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Abstract

This Thesis deals with the operation of closed-loop and daily-cycle pumped storage hydro-
power plants participating in the day-ahead energy market and in the frequency regulation
service of the Iberian and the Spanish electricity systems, respectively. The pumped storage
hydropower plants are equipped with variable-speed pump-turbine units or are operated in
hydraulic short-circuit mode in order to further increase their flexibility.

Once the most relevant articles from the technical literature have been reviewed, the
main gaps and challenges (detected and suggested to be carried out in the Thesis) can be
summarised as follows:

1. There is a lack of optimisation models for the short-term operation of pumped storage
hydropower plants equipped with variable-speed pump-turbine units, or operated in hy-
draulic short-circuit mode. Among others, their most promising advantage is that they
are also able to regulate power in pumping mode, having the possibility to participate
in the frequency regulation service also in the said mode as a controllable load.

2. Including the uncertainty of the real-time use of the assigned reserves is still a pending
task that could contribute to obtain a more realistic operation of pumped storage hy-
dropower plants in the frequency regulation service. Hence, the forecast, modelling and
analysis of the economic impact of forecasting errors of the mentioned real-time use of
reserves can be improved.

3. The hierarchical coordination between the long- and short-term to derive end-of-day
water storages in the joint day-ahead energy and reserve scheduling of pumped storage
hydropower plants is still pending to be further studied. The traditional operation
strategy of starting the following day empty may not be optimum to participate in the
frequency regulation service during the first hours of each day, when there is usually a
big amount of base power plants with little or inefficient regulation capabilities.

In this Thesis, several risk-averse optimisation models with look-ahead period are developed
for the proposed pumped storage hydropower plants: equipped with variable-speed pump-
turbine units or operated in hydraulic short-circuit mode. The models are based on mixed
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integer quadratic programming. The pumped storage hydropower plants are assumed to be
price-takers when they participate in the day-ahead energy market and price-makers when
they participate in the frequency regulation reserve market. Uncertainty is considered in all
the electric power system data of the problem, which are modelled and predicted according
to the results of the analyses carried out in the Thesis when the value of perfect information
is studied. The methodology based on a look-ahead period is used to derive the optimal
end-of-day storages as a result of each run of the models.

The presented models in the Thesis aims at maximising the conditional value at risk, the
net income from the day-ahead energy market (income due to the sold energy minus cost
due to the purchased energy), the income for the reserves put at disposal of the transmission
system operator, and the net income due to the activation of the committed reserves, whereas
the start-up costs in generating and pumping modes are minimised. The optimal solution
of the models is composed by the hourly schedules of the day-ahead energy market and for
the frequency regulation reserves, in addition to the hourly schedules of the activation of the
reserves. Among others, the operation of the plants is restricted to the technical limits of the
pump-turbine units, the rules of the Iberian and Spanish electricity markets, and the limits
of the storage capacity of the upper reservoir.

Furthermore, an estimation of the economic viability of pumped storage hydropower plants
equipped with fixed-speed or variable-speed units and/or having the possibility to operate in
hydraulic short-circuit mode is also carried out in the Thesis. The economic viability is
estimated using the minimum number of years that the investment costs are expected to
be recovered. The minimum number of years are estimated from the maximum theoretical
incomes, which are obtained using the models developed in the Thesis, and the investment
costs, which are estimated from available data in the technical literature.

The main results of this Thesis are resumed as follows:

1. The value of perfect information of the day-ahead energy market prices is significant
(up to 29% of the maximum theoretical income). However, the participation in the
frequency regulation service reduces notably the value of perfect information, comparing
to participate only in the day-ahead energy market (from 40% to 29% of the maximum
theoretical income). Furthermore, the value of perfect information of the electric power
system data from the frequency regulation service (13% of the maximum theoretical
income) is significantly lower than the one of the day-ahead energy market prices.

2. The economic viability of pumped storage hydropower plants is not discarded, as the
minimum number of years to recover the investment costs are in most cases lower than
their lifetime, whether the investment cost is lower than 2.5 M€/MW. Moreover, the
inclusion of the variable speed technology or the operation in hydraulic short-circuit
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mode significantly decrease the minimum number of years that the investment costs are
expected to be recovered.

3. The methodology based on a look-ahead period enlarges the maximum theoretical in-
come of the pumped storage hydropower plants if they only participate in the day-ahead
energy market and if they also participate in the frequency regulation reserve service,
in comparison to methodologies without a look-ahead period.
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Resumen

Esta Tesis se centra en estudiar la operación de centrales hidroeléctricas reversibles de bom-
beo puro y de ciclo diario participando en el mercado diario de energía eléctrica y en el servicio
de control de frecuencia del sistema eléctrico ibérico y español, respectivamente. Las centra-
les reversibles está equipadas con grupos de velocidad variable u operadas en corto-circuito
hidráulico, con la finalidad de incrementar más aún su flexibilidad.

Tras ser llevada a cabo la revisión de la literatura científica, los principales retos (detec-
tados y que son incluidos en los objetivos de la Tesis) se presentan a continuación:

1. No se ha encontrado ningún modelo de optimización para la operación de centrales
hidroeléctricas reversibles equipadas con grupos de velocidad variable u operadas en
corto-circuito hidráulico. Entre otras ventajas de éstas, cabe destacar su capacidad de
regular potencia también en modo bombeo, pudiendo participar en el servicio de control
de frecuencia también en dicho modo.

2. Incluir la incertidumbre del uso de reserva de regulación no se ha llevado a cabo en la
literatura científica. Dicha inclusión puede contribuir a obtener una operación de las
centrales reversibles más realista en cuanto a su participación en el servicio de control
de frecuencia. Por tanto, la predicción, modelado y análisis del valor de la información
perfecta del uso de reserva serán tratados en la presente Tesis.

3. La coordinación entre el largo y corto plazo para obtener los volúmenes óptimos del
vaso superior al inicio de cada día está pendiente de ser estudiado en detalle en el
nuevo contexto de la participación de centrales reversibles en el servicio de control de
frecuencia. La estrategia tradicional de operar las centrales reversibles comenzando cada
día con el vaso superior vacío puede no ser óptima si la central participa también en el
servicio de control de frecuencia.

En la Tesis se desarrollan diversos modelos de optimización con aversión al riesgo y utilizando
información a futuro (look-ahead), para la operación de las mencionadas centrales reversi-
bles equipadas con grupos de velocidad variable u operadas en corto-circuito hidráulico. Los
modelos desarrollados están basados en programación cuadrática entera mixta. Las centrales
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reversibles son consideradas como tomadoras de precios en el mercado diario y como fijadoras
de precios en el mercado de reserva. La incertidumbre está considerada en todas las variables
aleatorias del problema, las cuales son modeladas y predichas de acuerdo con los resultados
del valor de la información perfecta de la Tesis. La metodología propuesta utilizando infor-
mación a futuro (look-ahead) es usada para obtener los volúmenes óptimos al inicio de cada
día de explotación en cada ejecución de los modelos.

Los modelos propuestos en la Tesis tienen como objetivo maximizar el valor en riesgo
condicional, el beneficio obtenido en el mercado diario (ingresos por energía vendida menos
gastos por energía comprada), el ingreso obtenido en el mercado de reserva, y el beneficio
obtenido por uso de las reservas, mientras que se minimiza los costes de arranque de los
grupos en modo generación y consumo. La solución óptima de los modelos está formada por
los programas horarios en el mercado diario y en el de reserva, así como el programa horario
por el uso de las reservas. La operación de las centrales reversibles están sujetas a los límites
técnicos de los grupos, a las reglas de los mercados ibérico y español, y a los límites de
almacenamiento del vaso superior, entre otras.

Adicionalmente, se lleva a cabo en la Tesis la estimación de la viabilidad económica de
centrales reversibles equipadas con grupos de velocidad variable y/u operadas en corto-circuito
hidráulico. La viabilidad económica es estimada mediante el número mínimo de años necesarios
para recuperar la inversión. Dicho número mínimo de años es estimado a partir de los ingresos
máximos teóricos, los cuales son obtenidos a partir de los modelos desarrollados en la Tesis,
y los costes de inversión de las centrales, los cuales son estimados a partir de la literatura
científica.

Los principales resultados obtenidos en la Tesis se resumen a continuación:

1. El valor de la información perfecta de los precios del mercado diario es significativo (29%
de los ingresos máximos teóricos). Sin embargo, si la central reversible participa también
en el servicio de control de frecuencia, dicho valor se reduce de manera notable (del 40%
al 29% de los ingresos máximos teóricos). Adicionalmente, el valor de la información
perfecta de las variables aleatorias asociadas el servicio de control de frecuencia (13%
de los ingresos máximos teóricos) es significativamente menor que el de los precios del
mercado diario.

2. La viabilidad económica de centrales reversibles no está descartada si los costes de
inversión son inferiores a 2.5 M€/MW, ya que el número mínimo de años para recuperar
la inversión es mayor que su vida útil en la mayoría de los casos. Además, si las centrales
reversibles están equipadas con grupos de velocidad variable u operadas en corto-circuito
hidráulico, el número mínimo de años de recuperación de la inversión decrece de forma
significativa.
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3. La metodología propuesta basada en utilizar información a futuro (look-ahead) aumenta
los ingresos máximos teóricos de centrales reversibles tanto si únicamente participan
en el mercado diario como si además también participan en el servicio de control de
frecuencia, con respecto a los ingresos máximos teóricos obtenidos con metodologías
que no usan información a futuro.
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Chapter 1

Introduction

Chapter 1 is organised as follows. The role of the pumped-storage technology in the electric
power industry is presented in Section 1.1. The framework in which the pumped-storage
hydropower plants participate (the electricity markets) is presented in Section 1.2. The rest
of the Chapter includes the state of the art and motivation of the presented Thesis in Section
1.3, the main and secondary objectives of the Thesis in Section 1.4, the summary of the
publications included in the Thesis in Section 1.5 and, finally, the resume of the overall
methodology used in the Thesis in Section 1.6.

1.1 The role of pumped-storage in the electric power industry

Section 1.1 is divided into a brief description of the pumped-storage technology and its histor-
ical evolution in subsection 1.1.1, the role of the pumped-storage technology in the integration
of renewable energy sources is presented in subsection 1.1.2, a resume of the main last tech-
nical development of pumped-storage hydropower plants for the provision of power regulation
in pumping mode in subsection 1.1.3 and, finally, the role of pumped-storage technology from
the system perspective is presented in subsection 1.1.4.

1.1.1 Pumped-storage - Description of the technology and historical evol-
ution

The system of a pumped-storage hydropower plant (PSHP) is composed, in general, by an
upper and a lower reservoir, and a power station formed by one or several hydropower units,
Figure 1.1. The technology is based on: i) storing energy in the form of potential energy of
water by pumping water (and therefore consuming energy from the grid) from the lower to
the upper reservoir, and ii) transforming the stored energy into electricity injected into the
grid, by discharging water from the upper to the lower reservoir.
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In centralised power systems, PSHPs have been traditionally operated by the so-called
peak-shaving strategy [Deb, 2000]. The strategy is based on pumping water from the lower
to the upper reservoirs at off-peak hours, and discharging water from the upper to the lower
reservoir when the system demand is high. One of the main advantages of this strategy is
the net social gain due to the operation of the thermal power plants close to their maximum
efficiency, trying to achieve the same marginal cost in all the hours of the time horizon. The
peak-shaving strategy is also called load-smoothing strategy [Crampes & Moreaux, 2010].

In liberalised electricity markets, PSHPs have been traditionally operated by the so-called
price-arbitrage strategy [Graves et al., 1999]. The strategy is based on selling energy (dischar-
ging water from the upper to the lower reservoirs) when energy prices are high, and purchasing
energy (pumping water from the lower to the upper reservoirs) when energy prices are low.

Figure 1.1: Scheme of a pumped-storage hydropower plant [NHA, b]

According to [Pérez-Díaz et al., 2015], the PSHPs can be classified by:

1. Closed-loop PSHPs (also called pure PSHPs or off-stream PSHPs [Deane et al., 2010]):
the PSHP does not receive natural water inflows in the upper reservoir, and the lower
reservoir can be or not in a river water course. For instance, all closed-loop PSHPs
in Spain have the lower reservoir in a river water course so it does release and receive
water. The presented Thesis deals with this type of PSHPs, assuming that the lower
reservoir is not in a river water course.

2. Open-loop PSHPs: the PSHP does receive water inflows in the upper reservoir in the
form of natural water inflows or water inflows from upstream reservoirs.

Besides, the PSHPs can be also classified as a function of their energy storage capacity, as
follows:
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1. Daily-cycle PSHPs: the upper reservoir can be emptied or refilled in less than 12 hours
at maximum water release rate or maximum pumped water rate, respectively. The
traditional price-arbitrage strategy for these PSHPs consists in discharging water at
peak hours of each day and pumping water at off-peak hours of each day, in the day-
ahead energy market. The scheduling horizon is from one day to few days. The presented
Thesis deals with this type of PSHPs.

2. Weekly-cycle PSHPs: the upper reservoir can be emptied or refilled in between 12 hours
and few days at maximum water release rate or maximum pumped water rate, respect-
ively. The traditional price-arbitrage strategy for this PSHPs consists on discharging
water at peak hours of the day-ahead energy market of each labour day (Monday to Fri-
day), where the prices tend to be higher as the most expensive generators need to be
committed, and pumping water at off-peak hours of each labour day and at the week-
ends, where prices tend to be lower. The scheduling horizon is from one week to few
weeks.

3. Seasonal PSHPs: the PSHP can generate energy during months in which the day-ahead
energy market prices are high (for example, in Winter or in Summer in Spain) and pump
water during months in which the prices are low (for example, in Autumn or in Spring
in Spain).

Furthermore, and according to [Pérez-Díaz et al., 2014a], the configuration of the power sta-
tion of the PSHPs can be classified depending on the type of units with which they are
equipped:

1. Binary unit (one hydraulic machine and one electrical machine): it is composed by a
pump-turbine hydraulic unit and a motor-generator electrical machine. This type of unit
was firstly introduced in the 1930s, and has become the dominant design for PSHPs in
the world since then [Rehman et al., 2015]. The main reason for this is because they are
the cheapest one. The most common configuration of a binary unit comprises a single-
stage pump-turbine (i.e., with one impeller and volute to generate pressure) coupled
to a synchronous electrical machine, directly connected to the grid. The unit rotates
in one direction when injecting energy to the grid and in the opposite direction when
consuming energy from the grid. Single-stage pump-turbine units can be used for heads
between 10-700 m. There are many examples of PSHPs with binary units in the world.
In [Deane et al., 2010], most of the new Austrian, Portuguese, Spanish and Swiss PSHPs
that were expected to be in operation before 2016 are constructed with binary units.

2. Ternary unit (two hydraulic machines and one electrical machine): it is composed by
a turbine, a pump and a motor-generator electrical machine. The latter is typically a
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synchronous machine. Prior to the introduction of binary units (1930s), this was the
dominant type of unit that was used in the world. Nowadays, this type of unit is mainly
used when single-stage pump-turbines are not appropriate (for example, for too large
heads above 700 m), or when the PSHP is designed to operate in hydraulic short-circuit
mode (see [Mitteregger & Penninger, 2008]). An example of a PSHP with ternary units
is the Swiss PSHP of Veytaux, which belongs to the Swiss company Forces Motrices
Hongrin-Léman [Lippold et al., 2012].

3. Quaternary unit (two hydraulic machines and two electrical machines): it is composed
by a turbine, a pump, a motor and a generator electrical machines. The PSHPs usually
have two different power stations: one for the pump and the motor and the other for
the turbine and the generator. An example of a PSHP with quaternary units can be
found in the Spanish wind-hydro power plant of Gorona del viento [Merino et al., 2012],
at the Canary island of El Hierro and commissioned in 2014. The hydraulic circuit of
the PSHP of Gorona del viento consists of one upper reservoir and one lower reservoir,
connected to each other by two different penstocks, one for releasing water and the other
one for pumping water.

The first PSHPs were commissioned at the end of the 19th century and at the beginning of the
20th century, in the Alpine regions of Switzerland, Austria, and Italy [Rehman et al., 2015]
because those regions had (and still have) rich hydro resources, proper ground formations, and
an appropriate difference in elevation between the upper and the lower reservoirs for PSHPs.
Specifically, the earliest conceptual demonstration of a PSHP appeared in Zurich, Switzerland
in 1882, whereas the earliest commissioned PSHP appeared in Schlaffhausen, Switzerland in
1909, with an installed capacity of 1.5 MW [Chalisgaonkar & Mohan, 2015]. Several small
PSHPs were constructed in Europe in the following decades, mostly in Germany, until the
commission of the first large-scale PSHPs: the first plant over 20 MW was opened near
Dresden, Germany in 1928, and the first large-scale plant in the U.S. was the Rocky River
PSHP, constructed in 1929 on the Housatonic River in Connecticut [Teale, 1930], with an
installed capacity of 32 MW in generating mode and 11.9 MW in pumping mode. Although
the design of the Rocky River PSHP used separate pumps and turbines aligned with the
motors and generators, respectively (quaternary units), ternary units were the dominant type
of units up to the introduction of the first reversible pump-turbine units (binary units) in
the 1930s. This advancement meant a crucial milestone in the history of PSHPs because
they approximately saved 30% of the investment costs [Chalisgaonkar & Mohan, 2015] and,
currently, this is the most used scheme in the world [Pérez-Díaz et al., 2014a].

The development of PSHPs remained relatively slow until the 1960s, when State owned
utilities in many countries began to build them in order to help the operation of the power
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system given the inflexibility of the increasing number of nuclear power plants that were
installed. Many PSHPs were intended to complement nuclear power for providing peaking
power in order to allow nuclear generators to operate almost permanently close to their highest
efficiency [Crampes & Moreaux, 2010] and to balance the system demand. Accordingly, the
primary massive development of PSHPs occurred in the 1970s, and early 1980s in parallel with
the construction of a large number of nuclear power plants [NHA, a]. Figure 1.2 depicts the
worldwide evolution of the total installed capacity of nuclear power plants (yearly installed
capacity in red bars and cummulated installed capacity in red line) and the total installed
capacity of PSHPs (yearly installed capacity in blue bars and cummulated installed capacity
in blue line) from the 1960s. It clearly shows the high commission of nuclear power plants
and PSHPs in the 1970s and 1980s.

Figure 1.2: History of the development of installed nuclear power plants and PSHPs projects
in the world [NHA, a]

In the 1990s, the development of PSHPs significantly slowed down in many countries.
There were three main reasons for this. Firstly, the low prices of natural gas and the lower
capital costs of gas power plants permitted them to be more competitive than PSHPs in sup-
plying energy at peak periods [Rehman et al., 2015]. Secondly, environmental issues caused
both the cancellation of many PSHPs projects and significantly prolonged the permitting pro-
cess. For instance, in the U.S., the Federal Energy Regulatory Commission (FERC) issued 45
preliminary permits to study the feasibility of PSHP projects from 1986 to 2005. However,
only seven of them obtained the license [Yang & Jackson, 2011]. Thirdly, as it is well-known,
electricity regulators in many countries restructured the power sector in the 1990s, positioning,
in some of them, PSHPs as a non-power-generating facility because their net power output

18



is negative1 (the typical round-trip efficiency of PSHPs is between 70-80% [Teller, 2012]).
Therefore, it was unclear how or whether PSHPs could participate in the context of the lib-
eralised power sector. Continuing the case of the U.S. presented in [Yang & Jackson, 2011],
six of the seven PSHPs projects that obtained license from FERC were abandoned due to the
above-mentioned market uncertainties.

Finally, in the period between the 2000s and the present, the increase of the interest in
PSHPs from the industry and investors has become notable. For instance, there was an in-
stalled capacity of PSHPs of 36 GW in Europe by 2010 [Deane et al., 2010] and, according to
[Ardizzon et al., 2014], it is expected to increase with extra 7.6 GW in the current decade. One
of the main reason to this has been the high increase of the penetration of intermittent renew-
able energy sources (mainly wind and solar power). At the end of 2016, there were 154 GW of
pumped-storage installed capacity in the world [IHA (International Hydropower Association), 2017].
The worldwide distribution of pumped-storage installed capacity is shown in Figure 1.3, with
Japan as still the country with the highest pumped-storage installed capacity in the world.

Figure 1.3: Worldwide distribution of pumped-storage installed capacity (in GW) at the end
of 2016 [IHA (International Hydropower Association), 2017]

1Note that it did not happen in the Spanish electricity system as PSHPs were able to present offers of
selling energy (at hours in which they were operated in generating mode) and bids for purchasing energy (at
hours in which they were operated in pumping mode) since the liberalisation of the system in 1997.
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Figure 1.4: Worldwide distribution of pumped-storage capacity planned or under construction
at the end of 2015 [IHA, 2016]

In addition to this, and according to the most updated information, presented in [IHA, 2016],
the planned or under construction worldwide pumped-storage capacity was 59 GW at the end
of 2015. The worldwide distribution of pumped-storage capacity planned or under construc-
tion is shown in Figure 1.4, with China as the country with a tremendous planned increase
in absolute terms and Switzerland in relative terms.

The new role of the PSHPs in the integration of even more intermittent renewable energy
sources is further discussed in subsection 1.1.2 of this Thesis, with a likely promising future
thanks to the last technical developments described in subsection 1.1.3, i.e., the variable speed
technology and the operation in hydraulic short-circuit mode.

1.1.2 The integration of renewable energy sources

The installed capacity of wind and solar power has increased significantly in many coun-
tries during the last two decades thanks to, among others, different renewable energy support
policies at European level firstly in [European Comission, 2009] and recently in [European Council, 2014],
and worldwide [Ambrosio et al., 2017]. In [European Council, 2014], the European Council
adopted, at the meeting on the 23-24 October 2014, an European Union target of at least
27% of all final energy consumption covered by renewable energy sources in order to reduce
the greenhouse gases emissions and the energy dependency. This target is expected to be
reviewed by 2020, having in mind an increase up to 30%. The European Union target of
27% has been translated into 46-49% of the electricity production from renewable energy
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sources [European Wind Energy Association, 2015], expecting the European Commission an
installed capacity of wind energy of 305 GW in 2030, what means 176 GW more than at
the end of 2014 [European Wind Energy Association, 2015]. Furthermore, the installed ca-
pacity of wind and solar power is expected to increase even more due to the recognition in
the COP212 that the current global policies will not guarantee global warming under 2ºC in
2100, and due to the announcement in the mentioned COP21 to create a financial credit of
100 billion dollars for trying to reach 1.5ºC as a feasible target for maximum global warming
[Ambrosio et al., 2017].

There are important advantages related to the promotion of renewable energy sources.
Among others, their fuel costs are zero (although their variable costs are not zero since their
operational and management costs cannot be neglected). Therefore, each MWh that replaces
production from fossil thermal power plants saves fuel costs for the electric power system. In
addition, the reduced production of fossil-fuel-fired power plants lowers the overall emissions
in the system [Weigt, 2009].

Among all renewable energy sources, wind seems to be at present the most commercially
and economically competitive renewable energy source [Caralis et al., 2012] and the one with
the largest potential [Lu et al., 2009]. This is confirmed by studies such as [Ortega et al., 2013],
where the benefits and costs of the power generation from renewable energy sources in Spain
in the period 2002-2011 were assessed. Benefits are monetary quantified for the CO2 avoided
emissions and for the reduction of fossil-fuel imports whereas costs refer to the public support
of renewable energy sources through the feed-in-tariff system. The authors showed that the
benefits were higher than the costs for wind power and small hydro power, specially in the
former, whereas the costs were higher than the benefits for solar photovoltaic power plants
and solar thermoelectric power plants, specially in the former. Or it is also confirmed by
studies such as [Weigt, 2009], in which the authors found that the cost-saving potential for
electricity production of wind power is significant and exceeds the subsidies in the context of
the German electricity system.

Furthermore wind power has an impact, among others, in the day-ahead energy mar-
ket prices. For instance, [Sáenz de Miera et al., 2008] analyses the impact of increased wind
power in the day-ahead energy market prices of the Spanish electricity system. By apply-
ing a simulation analysis of the system dispatch, authors show a negative correlation between
wind power and energy prices. In the period 2005-2007, mean price reductions of 9–25%
were observed. In addition, wind power also has an impact in the requirement of ancillary
services of an electric power system. For example, [González et al., 2014] observed that the
amount of ancillary services and consequently, the economic volume negotiated in the cor-

2Note that COP stands for the Conference of the Parties, referring the “Parties” to the countries that have
signed up to the 1992 United Nations Framework Convention on Climate Change.
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responding markets of the Spanish electricity system, have increased during recent years due
to the increase of the penetration of intermittent renewable energy sources (from a monthly
contribution, in %, of the ancillary services into the final average cost of the electricity in
the Spanish market around 4.5% at the beginning of the 2000s to 7.5% at the beginning
of the 2010s), and are expected to increase because the Spanish government is intended to
reach the 40% of the total electricity generation to be supplied by renewable sources by 2020
[Ministerio de Industria Turismo y Comercio de España, 2010].

Wind power presents the highest variability among the commercially available renew-
able energy sources, and it is the most difficult to predict [Greaves et al., 2009]. There-
fore, the presence of high levels of wind power is challenging the operation of power systems
[Holttinen et al., 2011]. On the one hand, wind power inherent variability and uncertainty
require more advanced scheduling models, having a direct impact on the amount and type
of the required operation reserves [Ela et al., 2011]. On the other hand, both wind and solar
power generators cannot decide to defer their generation as they are subject to the instantan-
eous meteorological conditions. Thus, curtailments in the renewable energy sources can occur
in case of having an excess of supply (particularly during off-peak hours) when conventional
generators cannot reduce their output due to technical constraints.

In this context, increasing the electrical energy storage, both at a local and at a system
level, is considered as a natural way to mitigate this problem [Díaz-González et al., 2012].
Among all the energy storage technologies, pumped-storage is the one with the highest life-
time, among the ones with the highest number of charging-discharging cycles, storage durabil-
ity and round-trip efficiency, and without being among the ones with the highest total capital
costs [Zakeri & Syri, 2015]. Therefore, PSHPs can play an important role in the integration
of more intermittent renewable energy sources.

Three main advantages can make PSHPs play an important role in the integration of
intermittent renewable energy sources:

• The technology permits to store large amounts of energy, being possible to use an
existing water reservoir as lower reservoir and build a small upper reservoir with a low
capacity but sufficient for at least 1-3 days of cycle operation.

• The surplus energy in the system can be stored fast and with high efficiency (the typical
efficiency in pumping mode is 90%). Besides, the conversion of the stored energy into
electrical energy that is injected into the grid is also done quickly and efficiently (the
typical efficiency in generating mode is between 75-90%).

• The technology is considered as a mature and reliable technology. As it is above ex-
plained, the first PSHP was commissioned in 1909, therefore, the technology has been
applied for more than a century.
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Several papers can be found in the technical literature studying the contribution of PSHPs,
equipped with fixed-speed pump-turbine units, to the integration of renewable energy sources
(mainly wind power). In [de Boer et al., 2014] and [Tuohy & O’Malley, 2011], the contribu-
tion of PSHPs to reduce the curtailed wind energy in the Dutch and Irish power systems,
respectively, considering different levels of wind power penetration, is studied. Results show
that PSHPs reduce the amount of curtailed wind energy. In [Foley et al., 2015], the impact
of PSHPs in the generation capacity expansion plans of the Northern Ireland power system
is analysed considering different levels of installed wind power capacity and costs of fuel and
emissions. In [Pérez-Díaz & Jiménez, 2016], the impact of the installation of a new PSHP
for different levels of extra penetration of wind power in the Great Canary island in Spain
is studied. Results show that the presence of the PSHP mitigates wind curtailments in all
cases. Besides, as the installed capacity of the PSHP increases, its contribution in the integ-
ration of wind power in the system increases. The percentage of the available wind power
used for pumping is between 7-30%. In [Ummels et al., 2008], it is estimated the decrease in
curtailed wind energy thanks to PSHPs, by using heuristic algorithms and dynamic program-
ming. Results show that the solution formed by combined heat and power plants is found
to be more profitable for the integration of large-scale wind power in the Netherlands than
PSHPs. It is important to remark that the contribution of PSHPs, equipped with variable-
speed pump-turbine units, to the integration of renewable energy sources, is also studied in
[Caralis et al., 2012]. Results show that all the cases with variable-speed PSHPs store a higher
percentage of the wind energy surplus and have a higher degree of utilisation than the cases
with fixed-speed PSHPs.

The combination between an intermittent renewable energy source with a PSHP is con-
sidered as a solution to mitigate the above-mentioned inherent problems of the former (vari-
ability and difficulty to predict) by means of the following:

• The PSHP can produce the extra power needed for the renewable energy source if the
real-time production of the latter is lower than the one previously assigned in the day-
ahead energy market, avoiding deviation costs.

• The PSHP can consume the extra power produced by the renewable energy source if
the real-time production of the latter is higher than the one previously assigned in the
day-ahead energy market, avoiding unprofitable energy curtailments.

Several hybrid generation-storage systems comprising renewable generation (wind and/or solar
photovoltaic, PV) and PSHPs have been studied in the technical literature in order to reduce
the disadvantages of the intermittent renewable energy sources, and make the investment
in the latter more profitable and its penetration much higher [Rehman et al., 2015]. The
concept under the hybrid generation-storage systems is the following: the power produced
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by the renewable energy source (wind and/or solar photovoltaic) is injected to the grid, and
the extra energy during, typically, off peak hours is used to pump water from a lower to
an upper reservoir in the PSHP. The water from the upper reservoir is released through
the turbines to inject energy to the grid during peak hours, or to mitigate deviations of
the renewable energy source production. Examples of papers where a wind-PSHP system is
studied can be seen in [Kapsali et al., 2012], where a solar PV-PSHP system is studied can
be seen in [Ma et al., 2015], and where a solar PV-wind-PSHP system is studied can be seen
in [Ma et al., 2014]. Note that hybrid wind and/or solar PV, and PSHP systems have been
mainly studied in the context of isolated power systems.

It is important to remark that the PSHPs can play even a more important role in the
integration of even more intermittent renewable energy sources whether the last technical
developments (the variable speed technology and the operation in hydraulic short-circuit
mode), which are described in subsection 1.1.3, are further studied and investigated.

1.1.3 Last technical developments

Two recent technical developments in PSHPs are being given special attention by diverse
stakeholders in the electricity sector: i) the variable speed technology, which is further de-
scribed in subsection 1.1.3.1, and ii) the operation in hydraulic short-circuit mode, which is
further described in subsection 1.1.3.2. Although the Thesis author refers to them as “last
technical developments”, it must be said that the former is 30 years old whereas the latter is
at least 9 years old, as it will be mentioned below. Among others, the most promising charac-
teristic of these technical developments is that the PSHPs are also able to regulate power in
pumping mode, having the possibility to also participate in the frequency regulation service
in the said mode as a controllable load. This characteristic permits not only to integrate even
more intermittent renewable energy sources but also to enlarge the income that the PSHP
owner can obtain from the reserve markets. The latter is further studied in the presented
Thesis.

1.1.3.1 Variable speed technology

As far as the Thesis author knows, the Kansai Electric Power company and Hitachi com-
missioned in 1987 the first demonstration of a PSHP equipped with variable-speed units
with the Narude PSHP [Nagura et al., 2010], which had an installed capacity of 17.5 MW.
Three years later, in 1990, the 87.4-MW variable-speed unit 2 of the Yagisawa PSHP, owned
by the Tokyo Electric Power company and constructed by Toshiba, became operational
[Furuya et al., 1993]. In 1995, the two largest variable-speed units of the world (400 MW
each) was commissioned in the Ohkawachi PSHP, owned by the Kansai Electric Power com-
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pany [Kuwabara et al., 1996]. During the 1990s, the introduction of PSHPs equipped with
variable-speed units took place mainly in Japan, with at least four extra PSHPs, and in China
with the Panjiakou PSHP [Galasso, 1991]. An example of the four extra PSHPs equipped with
variable-speed units in Japan during the 1990s is the Okukiyotsu PSHP, with two 300-MW
units [Pérez-Díaz, 2008]. Furthermore, two PSHPs are interesting to be mentioned regard-
ing the earliest installations of variable-speed units in Europe: the German PSHP of Forbach
with a 20-MW unit, installed in 1991, and the Spanish PSHP of Compuerto, which was chosen
for a pilot project installing one of the two units with variable-speed in 1994 (with a rated
power of 10 MW) [Merino & Lopez, 1996]. In the 2000s, large variable-speed PSHPs were also
commissioned in Europe, being the German Goldisltahl PSHP the first one commissioned in
2002 [Grotenburg et al., 2001], with two of the four units equipped with variable speed (300
MW each). In this period, the interest in variable-speed PSHPs has increased considerably
in Europe, with 1060 MW of installed capacity, which is expected to further increase by 4410
MW in the period 2011-2020 [Sivakumar et al., 2014]. Manufacturers that have supplied hy-
draulic machines (pump-turbines), electrical machines (motors-generators), rotor excitation
and control systems for variable-speed PSHPs include Toshiba, Hitachi, Mitsubishi, Andritz,
Alstom, General Electric, ABB and Voith [Koritarov et al., 2014b].

Currently, there are two different types of pump-turbine units that can operate with vari-
able speed: 1) the unit is equipped with a synchronous machine and a converter between the
stator and the grid [Schlunegger & Thöni, 2013] or 2) the unit is equipped with a doubly-fed
induction machine and a converter between the rotor and the grid [Bocquel & Janning, 2005].
The converter rating in the former case is the same as the machine rating, introducing higher
costs and power losses. Therefore, this scheme is only used in a few cases with high demands
on the operating range [Are Suul, 2009]. The converter rating in the latter case is usually 20%
of the machine rating [Kunz, 2015], reducing the costs and power losses. Thus, the second
scheme is the most popular one in current power systems [Pérez-Díaz et al., 2015].

The main advantage of variable-speed pump-turbine units is that they are able to regulate
power in pumping mode. The variable speed allows the head-flow curve of the pump to be
shifted, thus allowing the flow-power relation to be adjusted within a certain range. Thanks
to this advantage, the variable speed PSHPs have the possibility to also participate in the
frequency regulation service in pumping mode. Other advantages are summarised as follows
[Are Suul, 2009], [Pérez et al., 2008] and [Henry et al., 2012]:

1. they have the possibility to improve the hydraulic efficiency in both, generating and
pumping mode because the speed corresponding to the maximum hydraulic efficiency
is different for the operation in each mode, and also changes with the net head.

2. they have the possibility to be operated in a wider head range by allowing the head-flow
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curve and cavitation-flow curve to move together towards higher or lower heads.

3. problems with water hammering in the turbine can be more easily controlled.

4. the response speed of active power control increases.

5. the range of reactive power control increases.

In order to squeeze as much as possible the above-mentioned potential benefits of PSHPs
equipped with variable-speed units, it is necessary to implement certain features in the
day-ahead energy and reserve scheduling models. This entails to adapt and modify the
input/output curves of the pump-turbine units as outlined in Figure 1.5. The solid lines
in generating mode (first quadrant) and the single dots in pumping mode (third quadrant)
correspond to a fixed-speed pump-turbine unit whereas the dotted lines in generating and
pumping modes correspond to a variable-speed pump-turbine unit.

Figure 1.5: Generation and consumption curves of a variable-speed and fixed-speed pump-
turbine unit for two given heads of the upper reservoir.

The input/output curves in generating and pumping modes, with both fixed speed and
variable speed, will strongly depend on the pump-turbine performance curves and the electrical
efficiency. Figure 1.5 corresponds to the most common case, in which: the water discharge
range in generating mode with variable speed is wider than the one with fixed speed, both at
the maximum efficiency head (Hu) and at a lower head (Hi); the power generation of a unit c
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in the time period t, gd
c,t at design flow (qd

c,k) is lower with variable speed since the increase of
the hydraulic efficiency is lower than the decrease of the electrical efficiency due to the losses
in the converters; and the power consumption gp

c,t at design flow (qp
c,k) is higher with variable

speed since the increase of the hydraulic efficiency is lower than the decrease of the electrical
efficiency due to the losses in the converters.

In order to participate in the frequency regulation service, the maximum upward reserve
of a unit c in the time period t, max gd,s,up

c,t , in generating mode is the difference between
the maximum minus the current generated power whereas the maximum downward reserve,
max gd,s,dw

c,t , in generating mode is the difference between the current minus the minimum
generated power, first quadrant of Figure 1.5. In pumping mode, the maximum upward
reserve of a unit c in the time period t, max gp,s,up

c,t , is the difference between the current
minus the minimum consumed power whereas the maximum downward reserve, max gp,s,dw

c,t ,
is the difference between the maximum minus the current consumed power.

TABLE 1.1: Regulation ranges, in percentage of the maximum generation/consumption
power, in each mode of operation for different types of PSHPs equipped with variable-speed
pump-turbine units

Regulation range
PSHP Generating mode Pumping mode

FS 100-49.8% No regulation
VS-FF 100-17.7% 100-58.7%
VS-BFF 100-53.9% 100-58.7%
VS-DF 100-49.2% 100-82.2%

Table 1.1 summarises the regulation ranges in generating and pumping modes for different
types of PSHPs equipped with variable-speed pump-turbine units in comparison to a PSHP
equipped with fixed-speed pump-turbine units. A FS PSHP stands for a PSHP whose units
are equipped with a Francis pump-turbine without frequency converter. A VS-FF PSHP
stands for a PSHP whose units are equipped with a Francis pump-turbine and a synchronous
machine connected to the grid through a frequency converter with the same power rating
as the synchronous machine. A VS-BFF PSHP stands for a PSHP in which the frequency
converter of the VS-FF is bypassed in generating mode by connecting the stator directly to the
grid through a suitable bypass switch. A VS-DF PSHP stands for a PSHP with an induction
machine whose rotor is connected to the grid through a frequency converter with a power
rating lower than the one of the induction machine in the VS-FF PSHP.
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1.1.3.2 Operation in hydraulic short-circuit mode

As far as the Thesis author knows, there are only four PSHPs in the world that can be operated
in hydraulic short-circuit mode: Kops II, Malta, Geesthacht and Luenersee. Kops II, owned
by Vorarlberger Illwerke (Austria), was commissioned in 2008 and it is the most documented
one [Mitteregger & Penninger, 2008], [Kop, ]. The power station scheme of a PSHP operating
in hydraulic short-circuit mode is presented in Figure 1.6, in which the PSHP is consuming
150 MW with the pump and is generating 50 MW with the turbine, consuming a net power
of 100 MW from the grid. The scheme presented in Figure 1.6 has a single ternary unit,
which is composed by a Pelton turbine, a fixed-speed pump and a motor/generator electric
machine, all connected vertically. Thanks to a clutch, both the turbine and the pump of the
ternary unit can be operated simultaneously. The main advantage of this is that the PSHP
is able to regulate power (and therefore, to participate in the frequency regulation service)
while it is consuming energy, with a power regulation range equals to that of the turbines
in operation. In other words, the PSHP operating in hydraulic short-circuit mode can be
considered as a controllable load, contributing to a much better integration of intermittent
renewable energy and to balance generation and demand in real time better than PSHPs
equipped with fixed-speed pump-turbine units.

Figure 1.6: Pumped-storage power plant operating in hydraulic short-circuit mode [Illwerke, ]

From the point of view of modelling, three operating modes must be taken into account:
generating, pumping and hydraulic short-circuit modes. The Input/Output curve of a single
ternary unit, for a certain water level in the upper reservoir is presented in Figure 1.7. In
generating mode (dashed line), water is discharged from the upper to the lower reservoir
through the Pelton turbine (while the pump is off) and energy is injected to the grid. When
the unit is operated in pumping mode (black dot), water is pumped from the lower to the
upper reservoir through the fixed-speed pump and energy is consumed from the grid. Finally,
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when the unit is operated in hydraulic short-circuit mode (solid line, obtained by means of
a simple translation of the generating mode curve in such a way that the origin is moved
to the point that corresponds to the pumping mode at fixed rate, i.e., the black dot), both
turbine and pump are on. A percentage of water that is taken from the lower reservoir is
pumped to the upper reservoir and the rest is passed through the turbine, which is in charge
of regulating the net output power if necessary. The maximum upward reserve of a unit c
in the time period t, max gsec,up

c,t and the maximum downward reserve, max gsec,dw
c,t in both,

generating and hydraulic short-circuit modes are shown in Figure 1.7 (it is not possible to
regulate in pumping mode since the pump operates with fixed speed). Frequency regulation
reserves that are requested in real time are supplied as following: upward and downward
regulation energy is delivered by increasing and decreasing, respectively, the water discharge
through the turbines.

Fig. 1.7: I/O curve of a ternary unit in hydraulic short-circuit. Dashed line for generating
mode, black dot for pumping mode and solid line for short-circuit mode

If the PSHP is composed by several ternary units, all pumps and turbines can be operated
simultaneously in hydraulic short-circuit mode, with a total regulation range equals to that of
all turbines in operation. Finally, although as far as the Thesis author knows there is no PSHP
operating in hydraulic short-circuit mode with binary units, theoretically, they could be also
operated in the said mode, as long as they comprise two or more units (at least one unit must
operate in pumping mode and another in generating mode). Nonetheless, the power regulation
range of PSHPs operating in hydraulic short-circuit mode with binary units is significantly
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lower than with ternary units, since each binary unit must be operated as a turbine or as a
pump but not simultaneously in both modes. Furthermore, the power regulation range of a
Francis pump-turbine is notably lower than that of a Pelton turbine. In the presented Thesis,
the operation and income of a PSHP with ternary units operating in hydraulic short circuit
mode are compared, among others, to those of a conventional PSHP with binary units and
with a PSHP operating in hydraulic short circuit mode with binary units.

TABLE 1.2: Regulation ranges, in percentage of the maximum generation power, in each
mode of operation for different types of PSHPs operated in hydraulic short-circuit mode

Regulation range
PSHP Generating mode Pumping mode Hydraulic SC mode

FS 100-49.8% No regulation Not applied
SC-B 100-49.8% No regulation 100-49.8%
SC-TF 100-24.4% No regulation 100-24.4%
SC-TP 100-14.5% No regulation 100-14.5%

Table 1.2 summarises the regulation ranges in generating, pumping and hydraulic short-
circuit modes for different types of PSHPs with the possibility to be operated in hydraulic
short-circuit mode in comparison to a PSHP equipped with fixed-speed pump-turbine units.
A FS PSHP stands for a PSHP whose units are equipped with Francis pump-turbines without
frequency converter. A SC-B PSHP stands for a PSHP similar to the FS PSHP but with the
possibility of being operated in hydraulic short-circuit mode. A SC-TF/SC-TP PSHP stands
for a PSHP equipped with ternary units with Francis/Pelton turbines, respectively, and being
operated in hydraulic short-circuit mode.

1.1.4 System perspective analysis

PSHPs are pretty versatile, and are able to provide many benefits to the power system
in which they are installed. A resume of the detected benefits are here presented based
on [Koritarov et al., 2014a], [Ibrahim et al., 2008] and [Koritarov et al., 2014b]. The resume
presents not only a qualitative but also a quantitative assessment of the benefits.

• Inertial response: in a power system, frequency must be maintained within a narrow
band around its nominal value (50 Hz in Europe). To achieve this, the amount of mech-
anical power produced by the generators must match the power being consumed by the
demand in real-time. Any imbalance causes an accelerating torque that i) increases the
speed of the rotating machines, and thus the frequency, if the total generated mechanical
power is greater than the demand, or ii) decreases the speed of the rotating machines,
and thus the frequency if the total mechanical power is less than the demand. As it was
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mentioned in subsection 1.1.2, the installed capacity of intermittent renewable energy
sources have increased significantly during the last two decades. As most of them are
connected to the grid through power electronic converters, they do not have rotating
inertia. Therefore, the higher the penetration of intermittent renewable energy sources,
the lower the total inertia of the power system, leading to higher frequency decay rates
due to power imbalance, and to lower minimum frequency reached in the dynamic re-
sponse [Iswadi et al., 2015]. A PSHP has the ability to supply inertial response to the
system because it is equipped with conventional rotating machines with inherent inertial
response due to the physics of the device.

• Frequency regulation: in Europe, it is common to refer to three sorts of frequency
regulation services, depending on the activation time after a disturbance. The three
frequency regulation services are: primary, secondary and tertiary regulation services.
Also called, respectively, frequency containment, restoration and replacement. Each one
is further described as follows:

◦ Primary regulation service: nomenclature with respect to the frequency-control
services in the American and European power systems significantly differs. In
the former, it has been detected the regulation reserves, the spinning reserves,
the non-spinning reserves and the replacement reserves whereas in the latter, it is
used the primary, secondary and tertiary regulation reserves. In this Thesis, the
European nomenclature is used because that is based on the Spanish power system.
The comparison between reserves in the U.S. and European power system follows
the one presented in [González et al., 2014]: the regulation reserves correspond
to primary and secondary regulation reserves, the spinning reserves to secondary
regulation reserves, the non-spinning reserves to tertiary regulation reserves, and,
finally, the replacement reserves to tertiary regulation reserves. The main goal
of the primary regulation service is to stabilise the frequency of the system at
a stationary value in the time-frame of seconds after an imbalance has occurred
[UCTE, 2009]. Note that this service is typically a requirement for all spinning
generators in many countries (for example, in Spain, in France or in the U.S.
systems). All PSHPs have the ability to supply primary regulation reserves in
generating mode as conventional thermal power plants whereas PSHPs equipped
with variable-speed units or PSHPs operated with the hydraulic short-circuit mode
also have the ability to supply primary regulation reserves in pumping mode.

◦ Secondary regulation service: the main goal of the secondary regulation service is to
minimise the deviations with respect to the generation schedule in the interconnec-
tions, to free the primary regulation reserves to be ready again for new imbalances,
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and also to bring the frequency of the system back to the nominal value (for in-
stance, 50 Hz in Europe or 60 Hz in U.S. Systems) in the time-frame of seconds up
to typically 15 minutes after an imbalance has occurred. The service is based on
the secondary regulation reserves that are under the automatic generation control
system (AGC) [UCTE, 2009]. The main core of the presented Thesis is based on
the participation of the PSHPs in the secondary regulation service of the Spanish
electricity system. As it is mentioned for the primary regulation service, all PSHPs
have the ability to supply secondary regulation reserves in generating mode as con-
ventional thermal power plants whereas PSHPs equipped with variable-speed units
or PSHPs operated with the hydraulic short-circuit mode also have the ability to
supply secondary regulation reserves in pumping mode [Henry et al., 2012]. The
impact of the latter in the optimal scheduling and in the economic viability of
PSHPs is deeply analysed in the Thesis.

◦ Tertiary regulation service: the main goal of the tertiary regulation service is to
replace the deployed secondary regulation reserves thus allowing them to be again
available for new imbalances after larger incidents. The service is based on the
tertiary regulation reserves usually activated manually by the transmission system
operators whether the real-time use of the secondary regulation reserves is observed
or expected to be maintained more than 15 minutes. Similarly to the primary and
secondary regulation services, PSHPs are pretty suitable for the provision of the
tertiary regulation service in all the PSHPs (with fixed-speed units, with variable-
speed units or operated in hydraulic short-circuit mode). Note that in pumping
mode, some PSHPs with fixed-speed units are able to provide tertiary regulation
reserves both as spinning and non-spinning reserves (quick-start units), and that
PSHPs with variable-speed units or operated in hydraulic short-circuit mode are
also able to provide tertiary regulation reserves both as spinning and non-spinning
reserves. An example of a scheduling model for a hydro system composed by hy-
dropower plants and PSHPs participating in the secondary and tertiary regulation
services is [Ortner & Graf, 2013].

• Peak Shaving (also called load smoothing in regulated power systems and price arbitrage
in liberalised power systems): although it is further described in subsection 1.1.1, here
it is briefly presented the impact of the energy arbitrage, carried out among others
by PSHPs, from the system perspective. The energy arbitrage is primarily driven by
economic reasons, however, it is beneficial from the system perspective in both regulated
power systems and in restructured power systems. In the former, energy arbitrage
reduces overall system production costs by smoothing the system demand (removing
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high-cost peaking units during hours of high demand and increasing the use of low-cost
base load units during hours of low demand). In the latter, energy arbitrage helps to
reduce high electricity prices during peak hours while taking advantage of low prices
during off-peak hours. This impact is expected to be even more helpful with higher
penetrations of intermittent renewable energy sources.

