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a b s t r a c t

The storage of energy facilitates the management of renewable energy systems by reducing the
mismatch between the supplied energy and the forecasted production due to forecasting errors. The
storage increases the reliability of the renewable energy system and enables participation in the elec-
tricity market by committing to the sale of electricity for the following day. Nevertheless, the inclusion of
the energy storage capacity requires the development of new management policies. In this paper, we
propose a management strategy for a renewable energy system with storage capacity that integrates
tactical and operational decisions in a single mathematical model that makes use of an updated prob-
abilistic wind speed forecast. Management policies are obtained by solving a sequence of rolling-horizon
stochastic optimization problems whose formulation is inspired by the Stochastic Approximation
Average technique. The management policies are illustrated by their application to wind-farms using
hydrogen as the energy storage medium.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Renewable energy provides valuable benefits to the environ-
ment, public health, and the economy, but it has some drawbacks
that increase the difficulty of its management. The high variability
in its availability and uncertainty in its forecasting hinders the
matching of production to demand. Consequently, when there is
low renewable energy production in geographic areas with high
renewable energy penetration, it is necessary to employ energy
produced from fossil fuels to support the network. Fig. 1 illustrates
this situation in the case of Spainwhere, on average, more than one
third of the electricity is produced by renewable sources; however,
although there are periods in which the renewable penetration
reaches 70%, in others, it does not reach 20%. These periods with a
lack of renewable energy generation are compensated for by a
greater generation of energy from unclean sources, mainly from
coal power plants.

The storage of energy would enable the management of the
generated renewable energy, diminishing the effects of forecasting
errors by matching the output energy to the forecasted production.

Thus, the reliability of the renewable energy systemwould increase
and the storagewould enable participation in the electricity market
by committing to the sale of electricity for the following day.
Furthermore, the storage of energy during the high production
periods and its release during the low production periods would
help to increase the renewable energy penetration index. The
storage of energy refers to the process of converting energy from
one form, usually electrical energy, to a storable form in order to
convert the stored energy back into electrical energy when needed.
According to the multiple functions of the energy storage many
authors have reviewed in the specialized literature research results
from different perspectives: new materials, new technologies,
management, applications, etc. (see for example [3], [7] [14]). A
comprehensive critical review of several types of storage technol-
ogies and their deployment status is provided in Ref. [5]. In addition
to the state of the art of the available technologies, Luo et al. provide
an application potential analysis and where they would be suited
for integration into a power generation and distribution system,
[16].

This paper is focused on wind energy, and among the several
energy storage systems available (lead-acid and sodium-sulfur
batteries, compressed air energy storage, pumped hydroelectric
storage, electrolysis combined with fuel cells, etc.), hydrogen (H2)
is considered as the storage medium. See Refs. [6] and [29] for a
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review of energy storage technologies for wind power applications,
and see Refs. [4] [10], and [15] for different perspectives on the
integration of storage technologies. Water electrolysis technology
produces hydrogen which can be stored in high pressure con-
tainers. The stored hydrogen is used for electricity generation by
means of fuel cell, which can convert the hydrogen plus oxygen in
water plus energy (2H_2 þ O_2/ 2H_2 Oþ Energy). It is a flexible
way to store renewable energy on a large, long-term scale potential
from 1 kW to hundreds of MW, [22]. Hydrogen has the largest
energy content of any fuel, with a capacity to hold 120 MJ/kg, so
that small amount of hydrogen can store significant amounts of
energy. The stable chemistry of hydrogen also facilitates the storage
of energy longer than any other medium.

Nevertheless, the analysis presented in this paper could be
easily adapted to other storage systems and even to other renew-
able sources of energy. A hybrid wind-hydrogen energy system
comprises electricity-generating wind turbines, electrolyzers, and
hydrogen compressors to convert electricity into hydrogen (the
conversion process), an H2-tank with finite hydrogen storage ca-
pacity, and various energy-conversion technologies for the process
of turning hydrogen into electricity (the recovery process) [1].

