storage in day-ahead market. Energy 124,
310-320. <http://www.sciencedirect.com/science/article/pii/
50360544217302542>.

Guégan, M., Uvo, C.B., Madani, K., 2012. Developing a module for estimating climate
warming effects on hydropower pricing in California. Energy Policy 42, 261-271.

Guittet, M., Capezzali, M., Gaudard, L., Romerio, F., Vuille, F., Avellan, F., 2016. Study of
the drivers and asset management of pumped-storage power plants historical and
geographical perspective. Energy 111, 560-579. <http://www.sciencedirect.com/
science/article/pii/S0360544216304583>.

Hadian, S., Madani, K., 2015. A system of systems approach to energy sustainability as-
sessment: are all renewables really green? Ecol. Indic. 52, 194-206.

Haghighi, E., Madani, K., Hoekstra, A., 2018. The water footprint of water conservation
with shade balls in california. Nat. Sustain. 1, 358-360.

Hirth, L., Ziegenhagen, I., 2015. Balancing power and variable renewables: three links.
Renew. Sustain. Energy Rev. 50, 1035-1051. <http://www.sciencedirect.com/
science/article/pii/S1364032115004530>.

IEA, 2008. Empowering Variable Renewables: Options for Flexible Electricity Systems.
International Energy Agency, Paris.

IEA, 2014. Technology Roadmap: Energy Storage. International Energy Agency, Paris.

IEA, 2016. Re-powering Markets: Market Design and Regulation During the Transition to
Low-carbon Power Systems. International Energy Agency, Paris.

IEA, NEA and OECD, Projected costs of generating electricity, 2015, International Energy
Agency, Nuclear Energy Agency and Organisation for Economic Co-operation and
Development; Paris.

Iliadis, N., Gnansounou, E., 2016. Development of the methodology for the evaluation of
a hydro-pumped storage power plant: Swiss case study. Energy Strategy Rev. 9, 8-17.
<http://www.sciencedirect.com/science/article/pii/S2211467X15000425).

28

Energy Policy 126 (2019) 22-29

Joskow, P., 2006. Competitive Electricity Markets and Investments in New Generating
Capacity (06-009WP). MIT Center for Energy and Environmental Policy Research
(site accessed on November 9, 2018). http://economics.mit.edu/files/1190.

Kaldellis, J.K., Zafirakis, D., 2007. Optimum energy storage techniques for the im-
provement of renewable energy sources-based electricity generation economic effi-
ciency. Energy 32 (12), 2295-2305.

Kazempour, S.J., Moghaddam, M.P., Haghifam, M., Yousefi, G., 2009. Electric energy
storage systems in a market-based economy: comparison of emerging and traditional
technologies. Renew. Energy 34 (12), 2630-2639. <http://www.sciencedirect.com/
science/article/pii/S0960148109001906).

Khalilpour, R., Vassallo, A., 2016. Planning and operation scheduling of pv-battery sys-
tems: a novel methodology. Renew. Sustain. Energy Rev. 53, 194-208. <http://www.
sciencedirect.com/science/article/pii/S1364032115008606).

Kim, Y.-M., Lee, J.-H., Kim, S.-J., Favrat, D., 2012. Potential and evolution of compressed
air energy storage: energy and exergy analyses. Entropy 14 (8), 1501-1521.

Kousksou, T., Bruel, P., Jamil, A., El Rhafiki, T., Zeraouli, Y., 2014. Energy storage: ap-
plications and challenges. Sol. Energy Mater. Sol. Cells 120 (Part A), 59-80. <http://
www.sciencedirect.com/science/article/pii/S0927024813004145).

Lambert, F., 2016. Tesla slashes price of the powerpack system by another 10% with new
generation. <https://electrek.co/2016/11/14/tesla-powerpack-2-price), (site ac-
cessed on July 01, 2018).

Lamy, J., Azevedo, 1., Jaramillo, P., 2014. The role of energy storage in accessing remote
wind resources in the midwest. Energy Policy 68, 123-131. <http://www.
sciencedirect.com/science/article/pii/S0301421514000135).

Lazard, 2016. Lazard’s levelized cost of storage — version 2.0. <http://www.lazard.com),
(site accessed on 15 January 2017).