• Generating Capacity: a PSHP typically has an installed capacity of several hundred
MW. This has a positive impact on system reliability because it provides a significant
amount of flexible capacity to the power system, fast response to meet peak demand, or
reserves for outages of other power plants and large deviations of intermittent renewable
energy sources. As the start-up times of PSHPs are very short and they can be quickly
ramped up, being at full generation capacity in several minutes, PSHPs match and even
outperform the characteristics of thermal power plants typically used for meeting peak
demand. Furthermore, PSHPs have an extra advantage in comparison to the thermal
power plants typically used for meeting peak demand: the former can also be operated
in pumping mode.

• Emission Reductions: PSHPs may have a net positive or negative impact in the emission
reductions depending on the generation mix of the system in which they are operated. It
is clear that during peak hours, the participation of PSHPs reduces the total emissions of
the system because they are substituting thermal power plants that increase emissions.
Nevertheless, PSHPs may increase the total emissions of the system during off-peak
hours because they add extra demand to the system when they are pumping. This
increase depends on the generation mix at off-peak hours in the system in which the
PSHP is operated. For example, [Koritarov et al., 2014b] presents the net emissions
reductions due to the participation of new PSHPs equipped with fixed-speed units, for
the current situation of intermittent renewable energy sources (base case) and for a
higher wind power scenario in, among others, the American Western Interconnection
power system. It is interesting to remark that, in the base case, there is an increase of
the CO2, NOx and SO2 system emissions between 0.5-2% whereas, in the higher wind
power scenario, there is a decrease of the CO2, NOx and SO2 system emissions of 2%.

• Integration of Intermittent Renewable Energy Sources: the benefits of PSHPs in the
integration of intermittent renewable energy sources is further discussed in subsection
1.1.2. As it is mentioned, among others, there are two benefits that PSHPs can provide
to increase their integration: they can store the excess of wind and solar production when
it exceeds the system demand, and provide a large quantity of quick-response capacity
to compensate the variability and uncertainty of intermittent renewable energy sources.
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• Reduced Cycling of Thermal Generating Units: the flexibility of PSHPs, their fast
ramping characteristics, and the energy arbitrage operation create a flatter net sys-
tem demand for thermal power plants. It helps them to be operated in a steadier
mode, reducing costs due to the ramping and the number of start-ups and shut-downs.
For instance, [Pérez-Díaz & Jiménez, 2016] presents the interhourly variations of the
energy schedules of thermal power plants in the Great Canary island (Spain) with
and without a new PSHP, showing that the inclusion of a new PSHP increases the
capacity factor of the base-load thermal power plants and decreases the one of the
peaking thermal power plants, reducing system costs due to ramping. Furthermore,
[Pérez-Díaz & Jiménez, 2016] also presents the average number of start-ups of thermal
power plants with and without a new PSHP, showing that the inclusion of a new PSHP
is able to reduce the number of start-ups up to 91% for the gasoil thermal power plants,
up to 97% for the fuel thermal power plants and up to 87% for the diesel thermal power
plants, in comparison to the ones without PSHP.

• Reduced Transmission Congestion: [Koritarov et al., 2014b] shows empirical evidence
from simulations carried out in the research that PSHPs can help to mitigate trans-
mission congestion as the research found lower transmission congestion prices in cases
with PSHPs. For example, simulations in [Koritarov et al., 2014b] show, under the base
case in the American Western Interconnection power system, that the mean transmis-
sion congestion prices decrease from 4$/MWh whether there are no PSHPs operating
in the system to 2$/MWh whether both PSHPs with fixed-speed and variable-speed
pump-turbine units are operating in the system.

• Transmission Deferral: high frequency of congestions in transmission lines suggests a
need to strengthen the grid in certain parts by adding new transmission lines. However,
in many cases, as energy storage devices in general and PSHPs in particular, can be
used to inject or remove power from the grid, they can be operated to modify the power
flows, and, hence, to reduce transmission congestions. A strategically located PSHP
may defer the requirements for construction of new transmission lines. For further
reading regarding this issue, see [Denholm & Sioshansi, 2009] in which the compressed
air energy storage technology is evaluated in order to decrease transmission costs and
to increase the transmission utilisation.

• Voltage Control: the voltages of the electric power systems must be maintained typically
within ±5% around the nominal value in order to guarantee the quality and security
of the service. The voltage control is carried out by controlling the supply of reactive
power. However, while the frequency quickly becomes the same in an interconnected
electric power system, voltage control is a relatively local issue and, therefore, it is not

34



Nuclear
power
plant

Coal
power
plant

Oil power plant Gas power
plant PSHP

Normal duty cycle Base load Base load Midmerit load Peak load Peak load
Daily unit start-up No No Yes, hot Yes Yes
Load following No Yes Yes Yes Yes

Quick start (2 min) No No No No Yes
Frequency regulation No No Yes Yes Yes

Black start No No No Yes Yes
Table 1.3: Typical operating characteristics of different thermal power plant technologies and
for pumped-storage hydropower plants (based on [Deane et al., 2010])

possible to deliver reactive power over long distances. PSHPs, as they are composed
by generators, have the ability to supply reactive power and, therefore, contribute to
the voltage control service. Besides, variable-speed PSHPs, due to the converters, are
also capable to contribute to the voltage control service. In [Padrón et al., 2011], it
is studied, among others, the contribution of PSHPs to the voltage control. Results
show that the planned PSHPs in the case study of the Spanish Great Canary island
contributes to the stability of system voltages.

• Black-Start Capability: although extreme events to lead to a partial or total black-
out of an electric power system are unlikely to occur, system restoration paths are
recommended to be defined. This implies that generating units that have the ability
to start themselves (called black-start units), are identified to start the restoration if
required. As it is stated in [Koritarov et al., 2014b], PSHPs are able to efficiently provide
black-start capabilities as they employ generators. However, variable-speed PSHPs are
less candidates to provide black-start capabilities because the converters require an
external source of power, which is not available in a black-out. In [Quaia et al., 2005], it
is presented a research in which the system restoration paths in a black-out are suggested
to be carried out using PSHPs based on the Italian electric system.

The operational characteristics of PSHPs in comparison to conventional thermal power plants
are provided in Table 1.3, which is based on [Deane et al., 2010]. The comparison between
technologies as regards the above-mentioned operational characteristics points to both gas
turbine-peaker plants and PSHPs offering much more power system operation services than
nuclear, coal and oil-fired power plants.

1.2 The electricity market framework

Section 1.2 includes a brief description and a detailed description of a general electricity
market and of the Spanish electricity market, respectively, in subsection 1.2.1 and 1.2.2, a
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summary of the most important cost components of a pumped storage project, as well as
some approximate figures for the capital cost of a pumped storage project in subsection 1.2.3,
a brief description of the expected future market framework in the European market price
coupling in subsection 1.2.4, and finally, the required decision support models than an agent
should have in order to deal with the analysis of the economic viability and the short-term
operation of pumped storage hydropower plants in subsection 1.2.5.

1.2.1 General electricity market

Since the early 1990s, power systems all over the world have been introducing a certain degree
of liberalisation, being UK and Norway the pioneers [Al-Sunaidy & Green, 2006]. As a result
of the liberalisation process, many electricity market schemes have appeared. In spite of
the differences among the distinct designs and rules of the existing electricity markets, the
activities of purchasing and selling energy are typically organised in a short-term wholesale
energy market. This market is supervised by an independent agent usually referred to as the
market operator. The market operator is responsible for the market clearing process, using
the purchasing and selling bids submitted by the consumers and the generation companies,
respectively, to perform the mentioned process. As a result of the market clearing process,
the market operator determines, at each programming period of the time horizon, how much
energy will be delivered by every power generation company, power plant or group of power
plants as well as the energy prices to remunerate the producers.

Most of the energy at each programming period of the time horizon is traded on the
above-mentioned short-term wholesale energy market. Nevertheless, deviations in the assigned
purchasing and/or selling bids may take place between the gate closure of the wholesale
energy market and the energy delivery next day. For example, deviations can happen due to
unexpected unit unavailabilities or weather conditions. Different successive markets, usually
referred to as intraday market, take place every day once that the wholesale energy market
has been cleared. At the intraday market, producers and consumers can trade energy close
to real time to bring the system back in balance as much as possible.

Apart from the wholesale energy market (typically called the day-ahead energy market)
and the intraday market, there exist other markets that contribute to guaranteeing the quality,
reliability and security of supply. In this markets, energy and power reserves are negotiated
for the so-called ancillary services. Among all the ancillary services, the frequency control is
the one with the highest economic volume negotiated in the markets. The reader is referred
to subsection 1.1.4 for further reading of ancillary services.
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1.2.2 Spanish electricity market

The PSHPs are proposed to participate, in this Thesis, in the day-ahead energy market and
in the secondary regulation service of the Spanish electricity system. Therefore, they will
be further described in this subsection. It is important to remark that the electricity power
systems are constantly developing and adapting to the current contexts. For instance, in
Europe, the price coupling of regions, PCR, (market coupling for the day-ahead energy market
in the European power system) or the cross-border intraday market project, XBID, (for the
intraday market in the European power system). Both are briefly described in subsection
1.2.4.

1.2.2.1 Energy markets

There are two main energy markets in the Spanish electricity system: i) the day-ahead energy
market and ii) the intraday market. Although, the intraday market is not used in the presented
Thesis, the Thesis author considers interesting the inclusion of a brief description of it because
it is proposed as a future work that the PSHPs also participate in it.

Most of the energy of the Spanish electricity system is negotiated in the day-ahead energy
market. The power producers are obliged to submit offers for selling energy in the day-
ahead energy market. The day-ahead energy market occurs every day at 12 pm, having
a scheduling time horizon from 0:00 to 23:59 of the following day. The scheduling time
horizon is divided into hourly programming periods. There is an auction in each hourly period
with the offers of all producers and the bids of all consumers where the price is established
applying marginal cost pricing principles [Schweppe, 1988]. Therefore, all the producers are
remunerated with the price of the last assigned offer and all the consumers pay that price
for the consumed energy. The market rules of the day-ahead energy market are available in
[Ministerio de Industria Energía y Turismo, 2015]. The energy schedule obtained after having
cleared the day-ahead energy market is called the programa diario base de la casación (the
assigned base daily schedule). The energy that has been committed previously by bilateral
contracts is included to the assigned base daily schedule in order to form the so-called programa
diario base de funcionamiento (the functioning base daily schedule).

According to [Ministerio de Industria Energía y Turismo, 2015], the main goal of the in-
traday market is to attend any changes that have appeared in the supply and/or demand of
energy after having cleared the day-ahead energy market and before the delivery of energy
in real time. In the Spanish electricity system, the intraday market is organised/structured
in six daily sessions. Each session opens and closes at a different hour and has a different
scheduling time horizon. All scheduling time horizons are divided into hourly periods. See
Table 1.4 for further details of each session.
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TABLE 1.4: Sessions of the Spanish intraday markets
Session 1 Session 2 Session 3 Session 4 Session 5 Session 6

Opening
session

17:00 21:00 01:00 04:00 08:00 12:00

Gate
closure

18:45 21:45 01:45 04:45 08:45 12:45

Clearing
hour

19:30 22:30 02:30 05:30 09:30 13:30

Schedule
publication

20:45 23:45 03:45 06:45 10:45 14:45

Scheduling
time

horizon
27h (22-24) 24h (1-24) 20h (5-24) 17h (8-24) 13h (12-24) 9h (16-24)

As can be seen in Table 1.4, the energy schedule between hours 22-24 in each day,
i.e., those that start at 21:00 and finish at 23:59, can be changed up to seven times: in
the first and second sessions of the previous day, and the third to sixth sessions and the
first session of the current day. All the markets agents (producers and consumers) can
participate in each session of the intraday market if they have previously participated in
the corresponding session of the day-ahead energy market. As the day-ahead energy mar-
ket, the price of the intraday market is a marginal one: all the producers are remuner-
ated/consumers pay the price of the last assigned bid. The market rules of the intraday
market are available in [Ministerio de Industria Energía y Turismo, 2015]. The reader is re-
ferred to [Chaves-Ávila & Fernandes, 2015] for further reading about the Spanish intraday
market.

1.2.2.2 Ancillary services

There are many markets related to the ancillary services in the Spanish electricity system: i)
congestion management mechanism of the day-ahead energy market, ii) congestion manage-
ment mechanism of the intraday market, iii) congestion management mechanism in real-time,
iv) secondary regulation service, v) tertiary regulation service and vi) deviation management
mechanism. For the sake of clarity, here it is only presented the secondary and tertiary regu-
lation services because the former directly applies to the main core of the Thesis, and because,
in the latter, the participation of the PSHPs is also proposed as a future work and the second-
ary regulation energy prices depend on the tertiary regulation energy prices. The reader is
referred to [Delgadillo & Reneses, 2013] for further reading about the congestion management
mechanism market in the Spanish system.

The secondary regulation service comprises two concepts: the secondary regulation reserve
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capacity (power) and the real-time use of the committed reserves (energy). The former is
divided into the upward and downward secondary regulation reserve. They are the maximum
variation that is possible to change the power generation in the regulation zones of the Spanish
electricity system in less than 100 s after an imbalance has occurred. Besides, the power
variation must be kept the following 15 minutes after an imbalance. The upward/downward
secondary regulation reserves increase/decrease the power generation, respectively, in order
to carry out the frequency-control of the system and to restore the primary reserves of the
system in real time. The requirements of the system for the secondary regulation reserves
fulfil technical issues that are described in the Operational Procurement 7.2 for the secondary
regulation [Ministerio de Industria Energía y Turismo, 2009a].

The aim of the secondary regulation service is to remove the deviations that appear with
respect to the committed international exchange energy schedules, and to maintain the fre-
quency of the system as close as possible to the reference value (in Europe, 50 Hz).

The secondary regulation service is provided by the so-called regulation zones, following
the targets imposed by the master regulator of the Spanish transmission system operator,
called sistema de Regulación Compartida Peninsular (peninsular shared regulation system).
The regulation zones are formed by power generators3, that have been assessed by the Spanish
transmission system operator for providing the secondary regulation service, and that are
able to respond to the control signals sent by the automatic generation control system in the
regulation zone in which they are, responding to the targets imposed by the peninsular shared
regulation system.

Everyday, before 4 pm, the Spanish transmission system operator publishes the upward
and downward secondary regulation reserve requirements of the system, for each hour of the
following day. The market agents that own the power generators of each regulation zone can
present bids, until 5:30 pm, composed by the upward and downward secondary regulation
reserves, in MW, and the same price for the upward and downward reserves, in €/MW, for
each hour of the following day. The secondary regulation reserve market is cleared between
5:30-5:45 pm, with the criterion of minimising the required cost to provide this service.

The rules of the secondary regulation reserve market are published in the Operating pro-
cedure 7.2 [Ministerio de Industria Energía y Turismo, 2009a] and further reading can be seen
in [Fernandes et al., 2016]. The secondary regulation reserve market is based on a marginal
price. Therefore, the market price results from the assigned secondary regulation reserve bid
with the higher price.

As above-mentioned, the provision of the secondary regulation service is remunerated,
3The current rules of the Spanish electricity system do not consider the participation of pumped-storage

hydropower plants in the provision of the secondary regulation service in pumping mode (when the plant is
consuming energy).
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on the one hand, according to the power availability committed in the secondary regulation
reserve market and, on the other hand, for the real-time use of the secondary regulation
reserves. The real-time use of the secondary regulation reserves depends on the response to
the control signals sent by the automatic generation control in each regulation zone. The
net secondary regulation energy is valued according to the prices of the tertiary regulation
energy4.

The tertiary regulation reserve is the maximum power variation that a power producer
or a pumped-storage hydropower plant (in generating or in consuming modes) are able to
carry out in less than 15 minutes. There can be upward and downward maximum power
variation (upward and downward tertiary regulation reserves, respectively). Besides, the
power variation must be kept in, at least, two consecutive hours.

The aim of the tertiary regulation service is to restore the secondary regulation reserves
that have been used, by means of adapting the energy schedules of the power producers
or the pumped-storage hydropower plant (in generating or in consuming modes) that have
been previously assessed by the Spanish transmission system operator for the provision of the
service.

Everyday, before 9 pm, the Spanish transmission system operator publishes the upward
and downward tertiary regulation reserve requirements of the system, for each hour of the
following day. The market agents that own the generators that are able to provide the tertiary
regulation service according to the Spanish transmission system operator requirements, must
present, before 11 pm, a bid for their whole tertiary regulation reserves (both, upward and
downward tertiary reserves), for each hour of the following day. The tertiary regulation reserve
market is cleared in real-time, and it is carried out taking into account economic criteria (cost
minimisation for providing the requirements), being a marginalist market.

The rules of the tertiary regulation reserve market are published in the Operating proced-
ure 7.3 [Ministerio de Industria Energía y Turismo, 2009b] and further reading can be seen
in [Fernandes et al., 2016]. It is important to note that there is a price for the upward ter-
tiary regulation reserve different than the price for the downward tertiary regulation reserve,
unlike in the secondary regulation reserve market. Therefore, the market prices result from
the assigned upward and downward tertiary regulation reserve bids with the higher price, re-
spectively. In the Spanish electricity system, only the use of the tertiary regulation reserves
(energy) is remunerated. The upward tertiary regulation reserves represent an income to the
power generator whereas the downward tertiary regulation reserves represent a cost.

4If the net secondary regulation energy is negative (downward energy), the power generator must purchase
energy according to the price of the downward tertiary regulation energy.
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1.2.3 The agent perspective/Capital intensive

The pumped-storage technology is pretty capital intensive. For instance, an investment cost
per MW of installed capacity of 0.5 M€/MW is shown in [Ummels et al., 2008] for a typ-
ical combined-cycle gas turbine (CCGT), which is also used at peak hours, whereas the
studied PSHP in [Ummels et al., 2008] has an investment cost of 1.06 M€/MW. In order
to build a completely new PSHP, at least the following costs must be taken into account
[Krajačić et al., 2013]:

• Turbines and generators.

• Pumps and motors.

• Upper and lower reservoirs.

• Penstock.

• Grid connection.

• Control system.

• Other costs: transportation equipment, personal and others.

However, investment costs of PSHPs are strongly site-dependent. In each project, the in-
vestment cost depends, among others, on whether or not the PSHP uses existing reservoirs,
whether the project is new or upgraded by enlarging the existing reservoirs or increasing the
installed capacity [Deane et al., 2010]. In the technical literature, to the best of the Thesis
author’s knowledge, there are no papers where the investment costs of PSHPs equipped with
fixed-speed ternary units or with variable-speed binary units are analysed. Several papers
can be found regarding investment costs of PSHPs equipped with fixed-speed binary units.
As examples, [Connolly et al., 2011] proposes a range between 0.47-2.17 M€/MW from pro-
jects in countries such as Spain, Portugal or Switzerland, among others. [Steffen, 2012] pro-
poses a range between 0.775-1.28 M€/MW from projects in Germany and Luxembourg. Or
[Barbour et al., 2016], which proposes a range between 2-4.3 M$/MW. Note that the latter
is expressed in $.

According to [Botterud et al., 2014], hydro industry experts estimate an increase between
30-40% of the investment costs when the PSHP is equipped with ternary units and between
7-15% when the plant is equipped with variable speed units, with respect to PSHPs equipped
with fixed-speed binary units.

Besides, to the best of the Thesis author’s knowledge, there is an absolute lack of in-
formation about the extra cost that would imply to allow the PSHP to operate in hydraulic
short-circuit mode. This extra investment cost is due to both 1) the reinforcement of the
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pipes in the short-circuit link and 2) the more complex design of the said pipe section in order
to, respectively, resist pressure oscillations of a higher amplitude [Pérez-Díaz et al., 2014b]
and to reduce the hydraulic losses. In this Thesis, it is assumed an extra investment cost re-
lated to permit a PSHP to operate in the hydraulic short-circuit mode of 3%, according to
confidential conversations with hydro industry experts during the Thesis.

1.2.4 Looking to the future

The electricity power systems are constantly developing and adapting to the current contexts.
For instance, in Europe, the price coupling of regions, PCR, (market coupling for the day-
ahead energy market in the European power system) or the cross-border intraday market
project, XBID, (for the intraday market in the European power system).

Since 18th October 2010, EEX and EPEX SPOT5 calculate and publish the called European
Electricity Index (ELIX), for each delivery day at EPEX SPOT. The index is calculated on
the basis of the actual aggregated supply and demand curves of the day-ahead energy mar-
kets of France, Germany, Austria and Switzerland, which represent 36% of the European
electricity consumption. ELIX is an essential benchmark price for truly integrated and single
European market, as it is the market price that would result in a physically unconstrained
market environment. Therefore, ELIX can be seen as a display of how close the final elec-
tricity prices are to a market price in a fully integrated European market. It also shows the
remaining additional benefit that could be achieved through further market integration. As
an example, the mean hourly price of the Spanish day-ahead energy price was 50.4 €/MWh
in 2015 whereas the ELIX was 32 €/MWh.

The price coupling of regions for the European power system implies two-step optimisation
process. On the first step market players present offers to sell and bids to purchase electricity
to the market operator, and the optimal state of the national power system is determined. The
market operator then uses the available cross-border transmission capacity to minimise the
price difference between market areas. Consequently, market participants do not explicitly
allocate cross-border capacities: it is the matter of export and import flows optimisation
taking into account the existing boundaries.

Regarding the XBID project, it is a joint initiative from EPEX SPOT, GME (Italy),
Nord Pool (Scandinavian countries) and OMIE (Spain), together with the transmission sys-
tem operators of eleven countries. The XBID project aims at the integration of the European
intraday markets. An integrated intraday market is expected to enhance effective competition
and pricing, increase liquidity and enable a more efficient utilisation of the European gener-

5EPEX SPOT is the exchange of power for the day-ahead energy markets of the heart of Europe, covering
Germany, France, United Kingdom, the Netherlands, Belgium, Austria, Switzerland and Luxembourg. EPEX
SPOT represents 50% of European electricity consumption.
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ation resources. The integrated intraday market will also enable continuous trading across
Europe. This means that offers and bids from the market participants in one country are able
to be met by offers and bids in any other country continuously, as long as there is enough
available transmission capacity. One of the motivations of the XBID project is to reduce the
need and costs of frequency regulation reserves due to the the increasing amount of intermit-
tent renewable energy sources, which makes the generation and demand balance more and
more challenging for market participants after the closing of the day-ahead energy markets.
The XBID project is expected to be functioning by the first quarter of 2018.

Finally, the European day-ahead and intraday energy markets are not only developing and
adapting to the current contexts but also the balancing services. Currently, it is being evalu-
ating a draft from the European Commission for establishing a guideline on the procurement
and the settlement of frequency containment reserves, frequency restoration reserves and re-
placement reserves, and a common methodology for the activation of frequency restoration
reserves and replacement reserves. The main goal of the European Commission is to integrate
balancing markets to enhance effective competition, transparency, short-term efficiency in the
balancing service and in the European and national balancing markets, as well as long-term
efficiency in the operation and development of the European transmission network.

1.2.5 Required decision support models

Investors and power producers of PSHPs have to take many difficult decisions. The former has
to analyse, in advance, the expected revenues of the plants subject to a variety of uncertainty
sources. The latter will try to maximise the income in the short-term by the participation in
the markets. In both situations, decision support models based on optimisation techniques
are able to significantly help in the decision processes.

1.2.5.1 Assessing the investment

As above-mentioned, the investment in the pumped-storage technology is pretty capital in-
tensive and strongly site-dependent. Therefore, estimating the expected return is a difficult,
risky and challenging task. In a liberalised power system, new investors will enter into the
market only if the expected income obtained from the operation of the PSHP is higher than
the expected total costs. During the preliminary phases of the investment, the former is usu-
ally approximated by means of obtaining the so-called maximum theoretical income based on a
proper research design and using decision support models. The decision support models must
take into account in which markets the PSHP is going to participate, who are the competitors
and how they usually behaves in the markets, what is the impact of the technical constraints
in the operation of the PSHP,... The maximum theoretical income can be seen as an effi-
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cient information (powerful, and cheap and fast to compute) for analysing the investment
because if the expected capital costs are higher than this threshold, the investment is able
to be abandoned at preliminary phases, avoiding unnecessary extra costs. Whether the max-
imum theoretical incomes are higher than the expected capital costs, further research must be
carried out. Decisions of a power producer in electricity markets are full of uncertainty, which
affects prices, demand, production of intermittent renewable energy sources, strategic beha-
viour of competitors,... Analysing the reduction of the maximum theoretical income due to
the consideration of imperfect information of the electric power system data is also required
for investors and can be carried out using decision support models and forecasting models.

The decision support models for assessing the investment in a PSHP are pretty versatile,
permitting the decision maker to:

• calculate the optimal storage capacity of the upper and lower reservoirs, and the optimal
installed power capacity of the PSHP, with the objective of maximising the expected
return of the investment.

• choose the type of units that the PSHP should be equipped with: binary, ternary or
quaternary units, depending on the electric power system and the markets in which the
PSHP is proposed to participate in.

• study if the variable speed technology or the operation in hydraulic short-circuit mode
is more profitable than fixed speed pump-turbine units, analysing the extra expected
income that they are able to introduce and the extra capital costs that they require.

1.2.5.2 Operation models

Once that the investment has been carried out and before commissioning the PSHP, the owner
should deal with the issues of how the plant will be operated. This is important in the way
that the operation will affect the return of the investment from the previous subsection. In
the context of daily-cycle PSHPs, they are operated in the short-term, with a time horizon
of the problem between one day and few days. However, the power producer has to take
complex decisions to operate the plant in an optimised way. The decisions can be supported
by mathematical models, which are able to obtain the global optimal solution from complex
problems that reproduce the real technical constraints and the rules of the markets in which
the PSHP is proposed to participate in. The decision support models must be developed
taking into account the trade-off between the maximum detail level of the mathematical
formulation and the CPU computational burden that makes it possible to run the model on
a daily basis.

In a daily based operation of PSHPs, the decision support models must help the power
producer in, at least, the following problems:
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• To present bids to the several markets in which the PSHP is proposed to participate
in. This entails, among other issues, knowing the market structures and rules, and
predicting the random variables that are involved in the electric power system data.

• To operate the plant accordingly to the bids assigned in the markets. This entails,
among others issues, knowing the technical aspects of the units and if they are equipped
with variable-speed units or with the operation in hydraulic short-circuit mode, with
binary or ternary units.

1.3 State of the art and motivation

Section 1.3 presents the current state of the art of the Thesis and detects the main research
gaps from the literature to be covered in the Thesis. It is divided into subsection 1.3.1, in
which the main topics related to the Thesis are briefly described. Afterwards, the state of the
art of scheduling models with a direct impact to the Thesis is presented in detail in subsection
1.3.2 whereas the one of the economic viability analyses of PSHPs is presented in detail in
subsection 1.3.3. Finally, the main research gaps from the literature to be covered in the
Thesis are detected and presented in subsection 1.3.4.

1.3.1 Dimensions to be considered

In the presented Thesis, the following aspects are proposed to be analysed and discussed to
properly tackle the development of optimal scheduling models to operate PSHPs and advanced
PSHPs, and to analyse the economic viability of them:

• Market framework: the operation of PSHPs only in the day-ahead energy market might
not provide the required return to make profitable the investment in this technology.
Therefore, it has been proposed in the technical literature from almost two decades ago,
that PSHPs also participate in other markets and services. Due to this, the scheduling
tools of PSHPs are being subject to improvements in order to co-optimise the operation
from a multi-market perspective, in which the decision maker has to deal with the
trade-off between which quantity of the scarce resource is used in one market and which
quantity in others.

• Treatment of uncertainty: all generators that participate in liberalised electric power
systems must deal with one or more sources of uncertainty when the decisions have to be
taken to operate their assets. Besides, in the context of the participation in more than
one market, the uncertainty sources significantly increase, becoming the problem even
more difficult. The uncertainty sources are suggested to be detected and, if possible,
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analysed in order to determine whether the impact of the forecasting errors is significant
or not.

• Risk aversion: due to the intrinsic nature of the problem, a decision maker has to deal
with risk when he/she participates in market-based power systems. Hence, the trade-
off between higher expected income but with a higher risk or lower expected income
but with a higher probability should be taken into account in the scheduling of PSHPs.
In the literature, several approaches to deal with the risk-aversion of a decision maker
have been presented, and will be discussed.

• Forecasting tools: the treatment of the uncertainty does not only depend on how it is
model in the scheduling tools but also how the expected values of the future data are
obtained and how accurate they are. It can be expected that the lower the error of the
forecasting data, the higher the expected income obtained in the operation of PSHPs.
Therefore, the forecasting tools play a crucial role as a mean to optimise the operation
of the PSHPs in liberalised electric power systems.

• Technologies to regulate in pumping mode: in order to integrate more intermittent
renewable energy sources and to enlarge the income from the markets, it has been
developing in the recent years and decades advanced PSHPs, which are able to regulate
power also in pumping mode. Two technologies are starting to be further studied in the
technical literature in order to increase even more the flexibility of PSHPs: the variable
speed technology and the operation in hydraulic short-circuit mode. The scarcity of
technical papers published in the literature regarding optimal scheduling models will be
presented and further discussed.

• Strategic behaviour: a power producer has a market quota depending on the size of the
generators that are operated in liberalised electric power systems. Therefore, decisions
and scheduling models depend on whether the market quota is significant or not. In the
former, a price-maker approach is highly recommended whereas in the latter, a price-
taker approach can be enough. The price-maker approach assumes that the bids offered
in the market have a notable impact in the clearing price. Therefore, the behaviour
of the competitors must be predicted. A price-taker approach only requires to predict
the corresponding market prices whereas a price-maker approach needs to evaluate the
impact that the offers of the agent have in the marginal price of the market.

• Hierarchical coordination: both in large and in small upper reservoirs of PSHPs, the
future information of the electric power system data has an impact in the current oper-
ation of the plants. Therefore, proper future signals are recommended to be calculated
in order to enlarge the income of PSHPs, becoming the investment more profitable. In
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particular, the traditional operation of small upper reservoirs of PSHPs has been based
on fulfil the daily-cycle, i.e., starting and finishing each day at the same water storage.
Due to the multi-market operation, the future information of the electric power system
data increases and, therefore, the future signals are able to change with respect to the
one used in the traditional operation of small upper reservoir PSHPs.

1.3.2 Optimal scheduling models

A summary of the main characteristics of the revised articles from the technical literature
is presented in Table 1.5. Regarding the market framework, MM and CMin stand for the
operation of the PSHPs in several markets (multi-market) and for the cost minimisation for
meeting the system demand, respectively. In case the uncertainty is considered, DM, SM,
ER and RTUR stand for considering the uncertainty in the day-ahead energy and secondary
regulation reserve markets, the secondary regulation energy prices and the percentages of the
real-time use of the committed reserves, respectively, whereas Dem and RES stand for the
system demand and the power generation of renewable energy sources. Bmin, VaR, CVaR
stand for the minimum profit, the value at risk and the conditional value at risk approaches
to model the risk aversion, respectively. Regarding the possibility of providing reserves in
pumping mode, VS and SC stand for variable speed and hydraulic short-circuit operation,
respectively. PT and PM stand for price-taker and price-maker approaches, respectively, of
the strategic behaviour of the market agent.

As it has been described previously, the operation of PSHPs in liberalised electricity
systems is changing from the traditional price-arbitrage strategy in which the PSHPs only
participate in the day-ahead energy market to novel strategies to include other markets.
According to the literature and to the best of the Thesis author’s knowledge, [Deb, 2000]
is the first paper where the importance of the share of profits that a PSHP could obtain
in the ancillary service markets is emphasised. In that paper, two bidding strategies are
compared in terms of the expected revenues; the former consists in bidding only for energy
by using the well-known peak shaving method, whereas the latter consists in bidding for both
energy and ancillary services, by using a heuristic algorithm similar to the previous one, which
compares the income the PSHP can obtain in the energy and ancillary services markets with
the expected income the PSHP will obtain with the stored water, given by the so-called water
value. The results obtained in that paper showed that a PSHP might almost double its daily
income by simultaneously bidding in energy and ancillary services markets, with respect to
the income obtained by bidding only in the energy market.

Some years later, [Lu et al., 2004] used a marginal approach to optimally schedule the en-
ergy and reserves (both spinning and non-spinning) of a closed-loop PSHP, and obtained an
analytical condition that should be fulfilled in order for the schedule to be profitable. The ana-
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lytical condition depends on the energy and reserve prices, as well as on the efficiency of the
generation-pumping cycle. Authors applied the strategy in two periods of four weeks in the
New York Independence System Operator (NYISO) market, and observed that within a sea-
son, the energy schedules (generation and consumption) do not change significantly: the PSHP
generates more on weekdays and pumps on the weekends; both generating and pumping hours
in summer are almost twice than those in winter. In [Kanakasabapathy & Shanti Swarup, 2010],
the above-mentioned analytical condition was revised in order to consider the unit’s start-up
and shut-down costs and the head dependency of the unit’s power limits and efficiency. The
revised strategy was applied to schedule the energy and reserves of a single-unit closed-loop
PSHP in a 1 week period, considering both daily and weekly operating modes, in the NYISO
market. Results show that the weekly operating mode may yield a higher profit, as well as a
more efficient use of the energy stored capacity. Furthermore, the expected weekly profit of
the revised strategy was compared with those proposed in [Deb, 2000] and [Lu et al., 2004], as
well as with a traditional operation strategy (as referred to by the authors), based on filling
the upper reservoir during off-peak hours, and emptying it during peak hours; the revised
strategy yielded 4%, 6% and 24% higher profits.

In [Li & Shahidehpour, 2005], a comparison between mixed integer linear programming
(MILP) and Lagrangian Relaxation (LR) abilities to solve a deterministic unit commitment
problem of a power generation company is presented. The company is assumed to own a
set of thermal, combined cycle, cascaded-hydro and PSHPs. Market prices for energy and
reserves (both spinning and non-spinning) are considered deterministic. Authors assume that
spinning and non-spinning reserves scheduled are always used. In the MILP formulation, each
operation mode of the units of the PSHPs (generating, idle and pumping) is modelled as a
pseudo-unit, as referred to by the authors. Transition costs between different operation modes
as well as minimum on/off times for each mode are considered in the paper. Upper bounds for
the total energy and ancillary services supplied by the company are considered in the paper.
In order to cope with such a complicating constraint, authors propose a three-step sequential
solution procedure, both for the MILP and LR formulations. At each step the problem
is solved considering a different subset of power generation units (cascade-hydro, pumped-
storage, and thermal and combined cycle). The above-mentioned upper bound is updated at
the beginning of each step by subtracting the energy and ancillary services obtained in the
previous step. Three different cases depending on the considered type of units are studied in
the paper: cascaded-hydro, PSHPs, and thermal and combined cycle. The expected profit
obtained with the MILP based model is higher than the one obtained with the LR based one
in the three cases. The operation schedules of the cascaded-hydro and pumped-storage units
obtained with the MILP based turned out to be more responsive to market prices and made
better use of limited water resources. The results of the third case show that even though
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it takes longer for the MILP based model to find an initial feasible solution, this solution is
much closer to the optimal one than that of the LR based model. The results of the fourth
case show that the computation times of both the MILP and LR based models increase almost
linearly with the number of scheduling periods up to certain value beyond which that of the
MILP based model increases abruptly whereas that of the LR based one still follows a linear
trend.

In [Kazempour et al., 2009], a risk-constrained dynamic self-scheduling model for the op-
eration of a weekly-cycle and price-taker PSHP participating in the day-ahead energy, the
spinning reserve and the regulation markets of the Spanish electricity system is presented.
The risk aversion of the decision maker is modelled by means of calculating the variances of
each market price and minimising them in the objective function. The dynamic self-scheduling
refers to that the problem is updated at the beginning of each day (within the time horizon
of the problem that is one week) considering the used spinning reserves and the occurred reg-
ulation states in the previous day. The uncertainty is considered in the market prices, and in
the power delivery request from the ancillary services. The former is taken into account by
forecasting tools and explicitly introducing the risk terms in the objective function using the
variances of each price from historical data. The latter is taken into account by defining the
probability of the spinning reserve delivery request, and the probabilities of the upward and
downward regulation request. As it is mentioned by the authors, the result of model signific-
antly change by applying different ancillary service delivery request probabilities. Results in
the case study shows that the participation of the PSHP in the spinning reserve and the reg-
ulation markets strongly increase the expected profit in a specific week, independently of the
risk aversion level of the decision maker.

In [Tsai et al., 2009], a co-optimal optimization model is presented to operate a closed-
loop and daily-cycle PSHP selling energy in the real-time energy market and participating in
several ancillary services of the ERCOT power system (the ERCOT power system is based on
the Texas State from U.S., and is divided into four zones: the North, the South, the West and
the Houston zones). The time horizon of the problem is one day discretised in hourly periods.
The proposed ancillary services to participate in are divided into ramp-up and ramp-down
services. The former refers to the responsive, the non-spinning and the upward regulation
services whereas the latter refers to downward regulation service, according to the definitions
in the ERCOT power system. The optimised operation of the PSHP is restricted to fulfil the
daily-cycle of the PSHP, i.e., the stored energy in the upper reservoir at the beginning of the
day is required to be the same as at the end of the day. Although the optimization model is
some-what simplified, the observations presented in the case study, applied to the West and
Houston zones, are interesting. Note that the results obtained in the paper are preliminary as
only two days are analysed (04-05/02/2009). It is shown that the water volume trajectory of
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the upper reservoir is usually in the middle of the reservoir capacity rather than in the highest
water level because of the inclusion of the ancillary services in the scheduling procedure. In
addition to this, it is shown that most of the profits obtained with the proposed model come
from the ancillary services.

A similar result of the last observation from [Tsai et al., 2009] was also presented in
[Pinto et al., 2011]. That paper presented a MILP based deterministic model is used to cal-
culate the bids of a price-taker PSHP for the day-ahead and spinning reserve markets; bids
consist in a single hourly value for each market. The hourly prices of the day-ahead and
spinning reserve market, as well as those corresponding to both the upward and downward
regulation energy requested in real time by the transmission system operator, are modelled by
means of a single scenario. A fixed percentage of the committed spinning reserve is assumed
to be requested in real time by the transmission system operator. Three different cases were
analysed in the paper in terms of the share of wind generation in the power demand supply;
the bigger the share of wind, the lower the day-ahead market prices and the higher those of
the spinning reserve market. Even though the presented model is some-what simplified and
that the design parameters of the PSHP used in the case study are somewhat particular, some
results presented in the paper are worthy of mentioning. Such is the case of the fact that in
the three above-mentioned cases, the optimal operation strategy leads to negative revenue in
the day-ahead market. Considering only the so-called base case, in which the hourly prices of
the day-ahead and reserve markets, as well as the power delivery requests in the latter, are
historical, the revenue obtained in the day-ahead market is negative, whereas that obtained
in the spinning reserve market is positive and more than one order of magnitude bigger than
the previous one, in absolute value. According to the results, the expected share of revenue
obtained in the spinning reserve market could even increase with respect to the base case
as the share of wind generation increases, under the assumptions used in the paper to pre-
dict the impact of such increase in the share of wind on the day-ahead and spinning reserve
markets prices.

In [Baslis & Bakirtzis, 2011], a stochastic mid-term optimisation model for the operation
of hydro and PSHPs that participate in the day-ahead energy market is presented. The
model takes into account the impact of the short-term decisions in the mid-term operation.
Although it is not a multi-market based optimisation model, the Thesis author considers
interesting to included it in the state of the art of the Thesis because the producer is modelled
as a price-maker. The price-maker approach makes the problem non-linear. However, the
mathematical formulation presented in [Baslis & Bakirtzis, 2011] is linearised using binary
variables, becoming the model based on mixed integer linear programming. Stochasticity is
modelled by a three-stage scenario tree of the natural water inflows and the residual demand
curves of the day-ahead energy market. The scenario tree is composed by 90 scenarios: i) the
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first stage has a single scenario and runs for one month, ii) the second stage has 5x3 scenarios
of the water inflows and residual demand curves, respectively, and runs for the following four
months, and iii) in the third stage, each scenario of the second stage has others 3x2 scenarios
and runs for the last seven months. In the case study, the proposed model is applied for
a hydro system composed by ten hydropower plants and two PSHPs, based on the Greek
electric power system. Results show that the decision maker keeps back capacity during peak
hours and consumes part of the hydro resources during off-peak hours in comparison to a
price-taker approach, irrespective of the water inflow scenario. This observation is explained
by the market power approach in the day-ahead energy market. Besides, the solution of a
unique large-scale problem based on mixed integer linear programming has been proved to
be feasible, avoiding the need of using decomposition techniques. It is interesting to remark
that the problem, composed by 9.5 millions of equations and 23.2 millions of variables, which
3.5 millions of them are integer variables, is solved in 28 hours.

In [Ortner & Graf, 2013], a deterministic model to minimise the hourly costs of the hydro-
thermal and open-loop PSHP energy schedules for meeting the residual demand (after sub-
tracting must-run generation), and the reserve and energy schedules for balancing services is
presented. The model formulation is based on linear programming in order to obtain, as an
endogenous result of the model via dual variables of the demand constraints, the prices of the
reserve capacity (power), of the energy due to the real-time use of the reserves, and of the
system demand energy. The balancing services comprises the secondary and tertiary regula-
tion services, considered only as upward regulation reserve (downward regulation reserve is
omitted). The case study minimises the costs of the hourly generation portfolio scheduling
for system demand and secondary and tertiary balancing services of 2012 in Germany, Aus-
tria and in a merged zone of Germany and Austria. In Germany, while hydropower plants
provide reserves irrespective the storage capacity, PSHPs are more committed to participate
in balancing services the more storage capacity they have. A similar analysis is presented
for Austria. It is important to remark that PSHPs considered in this work are not able to
provide neither secondary regulation nor tertiary regulation reserves in pumping mode. The
solution of the merged zone does not bring any further important conclusion. In addition
to this, results show certain correlation between water inflows and the secondary regulation
marginal costs in Germany and Austria. In general, when water inflows in both systems are
high, secondary regulation marginal costs are low. As the Austrian power system presents a
higher relative installed capacity of hydropower technology in the generation portfolio than
the German one, the studied correlation is stronger in Austria than in Germany.

In [Sousa et al., 2014], a non-linear optimisation model for the profit maximisation of the
operation of a price-maker, closed-loop and weekly-cycle PSHP participating in the day-ahead
energy market of the Iberian electricity system is presented. The operation of the PSHP is
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compared to the one considering the plant as a price-taker in the day-ahead energy market.
Besides, the operation under both approaches is compared to the ones in which the PSHP is
standalone or integrated in a portfolio with other thermal power plants. It is important to
remark that the operation and maintenance costs of the PSHP and the thermal power plants,
as well as the fuel costs of the thermal power plants are assumed to be null. Although it is not
a multi-market based optimisation model, the Thesis author considers interesting to included
it in the state of the art of the Thesis because of the comparison between the price-taker
and the price-maker approaches. As expected, results show that the price-taker standalone
PSHP follows a price-arbitrage strategy, pumping when the wind generation decreases prices
and generating when there is low wind availability and high prices. Therefore, the PSHP
contributes to the integration of wind power. However, results change in the price-maker
standalone context, as the day-ahead energy market prices increase when the PSHP decides
to pump water, and decrease when it decides to generate power. Thus, the PSHP reduces the
contribution of the integration of wind power. Whether the PSHP is included in a portfolio
mainly composed by base load thermal power plants, the operation of the PSHP changes,
being operated in pumping mode during more hours than in the price-maker standalone
context: it is shown that the operation of the PSHP is driven more by the demand elasticity
of the day-ahead energy market than by the market cleared price.

In [Lagarto & Adeeea, 2016], an optimization model for the operation of a thermal power
plant and a PSHP participating in the day-ahead energy market and in the secondary regula-
tion reserve market of the Portuguese electricity system is presented. Note that the Portuguese
day-ahead energy market is coupled to the Spanish one whereas the Portuguese secondary
regulation reserve market is not coupled to the Spanish one. Six scenarios are compared in
the research: i) the operation of the thermal power plant is optimised, acting as a price-taker
in both markets, ii) the operation of the PSHP is optimised, acting as a price-taker in both
markets, iii) the operation of both, the thermal power plant and the PSHP is optimised, act-
ing as price-takers in both markets, and, finally, iv)-vi) the operation of the thermal power
plant only, the PSHP only and both the thermal power plant and the PSHP, respectively, is
optimised acting as price-makers in both markets. It is interesting to highlight that the scen-
ario of acting as a price-taker in the day-ahead energy market and as a price-marker in the
secondary regulation reserve market is not considered. Among others, results show the im-
portance of considering the price-maker effects in the optimisation model because the profits
increase 30%, 7.5% and 67% in the operation of only the thermal power plant, only the PSHP
and both, the thermal power plant and the PSHP, respectively, with respect to the opera-
tion considering the plants as a price-taker. Increases occur because the cleared market prices
considering the plants as price-takers (which are evaluated in a post-optimal simulation pro-
cess with the optimal energy and reserve schedules), decrease more than the ones obtained
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considering the plants as price-makers. It is interesting to remark that the proposed PSHP
in the case study has the possibility to regulate power also in pumping mode. However,
[Lagarto & Adeeea, 2016] does not mention that the PSHP is equipped with variable-speed
pump-turbine units, and the effects of the possibility of regulating power in pumping in com-
parison to not regulating power in the said mode are not studied.

In [Filipe et al., 2016], a bidding strategy to plan and operate large PSHPs equipped
with variable-speed pump-turbine units is presented. The research is similar to the article
entitled “Optimal Operation of Variable Speed Pumped Storage Hydropower Plants Par-
ticipating in Secondary Regulation Reserve Markets” from this Thesis as it is expressed in
[Filipe et al., 2016]. The mid-term optimisation takes into account the seasonality and variab-
ility of the natural water inflows and the day-ahead energy price forecasts to find the optimal
end-of-week water storage. The time horizon of the mid-term model is one year, discretised in
weekly periods. Note that the derivation of the end-of-week water storages does not take into
account the participation of the PSHP in the secondary regulation service. The short-term
optimisation proposes the PSHP to participate in the day-ahead energy market and in the
secondary regulation reserve market of the Portuguese electricity system, without taking into
account the real-time use of the reserve. To avoid violations of the minimum or maximum
water storages due to the real-time use of reserves, the authors assume that a portion of the
storage is reserved solely for the deployment of the secondary regulation reserves in real-time.
Note that the latter is evaluated in a post-optimal simulation process with the historic hourly
values. Among others, results show that the profits obtained by the PSHP with variable-
speed pump-turbine units duplicate the ones obtained with fixed-speed pump-turbine units,
and that the above-mentioned portion of the storage capacity reserved solely for the deploy-
ment of the reserves can be 7% of the maximum storage capacity below the maximum and
7% above the minimum.

In [Alizadeh-Mousavi & Nick, 2016], a security constrained unit commitment optimisation
model is presented in order to obtain the energy and reserves schedules from the system
perspective, taking into account the grid and the security of supply in case of contingencies due
to a single outage of generating units or transmission elements (the N-1 criterion) by means of
security constraints. Stochasticity is considered in the renewable energy power generation and
in the system demand. The main goal of the optimisation model is to minimise the operational
costs to fulfil the system demand and the requirements for reserves. The generation portfolio
of the system is composed by thermal power plants, conventional hydropower plants and
PSHPs. The proposed model is used to analyse the technical benefits of PSHPs equipped
with variable-speed pump-turbine units in comparison to the ones equipped with fixed-speed
pump-turbine units, from the point of view of the system operation. In the case study, three
PSHPs are connected to bus 22 of the IEEE RTS 24-bus system. Results show that the
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system operation cost decreases 10% in the case with PSHPs equipped with variable-speed
pump-turbine units in comparison to the one with fixed-speed pump-turbine units, because
the former introduces flexibilities that allow more scheduling of less flexible thermal power
plants with less start-ups and shut-downs.