Energy prices follow rules similar to those of the stock market.
They vary with demand and depend of the availability of the
different energy sources. They fluctuate throughout a given day (as
illustrated in Fig. 2) and vary for the same time on different days
and among different periods of the year (as reflected by the data in
Table 1, which summarizes information from the Spanish electricity
market in 2015). Our price model is taken from the Iberian Market,
which is one of Europe's more liquid ones. There is a detailed
description of the electricity market on the web page of OMIE
([30]), the company that manages the wholesale electricity market
on the Iberian Peninsula. Electricity prices in Europe are set every
day at 12 noon for the subsequent 24 h period. The purpose of this
daily market is to facilitate electricity transactions for the following
day through the presentation of electricity sale and purchase bids
by themarket participants. Furthermore, prices depend onwhether

the amount of electricity to be sold has been pre-committed the
previous day. In the case of a pre-commitment, the price is higher,
but if the agreed amount is ultimately not supplied, then a penalty
must be paid. When more than the agreed amount is supplied, the
surplus has a lower price. Thus, to obtain the full benefit of
participation in the electricity market, it is necessary to commit the
maximum possible amount of electricity for the day ahead and to
have no deviations in the quantity of electricity ultimately supplied.

The drawback of this system for determining electricity rates for
wind energy is that the exact amount of energy that will be pro-
duced in the future cannot be known in advance because of the
stochastic nature of the wind. Therefore, the commitments to
supply energy in the electricity market must be made based on
wind speed forecasts whose errors will negatively impact the
management of the energy system. Usually, the magnitude of the
forecasting error grows with increasing forecast lead time.

The prevailing paradigm in weather forecasting, in general, and
in the wind speed forecast, in particular, is to issue deterministic
forecasts based on numerical weather prediction models [28].
These models describe the dynamic and physical behaviors of the
atmosphere and are usually run under different initial conditions.
Each model, run under different initial conditions, generates a
trajectory that forecasts the future wind speed values. A probabi-
listic wind speed forecast (PWSF) at time t is a set of m predicted
wind speed trajectories for the near future [20]. Usually, meteoro-
logical forecasts have a forecast resolution of 1 h for look-ahead
times up to 48 h [24]. A comprehensive report on numerical
weather prediction has been issued by Argonne National Labora-
tory [21]. Ensemble forecasting methodologies enable to estimate
the probability distribution of future wind speed variables [9].

Nevertheless, as is recognized in Ref. [25], a number of decision
support systems using PWSF as an input need ensembles (in other
words, trajectories) instead of predictive densities. For example, in
Ref. [19], forecasted wind speed trajectories are simulated by add-
ing random samples drawn from ARMA series modeling possible
outcomes of forecasting errors to historical time series. These

Nomenclature

Cci unit price of committed energy at hour i
Cpi unit penalty cost of not supplying committed energy at

hour i
Csi unit price of surplus energy at hour i
CapRecovery maximum capacity of the recovery process

(H2 / kWh)
CapTank maximum storage capacity of the tank
Captransf maximum capacity of the transformation

process(kWh / H2)
d�i negative deviation of the supplied energy with regard

to the commitments at hour i
dþi positive deviation of the supplied energy with regard

to the commitments at hour i
d�ij negative deviation of the supplied energy with regard

to the commitments at hour i associated with the
predicted wind speed curve wj(t)

dþij positive deviation of the supplied energy with regard
to the commitments at hour i associated with the
predicted wind speed curve wj(t)

E½:� expected value of expression[.]
EfI efficiency rates of the transformation process
EfO efficiency rates of the recovery process

Gi kWh generated at hour i
Gij kWh generated at hour i associated with the predicted

wind speed curve wj(t)
PWSF probabilistic wind speed forecast
Qi stochastic part of the economical objective function

that includes the penalty and surplus cost
Ti kWh stored in the tank at hour i
Tij kWh stored in the tank at hour i associated with the

predicted curve wj(t)
wj(t) wind speed for time t from the j-th prediction curve
W(t) probabilistic wind speed forecast at time t
XI
i kWh transformed into H2 and stored in the tank at

time i
XI
ij kWh transformed into H2 and stored in the tank, at

time i, associated with wj(t)
XO
i kWh obtained transforming H2 from the tank, at time i,

into electricity (recovery process)
XO
ij kWh recovered from the tank, at time i, associated with

the predicted curve wj(t)
Yi kWh committed for selling at hour i
Zi kWh sold at hour i
Zij kWh sold at hour i associated with the predicted wind

speed curve wj(t)
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