Loisel, R., 2012. Power system flexibility with electricity storage technologies: a tech-
nical-economic assessment of a large-scale storage facility. Int. J. Electr. Power
Energy Syst. 42 (1), 542-552. <http://www.sciencedirect.com/science/article/pii/
5014206151200186X>.

Lopes Ferreira, H., Garde, R., Fulli, G., Kling, W., Pecas Lopes, J., 2013. Characterisation
of electrical energy storage technologies. Energy 53, 288-298.

Lund, H., Salgi, G., 2009. The role of compressed air energy storage (CAES) in future
sustainable energy systems. Energy Convers. Manag. 50 (5), 1172-1179. <http://
www.sciencedirect.com/science/article/pii/S0196890409000429>.

Madani, K., Guégan, M., Uvo, C.B., 2014. Climate Change impacts on high-elevation
hydroelectricity in California. J. Hydrol. 510, 153-163.

Madani, K., Lund, J.R., 2009. Modeling California's high-elevation hydropower systems in
energy units. Water Resour. Res. 45 (W09413).

Madani, K., Lund, J.R., 2010. Estimated impacts of climate warming on California's high-
elevation hydropower. Clim. Change 102 (3-4), 521-538.

Mabhlia, T.M.I., Saktisandan, T.J., Jannifar, A., Hasan, M.H., Matseelar, H.S.C., 2014. A
review of available methods and development on energy storage; technology update.
Renew. Sustain. Energy Rev. 33 (May), 532-545.

Mareda, T., Gaudard, L., Romerio, F., 2017. A parametric genetic algorithm approach to
assess complementary options of large scale wind-solar coupling. IEEE/CAA J.
Autom. Sin. 4 (2), 260-272.

Market Observatory for Energy, 2008;;2017. Quarterly Reports on European Electricity
Markets. European Commission, Brussel, Belgium.

Market Observatory for Energy, 2009. Quarterly Reports on European Electricity Markets,
2(1), First Quarter 2009. European Commission, Brussel, Belgium.

Market Observatory for Energy, 2010a. Quarterly Reports on European Electricity
Markets, 3(1), January 2010-March 2010. European Commission, Brussel, Belgium.

Market Observatory for Energy, 2010b. Quarterly Reports on European Electricity
Markets, 3(3), Third Quarter 2010. European Commission, Brussel, Belgium.

Market Observatory for Energy, 2010c. Quarterly Reports on European Electricity
Markets, 3(4), Fourth Quarter 2010. European Commission, Brussel, Belgium.

Market Observatory for Energy, 2011. Quarterly Reports on European Electricity Markets,
4(4), Fourth Quarter 2011. European Commission, Brussel, Belgium.

Market Observatory for Energy,, 2012a. Quarterly Reports on European Electricity
Markets, 5(1), January 2012-March 2012. European Commission, Brussel, Belgium.

Market Observatory for Energy, 2012b. Quarterly Reports on European Electricity
Markets, 5(3-4), Third and Fourth Quarter 2012. European Commission, Brussel,
Belgium.

Market Observatory for Energy, 2014. Quarterly Reports on European Electricity Markets,
7(1), First Quarter 2014. European Commission, Brussel, Belgium.

Market Observatory for Energy, 2015. Quarterly Reports on European Electricity Markets,
8(1), First Quarter 2015. European Commission, Brussel, Belgium.

Market Observatory for Energy, 2016. Quarterly Reports on European Electricity Markets,
9(4), Fourth Quarter 2016. European Commission, Brussel, Belgium.

Midttun, A., Piccini, P.B., 2017. Facing the climate and digital challenge: European en-
ergy industry from boom to crisis and transformation. Energy Policy 108, 330-343.
<http://www.sciencedirect.com/science/article/pii/S0301421517303348>.

Mulder, G., Six, D., Claessens, B., Broes, T., Omar, N., Van Mierlo, J., 2013. The di-
mensioning of PV-battery systems depending on the incentive and selling price
conditions. Appl. Energy 111, 1126-1135.

Newbery, D., 2016. Missing money and missing markets: reliability, capacity auctions and
interconnectors. Energy Policy 94, 401-410. <http://www.sciencedirect.com/
science/article/pii/S0301421515301555).

Nikolaidis, P., Poullikkas, A., 2018. Cost metrics of electrical energy storage technologies
in potential power system operations. Sustain. Energy Technol. Assess. 25, 43-59.
<http://www.sciencedirect.com/science/article/pii/S2213138817304563).