In [Li & Hedman, 2016], a deterministic system-based optimisation model for the oper-
ation of a closed-loop PSHP equipped with variable-speed pump-turbine units is presented.
The PSHP is assumed to be a system tool operated by the transmission system operator.
The optimisation model minimises the total system operation costs and the system secur-
ity violation costs, which include the costs to correct load shedding and reserve requirement
violations. It is interesting to remark that the grid and the power flows on the transmis-
sion lines are also included in the model formulation. The PSHP is proposed to be operated
covering the system demand, and providing several ancillary services: spinning reserves, non-
spinning reserves and upward and downward regulation reserves, in the context of a power
system from the United States. The time horizon of the model is 6 hours, discretised in 10-
minute periods, and the formulation is divided into two steps: the unit commitment model
and the dispatch model. In the unit commitment model, the energy and reserve schedules
are obtained. In the dispatch model, the system is simulated against 150 wind scenarios in
order to analyse the real-time use of the committed reserves in the first step addressing the
wind power uncertainties. Result shows that the PSHP equipped with variable-speed pump-
turbine units in comparison to the one equipped with fixed-speed pump-turbine units reduces
the total system costs, reduces the system wind curtailments, and is more effective in dealing
with uncertainties and variations of the wind power.

1.3.3 Economic viability

As it has been emphasised first in [Deb, 2000], and later, among others, in [Swider, 2007]
and [Ugedo & Lobato, 2010], the revenues that a PSHP can obtain from providing ancillary
services may be of a pretty considerable magnitude in comparison with those that can obtain
from the price-arbitrage strategy. It is worthy to mention, regarding the revenues that a PSHP
can obtain from the price-arbitrage strategy, the work presented in [Connolly et al., 2011].

In [Connolly et al., 2011], authors compare different price-arbitrage strategies in a series
of energy-only electricity markets where no ancillary service markets are considered. All
strategies are based on a set of operation rules, and they differ from each other essentially in
the future time horizon for which the hourly energy prices are assumed to be known. The
operation of a PSHP with six hours of empting and refilling the upper reservoir, following
each strategy, is simulated during a period of one year, using data from different electricity
markets. Results show that the expected profit of the PSHP differ significantly from one
electricity market to another (the maximum expected profit ranges from 20 to 23 times the
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minimum one). From the results of the research, the authors determined the most profitable
strategy and simulated the operation of the PSHP, in accordance with the said strategy, during
a 5-year period (2005–2009), using data from different electricity markets: United Kingdom,
Alberta, Italy, Nordpool, Portugal and New Hampshire. The obtained results show that even
for the same electricity market, the expected profit may vary considerably from one year to
another. In order to gain insight on the economic viability of the PSHP, the expected profits
were compared to the annual repayments corresponding to different values of the interest rate
and the initial investment cost. Results show that even with a low investment cost and a low
interest rate, a PSHP is a risky investment in most electricity markets, as long as the operation
strategy is based on the price arbitrage. Results obtained in [Connolly et al., 2011] give full
evidence that the operation strategies based on the traditional price-arbitrage strategy are
far from being economically viable for a PSHP in a liberalized market context, and provide a
sound numerical support to the conclusions drawn in [Deb, 2000] and [Ugedo & Lobato, 2010],
regarding the importance of making a profit from other markets such as the reserve markets.

Furthermore, several papers have been found in the technical literature analysing the
economic viability of PSHPs equipped with fixed-speed pump-turbine units from the point of
view of the agent-based perspective in liberalised power systems or analysing the contribution
to the system by means, among others, of scheduling cost savings or wind energy curtailment
from the point of view of the system-based perspective in liberalised power systems.

Considering the analysis of the contribution to the system by means of scheduling cost
savings or wind energy curtailment, there are many papers published in the technical literature
and several of them are here presented as examples. In [Ummels et al., 2008], authors estimate
the scheduling cost savings and the decrease in curtailed wind energy caused by energy storage,
by using heuristic algorithms and dynamic programming. They conclude that combined
heat and power plants are found to be more profitable solutions for the integration of large-
scale wind power in the Netherlands than energy storage. In [Tuohy & O’Malley, 2011], the
contribution of PSHPs to reduce the scheduling costs, wind curtailments and carbon dioxide
emissions from thermal power plants in the Irish power system, considering different levels
of wind power penetration, is assessed. Results show that the main benefit from storage is
the decrease in wind curtailment. In [de Boer et al., 2014], authors assess the contribution of
PSHPs, compressed air energy storage and a relatively new storage technology called power-
to-gas, to reduce the scheduling costs, carbon dioxide emissions and the excess of electricity
production in the Dutch power system. The power-to-gas energy storage technology refers to
the conversion of electricity into methane, by means of using electrolysis and methanation.
Results show that the energy storage technology that reduces the most the scheduling costs
of the system is the pumped-storage technology, between 0.8-5.2% of the base case costs,
depending on the extra installed capacity of wind power and the storage capacity of the
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upper reservoir. Results also show that all the analysed storage technologies similarly reduce
the greenhouse gases emissions and the amount of curtailed wind power.

The economic viability of PSHPs equipped with fixed-speed pump-turbine units from
the point of view of the agent-based perspective has been also studied in the technical
literature, specially with the well-known price-arbitrage strategy. Apart from the above-
described research presented in [Connolly et al., 2011], which concludes that the recovery of
the investment costs is not possible almost in all the analysed markets (United Kingdom,
Alberta, Italy, Nordpool, Portugal and New Hampshire) with the price-arbitrage strategy,
there are other papers published in the technical literature regarding this issue. Results in
[Bradbury et al., 2014] show that PSHPs are profitable in almost all the seven real-time en-
ergy markets analysed in the United States, such as ERCOT (Texas) or NYISO (New York).
Results can be considered slightly optimistic as they are obtained for 2008, when there was
a significant difference between peak and off-peak energy prices and also reaching in some
months the highest average prices of the last decade. [Ekman & Jensen, 2010] analyses the
economic viability of PSHPs equipped with fixed-speed pump-turbine units participating also
in the regulation market. Results in [Ekman & Jensen, 2010] show that the considered PSHP
cannot recover the investment costs if it only participates in the day-ahead energy market
and can recover the investment costs only for a limited range of the storage size if it also
participates in the regulation market.

It is important to remark that, according to the best of the Thesis author’s knowledge,
there is no published paper in the technical literature in which the economic viability of
PSHPs equipped with variable speed units and/or operating in hydraulic short circuit mode
is analysed, in the context of a liberalised power system.

1.3.4 Identified research gaps and challenges

Once the most relevant articles from technical literature have been reviewed, the main gaps
and challenges detected from the point of view of the operation of close-loop and daily-cycle
PSHPs, can be summarised as follows:

1. As it has been presented in Table 1.5 and described in subsection 1.3.2, there is a
lack of optimisation models in the technical literature for the short-term operation of
PSHPs equipped with variable-speed pump-turbine units, or operated in hydraulic short-
circuit mode. The Thesis author believes that the scheduling strategies may significantly
change due to the higher flexibility that the variable speed technology or the operation in
hydraulic short-circuit mode introduces in comparison to the cost-save strategy or price-
arbitrage strategy, described in subsection 1.1.1, for PSHPs equipped with fixed-speed
pump-turbine units. The advantages of the variable speed technology and the operation
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in hydraulic short-circuit mode are further described in subsection 1.1.3. Among others,
the most promising one is that the PSHPs are also able to regulate power in pumping
mode, having the possibility to also participate in the secondary regulation service in
the said mode as a controllable load.

2. The Thesis author considers that including the uncertainty of the percentages of the
real-time use of the assigned secondary regulation reserves for ancillary services purposes
is still a pending task that could contribute to increase the participation of PSHPs in
the said services, and thus to increase the penetration of intermittent renewable energy
sources. Hence, the forecast, modelling and analysis of the economic impact of fore-
casting errors of the percentages of the real-time use of the committed reserves can be
improved and is suggested to be carried out in the Thesis. Besides, it is expected that
the introduction of the real-time use of reserves in the optimisation model could have
an impact in the operation of the PSHPs, making it closer to reality and, therefore,
improving the analysis of the economic viability of PSHPs with and without variable-
speed pump-turbine units, and with and without the operation in hydraulic short-circuit
mode. In the technical literature, plenty of day-ahead energy market prices forecasting
models can be found. Examples are [García et al., 2005], which proposes a GARCH
model, [Conejo et al., 2005], which proposes a wavelet transformation with ARIMA
models, [Amjady & Keynia, 2011], which proposes a model based on neural network
or [Mateo et al., 2005], which proposes input/output hidden Markov models. A re-
view of day-ahead energy market prices forecasting models in deregulated markets can
be seen in [Aggarwal et al., 2009]. Besides, quite few secondary regulation reserve or
balancing market prices forecasting models have been published in the technical liter-
ature. Examples are [Campos et al., 2016], which forecast the residual demand curves
of the secondary regulation reserve market with a model based on a neural network, or
[Olsson & Söder, 2008], which is based on a combination of SARIMA and Markov pro-
cesses. However, to the Thesis author’s knowledge, there are no published articles that
forecast the percentages of the real-time use of the committed reserves, or that analyse
the economic impact due to the forecasting errors.

3. In the context of the operation of PSHPs also participating in the provision of ancillary
services apart from in the day-ahead energy market, the Thesis author believes that the
hierarchical coordination between the long-term and the short-term to derive end-of-
day and end-of-week water storages is an interesting topic to be analysed in detail. The
traditional operation strategy of starting the following day empty may not be optimum
because the PSHP does not have enough water to participate in the secondary regula-
tion service during the first hours of each day, when there is usually a big amount of base
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power plants with little and/or inefficient power regulation capabilities. The derivation
of the end-of-day and end-of-week water storages has been studied in the technical lit-
erature. [Deane et al., 2013] proposes, for deriving end-of-week water storages, the use
of a look-ahead period of up to 6 days for the day-ahead energy and reserve scheduling
of PSHPs from a centralized (system-based) point of view, whereas [Brijs et al., 2016]
proposes a methodology similar to the one in [Deane et al., 2013] to derive end-of-day
water storages from a liberalised (agent-based) point of view participating the PSHP
in the day-ahead energy market with the price-arbitrage strategy. However, the deriv-
ation of end-of-day and end-of-week water storages for the joint energy and secondary
regulation reserve schedules of PSHPs in liberalised power systems is still pending to be
further studied.
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1.4 Objectives of the Thesis

The objectives of the Thesis are divided into the main objective and other secondary objectives
that have detected in the technical literature. Further details of each objective are presented
in the following subsections.

1.4.1 Main objective

The main objective of the Thesis is to develop a risk-averse optimisation model with look-
ahead period for the day-ahead energy and secondary regulation reserve hourly scheduling in
the context of closed-loop and daily-cycle pumped-storage hydropower plants participating in
the Iberian electricity system. In the developed model, it will be taken into account that the
pumped-storage hydropower plants are equipped with variable-speed pump-turbine units and
have the possibility to operate in hydraulic short-circuit mode. Hence, they will be able to
also regulate power in pumping mode. In addition to this, the pumped-storage hydropower
plants will be modelled as a price-taker in the day-ahead energy market and as a price-maker
in the secondary regulation reserve market.

1.4.2 Secondary objectives

1. To analyse the value of perfect information (also called the profit loss due to the forecast-
ing errors) of the electric power system data of the context of the Thesis: the day-ahead
energy market prices (DM Prices), the residual demand curves of the secondary regula-
tion reserve market (Reserve Curves), the upward and downward secondary regulation
energy prices (ER2 Prices) and, finally, the percentages of the real-time use of the up-
ward and downward secondary regulation reserves of the Spanish electricity system (see
Figure 1.8).

2. To estimate the economic viability of pumped-storage hydropower plants by means of
obtaining the maximum theoretical income participating in the day-ahead energy and
the secondary regulation reserve markets of the Iberian electricity system. The economic
viability will be estimated for pumped-storage hydropower plants equipped with fixed-
speed or variable-speed units and/or having the possibility to operate in hydraulic short-
circuit mode. The maximum theoretical income assumes perfect knowledge of all the
data from the electric power system, and can be seen as a threshold to reject or not the
investment in the preliminary stages.

3. To analyse different methodologies to derive the optimal end-of-day storages of closed-
loop and daily-cycle pumped-storage hydropower plants in the day-ahead energy and
secondary regulation reserve hourly scheduling. The methodologies to derive optimal
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end-of-day storages will be analysed for pumped-storage hydropower plants with differ-
ent sizes of the power station, and equipped with fixed-speed pump-turbine units.

4. To develop forecasting models to predict the residual demand curves of the secondary
regulation reserve market, and to predict the percentages of the real-time use of the
upward and downward secondary regulation reserves of the Spanish electricity system.

The scheme of the objectives of the Thesis is shown in Figure 1.8.

Figure 1.8: Scheme for the objectives of the Thesis
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1.5 Summary of publications

The articles that are included in the presented Thesis are composed by papers that have been
published in JCR Journals and non-JCR Journals, papers that are currently under review to
be published in JCR Journals, and finally, papers that have been presented at International
Conferences with a review process. The scheme of the articles included in the presented
Thesis is shown in Figure 1.9, with the acronym of the Journal or Conference of the most
representative articles linked to each objective of the Thesis, under or beside a grey box.
Further details of each article are presented in the following subsections.

Figure 1.9: Scheme for the articles included in the Thesis

1.5.1 JCR Journal publications

The JCR Journal articles presented in the Thesis are composed by papers that have been
already published in the technical literature and papers that have been submitted and are
currently in the first or successive revisions:

1. Paper-A: Optimal Energy and Reserve Scheduling of Pumped-Storage Power Plants
Considering Hydraulic Short-Circuit Operation.

• Authors: Manuel Chazarra, Juan Ignacio Pérez-Díaz and Javier García-González.

• Journal: IEEE Transactions on Power Systems, vol. 32, no. 1, pp. 344–353, 2017.

• Impact factor: 3.342 (2015).

• The acronym in Figure 1.9 is IEEE-TPWRS17a.

• This paper is cited in the Thesis with [Chazarra et al., 2017d].
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2. Paper-B: Optimal Joint Energy and Secondary Regulation Reserve Hourly Scheduling
of Variable Speed Pumped Storage Hydropower Plants.

• Authors: Manuel Chazarra, Juan Ignacio Pérez-Díaz and Javier García-González.

• Journal: IEEE Transactions on Power Systems, in press.

• Impact factor: 3.342 (2015).

• The acronym in Figure 1.9 is IEEE-TPWRS17b.

• This paper is cited in the Thesis with [Chazarra et al., 2017e].

3. Paper-C: Economic Viability of Pumped-Storage Power Plants Participating in the Sec-
ondary Regulation Service.

• Authors: Manuel Chazarra, Juan Ignacio Pérez-Díaz and Javier García-González.

• Journal: Applied Energy.

• Impact factor: 5.746 (2015).

• The acronym in Figure 1.9 is AP-EN.

• This paper is cited in the Thesis with [Chazarra et al., 2017c].

4. Paper-D: Value of Perfect Information of Spot Prices in the Joint Energy and Reserve
Hourly Scheduling of Pumped Storage Plants.

• Authors: Manuel Chazarra, Juan Ignacio Pérez-Díaz and Javier García-González.

• Journal: Electric Power Systems Research. vol. 148, pp. 303-310, 2017.

• Impact factor: 1.809 (2015).

• The acronym in Figure 1.9 is EPSR17.

• This paper is cited in the Thesis with [Chazarra et al., 2017f].

5. Paper-E: Deriving Optimal End of Day Storage for Pumped-Storage Power Plants in
the Joint Energy and Reserve Day-ahead Scheduling.

• Authors: Manuel Chazarra, Juan Ignacio Pérez-Díaz and Javier García-González.

• Journal: Special Issue Hydropower 2017 of the Journal, Energies.

• Impact factor: 2.077 (2015).

• The acronym in Figure 1.9 is ENERGIES.

• This paper is cited in the Thesis with [Chazarra et al., 2017a].
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1.5.2 Non-JCR Journal publications

The non-JCR Journal articles that have been published in the technical literature and are
included in the presented research are the following:

1. Paper-F: Economic Viability of Pumped-Storage Power Plants Equipped with Ternary
Units and Considering Hydraulic Short-Circuit Operation.

• Authors: Manuel Chazarra, Juan Ignacio Pérez-Díaz and Javier García-González.

• Journal: Journal of Physics: Conference Series, vol. 813, 2017.

• The research was orally presented at the HYPERBOLE Conference, Porto, Por-
tugal, 2-3 February 2017.

• This paper is cited in the Thesis with [Chazarra et al., 2017b].

2. Paper-G: Modeling the Real-Time Use of Reserves in the Joint Energy and Reserve
Hourly Scheduling of a Pumped Storage Plant.

• Authors: Manuel Chazarra, Juan Ignacio Pérez-Díaz, Javier García-González and
Arild Helseth.

• Journal: Energy Procedia, vol. 87, pp. 53-60, 2016.

• The research was orally presented at the 5th International Workshop on Hydro
Scheduling in Competitive Electricity Markets, Trondheim, Norway, 17-18 Septem-
ber 2015.

• The acronym in Figure 1.9 is EGYPRO.

• This paper is cited in the Thesis with [Chazarra et al., 2016c].

1.5.3 International Conferences

The articles that have been orally presented at International Conferences and that are included
in this research are the following:

1. Paper-H: Economic Impact of Forecasting Errors in Residual Reserve Curves in the
Day-ahead Scheduling of Pumped Storage Plants.

• Authors: Manuel Chazarra, Juan Ignacio Pérez-Díaz, Javier García-González and
Arild Helseth.

• Conference: 12th IEEE PES PowerTech Conference, Manchester, UK, 18-22 June
2017.

• The acronym in Figure 1.9 is PowerT17.
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• This paper is cited in the Thesis with [Chazarra et al., 2017g].

2. Paper-I: Optimal Energy and Reserve Scheduling of Pumped-Storage Power Plants Con-
sidering Hydraulic Short-Circuit Operation.

• Authors: Manuel Chazarra, Juan Ignacio Pérez-Díaz and Javier García-González.

• Conference: 12th IEEE PES PowerTech Conference, Manchester, UK, 18-22 June
2017.

• The paper has been invited for oral presentation at the Conference, and has been
previously published in the Journal, IEEE Transactions on Power Systems, vol.
32, no. 1, pp. 344–353, 2017.

• This paper is cited in the Thesis with [Chazarra et al., 2017d].

3. Paper-J: Value of Perfect Information of Spot Prices in the Joint Energy and Reserve
Hourly Scheduling of Pumped Storage Plants.

• Authors: Manuel Chazarra, Juan Ignacio Pérez-Díaz and Javier García-González.

• Conference: 13th International Conference on the European Energy Market, Porto,
Portugal, 6-9 June 2016.

• This paper is cited in the Thesis with [Chazarra et al., 2016b].

4. Paper-K: Optimal Operation of Variable Speed Pumped Storage Hydropower Plants
Participating in Secondary Regulation Reserve Markets.

• Authors: Manuel Chazarra, Juan Ignacio Pérez-Díaz and Javier García-González.

• Conference: 11th International Conference on the European Energy Market, Cra-
cow, Poland, 28-30 May 2014.

• This paper is cited in the Thesis with [Chazarra et al., 2014].
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1.6 Methodology

In order to fulfil the main objective and the secondary objectives of the Thesis, the following
stages been carried out. Note that the order of the stages is the same as the one of the articles
from the Thesis in Chapter 2:

1. To develop optimisation models which assume perfect information of the electric power
system data of the problem. In the Thesis, four optimization models are developed de-
pending on the pumped-storage hydropower plant: i) with fixed-speed units, ii) with
variable-speed units and iii) with the possibility to operate in hydraulic-short circuit
mode with binary units and, finally, iv) with the possibility to operate in hydraulic-
short circuit mode with ternary units. The articles that are linked to this step are
the ones entitled “Optimal Energy and Reserve Scheduling of Pumped-Storage Power
Plants Considering Hydraulic Short-Circuit Operation” and “Optimal Joint Energy and
Secondary Regulation Reserve Hourly Scheduling of Variable Speed Pumped Storage
Hydropower Plants”, which has an early version entitled “Optimal Operation of Vari-
able Speed Pumped Storage Hydropower Plants Participating in Secondary Regulation
Reserve Markets” and presented in an International Conference.

2. To estimate the economic viability of pumped-storage hydropower plants with the pre-
viously mentioned optimisation models, by means of obtaining the maximum theoretical
income participating in the day-ahead energy and the secondary regulation reserve mar-
kets of the Iberian electricity system. The articles that are linked to this step are the
ones entitled “Economic Viability of Pumped-Storage Power Plants Participating in
the Secondary Regulation Service” and the early version of it, “Economic Viability of
Pumped-Storage Power Plants Equipped with Ternary Units and Considering Hydraulic
Short-Circuit Operation”. The technical data of the hydraulic and electrical equipment
of the studied pumped-storage hydropower plants were provided by General Electric,
from some of its last prototypes or studies. Hence, the interest of the hydropower in-
dustry in the results of this part of the Thesis is guaranteed.

3. To study the value of perfect information of the electric power system data of the
problem, in the context of the operation of closed-loop and daily-cycle pumped-storage
hydropower plants participating in the day-ahead energy market as a price-taker and
in the secondary regulation reserve market as a price maker. The value of perfect
information is calculated by following the next three steps, also shown in Figure 1.10:

(a) the optimal generation and consumption schedules of the pumped-storage hydro-
power plant are obtained sequentially (day by day) by solving an optimisation
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model proposed in the Thesis with imperfect information of the random variable
under study and perfect information of the rest. The electric power system data of
the problem are: 1) the day-ahead energy market prices, 2) the residual demand
curves of the secondary regulation reserve market, 3) the upward secondary regu-
lation energy prices, 4) the downward secondary regulation energy prices, 5) the
percentages of the real-time use of the upward reserves, and 6) the percentages of
the real-time use of the downward reserves. The model is solved by the branch and
cut algorithm in Cplex (365 daily problems in each forecasting model case and in
each random variable).

(b) the actual profits and schedules are calculated in a post-optimal simulation process
from the optimal energy schedule obtained in the previous step and the historical
hourly values of the random variable under study.

(c) the value of perfect information of the random variable under study is calculated
as the difference between the maximum theoretical income (MTI), which considers
perfect knowledge in all the random variables, and the actual profits (AP) from
the previous step.

• The articles that are linked to this step are the ones entitled “Value of Perfect
Information of Spot Prices in the Joint Energy and Reserve Hourly Scheduling
of Pumped Storage Plants” and its early version with the same title presented
in an International Conference, and “Economic Impact of Forecasting Errors in
Residual Reserve Curves in the Day-ahead Scheduling of Pumped Storage Plants”.
Preliminary results of the analysis of the value of perfect information of the rest of
the electric power system data of the problem have been published in the article
from this Thesis entitled “Modeling the Real-Time Use of Reserves in the Joint
Energy and Reserve Hourly Scheduling of a Pumped Storage Plant”. However, the
main part of them are not published yet but will be presented in the Thesis in
Chapter 3.
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Figure 1.10: Methodology to obtain the value of perfect information (VPI) of the random
variable i

4. To propose a methodology to derive the optimal end-of-day storages of closed-loop and
daily-cycle pumped-storage hydropower plants in the day-ahead energy and secondary
regulation reserve hourly scheduling. The optimisation model that is used in this step
is based on the ones previously published, assuming perfect information of the electric
power system data of the problem. The article that is linked to this step is the one
entitled “Deriving Optimal End of Day Storage for Pumped-Storage Power Plants in
the Joint Energy and Reserve Day-ahead Scheduling”.

The developed optimisation models are implemented using the software MATLAB and are
solved using the software GAMS. The models are based on mixed integer linear programming
for the price-taker approaches and on mixed integer quadratic programming for the price-
maker approaches. The post-optimal simulation processes and the analysis of the results
are usually carried out in the software MATLAB. For developing the forecasting models, the
software MATLAB is utilised. Most of the articles of the Thesis have been prepared using
the software Lyx, which is based on Latex, and a few of them using the software Microsoft
Word. Finally, all the presentations from the results obtained in the Thesis at International
Conferences and at the project “Optimal operation and control of pumped-storage hydropower
plants” of The National Scientific Research, Development and Technological Innovation Plan
2008–2011, have been prepared using the software Microsoft Power Point.
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Chapter 2

Publications

2.1 Paper-A: Optimal Energy and Reserve Scheduling of Pumped-
Storage Power Plants Considering Hydraulic Short-Circuit
Operation

In this paper entitled “Optimal Energy and Reserve Scheduling of Pumped-Storage Power
Plants Considering Hydraulic Short-Circuit Operation” [Chazarra et al., 2017d], it is presen-
ted an optimisation model based on mixed integer linear programming for obtaining the
day-ahead energy and reserve scheduling of a closed-loop and daily-cycle PSHP, considering
the operation in hydraulic short-circuit mode with binary units or ternary units. The PSHP
is modelled as a price-taker in both in the day-ahead energy market and the secondary regula-
tion reserve market of the Iberian and the Spanish electricity power systems, respectively. The
activation of the secondary regulation reserves is also considered in the model formulation.
The model assumes perfect information in all the electric power system data.

This publication is linked to the objectives of the Thesis (Figure 1.8) as follows: as far
as the Thesis author knows, it was the first time in which the optimal scheduling of PSHPs
operating in hydraulic short-circuit mode and participating in the day-ahead energy and
reserve markets has been explicitly formulated. Therefore, it is used as a basis to develop the
main goal of the Thesis (the risk-averse optimisation model with look ahead period, Chapter
3) and it is used as a tool for a part of the second secondary objective of the Thesis (to
estimate the economic viability of PSHPs with the possibility of being operated in hydraulic
short-circuit mode).
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Optimal Energy and Reserve Scheduling of
Pumped-Storage Power Plants Considering

Hydraulic Short-Circuit Operation
Manuel Chazarra, Juan Ignacio Pérez-Dı́az, and Javier Garcı́a-González, Member, IEEE

Abstract—This paper presents a mixed-integer model for the
hourly energy and reserve scheduling of a price-taker and closed-
loop pumped-storage hydropower plant operating in hydraulic
short-circuit mode. The plant participates in the spot market and
in the secondary regulation reserve market, taking into account the
regulation energy due to the real-time use of the regulation-up and
-down reserves. The proposed model is used to compare the maxi-
mum theoretical income of the plant with and without considering
hydraulic short-circuit operation. Numerical results demonstrate
that the operation in hydraulic short-circuit mode could help sig-
nificantly to enlarge the income of the power plant and that the
secondary regulation reserve market might be the main source
of revenue in a realistic setting characterized by a high level of
renewable energy sources in the generation mix.

Index Terms—Hydraulic short-circuit technology, pumped stor-
age plant, secondary regulation service.

NOMENCLATURE

Subscripts/Superscripts:

c subscript for hydropower unit, running from 1 to C.
d superscript that indicates that the magnitude is related to

generation/discharge.
k subscript for discrete generation curves.
p superscript that indicates that the magnitude is related to

consumption/pumping.
sec superscript that indicates that the magnitude is related to

the secondary regulation service (reserve or energy).
t subscript for hourly period, running from 1 to T.

Parameters:

cSUd
c start-up cost of the turbine of hydro unit c, €.
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Digital Object Identifier 10.1109/TPWRS.2016.2545740

cSUp
c start-up cost of the pump of hydro unit c, €.

δd
c,k energy coefficient in generating mode, MW/hm3 /h.

fv target water volume in last hour of time horizon,
hm3 .

gd
c,k , gd

c,k
maximum and minimum technical power genera-
tion, MW.

gp
c,k , gp

c,k
maximum and minimum technical power consump-
tion, MW.

lt time length of period t, 1 h.
λD,t day-ahead electricity market price, €/MW·h.
λS,t secondary regulation reserve market price, €/MW.
λup,t secondary regulation-up energy market price,

€/MW·h.
λdw ,t secondary regulation-down energy market price,

€/MW·h.
M a big number, 106 .
ηd

c,k , ηd
c,k turbine efficiency at maximum and minimum flow,

%.
ηp

c,k pump efficiency, %.
qd

c,k , qd
c,k

maximum and minimum technical water discharge,

hm3 /h.
qp

c,k , qp
c,k

maximum and minimum technical pumped water,

hm3 /h.
ρup

t , ρdw
t percentage of real-time use of secondary regulation-

up and down reserves.
RSM

t ratio between secondary regulation-up reserve and
total regulation reserve, set by the transmission sys-
tem operator (TSO) in advance.

v, v maximum and minimum technical water storage
limits of upper reservoir due to design characteris-
tics, hm3 .

Positive Variables:

gd
c,t power generation, MW.

gp
c,t power consumption, MW.

qd
c,t total water discharge, which includes water flow for

real-time use of secondary regulation-up and down
reserves, hm3 /h.

qp
c,t pumped water, hm3 /h.

qsd
c,t water discharge above the minimum technical limit,

hm3 /h.
gsec,up

c,t secondary regulation-up reserve, MW.

gsec,dw
c,t secondary regulation-down reserve, MW.

aux gsec
c,t auxiliary variable associated with gsec,dw

c,t , MW.

0885-8950 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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esec,up
t secondary regulation-up reserve requested in real

time by the TSO, MW·h.
esec,dw
t secondary regulation-down reserve requested in real

time by the TSO, MW·h.
vt water volume of the reservoir, hm3 .

Binary Variables:

dt used for the discretization of the hydropower genera-
tion/consumption curves.

ud
c,t On/Off state in generating mode.

up
c,t On/Off state in pumping mode.

yd
c,t 1 if the turbine of a hydro unit is started-up, 0 otherwise.

yp
c,t 1 if the pump of a hydro unit is started-up, 0 otherwise.

φt 1 if there is more secondary regulation-up reserve re-
quested in real time than regulation-down reserve, 0
otherwise.

I. INTRODUCTION

PUMPED storage hydropower plants (PSHPs) are deemed
as a mature economic and large-scale feasible solution to

store energy in an efficient way comparing to other technolo-
gies such as supercapacitors or electrochemical batteries [1].
Typical ratings of PSHPs are around 1000 MW and, in most
cases, they are capable to discharge water at rated power during
several hours [2]. In addition to this, they can participate in an-
cillary services markets, offering regulating frequency reserve,
emergency reserves, etc.

However, the construction of a PSHP requires high invest-
ment costs (between 470 to 2170€/kW [3]), which could be
a barrier for commissioning new projects. Many factors could
jeopardise the recovery of investment costs [4]: 1) income from
price arbitrage between peak and off-peak hours is enough in
just a few electricity markets [3], 2) PSHPs are obliged to pay
grid fees for the usage of transmission lines when they are con-
suming, as it occurs in many power systems such as the Spanish
system or 3) high water fees for utilising rivers or lakes reduce
profits of PSHP operation.

Several researches have shown that PSHPs can hardly recover
their capital costs from the price arbitrage or load-shifting tradi-
tional operation (see [3] in deregulated electricity markets or [5]
in a centralised electricity market). In the context of liberalised
electricity systems, the participation of PSHPs in other markets,
mainly in the provision of regulation service, becomes critical
to improve the profitability of the pumped-storage facility [6],
[7]. In [8], secondary regulation reserve market (SM) proves to
be the most important income source for a PSHP in a real day
of the Portuguese electricity system and in other two synthetic
24-h scenarios.

Currently, most PSHPs in the world (hereafter referred to as
conventional PSHPs) pump water at a fixed speed and there-
fore, are not able to provide load-frequency control in pump-
ing mode. However, in order to help the integration of more
intermittent renewable energy sources, during last years the hy-
dropower industry has put special attention in technical solutions
which allow providing load-frequency control while pumping,

such as variable speed [9] and hydraulic short-circuit (SC)
operation [10].

The aim of this paper is twofold: 1) to present a mixed in-
teger linear programming (MILP) model for the energy and
reserve scheduling of a realistic closed-loop1 and daily-cycle
PSHP, considering hydraulic SC operation, 2) to show and to
quantify the extent to which hydraulic SC operation is able to
increase the income of a price-taker PSHP that participates both
in the day-ahead energy market (DM) also called spot market,
and the secondary regulation service of the Spanish electricity
power system. The secondary regulation service in the Span-
ish electricity market comprises two different concepts: i) a
reserve market, which takes place at 5:30 pm of the previous
day (after having cleared the spot market) where power reserve
availability is remunerated by the marginal market price, and
ii) power reserve delivery in real time, which is remunerated by
the marginal price of the tertiary regulation market [11]. The
model, used to estimate the maximum theoretical income in
the above-mentioned markets and services, is based on the one
proposed in [12], which has been revised in order to consider
several units within the same PSHP, and the head dependency
of both power and available spinning reserve, as well as to allow
for the operation in hydraulic SC mode instead of variable speed
operation.

Diverse optimization models for bidding and/or scheduling
conventional PSHPs in the day-ahead energy market [3], [13]–
[15] and simultaneously in the energy and reserve markets
[16]–[21] have been published in the literature. However, to
the authors’ knowledge, there are no papers where the optimal
scheduling of PSHPs operating in hydraulic SC mode and par-
ticipating in the energy and reserve markets has been explicitly
formulated [7].

Main contributions with respect previous studies are the fol-
lowing: 1) an MILP model for the energy and reserve scheduling
of a PSHP considering hydraulic SC operation and the real-time
use of reserves is proposed in the paper. The model considers
a variable number of PSHP units, the units’ start-up costs and
the head dependency in both power and available spinning re-
serve, and 2) the increase in the maximum theoretical income
of a PSHP due to the operation in hydraulic SC mode has been
quantified. The features considered in the proposed model have
not been taken into account in previous studies. Therefore, the
conclusions derived from the presented results can help to assess
the profitability of the different configurations of PSHPs.

The paper is organised as follows: Section II describes the
operation of PSHPs in hydraulic SC. Section III presents the
scheduling model formulation. The application of the model to a
realistic PSHP is presented in Section IV and finally, conclusions
are described in Section V.

II. PUMPED-STORAGE POWER PLANTS IN HYDRAULIC

SC OPERATION

To the best of our knowledge, Kops II, Malta, Geesthacht
and Luenersee are the only four PSHPs that are operated in

1Closed-loop PSHPs do not receive natural water inflows in the upper reser-
voir and do not release water from the lower reservoir.
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Fig. 1. Pumped-storage power plant operating in hydraulic SC mode.

hydraulic SC mode in the world. Kops II, owned by Vorarl-
berger Illwerke (Austria), was commissioned in 2008 and it is
the most documented [22], [23]. The power station scheme of
a PSHP operating in hydraulic SC mode with a single ternary
unit is presented in Fig. 1. A ternary unit is composed by a
Pelton turbine, a fixed-speed pump and a motor/generator elec-
tric machine, all connected vertically. Thanks to a clutch, both
the turbine and the pump of the ternary unit can be operated
simultaneously. The main advantage of this is that the PSHP is
able to regulate power (and therefore, to participate in the sec-
ondary regulation service) while it is consuming energy, with a
power regulation range equal to that of the turbines in operation.
In other words, the PSHP operating in hydraulic SC mode can
be considered as a controllable load, contributing to a much bet-
ter integration of intermittent renewable energy and to balance
generation and demand in real time better than conventional
PSHPs.

From the point of view of modelling, three operating modes
must be taken into account: generating, pumping and hydraulic
SC modes. The input/output curve (I/O curve) of a single ternary
unit, for a certain water level in the upper reservoir is presented
in Fig. 2. In generating mode (dashed line), water is discharged
from the upper to the lower reservoir through the Pelton tur-
bine (while the pump is off) and energy is injected to the grid.
When the unit is operated in pumping mode (black dot), water
is pumped from the lower to the upper reservoir through the
fixed-speed pump and energy is consumed from the grid. Fi-
nally, when the unit is operated in hydraulic SC mode (solid
line, obtained by means of a simple translation of the generating
mode curve in such a way that origin is moved to the point that
corresponds to the pumping mode at fixed rate), both turbine
and pump are on. A percentage of water that is taken from the
lower reservoir is pumped to the upper reservoir and the rest is

Fig. 2. I/O curve of a ternary unit in hydraulic SC. Dashed line for generating
mode, black dot for pumping mode and solid line for SC mode.

TABLE I
MODES OF OPERATION OF DIFFERENT PSHPS

PSHP Pumping Generating Hydraulic SC

Conv fixed speed Francis pump-turbine n/a
SC-B fixed speed Francis pump-turbine two or more units
SC-T fixed speed Pelton one or more units

passed through the turbine, delivering energy to the grid and reg-
ulating the output power if necessary. The maximum secondary
regulation-up, max gsec,up

c,t and down, max gsec,dw
c,t reserves, in

generating and hydraulic SC modes are shown in Fig. 2 (it is
not possible to regulate in pumping mode since the pump oper-
ates with fixed speed). Reserves that are requested in real time
are supplied as following: regulation-up (resp. down) energy
is delivered by increasing (resp. reducing) the water discharge
through the turbines.

If the PSHP is composed by several ternary units, all pumps
and turbines can be operated simultaneously in hydraulic SC
mode, with a total regulation range equal to that of all tur-
bines in operation. Finally, although as far as we know there
is no PSHP operating in hydraulic SC mode with binary units
(SC-B) (a binary unit is composed by a reversible Francis pump-
turbine and a motor/generator electric machine), theoretically,
they could be also operated in the said mode, as long as they
comprise two or more units (at least one unit must operate in
pumping mode and another in generating mode). Nonetheless,
the power regulation range of PSHPs operating in hydraulic
SC-B is significantly lower than with ternary units, since each
binary unit must be operated as a turbine or as a pump but not
simultaneously. Furthermore, the power regulation range of a
Francis pump-turbine is notably lower than that of a Pelton tur-
bine. In Section IV, the operation and income of a PSHP with
ternary units operating in hydraulic SC mode are compared with
those of a conventional PSHP with binary units and with a PSHP
operating in hydraulic SC-B.

Table I summarises the main features of the pumping, gener-
ating and hydraulic SC operating modes of the configurations
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of conventional PSHPs (Conv), PSHPs operating in hydraulic
SC-B and PSHPs operating in hydraulic SC mode with ternary
units (SC-T) considered in Section IV.

III. MODEL FORMULATION

In this section, three models are presented. Section III-A
shows the model formulation of PSHPs operating in hydraulic
SC-T (SC-T PSHP) whereas Section III-B describes the model
formulation of PSHPs operating in hydraulic SC-B (SC-B
PSHP). Differences between a PSHP operating in hydraulic
SC-T and SC-B are explained in Section II. Finally, Section III-
C presents the model formulation of conventional PSHPs (Conv
PSHP).

A. Model Formulation for SC-T PSHP

1) Objective Function: The objective function consists in
maximizing the net income of a PSHP participating in the DM
and the secondary regulation service in the framework of the
Spanish electricity market [11]. In (1), the first line expresses
the net income for the regulation energy due to the real-time use
of the secondary regulation reserves. The second line expresses
the net income in the DM and the income for reserves put
at disposal of the TSO in the SM. And, finally, the third line
expresses the start-up costs of turbines and pumps, respectively,

Max z =
∑

t

{(
esec,up
t · λup,t − esec,dw

t · λdw ,t

)

+
∑

c

[(
gd

c,t − gp
c,t

)
· λD,t +

(
gsec,up

c,t + gsec,dw
c,t

)

·λS,t − cSUd
c · yd

c,t − cSUp
c · yp

c,t

]}
. (1)

2) Water Balance: The water balance, (2) does not include
any water inflow because a closed-loop PSHP is considered in
this article. Furthermore, in order to express all terms of the
water balance equation with the same dimension, time duration
of each period t is included with flow variables even though its
value is one hour. In addition to this, water limits are imposed to
water volume in the upper reservoir, vt in all time period t, (3).
Water balance and limits in the lower reservoir are not included
in the model formulation for the shake of clarity,

vt = vt−1 +
∑

c

lt ·
(
qp
c,t − qd

c,t

)
∀t (2)

v ≤ vt ≤ v ∀t. (3)

In the upper reservoir, a target water volume is imposed, (4),
where T stands for the last period of the time horizon. The target
water volume is deemed as input data to the model and equals
initial volume in Section IV

vt = fv ∀t = T. (4)

3) Hydropower Generation: Generation/consumption curv-
es of each unit of SC-T PSHPs are modelled by equations
(7)–(24) (see Fig. 2 in Section II). The presented formulation
for generation/consumption curves follows the one proposed
in [24].

Two generation/consumption curves, k1 and k2 have been
considered in the formulation, and correspond to two different
reservoir levels. Each curve is selected using the binary variable,
dt that depends on the water volume of the upper reservoir, (5)
and (6). The power generation is calculated from (7)–(10), as a
function of dt and ud

c,t . With equations (11) and (12), the max-
imum and minimum water discharges, which depend on the
water level in the upper reservoir, are considered. In addition
to this, the water discharge takes into account not only the flow
that is used to produce the energy committed or scheduled in the
spot market but also the extra flow that is required for providing
regulation-up energy, and the flow that is kept upstream in order
to provide regulation-down energy, (13)–(16). The water dis-
charge used for deploying the secondary regulation energy also
depends on the water level in the upper reservoir. This has been
modelled by using the appropriate energy coefficient of each
generation curve, δd

k1
and δd

k2
. Head dependency in consumed

power and pumped water is included in (17)–(24). Start-up de-
cisions are modelled in (25) for turbines and (26) for pumps. In
the case that the maximum variation of the water level in the
upper reservoir can be negligible in comparison with the avail-
able gross head, the corresponding equations can be derived in
a straightforward manner from those used in this paper

vt ≥ v · (1 − dt) +
(

v +
v − v

2

)
· dt ∀t (5)

vt ≤ v · dt +
(

v +
v − v

2

)
· (1 − dt) ∀t (6)

gd
c,t ≤ ud

c,t · gd
c,k + qsd

c,t · δd
k + M · dt ∀c, t, k = k1 (7)

gd
c,t ≥ ud

c,t · gd
c,k + qsd

c,t · δd
k − M · dt ∀c, t, k = k1 (8)

gd
c,t ≤ ud

c,t · gd
c,k + qsd

c,t · δd
k + M · (1 − dt)

∀c, t, k = k2 (9)

gd
c,t ≥ ud

c,t · gd
c,k + qsd

c,t · δd
k − M · (1 − dt)

∀c, t, k = k2 (10)

qsd
c,t ≤ ud

c,t · M ∀c, t (11)

qsd
c,t ≤

(
qd

c,k1
− qd

c,k1

)
· (1 − dt)

+
(
qd

c,k2
− qd

c,k2

)
· dt ∀c, t (12)

qd
c,t ≤ ud

c,t · qd
c,k + qsd

c,t + M · dt +
1
δd
k

·
(
ρup

t · gsec,up
c,t

− ρdw
t · gsec,dw

c,t

)
∀c, t, k = k1 (13)

qd
c,t ≥ ud

c,t · qd
c,k + qsp

c,t − M · dt +
1
δd
k

·
(
ρup

t · gsec,up
c,t

− ρdw
t · gsec,dw

c,t

)
∀c, t, k = k1 (14)

qd
c,t ≤ ud

c,t · qd
c,k + qsd

c,t + M · (1 − dt) +
1
δd
k

· (ρup
t

·gsec,up
c,t − ρdw

t · gsec,dw
c,t

)
∀c, t, k = k2 (15)
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qd
c,t ≥ ud

c,t · qd
c,k + qsd

c,t − M · (1 − dt) +
1
δd
k

· (ρup
t

·gsec,up
c,t − ρdw

t · gsec,dw
c,t

)
∀c, t, k = k2 (16)

gp
c,t ≤ up

c,t · gp
c,k + M · dt ∀c, t, k = k1 (17)

gp
c,t ≥ up

c,t · gp
c,k − M · dt ∀c, t, k = k1 (18)

gp
c,t ≤ up

c,t · gp
c,k + M · (1 − dt) ∀c, t, k = k2 (19)

gp
c,t ≥ up

c,t · gp
c,k − M · (1 − dt) ∀c, t, k = k2 (20)

qp
c,t ≤ up

c,t · qp
c,k + M · dt ∀c, t, k = k1 (21)

qp
c,t ≥ up

c,t · qp
c,k − M · dt ∀c, t, k = k1 (22)

qp
c,t ≤ up

c,t · qp
c,k + M · (1 − dt) ∀c, t, k = k2 (23)

qp
c,t ≥ up

c,t · qp
c,k − M · (1 − dt) ∀c, t, k = k2 (24)

yd
c,t ≥ ud

c,t − ud
c,t−1 ∀c, t (25)

yp
c,t ≥ up

c,t − up
c,t−1 ∀c, t. (26)

4) Secondary Regulation Service: The secondary regulation
service (also called secondary control or load-frequency con-
trol service) in the Spanish electricity market comprises the
hourly power reserve of each participant, that is committed in
a day-ahead reserve market, and the reserve requested in real-
time by the TSO. The secondary regulation reserve bids are
modelled through (27)–(31). Note that the auxiliary variable
aux gsec

c,t avoids non-linearities in the formulation of the sec-
ondary regulation-down reserve due to the head dependency in
the available spinning reserve. When a unit is off in generat-
ing mode (ud

c,t = 0), there is no available secondary regulation
reserve by (29), and aux gsec

c,t will take a value greater than or
equal to the expression in square brackets in (28) and lower than
M by (30). In addition, when a unit is on in generating mode
(ud

c,t = 1), aux gsec
c,t equals zero through (30). Moreover, the

Spanish TSO requires the market agents to fulfil an hourly ratio
between regulation-up reserve and total reserve, (31). When a
bid is assigned in this market, the PSHP must be ready to use it

gsec,up
c,t ≤

[
gd

c,k2
· dt + gd

c,k1
(1 − dt)

]
− gd

c,t ∀c, t (27)

gsec,dw
c,t − aux gsec

c,t ≤ gd
c,t

−
[
gd

c,k2
· dt + gd

c,k1
(1 − dt)

]
∀c, t (28)

gsec,up
c,t + gsec,dw

c,t ≤ M · ud
c,t ∀c, t (29)

aux gsec
c,t ≤ M

(
1 − ud

c,t

)
∀c, t (30)

∑

c

(
gsec,up

c,t

gsec,up
c,t + gsec,dw

c,t

)
= RSM

t ∀t. (31)

The secondary regulation energy in each period t is remuner-
ated according to the net energy, i.e. regulation-up energy minus
regulation-down energy, (32)–(34). A positive net regulation
energy (φt=1) is remunerated according to the regulation-up
energy price and the PSHP must discharge extra water from the
upper reservoir whereas if the net regulation energy is negative

(φt=0), the PSHP must pay the regulation-down energy price,
keeping water in the upper reservoir. If φt=1, esec,dw

t = 0 by
equation (34) and esec,up

t equals the right-side of equation (32).
Analogously, if φt=0, esec,up

t = 0 by equation (33) and esec,dw
t

equals the right-side of equation (32)

esec,up
t − esec,dw

t =
∑

c

(
ρup

t · gsec,up
c,t − ρdw

t · gsec,dw
c,t

)
∀t

(32)

0 ≤ esec,up
t ≤ φt · M ∀t (33)

0 ≤ esec,dw
t ≤ (1 − φt) · M ∀t. (34)

B. Model Formulation for SC-B PSHP

Model formulation of PSHPs operating in hydraulic SC-B is
composed by equations (1)–(34) and equation (35). The latter
prevents each unit to be operated simultaneously in generating
and pumping mode (see Section II for details of binary units).
Due to this, the I/O curve of each binary unit is the same as
the one of Conv PSHPs, i.e., the one presented in Fig. 2 but
with the solid line removed. However, note that the plant can be
operated simultaneously in generating and pumping mode if it
is equipped by two or more units, thanks to the hydraulic SC

ud
c,t + up

c,t ≤ 1 ∀c, t. (35)

C. Model Formulation for Conventional PSHP

Model formulation of Conv PSHPs is composed by equations
(1)–(35) and equation (36). A Conv PSHP can be operated in
generating or pumping modes but not in hydraulic SC mode.
Therefore, the plant only regulates power in generating mode,
losing the opportunity to participate in the secondary regulation
service while it is pumping, regardless of the number of pump-
turbine units. The I/O curve of their units is the same as the one
presented in Fig. 2 but with the solid line removed. In addition to
this, Conv PSHPs usually comprise a single penstock between
the upper reservoir and the power station. Consequently, if there
is at least one unit operating in pumping mode, no unit can be
operated in generating mode, and vice versa, (36). For instance,
if the Conv PSHP is composed by three units, i.e. C = 3, and
unit c1 is pumping, i.e., up

c1 ,t = 1, the right-side of equation (36)
is zero when the constraint is evaluated for c = c1 and, therefore,
the rest of the units of the plant have an off state in generating
mode, i.e., ud

c2 ,t = ud
c3 ,t = 0, left-side of the equation. Due to

(35), when a unit is in pumping mode, it cannot be in generating
mode, i.e., ud

c1 ,t = 0 as up
c1 ,t = 1

∑

c ′ �=c

ud
c ′,t ≤ (C − 1) − (C − 1) · up

c,t ∀c, t. (36)

IV. CASE STUDY

A. Data

1) Electric Power System Data: The electric power system
data correspond to historical hourly values of: 1) spot prices,
2) secondary regulation reserve prices, 3) secondary regulation-
up and down energy prices, 4) percentage of real-time use
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TABLE II
TECHNICAL DATA OF EACH UNIT IN THE PROPOSED PSHPS, FLOWS IN m3 /s,

POWER IN MW , EFFICIENCIES IN % AND START-UP COSTS IN €

Conv and SC-B SC-T

qd
c , k 115.7/115.7 115.7/115.7

gd
c , k 297.4/314.1 297.4/314.1

ηd
c , k 90/92 90/92

qd
c , k 49.77/49.77 23.15/23.15

gd
c , k 107.9/114.5 52.87/55.99

ηd
c , k 76/78 80/82

qp
c , k 115.7/115.7 115.7/115.7

gp
c , k 389.8/402.8 389.8/402.8

ηp
c , k 90/90 90/90

cSU d
c 1650.6 1650.6

cSU p
c 1321.5 1321.5

of regulation-up and down reserves and 5) the ratio between
regulation-up reserve and total reserve determined by the TSO,
RSM

t .
Actual regulation-up and down energy provided by each

power plant in Spain is not publicly available. In order to build
the required input data, it is assumed that the hourly real-time
use of reserves, (ρup

t , ρdw
t ) is given by the historical hourly ratio

of aggregate power delivery and aggregate assigned reserves in
the entire Spanish power system. The maximum hourly real-
time use of reserves is assumed to be 100%. In addition to this,
hourly regulation reserve ratio, RSM

t is assumed to be the histor-
ical hourly ratio of aggregate secondary regulation-up and total
reserve requirements of the entire Spanish power system.

2) Technical Data: Technical data of 1) the reversible Fran-
cis pump-turbines for the Conv PSHP and the SC-B PSHP and
2) the Pelton turbines and pumps at fixed speed for the SC-T
PSHP are presented in Table II. All data is split into pairs (ex-
cept start-up costs): values on the left (resp. right) of the slash
refers to the I/O curve for the lower (resp. higher) reservoir level.
Higher gross head is considered to be 310 m while lower gross
head is assumed to be 300 m. Hydraulic losses, mainly resulting
from friction of the water in the penstock, are considered 3% of
the gross head [25], i.e., 9.3 m for the higher gross head and 9
m for the lower gross head. It is assumed that the three analysed
PSHPs (Conv, SC-B and SC-T) are formed by two identical
units.

Maximum water discharge and pumped water flow have been
chosen in order to empty and refill the upper reservoir in a
minimum time of 6 h (the upper reservoir capacity is 5 hm3 ,
v = 5 hm3 and v = 0 hm3). In generating mode, the mini-
mum flow and efficiencies at maximum and minimum flows are
determined from typical performance curves in [25]. A linear
relationship between water discharge and power generation is
assumed. As all pumps (and reversible Francis pump-turbines in
pumping mode) operate at fixed speed, they have a single oper-
ating point with a typical efficiency of 90% [26]. The round-trip
efficiency of the ternary units is between 78% at the maximum
operating point and 69.5% at the minimum operating point for
the higher gross head and between 76.3% and 67.8% for the

lower gross head. In addition to this, the round-trip efficiency
of the binary units is between 78% at the maximum operating
point and 66.1% at the minimum operating point for the higher
gross head and between 76.3% and 64.4% for the lower gross
head.

Finally, start-up costs of turbines and pumps have been cal-
culated according to [27]. No differences have been considered
between reversible Francis in generating mode and Pelton tur-
bines or between reversible Francis in pumping mode and pumps
of SC-T PSHPs.

B. Methodology

The three proposed models in Section III have been applied,
respectively, to the closed-loop and daily-cycle PSHPs of Ta-
ble II to calculate the maximum theoretical income in the above-
mentioned markets and services in two representative cases. For
this purpose, the model was run, day by day, over two different
periods of one week (one in summer and one in late autumn)
and with a daily initial and final volume in the upper reservoir
of 2.5 hm3 , in order to 1) determine the extra value that the
hydraulic SC operation introduces comparing to Conv PSHPs
participating in the spot and the secondary regulation service
and 2) analyse and compare to each other the power and reserve
schedule of Conv PSHPs and PSHPs operating in hydraulic SC
mode. Each daily problem is solved with a branch and cut algo-
rithm in Cplex in a 2.2 GHz Dual Core AMD Turion CPU, with
4 GB of RAM memory. Hundreds seconds of CPU time were
necessary for each week and each PSHP.

C. Maximum Theoretical Income

For Conv, SC-B and SC-T PSHPs, maximum theoretical in-
come in the two cases under study and in the day 11/11/2014,
whose operation is discussed in Section IV-D, are shown in Ta-
ble III. These results consider that all PSHPs are formed by two
identical units with the data of Table II. Revenues are composed
by the spot market income (DM), secondary regulation reserve
market income (SM) and income from secondary regulation-
up (ER2UP) energy. Costs are related to secondary regulation-
down energy (ER2DW) and start-up costs for turbines, cSUd

and pumps, cSUp . In addition to this, income in the spot market
is divided into sold energy when the plant is generating (DM+ )
and purchased energy when is pumping (DM−).

All PSHPs are mainly obtaining their revenues from the sec-
ondary regulation reserve market. As the PSHP is more flexi-
ble (SC-T PSHPs are more flexible than SC-B PSHPs that are
more flexible than Conv PSHPs), the maximum theoretical in-
come from this market and in total are higher, whereas the spot
market revenue is lower and even negative (see DM in the first
case for all PSHPs and in the second case for the SC-T PSHP).
This reflects that the PSHP is using the secondary regulation re-
serve as the priority source of revenue, and the spot market as a
subsidiary means to maximize the participation in the secondary
regulation market.

As a consequence of a higher participation in the secondary
regulation reserve market, not only the income from the said
market is higher as the PSHP is more flexible, but also the
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TABLE III
MAXIMUM THEORETICAL INCOME OF PSHPS, [103

€]

Conv SC-B SC-T

DM + 1663.35 1729.06 2526.51
DM − −1721.60 −1798.44 −2924.44

First Case DM −58.25 −69.38 −397.93
30/06/2014 SM 707.28 728.43 1682.55
to ER2UP 131.68 140.07 441.38
06/07/2014 ER2DW −165.02 −171.92 −287.37

cSU d −66.02 −64.37 −34.66
cSU p −34.36 −33.04 −35.68
Total 515.31 529.80 1368.28

DM + 1409.07 1477.76 2102.60
DM − −1332.60 −1430.89 −2599.97

Second Case DM 76.47 46.87 −497.36
10/11/2014 SM 1163.93 1180.58 2969.99
to ER2UP 231.26 250.55 765.18
16/11/2014 ER2DW −81.84 −82.27 −148.03

cSU d −85.83 −62.72 −33.01
cSU p −58.15 −43.61 −50.22
Total 1245.84 1289.39 3006.56

DM + 248.80 262.76 325.40
DM − −236.18 −257.42 −395.03

DM 12.62 5.34 −69.63
Day SM 150.22 162.80 386.76
11/11/2014 ER2UP 31.40 35.40 112.28

ER2DW −18.11 −22.48 −35.95
cSU d −9.90 −8.25 −4.95
cSU p −7.93 −6.61 −7.93
Total 158.29 166.19 380.57

profit from the regulation-up and down energy increases. It is
important to note that in the Spanish electric power system, the
secondary regulation-up (resp. down) energy prices are usually
higher (resp. lower) than the spot market prices (in 2014, the
mean spot market price was 42.15€/MW·h whereas the mean
secondary regulation-up and down energy prices were 47.36
and 31.34 €/MW·h, respectively). Due to this and also due
to the importance of the secondary regulation reserve price, a
sensitivity analysis of the maximum theoretical income to a
variation in the secondary regulation reserve price and in the
secondary regulation-up and down energy prices is presented in
Section IV-E.

Comparing maximum theoretical income between PSHPs,
the highest increase is between Conv and SC-T PSHP, with
165.5% higher income of SC-T PSHP in the first case, and
141.33% in the second case. The reason for such significant
increment is the high flexibility that hydraulic SC operation
with ternary units introduces: in all hours in which Conv PSHP
is in pumping mode, it cannot participate in the reserve market
whereas SC-T PSHP is able to participate with a regulation range
equivalent to that of all turbines in operation. Furthermore, when
a unit in the Conv PSHP is operating in pumping mode, this unit
and the rest must be off in generating mode whereas when a
unit in the SC-T PSHP is operating in pumping mode, this unit
and the rest can be on or off in generating mode. Increment in
maximum theoretical income between Conv and SC-B PSHP is
significantly reduced to 2.81% in the first case and 3.5% in the
second case. The reason for this small increase is because SC-B
PSHP is much less flexible than SC-T PSHP: in the former, the
hydraulic SC operation is restricted to the situation where one

Fig. 3. Optimal operation of Conv PSHP. In regulation energy, regulation-up
(resp. down) energy prices are in solid (resp. dashed) line.

unit is operated in pumping mode and the other in generating
mode.

D. PSHP Operation in Hydraulic SC Mode

The energy and reserve schedule of the Conv PSHP, and the
amount of regulation-up and down energy requested in real-
time to the plant, according to the hypotheses described above,
are shown in Fig. 3, for 11/11/2014; the same variables are
shown in Fig. 4 for the SC-T PSHP. The operation of the SC-
B PSHP is similar to the one of the Conv PSHP. Each figure
is divided into four subfigures where the following variables
are depicted: 1) upper reservoir water volume in solid line and
total water through the turbines (positive) or pumps (negative)
in bars, 2) energy schedule in bars and price of the spot market
in solid line, 3) reserve schedule in bars and price of the reserve
market in solid line and 4) regulation-up and down energy in
bars and prices in solid and dashed lines, respectively.

The most important difference between the operation of
the Conv and SC-T PSHPs comes, as expected, from the fact
that the former can only participate in the secondary regula-
tion reserve market in generating mode, whereas the latter can
participate in the said market both in consumption and gen-
erating modes. As can be seen in the figures, both PSHPs
pump/discharge water to/from the upper reservoir during off-
peak/peak hours (lower/higher spot market prices).2 The Conv
PSHP manages to make some profit from the difference between
peak and off-peak spot market prices (the so-called price arbi-
trage) (see economic results of 11/11/2014 in Table III), whereas
the SC-T PSHP obtains a negative revenue in the spot market.

2There are also some hours with intermediate prices where the PSHP pumps
or discharges water in an apparently arbitrary manner, in order to reduce the
number of start-ups and to respect the reservoir storage limits.
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Fig. 4. Optimal operation of PSHP in hydraulic SC with ternary units. In
regulation energy, regulation-up (resp. down) energy prices are in solid (resp.
dashed) line.

Fig. 5. Real-time use of reserves, regulation-up (resp. down) uses are in solid
(resp. dotted) line.

However, the SC-T PSHP benefits also from the reserve prices
during off-peak hours in the spot market, which according to
unpublished studies carried out by the authors, do have a nega-
tive correlation with the spot market prices, and are, therefore,
usually higher during off-peak hours of the spot market in the
Spanish electricity system. Theoretically, the Conv PSHP could
offer energy and reserve in hour 3, in which the reserve price is
quite high. However, as can be seen in Fig. 5, the TSO would
ask the PSHP to provide around 85% of the offered reserve,
which might cause the storage capacity in the upper reservoir
to run out. Instead, the Conv PSHP chooses to fill up the upper
reservoir from hour 3 to hour 7, and to offer again energy and
reserve from hour 8 to hour 15. Of course, the Conv PSHP could
choose to alternate one or two hours in pumping mode followed
by one or two hours in generating mode, in order to benefit
from the higher reserve prices, at the expense of increasing the
start-up costs. In Fig. 4, it is even more evident that the oper-
ation of the SC-T PSHP is focused on making profit from the
secondary regulation reserve market. The SC-T PSHP operates
in hydraulic SC mode during peak hours in the reserve market

Fig. 6. Clusters (black solid line) and closest historical price profiles (dashed
line) for the sensitivity analysis of the secondary regulation reserve price.

and in generating mode during peak hours in the spot market,
and offers reserve every single hour.

Finally, it is interesting to note that while the Conv PSHP
makes use of the whole storage capacity, the SC-T PSHP uses
only a small fraction of its capacity. Even though it is not possible
to draw reliable conclusions from the operation of a single day,
this could have a positive impact on the storage capacity sizing,
and therefore on the investment cost of the PSHP. However, this
issue is outside the scope of the paper, and is suggested as a
future line of work in Section V.

E. Sensitivity Analysis

Three sensitivity analyses have been carried out in order to
study the sensitivity of the maximum theoretical income to a
variation in 1) the secondary reserve price, 2) the secondary
regulation-up energy price and 3) the secondary regulation-
down energy price. In each sensitivity analysis, price profiles
are chosen according to the following methodology.

1) The hourly historical data of the price under study in each
day of the period 2010 to 10/11/2014 is clustered into
four daily groups based on the method of the squared
Euclidean distances [28].

2) The real daily historical price profile that is the closest
to each centroid is chosen; the distance between each
historical price profile and each centroid is measured
from the Euclidean distance. Fig. 6 shows the centroids
and the closest price profiles of the historical data used
in the sensitivity analysis corresponding to the secondary
regulation reserve price.

3) The other two price profiles are chosen directly according
to the historical data in the days of the previous step.
For instance, the prices profiles for the highest centroid
in Fig. 6 correspond to 28/12/2013, being the real prices
of the secondary reserve and the secondary regulation-up
and down energy of this day the ones that are used.

4) The spot prices, the percentages of real-time use of
regulation-up and down reserves and the ratios between
the regulation-up reserve and the total reserve, RSM

t , are
those of the day 11/11/2014.
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Fig. 7. Sensitivity analysis of the secondary regulation reserve price.

Fig. 8. Sensitivity analysis of the secondary regulation-up energy price.

Fig. 9. Sensitivity analysis of the secondary regulation-down energy price.

The results of the sensitivity analyses with respect the sec-
ondary regulation reserve price, the secondary regulation-up
energy price and the secondary regulation-down energy price
are shown in Figs. 7–9, respectively. In each figure, the maxi-
mum theoretical income of Conv, SC-B and SC-T PSHPs under
the above-described assumptions is presented in the left y-axis.
In addition, the average value of the price under study in the sen-
sitivity analysis is shown in the x-axis. In the sensitivity analyses
of the secondary regulation-up and down energy prices, the aver-
age value of the secondary regulation reserve price is also shown

in the right y-axis in order to better understand the behaviour of
the maximum theoretical income.

The sensitivity of the maximum theoretical income to the
mean secondary regulation reserve price is significant, Fig. 7,
varying the former sixfold when the latter varies also sixfold. In
the day under study, the sensitivity seems to be quite linear, being
higher for SC-T PSHP than for Conv and SC-B PSHPs, whose
sensitivity is almost the same. This sensitivity analysis confirms
the results obtained in Section IV-C because the income from
the secondary regulation reserve market are the most significant
and, therefore, a change in its mean price affects considerably
the total maximum theoretical income.

The sensitivity of the maximum theoretical income to the
mean secondary regulation-up energy price is also significant,
Fig. 8, and also higher for SC-T PSHP than for Conv and SC-B
PSHPs, whose sensitivity is again almost the same. However,
the total income curves are again explained by the mean SM
price, first decreasing and then increasing as the mean secondary
regulation-up energy price increases. This result also confirms
the ones obtained in Section IV-C regarding the small magni-
tude of the income from the secondary regulation-up energy
comparing to the total maximum theoretical income.

Finally, the sensitivity analysis of the mean secondary
regulation-down energy price is similar to the one with the mean
secondary regulation-up energy price, Fig. 9.

V. CONCLUSION

An MILP model for the energy and reserve scheduling of a
PSHP considering hydraulic SC operation is presented. Addi-
tionally, this study compares maximum theoretical income of a
conventional PSHP and a PSHP operating in hydraulic SC mode
with binary and ternary units, in the spot and secondary regula-
tion reserve markets of the Spanish electricity system. The plant
under study is a closed-loop, daily-cycle and price-taker PSHP.
The results obtained in the article show that a PSHP operating
in hydraulic SC mode could enlarge its maximum theoretical
income up to 162.3% comparing to a conventional PSHP. In
addition to this, the secondary regulation reserve market proves
to be the main revenue source for the PSHPs analysed in this
article, whereas the spot market would assume a subsidiary role.
It is important to consider these results in the context of a price-
taker PSHP and a bidding procedure which assumes perfect
knowledge in all the data of the electricity system. Further re-
search, taking into account stochasticity in hourly prices and
real-time use of reserves, is required to obtain more realistic fig-
ures on the expected revenue of a PSHP operating in hydraulic
SC mode. Furthermore, considering a price-maker approach in
the secondary regulation market is deemed as another future
work, where the quota of each participant may be of consider-
able size. Other trading options of the PSHP in, for example,
intraday markets and the tertiary regulation service are also part
of future work. Finally, some results obtained in the article sug-
gest the need of further research on the optimal sizing of a PSHP
operating in hydraulic SC mode.
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[7] J. I. Pérez-Dı́az, M. Chazarra, J. Garcı́a-González, G. Cavazzini, and
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Juan Ignacio Pérez-Dı́az received the Ph.D. degree
from the Technical University of Madrid (UPM),
Madrid, Spain, in 2008.

He has been a nontenured Associate Professor
since 2011 with the UPM. His current research inter-
ests include mainly on optimal operation and control
of hydro power plants.
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Politécnica de Cataluña, Barcelona, Spain, in 1996,
and the Ph.D. degree in 2001 from the Comillas Pon-
tifical University, Madrid, Spain

He is an Associate Professor in Comillas Pontif-
ical University. He belongs to the Research Staff of
the Institute for Research in Technology. His research
interests include operations, planning, and economy
of power systems.



2.2 Paper-B: Optimal Joint Energy and Secondary Regulation
Reserve Hourly Scheduling of Variable Speed Pumped
Storage Hydropower Plants

The preliminary version of this paper was published in [Chazarra et al., 2014], and orally
presented in an International Conference. In this paper entitled “Optimal Joint Energy and
Secondary Regulation Reserve Hourly Scheduling of Variable Speed Pumped Storage Hydro-
power Plants” [Chazarra et al., 2017e], it is presented an optimisation model based on mixed
integer linear programming for obtaining the day-ahead energy and reserve scheduling of a
closed-loop and daily-cycle PSHP, equipped with variable-speed pump-turbine units. The
variable-speed units can be equipped with synchronous or asynchronous machines, and with
and without bypassing the frequency converter in generating mode. The PSHP is modelled
as a price-taker in both in the day-ahead energy market, and the secondary regulation reserve
market of the Iberian and the Spanish electricity power systems, respectively. The activation
of the secondary regulation reserves is also considered in the model formulation. The model
assumes perfect information in the secondary regulation energy prices and in the percentages
of the real-time use of the committed reserves. Furthermore, the model takes into account
uncertainty in the day-ahead energy market prices and in the secondary regulation reserve
market prices, and also takes into account the risk-aversion of the decision maker due to the
uncertainty.

This publication is linked to the objectives of the Thesis (Figure 1.8) as follows: as far
as the Thesis author knows, it is the first time in which the optimal scheduling of PSHPs
with variable-speed units equipped with synchronous or asynchronous machines, and with
and without bypassing the frequency converter in generating mode, participating in the day-
ahead energy and reserve markets has been explicitly formulated. Therefore, it is used as a
basis to develop the main goal of the Thesis (the risk-averse optimisation model with look
ahead period, Chapter 3) and it is used as a tool for a part of the second secondary objective
of the Thesis (to estimate the economic viability of PSHPs with variable-speed units).

70



0885-8950 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2017.2699920, IEEE
Transactions on Power Systems

1

Optimal Joint Energy and Secondary Regulation
Reserve Hourly Scheduling of Variable Speed

Pumped Storage Hydropower Plants
Manuel Chazarra, Juan I. Pérez-Díaz and Javier García-González, Member, IEEE

Abstract—This paper presents a mixed integer linear
programming model for the hourly energy and secondary
regulation reserve scheduling of a price-taker and closed-loop
variable speed pumped-storage hydropower plant, considering
the energy losses due to the use of electronic frequency converters.
The plant participates in the day-ahead energy market and in
the secondary regulation service of the Iberian electric power
system. The model is utilised to compare the income of the
plant with and without considering the variable speed technology,
with synchronous or asynchronous machines, with and without
bypassing the frequency converter in generating mode, and with
and without perfect information of the electric power system
data. Numerical testing results demonstrate that the operation
with the variable speed technology could help notably to enlarge
the income of the power plant and that the secondary regulation
reserve market might be the main source of revenue for the
power plant.

Index Terms—Pumped Storage Plant, Secondary Regulation
Service, Variable Speed Technology, Risk Aversion,
Scenario-based Approach.

NOMENCLATURE

Superscripts
d, d′ Indicates that the magnitude is related to

generation/discharge. The superscript d refers
to pump-turbine units with variable speed (using
a converter). When the superscript includes the
prime symbol, i.e. d′, it refers to pump-turbine
units with fixed speed (without using a converter)

p, p′ Indicates that the magnitude is related to
consumption/pumping. The superscript p refers
to pump-turbine units with variable speed (using
a converter). When the superscript includes the
prime symbol, i.e. p′, it refers to pump-turbine
units with fixed speed (without using a converter)

s Indicates that the magnitude is related to the
secondary regulation service (reserve or energy)
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Sets
c Pump-turbine unit, running from 1 to C
k Discrete generation curves
n Price scenario of the day-ahead energy market and

the secondary regulation reserve market
t Hourly period, running from 1 to T
Parameters
β Confidence interval
cSUd

c Start-up cost in generating mode, BC
cSUp

c Start-up cost in pumping mode, BC
δdc,k Energy coefficient in generating mode, MW/Mm3/h
δpc,k Energy coefficient in pumping mode, MW/Mm3/h
fv Target water volume at the end of the last hour of

the time horizon, Mm3

gdc,k, gd
c,k

Maximum and minimum technical power
generation, MW

gp
′

c,k Maximum technical power consumption of fixed
speed pump-turbine units, MW. Note that the
minimum technical power consumption equals the
maximum as they operate with fixed speed

gpc,k, gp
c,k

Maximum and minimum technical power
consumption of variable speed pump-turbine
units, MW

Hu, Hi Gross head at the maximum efficiency and a head
lower than Hu, i.e. Hi < Hu, m

lt Time length of period t, 1 h
λD,n,t Day-ahead energy market price, BC/MWh
λS,n,t Secondary regulation reserve market price, BC/MW
λup,t Upward secondary regulation energy price, BC/MWh
λdw,t Downward secondary regulation energy price,

BC/MWh
µ Risk-averse weight factor, µ ∈ [0,1]
ηdc,k, ηdc,k Efficiency at maximum and minimum water

discharge, %
ηpc,k, ηpc,k Efficiency at maximum and minimum pumped

water, %
πn Probability of the price scenario
qd
′

c,k, qd
′

c,k
Maximum and minimum technical water discharge
of fixed speed pump-turbine units, Mm3/h

qdc,k, qd
c,k

Maximum and minimum technical water discharge
of variable speed pump-turbine units, Mm3/h

qp
′

c,k Maximum technical pumped water of fixed speed
pump-turbine units, Mm3/h

qpc,k, qp
c,k

Maximum and minimum technical pumped water
of variable speed pump-turbine units, Mm3/h
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ρupt , ρdwt Percentage of the real-time use of the upward
and downward secondary regulation reserves with
respect to the secondary reserve capacity cleared in
the market

RSM
t Ratio between the upward secondary regulation

reserve and the total regulation reserve, set by the
TSO in advance, that needs to be satisfied by the
offered reserves by each agent

v, v Maximum and minimum technical water storage
limits of the upper reservoir due to design
characteristics, Mm3

Positive Variables
Bn Net profit in scenario n, BC
B−n auxiliary variable which is equal to zero when the

net profit is higher than the V aR, and it is equal to
the difference between them in the opposite case,
BC

V aR Value at risk, BC
CV aR Conditional value at risk, BC
gdc,t Power generation, MW
gpc,t Power consumption, MW
qdc,t, q

p
c,t Total water discharge and total pumped water,

which include water for the real-time use of
the upward and downward secondary regulation
reserves, Mm3/h

qsdc,t Water discharge above the minimum technical limit,
Mm3/h

qspc,t Pumped water above the minimum technical limit,
Mm3/h

gd,s,upc,t Upward secondary regulation reserve in generating
mode, MW

gp,s,upc,t Upward secondary regulation reserve in pumping
mode, MW

gd,s,dwc,t Downward secondary regulation reserve in
generating mode, MW

gp,s,dwc,t Downward secondary regulation reserve in pumping
mode, MW

aux_gd,sc,t Auxiliary variable associated with gd,s,dwc,t , MW
aux_gp,sc,t Auxiliary variable associated with gp,s,upc,t , MW
es,upt Upward secondary regulation reserve requested in

real-time by the TSO, MWh
es,dwt Downward secondary regulation reserve requested

in real-time by the TSO, MWh
vt Water volume of the upper reservoir, Mm3

Binary Variables
dt Variable used for the discretization of the

hydropower generation/consumption curves to take
into account the net head dependency

udc,t On/Off state in generating mode
upc,t On/Off state in pumping mode
ydc,t 1 if the pump-turbine unit is started-up in generating

mode, 0 otherwise
ypc,t 1 if the pump-turbine unit is started-up in pumping

mode, 0 otherwise
φt 1 if there is more upward secondary regulation

reserve requested in real-time than downward
regulation reserve, 0 otherwise

I. INTRODUCTION

The hydropower sector is highly interested in both pumped
storage hydropower plants (PSHPs) with variable-speed (VS)
technology and PSHPs operated in hydraulic short-circuit
mode as a means to increase their flexibility [1]. This paper is
a complementary research of [2], where the authors presented
a mixed integer linear programming (MILP) model for the
hourly energy and reserve scheduling of a closed-loop and
daily-cycle PSHP operating in hydraulic short-circuit mode.
In the presented paper, we have tried to cover the remaining
questions and challenges faced by the VS-PSHPs. In particular,
given the variety of possible configurations (type of Hill
diagram, type of converter, type of electric machine), this
paper presents a generic mathematical formulation that can be
used to assess the profitability of each configuration. Note that
a VS-PSHP is equipped with variable speed drives whereas in
a PSHP operating in hydraulic short-circuit mode the hydro
units must operate at synchronous speed both in generating
and pumping modes.

VS-PSHPs introduce several advantages when compared to
fixed speed (FS) PSHPs (hereafter referred to as FS-PSHPs):
1) higher hydraulic efficiency and wider operation range
in generating and pumping modes, 2) ability to regulate
power even while in pumping mode and 3) improvements in
network stability [3]. However, several factors can hinder the
investment in this technology, such as: i) the income from the
so-called price arbitrage strategy is not sufficient to recover the
investment costs in several electric power systems, as studied
in [4], ii) grid fees for transmission lines usage when PSHPs
are consuming [5] or iii) water fees for utilising rivers or lakes
[5].

In this context, the aim and contribution of this paper
is twofold. Firstly, an MILP model for the joint energy
and secondary regulation reserve hourly scheduling of a
realistic closed-loop1 and daily-cycle VS-PSHP is presented.
The model takes into account uncertainty in the day-ahead
energy prices and in the secondary regulation reserve prices,
and also the risk-aversion of the decision maker due to
the uncertainty. Secondly, the paper quantifies the extent to
which the VS technology with synchronous or asynchronous
machines, with and without bypassing the frequency converter
in generating mode and with and without perfect knowledge in
the electric power system data is able to enlarge the income of
a price-taker FS-PSHP that only participates in the day-ahead
energy market of the Iberian electric power system (DM)
or that in addition participates in the secondary regulation
service (SRS) of the Spanish electric power system. The SRS
in the Spanish electricity market comprises two concepts: 1)
a day-ahead reserve market, which takes place after having
cleared the DM and where power reserve availability is
remunerated by the marginal market price, and 2) power
reserve delivery in real-time, which is remunerated by the
marginal price of the tertiary regulation market [6]. Note that
the procedure for the procurement of secondary regulation
is not exclusive of the Spanish system. For instance, a

1Closed-loop PSHPs do not receive natural water inflows in the upper
reservoir and do not release water from the lower reservoir
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similar procedure is implemented in Norway, Sweden, Finland,
Slovenia, Czech Republic and Romania in the short-term
(less than a week) and in Denmark, Netherlands, Belgium,
Germany, Austria and Switzerland in the long-term (more than
a week) [7].

Diverse optimization models for bidding and/or scheduling
FS-PSHPs in the day-ahead energy market [4], [8]-[10] and
simultaneously in the energy and reserve markets [11]-[16]
have been published in the literature. In addition to this,
[17] presents a hydrothermal model with VS-PSHPs in the
context of a centralised system, minimising the cost of the
energy and frequency control reserves taking into account the
transmission network. However, to the best of our knowledge,
there are no papers (apart from [18], the early version
of the presented paper) where the optimal scheduling of
VS-PSHPs, participating in a liberalised system in the energy
and secondary regulation reserve markets, has been explicitly
formulated [1].

The proposed model, based on the one presented in [18],
has been improved in order to also consider i) several units
within the same PSHP, ii) the head dependency in the power
generation, in the power consumption and in the available
spinning reserve in generating and pumping modes, iii) the
units’ start-up costs and decisions, iv) the remuneration
of the real-time use of the reserves as a function of the
hourly net energy (i.e., the upward minus the downward
secondary regulation energy), v) that each reversible Francis
pump-turbine unit is equipped by an electronic frequency
converter, vi) to take into account uncertainty in the day-ahead
energy prices and in the secondary regulation reserve prices,
by means of a scenario-based approach and, finally, vii) the
risk-aversion of the decision maker due to the uncertainty. In
addition, the presented case study sheds some light on the
profitability of the different proposed PSHP configurations and
presents a comprehensive analysis that can help to identify
the most appropriate ones, with and without assuming perfect
knowledge in the prices.

The paper is organised as follows: Section II describes the
variable speed technology and the benefits with respect to
FS-PSHPs. Section III presents the model formulation. The
application of the model to a realistic PSHP is presented in
Section IV and finally, conclusions are described in Section
V.

II. VARIABLE SPEED PUMPED STORAGE HYDROPOWER
PLANTS

The first VS-PSHPs were commissioned at the beginning of
the nineties of the past century in Japan [1]. Since then, the
interest in VS-PSHPs has increased considerably: 1060 MW of
VS-PSHPs were installed in the period 2000-2010 in Europe
and another 4410 MW are planned in the period 2011-2020
[3].

Currently, there are two different types of pump-turbine
units with VS: 1) the unit is equipped with a synchronous
machine and a converter between the stator and the grid [19]
or 2) the unit is equipped with a doubly-fed induction machine
and a converter between the rotor and the grid [20]. The

Fig. 1. Generation and consumption curves of a pump-turbine unit with
variable speed (dotted lines) and with fixed speed (solid lines and single dots)
considered in the article for two given heads of the upper reservoir. First
quadrant for generating mode and third quadrant for pumping mode

converter rating in the former case is the same as the machine
rating, introducing higher costs and power losses. Therefore,
this scheme is only used in a few cases with high demands
on the operating range [21]. The converter rating in the latter
case is usually 20-30% of the machine rating, reducing the
costs and power losses. Thus, the second scheme is the most
popular one in current power systems [1].

Pump-turbine units with VS can regulate power in pumping
mode, and therefore participate in the SRS as a controllable
load. Other advantages are its wider operating range and higher
hydraulic efficiency in generating and pumping modes.

In order to squeeze as much as possible the
above-mentioned potential benefits of VS-PSHPs, it is
necessary to implement certain features in the day-ahead
scheduling. This entails to adapt and modify the Input/output
curves of the pump-turbine units (I/O) as outlined in Fig.
1. The solid lines in generating mode (first quadrant) and
the single dots in pumping mode (third quadrant) correspond
to a pump-turbine unit with FS whereas the dotted lines in
generating and pumping modes correspond to a pump-turbine
unit with VS.

The real I/O curves in generating and pumping modes, with
both FS and VS, will strongly depend on the pump-turbine
performance curves and the electrical efficiency. As shown
in Fig. 1, we have opted for the most common case,
that corresponds to the following characteristics: the water
discharge range in generating mode with VS is wider than
the one with FS, both at the maximum efficiency head (Hu)
and at a lower head (Hi); the power generation gdc,t at design
flow (qdc,k) is lower with VS since the increase in hydraulic
efficiency is lower than the decrease in the electrical efficiency;
and the power consumption gpc,t at design flow (qpc,k) is higher
with VS since the increase in hydraulic efficiency is lower
than the decrease in the electrical efficiency.
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In order to participate in the secondary regulation reserve
market, the maximum upward reserve, max gd,s,upc,t , in
generating mode is the difference between the maximum
minus the current generated power and the maximum
downward reserve, max gd,s,dwc,t , in generating mode is the
difference between the current minus the minimum generated
power, first quadrant of Fig. 1. In pumping mode, the
maximum upward reserve, max gp,s,upc,t , is the difference
between the current minus the minimum consumed power
and the maximum downward reserve, max gp,s,dwc,t , is the
difference between the maximum minus the current consumed
power.

III. MODEL FORMULATION

Model formulation is split in two Sections. Section III-A
shows the model formulation of VS-PSHPs whereas Section
III-B presents the model formulation of FS-PSHPs.

A. Model Formulation for VS-PSHPs

1) Objective Function: The objective function (1)
maximises simultaneously the expected net income and the
conditional value at risk, CV aR. Each term is weighted
according to µ, depending on the risk-aversion of the decision
maker. Note that µ = 0 corresponds to the risk-neutral
decision.

The net income in scenario n, i.e., Bn, of a VS-PSHP
participating in the DM and in the SRS in the framework
of the Iberian electricity market [6] is defined in (2). Note
that the model formulation is a scenario-based one without
non-anticipativity constraints (NAC), as the energy and reserve
schedule decisions are taken in a single-stage. The obtained
solution is the same for all scenarios, and this fact might
resemble the NAC. However, as there is no possibility to
adapt the solution in a second stage, there are neither recourse
functions so it does not seem appropriate to say that NAC
is implicitly implemented. The decisions are robust to the
uncertainty of the DM prices and the secondary regulation
reserve market prices, thanks to the maximization of the CVaR.
The reason why the authors have chosen to take both the
energy and reserve schedule decisions in a single stage is
motivated by the fact that the information disclosed after
the clearing process of the DM has not a significant impact
on the information used to take decisions in the secondary
regulation reserve market in the Spanish electricity market (for
instance, the correlation between the marginal prices of both
markets was -0.47 in 2013). The first line in (2) expresses
the net income for the secondary regulation energy due to the
real-time use of the reserves. The second line accounts for
the net income in the DM. The third line accounts for the
income for the secondary regulation reserves put at disposal
of the TSO in generating and pumping modes. And, finally,
the fourth line represents the start-up costs in generating and
pumping modes, respectively.

Max z = (1− µ)
∑
n

πnBn + µ · CV aR (1)

Bn =
∑
t

{(
es,upt · λup,t − es,dwt · λdw,t

)
+
∑
c

[ (
gdc,t − g

p
c,t

)
lt · λD,n,t

+
(
gd,s,upc,t + gd,s,dwc,t + gp,s,upc,t + gp,s,dwc,t

)
λS,n,t

−cSUd
c · ydc,t − cSUp

c · y
p
c,t

]}
∀n

(2)

Uncertainty is considered in the day-ahead energy prices
and in the secondary regulation reserve prices because their
values of perfect information (VPI) are significant. The VPI
of the day-ahead energy prices can be up to 26% of the
maximum theoretical income if the PSHP participates in the
DM and in the SRS and up to 36% if it only participates in the
DM, according to the results in [22]. Besides, the VPI of the
secondary regulation reserve prices can be up to 10% of the
maximum theoretical income according to unpublished results
from the authors. Finally, and also according to unpublished
results from the authors, the VPI of the secondary regulation
energy prices and the real-time use of the reserves are much
less important than the VPI of the DM prices and/or the
secondary regulation reserve prices.

2) Risk-Aversion Constraints: Several techniques can be
found in the technical literature to take into account the
risk management in an optimization model. In [23], two
techniques are compared: i) the introduction of a minimum
profit constraint, by which a minimum profit is required for
each scenario and ii) the introduction of a minimum CV aR.
Both techniques do not guarantee feasible solutions, which
depend on the minimum profit and CV aR chosen. In the
presented model formulation, the risk management is modelled
in a similar way as in [24], which is based on [25], by
equations (3) and (4). They represent simultaneously the V aR
and CV aR. Note that this approach corresponds to a linear
formulation and that a feasible solution is always guaranteed.

V aR− 1

β

∑
n

πnB
−
n ≥ CV aR (3)

B−n ≥ V aR−Bn ∀n (4)
3) Water Balance: The water balance, (5) does not include

any water inflow because a closed-loop PSHP is considered in
this article. Water limits are imposed to water volume variable,
vt in all time periods, (6). Water balance and limits in the
lower reservoir are not included in the model formulation for
simplicity.

vt = vt−1 +
∑
c

lt
(
qpc,t − qdc,t

)
∀t (5)

v ≤ vt ≤ v ∀t (6)
In the upper reservoir, a target water volume is imposed,

(7), where T stands for the last period of the time horizon.
The target water volume is deemed as input data to the model
and equals initial volume in the case study section.

vt = fv t = T (7)

The proposed model formulation is limited to closed-loop
operation in order to focus the interest of the publication in
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the operation of the plant with the existing water in the system
and without considering extra water. However, it can be easily
extended to open-loop operation by i) introducing the hourly
natural water inflows of the upper reservoir in (5) and ii)
including the water balance equation of the lower reservoir,
considering the hourly water outflows.

4) Hydropower Generation: Two generation/consumption
curves, k1 and k2 have been considered in the formulation,
and correspond to two different reservoir levels. Each curve
is selected using the binary variable dt that only depends on
the water volume of the upper reservoir (8) and (9), as we
consider that the effect of the lower reservoir level on the net
head is neglectable.

vt ≥ v (1− dt) +
(
v +

v − v
2

)
dt ∀t (8)

vt ≤ v · dt +
(
v +

v − v
2

)
(1− dt) ∀t (9)

gdc,t ≤ udc,t · gdc,k + qsdc,t · δdk + gdc,k · dt ∀c, t, k = k1 (10)
gdc,t ≥ udc,t · gdc,k + qsdc,t · δdk − gdc,k · dt ∀c, t, k = k1 (11)
gdc,t ≤ udc,t ·gdc,k+qsdc,t ·δdk+gdc,k (1− dt) ∀c, t, k = k2 (12)
gdc,t ≥ udc,t ·gdc,k+qsdc,t ·δdk−gdc,k (1− dt) ∀c, t, k = k2 (13)

qsdc,t ≤ udc,t · qdc,k1
∀c, t (14)

qsdc,t ≤
(
qdc,k1

− qdc,k1

)
(1− dt) +

(
qdc,k2

− qdc,k2

)
dt ∀c, t

(15)

qdc,t ≤ udc,t · qdc,k + qsdc,t + qdc,k · dt

+
1

δdk

(
ρupt · g

d,s,up
c,t − ρdwt · g

d,s,dw
c,t

)
∀c, t, k = k1

(16)

qdc,t ≥ udc,t · qdc,k + qspc,t − qdc,k · dt

+
1

δdk

(
ρupt · g

d,s,up
c,t − ρdwt · g

d,s,dw
c,t

)
∀c, t, k = k1

(17)

qdc,t ≤ udc,t · qdc,k + qsdc,t + qdc,k (1− dt)

+
1

δdk

(
ρupt · g

d,s,up
c,t − ρdwt · g

d,s,dw
c,t

)
∀c, t, k = k2

(18)

qdc,t ≥ udc,t · qdc,k + qsdc,t − qdc,k (1− dt)

+
1

δdk

(
ρupt · g

d,s,up
c,t − ρdwt · g

d,s,dw
c,t

)
∀c, t, k = k2

(19)

gpc,t ≤ u
p
c,t · g

p
c,k + qspc,t · δ

p
k + gpc,k · dt ∀c, t, k = k1 (20)

gpc,t ≥ u
p
c,t · g

p
c,k + qspc,t · δ

p
k − g

p
c,k · dt ∀c, t, k = k1 (21)

gpc,t ≤ u
p
c,t ·g

p
c,k+qs

p
c,t ·δ

p
k+g

p
c,k (1− dt) ∀c, t, k = k2 (22)

gpc,t ≥ u
p
c,t ·g

p
c,k+qs

p
c,t ·δ

p
k−g

p
c,k (1− dt) ∀c, t, k = k2 (23)

qspc,t ≤ u
p
c,t · q

p
c,k2

∀c, t (24)

qspc,t ≤
(
qpc,k1

− qpc,k1

)
(1− dt) +

(
qpc,k2

− qpc,k2

)
dt ∀c, t

(25)

qpc,t ≤ u
p
c,t · q

p
c,k + qspc,t + qpc,k · dt

+
1

δpk

(
ρdwt · g

p,s,dw
c,t − ρupt · g

p,s,up
c,t

)
∀c, t, k = k1

(26)

qpc,t ≥ u
p
c,t · q

p
c,k + qspc,t − q

p
c,k · dt

+
1

δpk

(
ρdwt · g

p,s,dw
c,t − ρupt · g

p,s,up
c,t

)
∀c, t, k = k1

(27)

qpc,t ≤ u
p
c,t · q

p
c,k + qspc,t + qpc,k (1− dt)

+
1

δpk

(
ρdwt · g

p,s,dw
c,t − ρupt · g

p,s,up
c,t

)
∀c, t, k = k2

(28)

qpc,t ≥ u
p
c,t · q

p
c,k + qspc,t − q

p
c,k (1− dt)

+
1

δpk

(
ρdwt · g

p,s,dw
c,t − ρupt · g

p,s,up
c,t

)
∀c, t, k = k2

(29)

Generation/consumption curves of each pump-turbine unit
with VS are modelled by equations (10)-(29), according to Fig.
1 in Section II; the formulation is based on the one proposed
in [26]. The power generation is calculated from (10)-(13),
as a function of dt and udc,t. With equations (14) and (15),
the maximum and minimum water discharges, which depend
on the water level in the upper reservoir, are considered. In
addition to this, the water discharge takes into account not
only the flow that is used to produce the energy committed or
scheduled in the DM but also the extra flow that is required in
order to provide the upward regulation energy and the flow that
is kept upstream in order to provide the downward regulation
energy (16)-(19). The water discharge used for deploying the
secondary regulation energy also depends on the water level
in the upper reservoir.

Head dependency in consumed power and pumped water is
modelled analogously by (20)-(29). The pumped water also
takes into account the extra flow that is pumped in order to
provide the downward regulation energy and the flow that is
kept downstream in order to provide the upward regulation
energy (26)-(29).

5) Secondary Regulation Service: The SRS in the Spanish
electricity market comprises the hourly power reserve of each
participant, that is committed in a day-ahead reserve market,
and the reserve deployment requested by the TSO in the
real-time operation.

The secondary regulation reserve bids are modelled through
(30)-(38). Note that the auxiliary variables aux_gd,sc,t and
aux_gp,sc,t avoid non-linearities in the formulation of the
downward and upward secondary regulation reserve in
generating and pumping modes, respectively, due to the head
dependency in the available spinning reserve. When a unit
is off in generating mode (udc,t = 0), there is no available
secondary regulation reserve by (32), and aux_gd,sc,t will take a
value greater than or equal to the expression in square brackets
in (31) and lower than gdc,k1

by (33). In addition, when a unit
is on in generating mode (udc,t = 1), aux_gd,sc,t equals zero
through (33). The same behaviour can be seen with aux_gp,sc,t

in pumping mode with (35)-(37). Finally, the Spanish TSO
requires the market agents to fulfil an hourly ratio between
the upward regulation reserve and the total reserve in order to
ensure certain equilibrium between the upward and downward
reserves, preventing them from offering only upward reserves
or only downward reserves (38).

gd,s,upc,t ≤
[
gdc,k2

· dt + gdc,k1
(1− dt)

]
− gdc,t ∀c, t (30)

gd,s,dwc,t − aux_gd,sc,t ≤ gdc,t
−
[
gdc,k2

· dt + gdc,k1
(1− dt)

]
∀c, t

(31)

gd,s,upc,t + gd,s,dwc,t ≤ gdc,k1
· udc,t ∀c, t (32)

aux_gd,sc,t ≤ gdc,k1

(
1− udc,t

)
∀c, t (33)

gp,s,dwc,t ≤
[
gpc,k2

· dt + gpc,k1
(1− dt)

]
− gpc,t ∀c, t (34)



0885-8950 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2017.2699920, IEEE
Transactions on Power Systems

6

gp,s,upc,t − aux_gp,sc,t ≤ g
p
c,t

−
[
gpc,k2

· dt + gpc,k1
(1− dt)

]
∀c, t

(35)

gp,s,upc,t + gp,s,dwc,t ≤ gpc,k2
· upc,t ∀c, t (36)

aux_gp,sc,t ≤ g
p
c,k2

(
1− upc,t

)
∀c, t (37)∑

c

(
gd,s,upc,t + gp,s,upc,t

)
= RSM

t

·
(
gd,s,upc,t + gp,s,upc,t + gd,s,dwc,t + gp,s,dwc,t

)
∀t

(38)

The secondary regulation energy in each period t is
remunerated according to the net energy, i.e. the upward
regulation energy in generating and pumping modes minus
the downward regulation energy in generating and pumping
modes, (39)-(41). A positive net regulation energy (φt=1) is
remunerated according to the upward regulation energy price,
whereas if the net regulation energy is negative (φt=0), the
PSHP must pay the downward regulation energy price. If φt=1,
es,dwt = 0 by equation (41) and es,upt equals the right-side of
equation (39). Analogously, if φt=0, es,upt = 0 by equation
(40) and es,dwt equals the right-side of equation (39).

es,upt − es,dwt =
∑
c

[
ρupt

(
gd,s,upc,t + gp,s,upc,t

)
−ρdwt

(
gd,s,dwc,t + gp,s,dwc,t

)
∀t
] (39)

0 ≤ es,upt ≤ φt · gdc,k1
∀t (40)

0 ≤ es,dwt ≤ (1− φt) gdc,k1
∀t (41)

6) Other Constraints: A pump-turbine unit cannot be
operated simultaneously in generating and pumping modes
(42).

udc,t + upc,t ≤ 1 ∀c, t (42)
Moreover, a PSHP usually comprises a single penstock
between the upper reservoir and the power station so it cannot
operate simultaneously in generating and pumping modes,
regardless of the number of pump-turbine units. Consequently,
if there is at least one unit operating in pumping mode, no unit
can be operated in generating mode, and vice versa (43).∑

c′ 6=c

udc′,t ≤ (C− 1)− (C− 1)upc,t ∀c, t (43)

Finally, start-up decisions are modelled in generating mode by
(44) and in pumping mode by (45).

ydc,t ≥ udc,t − udc,t−1 ∀c, t (44)

ypc,t ≥ u
p
c,t − u

p
c,t−1 ∀c, t (45)

B. Model Formulation for FS-PSHPs

A FS-PSHP only regulates power in generating mode,
losing the opportunity to participate in the SRS while the
plant is pumping. The model formulation comprises equations
(2)-(45) and the following modifications: 1) the maximum and
minimum technical pumped water of each pump-turbine unit
with VS, qpc,k and qpc,k, have to be equal to the parameter
qp
′

c,k, i.e. the pumped water at synchronous speed and 2) the
maximum and minimum technical power consumption of each
pump-turbine unit with VS, gpc,k and gpc,k, have to be equal to
the parameter gp

′

c,k, i.e. the power consumption at synchronous
speed. Due to these modifications, qspc,t is zero in all hours

by (25), and the available secondary regulation reserves in
pumping mode are zero by (34) and (35) since gpc,k=gpc,k in
all hours when the pump-turbine unit is in pumping mode.