NordPool, 2016. <http://www.nordpoolspot.com/How-does-it-work/Intraday-market),
(site accessed 18 February 2016).

Papaefthymiou, G., Grave, K., Dragoon, K., 2014. Flexibility Options in Electricity
Systems. Ecofys Report.


http://www.sciencedirect.com/science/article/pii/S0360544212001260
http://www.sciencedirect.com/science/article/pii/S0360544212001260
http://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy.html
http://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy.html
http://www.nrel.gov/docs/fy14osti/57477.pdf
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref2
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref2
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref2
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref3
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref3
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref3
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref4
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref4
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref5
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref5
http://www.eex.com
http://www.epexspot.com/document/26145/EPEX%20SPOT_Trading%20Brochure.pdf
http://www.epexspot.com/document/26145/EPEX%20SPOT_Trading%20Brochure.pdf
http://energystorage.org/energy-storage/glossary
http://energystorage.org/energy-storage/glossary
http://www.ec.europa.eu/eurostat
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref6
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref6
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref6
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref7
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref7
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref7
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref8
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref8
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref9
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref9
https://doi.org/10.5281/zenodo.569483
https://doi.org/10.5281/zenodo.569483
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref11
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref11
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref11
http://dx.doi.org/10.1007/s10272-015-0541-3
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref13
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref13
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref14
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref14
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref15
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref15
http://www.sciencedirect.com/science/article/pii/S0360544217302542
http://www.sciencedirect.com/science/article/pii/S0360544217302542
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref17
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref17
http://www.sciencedirect.com/science/article/pii/S0360544216304583
http://www.sciencedirect.com/science/article/pii/S0360544216304583
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref19
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref19
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref20
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref20
http://www.sciencedirect.com/science/article/pii/S1364032115004530
http://www.sciencedirect.com/science/article/pii/S1364032115004530
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref22
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref22
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref23
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref24
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref24
http://www.sciencedirect.com/science/article/pii/S2211467X15000425
http://economics.mit.edu/files/1190
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref27
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref27
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref27
http://www.sciencedirect.com/science/article/pii/S0960148109001906
http://www.sciencedirect.com/science/article/pii/S0960148109001906
http://www.sciencedirect.com/science/article/pii/S1364032115008606
http://www.sciencedirect.com/science/article/pii/S1364032115008606
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref30
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref30
http://www.sciencedirect.com/science/article/pii/S0927024813004145
http://www.sciencedirect.com/science/article/pii/S0927024813004145
https://electrek.co/2016/11/14/tesla-powerpack-2-price
http://www.sciencedirect.com/science/article/pii/S0301421514000135
http://www.sciencedirect.com/science/article/pii/S0301421514000135
http://www.lazard.com
http://www.sciencedirect.com/science/article/pii/S014206151200186X
http://www.sciencedirect.com/science/article/pii/S014206151200186X
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref34
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref34
http://www.sciencedirect.com/science/article/pii/S0196890409000429
http://www.sciencedirect.com/science/article/pii/S0196890409000429
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref36
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref36
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref37
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref37
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref38
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref38
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref39
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref39
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref39
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref40
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref40
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref40
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref41
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref41
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref42
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref42
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref43
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref43
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref44
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref44
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref45
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref45
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref46
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref46
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref47
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref47
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref48
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref48
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref48
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref49
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref49
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref50
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref50
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref51
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref51
http://www.sciencedirect.com/science/article/pii/S0301421517303348
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref53
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref53
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref53
http://www.sciencedirect.com/science/article/pii/S0301421515301555
http://www.sciencedirect.com/science/article/pii/S0301421515301555
http://www.sciencedirect.com/science/article/pii/S2213138817304563
http://www.nordpoolspot.com/How-does-it-work/Intraday-market
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref56
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref56

L. Gaudard, K. Madani

PPC, 2014. The Crisis of the European Electricity System. Diagnosis and Possible Ways
Forward. Policy Planning Commission, Paris, France (site accessed on 18 March
2016). <http://www.strategie.gouv.fr/sites/strategie.gouv.fr/files/archives/CGSP_
Report_European_Electricity_System_030220141.pdf>.