IV. CASE STUDY

A. Data

1) Electric Power System Data: The data of the Iberian
and the Spanish electric power systems considered in this
paper are the historical hourly values of: 1) the day-ahead
energy prices, 2) the secondary regulation reserve prices, 3)
the secondary upward and downward regulation energy prices,
4) the percentage of the real-time use of the upward and
downward regulation reserves and 5) the ratio between the
upward regulation reserve and the total reserve, RSM

t , set
by the TSO in advance of the secondary regulation reserve
auction.

The uncertainty is modelled by one hundred scenarios
(n = 100 scenarios). Each scenario is composed by a 24-hour
price profile of the DM prices and a 24-hour price profile of the
secondary regulation reserve market prices. The scenarios are
built by combining ten representative profiles of the DM prices
with ten representative profiles of the secondary regulation
reserve market prices. In order to generate such representative
profiles of both the energy and reserve market prices, the
following steps are carried out [27]: 1) the GARCH-ARIMAX
model described in [22] is used for the DM prices, 2) a
SARIMAX model is fitted for the secondary regulation reserve
prices2, 3) both forecasting models are sampled to obtain 500
vectors of 24-hour profiles and 4) scenario reduction is done
by applying clustering techniques.

The real upward and downward regulation energy provided
by each power plant in Spain is not publicly available. Thus,
it is assumed that the hourly real-time use of reserves, (ρupt ,
ρdwt ) is given by the historical hourly ratio of the aggregate
power delivery and the aggregate assigned reserves in the
entire system. The hourly regulation reserve ratio, RSM

t is
assumed to be the historical hourly ratio of the aggregate
upward regulation reserve and the total reserve of the entire
system.

2) Technical Data: Two different PSHPs are considered in
this paper, each comprising two identical pump-turbine units.
The PSHPs differ from each other in the pump-turbine Hill
diagram considered in generating mode: i) the Hill diagram is
taken from [28] (p. 509) and ii) the Hill diagram is the one of
the Mt. Elbert PSHP units, taken from [29]. The performance
of the pump-turbine units in pumping mode is determined from
[30] with FS and VS, for both PSHPs. According to this, the
following eight cases are studied:
• FS-Raabe and FS-Elbert: the units are equipped by a

reversible Francis pump-turbine unit without frequency
converter. Thus, they are operated at synchronous speed
in generating and pumping mode.

• VS-Raabe and VS-Elbert: the units are equipped by
a reversible Francis pump-turbine unit, a synchronous

2The MAPE of the proposed GARCH-ARIMAX model is 17.8%
throughout 2014 whereas the one of the SARIMAX model is 21.2% in the
same period.
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TABLE I
TECHNICAL DATA OF EACH PUMP-TURBINE UNIT, FLOWS IN m3/s, POWER IN MW , EFFICIENCIES IN % AND START-UP COSTS IN C

FS-Raabe FS-Elbert VS-Raabe VS-Elbert B-Raabe B-Elbert VS-Raabe-A VS-Elbert-A
qdc,k 51.59/51.59 51.59/51.59 51.59/51.59 51.59/51.59 51.59/51.59 51.59/51.59 51.59/51.59 51.59/51.59

gdc,k 92.67/103.01 96.75/106.60 91.03/101.42 94.82/105.64 92.67/103.01 96.75/106.60 92.61/103.18 96.46/107.48

ηdc,k 86.2/86 90/89 86.4/86.4 90/90 86.2/86 90/89 86.4/86.4 90/90

qdc,k 34.72/32.24 27.19/23.47 28.79/28.79 21.10/21.10 34.72/32.24 27.19/23.47 28.79/28.79 21.10/21.10

gdc,k 57.88/59.89 45.32/43.60 47.03/52.40 34.47/38.41 57.88/59.89 45.32/43.60 47.85/53.31 35.07/39.07

ηdc,k 80/80 80/80 80/80 80/80 80/80 80/80 80/80 80/80

qpc,k 59.33/51.59 59.33/51.59 61.90/54.68 61.90/54.68 61.90/54.68 61.90/54.68 61.90/54.68 61.90/54.68

gpc,k 149.8/141.32 149.8/141.32 158.28/149.8 158.28/149.8 158.28/149.8 158.28/149.8 158.28/149.8 158.28/149.8

ηpc,k 88/90 88/90 87/90 87/90 87/90 87/90 87/90 87/90

qpc,k 59.33/51.59 59.33/51.59 45.91/33.02 45.91/33.02 45.91/33.02 45.91/33.02 45.91/33.02 45.91/33.02

gpc,k 149.8/141.32 149.8/141.32 110.23/93.27 110.23/93.27 110.23/93.27 110.23/93.27 110.23/93.27 110.23/93.27

ηpc,k 88/90 88/90 92/87 92/87 92/87 92/87 92/87 92/87

cSUd
c /cSUp

c 362.6/424 375.2/424 357/448 371.9/448 362.6/448 375.2/448 363.2/448 378.3/448

machine and a full-scale frequency converter. Hence,
they are operated with variable speed in generating and
pumping mode. The electrical efficiency is assumed to be
98% [31].

• B-Raabe and B-Elbert: the frequency converters of the
VS-Raabe and VS-Elbert are bypassed in generating
mode, being operated the units with fixed speed in
generating mode and with variable speed in pumping
mode. Bypassing the converter in generating mode is
achieved connecting the stator directly to the grid by
means of the bypass switch. This operation can be found
in the industry, for instance, in the PSHP of Grimsel II
[19].

• VS-Raabe-A and VS-Elbert-A: same situation of
VS-Raabe and VS-Elbert but with doubly fed
asynchronous machines. Due to this, the electrical
losses in the frequency converters are lower. The
electrical efficiency is assumed to be 99.7%.

Technical data of the pump-turbine units in the eight cases
are presented in Table I3. All data is split into pairs (except
start-up costs): values on the left and the right of the slash
refer to the I/O curve for the lower and the higher reservoir
level, respectively. Part of the data was obtained from Guillena
PSHP in Spain: the higher gross head is considered to be 244
m, the lower gross head is assumed to be 219 m and the
maximum water discharge has been chosen in order to empty
the upper reservoir in a minimum time of 5.95 hours (the upper
reservoir capacity is 2.21 Mm3, v = 2.21 Mm3 and v = 0
Mm3). Hydraulic losses, mainly resulting from friction of the
water in the penstock, are considered 3% of the gross head
[32]. Finally, start-up costs in generating and pumping modes
have been calculated according to [33].

B. Methodology

The proposed models presented in Section III have been
applied for all the above-described cases, to calculate the
expected and Real Income (RI) in a representative 1-week

3Note that the considered technical data might be changed if more updated
PSHPs are proposed.

period. The risk-averse weight factor and the confidence
interval are fixed to µ = 0.1 and 95% (β = 0.05), respectively.
All the price scenarios have the same probability πn. The
economic results are compared to the maximum theoretical
income (MTI), i.e. assuming perfect information in all the
electric power system data. For these purposes, the models
were run, day by day, over the one-week period and with a
daily initial and final volume in the upper reservoir of 1.105
Mm3 (7 problems for each case).

Based on the methodology used in [22], the RI is
calculated in a post-optimal simulation process by valuing
i) the hourly energy schedule for the DM and ii) the hourly
secondary regulation reserve schedule, both obtained from the
optimization model, with the real historical hourly price of the
DM and the secondary regulation reserve price, respectively.

From the results of all cases, we have 1) determined
the extra value that the variable speed operation introduces
comparing to FS-PSHPs when the plant only participates in
the DM, and in the DM and the SRS and 2) analysed and
compared the power and reserve schedule of FS-PSHPs and
VS-PSHPs. Each daily problem is solved with a branch and
cut algorithm in Cplex in a 2.4 GHz Intel Core i5-450M CPU,
with 4 GB of RAM memory. In average, 100 minutes of CPU
time were necessary to solve a whole week for each studied
case. From the point of view of each daily model, the range
of the CPU time was between 3-17 min.

C. Economic Results

The RI and the MTI the for all cases are shown in Table II
when the PSHP participates in the DM and in Table III when
the PSHP participates in the DM and in the SRS. Revenues
are composed of the day-ahead energy market income (DMi),
which is split into sold energy when the plant is generating
(DM+) and purchased energy when is pumping (DM−),
the secondary regulation reserve market income (SM) and
the income from the upward secondary regulation energy
(ER2UP). Costs comprise the downward secondary regulation
energy (ER2DW) and the start-up costs in generating mode,
cSUd and in pumping mode, cSUp.
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TABLE II
MAXIMUM THEORETICAL INCOME (MTI) AND REAL INCOME (RI) WITHOUT ASSUMING PERFECT KNOWLEDGE, OF THE PROPOSED CASES

PARTICIPATING IN THE DAY-AHEAD ENERGY MARKET, [103 C]

FS-Raabe FS-Elbert VS-Raabe VS-Elbert B-Raabe B-Elbert VS-Raabe-A VS-Elbert-A

DM+ MTI 284.89 296.76 263.33 284.53 267.47 300.31 267.9 302.26
RI 205.22 249.79 197.59 205.84 200.65 239.08 201.02 258.97

DM−
MTI -136.34 -136.35 -113.12 -122.29 -113.12 -133.68 -113.12 -133.68
RI -101.67 -121.95 -88.44 -88.64 -87.88 -105.63 -87.64 -121.38

DMi
MTI 148.55 160.41 150.21 162.24 154.35 166.63 154.78 168.58
RI 103.54 127.84 109.15 117.20 112.78 133.45 113.39 137.59

cSUd MTI -9.79 -9.38 -6.07 -6.32 -6.16 -7.13 -6.17 -7.19
RI -6.53 -8.26 -4.28 -4.46 -4.35 -6.00 -4.36 -5.67

cSUp MTI -6.36 -6.36 -6.72 -7.61 -6.72 -8.06 -6.72 -8.06
RI -4.66 -5.93 -4.93 -4.93 -4.93 -6.27 -5.38 -6.72

Total
MTI 132.4 144.67 137.42 148.31 141.47 151.44 141.89 153.33
RI 92.35 113.65 99.94 117.81 103.50 121.18 103.66 125.20

TABLE III
MAXIMUM THEORETICAL INCOME (MTI) AND REAL INCOME (RI) WITHOUT ASSUMING PERFECT KNOWLEDGE, OF THE PROPOSED CASES

PARTICIPATING IN THE DAY-AHEAD ENERGY MARKET AND IN THE SECONDARY REGULATION SERVICE, [103 C]

FS-Raabe FS-Elbert VS-Raabe VS-Elbert B-Raabe B-Elbert VS-Raabe-A VS-Elbert-A

DM+ MTI 342.67 421.53 473.62 499.41 491.15 506.03 489.6 505.66
RI 348.04 405.92 427.60 432.24 434.16 438.77 432.18 461.26

DM−
MTI -256.73 -355.29 -481.13 -496.99 -489.24 -512.23 -495.12 -493.17
RI -282.26 -356.45 -428.33 -436.64 -447.20 -442.82 -429.91 -464.22

DMi
MTI 85.94 66.24 -7.5 2.42 1.91 -6.2 -5.52 12.49
RI 65.78 49.46 -0.73 -4.40 -13.04 -4.05 2.27 -2.95

SM
MTI 181.95 340.61 577 690.93 536.33 658.73 586.15 697.08
RI 183.03 327.14 543.62 659.01 519.37 625.00 551.35 676.89

ER2UP
MTI 34.62 60.99 148.51 168.15 144.09 167.55 152.05 169.5
RI 32.33 60.37 134.65 159.74 136.74 156.90 137.34 166.09

ER2DW
MTI -8.9 -23.99 -25.33 -38.52 -21.66 -33.04 -25.94 -40.39
RI -12.46 -23.26 -23.80 -33.55 -18.66 -29.37 -24.67 -35.05

cSUd MTI -14.5 -18.39 -16.78 -20.08 -18.49 -19.51 -17.8 -19.29
RI -16.32 -20.26 -16.06 -19.71 -17.77 -21.01 -16.71 -21.56

cSUp MTI -12.29 -16.11 -19.71 -21.05 -21.95 -21.95 -20.6 -20.6
RI -12.72 -17.38 -17.47 -19.26 -21.05 -21.50 -17.92 -21.95

Total
MTI 266.82 409.36 656.19 781.85 620.23 745.58 668.34 798.77
RI 239.66 376.07 620.20 741.83 585.59 705.97 631.68 761.46

Regarding the economic results participating only in the
DM (see Table II), the introduction of the variable speed
technology increases the RI and the MTI in all cases:
between 3.7-8.2% and 2.5-3.8%, respectively, in cases with
synchronous machines and between 10.1-12.2% and 6-7.2%,
respectively, with asynchronous machines. The increase of
the RI and the MTI with asynchronous machines is higher
than with synchronous machines because of the increase
in the electrical efficiency. If the converter is bypassed in
generating mode, the RI and the MTI increase more than
without bypassing the converters.

Regarding the economic results participating in the DM and
the SRS (see Table III), the introduction of the variable speed
technology increases the RI and the MTI in all cases much
more: between 97-159% and 91-145%, respectively, with
synchronous machines and between 102-163% and 95-150%,
respectively, with asynchronous machines. This is due to 1)
the participation of the PSHP in the SRS, 2) the increase
in the operating range in generating mode with the variable

speed technology and 3) the capability to regulate in pumping
mode thanks to the variable speed technology. If the frequency
converter is bypassed in generating mode, the RI and the MTI
increase less than without bypassing the converters.

The results obtained when the frequency converter is
bypassed in generating mode seem to be contradictory: the
RI and the MTI increase if the PSHP only participates in
the DM, and decrease if the PSHP participates in the DM
and in the SRS. However, it can be explained as follows:
when the frequency converter is bypassed, the higher electrical
efficiency in generating mode yields a benefit in the DM, but
the narrower operating range has a stronger negative impact
in the reserve market.

In all cases, a big part of the revenue is obtained from
the secondary regulation reserve market. This reflects that the
PSHP is using the secondary regulation reserve as the priority
source of revenue, and the DM as a subsidiary means to
maximize the participation in the secondary regulation market.
As a consequence of a higher participation in the secondary
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Figure 2. Sensitivity analysis of the risk-averse weight factor µ for the
VS-Raabe-A case

regulation reserve market, the net profit from the upward
and downward regulation energy increases. It is important to
note that in the Spanish electric power system, the upward
and downward secondary regulation energy prices are usually
higher and lower, respectively, than the day-ahead energy
prices (in 2014, the mean day-ahead energy price was 42.15
C/MWh whereas the mean upward and downward secondary
regulation energy prices were 47.36 and 31.34 C/MWh,
respectively).

Although analysing the sensitivity of the expected income
(EI) and the RI to a variation in the risk-averse weight factor µ
is outside the scope of the presented paper, Fig. 2 shows some
interesting tendencies. Only the results for the VS-Raabe-A
case are presented for the sake of clarity, being analogous
for the rest of the cases. The EI and the RI are shown in
the left y-axis whereas the V aR and CV aR are shown in
the right y-axis of Fig. 2. As expected, the EI decreases
but the V aR and CV aR increases, as the risk-averse weight
factor increases. However, the decrease of the EI (between
0.1-0.27%) is lower in relative terms than the increase of
the V aR and CV aR (between 0.38-0.99%). There does not
seem to be any clear tendency of the RI with respect to the
risk-averse weight factor. Finally, for all µ, the RI is higher
than the EI but the difference is less than 4% of the EI. This
could suggest that the scenarios used to model the uncertainty
is appropriate.

The inclusion of the VS technology does not only bring
an extra income but also requires an extra investment cost.
Although analysing the return of the investment of this
technology is beyond the scope of the presented work, the
following discussion can shed light about its profitability.

Investment cost related to PSHPs is strongly site-dependent.
In the literature, several studies can be found regarding
investment cost of FS-PSHPs. For example, [4] proposes
a range between 470-2170 C/kW from the analysis of
projects of FS-PSHPs in countries such as Spain, Portugal
and Switzerland, among others, or [5], which proposes a
range between 775-1280 C/kW from projects in Germany and
Luxembourg. In addition, [34] proposes an increase between
7-15% of the investment cost of a FS-PSHP if the VS

technology is included. According to the results obtained in
Table II and Table III considering imperfect information, the
FS-PSHPs obtain an income between 240-376 kC and 92-114
kC if they participate or not in the SRS, respectively, and
the VS-PSHPs between 586-761 kC and 100-125 kC if they
participate or not in the SRS, respectively. The investment
costs of the FS-PSHPs are between 96-462 MC using the
installed capacity of Table I and the ranges proposed in the
literature whereas the ones of the VS-PSHPs are between
105-517 MC, assuming an increase of 11% with respect
to the former. Assuming that each PSHP obtains the same
economic results in all the weeks, the pay-back periods of the
FS-PSHPs are between 5.1-35.9 years and 17-93.1 years if
they participate or not in the SRS, respectively. The pay-back
periods of the VS-PSHPs are between 2.8-16.3 years and
17.2-94 years if they participate or not in the SRS, respectively.
The inclusion of the VS technology would significantly
decrease the pay-back period if the plant participates in the
SRS and would slightly increase it if it only participates in
the DM. Nevertheless, further research must be carried out to
analyse the income of the plants for longer periods of time
and taking into account the impact on the energy and reserve
prices in case of a substantial increment of the number of
PSHPs installed in the system able to provide SRSs while
pumping.

D. Operation with Variable Speed Technology

The energy and reserve schedules of the FS-Elbert and
VS-Elbert-A cases, and the amount of the upward and
downward regulation energy delivered in real-time, according
to the hypotheses described above, are shown in Fig. 3, for
11/11/2014. Note that the schedules shown in Fig. 3 were
obtained considering uncertainty in the DM prices and in
the secondary regulation reserve prices. The figure is divided
into 5 subfigures where the following variables are depicted
(note that all the variables presented in white bars correspond
to the FS-Elbert case and those in black bars correspond to
the VS-Elbert-A case): 1) the upper reservoir water volume
of the FS-Elbert case in dotted line and of the VS-Elbert-A
case in solid line, and the total water through the turbines
(positive) or pumps (negative) in bars, 2) the energy schedule
in bars and the historical price of the DM in solid line, 3) the
reserve schedule in bars and the historical price of the reserve
market in solid line, 4) the regulation energy in bars and
the price of the upward and downward secondary regulation
energy in solid and dotted line, respectively, and, finally, 5)
the percentage of the upward and downward real-time use of
reserves in solid and dotted line, respectively.

From the point of view of the decisions in the DM, in both
cases, the PSHP generates and consumes energy in almost
the same hours (except in hours 2 and 14-15). As can be
seen in subfigure 1 and 2 of Fig. 3, in both cases, the PSHP
pumps/discharges water to/from the upper reservoir during
off-peak/peak hours (lower/higher day-ahead energy prices).
However, in the VS-Elbert-A case, the PSHP generates and
consumes less energy than in the FS-Elbert case, in most
hours. This is due mainly to the fact that in the VS-Elbert-A
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Fig. 3. Optimal operation of FS-Elbert (white bars for flows, power and
regulation energy and dotted line for volume) and VS-Elbert-A (black bars
for flows, power and regulation energy and solid line for volume) in the day
11/11/2014. Upward and downward secondary regulation energy prices and
the real-time use of reserves in solid and dotted line, respectively.

case, the PSHP can participate in the reserve market in
pumping mode.

From the point of view of the decisions in the secondary
regulation reserve market, the most important difference
comes, as expected, from the fact that in the FS-Elbert case, the
PSHP can participate in the reserve market only in generating
mode. In the VS-Elbert-A case, the PSHP can participate in
the said market both in generating and pumping modes (see
hours 2-7, 12, 15-17 and 24 in subfigure 2 and 3 of Fig. 3). In
the VS-Elbert-A case, the PSHP also benefits from the reserve
prices during off-peak hours in the DM, which according to
unpublished studies carried out by the authors, do have a
negative correlation with the day-ahead energy prices, and are,
therefore, usually higher during off-peak hours of the DM in
the Iberian electricity system. In the VS-Elbert-A case, the
operation of the PSHP is focused on making profit from the
secondary regulation reserve market as it offers reserve every
single hour (see subfigure 3 of Fig. 3).

E. Sensitivity Analysis

Three sensitivity analyses have been carried out in order
to study the sensitivity of the income to a variation in
1) the secondary regulation reserve price, 2) the upward
secondary regulation energy price and 3) the downward

Figure 4. Clusters (black solid line) and closest historical price profiles
(dashed line) for the sensitivity analysis of the secondary regulation reserve
price

secondary regulation energy price. In each sensitivity analysis,
the risk-neutral decision is taken (i.e., µ = 0) and the electric
power system data are chosen according to the following
methodology.

1) The hourly historical data of the price under study in
each day of the period 2010 to 10/11/2014 is clustered
into four daily groups based on the method of the
squared Euclidean distances [35].

2) The distance between each historical price profile and
each centroid is measured by means of the Euclidean
distance. Then the real daily historical price profile that
is the closest to each centroid is chosen. Fig. 4 shows the
centroids and the closest price profiles of the historical
data used in the sensitivity analysis corresponding to the
secondary regulation reserve price.

3) The other two price profiles are chosen directly
according to the historical data in the days of the
profiles chosen in the previous step. For instance,
the prices profiles for the highest centroid in Fig. 4
correspond to 28/12/2013, being the real prices of
the secondary reserve and the upward and downward
secondary regulation energy of this day the ones that
are used.

4) The day-ahead energy price profile is a single
24-sequence from the forecasting model proposed in
Section IV-B in the day 11/11/2014.

5) The percentages of real-time use of the upward and
downward regulation reserves and the ratios between the
upward regulation reserve and the total reserve, RSM

t ,
are those of the day 11/11/2014.

The results of the sensitivity analyses with respect to the
secondary regulation reserve price, the upward secondary
regulation energy price and the downward secondary
regulation energy price are shown in Fig. 5-7, respectively.
In each figure, the total income of all the PSHPs under the
above-described assumptions is presented in the left y-axis.
In addition, the average value of the price under study in the
sensitivity analysis is shown in the x-axis (the four values in
the x-axis correspond to the historical average value in the
days corresponding to the profiles chosen in step 2). In the
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Figure 5. Sensitivity analysis of the secondary regulation reserve price

sensitivity analyses of the upward and downward secondary
regulation energy prices, the average value of the secondary
regulation reserve price is also shown in the right y-axis in
order to better understand the behaviour of the income.

The sensitivity of the income to the mean secondary
regulation reserve price is significant, Fig. 5, varying the
former fourfold when the latter varies sixfold. In the day under
study, the sensitivity seems to be quite linear, being higher
for VS-PSHPs than for FS-PSHPs. This sensitivity analysis
confirms the results obtained in Section IV-C as regards the
importance of the secondary regulation reserve market in the
PSHP income. Thus, a change in the mean reserve price affects
considerably the total income.

The sensitivity of the income to the mean upward secondary
regulation energy price is also significant, Fig. 6, and also
higher for VS-PSHPs than for FS-PSHPs. However, the total
income curves are again explained by the mean secondary
regulation reserve price (SM price), first decreasing and then
increasing as the mean upward secondary regulation energy
price increases. This result also confirms the ones obtained
in Section IV-C regarding the small magnitude of the income
from the upward secondary regulation energy comparing to
the total income.

Finally, the sensitivity analysis of the mean downward
secondary regulation energy price is similar to the one with
the mean upward secondary regulation energy price, Fig. 7.

Figure 6. Sensitivity analysis of the upward secondary regulation energy price

Figure 7. Sensitivity analysis of the downward secondary regulation energy
price

V. CONCLUSIONS

An MILP model for the energy and secondary regulation
reserve scheduling of a PSHP with variable speed is presented.
The model takes into account uncertainty in the day-ahead
energy prices and in the secondary regulation reserve prices,
and also the risk-aversion of the decision maker. Additionally,
this study preliminarily quantifies the increase in the RI and
the MTI, due to the operation with variable speed, of a PSHP
participating only in the DM, and participating in the DM and
in the SRS of the Iberian electricity system. The PSHP under
study is assumed to be closed-loop, daily-cycle and price-taker.

The results obtained in the article show that a VS-PSHP
could enlarge its income up to 12.2% when it only participates
in the DM and up to 163% if it also participates in the
SRS, comparing to a FS-PSHP. In addition to this, the
results seem to indicate that VS-PSHPs equipped with doubly
fed asynchronous machines might obtain a higher income
than VS-PSHPs equipped with synchronous machines, and
that when the frequency converter is bypassed in generating
mode, higher income might be expected when the PSHP
only participates in the DM, and lower income might be
expected when the PSHP participates in the DM and the
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SRS. It is important to consider these results in the context
of a price-taker PSHP and a bidding procedure which
considers uncertainty in the day-ahead energy prices and
in the secondary regulation reserve prices. Further research,
taking into account the uncertainty in the hourly secondary
regulation energy prices and the real-time use of reserves,
is required to obtain more realistic figures on the expected
revenue of VS-PSHPs. Furthermore, considering a price-maker
approach in the secondary regulation market, where the quota
of each participant may be of considerable size, is deemed as
another future work. Other trading options of the PSHP in, for
example, intraday markets and the tertiary regulation service
are worthy to be considered in future works.
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2.3 Paper-C: Economic Viability of Pumped-Storage Power
Plants Participating in the Secondary Regulation Service

The preliminary version of this paper was published in [Chazarra et al., 2017b], and or-
ally presented in an International Conference. In this paper entitled “Economic Viabil-
ity of Pumped-Storage Power Plants Participating in the Secondary Regulation Service”
[Chazarra et al., 2017c], it is estimated the economic viability of closed-loop and daily-cycle
PSHPs participating in the day-ahead energy market (modelled as a price-taker) and in the
secondary regulation reserve market (modelled as a price-maker) of the Iberian and Spanish
electricity power systems, respectively. The activation of the secondary regulation reserves
is also considered in the model formulation. Different configurations of PSHPs as regards
the type of hydraulic machine (Francis pump-turbine, ternary unit with Francis or Pelton
turbine), electrical machine and grid connection (synchronous, synchronous with full con-
verter, doubly-fed induction machine), and whether or not the plant can operate in hydraulic
short-circuit mode are considered. The mentioned economic viability is estimated using the
minimum theoretical pay-back period, i.e. the minimum number of years that the investment
costs are expected to be recovered. The minimum theoretical pay-back periods are estim-
ated from the maximum theoretical incomes and the investment costs of the PSHPs. The
maximum theoretical incomes are obtained using the deterministic day-ahead energy and sec-
ondary regulation reserve hourly scheduling models based on the ones previously published:
[Chazarra et al., 2017d] for PSHPs with the possibility to be operated in hydraulic short-
circuit mode and [Chazarra et al., 2017e] for PSHPs equipped with variable-speed units. Note
that the maximum theoretical income assumes perfect knowledge in all the random variables
from the electric power system data of the problem, and is calculated running the models
sequentially day by day for a time period of three years (2013-2015) in order to obtain repres-
entative enough as well as useful results for studying the economic viability. The investment
costs of the PSHPs are estimated from available data in the technical literature of existing,
to be commissioned and projected PSHPs. Part of the technical data of the hydraulic and
electrical equipment of the twelve studied PSHPs were provided by General Electric, from
some of its last prototypes or studies. Furthermore, the maximum theoretical incomes are
compared to the real income obtained by PSHPs that are currently operating in the Iberian
system.

This publication is linked to the objectives of the Thesis (Figure 1.8) as follows: as far as
the Thesis author knows, it is the first time in which the economic viability of PSHPs equipped
with variable-speed units and/or operating in hydraulic short circuit mode is studied, in the
context of PSHPs, participating in the day-ahead energy and reserve markets. This paper
applies for the second secondary objective of the Thesis (to estimate the economic viability
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of PSHPs).
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Economic Viability of Pumped-Storage Power
Plants Participating in the Secondary Regulation

Service
Manuel Chazarra, Juan I. Pérez-Díaz, Javier García-González, Member, IEEE

Abstract—This paper analyses the economic viability of twelve
pumped-storage hydropower plants equipped with different
fixed-speed and variable-speed units and with and without
considering hydraulic short-circuit operation. The analysed
plants are assumed to participate in the day-ahead energy market
and in the secondary regulation service of the Iberian power
system. A deterministic day-ahead energy and reserve scheduling
model is used to estimate the maximum theoretical income of
the plants assuming perfect information of the next day prices,
the residual demand curves of the secondary regulation reserve
market and the percentages of the real-time use of the committed
reserves. An estimate of the minimum theoretical pay-back period
is obtained from the maximum theoretical income as a result
of the scheduling model. Results indicate that the economic
viability with and without variable speed units and operating
or not in hydraulic short-circuit mode is not discarded if the
plants also participate in the secondary regulation service, and
that the minimum theoretical pay-back periods can be reduced
significantly when the plant is equipped with variable speed units
and/or operates in hydraulic short-circuit mode. In addition, the
maximum theoretical income obtained with the used optimization
model and the proposed pumped-storage hydropower plants are
significantly higher than the real income obtained by plants that
are currently operating in the Iberian system

Index Terms—Pumped Storage Plant, Secondary Regulation
Service, Variable Speed Technology, Hydraulic Short-circuit
Operation, Economic Viability.

I. INTRODUCTION

Pumped-storage hydropower plants (PSHPs) are considered
worldwide as a mature technology to store large quantities of
energy and to improve the flexibility of the power systems [1].
Therefore, they can play an important role in the context of
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a high penetration of intermittent renewable energies such as
wind and solar power. However, PSHPs are characterised by
high capital costs and even higher if they are equipped with
frequency converters or with ternary units, and if the hydraulic
short-circuit operation is enabled.

According to [2], the quantity of grid services are
necessarily expected to increase in the current context of
the increasing penetration of intermittent renewable energies.
In [2], several economic opportunities in grid services are
presented and, in the presented paper, the following are
selected as feasible for PSHPs in order to enlarge their income:
the primary, secondary and tertiary frequency control, ramp
compensation, peak limiting by means of demand reduction,
or emergency service by means of power to maintain critical
equipment.

Several papers have been found in the technical literature
analysing the economic viability of conventional1 PSHPs from
the point of view of the agent-based perspective in liberalised
power systems or analysing the contribution to the system
by means, among others, of scheduling cost savings or wind
energy curtailment from the point of view of the system-based
perspective in liberalised power systems. Considering the
latter, there are many papers published in the technical
literature and several of them are here presented as examples.
In [3], authors estimate the scheduling cost savings and the
decrease in curtailed wind energy caused by energy storage,
by using heuristic algorithms and dynamic programming. They
conclude that combined heat and power plants are found to
be more profitable solutions for the integration of large-scale
wind power in the Netherlands than energy storage. In [4],
the contribution of PSHPs to reduce the scheduling costs, wind
curtailments and carbon dioxide emissions from thermal power
plants in the Irish power system, considering different levels
of wind power penetration, is assessed. Results show that the
main benefit from storage is the decrease in wind curtailment.
In [5], authors assess the contribution of PSHPs to reduce
the scheduling costs, carbon dioxide emissions and the excess
of electricity production in the Dutch power system. They
conclude that the energy storage helps to reduce significantly
the scheduling costs of the system, the greenhouse gases
emissions and the amount of curtailed wind power.

1In this context, a conventional pumped-storage hydropower plant refers to
the operation with fixed speed in generating and in pumping modes (without
variable speed units and without the operation in the hydraulic short-circuit
mode).
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2

The economic viability of conventional PSHPs from the
point of view of the agent-based perspective has been
also studied in the technical literature, specially with the
well-known price-arbitrage strategy. [6] compares the profits
and the investment costs in six electricity markets such as
Great Britain or Nordpool, among others, using a heuristic
algorithm based on the price-arbitrage strategy to operate
the PSHP. Results obtained in [6] show that the recovery
of the investment costs is not possible almost in all the
analysed markets. However, results in [7] show that PSHPs are
profitable in almost all the seven real-time markets analysed in
the United States, such as ERCOT (Texas) or NYISO (New
York). Results can be considered slightly optimistic as they
are obtained for 2008, when there was a significant difference
between peak and off-peak energy prices and also reaching
in some months the highest average prices of the last decade.
[8] analyses the economic viability of conventional PSHPs
participating also in the regulation market. Results in [8] show
that the considered PSHP cannot recover the investment costs
if it only participates in the day-ahead energy market and can
recover the investment costs only for a limited range of the
storage size if it also participates in the regulation market.

According to the best of our knowledge, there is no
published paper in which the economic viability of PSHPs
equipped with variable speed units and/or operating in
hydraulic short circuit mode is analysed [9], in the context
of a liberalised power system.

Therefore, the main goal and contribution of this paper
is to estimate the economic viability of closed-loop2 and
daily-cycle PSHPs participating in the day-ahead energy
market and the secondary regulation service, considering
different power plant configurations as regards the type
of hydraulic machine (Francis pump-turbine, ternary unit
with Francis or Pelton turbine), electrical machine and grid
connection (synchronous, synchronous with full converter,
doubly-fed induction machine), and whether or not the plant
can operate in hydraulic short-circuit mode. The reader is
referred to [10] and [11] to further read about short-term
scheduling models of variable speed PSHPs and PSHPs with
the operation in hydraulic short-circuit mode, respectively, and
to [12] to further read about the technology of variable speed
pumped-storage and the operation in hydraulic short-circuit
mode. Consistently with [6], [8] and [9], the PSHPs are
proposed to participate not only in the day-ahead energy
market (DM) but also in the secondary regulation service
(SRS) of the Iberian system.

The SRS in the Iberian system comprises: 1) a day-ahead
secondary regulation reserve market (SM), which takes place
after having cleared the DM, where the upward and downward
secondary regulation reserve requirements of the system are
assigned in the same market. The assigned power reserve
is remunerated by the same marginal market price, and 2)
the secondary regulation energy, i.e., the power reserve used
in real-time according to the assigned reserve in the SM
and the system requirements in real-time. The upward and

2Closed-loop means that no natural water inflows are received in the upper
reservoir and that no water outflows are released from the lower reservoir of
the hydro system.

downward secondary regulation energy is remunerated by the
marginal price of the upward and downward tertiary regulation
market, respectively [13]. The former represents an income to
the plant whereas the latter represents a cost. The procedure
for the procurement of secondary regulation is not exclusive
of the Iberian system. For instance, a similar procedure is
implemented in Norway, Sweden, Finland, Slovenia, Czech
Republic and Romania in the short-term (less than a week)
and in Denmark, Netherlands, Belgium, Germany, Austria and
Switzerland in the long-term (more than a week) [14].

The economic viability is evaluated using the minimum
theoretical pay-back period (MTPB), i.e. the minimum number
of years that the investment costs are expected to be recovered.
The MTPB is estimated from the maximum theoretical income
(MTI) and the investment costs of the PSHPs. The MTI is
obtained from the results of a deterministic day-ahead energy
and secondary regulation reserve hourly scheduling model,
based on mixed integer quadratic programming, that assumes
a perfect knowledge of all uncertain variables involved in
the problem. The model is sequentially run day by day for
a time period of three years (2013-2015). The investment
costs of the PSHPs are estimated from available data in
the technical literature of existing, to be commissioned and
projected PSHPs. The MTPBs are estimated for the twelve
PSHPs proposed by the authors. The technical data of the
hydraulic and electrical equipment of the studied PSHPs were
provided by General Electric, from some of its last prototypes
or studies. The interest of the hydropower industry in the
results of the paper is therefore guaranteed. In addition to all
of this, the MTI are compared to the real income obtained by
PSHPs that are currently operating in the Iberian system.

The paper is organised as follows: the methodology used to
obtain the MTI and the description of each PSHP are presented
in Section II. The MTIs of each PSHP are shown and discussed
in Section III whereas the estimated investment costs of each
PSHP according to the technical literature are presented in
Section IV. The economic viability of the studied PSHPs is
analysed in Section V. Finally, main conclusions are drawn in
Section VI.

II. METHODOLOGY

A. Optimization model

The main goal of this paper is not to propose an optimization
model for the day-ahead energy and reserve scheduling of
PSHPs but to estimate their economic viability using the
results obtained from scheduling models already available in
the literature. For this reason, only the main features of the
scheduling models used in the paper are here described. The
formulation of the scheduling models used in the paper is
based on the ones presented in [10] for PSHPs with variable
speed units and in [11] for PSHPs operating in hydraulic
short-circuit mode and for PSHPs with fixed speed units.
They have in common that the objective function consists in
maximizing the net income in the DM (income from selling
energy minus cost for purchasing energy), plus the income
from the reserves put at disposal of the transmission system
operator (TSO) in the SM, plus the net income from the
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3

secondary regulation energy due to the real-time use of the
committed reserves (income/cost due to the real-time use of
the upward/downward reserves), minus the start-up costs in
generating and pumping modes. The time horizon of the model
is one day, discretised in hourly periods. The optimal solution
of the model is composed by the hourly schedules in the DM
and in the SM, in addition to the hourly schedule of the net
secondary regulation energy. The energy stored in the upper
reservoir at the end of the day is forced to be the same as
the one stored at the beginning of the day in order to fulfil
a daily-cycle. The upper reservoir starts each day empty in
order to have the whole storage capacity for pumping water
at off-peak hours in the DM.

In [10] and [11], the PSHPs are modelled as a price-taker
in both, the DM and the SM. Nevertheless, the assumption
that the PSHP is a price-taker in the SM can significantly
overestimate the MTI obtained in the SRS. Due to this, in
this paper, the models from [10] and [11] are adapted to
consider the PSHP as a price-maker only in the SM. The
formulation used to model the PSHP as a price-maker is
based on the one presented in [15]. The price-maker approach
makes the scheduling problem non-linear, because the income
in the SM is the result of the marginal price multiplied by
the reserve. However, the residual demand curves of the SM
(RRCs) are approximated linearly in order to transform the
income into a quadratic function. Further details can be seen
in [15]. Note that the PSHPs are modelled as a price-taker
in the DM because the maximum power of the PSHPs
(between 158-422 MW) represents between 0.35-0.92% of
the maximum demand of the Spanish system and between
0.75-2% of the minimum demand of the system. Besides,
the PSHPs are modelled as a price-maker in the SM because
their available hourly secondary regulation reserves (between
75-320 MW) represents between 4.5-18.8% of the hourly
requirement of reserves for the entire system (the latter has
been always lower or equal 1700 MW).

B. Electric power system data

In this paper, the MTI of the PSHPs is obtained for a period
of three years in order to obtain representative enough as
well as useful results. The selected years are 2013-2015. The
electric power system data used in the paper are historical
hourly values of the prices of the following markets and
services for the mentioned years: i) the DM, ii) the SM, iii)
the upward secondary regulation energy and iv) the downward
secondary regulation energy, as well as the historical hourly
percentages of the real-time use of the committed upward
and downward secondary regulation reserves. Note that as the
PSHPs are modelled as a price-maker in ii), the data used
of the SM is composed by the linear approximation of the
historical hourly RRCs: the intercept with the price axis and
the slope. Besides, the historical hourly percentages of the
real-time use of the reserves of each power plant in Spain is
not publicly available. Thus, it is assumed that it is given by
the historical hourly ratio of the aggregate use of the reserves
and the aggregate committed reserves, in the entire system.
The hourly upward and total secondary regulation reserve bids

must fulfil an hourly ratio. The hourly ratios are not publicly
available in Spain. Hence, it is assumed that the hourly ratios
are the result of dividing the hourly aggregate upward reserve
requirement and the total hourly aggregate reserve (upward +
downward) requirement of the entire system.

C. Technical data
The technical data of each PSHP can be seen in Table I.

All data, or those necessary to compute them, were provided
by General Electric, except the storage capacity of the upper
reservoir of each PSHP (v̄) and the start-up costs in generating
(cSUd) and pumping mode (cSUp). The former was obtained
assuming that the upper reservoir can be emptied in 6 hours
at the maximum water discharge. The latter were obtained
following the guidelines of [16]. Note that each PSHP is
composed by two identical hydro units, and that the technical
data of Table I is for one unit. The twelve considered PSHPs
are described as follows:

1) FS-B (fixed-speed binary units): the units are equipped
with a Francis pump-turbine without frequency
converter.

2) FS-TF (fixed-speed ternary units with Francis turbines):
the units are equipped with a Francis turbine and a
pump, both without frequency converter.

3) FS-TP (fixed-speed ternary units with Pelton turbines):
the units are equipped with a Pelton turbine and a pump,
both without frequency converter.

4) VS-FF (variable-speed fully-fed): the units are equipped
with a Francis pump-turbine and a synchronous machine
connected to the grid through a frequency converter with
the same power rating as the synchronous machine.

5) VS-BFF (variable-speed fully-fed with bypass): the
frequency converter of the VS-FF is bypassed in
generating mode by connecting the stator directly to the
grid through a suitable bypass switch. This operation
can be found in, for instance, the PSHP of Grimsel II
[17].

6) VS-DF (variable-speed doubly-fed): same situation of
VS-FF but with an induction machine whose rotor is
connected to the grid through a frequency converter
with a power rating lower than the one of the induction
machine. Due to this, the electrical losses in the
frequency converters are lower.

7) SC-B (hydraulic short-circuit with binary units): same
situation of FS-B but with the possibility of operating
in hydraulic short-circuit mode (one unit in pumping
mode and the other in generating mode).

8) SC-TF (hydraulic short-circuit with ternary units with
Francis turbines): same situation of FS-TF but with the
possibility of operating in hydraulic short-circuit mode.

9) SC-TP (hydraulic short-circuit with ternary units with
Pelton turbines): same situation of FS-TP but with the
possibility of operating in hydraulic short-circuit mode.

10) SC-FF (hydraulic short-circuit with variable-speed
fully-fed): same situation of VS-FF but with the
possibility of operating in hydraulic short-circuit mode.

11) SC-BFF (hydraulic short-circuit with variable-speed
fully-fed with bypass): same situation of VS-BFF
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FS-B FS-TF FS-TP VS-FF VS-BFF VS-DF SC-B SC-TF SC-TP SC-FF SC-BFF SC-DF

gd 198.14 211.38 157.92 79.06 81.11 81.86 198.14 211.38 157.92 79.06 81.11 81.86

qd 72.44 73.59 54.81 40 40 40 72.44 73.59 54.81 40 40 40

gd 98.68 51.5 22.94 13.97 43.74 40.32 98.68 51.5 22.94 13.97 43.74 40.32

qd 38.34 20.31 8.34 8 21.17 19.55 38.34 20.31 8.34 8 21.17 19.55

gp 196.96 196.96 196.96 88.48 88.48 87.48 196.96 196.96 196.96 88.48 88.48 87.48

qp 55.34 55.34 55.34 33.04 33.04 33.04 55.34 55.34 55.34 33.04 33.04 33.04

gp 196.96 196.96 196.96 51.95 51.95 71.96 196.96 196.96 196.96 51.95 51.95 71.96

qp 55.34 55.34 55.34 18.64 18.64 27.33 55.34 55.34 55.34 18.64 18.64 27.33

cSUd 760.57 802.99 631.62 378.82 385.4 387.8 760.57 802.99 631.62 378.82 385.4 387.8

cSUp 620.54 620.54 620.54 347.83 347.83 345.32 620.54 620.54 620.54 347.83 347.83 345.32

Hd 308 326 326 235 235 235 308 326 326 235 235 235

Hp 334 334 334 240 240 240 334 334 334 240 240 240

v̄ 3.1293 3.179 2.3679 1.728 1.728 1.728 3.1293 3.179 2.3679 1.728 1.728 1.728
TABLE I

TECHNICAL DATA OF EACH HYDRO POWER UNIT. g REFERS TO POWER, q REFERS TO FLOW, cSU REFERS TO START-UP COST, H REFERS TO NET HEAD
AND v REFERS TO WATER STORAGE CAPACITY IN THE UPPER RESERVOIR. SUPERSCRIPT d REFERS TO GENERATING MODE WHEREAS p REFERS TO

PUMPING MODE. FLOWS IN m3/s, POWER IN MW , START-UP COSTS IN C, HEAD IN METERS AND VOLUME IN Mm3 .

but with the possibility of operating in hydraulic
short-circuit mode.

12) SC-DF (hydraulic short-circuit with variable-speed
doubly-fed): same situation of VS-DF but with the
possibility of operating in hydraulic short-circuit mode.

Note that the technical data of all the PSHPs with the
possibility of operating in hydraulic short-circuit mode are the
same as those of the plants without the said possibility.

III. MAXIMUM THEORETICAL INCOME

The MTIs per MW of installed capacity in generating
mode of each PSHP, in each market and service, in each
year analysed (2013-2015) and in total are presented in Table
II. It shows the income from selling energy in the DM
(DM+), the cost for purchasing energy in the DM (DM−),
the net income in the DM, i.e. DM+ minus DM−, the
income in the SM, the income from the real-time use of
the upward reserves (ER2UP), the cost for the real-time
use of the downward reserves (ER2DW), the start-up costs
in generating mode (cSUd) and in pumping mode (cSUp)
and the total income (Total). We use the term MTI to
refer to the income that the PSHP obtains assuming perfect
information of the hourly energy prices, the residual demand
curves of the reserve market, the percentage of the committed
secondary regulation reserves effectively used in real-time and
the secondary regulation regulation energy prices.

The use of variable speed binary units increases the MTI
per MW of installed capacity in generating mode between
60-163%. The comparison is established between PSHPs with
binary units and without the hydraulic short-circuit mode, i.e.,
the FS-B PSHP and the VS-FF, VS-BFF and VS-DF PSHPs.
The highest increase in the MTI corresponds to the VS-FF
PSHP, followed by the VS-BFF PSHP and finally, the lowest
increase occurs with the VS-DF PSHP. The reasons to this
ranking are: 1) bypassing the frequency converter yields a
higher electrical efficiency in generating mode in the VS-BFF

PSHP but a narrower operating range in comparison to the
VS-FF PSHP; the narrower operating range has a stronger
negative impact for the participation in the SRS than the
positive impact of the higher electrical efficiency in generating
mode (the VS-FF PSHP obtains 290.8 kC/MW from the SM
in the period 2013-2015 whereas the VS-BFF PSHP obtains
207.17 kC/MW) and 2) the narrower operating range of the
VS-DF PSHP with respect to the VS-FF PSHP in generating
mode and with respect to the VS-FF and the VS-BFF PSHPs
in pumping mode (the VS-DF PSHP obtains 143.2 kC/MW
from the SM in the period 2013-2015).

The possibility of operating in the hydraulic short-circuit
mode increases the MTI per MW of installed capacity
in generation mode in all PSHPs, between 2-29.5%. The
comparison is established between the PSHP with and without
the hydraulic short-circuit mode (for example, between the
FS-B and the SC-B PSHPs or between the VS-DF and the
SC-DF PSHPs). The increase is much higher if the PSHPs
are equipped with ternary units (+23.6% with Francis turbines
and +29.5% with Pelton turbines) than with binary units
(+2% with fixed speed and +2.4% with variable speed Francis
pump-turbines). The reason to this is because of the higher
flexibility that the operation in hydraulic short-circuit mode
introduces in the PSHPs equipped with ternary units, specially
for the participation in the SRS. As the turbine and the
pump of a ternary unit operate simultaneously in the hydraulic
short-circuit mode, the active power regulation range of the
PSHP is pretty larger than the one the PSHP would have
should it was equipped with binary units. It is important to
bear in mind that the operation in hydraulic short-circuit mode
with binary units is performed with one unit in pumping mode
and the other in generating mode. This is confirmed by the
increase in the income from the SM, that are the highest in
comparison to the rest of PSHPs: from 198.2 to 305.3 kC/MW
with Pelton turbines (FS-TP and SC-TP PSHPs, respectively)
and from 132.1 to 209.6 kC/MW with Francis turbines (FS-TF
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FS-B FS-TF FS-TP VS-FF VS-BFF VS-DF SC-B SC-TF SC-TP SC-FF SC-BFF SC-DF

2013

DM+ 110.09 120.97 131.32 119.79 137.28 136.03 113.70 160.25 176.62 141.88 138.29 142.32

DM− -85.91 -96.98 -104.73 -122.99 -136.07 -117.47 -90.70 -161.88 -182.76 -143.35 -139.72 -126.28

DM 24.18 23.99 26.59 -3.19 1.21 18.56 22.99 -1.62 -6.14 -1.46 -1.43 16.04

SM 30.99 55.66 82.52 120.70 86.72 60.35 32.87 90.59 128.01 92.63 90.29 63.78

ER2UP 7.38 15.67 23.30 36.00 26.93 15.80 7.70 27.42 43.67 29.08 28.35 16.95

ER2DW -6.06 -12.07 -15.10 -14.75 -8.35 -8.08 -6.16 -13.62 -16.24 -8.81 -8.59 -8.28

cSUd -2.66 -3.05 -3.55 -3.58 -3.48 -3.55 -2.60 -2.74 -2.26 -3.04 -2.96 -3.29

cSUp -1.75 -2.06 -3.18 -3.06 -2.91 -2.72 -1.63 -1.77 -2.42 -2.77 -2.70 -2.52

Total 52.08 78.13 110.57 132.12 100.13 80.37 53.17 98.26 144.61 105.63 102.96 82.66

FS-B FS-TF FS-TP VS-FF VS-BFF VS-DF SC-B SC-TF SC-TP SC-FF SC-BFF SC-DF

2014

DM+ 100.60 112.23 123.14 112.02 124.35 124.82 103.03 141.32 162.59 107.33 126.09 128.20

DM− -79.66 -88.84 -96.07 -111.18 -121.08 -106.82 -82.92 -136.19 -159.94 -108.13 -124.65 -111.78

DM 20.95 23.39 27.07 0.84 3.27 18.01 20.11 5.12 2.65 -0.80 1.43 16.43

SM 22.90 42.23 63.24 93.27 66.78 46.13 24.35 67.17 97.53 95.52 69.36 48.14

ER2UP 6.47 13.25 19.47 30.67 22.98 13.41 6.67 22.34 36.03 32.09 24.02 14.22

ER2DW -5.72 -12.69 -16.34 -15.90 -8.35 -8.18 -5.77 -13.99 -17.72 -16.11 -8.70 -8.38

cSUd -2.49 -2.89 -3.26 -3.51 -3.29 -3.40 -2.40 -2.68 -2.35 -3.14 -2.97 -3.24

cSUp -1.64 -1.85 -2.82 -2.84 -2.73 -2.53 -1.56 -1.75 -2.33 -2.66 -2.67 -2.43

Total 40.46 61.43 87.36 102.53 78.66 63.44 41.40 76.21 113.81 104.91 80.48 64.74

FS-B FS-TF FS-TP VS-FF VS-BFF VS-DF SC-B SC-TF SC-TP SC-FF SC-BFF SC-DF

2015

DM+ 105.63 124.50 141.29 125.96 135.74 135.15 107.43 152.28 185.87 121.31 136.75 138.35

DM− -91.36 -103.89 -114.82 -126.55 -137.17 -123.03 -93.76 -145.78 -181.34 -123.36 -139.34 -127.26

DM 14.26 20.62 26.47 -0.59 -1.43 12.12 13.67 6.50 4.53 -2.05 -2.59 11.09

SM 16.92 34.24 52.40 76.87 53.67 36.67 17.78 51.81 79.72 79.11 55.67 38.17

ER2UP 4.73 10.49 16.30 26.35 20.00 11.42 4.90 17.46 30.23 27.59 20.63 11.89

ER2DW -7.46 -17.22 -22.94 -22.06 -11.37 -10.93 -7.55 -19.18 -25.44 -22.52 -11.82 -11.13

cSUd -2.13 -2.68 -3.02 -3.41 -3.15 -3.08 -2.15 -2.73 -2.48 -3.22 -3.00 -3.05

cSUp -1.42 -1.63 -2.52 -2.61 -2.55 -2.30 -1.42 -1.70 -2.26 -2.48 -2.63 -2.28

Total 24.89 43.81 66.70 74.55 55.18 43.90 25.21 52.16 84.29 76.43 56.26 44.69

FS-B FS-TF FS-TP VS-FF VS-BFF VS-DF SC-B SC-TF SC-TP SC-FF SC-BFF SC-DF

Total

DM+ 316.32 357.71 395.75 357.78 397.36 396.00 324.16 453.85 525.09 341.11 401.13 408.86

DM− -256.93 -289.72 -315.62 -360.72 -394.32 -347.31 -267.38 -443.85 -524.04 -348.60 -403.71 -365.31

DM 59.39 67.99 80.13 -2.94 3.05 48.69 56.77 10.00 1.04 -7.49 -2.58 43.55

SM 70.81 132.12 198.15 290.84 207.17 143.15 75.00 209.57 305.26 297.91 215.32 150.08

ER2UP 18.58 39.41 59.07 93.01 69.92 40.63 19.26 67.21 109.93 97.14 73.00 43.07

ER2DW -19.24 -41.99 -54.39 -52.71 -28.07 -27.19 -19.49 -46.78 -59.41 -53.43 -29.11 -27.79

cSUd -7.29 -8.62 -9.83 -10.50 -9.92 -10.02 -7.15 -8.15 -7.09 -9.53 -8.94 -9.58

cSUp -4.82 -5.54 -8.52 -8.51 -8.18 -7.55 -4.62 -5.21 -7.01 -7.85 -7.99 -7.24

Total 117.43 183.38 264.62 309.20 233.96 187.71 119.78 226.64 342.72 316.75 239.70 192.09
TABLE II

MAXIMUM THEORETICAL INCOME PER MW OF INSTALLED CAPACITY IN GENERATING MODE, IN K C/MW, OF EACH PSHP, IN EACH MARKET AND
SERVICE CONSIDERED, IN EACH YEAR AND IN TOTAL.

and SC-TF PSHPs, respectively). In addition to this, the former
obtain higher total MTI per MW (264.6 and 342.7 kC/MW
in the FS-TP and SC-TP PSHPs, respectively) than the latter
(183.4 and 226.6 kC/MW in the FS-TF and SC-TF PSHPs,
respectively). The reason to this is because the Pelton turbine
has a wider operating range than the Francis turbine (see Table
I) and, thus, it can enlarge significantly the income from the
SM.

As can be seen in Table II, the main income source is the
SM in all PSHPs and in all years. This result confirms one of
the conclusions of [10], in which the PSHPs are modelled as
a price-taker in the SM, and one of the conclusions of [15],
in which they are modelled as a price-maker in the SM. If the
income from the SM is canalised between years, it decreases
with time. The reason to this is the decreasing mean yearly
price in the Spanish SM (29.33 C/MW in 2013, 23.13 C/MW

in 2014 and 19.52 C/MW in 2015).
The methodology used to obtain the MTI assumes that the

upper reservoir starts and finishes each day with the same
amount of stored water (with the upper reservoir emptied).
The MTIs have been also obtained starting and finishing each
day with half of the storage capacity. The reason to propose
this is because on the one hand, starting the day empty may not
be optimum because the PSHPs do not have enough water to
participate in the SRS in generating mode in the first hours of
the day and, on the other hand, starting the day with the upper
reservoir full may not be optimum because the PSHPs do not
have enough available storage capacity to pump water during
the first hours of the day. However, the MTIs with half of the
storage capacity are not presented because they are lower than
the ones here presented in all cases.

The MTI per MW of installed capacity in generating mode
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FS-B FS-TF FS-TP VS-FF VS-BFF VS-DF SC-B SC-TF SC-TP SC-FF SC-BFF SC-DF

0.5 0.66 0.66 0.58 0.58 0.54 0.52 0.68 0.68 0.59 0.59 0.55
1 1.32 1.32 1.15 1.15 1.07 1.03 1.35 1.35 1.18 1.18 1.1

1.5 1.98 1.98 1.73 1.73 1.61 1.55 2.03 2.03 1.77 1.77 1.65
2 2.64 2.64 2.3 2.3 2.14 2.06 2.7 2.7 2.36 2.36 2.2

2.5 3.3 3.3 2.88 2.88 2.68 2.58 3.38 3.38 2.95 2.95 2.75
3 3.96 3.96 3.45 3.45 3.21 3.09 4.05 4.05 3.54 3.54 3.3

3.5 4.62 4.62 4.03 4.03 3.75 3.61 4.73 4.73 4.13 4.13 3.85
4 5.28 5.28 4.6 4.6 4.28 4.12 5.4 5.4 4.72 4.72 4.4

TABLE III
INVESTMENT COST OF EACH PSHP, IN M C/MW, ACCORDING TO THE INFORMATION AVAILABLE IN THE TECHNICAL LITERATURE (0.5-4 MC/MW FOR

THE FS-B PSHP).

Figure 1. Income per MW of installed capacity in generating mode, in
kC/MW, of the twelve PSHPs analysed in the paper and three closed-loop
and daily-cycle PSHPs that are currently operating in the Iberian system

in each year of the period 2013-2015 obtained with the
proposed PSHPs (FS-B to SC-DF PSHPs) are compared to
the ones obtained by three real closed-loop and daily-cycle
PSHPs that are currently operating in the Iberian electricity
system (PSHPs 1-3), Fig. 1. Although the economic results
are publicly available in the information system of the Spanish
TSO, the authors prefer not to reveal their names. The income
of the real PSHPs comes from the ones obtained in the DM,
the intraday markets, the congestion management markets of
the DM, the secondary and the tertiary regulation services,
the real-time congestion management market and, finally, the
balancing market.

The MTIs per MW of installed capacity of the FS-B, FS-TF
and FS-TP PSHPs are higher than the real income obtained
by the PSHPs 1-3 in all cases and in all years, with the
optimization models described in Section II-A. Note that the
PSHPs 1-3 are equipped with fixed-speed units and do not
operate in the hydraulic short-circuit mode as the FS-B, FS-TF
and FS-TP PSHPs. However, two considerations should be
included: 1) the real income of PSHPs 1-3 was obtained with
imperfect knowledge of the electric power system data and
2) the FS-B, FS-TF and FS-TP PSHPs only participate in the
DM and the SRS while the PSHPs 1-3 participate in more
markets and services. If we compare the MTIs per MW of the
rest of PSHPs (with variable speed units and/or the possibility
of operating in hydraulic short-circuit mode), it can be seen
that they are much higher than the real income obtained by

the PSHPs 1-3 (except the SC-B PSHP).

IV. INVESTMENT COSTS

Investment costs of PSHPs are strongly site-dependent. In
the technical literature, to the best of our knowledge, there are
no papers where the investment costs of conventional PSHPs
with ternary units are analysed. However, several papers can
be found regarding investment costs of PSHPs equipped with
fixed speed binary units (FS-B PSHP). As examples, [6]
proposes a range between 0.47-2.17 MC/MW from projects
in countries such as Spain, Portugal or Switzerland, among
others. [18] proposes a range between 0.775-1.28 MC/MW
from projects in Germany and Luxembourg. Or [19], which
proposes a range between 2-4.3 M$/MW. Note that the latter
is expressed in $. In all projects, the investment cost depends,
among others, on whether or not the PSHP uses existing
reservoirs, whether the project is new or upgraded by enlarging
the existing reservoirs or increasing the installed capacity [20].

In order to cover all the possible projects, several investment
costs per MW of installed capacity in generating mode
have been considered for the FS-B PSHP, according to the
information available in the literature. The considered range
is between 0.5-4 MC/MW, discretised in 0.5 MC/MW.

Hydro industry experts estimate an increase between
30-40% of the investment costs when the plant is equipped
with ternary units and between 7-15% when the plant is
equipped with variable speed units [21], with respect to FS-B
PSHPs. In this paper, extra costs of 32%, 7% and 15% are
considered for the FS-TF and FS-TP PSHPs with respect to
the FS-B PSHP, for the VS-FF and VS-BFF PSHP with respect
to the FS-B PSHP, and for the VS-DF PSHP with respect to
the FS-B PSHP, respectively. The reason to consider an extra
cost of 32% for the FS-TF and FS-TP PSHPs is arbitrarily
but respecting the range proposed in the literature. The reason
to consider an extra cost of 7% for the VS-DF PSHP and of
15% for the VS-FF PSHP (and the VS-BFF PSHP), is that the
power rating of the converter in the former is usually 20-30%
of the one of the induction machine [22], whereas in the latter
the power rating of the converter is the same as the one of the
synchronous machine.

There is an absolute lack of information about the extra cost
that would imply to allow the PSHP to operate in hydraulic
short-circuit mode. This extra investment cost is due to both 1)
the reinforcement of the pipes in the short-circuit link and 2)
the more complex design of the said pipe section in order to,



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

7

Cost FS-B FS-B FS-TF FS-TP VS-FF VS-BFF VS-DF SC-B SC-TF SC-TP SC-FF SC-BFF SC-DF

0.5 12.8 10.8 7.5 5.6 7.4 8.6 12.9 8.9 5.9 5.6 7.4 8.6
1 25.5 21.6 15.1 11.2 14.7 17.1 25.8 17.9 11.8 11.2 14.8 17.2

1.5 38.3 32.4 22.4 16.7 22.1 25.7 38.7 26.8 17.7 16.8 22.2 25.8
2 51.1 43.2 29.9 22.3 29.5 34.2 51.6 35.7 23.6 22.4 29.5 34.4

2.5 63.9 54.1 37.4 27.9 36.9 42.8 64.5 44.7 29.5 27.9 36.9 42.9
3 76.6 64.8 44.9 33.5 44.2 51.3 77.4 53.6 35.5 33.5 44.3 51.5

3.5 89.4 75.6 52.4 39.1 51.6 59.9 90.3 62.5 41.4 39.1 51.7 60.1
4 102.2 86.4 59.9 44.6 59.1 68.4 103.2 71.5 47.3 44.7 59.1 68.7

TABLE IV
MINIMUM THEORETICAL PAY-BACK PERIOD, IN YEARS, WITH THE CONSIDERED INVESTMENT COSTS (0.5-4 M C/MW OF THE FS-B PSHP).

respectively, resist pressure oscillations of a higher amplitude
[23] and to reduce the hydraulic losses. In this paper, we
assume that the extra investment cost related to permit a PSHP
to operate in the hydraulic short-circuit mode is 3%. Therefore,
the investment costs of the SC-B PSHP increase 3% with
respect the FS-B PSHP, and of the SC-TF and SC-TP PSHPs
increases 35% with respect the FS-B PSHP, i.e., an increase
of 32% because of the ternary units and of 3% because of the
hydraulic short-circuit operation. Finally, the investment costs
of the SC-FF, SC-BFF and SC-DF PSHPs increase 18%, 18%
and 10%, respectively, with respect to the FS-B PSHP because
of the use of variable speed units (15%, 15% and 7%) and the
hydraulic short-circuit operation (3%).

The investment cost, expressed in MC/MW, of each PSHP
considering the proposed cost range for the FS-B PSHP (0.5-4
MC/MW) and the above-mentioned hypothesis are shown in
Table III.

V. ECONOMIC VIABILITY

The economic viability is analysed using the MTPB, i.e.
the minimum number of years that the investment costs are
expected to be recovered according to the MTI of the PSHPs.
The calculation of the MTPB assumes that the interest rate
and the expected increase of the MTI due to an increase
in the demand or the energy or reserve prices will be 0%
in the whole pay-back period. Table IV shows the estimated
MTPBs corresponding to the MTIs included in Table II and
the investment costs included in Table III. They are coloured
with the following assumptions: green cells consider a MTPB
lower or equal 25 years and that the investment in the PSHP
is interesting, yellow cells consider a MTPB greater than 25
years and lower or equal 35 years and that the investment in the
PSHP is partially interesting, and red cells consider a MTPB
greater than 35 years and that the investment in the PSHP is
not interesting. The colours are chosen arbitrarily taking into
account the lifetime of the PSHP between 60 years (see for
example [1] or [2]) and 100 years [24].

According to the investment costs proposed in the literature,
the lowest MTPBs correspond to the VS-FF, SC-FF and
SC-TP PSHPs, respectively, in all the investment cost cases.
Assuming the above-mentioned lifetime of the PSHPs between
60-100 years, even the fixed-speed PSHPs with ternary
units and without the possibility of operating in hydraulic
short-circuit mode (FS-TF and FS-TP PSHPs), can be
economically viable as long as their investment costs are lower

than 2.64 MC/MW. This proves that the operation of the
PSHPs in the DM and the SRS improves significantly the
economic viability of PSHPs in comparison to the results if
the PSHPs only participates in the DM (see for example [6]).

The use of fully-fed variable speed binary units (VS-FF
PSHP) helps to decrease the MTPBs in all the FS PSHPs and
in all the investment cost cases: by 56.3% with respect to the
FS-B PSHP, by 48.3% with respect to the FS-TF PSHP and by
25.4% with respect to the FS-TP PSHP. Note that the increase
or decrease of the MTPB between two PSHPs are the same
in each investment cost case because the MTIs do not change.
However, the MTPB of the PSHP equipped with fully-fed
variable speed binary units increases by 32.2% if the converter
is bypassed in generating mode (VS-BFF PSHP). The reason
to this was mentioned in Section III: bypassing the frequency
converter yields a higher electrical efficiency in generating
mode in the VS-BFF PSHP but a narrower operating range in
comparison to the VS-FF PSHP; the narrower operating range
has a stronger negative impact for the participation in the SRS
than the positive impact of the higher electrical efficiency in
generating mode. The use of doubly-fed variable speed binary
units (VS-DF PSHP) decreases the MTPBs with respect to the
FS-B PSHP (by 33.1%) and with respect to the FS-TF PSHP
(by 20.8%), but to a lower extent than the VS-FF PSHP, and
increases the MTPB with respect to the VS-BFF PSHP (by
16%). The reason to this was also mentioned in Section III:
the VS-DF PSHP has a narrower operating range in generating
mode with respect to the VS-FF PSHP and in pumping mode
with respect to the VS-FF and the VS-BFF PSHPs.

The possibility of operating in hydraulic short-circuit mode
decreases in general the MTPBs of all PSHPs without the
variable speed technology. However, the decrease strongly
depends on the configuration of the PSHP. If the PSHP is
equipped with ternary units and Francis turbines (FS-TF and
SC-TF PSHPs), the MTPB is reduced by 17.2%. If the PSHP
is equipped with ternary units and Pelton turbines (FS-TP and
SC-TP PSHPs), the MTPB is reduced by 21%. Finally, if the
PSHP is equipped with fixed speed or variable speed binary
units (FS-B, VS-FF, VS-BFF, VS-DF, SC-B, SC-FF, SC-BFF
and SC-DF PSHPs), the possibility of operating in hydraulic
short-circuit mode does not appreciably modify the MTPB.
As it was explained in section III, the flexibility introduced by
the hydraulic short-circuit operation is higher for the PSHPs
with ternary units since both the turbine and the pump can
operate simultaneously. The hydraulic short-circuit operation
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with binary units is performed by using one unit in pumping
mode and the other in generating mode, and does not therefore
add an appreciable flexibility to be offered in the SRS.

Despite the foregoing, further research must be carried out
because, in this paper, perfect information is assumed in all
uncertain data. Although the interest of the results from this
paper is unquestionable, specially because it is the first paper
in the literature shedding light about the profitability of PSHPs
with variable speed units or operating in hydraulic short-circuit
mode, the incomes are expected to be reduced whereas the
pay-back periods are expected to be enlarged because of the
effects of imperfect information. To give an idea, the value of
perfect information of the price in the DM can be around 25%
of the MTI according to the results presented in [15].

VI. CONCLUSIONS

The economic viability of twelve closed-loop and
daily-cycle PSHPs equipped with binary or ternary units,
with and without the variable speed technology and with and
without considering the operation in hydraulic short-circuit
mode has been evaluated in this paper. The PSHPs are assumed
to participate in the day-ahead energy market as a price-taker
and in the day-ahead secondary regulation reserve market as
a price-maker. In addition, the net income from the real-time
use of the committed reserves has been also taken into account
within the model formulation. The economic viability has
been studied by means of the minimum theoretical pay-back
periods, which have been estimated considering different
investment costs values per MW of the installed capacity
according to the technical literature.

Results show that the minimum theoretical pay-back periods
of the PSHPs are in most cases lower than their lifetime, if
the investment cost of the base case (the PSHP with binary
units and fixed speed) is lower than 2.5 MC/MW. Therefore,
the economic viability is not discarded. The PSHPs with the
variable speed technology and full converter with and without
the possibility to operate in hydraulic short-circuit mode, and
the PSHP with ternary units and being operated in hydraulic
short-circuit mode obtain the lowest minimum theoretical
pay-back periods. Furthermore, the inclusion of the variable
speed technology or the operation in hydraulic short-circuit
mode decrease significantly the minimum theoretical pay-back
periods of PSHPs. In addition to this, it has been proven that
the maximum theoretical income, obtained with the developed
optimization model, of the proposed PSHPs are notably higher
in comparison to the real income obtained by PSHPs that
are currently operating in the Iberian system. Nonetheless, all
these results have been obtained assuming perfect information
of all the uncertain data in the day-ahead energy and reserve
scheduling. Further work is necessary to estimate the economic
viability of the PSHPs taking into account uncertainty. In
addition, the consideration of other markets such as the
intraday markets or other ancillary services such as the tertiary
regulation service, would be also necessary to provide a more
complete and realistic insight on the economic viability of the
PSHPs.
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2.4 Paper-D: Value of Perfect Information of Spot Prices in
the Joint Energy and Reserve Hourly Scheduling of Pumped
Storage Plants

The preliminary version of this paper was published in [Chazarra et al., 2016b], and orally
presented in an International Conference. In this paper entitled “Value of Perfect Informa-
tion of Spot Prices in the Joint Energy and Reserve Hourly Scheduling of Pumped Storage
Plants” [Chazarra et al., 2017f], it is studied the value of perfect information of the day-ahead
energy market prices in the context of the operation of a closed-loop and daily-cycle PSHP
participating in the day-ahead energy market and in the secondary regulation service of the
Iberian and the Spanish electricity systems, respectively. In order to study the mentioned
value of perfect information, a day-ahead energy and reserve scheduling model is proposed.
The model is based on the ones previously developed in the Thesis in [Chazarra et al., 2017d]
and [Chazarra et al., 2017e], and are adapted to model the PSHP as a price-maker in the sec-
ondary regulation reserve market. Therefore, the model presented in this paper changes with
respect to the previous ones, being based on mixed integer quadratic programming. Note that
the PSHP is equipped with fixed-speed pump-turbine units in this paper, and that the model
assumes perfect information in all the electric power system data of the problem except in
the day-ahead energy market prices. The main contribution of this paper with respect to the
literature is to study the extent to which the value of perfect information of the day-ahead
energy market prices when the PSHP participates in both the the day-ahead energy market
and in the secondary regulation service can be reduced in comparison to only participate in
the day-ahead energy market.

This publication is linked to the objectives of the Thesis (Figure 1.8) as follows: the model
formulation includes the price-maker approach in the operation of PSHPs in the secondary
regulation reserve market for the first time in the Thesis. Therefore, this paper applies for
all the objectives of the Thesis as the price-maker approach is used not only in the model
formulation of the main objective of the Thesis but also in the first three secondary objectives
of the Thesis. Furthermore, it is also used as a tool to develop the main goal of the Thesis
(the risk-averse optimisation model with look ahead period, Chapter 3) because the day-ahead
energy market prices are predicted with the forecasting model that obtains the lowest value
of perfect information. Finally, this paper directly applies for a part of the first secondary
objective of the Thesis (to analyse the value of perfect information of the electric power system
data).
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The  value  of perfect  information  of  the  day-ahead  energy  prices  is  studied  in  the  context  of  the  operation
of  a closed-loop  and  daily-cycle  pumped-storage  hydropower  plant,  participating  in  the spot  market
as a  price-taker  and  in  the  secondary  regulation  reserve  market  as  a price-maker.  The  impact  of  the
real-time  use  of  the regulation  reserves  is  also taken  into  account.  Results  show  that  the  value  of  perfect
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rice forecasting
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information  of  the  spot prices  in  the Iberian  electricity  market  decreases  if the  plant  also  participates  in  the
secondary  regulation  service.  Several  novel  indicators  to better  explain  the  value  of  perfect  information
are  presented  and  evaluated.  Finally,  several  regression  models  to roughly  estimate  the  value  of  perfect
information  of  any  price  forecasting  model  are  obtained.  These  might  help  to  evaluate  the  investment  in
pumped-storage  hydropower  plants.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Competition has been introduced in many electricity power
ystems worldwide in order to, among others, improve the eco-
omic efficiency. An agent that participates in liberalised electricity
arkets must deal with several sources of uncertainty before sub-
itting the bids, for instance the uncertainty of the spot and reserve

rices which are not known in advance. The value of perfect infor-
ation of the spot prices (VPI, also called profit loss due to the

ncertainty) depends on the quality of the forecasting tool that is
sed to forecast the prices but also depends on the technology of
he power producer [1].

In this paper, the VPI is studied in the context of a PSHP that
articipates not only in the spot market, but also in the sec-
ndary regulation service, with the aim of enlarging the expected
ncome and reducing the payback period of the investment. In order
o analyse the VPI, a day-ahead energy and reserve scheduling

odel is proposed. The model is based on mixed integer quadratic
rogramming. The objective function of the model consists in max-
mizing the income of a PSHP participating in the spot market
s a price-taker and in the secondary regulation reserve market
s a price-maker, in the framework of the Iberian electric power

∗ Corresponding author.
E-mail address: manuel.chazarra@upm.es (M. Chazarra).

ttp://dx.doi.org/10.1016/j.epsr.2017.03.015
378-7796/© 2017 Elsevier B.V. All rights reserved.
system (MIBEL [2,3]). The upward and downward secondary reg-
ulation energy due to the real-time use of the committed reserves
is also considered in the model formulation. In the Spanish electric
power system, there is a single day-ahead reserve market where the
available upward and downward secondary regulation reserves are
determined and remunerated by the same marginal price. In addi-
tion, the upward and downward secondary regulation energy is
also remunerated1 according to the marginal price of the upward
and downward tertiary regulation energy prices, respectively. In
order to participate in the secondary regulation service, the PSHP
has to participate in the spot market previously. Note that the pro-
cedure for the procurement of secondary regulation is not exclusive
of the Spanish system. For instance, a similar procedure is imple-
mented in Norway, Sweden, Finland, Slovenia, Czech Republic and
Romania in the short-term (less than a week) and in Denmark,
Netherlands, Belgium, Germany, Austria and Switzerland in the
long-term (more than a week) [4].

The proposed model is based on the one proposed in [5], which
has been revised in order to consider the PSHP as a price-maker in
the secondary regulation reserve market. The PSHP under study is

closed-loop and daily-cycle, as in [5], and is equipped with a single
reversible Francis pump-turbine unit. In order to obtain represen-
tative enough as well as useful results, the VPI is calculated running

1 The upward (resp. downward) secondary regulation energy represents an
income (resp. cost).

dx.doi.org/10.1016/j.epsr.2017.03.015
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2017.03.015&domain=pdf
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Nomenclature

Superscripts
d indicates that the magnitude is related to genera-

tion/discharge
p indicates that the magnitude is related to consump-

tion/pumping
sec indicates that the magnitude is related to the sec-

ondary regulation service (reserve or energy)

Sets
t hourly period, running from 1 to T

Parameters
cSUd start-up cost in generating mode, D
cSUp start-up cost in pumping mode, D
ıd energy coefficient in generating mode, MW/Mm3/h
fv target water volume in the last hour of the time

horizon (in this study, the last hour of the day), Mm3

ḡd, gd maximum and minimum technical power genera-
tion, MW

ḡp maximum technical power consumption (there is
no minimum power consumption as this study con-
siders a pump-turbine unit with fixed speed in
pumping mode), MW

lt time length of period t, 1 h
�D,t day-ahead electricity market price, D /MWh
�o

S,t the intercept of the linear approximation of a
residual demand curve of the secondary regulation
reserve market, i.e. the secondary regulation reserve
price when the residual reserve quantity of the sys-
tem is zero, D /MW

�m
S,t the slope of the linear approximation of a residual

demand curve of the secondary regulation reserve
market, D /MW/MW

�up,t upward secondary regulation energy price, D /MWh
�dw,t downward secondary regulation energy price,

D /MWh
N a big number, 106

�̄d, �d efficiency in generating mode at maximum and
minimum water discharge, %

�p efficiency in pumping mode (only at maximum
pumped water as this study considers a pump-
turbine unit with fixed speed in the said mode), %

q̄d, qd maximum and minimum technical water discharge,
Mm3/h

q̄p maximum technical pumped water (there is no
minimum pumped water as this study considers
a pump-turbine unit with fixed speed in pumping
mode), Mm3/h

�up
t , �dw

t percentage of the offered upward and downward
secondary regulation reserves that will be used by
the TSO

RSM
t ratio between the required upward and the total

secondary regulation reserve, set by the TSO in
advance

v̄, v maximum and minimum water storage limits of
the upper reservoir due to design characteristics,
Mm3

Positive variables

qp
t pumped water, which does not include water for

the real-time use of reserves as this study considers
a pump-turbine unit with fixed speed in pumping
mode, Mm3/h

qsd
t water discharge above the minimum technical limit,

Mm3/h
gsec,up

t upward secondary regulation reserve, MW

gsec,dw
t downward secondary regulation reserve, MW

�S,t clearing price in the secondary regulation reserve
market, dependent on the price-maker agent activ-
ity, D /MW

esec,up
t upward secondary regulation reserve requested in

real-time by the TSO, MWh
esec,dw

t downward secondary regulation reserve requested
in real-time by the TSO, MWh

vt water volume of the upper reservoir at the end of
time period t, Mm3

Binary variables
ud

t On/off state in generating mode
up

t On/off state in pumping mode
yd

t 1 if the pump-turbine unit is started-up in generat-
ing mode, 0 otherwise

yp
t 1 if the pump-turbine unit is started-up in pumping

mode, 0 otherwise
�t 1 if there is more upward than downward secondary
d p
gt , gt power generation and consumption, MW
qd

t total water discharge, which includes water for the
real-time use of reserves, Mm3/h
regulation reserve requested in real-time during
time period t, 0 otherwise

the model, day by day, with a similar methodology as in [1] or [6],
for a period of one year (the selected year is 2014) and for thirteen
forecasting tools of the spot prices.

The goals and contributions of this paper are twofold: 1) to study
the extent to which the VPI of the spot prices in the operation of
conventional PSHPs participating in the spot market and in the sec-
ondary regulation service can be reduced in comparison to PSHPs
participating only in the spot market and 2) to propose and evaluate
novel indicators to better explain the VPI in comparison to others
proposed in the literature such as MAPE and Rank Correlation.

In the literature, the VPI of the spot prices has been studied in the
context of load-shifting industrial plants [6], demand-side market
customers [7], distributed storage systems (batteries) [8], and ther-
mal  and hydro power produces [9–11]. As far as we know, [1] is the
only work published so far where the VPI of the spot prices has been
studied in the context of PSHPs. The results presented in that paper
show that the profit loss due to the errors in forecasting the spot
prices is higher for PSHPs than for hydro or thermal power plants. In
the paper here presented, we  take a step ahead of [1] by considering
the participation of the PSHP in the secondary regulation service.
As demonstrated in [12], the traditional PSHP operation strategy
based on the well-known price arbitrage does not allow justifying
the investment. The said operation strategy is therefore evolving to
an “ancillary services driven” one [13], in which the PSHP diversi-
fies its sources of revenue among the different energy and ancillary
services markets.

In order to evaluate the profitability of a PSHP, it is neces-
sary to simulate its operation over a long time horizon within the
context of the electricity market where the PSHP is planned to
operate. Such simulation is often done by means of a deterministic

approach, using either historical prices or synthetically generated
future prices, and assuming a perfect price forecast. The regres-
sion models presented in this paper can be used to obtain a rough
estimate of the VPI of any price forecasting model, as a function
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f the proposed indicators, without the need to perform any opti-
ization and post-optimal simulation processes and can, therefore,

e helpful for PSHP pre-feasibility studies. Given the huge number
f ongoing and planned PSHP projects all over the world [14], the
esults here presented might make an appreciable impact on the
ydropower sector. In addition, the results presented in the paper
an be useful for power utilities to choose the most suitable model
mong a set of in-house available spot price forecasting models.

The paper is organised as follows: the price-maker approach and
he model formulation are described in Section 2 and 3, respec-
ively. The case study is described in Section 4. Section 5 presents
he results and discussion and finally, conclusions and acknowl-
dgement are described in Sections 6 and 7.

. Price-maker approach in the secondary regulation
eserve market

The PSHP is considered in this study as a price-maker in the sec-
ndary regulation reserve market, i.e. we assume that the offers
ubmitted by the PSHP can have a notable impact in the clearing
rice. As it was stated in [15], an agent can be considered as a price-
aker in the spot market of the MIBEL when his/her market quota

s higher than 10% of the demand.2 In addition, the slope of the
esidual demand curves in the secondary reserve market (hereafter
eferred to as the residual reserve curves, RRCs) in the solution of
he clearing procedure, can also give an idea of the impact of the
ffers on the market price. The mean value of the slope in 2014
as −0.0335 D /MW/MW  with a mean marginal price in the reserve
arket of 23.14 D /MW.  Note that the PSHP considered in this paper

see Section 4.2) has an installed capacity of 793 MW and can there-
ore have a significant impact on the marginal price of the reserve

arket. As the PSHP considered in this paper is assumed to be a new
articipant in the reserve market, the RRC of each hour (Fig. 1(b))
an be obtained as the difference between the reserve demand and
upply functions, Fig. 1(a).

The price-maker approach makes the scheduling problem non-
inear, because the income in the reserve market is the result of
he marginal price multiplied by the reserve. Several approaches
ave been adopted in the literature to model the residual demand
urves in the spot market (it also applies to RRCs) and cope with the
aid nonlinearity [16]: 1) polynomial approximation, 2) piecewise
inear approximation and 3) stepwise approximation. The method
dopted in this work is a linear approximation of the entire RRCs,
ashed line in Fig. 1(c), defined by a slope and an intercept [17].
herefore, the income in the reserve market is a quadratic function
f the agent reserve offer. According to the results obtained in [16],
he deviation due to the use of a linear RRC in comparison to a

ulti-step RRC is expected to be lower than 2% of the estimated
ncome.

The income for the upward gsec,up
t and downward gsec,dw

t
eserves,3 IS is directly the result of the total reserve multiplied
y the marginal reserve price (1), �S,t. The marginal reserve price
S,t is estimated as a linear approximation of the RRC (2) (Fig. 1(c)).
n the Spanish electricity system, the transmission system opera-
or (TSO) forces all regulation zones to meet an hourly ratio RSM

t
etween the upward and the total reserve (3). If (2) is included

n (1), the income of the upward and downward reserves can be

2 The historical hourly demand of the upward and downward secondary reg-
lation reserve market in the Spanish electricity system (the so-called hourly
equirement of upward and downward reserves for the system), has been always
ower or equal to 900 MW and 800 MW,  respectively.

3 The secondary regulation reserve market is cleared only once per day to assign
oth the upward and downward hourly reserves of the following day according to
he ratio RSM

t , set by the TSO in advance.
Fig. 1. (a) Reserve supply and demand functions (solid and dashed lines, respec-
tively), and the marginal price of the market. (b) Process to obtain the RRCs. (c) RRC
and  its linear approximation (solid and dashed lines, respectively).

expressed as a quadratic function of the marginal reserve price (4).
Note that the fraction in (4) is the total (upward and downward)
secondary regulation reserves, i.e., the expression between brac-
kets in (1), expressed as a function of the intercept and the slope of
the linear approximation of the RRC.

IS =
∑

t

(
gsec,up

t + gsec,dw
t

)
�S,t (1)

�S,t = �o
S,t + �m

S,t

(
gsec,up

t + gsec,dw
t

)
∀t (2)

gsec,up
t = RSM

t

(
gsec,up

t + gsec,dw
t

)
∀t (3)

IS =
∑

t

(
�S,t − �o

S,t

)

�m
S,t

· �S,t (4)

3. Model formulation

The formulation of the day-ahead energy and reserve scheduling
model is composed by Eqs. (5)–(21) in addition to Eqs. (2) and (3).

3.1. Objective function

The objective function of the model maximises the net income
of the PSHP in the spot market, and for the different “products”
comprised within the secondary regulation service of the Spanish
electric power system [3]. The incomes in the secondary regula-
tion service come from: 1) reserve and 2) the real-time use of
the reserve (regulation energy). In (5), the first term expresses the

net income in the spot market and the start-up costs in generat-
ing and pumping mode, respectively. The second term expresses
the quadratic income for the upward and downward reserves put
at disposal of the TSO (see Section 2 for details). And, finally, the
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hird term expresses the net income for the secondary regulation
nergy. Note that in case of reducing the energy with respect to
he energy schedule of the spot market, instead of an additional
evenue, the agent will have to pay for the downward secondary
egulation energy.

ax  z =
∑

t

[
(

gd
t − gp

t

)
�D,t − cSUd · yd

t − cSUp · yp
t

+
(

�S,t − �o
S,t

)

�m
S,t

· �S,t +
(

esec,up
t · �up,t − esec,dw

t · �dw,t

)]
(5)

.2. Constraints

.2.1. Water balance
The water balance in the upper reservoir, (6) does not include

ny water inflow because a closed-loop PSHP is considered in this
rticle. In addition to this, limits are imposed to the water volume
n all hours (7). The water balance and limits in the lower reservoir
re not included in the proposed model formulation for the sake
f clarity, as we  assume the typical configuration where the upper
eservoir is the one which constrains the operation. Note that qd

t is
otal water discharge, which includes the water flow for the real-
ime use of reserves (11).

t = vt−1 + lt
(

qp
t − qd

t

) ∀t (6)

 ≤ vt ≤ v̄ ∀t (7)

 target water volume in the upper reservoir at the end of the time
orizon (in this article, last hour of the day) is imposed by (8). The
arget water volume is deemed as input data to the model.

t = fv t = T (8)

.2.2. Hydropower generation and consumption
The generation/consumption curve of the pump-turbine unit

sed in the paper can be seen in Fig. 2 and is modelled with
9)–(13). The curve represents the relationship between water dis-
harged and pumped (on x-axes) with hydropower generation and
onsumption (on y-axes), respectively. For clarity, the proposed for-

ulation assumes that the upper reservoir has a negligible head

ariation in comparison with the available gross head. Hence, head
ependency is not included in the model. See [5] as an example to

nclude head dependency in a PSHP.

ig. 2. Generation and consumption curve of a reversible Francis pump-turbine unit,
onsidered in this study.
s Research 148 (2017) 303–310

The feasible operating range in generating mode (between max-
imum and minimum power generation) is ensured by (9) and (10).
In addition, the total water discharge includes not only water for the
energy committed in the spot market but also extra water discharge
for the real-time use of the upward reserve and water that is kept
in the upper reservoir due to the real-time use of the downward
reserve (11).

gd
t = ud

t · gd + ıd · qsd
t ∀t (9)

qsd
t ≤ ud

t

(
q̄d − qd

) ∀t (10)

qd
t = ud

t · qd + qsd
t + 1

ıd

(
�up

t · gsec,up
t − �dw

t · gsec,dw
t

)
∀t (11)

The consumption operation is modelled by (12) and (13). A sin-
gle operating point is considered in pumping mode, corresponding
to a fixed speed pump-turbine unit. Consistently, no reserve or
regulation energy is considered in pumping mode.

gp
t = up

t · ḡp ∀t (12)

qp
t = up

t · q̄p ∀t (13)

A reversible Francis pump-turbine unit is not able to operate in
generating and pumping mode simultaneously (14). Finally, the
start-up decisions are modelled by (15) in generating mode and
by (16) in pumping mode.

ud
t + up

t ≤ 1 ∀t (14)

yd
t ≥ ud

t − ud
t−1 ∀t (15)

yp
t ≥ up

t − up
t−1 ∀t (16)

3.2.3. Secondary regulation service
The secondary regulation service (also called load-frequency

control service) in the Spanish electricity system comprises the
hourly power reserve, that is modelled with (3), (17) and (18), and
the real-time use of reserves, i.e. the regulation energy, that is mod-
elled with (19)–(21). According to these equations, if �t = 1, esec,dw

t
= 0 by Eq. (21) and esec,up

t is between 0 and N by Eq. (20) and equals
the right-side of Eq. (19). Analogously, if �t = 0, esec,up

t = 0 by Eq. (20)

and esec,dw
t is between 0 and N by Eq. (21) and equals the right-side

of equation (19).

gsec,up
t ≤ ud

t · ḡd − gd
t ∀t (17)

gsec,dw
t ≤ gd

t − ud
t · gd ∀t (18)

esec,up
t − esec,dw

t = �up
t · gsec,up

t − �dw
t · gsec,dw

t ∀t (19)

0 ≤ esec,up
t ≤ �t · N ∀t (20)

0 ≤ esec,dw
t ≤ (1 − �t) N ∀t (21)

4. Case study

A closed-loop and daily-cycle PSHP with a single fixed-speed
reversible Francis pump-turbine unit is considered in this study.
The VPI associated to several forecasting models of the spot prices
is calculated in the year 2014 considering that the PSHP participates
only in the spot market or both in the spot and reserve markets.

4.1. Electric power system data

The electric power system data used in this paper correspond
to hourly values of: 1) the spot price, 2) the reserve price, 3) the

upward and downward regulation energy prices, 4) the percent-
ages of the real-time use of reserves and 5) the ratio between the
upward and total reserves, RSM

t . The actual percentages of the real-
time use of reserves provided by each power plant in Spain is not
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Table  1
Approaches used to forecast the spot price, and their Mean Absolute Percentage
Error (MAPE) throughout 2014.

Case Spot price MAPE

A Perfect knowledge No error
B  Mean hourly price of 2013 35.4%
C  Historical price of the previous week 24.6%
D  Historical price of the previous day 19.6%
E  SARIMA(0, 1, 1)(1, 1, 1)24 model 22.3%
F  SARIMAX model with demand 18.3%
G  SARIMAX model with demand and wind 19%
H GARCH-ARIMAX model 16.4%
I  Historical price and error N(0,3) D 9.8%
J  Eight scenarios of Case I n/a
K  Eight scenarios of Case H and error N(0,3) D n/a
L  Eight scenarios of Case H and error N(0,6) D n/a
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Table 2
Technical data of the reversible Francis pump-turbine unit, power in MW, flow in
Mm3/h, efficiency in % and start-up costs in D .

d d d d d d p p p d p

tion schedules of the PSHP are obtained sequentially (day by day)
by solving the above described scheduling model with the fore-
cast spot price (imperfect information). The model is solved by the
M  ARIMA model from [19] 17.6%
N  GARCH model from [18] 16.9%

ublicly available. It is assumed that the percentages are given by
he historical hourly ratio of the aggregate power delivery and the
ggregate assigned reserves in the entire Spanish electric power
ystem.

Perfect knowledge is assumed in all data except in the spot
rices. This assumption is made in order to better analyse (in an

solated way) the impact of the forecasting errors of the spot prices.
f all uncertainties are considered in the same problem, it is not pos-
ible to distinguish which part of the profit loss corresponds to the
orecast errors of the spot prices and the rest of the random vari-
bles. In addition, considering independently imperfect knowledge
f the RRCs, the percentages of the real-time use of reserves and the
econdary regulation energy prices has a significantly lower impact
n the results (VPI is around 6–7%, 5% and 2% of the maximum
heoretical income, respectively), according to unpublished results
rom the authors. The profit loss due to the forecasting errors of
he rest of random variables would affect all the analysed cases,
ith perfect (Case A) and imperfect information (Cases B–N) of

he spot prices. Therefore, it seems reasonable not to expect sig-
ificant changes in the Conclusions of the paper when considering

mperfect knowledge of the rest of random variables.
Thirteen Cases are analysed, each corresponding to a different

pproach to forecast the spot prices, Table 1. Note that Case A
ssumes perfect knowledge also in the spot prices, and that its
esults are the maximum theoretical income against which the
esults of the other Cases are checked. The forecasting model of
ase B assumes that the spot price in hour t of a certain day of 2014

s the average of the spot price in the said hour across all days in
013. The forecasting models of Case C and D assume that the spot
rice in a day d follows the historical price profile of the day d − 7
previous week) and the day d − 1 (previous day), respectively.

The forecasting models of Case E–H are adjusted as follows.
he price series is transformed into a regular and seasonal sta-
ionary process by means of a logarithmic transformation to obtain

 more stable variance and by means of a first order regular and
easonal differentiations to obtain a more stable mean. The regu-
ar and seasonal autoregressive and moving average parameters of
he forecasting model are obtained by an iterative process in which
he autocorrelation and partial autocorrelation plots of the trans-
ormed time series and of the residuals of the fitted models are
nspected at each iteration step. The iterative process is stopped

hen the residuals are a white noise process, i.e. zero mean, con-
tant variance, uncorrelated process and normal distribution, and
sing the parsimony criteria: as few parameters as required to
roperly explain the data are selected.
Particularly, the forecasting model of Case E is a seasonal autore-
ressive integrated moving average model (SARIMA) with period
4. The forecasting models of Case F and Case G correspond to
q̄ ḡ �̄ q g � q̄ ḡ � cSU cSU

0.833 793 90% 0.358 287.9 76% 0.636 793 90% 2667 2118

a SARIMA model with period 24 and with explanatory variables
(SARIMAX(0, 1, 1)(0, 1, 1)24). The former uses the forecast demand
in the Spanish electric power system as explanatory variable,
whereas the latter uses both the forecast demand and the fore-
cast wind power in the system.4 The forecasting model of Case H
corresponds to GARCH(1,3) and ARIMAX(10,1,0)5 with the forecast
wind power of the system as explanatory variable. In the autore-
gressive polynomial, the terms with lags 1, 2, 3, 4, 24, 144, 168, 169,
192 and 193 have a non-zero coefficient. The orders of the GARCH
model are selected according to [18].

Case I uses the historical price profiles in each day, adding a
random error which is modelled by a normal distribution with 0
D mean and 3 D standard deviation. Case J uses an scenario tree
composed by eight scenarios obtained from Case I. Note that Case I
and Case J are not in fact forecasting models as their results assume
certain knowledge of the real spot prices. Case K (resp. Case L) uses
the forecast price profile with the GARCH-ARIMAX model proposed
in Case H and adds a random error which is modelled by a nor-
mal  distribution with 0 D mean and 3 D standard deviation (resp.
6 D standard deviation). Finally, Cases M and N are reproduced
according to [19,18], respectively, and applied for the year 2014.
The forecasting model of Case M is an ARIMA model with the terms
with lags 1–5, 23, 24, 47, 48, 72, 96, 120, 144, 168, 336 and 504 hav-
ing a non-zero coefficient in the autoregressive polynomial and 1,
2, 24, 168, 336 and 504 in the moving average polynomial. The fore-
casting model of Case N is a GARCH(1,3) and ARIMA(12,1,0) model
with the terms with lags 1, 2, 3, 4, 24, 144, 168, 169, 192, 193,
216 and 504 having a non-zero coefficient in the autoregressive
polynomial.

4.2. Technical data

Technical data of the reversible Francis pump-turbine unit are
presented in Table 2. A constant gross head of 400 m and hydraulic
losses of 3% of the gross head are assumed. In generating mode,
the minimum water discharge and efficiencies at both maximum
and minimum water discharges are calculated from typical perfor-
mance curves in [20]. A linear relationship between water discharge
and power generation is assumed. The efficiency in pumping mode
is 90% [21]; this corresponds to a round-trip efficiency of 76.3%.
The start-up costs in generating and pumping modes have been
calculated according to [22].

The upper reservoir has a storage capacity of 5 Mm3 (v̄ = 5 Mm3

and v = 0 Mm3), starting and finishing the day at the same water
volume of 2.5 Mm3.

4.3. Methodology

The VPI in each Case is calculated in the year 2014 by following
the next three steps, Fig. 3: 1) the optimal generation and consump-
4 Both the forecast demand and the forecast wind power of the system are publicly
available in the day D − 1 on the website https://www.esios.ree.es/en of the TSO.