Quiry, P., Le Fur, Y., Salvi, A., Dallochio, M., Vernimmen, P., 2011. Corporate Finance:
Theory and Practice. John Wiley & Sons, Chichester, UK.

Ranzani, A., Bonato, M., Patro, E.R., Gaudard, L., De Michele, C., 2018. Hydropower
future: between climate change, renewable deployment, carbon and fuel prices.
Water 10 (9), 1197.

Rehman, S., Al-Hadhrami, L.M., Alam, M.M., 2015. Pumped hydro energy storage system:
a technological review. Renew. Sustain. Energy Rev. 44, 586-598.

Ries, J., Gaudard, L., Romerio, F., 2016. Interconnecting an isolated electricity system to
the European market: the case of Malta. Uti. Policy 40, 1-14.

Schillinger, M., Weigt, H., Schumann, R., Barry, M., 2017. Hydropower operation in a
changing environment. <https://fonew.unibas.ch/fileadmin/fonew/redaktion/HP_
Future/Schillinger_etal 2017 Draft.pdf), (site accessed 15 August 2017).

SEAI, 2015. Energy in Ireland 1990-2014. Sustainable Energy Authority of Ireland,
Dublin, Ireland.

29

Energy Policy 126 (2019) 22-29

Shafiullah, G., Amanullah, M., Shawkat Ali, A., Wolfs, P., 2013. Potential challenges of
integrating large-scale wind energy into the power grid: a review. Renew. Sustain.
Energy Rev. 20, 306-321. <http://www.sciencedirect.com/science/article/pii/
S$1364032112006715).

Swider, D., 2007. Compressed air energy storage in an electricity system with significant
wind power generation. IEEE Trans. Energy Convers. 22 (1), 95-102.

Tanaka, S.K., Zhu, T., Lund, J.R., Howitt, R.E., Jenkins, M.W., Pulido, M.A., Tauber, M.,
Ritzema, R.S., Ferreira, 1.C., 2006. Climate warming and water management adap-
tation for California. Clim. Change 76 (3-4), 361-387.

Thomson Reuters Eikon, 2018. <eikon.thomsonreuters.com), (site accessed on 01 July
2018).

Winker, P., Fang, K., 1997. Application of threshold-accepting to the evaluation of the
discrepancy of a set of points. Siam J. Numer. Anal. 34 (5), 2028-2042.

Zafirakis, D., Chalvatzis, K.J., Baiocchi, G., Daskalakis, G., 2013. Modeling of financial
incentives for investments in energy storage systems that promote the large-scale
integration of wind energy. Appl. Energy 105, 138-154. <http://www.sciencedirect.
com/science/article/pii/S0306261912008823>.


http://www.strategie.gouv.fr/sites/strategie.gouv.fr/files/archives/CGSP_Report_European_Electricity_System_030220141.pdf
http://www.strategie.gouv.fr/sites/strategie.gouv.fr/files/archives/CGSP_Report_European_Electricity_System_030220141.pdf
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref58
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref58
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref59
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref59
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref59
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref60
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref60
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref61
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref61
https://fonew.unibas.ch/fileadmin/fonew/redaktion/HP_Future/Schillinger_etal_2017_Draft.pdf
https://fonew.unibas.ch/fileadmin/fonew/redaktion/HP_Future/Schillinger_etal_2017_Draft.pdf
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref62
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref62
http://www.sciencedirect.com/science/article/pii/S1364032112006715
http://www.sciencedirect.com/science/article/pii/S1364032112006715
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref64
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref64
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref65
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref65
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref65
http://www.eikon.thomsonreuters.com
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref66
http://refhub.elsevier.com/S0301-4215(18)30726-2/sbref66
http://www.sciencedirect.com/science/article/pii/S0306261912008823
http://www.sciencedirect.com/science/article/pii/S0306261912008823

	Energy storage race: Has the monopoly of pumped-storage in Europe come to an end?
	Introduction
	Method and data
	Energy storage technologies
	Optimization and investment analysis

	Results and discussions
	Historic revenue evolution
	Tradeoff between discharge duration and round-trip efficiency
	Investment
	Limitations

	Conclusion and policy implications
	Acknowledgements
	References