5 The order of the autoregressive part of the ARIMA model was selected from a
trial and error approach.

https://www.esios.ree.es/en
https://www.esios.ree.es/en
https://www.esios.ree.es/en
https://www.esios.ree.es/en
https://www.esios.ree.es/en
https://www.esios.ree.es/en
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ig. 3. Methodology to obtain the value of perfect information of spot prices in each
ase (except for Case A).

ranch and cut algorithm in Cplex in a computer with a 2.4 GHz Intel
ore i5-450M CPU and 4 GB of RAM memory (365 daily problems in
ach Case); 2) the actual net income in the spot market (DM Income)
s calculated in a post-optimal simulation process from the optimal
nergy schedule obtained in the previous step and the historical
ourly spot prices, and 3) the VPI in each Case is calculated as the
ifference between the maximum theoretical income (MTI, Case A)
nd the actual total income (AI) in each Case, which considers the
M Income from the previous step. Note that the methodology pre-

ented in Fig. 3 is applied both when the PSHP only participates in
he spot market (AI = DM Income − start-up costs) and when it also
articipates in the secondary regulation service (AI = DM Income +
et income in the secondary regulation service − start-up costs).

. Results and discussion

.1. Value of perfect information

The DM Income, the AI and the VPI in D and in % of the MTI
re presented in Table 3 when the PSHP only participates in the
pot market, and in Table 4 when the PSHP also participates in the
econdary regulation service (SRS). In Table 4, the income in the

econdary regulation reserve market (SM Income), the income for
he real-time use of the upward reserve (ER2UP Income) and the
ost of the downward secondary regulation energy (ER2DW Cost)
re also shown.

able 3
esults when the PSHP participates only in the spot market: actual net income in
he spot market (DM Income) in D , actual total income (AI) in D and value of perfect
nformation (VPI) in D and %.

Case DM Income AI VPI VPI

A 15 323 401 13 110 914 – –
B  9 164 408 6 458 701 6 652 213 50.7%
C  8 951 347 6 719 714 6 391 199 48.7%
D  6 572 766 4 360 279 8 750 635 66.7%
E  8 865 832 6 972 309 6 138 604 46.8%
F  9 642 518 7 583 119 5 527 796 42.2%
G  9 794 609 7 863 817 5 247 097 40%
H  10 031 773 8 343 340 4 767 573 36.4%
I  14 394 601 11 543 486 1 567 428 11.9%
J  15 174 217 12 944 778 166 136 1.3%
K  9 822 546 8 079 345 5 031 569 38.4%
L  9 484 671 7 641 655 5 469 259 41.7%
M  8 534 745 6 993 742 6 117 172 46.7%
N  7 791 278 6 795 594 6 315 320 48.2%
s Research 148 (2017) 303–310

As can be observed in Tables 3 and 4, the VPI is significant (except
Case I and Case J, which are quite optimistic as their prices assume
certain knowledge of the historical price profile) with a mean VPI
value of 28.9% and 39.9% if the PSHP participates or not in the SRS,
respectively. Case D obtains the worst results: the VPI is 40.4% and
66.7% if the PSHP participates or not in the SRS, respectively. How-
ever, as observed in [1], the MAPE does not explain the VPI perfectly
as can be concluded from the results of Case D whose MAPE is not
the highest whereas its VPI is the highest. Further research to bet-
ter explain the VPI is carried out in Section 5.2, where the so-called
Kendal’s Rank Correlation (RC) and the total volatility – adjusted
RC, both used in [6], are obtained, and where three new indicators
are proposed and evaluated.

In Tables 3 and 4, it can also be observed that the VPI in D
increases in all Cases when the PSHP also participates in the SRS.
This result confirms one of those obtained in [23]: the PSHP is still
using the SRS as the priority source of income, and the spot market
as a subsidiary means to maximize the participation in the reserve
market, even if the market agent is modelled as a price-maker in
the reserve market. By contrast, the VPI in % decreases in all Cases
when the PSHP also participates in the SRS. This seemingly contra-
dictory result is due to the fact that when the PSHP also participates
in the SRS, the AI increases whereas the DM Income decreases but
to a lower extent. Hence, the positive impact of the participation in
the SRS of a PSHP is proven.

5.2. Rank indicator of the value of perfect information

Several indicators have been used to try to rank the forecast
models in a correct order of their VPI. The VPI both when the PSHP
participates only in the spot market (VPI in DM)  and when the PSHP
also participates the SRS (VPI in DM & SRS) are shown in Table 5,
along with the used indicators. Note that Case A is not included
as it does not have any error. In the literature, the mean absolute
percentage error (MAPE), the Kendal’s rank correlation (RC) and
the total volatility – adjusted RC are well-documented indicators
(see, for example, [1] for MAPE and [6] for RC and total volatility –
adjusted RC). Since none of these indicators successfully explains
the VPI, three additional indicators (Storage-RC1, Storage-RC2, and
Storage-RC3) are proposed in the paper for the said purpose, and
obtained as follows:

• The Storage-RC1 indicator is the average across the year of the
daily MAPE between the following couple of vectors (V1 and V2
in each day). In a given day, the ith element of V1 is the ratio
between the ith highest and the ith lowest actual DM prices.
The ith element of V2 is the ratio between the forecast DM
prices in the positions of the ith highest and the ith lowest DM
prices of the actual DM price profile. Note that V1 and V2 are
formed by twelve elements (24/2 ratios). In both V1 and V2, only
the k first values are used to calculate the daily MAPE, corre-
sponding to the k ratios of the actual DM price profile higher
than the inverse of the round-trip efficiency (i.e. k profitable
ratios).

• The Storage-RC2 indicator is the average across the year of the
daily MAPE between the following couple of vectors (V1 and V2
in each day). V1 is the actual DM price profile of a given day sorted
from the highest to the lowest price. V2 is the forecast DM price
profile sorted by the positions of V1: the first element of V2 is the
forecast DM price in the hour of the highest actual DM price, the
second is the forecast DM price in the hour of the second highest
actual DM price and so on. Note that V1 and V2 are formed by

twenty four elements (24 h).

• The Storage-RC3 indicator is the average across the year of the
daily MAPE between the following couple of vectors (V1 and V2
in each day). In a given day, the ith element of V1 is the ratio
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Table  4
Results when the PSHP participates in the spot market and the secondary regulation service: actual net income in the spot market (DM Income) in D , income in the reserve
market (SM Income) in D , income of the real-time use of the upward reserve (ER2UP Income) in D , cost of the real-time use of the downward reserve (ER2DW Income) in
D  , actual total income (AI) in D and value of perfect information (VPI) in D and %.

Case DM Income SM Income ER2UP Income ER2DW Cost AI VPI VPI

A 11 408 606 15 650 021 6 212 865 −4 631 308 24 875 026 – –
B  2 486 626 14 810 111 5 303 372 −3 335 915 15 718 582 9 156 444 36.8%
C  868 763 16 301 226 6 664 775 −4 128 330 15 789 135 9 085 891 36.5%
D  −438 515 16 556 726 6 630 558 −4 146 403 14 809 660 10 065 366 40.4%
E  1 457 727 15 857 905 6 332 034 −3 564 435 16 220 402 8 654 624 34.8%
F  1 347 415 16 361 032 6 584 475 −3 949 156 16 554 999 8 320 028 33.5%
G  804 139 16 557 038 6 639 064 −3 822 623 16 370 953 8 504 074 34.2%
H  3 258 998 16 159 056 6 083 230 −3 744 275 18 164 160 6 710 866 26.9%
I  10 114 684 15 820 790 6 234 372 −4 685 958 23 145 990 1 729 037 6.9%
J  10 976 703 15 717 785 6 310 582 −4 541 889 24 646 545 228 482 0.9%
K  2 882 049 16 189 779 6 175 700 −3 704 331 17 882 392 6 992 635 28.1%
L  2 143 090 16 530 666 6 370 136 −4 020 531 17 153 277 7 721 750 31%
M  −869 399 16 792 060 7 403 601 −3 060 876 16 646 311 8 228 716 33.1%
N  1 514 664 15 268 979 5 831 689 −2 721 290 16 804 207 8 070 820 32.5%

Table 5
VPI in each Case of forecasting model with three indicators proposed in the literature (MAPE, RC and adjusted RC) and three proposed in the presented research (Storage-RC1,
2  and 3)

Case VPI in DM VPI in DM &SRS MAPE RC Adjusted RC Storage RC1 Storage RC2 Storage RC3

B 50.7% 36.8% 32.1% 0.577 209.6 0.225 0.707 0.12
C  48.7% 36.5% 25.3% 0.615 31.7 0.28 0.395 0.115
D  66.7% 40.4% 21.6% 0.552 27.97 0.282 0.305 0.157
E  46.8% 34.8% 23.8% 0.565 34.5 0.252 0.36 0.136
F  42.2% 33.5% 20.5% 0.593 20.1 0.209 0.275 0.135
G  40% 34.2% 20.9% 0.578 28.3 0.215 0.292 0.139
H  36.4% 26.9% 17.8% 0.641 16.4 0.203 0.26 0.109
I  11.9% 6.9% 9.8% 0.704 51.96 0.086 0.07 0.06
J  1.3% 0.9% n/a n/a n/a n/a n/a n/a
K  38.4% 28.1% n/a n/a n/a n/a n/a n/a
L  41.7% 31% n/a n/a n/a n/a n/a n/a

T
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•

when the PSHP participates also in the secondary regulation service
should be confirmed by independently analysing the VPI of all
uncertain variables for which a perfect knowledge was  assumed
in this paper, namely: the RRCs, the regulation energy prices and

Table 6
Squared Euclidean distances (Dist) of the VPI and the linear regression models, and
the parameters of the regression models (first value the slope/second value the
intercept with the y-axis).

VPI in DM VPI  in DM &SRS

Dist Regression Dist Regression

MAPE 31.68 1.52/12.56 18.33 1.2/6.86
RC  23.37 −249.7/194.7 13.01 −180.6/140.7
M  46.7% 33.1% 17.6% 0.581 

N  48.2% 32.5% 16.9% 0.637 

between the ith highest and the ith lowest actual DM prices. The
ith element of V2 is the ratio between the actual DM prices in the
positions of the ith highest and the ith lowest DM prices of the
forecast DM price profile. Note that V1 in the Storage-RC1 and 3
are the same. As in the Storage-RC1, only the k profitable ratios
in V1 and V2 are used to calculate the daily MAPE.

he three proposed indicators are somehow based on the idea that
he maximum income that a price-taker closed-loop and daily-
ycle PSHP can get in the spot market will be obtained by the
enerating and consuming power during the hours with higher
peak) and lower (off-peak) prices, respectively, provided that the
atios between the peak and off-peak prices are higher than the
nverse of the PSHP round-trip efficiency [24].

In order to evaluate the effectiveness of each indicator for eval-
ating the VPI of every forecasting model, the following analyses
ave been carried out:

The least squares method is used to obtain a linear regression
model that estimates the VPI as a function of each indicator. The
results of this analysis are summarised in Fig. 4. Each subfigure
in Fig. 4 shows the VPI when the PSHP only participates in the
spot market in black circles and the VPI when the PSHP partic-
ipates also in the SRS in white circles, against each indicator, as
well as the obtained regression models in solid and dashed line,
respectively.

The squared Euclidean distances [25] between the obtained
regression models and the VPI results, and the parameters of
the said regression models are calculated and shown in Table 6,
both when the PSHP participates only in the spot market and
14.8 0.229 0.274 0.137
20.6 0.247 0.27 0.115

when the PSHP participates also in the SRS. The parameters of
the regression models are composed by pairs: values on the left
(resp. right) of the slash refer to the slope (resp. the intercept
with the y-axis).

As can be seen in Table 6, the regression models corresponding to
the proposed indicators Storage-RC1 and Storage-RC3 have lower
Euclidean distances than those corresponding to the indicators pro-
posed in the literature, being the Storage-RC1 the indicator with
the lowest Euclidean distance both when the PSHP participates
only in the DM and also in the SRS. This result can be confirmed
by inspecting Fig. 4.

Despite the foregoing, the observed reduction of the VPI in %
Adjusted RC 41.38 0.018/43.02 27.91 0.013/30.95
Storage-RC1 15.07 232.7/−8 9.75 157.9/−3.64
Storage-RC2 34.53 47.92/28.46 21.6 37.1/19.66
Storage-RC3 21.55 449.8/−11.17 12.25 319.4/−7.5
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Fig. 4. Linear approximation of VPI in DM (solid line and black circles) and VPI in
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M  & SRS (dashed line and white circles) with the three indicators proposed in the
iterature and the three proposed in this research.

he real-time use of the reserves. This is proposed as a future work.
n addition, the obtained regression models need further research
n order to be used for different years than 2014 and for different
izes of PSHPs. This is also proposed as a future work.

. Conclusions

The value of perfect information of the spot prices, i.e. the
rofit loss due to the errors in forecasting the spot prices, in the
peration of a closed-loop and daily-cycle PSHP, participating in
he spot market as a price-taker and in the secondary regula-
ion reserve market as a price-maker, is significant, 28.9% of the

aximum theoretical income as the mean value between all the
ases analised. However, the participation in the secondary reg-
lation service reduces notably the value of perfect information

n % of the maximum theoretical income, comparing to partici-
ate only in the spot market: from 39.9% to 28.9% as the mean
alues between all the Cases analised. Besides, the proposed indi-
ator named Storage Rank Correlation 1 is chosen as the one that
est estimates the value of perfect information of the spot prices

n the operation of a PSHP of the above-mentioned characteristics.
inally, analysing the value of perfect information with more flex-
ble PSHPs such as variable speed PSHPs and PSHPs in hydraulic

hort-circuit is established as a future work in addition to calculat-
ng independently the value of perfect information of the RRCs, the
egulation energy prices and the percentage of the real-time use of
eserves.

[

[
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2.5 Paper-H: Economic Impact of Forecasting Errors in Re-
sidual Reserve Curves in the Day-ahead Scheduling of
Pumped Storage Plants

In this paper entitled “Economic Impact of Forecasting Errors in Residual Reserve Curves in
the Day-ahead Scheduling of Pumped Storage Plants” [Chazarra et al., 2017g], it is studied
the value of perfect information of the residual demand curves of the secondary regulation
reserve market in the context of the operation of a closed-loop and daily-cycle PSHP particip-
ating in the day-ahead energy market and in the secondary regulation service of the Iberian
and the Spanish electricity systems, respectively. The model used in this paper is the same
as the one published in [Chazarra et al., 2017f]. This paper can be considered as a continu-
ation of [Chazarra et al., 2017f] because the case study considers the same PSHP with the
same technical data and in the same time period than the one used in [Chazarra et al., 2017f]
in order to establish comparisons between the value of perfect information of the day-ahead
energy market prices and the one of the residual demand curves of the secondary regulation
reserve market. Note that in this paper, the model assumes perfect information in all the elec-
tric power system data of the problem except in the residual demand curves of the secondary
regulation reserve market.

This publication is linked to the objectives of the Thesis (Figure 1.8) as follows: it is used
as a tool to develop the main goal of the Thesis (the risk-averse optimisation model with look
ahead period, Chapter 3) because the residual demand curves of the secondary regulation
reserve market are predicted with the forecasting model that obtains the lowest value of
perfect information. Besides, it applies for the forth secondary objective of the Thesis (to
develop forecasting models). Finally, this paper also applies for a part of the first secondary
objective of the Thesis (to analyse the value of perfect information of the electric power system
data).
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Abstract—The economic impact of forecasting errors in the
residual demand curves of the secondary regulation reserve
market is analysed in the context of the operation of a closed-loop
and daily-cycle pumped-storage hydropower plant. The plant
participates in the day-ahead energy market as a price-taker
and in the secondary regulation reserve market as a price-maker.
The secondary regulation energy due to the real-time use of the
committed reserves is also considered in the optimization model.
The results show that profit is significantly more sensitive to
forecast errors in the day-ahead energy market prices than in
the residual demand curves of the secondary regulation reserve
market.

Index Terms—Pumped-Storage Plant, Secondary Regulation
Service, Residual Reserve Curve Forecasting, Value of Perfect
Information.

NOMENCLATURE

Acronyms
AP Actual total profit
DM Prices Day-ahead energy market prices
DM Profit Profit in the day-ahead energy market
ER2 Prices Upward and downward secondary regulation

energy prices
ER2UP Income due to the real-time use of the upward

reserves
ER2DW Cost due to the real-time use of the downward

reserves
MTI Maximum theoretical income
PSHP Pumped-storage hydropower plant
RRC Residual reserve curve, i.e. the residual demand

curve of the secondary regulation reserve market
RTURs Percentage of the real-time use of the upward and

downward reserves
SM Income Actual income in the secondary regulation

reserve market
VPI Value of perfect information
VPI-DM Value of perfect information of the day-ahead

energy prices
VPI-RRC Value of perfect information of the residual

reserve curve

I. INTRODUCTION

Traditionally, pumped-storage hydropower plants (PSHPs)
have been operated following a price-arbitrage strategy in
the day-ahead energy market (selling energy during peak
hours and buying energy during off-peak hours) [1]. Recently,
several papers have dealt with the joint operation of PSHPs in
the day-ahead energy market and in ancillary services such as
the tertiary regulation service [2] and the secondary regulation
service modelling the plant as a price-taker [3], [4] or as a
price-maker [5], [6].

In the context of the Spanish power system, the income
from the secondary regulation reserve market is often higher
than from the day-ahead energy market or from the real-time
use of reserves [3], [5]. For this reason, we believe that
studying the economic impact of the forecasting errors in
the secondary regulation reserve market market can make a
significant contribution to the technical literature.

The value of perfect information of the day-ahead energy
prices has been studied in the technical literature in the context
of: i) load-shifting industrial plants [7], ii) demand-side market
customers [8], iii) a thermal and hydro-based generation
company [9], iv) PSHPs participating in the day-ahead energy
market [10] and v) PSHPs participating in the day-ahead
energy market and in the secondary regulation service [5].
However, to the author’s knowledge, there is no paper in the
literature where the value of perfect information of the residual
demand curves of the secondary regulation reserve market
(hereafter referred to as the residual reserve curves, RRCs)
is studied.

This paper can be considered as a continuation of [5].
Firstly, the presented case study considers the same PSHP
with the same technical data and in the same time period than
the one used in [5] in order to establish comparisons. And
secondly, the presented paper covers some remaining questions
regarding the uncertain data of the problem. According to the
results presented in [5], the value of perfect information (also
called the economic impact [8] or the profit loss [10]) of the
day-ahead energy prices is between 26-40% of the maximum
theoretical income, representing an important loss of profit



due to the errors in forecasting the day-ahead energy market
prices.

Therefore, the main goal of this paper is to calculate and
analyse the value of perfect information (VPI) of the residual
reserve curves (hereafter referred to as the VPI-RRCs) and to
compare it to the VPI of the day-ahead energy prices, in the
context of the operation of conventional1 PSHPs, participating
in the day-ahead energy market and the secondary regulation
service (power and energy) of the Spanish power system.
For this purpose, a deterministic mixed integer quadratic
programming model is used. The objective function of the
model aims at maximizing the income of a PSHP participating
in the day-ahead energy market and in the secondary regulation
service, in the framework of the Iberian electricity market [11],
[12].

The secondary regulation service in the Spanish electricity
market comprises: 1) a day-ahead reserve market, which takes
place after having cleared the day-ahead energy market and
where the secondary regulation reserve requirements of the
system are assigned. The assigned upward and downward
reserves are remunerated by the same marginal market price,
and 2) power reserve delivery in real-time according to the
assigned reserve in the day-ahead reserve market and the
system requirements in real-time. The upward and downward
secondary regulation energy is remunerated by the marginal
price of the upward and downward tertiary regulation market,
respectively [12]. The procedure for the procurement of
secondary regulation is not exclusive of the Iberian system.
For instance, a similar procedure is implemented in the Swiss
system in the short-term (less than a week) and in the Dutch,
Belgian, German or Danish electricity systems in a longer-term
(more than a week) [13].

The model, used to estimate the VPI-RRCs of a realistic
closed-loop and daily-cycle PSHP, is described in [5]. The
PSHP is supposed to be a price-taker in the day-ahead energy
market and a price-maker in the secondary regulation reserve
market. For the purpose to estimate the VPI-RRCs, the model
was run, day by day, for a period of one year (2014), in order
to obtain representative enough results.

The rest of the paper is organised as follows: the data and
the methodology to obtain the VPI-RRCs are presented in
Section II. Section III shows the results and discussion and
finally, conclusions are presented in Section IV.

II. IMPACT OF RRC FORECASTING ACCURACY ON INCOME

A. PSHP technical Data

The PSHP considered in this paper is the same as in [5].
It is composed by a single reversible Francis pump-turbine
unit, whose technical data are presented in Table I: g refers to
power, q refers to flow, η refers to efficiency and cSU refers to
start-up cost. Superscript d refers to generating mode whereas
p refers to pumping mode. The gross head is 400 m with

1A conventional PSHP is operated with fixed speed in pumping mode and,
therefore, it cannot participate in the secondary regulation service in the said
mode.

hydraulic losses of 3% of the gross head. The head is assumed
to be constant. The efficiencies at minimum and maximum
water discharges and the minimum water discharge, all of them
in generating mode, are calculated following the guidelines of
[14]. The relationship between the water discharge and the
power generation is assumed to be linear. In pumping mode,
the efficiency is 90% [15]. Therefore, the round-trip efficiency
of the plant is 76.3%. The start-up costs in generating and
pumping modes are obtained following the guidelines of [16].
The maximum and minimum storage capacities of the upper
reservoir are 5 Mm3 and 0 Mm3, respectively. In each day,
the upper reservoir is operated meeting the daily-cycle of the
PSHPs, starting and finishing at the storage of 2.5 Mm3.

TABLE I
TECHNICAL DATA OF THE PSHP. FLOWS ARE EXPRESSED IN m3/s,

POWER IN MW AND START-UP COST IN C.

qd gd ηd qd gd ηd

231.5 793 90% 99.5 287.9 76%

qp gp ηp cSUd cSUp

176.6 793 90% 2667 2118

B. Historical data of the electric power system

In this paper, the historical data of the electric power
system correspond to: i) the values of the hourly day-ahead
energy market prices, ii-iii) the values of the hourly upward
and downward regulation energy prices, iv-v) the hourly
percentages of the real-time use of the committed upward
and downward reserves and vi) the hourly ratios between
the offers of the upward and total reserves. Note that the
historical data of the RRCs are also considered for obtaining
the maximum theoretical income of the problem, as it is
presented below. The historical hourly data of iv) and v)
provided by each power plant in Spain is not publicly
available. Hence, it is assumed that the hourly percentages
of the real-time use of the committed upward/downward
reserves are given by the historical hourly ratio of the
total upward/downward secondary regulation energy and the
total assigned upward/downward secondary regulation reserve,
respectively, in the entire Spanish electric power system.

C. Forecasting models

Perfect knowledge is assumed in all data except in the
RRCs. Four Cases are analysed, each corresponding to a
different approach to forecast the RRCs, see Table II. In this
paper, the RRCs are modelled as a linear function of the
upward reserve, Fig. 1b. Forecasting an RRC entails therefore
the forecast of two random variables: the intercept and the
slope of the linear approximation. According to the results
obtained in [17], the error due to the use of a linear RRC is
expected to be lower than 2% of the estimated income using
the real historical RRC.

Case A assumes perfect knowledge also in the RRCs, and
its results are the maximum theoretical income against which
the results of the other Cases are checked. The forecasting



TABLE II
CASES TO FORECAST THE RESIDUAL RESERVE CURVES, AND THE MEAN ABSOLUTE PERCENTAGE ERROR (MAPE) THROUGHOUT 2014

Case Forecasting Model MAPE Intercept MAPE Slope

A Perfect knowledge No error No error
B Mean hourly price of 2013 35.9% 34%
C Historical RRC of the previous week 27.1% 25.9%
D Historical RRC of the previous day 22.6% 22.2%
E SARIMA(0, 1, 1)(0, 1, 1)24 model 21.2% 25.8%

Fig. 1. (a) Supply and demand functions (solid and dashed lines, respectively),
and the marginal price of the market. (b) RRC of the upward reserve and its
linear approximation (solid and dashed lines, respectively)

model of Case B assumes that the intercept and the slope of
the RRC in hour t of a certain day of 2014 is the average
intercept and slope in the said hour across all days in 2013,
respectively, Fig. 2.

Fig. 2. Intercept and slope of each RRC from Case B

The forecasting models of Case C and D assume that the
intercept and the slope of the RRCs in a day d is equal to
the historical intercepts and slopes of the RRC of the day d-7
(previous week) and the day d-1 (previous day), respectively.
According to Section 5.9.2 in [18], both the system supply and
demand functions of the secondary regulation reserve market
in Spain are publicly available daily after having cleared the
day-ahead reserve market at 5:45 pm in d-1.

The forecasting model of Case E, which is a seasonal
autoregressive integrated moving average model (SARIMA)
with period 24, is adjusted as follows. Firstly, a logarithmic
transformation and first order regular and seasonal
differentiations are carried out to the time series of the

intercept and slope in order to obtain regular and seasonal
stationary processes. The former transformation is for
stabilising the variance whereas the latter is for stabilising the
mean. The regular and seasonal autoregressive and moving
average parameters of the forecasting model are obtained
by an iterative process in which the autocorrelation and
partial autocorrelation plots of the transformed time series
and of the residuals of the fitted models are inspected at each
iteration step. The iterative process is stopped selecting as
few parameters as required to properly explain the data and
when the residuals are a white noise process2.

D. Methodology

The VPI-RRCs in each Case is calculated in a given day
throughout 2014 by following the next three steps, Fig. 3:

1) the optimal generation and consumption schedules for
the day-ahead energy market and the optimal upward
and downward secondary regulation reserve schedules
for the reserve market are obtained by solving the mixed
integer quadratic programming model proposed in [5].
Imperfect information is considered with the forecast
RRCs whereas perfect information is assumed in the
rest of the data. The rest of the data correspond to the
historical values of the day-ahead energy prices (DM
Prices), the upward and downward secondary regulation
energy prices (ER2 Prices) and the percentage of the
real-time use of the upward and downward reserves
(RTURs). The model is solved by the branch and cut
algorithm in CPLEX 12.2 in a computer with a 2.4 GHz
Intel Core i5-450M CPU and 4 GB of RAM memory.
Each Case, composed by 365 daily problems, is solved
in around 30 min.

2) the actual profit in the secondary regulation reserve
market is calculated in a post-optimal simulation process
from the optimal hourly reserve schedule obtained in
the previous step and the actual hourly price of reserve.
Note that the latter is the result of evaluating the optimal
hourly reserve schedule with the linear approximation of
the historical RRC.

3) the VPI-RRC in each Case is calculated as the difference
between the maximum theoretical income (MTI) and
the actual total profit (AP) in each Case. The MTI is
obtained assuming perfect information in all data (Case

2A white noise process has zero mean, constant variance, uncorrelated
process and normal distribution.



Fig. 3. Methodology to obtain the VPI-RRCs in each Case (except for Case A)

A) whereas the AP considers the SM Income from the
previous step. The methodology presented in Fig. 3 is
based on the one proposed in [7] and [10]. Note that the
AP is the result of the profit in the day-ahead energy
market, the income of the secondary regulation service
(capacity and energy) and the start-up costs in generating
and pumping modes (AP = DM Profit + net income in
the secondary regulation service - start-up costs).

III. RESULTS AND DISCUSSION

The economic results are shown in Table III. They comprise
the profit in the day-ahead energy market (DM Profit) as
the difference between the income due to the sold energy
minus the cost due to the purchased energy, the actual income
in the secondary regulation reserve market (SM Income),
the income due to the real-time use of the upward reserves
(ER2UP), the cost due to the real-time use of the downward
reserves (ER2DW), the start-up costs in generating (cSUd)
and pumping (cSUp) modes, the AP, and the VPI-RRCs in C
and in % of the maximum theoretical income.

The obtained VPI-RRCs ranges between 6.28-7.58% of the
MTI. The VPI-RRCs is significantly lower in all Cases than
the value of perfect information of the day-ahead energy prices
(VPI-DM) published in the technical literature [5]3. The Case
with the lowest VPI-RRCs is Case E, which forecasts the
RRCs with a SARIMA model. The Case with the highest
VPI-RRCs corresponds to Case B, which predicts the RRCs
with a naive forecasting model (the hourly average intercept
and slope of the RRCs across all days of the previous year).

There seems to be a certain positive correlation between the
MAPE of the proposed forecasting models and the VPI-RRCs,
Fig. 4, especially for the forecasting models of the RRCs
intercept.

3The VPI-DM published in [5] ranges from 26.9 to 40.4% of the maximum
theoretical income. Note that the case study in [5] uses the same PSHP with
the same technical data and in the same time period (2014) than the one used
in the presented paper.

Fig. 4. Relationship between the indicator MAPE and the VPI-RRCs for all
the analysed Cases.

Fig. 5. Hourly average price of the day-ahead energy market across all days
in 2014



TABLE III
ECONOMIC RESULTS AND THE VPI-RRCS THROUGHOUT 2014. INCOME, PROFIT AND VPI-RRCS IN C

Case DM Profit SM Income ER2UP ER2DW cSUd cSUp AP VPI-RRCs

A 11 408 606.9 15 650 021 6 212 864.8 -4 631 307.6 -2 462 010.2 -1 303 148.1 24 875 026.9 - -
B 10 487 924.6 15 495 998.7 6 944 690.4 -5 795 952.6 -2 686 071.8 -1 457 830.7 22 988 758.7 1 886 268.2 7.58 %
C 10 737 505 14 610 301.7 6 468 411.8 -4 844 905.1 -2 528 695.2 -1 381 548.9 23 061 069.3 1 813 957.6 7.29 %
D 11 171 481.4 14 261 552.3 6 312 814.5 -4 648 837.5 -2 544 699.6 -1 377 311 23 175 000.2 1 700 026.7 6.83 %
E 13 101 013.3 12 329 141.9 5 670 286.9 -4 259 814.8 -2 275 292.2 -1 252 293.5 23 313 041.5 1 561 985.3 6.28 %

Several reasons can be discussed to understand why the
VPI-RRCs is not significant in comparison to the VPI-DM.

1) As the PSHP is operated with fixed speed in pumping
mode, it cannot participate in the secondary regulation
service in the said mode. Therefore, the forecast errors
of the day-ahead energy prices at peak and off-peak
hours have an impact on the PSHP income. However,
only the forecast errors of the RRCs at peak hours of
the day-ahead energy prices (when the plant is typically
scheduled to operate in generating mode) have an impact
on the PSHP income.

2) A PSHP with fixed speed is usually operated in
generating mode at peak hours (when the day-ahead
energy price is high). At these hours, the intercept of the
RRCs is roughly half of the day-ahead energy price (see
Figs. 2 and 5). Considering that, in the Spanish power
system, the hourly ratio between the upward and total
(upward + downward) reserve is requested to be close to
0.5, an error in the RRC intercept has inevitably a lower
impact on the PSHP income than an error of the same
magnitude (in relative terms) in the day-ahead energy
price.
In order to better understand this discussion, we invite
the reader to imagine three different situations in a
specific hour, see Table IV. In Situation 1, the PSHP
sells 500 MW in the day-ahead energy market and
200 MW of upward and downward reserve in the
reserve market. In Situation 2, the PSHP sells also 500
MW in the day-ahead market and only 30 MW of
upward and downward reserve in the reserve market.
And in Situation 3, the PSHP sells 350 MW in
the day-ahead energy market and also 30 MW of
upward and downward reserve in the reserve market.
Considering an average peak energy price of 50 C/MWh
(Fig. 5), and an average RRC intercept of 20 C/MW
at peak hours of the day-ahead energy market (Fig. 2),
an error of 20% means a forecast day-ahead energy
price and RRC intercept of 40 C/MWh and 16 C/MW,
respectively. Assuming a conservative value of the RRC
slope (-0.03 C/MW/MW), the actual and forecast price
of reserve would be, respectively, 14 and 10 C/MW, in
Situation 1, and 19.1 and 15.1 C/MW, in Situation 2 and
3. The error in day-ahead energy price means 5000 C in
Situation 1 and 2 and 3500 C in Situation 3, whereas the
error in the intercept means 1600 C in Situation 1 and
240 C in Situation 2 and 3. Although the forecast error

is the same (20%), the error in the RRC intercept has
a much lower impact on the PSHP income, regardless
of the scheduled reserve (high in Situation 1 or low in
Situation 2 and 3).

3) Analogously, an error in the RRC slope results in an
error in the price of the secondary regulation reserve
that has a lower impact on the PSHP income than an
error of the same magnitude (in relative terms) in the
day-ahead energy price.
Using the same three Situations described above (see
Table IV) and considering an average RRC slope of
-0.03 C/MW/MW at peak hours of the day-ahead energy
market (Fig. 2), an error of 20% means a RRC slope of
-0.036 C/MW/MW. Assuming a RRC intercept of 20
C/MW, the actual and forecast price of reserve would
be, respectively, 14 and 12.8 C/MW in Situation 1, and
19.1 and 18.92 C/MW in Situation 2 and 3. The error
in day-ahead energy price means 5000 C in Situation
1 and 2 and 3500 C in Situation 3, whereas the error
in the RRC slope means 480 C in Situation 1 and 10.8
C in Situation 2 and 3. Although the forecast error is
the same (20%), the error in the RRC slope has a much
lower impact on the PSHP income, regardless of the
scheduled reserve.

TABLE IV
SITUATIONS TO UNDERSTAND WHY THE VPI-RRCS IS NOT SIGNIFICANT

IN COMPARISON TO THE VPI-DM

Situation 1 Situation 2 Situation 3

Produced Power, gd, MW 500 500 350
Upward Reserve, MW 200 30 30

Downward Reserve, MW 200 30 30
Energy Price, C/MWh 50 50 50

Energy Price with Error,
C/MWh

40 40 40

Price of Reserve, C/MW 14 19.1 19.1
Price of Reserve with Error

in the Intercept, C/MW
10 15.1 15.1

Price of Reserve with Error
in the Slope, C/MW

12.8 18.92 18.92

VPI-DM, C 5000 5000 3500
VPI-RRC with Error in the

Intercept, C
1600 240 240

VPI-RRC with Error in the
Slope, C

480 10.8 10.8

Consequences of the obtained results in the presented paper
are the following:



1) Harder effort is to be carried out in forecasting the
day-ahead energy prices in comparison to forecasting
the RRCs as the profit loss due to forecast errors in
the former is larger than in the latter, in the context
of the day-ahead scheduling of conventional PSHPs
participating in the day-ahead energy market and in
the secondary regulation service of the Spanish power
system.

2) Among all the uncertain parameters that are presented
in the day-ahead energy and reserve scheduling (the
day-ahead energy prices, the RRCs, the upward and
downward secondary regulation energy prices and the
real-time use of the upward and downward reserves),
the uncertainty of the RRCs might be reasonably
modelled with an expected value in order to reduce the
computational burden and the size of the scenario tree
in a stochastic optimization scheduling model.

Despite the foregoing, the observed profit loss due to the RRCs
forecast errors should be complemented by independently
analysing the VPI of the rest of uncertain variables that are
involved in the secondary regulation service, namely: the
secondary regulation energy prices and the real-time use of the
reserves. This is proposed as a future work. In addition to this,
it is also expected an increase in the VPI-RRCs in advanced
PSHPs such as those operating in hydraulic short-circuit mode
or with variable speed as they are able to participate in the
secondary regulation service also when they are pumping. To
study the extent to which the VPI-RRCs increases in advanced
PSHPs is also proposed as a future work.

IV. CONCLUSIONS

The economic impact of forecasting errors in the residual
demand curves of the secondary regulation reserve market has
been analysed in the hourly scheduling of a closed-loop and
daily-cycle PSHP. The PSHP has been allowed to participate
in the day-ahead energy market as a price-taker and in the
secondary regulation reserve market as a price-maker. The
economic impact was found to be 6-8% of the maximum
theoretical income, which is significantly lower than the
impact of the errors in forecasting the day-ahead energy
prices (between 26-40% of the maximum theoretical income
according to the technical literature for the same PSHP in
the same case study). Therefore, it seems reasonable to
conclude that among all the uncertain variables involved in
the day-ahead scheduling, the residual reserve curves can
be modelled with an expected value in order to reduce the
computational burden in a stochastic optimization scheduling
model.

As a future work, it is proposed to analyse the value
of perfect information of the residual reserve curves for
more flexible PSHPs such as those operating in hydraulic
short-circuit mode or with variable speed, and to calculate
independently the value of perfect information of the rest of
the uncertain variables of the secondary regulation service:
the upward and downward regulation energy prices and the

percentage of the real-time use of the upward and downward
reserves.
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2.6 Paper-E: Deriving Optimal End of Day Storage for Pumped-
Storage Power Plants in the Joint Energy and Reserve
Day-ahead Scheduling

In this paper entitled “Deriving Optimal End of Day Storage for Pumped-Storage Power
Plants in the Joint Energy and Reserve Day-ahead Scheduling” [Chazarra et al., 2017a], it is
presented a methodology to maximise the income and derive the optimal end-of-day storages
of closed-loop and daily-cycle PSHPs. The plants participate in the day-ahead energy market
as a price-taker and in the secondary regulation reserve market as a price-maker, in the
context of the Iberian and the Spanish electricity systems, respectively. The activation of the
secondary regulation reserves is also considered in the model formulation. The model used
in this paper is based on the one published in [Chazarra et al., 2017f]. The model assumes
perfect information in all the electric power system data. The operation of the PSHPs with the
proposed methodology is compared to the one that use the price-arbitrage strategy (an end-
of-day storage of an empty reservoir) and to a one that has been previously used in the Thesis
(an end-of-day storage half of the storage capacity). The comparison is carried out, among
others, to quantify the extent to which the presented methodology can enlarge the maximum
theoretical income with respect to the rest of operation strategies (end-of-day storages of
an empty or half empty reservoir), and to quantify the extent to which the participation
of the PSHP in the day-ahead energy market and the secondary regulation reserve market
can enlarge its maximum theoretical income with respect to the participation only in the
day-ahead energy market with the presented methodology. In the case study, the previously
mentioned comparisons are carried out for nine different PSHPs, which are chosen to cover
almost all the range of daily-cycle PSHPs (between 4-12 hours of empting the upper reservoir
at maximum water discharge). The PSHPs are assumed to be equipped with one binary unit
operating at fixed speed.

This publication is linked to the objectives of the Thesis (Figure 1.8) as follows: the
proposed methodology of using a look ahead period is included in the risk-averse optimisation
model with look ahead period of the main goal of the Thesis, Chapter 3. Besides, it applies
for the third secondary objective of the Thesis (to analyse different methodologies to derive
the optimal end-of-day storages).
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Abstract: This paper presents a new methodology to maximise the income and derive the optimal
end of day storage of closed-loop and daily-cycle pumped-storage hydropower plants. The plants
participate in the day-ahead energy market as a price-taker and in the secondary regulation reserve
market as a price-maker, in the context of the Iberian electricity system. The real-time use of
the committed reserves is considered in the model formulation. The operation of the plants with
the proposed methodology is compared to the ones that use an end of day storage of an empty reservoir
or half of the storage capacity. Results show that the proposed methodology increases the maximum
theoretical income in all the plants analysed both if they only participate in the day-ahead energy
market and if they also participate in the secondary regulation service. It is also shown that the increase
in the maximum theoretical income strongly depends on the size of the plant. In addition, it is proven
that the end of day storages change notably in the new reserve-driven strategies of pumped-storage
hydropower plants and that the proposed methodology is even more recommended if the secondary
regulation service is considered.

Keywords: pumped-storage hydropower plants; secondary regulation service; end of day storage;
price-maker approach; water value

1. Introduction

Closed-loop and daily-cycle pumped-storage hydropower plants (PSHPs) (A closed-loop
pumped-storage hydropower plant does not receive natural water inflows in the upper reservoir and
does not release water from the lower reservoir. In addition, a daily-cycle pumped-storage hydropower
plant is able to empty and refill the upper reservoir in less than 24 h.) have been traditionally operated
by the so-called price-arbitrage strategy [1]. The strategy is based on participating in the day-ahead
energy market selling energy at peak price hours and purchasing energy at off-peak price hours.
The peak/off-peak price hours usually happen in the morning/at night, respectively. In order to
maximize the income of the PSHP under the mentioned strategy, the upper reservoir usually starts
every day at 0:00 hours empty (to pump water and store energy at night) and finishes the day
in the same conditions to fulfil the daily-cycle.

However, nowadays the economic viability of a PSHP might not be guaranteed if they are operated
just with the price-arbitrage strategy [2]. Due to this, in the past years, several publications have
proposed the PSHPs to participate in other markets and services, apart from the day-ahead energy
market, in order to enlarge their income: in the secondary regulation service [3], in the tertiary
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regulation service [4] and in the intraday markets [5]. In this paper, we focus on the participation
in the secondary regulation service because it has been little studied [6].

The participation of PSHPs in the secondary regulation service might change the traditional
operation strategy [7] as regards the end of day storages: on the one hand, starting the following
day empty may not be optimum because the PSHP does not have enough water to participate
in the secondary regulation service (If the PSHP participates in the secondary regulation service,
enough storage is required to deal with the real-time use of the upward reserves. It is important to
note that conventional PSHPs can participate in the secondary regulation service only in generating
mode.) and, on the other hand, starting the following day with the upper reservoir full may not be
optimum because the PSHP does not have enough storage capacity in the upper reservoir to pump
water at low prices of the day-ahead energy market. Therefore, in order to determine the optimum end
of day storage, the decision maker should deal with the trade-off between: (1) having sufficient storage
capacity if the model decides to pump water; and (2) having sufficient water if the model decides to
participate in the secondary regulation reserve market.

The main goals and contributions of this paper are: (i) to propose a methodology to maximize
the income and determine the optimal end of day storage of closed-loop and daily-cycle PSHPs
participating in the day-ahead energy market (DM) and in the secondary regulation service (SRS) of
the Spanish power system; (ii) to quantify the extent to which the proposed methodology can enlarge
the maximum theoretical income with respect to the traditional operation strategy; and (iii) to quantify
the extent to which the participation of the PSHP in the DM and the SRS can enlarge its maximum
theoretical income with respect to the participation only in the DM with the proposed methodology.

The SRS of the Spanish power system comprises two concepts [8,9]. The first one is a day-ahead
reserve market (SM), which takes place after having cleared the DM and where the upward and
downward secondary regulation reserves are assigned, and remunerated according to the same
marginal market price. The second one is the secondary regulation energy, i.e., the reserves that are used
in real-time by the transmission system operator (TSO) in order to ensure the demand-generation
balance. This upward/downward secondary regulation energy is remunerated according to
the marginal price of the upward/downward tertiary regulation market. The upward/downward
secondary regulation energy represents an income/cost for the PSHP. Note that the procedure for
the procurement of the SRS is not exclusive of the Spanish system. A similar procedure is implemented
in Norway, Sweden, Finland, Slovenia, Czech Republic and Romania in the short-term (less than
a week) and in Denmark, Netherlands, Belgium, Germany, Austria and Switzerland in the long-term
(more than a week) [10].

The proposed methodology is based, in part, on the one described in [11,12]. The methodology
in [11] uses a look-ahead period of up to six days for the day-ahead energy and reserve scheduling of
closed-loop and weekly-cycle PSHPs from a centralized (system-based) point of view. The methodology
proposed in this paper makes also use of a look-ahead period for the day-ahead energy and reserve
scheduling of closed-loop and daily-cycle PSHPs. Main differences of the presented paper with
respect to [11] are: (1) the model here presented is aimed to maximize the income of the PSHP,
whereas the one presented in [11] is aimed to reduce the operation cost of the power system; (2) the use
in real-time of the committed reserves for the provision of upward and downward secondary regulation
energy is considered in this paper; and (3) the proposed methodology is applied for several PSHPs.
The work presented in [12] also proposes a methodology similar to the one in [11], with a rolling
horizon optimization and a look-ahead period in the context of electricity storage arbitrage in the DM.
The main difference of the methodology here presented with respect to the one proposed in [12] is that
in the presented paper both energy and reserve are jointly scheduled for the next day. Thus, this paper
deals with one of the challenges that was identified in [7] for the operation of PSHPs, as regards
the definition of optimal end of day storages in reserve-driven operation strategies of PSHPs.

This paper is organized as follows. Section 2 describes the methodology and model formulation
for optimizing the end of day storages. Section 3 presents the case study in which the presented
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methodology is tested. Section 4 shows the results of this research and the discussion of them. Finally,
Section 5 presents the main conclusions and the future work.

2. Derivation of End of Day Storages

In this paper, two methodologies for the joint day-ahead scheduling of the energy and secondary
regulation reserves of a PSHP are compared with each other. The first one considers an end of day
storage equal to the initial water volume, as it is usually done in the literature [13], whereas the second
one uses a look-ahead period. Hereinafter, the former will be referred to as the methodology without
a look-ahead period, and the latter as the one with a look-ahead period. In this context, the look-ahead
period refers to the number of hourly steps after a Day D that is considered in the model to decide
the optimal energy and reserve schedules in D.

The methodology without a look-ahead period is based on the following (see the upper part of
Figure 1). The day-ahead scheduling decisions for Day D are obtained as a result of an optimization
problem with a 24-h time horizon, discretized in hourly steps. The initial water volume of the upper
reservoir in D is known by the decision maker, and is usually equal to the minimum one (empty at 0:00),
and the final water volume is forced to equal the initial volume in order to fulfill the daily-cycle of
the PSHP.
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The methodology with a look-ahead period uses future information of the electricity power
system data and is based on the following (see the lower part of Figure 1). The day-ahead scheduling
decisions for Day D are obtained as a result of an optimization problem with a (24 × (1 + n))-hour
time horizon, i.e., D, D + 1, D + 2, . . . , D + n (with n > 0), also discretized in hourly steps. Note that
the lower part of Figure 1 is a particular case of the proposed methodology with one day of look-ahead
period, i.e., n = 1. The initial water volume of the upper reservoir in D is known by the decision maker,
and is obtained as a result of the optimization problem for D − 1. It is important to note that there
are no water volume targets at the end of any day (D, D + 1, . . . , D + n).

The above-described methodology with a look-ahead period is conceptually analogous to a water
value-based approach because of the size of the PSHPs and the size of the upper reservoir that
are considered in this paper: daily-cycle PSHPs, which have a small storage capacity equivalent to few
hours (lower or equal 12 h) pumping/discharging water at maximum flow.
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The model formulation for both methodologies is based on the one presented in [14],
where the impact of the operation of the PSHPs on the market clearing prices of the DM and SM were
neglected. Given that the approach presented in [14] assumes a price-taker behavior for both the DM
and the SM, the obtained incomes in the SM could be significantly overestimated. In order to overcome
this drawback, the model presented in [14] has been conveniently updated in this paper in order
to consider the impact in the SM prices of the secondary regulation reserves offered by the PSHP
(price-maker approach). The formulation used to model the PSHP as a price-maker is based on
the one presented in [15], using a linear approximation of the residual demand curves of the secondary
regulation reserve market (RRCs). Note that the PSHPs are modeled as a price-taker in the DM because
the maximum power of the analyzed PSHPs (between 400 and 1200 MW) represents 0.87–2.62% of
the maximum demand of the Spanish system in the said market.

The objective function of the model consists in maximizing the net income in the DM (income due
to the sold energy minus cost due to the purchased energy), plus the income for the reserves
put at disposal of the TSO in the SM, plus the net income for the secondary regulation energy
due to the real-time use of the committed reserves (income/cost due to the real-time use of
the upward/downward reserves) and minus the start-up costs in generating and pumping modes.
The optimal solution of the model is composed by the hourly schedules in the DM and in the SM,
in addition to the hourly schedules of the net secondary regulation energy. Among others, the operation
of the PSHPs is restricted to the technical limits of the pump-turbine units and to the maximum and
minimum water storage capacity of the upper reservoir.

3. Case Study

3.1. Technical Data

In the presented paper, nine different PSHPs are studied. They are chosen in order to cover
almost all the range of daily-cycle PSHPs: between 4 and 12 h of empting or refilling the upper
reservoir at maximum water discharge and pumped water flow, respectively. The PSHPs are assumed
to be equipped with one binary unit operating at fixed speed. A binary unit is composed by a reversible
Francis pump-turbine unit and a synchronous motor-generator. The technical data of each PSHP
is shown in Table 1. The maximum generation capacity of the 6–12 h units is close to the one
of the largest hydropower units in the world: see [16] for further information about the 805 MW
turbine in the Columbia River or see [17] about the 800 MW Francis turbines at the Chinese Xiangjiaba
underground hydropower plant. The 4 h and 5 h units are also studied for illustrative purposes although
their maximum generation capacity is higher. Unpublished results of the authors show that the operation
and the economic results are the same for both a 1 × 1200 MW PSHP and a 2 × 600 MW PSHP.

Table 1. Technical data of each PSHP. g refers to power, q refers to flow and cSU refers to start-up cost.
Superscript d refers to generating mode and p refers to pumping mode. Flows are expressed in m3/s,
power in MW and start-up costs in €.

PSHP qd gd qd gd
qp gp cSUd cSUp

4 h 350.3 1200 150.6 529 350.3 1573.1 3971.1 4078.3
5 h 280.2 960 1.5 423.2 280.2 1258.5 3201.9 3287.7
6 h 233.5 800 100.4 352.7 233.5 1048.8 2689.2 2760.7
7 h 200.2 685.7 86.1 302.3 200.2 898.9 2322.9 2384.2
8 h 175.2 600 75.3 264.5 175.2 786.6 2048.3 2101.8
9 h 155.7 533.3 66.9 235.1 155.7 699.2 1834.6 1882.2
10 h 140.1 480 60.3 211.6 140.1 629.3 1663.7 1706.5
11 h 127.4 436.4 54.8 192.4 127.4 572.1 1523.8 1562.8
12 h 116.8 400 50.2 176.3 116.8 524.4 1407.3 1443.1
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Maximum water discharge and pumped water flow have been chosen in order to empty and refill
the upper reservoir in 4–12 hours. Note that the upper reservoir has a storage capacity of 5.0443 M·m3

in all cases. For example, the 6 h PSHP empties/refills the upper reservoir in six hours at its maximum
water discharge/pumped water. The gross head is considered to be 400 m while the hydraulic losses
are considered 3% of the gross head [18].

In generating mode, the minimum flow and efficiencies at maximum and minimum flows
are determined from typical performance curves in [18]. A linear relationship between water discharge
and power generation is assumed. As the reversible Francis pump-turbine unit is operated at
fixed speed in pumping mode, it has a single operating point with a typical efficiency of 90% [19].
Start-up costs in generating and pumping modes have been calculated following the guidelines of [20].

3.2. Electric Power System Data

The electric power system data used in the presented paper are historical hourly values of
the prices of the following markets and services for the year 2014: (i) the day-ahead energy
market; (ii) the secondary regulation reserve market; (iii) the upward secondary regulation energy;
and (iv) the downward secondary regulation energy. Note that as the PSHPs are modeled as
a price-maker in (ii), the data of the secondary regulation reserve market are the historical hourly
RRCs. Each historical hourly RRC is linearly approximated and defined by the intercept with the price
axis and the slope of the linear approximation, as in [15].

The hourly percentage of the committed upward and downward secondary regulation reserves
that is requested in real time by the TSO as upward or downward secondary regulation energy
is assumed to be equal to the historical hourly ratio of the aggregate use of the reserves and
the aggregate committed reserves in the entire system. Moreover, the hourly ratio between the upward
and the total (upward plus downward) reserve offers to be submitted in the SM (expressed as ratio
in Table 2) is assumed to be equal to the historical hourly ratio of the upward and total secondary
regulation reserve requirements in the entire system. The mean values of the above-mentioned electric
power system data throughout 2014 are shown in Table 2.

Table 2. Mean values of the electric power system data of the problem throughout 2014. Energy prices
and intercept of the reserve curves are expressed in €/MW·h and €/MW, respectively. The slope of
the reserve curves is expressed in €/MW/MW.

Year DM Intercept RRC Slope RRC ER2up ER2dw RTURup RTURdw Ratio

2014 42.15 20.09 −0.0335 47.36 31.34 31.98% 22.55% 57.13%

3.3. Methodology

The optimization model is used to obtain the maximum theoretical income (MTI) with and without
the mentioned look-ahead period and with and without participating in the SRS. We use the term MTI
to refer to the income that the PSHP would obtain assuming perfect information of the hourly energy
prices of the DM, the RRCs of the SM, the percentages of the committed reserves effectively used
in real-time and the regulation energy prices of D and the following days (D + 1, D + 2, . . . , D + n).

To obtain the MTI throughout 2014, the model was run, day by day, over the 365 days of
the year to: (1) prove that the proposed methodology with a look-ahead period to derive the end of
day storage is feasible for realistic PSHPs described in Section 3.1; (2) quantify the extent to which
the proposed methodology with a look-ahead period can enlarge the MTI with respect to strategies
without look-ahead period; and (3) quantify the extent to which the participation, with the proposed
methodology, in the DM and the SRS, can enlarge the MTI with respect to the participation only
in the DM. Each problem is solved with a branch and cut algorithm in Cplex in a 2.2 GHz Dual Core
AMD Turion CPU, with 4 GB of RAM memory.
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Three operation strategies are compared with each other: (1) the SRS/DM D + 1 strategy uses
the methodology proposed in this paper with a 1-day look-ahead period (It is proven in Section 4.1 that
the proposed methodology with a look-ahead period of one day is enough to obtain a close to maximum
income with a reasonable CPU time consumption, in the context of closed-loop and daily-cycle PSHPs
participating in the DM as a price-taker and in the SM as a price-maker.), participating/not participating
in the SRS; (2) the SRS/DM V0 strategy, which corresponds to the traditional price-arbitrage strategy [2],
uses the methodology without look-ahead period, participating/not participating in the SRS, and
starting and finishing each day with the upper reservoir empty; and (3) the SRS/DM Vm strategy
is the same as (2) but starting and finishing each day at the mean volume of the storage capacity of
the upper reservoir. The mean water volume is chosen in strategy (3) in order to have sufficient storage
capacity at the beginning of each day if the model decides to pump water and to have sufficient water
at the beginning of each day if the model decides to participate in the SRS.

4. Results and Discussion

4.1. Length of the Look-Ahead Period

The results shown in Figure 2 and Table 3 provide insight on the length of the look-ahead
period that allows obtaining a close to maximum income with a reasonable CPU time consumption.
In Figure 2, the MTIs of each PSHP participating in the DM and the SRS without (SRS D) and with
different look-ahead periods (1–3 days) are shown (SRS D + 1, SRS D + 2, SRS D + 3). In addition,
the mean CPU time consumption per problem in each case is also shown (Time D, Time D + 1,
Time D + 2, Time D + 3). In this comparison, the model without look-ahead period assumes that the
upper reservoir is empty at the beginning and the end of each day.
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Table 3. Mean CPU time consumption of each daily problem, in seconds, for n days of look-ahead period.

Strategy 4 h 5 h 6 h 7 h 8 h 9 h 10 h 11 h 12 h

Time D 1.0455 0.7792 0.7003 0.6214 0.5819 0.5129 0.5227 0.4833 0.4438
Time D + 1 16.18 7.49 3.82 1.75 1.11 0.82 1.09 0.66 0.57
Time D + 2 183.05 147.86 15.79 7.75 13.99 7.11 2.3 1.51 1.23
Time D + 3 709.5 591.5 88.5 33.2 53.3 22.2 6.4 3.2 3.2
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As expected, the more days that are considered in the look-ahead period, the higher the mean
daily CPU time consumption is. Nevertheless, the annual MTIs are not always higher. For example,
in the 4 h and 5 h PSHPs, the mean daily CPU time consumption is 183 s and 147 s for D + 2, respectively,
whereas if one extra day is considered in the look-ahead period (i.e., D + 3), the CPU time consumption
increases up to 709 s and 591 s, respectively. However, the annual MTI slightly decreases (42.75 to
42.7 M€ and 41.63 to 41.58 M€, respectively).

The mean daily CPU time consumption of the 4–12 h PSHPs is more clearly shown in Table 3.
The differences in seconds of the CPU time consumption between the cases without look-ahead period
(Time D) and with one day of look-ahead period (Time D + 1) are not significant. However, as can
be seen in Figure 2, the annual MTIs with one day of look-ahead period (SRS D + 1) are higher
than without look-ahead period (SRS D) for all PSHPs. Regarding the results considering two or
three days of look-ahead period, Table 3 confirms that the increase in the CPU time consumption
is not always justified by the one in the annual MTI. For example, the 12 h PSHP increases 13.8%
the MTIs (from 23.2 M€ to 26.41 M€) if one day of look-ahead period is considered, increasing slightly
the CPU time consumption (from 0.44 s to 0.57 s per day). However, if three days of look-ahead period
are considered, the MTIs decrease from 26.41 M€ to 26.33 M€, increasing the mean daily CPU time
consumption (from 0.57 s to 3.23 s).

As a conclusion, in the context of closed-loop and daily-cycle PSHPs participating in the DM as
a price-taker and in the SM as a price-maker, it seems to be enough to consider a look-ahead period
of one day. This is because the increase of the mean daily CPU time consumption for considering
longer look-ahead periods (two or three days) does not imply an increase of the annual MTI for any
analyzed PSHP.

4.2. Maximum Theoretical Income

The MTIs of all PSHPs under each above-described strategy (SRS/DM D + 1/V0/Vm)
are presented in Figure 3. See Section 3.3 for further details of each strategy.
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The strategy that obtains the highest MTIs is the SRS D + 1, followed by the SRS V0 and,
finally, the SRS Vm. The SRS D + 1 increases the MTI by 1–14% and by 519–8012 €/MW of installed
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capacity in generating mode with respect to the SRS V0 and by 14–27% and by 7443–10,388 €/MW with
respect to the SRS Vm. Note that the increase in the maximum theoretical income strongly depends on
the size of the plant. The highest economic differences between the SRS D + 1 and the SRS V0 occur
in the 12 h PSHP and between the SRS V0 and the SRS Vm in the 4 h PSHP.

Similar trends can be seen in the economic results with the DM D + 1, DM V0 and DM Vm
strategies. Differences appear in the relative increases between strategies: the DM D + 1 strategy
obtains 2.1–27% and 455–7798 €/MW of installed capacity in generation mode higher MTIs than
the DM V0 and 29–57% and 7770–9645 €/MW higher MTIs than the DM Vm.

Furthermore, from the results shown in Figure 3, one can conclude that the participation in the SRS
is strongly recommended. An increase of the MTIs is remarkable in all the considered strategies when
the PSHP participates in the SRS. With the SRS/DM D + 1 strategies, the MTIs increase by 59–84%
when the PSHP participates in the SRS; with the SRS/DM V0 strategies, by 60–106%; and with
the SRS/DM Vm strategies, by 93–111%. Although the relative increase between strategies is quite
different, the absolute increase (measured in €) is analogous.

Finally, if the comparison is carried out between PSHPs, it can be seen in Figure 3 that the MTI
monotonically decreases as the number of hours increases (4–12 h), or as the installed capacity of
the PSHP decreases (1200–400 MW): the 4 h/12 h PSHP obtains the highest/lowest MTI in absolute
numbers. However, if the same comparison is carried out with the MTI per MW of installed capacity
in generating mode, the results are exactly the opposite (see Figure 4). Except with the DM V0 strategy,
the MTI per MW monotonically increases as the number of hours increases (4–12 h), or as the installed
capacity of the PSHP decreases (1200–400 MW): the 4 h/12 h PSHP obtains the lowest/highest MTI
per MW of installed capacity.
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Figure 4. Annual maximum theoretical income (MTI) per MW of the installed capacity in generating
mode, of each PSHP participating in the DM and the SRS (solid lines) and only in the DM (dashed lines).

The incomes and costs obtained with the SRS D + 1 strategy is distributed among the considered
markets and services as shown in Table 4. It shows the net income in the DM, i.e., the income for selling
energy in generating mode (DM+) minus the cost for purchasing energy in pumping mode (DM−),
the income in the SM, the income for the real-time use of the upward reserves (ER2up), the cost for
the real-time use of the downward reserves (ER2dw), the start-up costs in generating mode (cSUd)
and in pumping mode (cSUp) and, finally, the profit of the operation of the PSHPs (Total).
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Table 4. Annual incomes and costs, expressed in M€, obtained by all the PSHPs in each market and
service with the SRS D + 1 strategy.

PSHP DM+ DM− DM SM ER2up ER2dw cSUd cSUp Total

4 h 107.29 −73.21 34.08 15.7 5.9 −8 −3.11 −2.24 42.33
5 h 101.69 −72.45 29.24 17.97 6.24 −7.6 −2.72 −1.78 41.36
6 h 93.87 −68.2 25.67 18.58 5.94 −6.9 −2.34 −1.49 39.47
7 h 86.7 −63.95 22.75 18.38 5.56 −6.26 −2.04 −1.29 37.1
8 h 79.31 −58.81 20.5 17.53 5.13 −5.67 −1.78 −1.17 34.53
9 h 72.68 −54.16 18.52 16.64 4.78 −5.13 −1.6 −1.06 32.16

10 h 66.78 −49.59 17.19 15.5 4.34 −4.66 −1.39 −0.95 30.03
11 h 61.75 −45.96 15.8 14.65 4.03 −4.27 −1.23 −0.87 28.1
12 h 57.64 −42.86 14.78 13.79 3.74 −3.96 −1.13 −0.81 26.41

The main income source is the DM, representing 56–80% of the MTI for the 12–4 h PSHP,
respectively (Table 4). This result contradicts one of the conclusions of [21] and [22], where it was stated
that the SM is the main income source in the operation of PSHPs participating in the DM and the SRS.
The main reason of the presented result in comparison to the one published in the literature is that,
in this paper, the effect of the reserve schedule in the clearing price of the SM is taken into account
(price-maker approach in the SM). Hence, the income in the SM with respect to the total is less
representative than the one in the DM (between 37% and 52% of the MTI for the 4–12 h PSHP,
respectively). Note that the lower the installed capacity of the PSHP, the higher the income in the SM
in relative terms of the MTI, because the impact in the marginal price of the SM is lower.

The economic results of each PSHP with each SRS strategy are presented for the DM in Figure 5,
for the SM in Figure 6 and for the secondary regulation energy in Figure 9. The results for the DM
strategy are not presented in Figure 5 because they are similar to Figure 3 but subtracting only
the start-up costs, and are not presented in Figure 6 and Figure 9 because the SRS does not apply.

From the point of view of the participation in the DM, the SRS D + 1 strategy obtains the highest
income (left y-axis in Figure 5) and income per MW of installed capacity (right y-axis in Figure 5) for all
PSHPs, following a similar tendency as the MTI in Figure 3 and the MTI per MW of installed capacity
in Figure 4, respectively.
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Regarding the economic results in the SM, the MTIs of each PSHP with the SRS D + 1, SRS V0
and SRS Vm strategies are shown on the left y-axis of Figure 6 and the MTIs per MW of the installed



Energies 2017, 10, 813 10 of 18

capacity in generating mode are shown on the right y-axis. Notice that the MTIs and the MTIs per
MW in the SM do not change significantly between strategies for each PSHP. The behavior of the MTI
in the SM per MW is analogous to the one of the MTI per MW of the installed capacity (Figure 4) or to
the MTI in the DM per MW of installed capacity (Figure 5): monotonically increasing as the number of
hours increases (4–12 h) or as the installed capacity of the PSHPs decreases (1200–400 MW).Energies 2017, 10, 813 10 of 18 
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Figure 6. Annual maximum theoretical income in the SM (solid lines) and per MW of the installed
capacity in generating mode (dashed lines) of each PSHP.

It is interesting to note that the MTI in the SM (left y-axis of Figure 6) does not monotonically
decrease with the number of hours necessary to empty the upper reservoir as in the DM (left y-axis
of Figure 5). The higher the installed capacity of the PSHP, the higher the MTI in the SM, up to
a certain level of installed capacity (up to the 6 h PSHP). The 4 h and 5 h PSHPs obtain less
income in the SM in comparison to the 6 h PSHP. This result can be explained by a combination
of two aspects: firstly, the effects of the price-maker approach; and secondly, the number of hours
in which the PSHPs participate in the DM generating energy and, therefore, in the SRS. The former
is explained with Figure 7. It shows the mean hourly energy generation in the DM and the mean
hourly secondary regulation reserves (upward plus downward reserves), in the left y-axis. The mean
hourly values are obtained only using the hours in which the PSHPs participate in the DM and the SM,
respectively. Besides, it is also shown, in the right y-axis of Figure 7, the percentage of the mean hourly
energy generation in the DM and reserves in the SM with respect to the operating range (maximum
minus minimum power) and with respect to the available reserves, respectively. One hundred/zero
percentage means a mean hourly energy generation in the DM of maximum/minimum power and
a mean hourly reserve in the SM of maximum/zero reserve availability, respectively. For example,
the 8 h PSHP has a mean hourly energy generation in the DM of 41% of the operating range and
mean hourly total reserves offered in the SM of 96% of the available ones (Most PSHPs have a mean
hourly energy generation in the DM of 40% of the operating range. One reason for this is the rules of
the SM in the Spanish electricity system. The bids submitted to the SM have to fulfill a ratio between
the upward and downward secondary regulation reserves. The mean hourly ratio in 2014 was 57.13%
and 42.87% for the upward and downward reserves, respectively). It can be seen in Figure 7 that
the 4 h and 5 h PSHPs have more available reserves than the optimum because they offer less (83%
and 90% of the available reserves, respectively) in comparison to the rest of PSHPs (between 93.4%
and 96%). As mentioned above, the reason to this is the effects of the price-maker approach: the higher
the bids presented in the SM, the higher the cleared price reduction.
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(black/grey dashed lines).

The above-mentioned second aspect that explains that the MTI in the SM (left y-axis of Figure 6)
does not monotonically decrease is the number of hours in which the PSHPs participate in the DM
and, therefore, in the SRS. This is explained with Figure 8. It shows the mean daily hours in which
the PSHPs generate/consume energy in the DM with the SRS D + 1 strategy (Gen/Cons SRS) and with
the DM D + 1 strategy (Gen/Cons DM). It is important to note that the PSHPs participate in the SM
in the 99% of hours in which they generate energy in the DM.
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the SRS (black/grey solid lines) and participating only in the DM (black/grey dashed lines).

The 4 h and 5 h PSHPs are the ones that participate in the DM generating energy fewer hours and,
therefore, they will participate in the SRS fewer hours. However, they prefer to reduce the generation
energy in the DM down to 37% and 39%, respectively, of the operating range (Figure 7) to increase
the number of hours that they participate in the DM and, therefore, in the SRS (to enlarge their income).
This is confirmed by comparing the mean daily number of hours of the 4 h and 12 h PSHPs generating
energy in the DM: 8 h and 12 h, respectively.
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In addition, it can be seen in Figure 8 that all PSHPs generate and consume in the DM during
more hours, as a mean, if they participate in the DM and the SRS in comparison to only participate
in the DM. The reason to this is the inclusion of the SRS: the more hours generating energy in the DM,
the more hours the PSHPs can participate in the SRS and, therefore, they are able to enlarge their
income. In order to generate energy during more hours, the PSHPs are able to consume energy
during more hours and/or reduce the power generation in each hour. This is confirmed by Figure 8:
the increase in the number of hours in which the PSHPs are generating energy due to the inclusion of
the SRS is higher than the increase when the PSHPs are consuming energy.

Finally, the economic results of the income/cost due to the real-time use of the upward/downward
secondary regulation reserves (Figure 9) are similar between strategies. The monotonically decrease
of the ER2up income seems to be broken in the 4 h PSHP because of the above-mentioned aspects:
the effects of the price-maker approach in the SM and the number of hours in which the PSHPs
participate in the DM generating energy and, therefore, in the SRS (Figures 7 and 8).
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Figure 9. Annual maximum theoretical income due to the real-time use of the upward (ER2up,
solid lines) and the downward (ER2dw, dashed lines) reserves of each PSHP.

4.3. End of Day Storage

The histograms of the end of day storage for each PSHP participating in the DM, and in the DM
and the SRS can be seen in Figures 10 and 11, respectively. Note that these results are obtained with
the DM D + 1 and the SRS D + 1 strategies, respectively.

The most frequent end of day storage interval is the one that is closer to zero, regardless whether
the PSHP participates only in the DM or in the DM and the SRS. However, the number of days in which
the end of day storage is in the mentioned interval is higher if the PSHP participates in the DM than if it
participates in the DM and the SRS (for example, 293 days if the 4 h PSHP only participates in the DM
whereas 236 days if it participates in the DM and the SRS).

In addition to this, the water volume interval that is closer to the maximum storage has a higher
number of days if the PSHPs only participate in the DM than if they also participate in the SRS.
The main reason for this is the relative values of the price profiles of the DM between D and D + 1.
If the price profile for the following day is higher in most of the hours with respect to the current day,
the model is able to: (i) mostly pump water during the current day; (ii) finish the day as full as possible
and (iii) generate energy the following day. To illustrate this, an example for 2–3 June 2014 with the DM
D + 1 and the SRS D + 1 strategies and the 4 h PSHP are presented in Figures 12 and 13, respectively.
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Figure 12 is divided into two subfigures where the following variables are depicted. The upper
subfigure shows the water volume trajectory of the upper reservoir in solid line and the total water
through the turbines (positive) or pumps (negative) in bars. The lower subfigure shows the energy
schedule in the DM in bars and the price of the DM in solid line. Figure 13 is divided into three
subfigures. The two first are the same as in Figure 12. In the lower subfigure of Figure 13, the following
variables are depicted: the secondary regulation reserve schedule in bars and the price of the SM
in solid line, which takes into account the reduction due to the presented bids of the agent (price-maker
effects). The water volume at hour 24 changes significantly if the SRS is included (1.23 Mm3) or not
(5.04 Mm3). In the latter, the model decides to pump water at hours 3–5 and, instead of generating
energy at peak hours of the DM in D, it is carried out at peak hours of the DM in D + 1 (at hours 32–38).
The energy schedule significantly changes if the PSHP also participate in the SRS: the model decides
to pump water at the same hours 3–5 in D but instead of keeping the water for the following day,
it decides to generate energy at hours 7–11 and 23, also participating in the SRS. Due to this, it finishes
the day at a much lower water volume than with the DM D + 1 strategy. In order to participate
again in the SRS the following day, the model pumps water at hours 28–29, and generates energy
and participates in the SRS at hours 31–35. This confirms that the importance of the price-arbitrage
in the DM decreases if the SRS is deemed.
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As a conclusion, comparing Figures 10 and 11, the end of day storage if the PSHPs also participate
in the SRS have a less extreme behavior (less number of days in the interval closer to zero and to
the maximum) with respect to the ones if the PSHPs only participate in the DM. Hence, it is proven
that the end of day storage change notably in the new reserve-driven strategies of PSHPs.

As a future work, the authors would like to analyze the impact that the variable speed technology
or the operation in hydraulic short-circuit mode has in the operation of PSHPs with the DM D + 1
and, especially, with the SRS D + 1 strategies. The variable speed technology and the operation
in hydraulic short-circuit mode permit the PSHPs to regulate power in pumping mode and, hence,
to also participate in the SRS at hours in which the PSHPs are consuming. As shown in Figure 13,
the PSHP cannot participate in the SRS at hours 3–5 and 28–29 because, in this paper, PSHPs with fixed
speed are deemed.

Finally, the importance of the proposed methodology with a look-ahead period (DM D + 1 and SRS
D + 1 strategies) is also confirmed by the results obtained in Figures 14 and 15. They show the histograms
of the deviations with respect to the traditional price-arbitrage operation, i.e., the deviations
between the total pumped and discharged water volumes, with the DM D + 1 and SRS D + 1
strategies, respectively. A positive/negative deviation means that in a certain day, there is more
pumped/discharged water than discharged/pumped water. The traditional price-arbitrage operation
starts and finishes each day with the same water volume. Thus, it would obtain zero deviation in all days.

The most frequent deviation interval is the one that is closer to zero, regardless whether the PSHP
participates only in the DM or in the DM and the SRS. However, similarly as it was observed
in Figures 10 and 11 with the end of day storage, the number of days in which the deviations
are in the mentioned interval is higher if the PSHP participates in the DM than if it participates in the DM
and the SRS (for example, 256 days if the 4 h PSHP only participates in the DM whereas 175 days if it
participates in the DM and the SRS). If Figures 14 and 15 are compared, the histograms of the deviations
with the SRS D + 1 strategy have a more weighted tails in comparison to the ones of the DM D + 1
strategy. This result confirms that the traditional price-arbitrage strategy, which is restricted to meet
the daily-cycle, is not the optimum and that the operation strategies with a look-ahead period are even
more recommended if the SRS is considered.
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5. Conclusions

A new methodology to maximize the income and determine the optimal end of day storage of
closed-loop and daily-cycle pumped-storage hydropower plants participating in the day-ahead energy
and the secondary regulation reserve markets is presented in this paper. It uses a look-ahead period
with future information of the electricity power system data. The plants participate in the day-ahead
energy market as a price-taker and in the secondary regulation reserve market as a price-maker.
The real-time use of the committed reserves is also considered in the model formulation. The results
obtained in the paper indicate that using a look-ahead period of one day is sufficient to highly
increase the income without a significant increase in the CPU time consumption. Furthermore,
the proposed methodology enlarges the annual maximum theoretical income of the plants between 455
and 9645 €/MW of the installed capacity if they only participate in the day-ahead energy market and
between 519 and 10388 €/MW of installed capacity if they also participate in the secondary regulation
reserve service, in comparison to methodologies without a look-ahead period. The relative increase
in the maximum theoretical income strongly depends on the size of the plant. Finally, it has been
proven that the end of day storage has a less extreme behavior in the new reserve-driven strategies
of pumped-storage hydropower plants. Therefore, the hourly scheduling tools of closed-loop and
daily-cycle pumped-storage hydropower plants that only consider the day-ahead energy market or do
not use a look-ahead period might deviate notably from the optimal operation.

As a future work, the authors would like to study the following issues: (1) the extent to which
the proposed methodology is able to enlarge the plant income without assuming perfect knowledge
of the electricity power system data; (2) the impact of the proposed methodology in the operation
of pumped-storage hydropower plants operating with variable speed or in hydraulic short-circuit
mode; and (3) the impact in the end of day storage of the participation of pumped-storage hydropower
plants in other markets (such as the intraday market) or in other ancillary services (such as the tertiary
regulation service).
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Nomenclature

DM Day-ahead energy market
ER2up Upward secondary regulation energy, i.e., the real-time use of the upward committed reserves
ER2dw Downward secondary regulation energy, i.e., the real-time use of the downward committed reserves
MTI Maximum theoretical income
PSHP Pumped-storage hydropower plant
RRC Residual reserve curve, i.e., the residual demand curve of the secondary regulation reserve market
SM Secondary regulation reserve market
SRS Secondary regulation service
TSO Transmission system operator
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Chapter 3

Risk-averse model with look-ahead
period

The model formulation proposed in Chapter 3 optimises the operation of a PSHP equipped
with variable-speed or fixed-speed pump-turbine units, and/or being operated in hydraulic
short-circuit mode. The PSHP is proposed to participate in the day-ahead energy market and
in the secondary regulation service of the Iberian electricity system. The PSHP is modelled as
a price-taker in the day-ahead energy market and as a price-maker in the secondary regulation
reserve market, in the same way as it has been presented in the articles of the Thesis. The
main contributions of this model formulation with respect to the ones included in the Thesis
previously are explained in Section 3.2. The uncertainty is modelled by a scenario-based
approach, according to the results that have been already published in the technical literature
from this Thesis and according to new results from this Thesis presented in Section 3.1.

3.1 Value of perfect information

The methodology used in the Thesis for obtaining the value of perfect information of each
random variable from the electric power system data has been previously presented in Sec-
tion 1.6. The random variables from the electric power system data correspond to: 1) the
day-ahead energy market prices, 2) the residual demand curves of the secondary regulation
reserve market, 3) the upward secondary regulation energy prices, 4) the downward second-
ary regulation energy prices, 5) the percentages of the real-time use of the upward reserves,
and 6) the percentages of the real-time use of the downward reserves.

The main conclusions of the article entitled “Value of Perfect Information of Spot Prices
in the Joint Energy and Reserve Hourly Scheduling of Pumped Storage Plants” from this
Thesis for the day-ahead energy market prices and of the article entitled “Economic Impact
of Forecasting Errors in Residual Reserve Curves in the Day-ahead Scheduling of Pumped
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Storage Plants” from this Thesis for the residual demand curves of the secondary regulation
reserve market, both used for the risk-averse optimisation model with look-ahead period, are
presented in subsection 3.1.1 and 3.1.2, respectively. Besides, new results (still unpublished)
from this Thesis regarding the value of perfect information of the rest of the random variables
are presented in subsection 3.1.3 for the upward and downward secondary regulation energy
prices, and in subsection 3.1.4 for the percentages of the real-time use of the upward and
downward reserves.

3.1.1 Day-ahead energy prices

As it is presented in the article entitled “Value of Perfect Information of Spot Prices in the
Joint Energy and Reserve Hourly Scheduling of Pumped Storage Plants” from this Thesis,
the said value of the day-ahead energy market prices (VPI-DM) is significant (28.9% of the
maximum theoretical income as the mean value between all the forecasting models analysed).
Therefore, considering the impact of the imperfect information of this random variable in the
risk-averse optimisation model with look-ahead period is important. The uncertainty of the
day-ahead energy market prices will be modelled forecasting three representative scenarios.
Each corresponds to a 24-h price profile obtained from the forecasting model of Case H in
the article entitled “Value of Perfect Information of Spot Prices in the Joint Energy and
Reserve Hourly Scheduling of Pumped Storage Plants” from this Thesis: a GARCH(1,3) and
ARIMAX(10,1,0) with the forecast wind power of the system as explanatory variable. In the
autoregressive polynomial, the terms with lags 1, 2, 3, 4, 24, 144, 168, 169, 192 and 193 have a
non-zero coefficient. The orders of the autoregressive part of the ARIMA model was selected
from a trial and error approach.

3.1.2 Residual reserve curves of the secondary regulation reserve market

As it is presented in the article entitled “Economic Impact of Forecasting Errors in Residual
Reserve Curves in the Day-ahead Scheduling of Pumped Storage Plants” from this Thesis,
the said value of the residual demand curves of the secondary regulation reserve market (VPI-
RRC) is not as significant as the one of the day-ahead energy market prices (between 6-8%
of the maximum theoretical income in all the forecasting models analysed). Therefore, the
uncertainty of the residual demand curves of the secondary regulation reserve market will
be modelled with an expected value in order to reduce the computational burden, reducing
the total number of scenarios in the model. The expected values correspond to the ones
of the Case E from the article entitled “Economic Impact of Forecasting Errors in Residual
Reserve Curves in the Day-ahead Scheduling of Pumped Storage Plants” from this Thesis: a
SARIMA(0, 1, 1)(0, 1, 1)24.
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3.1.3 Secondary regulation energy prices

The value of perfect information of the secondary regulation energy prices (VPI-ER2) has not
been published in the technical literature yet. However, it is calculated in the Thesis, and is
here presented in Table 3.2. Note that the case study for obtaining the VPI-ER2 considers
the same PSHP with the same technical data and in the same time period than the ones of
the VPI-DM and the VPI-RRC in order to establish comparisons. Two forecasting models
of the secondary regulation energy prices are proposed, Table 3.1. The forecasting model of
Case B assumes that the upward/downward secondary regulation energy price in hour t of
a certain day of 2014 is the average of the upward/downward secondary regulation energy
price in the said hour across all days in 2013. The heuristic forecasting model is based on
an analysis of the mean hourly price profiles of the day-ahead energy market and the upward
and downward secondary regulation energy of 2013, in the first ten hours (the reason to
choose the first ten hours is arbitrarily). The heuristic forecasting model proposes to increase
7.98 €/MWh the day-ahead energy market prices for the upward secondary regulation energy
prices, and to decrease 16.97 €/MWh the day-ahead energy market prices for the downward
secondary regulation energy prices restricted to be non-negative (in the Spanish electricity
market, negative prices are not allowed).

TABLE 3.1: Cases to forecast the upward (ER2UP) and downward (ER2DW) secondary
regulation energy prices, and the Mean Absolute Percentage Error (MAPE) throughout 2014

MAPE
Case Forecasting Model ER2UP ER2DW

A Perfect knowledge No error No error
B Mean hourly price of 2013 28.7% 49.8%
C Heuristic Model 21.3% 30.5%

The economic results shown in Table 3.2 comprise the profit in the day-ahead energy
market (DM Profit) as the difference between the income due to the sold energy minus the
cost due to the purchased energy, the income in the secondary regulation reserve market (SM
Income), the actual income due to the real-time use of the upward reserves (remunerated with
the actual upward secondary regulation energy price, ER2UP), the actual cost due to the
real-time use of the downward reserves (remunerated with the actual downward secondary
regulation energy price, ER2DW), the start-up costs in generating (cSUd) and pumping
(cSUp) modes, the actual profits (AP), and the VPI-ER2 in € and in % of the maximum
theoretical income.

The VPI-ER2 is even lower than the VPI-RRC (between 1.8-5% of the maximum the-
oretical income in all the forecasting models analysed). Therefore, the uncertainty of the
secondary regulation energy prices will be modelled with an expected value in order to re-
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duce the computational burden, reducing the total number of scenarios in the model. The
expected values correspond to the ones of the Case C.

TABLE 3.2: Economic results and the VPI-ER2 throughout 2014. Income, profit and VPI-
ER2 in k€
Case DM Profit SM Income ER2UP ER2DW cSUd cSUp AP VPI-ER2

A 11 408.6 15 650 6 212.9 -4 631.3 -2 462 -1 303.1 24 875 - -

B 13 711.6 15 705.2 4 903 -6 649.2 -2 664.7 -1 356.1 23 649.7 1 225.3 4.93%

C 11 237.1 15 622.8 5 827 -4 641.4 -2 355.3 -1 265 24 425.1 449.9 1.81%

3.1.4 Real-time use of the committed secondary regulation reserves

The value of perfect information of the percentages of the real-time use of the secondary
regulation reserves (VPI-RTURs) has been preliminary studied in the Thesis and published
in [Chazarra et al., 2016c]. However, further research was proposed in that paper, which is
presented in this Thesis in Table 3.4. Note that the case study for obtaining the VPI-RTURs
considers the same PSHP with the same technical data and in the same time period than the
ones of the VPI-DM, the VPI-RRC and the VPI-ER2 in order to establish comparisons. Five
forecasting models of the percentages of the real-time use of reserves are proposed, Table 3.3.
They are based on how the real-time use of reserves is considered in the technical literature.
Most of the Cases are all the possible combinations of 0% and/or 100% of real-time use of
reserves in all hours, except Case D, which assumes that the percentage of the real-time use
of the upward/downward secondary regulation reserve in hour t of a certain day of 2014 is the
average of the percentages of the real-time use of the upward/downward reserves, respectively,
in the said hour across all days in 2013.
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TABLE 3.3: Cases to forecast the percentages of the upward and downward real-time use of
the committed reserves, and the Mean Absolute Percentage Error (MAPE) throughout 2014

Case Upward Real-Time Use of Reserves Downward Real-Time Use of Reserves

Forecasting Model MAPE Forecasting Model MAPE

A Perfect knowledge No error Perfect knowledge No error

B
100% in all hours,

[Li & Shahidehpour, 2005]
and [Chazarra et al., 2016a]

76.5%
0% in all hours,

[De Ladurantaye et al., 2007]
and [Chazarra et al., 2016a]

15.3%

C
0% in all hours,

[De Ladurantaye et al., 2007]
and [Chazarra et al., 2016a]

21.5%
100% in all hours,

[Li & Shahidehpour, 2005]
and [Chazarra et al., 2016a]

90.5%

D
Mean hourly price of 2013,
[Kazempour et al., 2009]

and [Chazarra et al., 2016a]
23.6%

Mean hourly price of 2013,
[Kazempour et al., 2009]

and [Chazarra et al., 2016a]
22.2%

E 0% in all hours 21.5% 0% in all hours 15.3%

F 100% in all hours 76.5% 100% in all hours 90.5%

The economic results shown in Table 3.4 comprise the profit in the day-ahead energy
market (DM Profit) as the difference between the income due to the sold energy minus the
cost due to the purchased energy, the income in the secondary regulation reserve market
(SM Income), the actual income due to the historical hourly real-time use of the upward
reserves (ER2UP), the actual cost due to historical hourly real-time use of the downward
reserves (ER2DW), the start-up costs in generating (cSUd) and pumping (cSUp) modes,
the income due to upward energy deviations (DESUP) and the cost due to the downward
energy deviations (DESDW), the actual profits (AP), and the VPI-RTURs in € and in %
of the maximum theoretical income. Due to the errors in forecasting the percentages of the
real-time use of reserves, the actual water volume trajectory of the upper reservoir must be
obtained in a post-optimal simulation process. Whether there is a violation of the maximum
water storage capacity due to a lower upward or a higher downward real secondary regulation
energy schedules in comparison to the expected ones, or there is a violation of the minimum
water storage capacity due to a higher upward or a lower downward real secondary regulation
energy schedules in comparison to the expected ones, the post-optimal simulation process
introduces an energy deviation that is remunerated according to the deviation market of the
Spanish power system.

The Case with the lowest VPI-RTURs (Case C) is significantly lower than the VPI-DM
(5% in the former versus 28.9% in the latter, of the maximum theoretical income). Therefore,
the uncertainty of the percentages of the real-time use of reserves will be modelled with an
expected value in order to reduce the computational burden, reducing the total number of
scenarios in the model. The expected values correspond to the ones of the Case C, i.e.,
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the transmission system operator will use 0% of the committed upward secondary regulation
reserves and 100% of the committed downward secondary regulation reserves, in all hours.

3.2 Model formulation for VS-PSHP

The model formulation here presented in detail corresponds to the one of PSHPs with variable-
speed pump-turbine units (VS-PSHP), from the article entitled “Optimal Joint Energy and
Secondary Regulation Reserve Hourly Scheduling of Variable Speed Pumped Storage Hy-
dropower Plants” from this Thesis. Main contributions with respect to this paper are the
following:

1. The PSHP is modelled as a price-maker in the secondary regulation reserve market in
order to take into account the effects of the reserve schedule in the cleared price of the
reserve market. As it is discussed throughout the Thesis, the assumption that the PSHP
is a price-taker in the reserve market can significantly overestimate the income obtained
in it.

2. Uncertainty is also considered in the upward and downward secondary regulation en-
ergy prices and in the percentages of the real-time use of the committed upward and
downward reserves. It is important to remark that, due to the errors in forecasting the
percentages of the real-time use of reserves, the actual water volume trajectory of the
upper reservoir must be also calculated in a post-optimal simulation process.

3. The optimal hourly energy and reserve schedules are obtained following the methodology
presented in the article entitled “Deriving Optimal End of Day Storage for Pumped-
Storage Power Plants in the Joint Energy and Reserve Day-ahead Scheduling” from this
Thesis. It is based on optimising the mentioned schedules using a look-ahead period,
which uses future information of the electricity power system data. Please, see more
details of the methodology with look ahead period in the mentioned article from this
Thesis.

3.2.1 Objective Function

The objective function (3.1) maximises simultaneously the expected net income and the con-
ditional value at risk, CV aR. Each term is weighted according to µ, depending on the
risk-aversion of the decision maker. Note that µ = 0 corresponds to the risk-neutral decision.

The net income in scenario n, i.e., Bn, of a PSHP equipped with variable-speed pump-
turbine units participating in the day-ahead energy market and in the secondary regulation
service in the framework of the Iberian electricity market [Lobato et al., 2008] is defined in
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(3.2). Note that the model formulation is a scenario-based one without non-anticipativity con-
straints, as the energy and reserve schedule decisions are taken in a single-stage. The obtained
solution is the same for all scenarios, and this fact might resemble the non-anticipativity con-
straints. However, as there is no possibility to adapt the solution in a second stage, there
are neither recourse functions so it does not seem appropriate to say that non-anticipativity
constraints are implicitly implemented. The decisions are robust to the uncertainty of all the
electric power system data, thanks to the maximization of the CV aR. The reason why the
Thesis author has chosen to take both the energy and reserve schedule decisions in a single
stage is motivated by the fact that the information disclosed after the clearing process of
the day-ahead energy market has not a significant impact on the information used to take
decisions in the secondary regulation reserve market in the Spanish electricity market (for in-
stance, the correlation between the marginal prices of both markets was -0.47 in 2013). The
first line in (3.2) expresses the net income in the day-ahead energy market and the quadratic
income from the secondary regulation reserve market, respectively, whereas the second line
accounts for the net income from the secondary regulation energy due to the real-time use of
the reserves and the start-up costs in generating and pumping modes, respectively.

Max z = (1− µ)
∑

n

πnBn + µ · CV aR (3.1)

Bn =
∑

t

{∑
c

(
gd

c,t − g
p
c,t

)
lt · λD,n,t + 1

λm
S,n,t

(
λS,n,t − λo

S,n,t

)
· λS,n,t

+
(
es,up

t · λup,n,t − es,dw
t · λdw,n,t

)
−
∑

c

(
cSUd

c · yd
c,t + cSUp

c · y
p
c,t

)}
∀n

(3.2)

Imperfect information is considered in all the electric power system data of the problem: i)
the day-ahead energy market prices, ii) the residual demand curves of the secondary regulation
reserve market, iii-iv) the upward and downward secondary regulation energy prices, and v-vi)
the percentages of the real-time use of the committed upward and downward reserves.

3.2.2 Risk-Aversion Constraints

As it is expressed in the paper “Optimal Joint Energy and Secondary Regulation Reserve
Hourly Scheduling of Variable Speed Pumped Storage Hydropower Plants” from this Thesis,
several techniques can be found in the technical literature to take into account the risk manage-
ment in an optimization model. In [García-González et al., 2007], two techniques are com-
pared: i) the introduction of a minimum profit constraint, by which a minimum profit is
required for each scenario and ii) the introduction of a minimum CV aR. Both techniques
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do not guarantee feasible solutions, which depend on the minimum profit and CV aR chosen.
In the presented model formulation, the risk management is modelled in a similar way as in
[Pousinho et al., 2011], which is based on [Rockafellar & Uryasev, 2000], by equations (3.3)
and (3.4). They represent simultaneously the V aR and CV aR. Note that this approach
corresponds to a linear formulation and that a feasible solution is always guaranteed.

V aR− 1
β

∑
n

πnB
−
n ≥ CV aR (3.3)

B−n ≥ V aR−Bn ∀n (3.4)

3.2.3 Water Balance

The water balance, (3.5) does not include any water inflow because a closed-loop PSHP is
considered in this Thesis. Water limits are imposed to the water volume variable, vt in all
time periods, (3.6). Water balance and limits in the lower reservoir are not included in the
model formulation for simplicity.

vt = vt−1 +
∑

c

lt
(
qp

c,t − qd
c,t

)
∀t (3.5)

v ≤ vt ≤ v ∀t (3.6)

In this model, there is no target water volume at the end of each day D following the
methodology with a look-ahead period proposed in the article entitled “Deriving Optimal
End of Day Storage for Pumped-Storage Power Plants in the Joint Energy and Reserve Day-
ahead Scheduling” from this Thesis. The methodology with a look-ahead period uses future
information of the electricity power system data (information after each day D) and is based
on: the scheduling decisions for day D are obtained as a result of an optimization problem
with a 48-hour time horizon, i.e., D and D+1, also discretised in hourly steps. The initial
water volume of the upper reservoir in D is known by the decision maker, and is obtained as
a result of the optimization problem for D-1. It is important to highlight that there are no
water volume target constraints at the end of any day (D and D+1).

3.2.4 Hydropower Generation

Two generation/consumption curves, k1 and k2 have been considered in the formulation, and
correspond to two different reservoir levels. Each curve is selected using the binary variable dt

that only depends on the water volume of the upper reservoir (3.7) and (3.8), as we consider
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that the effect of the lower reservoir level on the net head is neglectable.

vt ≥ v (1− dt) +
(
v + v − v

2

)
dt ∀t (3.7)

vt ≤ v · dt +
(
v + v − v

2

)
(1− dt) ∀t (3.8)

gd
c,t ≤ ud

c,t · gd
c,k + qsd

c,t · δd
k + gd

c,k · dt ∀c, t, k = k1 (3.9)

gd
c,t ≥ ud

c,t · gd
c,k + qsd

c,t · δd
k − gd

c,k · dt ∀c, t, k = k1 (3.10)

gd
c,t ≤ ud

c,t · gd
c,k + qsd

c,t · δd
k + gd

c,k (1− dt) ∀c, t, k = k2 (3.11)

gd
c,t ≥ ud

c,t · gd
c,k + qsd

c,t · δd
k − gd

c,k (1− dt) ∀c, t, k = k2 (3.12)

qsd
c,t ≤ ud

c,t · qd
c,k1 ∀c, t (3.13)

qsd
c,t ≤

(
qd

c,k1 − q
d
c,k1

)
(1− dt) +

(
qd

c,k2 − q
d
c,k2

)
dt ∀c, t (3.14)

qd
c,t ≤ ud

c,t · qd
c,k + qsd

c,t + qd
c,k · dt + 1

δd
k

(
ρup

t · g
d,s,up
c,t − ρdw

t · g
d,s,dw
c,t

)
∀c, t, k = k1 (3.15)

qd
c,t ≥ ud

c,t · qd
c,k + qsp

c,t − qd
c,k · dt + 1

δd
k

(
ρup

t · g
d,s,up
c,t − ρdw

t · g
d,s,dw
c,t

)
∀c, t, k = k1 (3.16)

qd
c,t ≤ ud

c,t · qd
c,k + qsd

c,t + qd
c,k (1− dt) + 1

δd
k

(
ρup

t · g
d,s,up
c,t − ρdw

t · g
d,s,dw
c,t

)
∀c, t, k = k2 (3.17)

qd
c,t ≥ ud

c,t · qd
c,k + qsd

c,t − qd
c,k (1− dt) + 1

δd
k

(
ρup

t · g
d,s,up
c,t − ρdw

t · g
d,s,dw
c,t

)
∀c, t, k = k2 (3.18)

gp
c,t ≤ u

p
c,t · g

p
c,k + qsp

c,t · δ
p
k + gp

c,k · dt ∀c, t, k = k1 (3.19)

gp
c,t ≥ u

p
c,t · g

p
c,k + qsp

c,t · δ
p
k − g

p
c,k · dt ∀c, t, k = k1 (3.20)

gp
c,t ≤ u

p
c,t · g

p
c,k + qsp

c,t · δ
p
k + gp

c,k (1− dt) ∀c, t, k = k2 (3.21)

gp
c,t ≥ u

p
c,t · g

p
c,k + qsp

c,t · δ
p
k − g

p
c,k (1− dt) ∀c, t, k = k2 (3.22)

qsp
c,t ≤ u

p
c,t · q

p
c,k2

∀c, t (3.23)

qsp
c,t ≤

(
qp

c,k1
− qp

c,k1

)
(1− dt) +

(
qp

c,k2
− qp

c,k2

)
dt ∀c, t (3.24)
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qp
c,t ≤ u

p
c,t · q

p
c,k + qsp

c,t + qp
c,k · dt + 1

δp
k

(
ρdw

t · g
p,s,dw
c,t − ρup

t · g
p,s,up
c,t

)
∀c, t, k = k1 (3.25)

qp
c,t ≥ u

p
c,t · q

p
c,k + qsp

c,t − q
p
c,k · dt + 1

δp
k

(
ρdw

t · g
p,s,dw
c,t − ρup

t · g
p,s,up
c,t

)
∀c, t, k = k1 (3.26)

qp
c,t ≤ u

p
c,t · q

p
c,k + qsp

c,t + qp
c,k (1− dt) + 1

δp
k

(
ρdw

t · g
p,s,dw
c,t − ρup

t · g
p,s,up
c,t

)
∀c, t, k = k2 (3.27)

qp
c,t ≥ u

p
c,t · q

p
c,k + qsp

c,t − q
p
c,k (1− dt) + 1

δp
k

(
ρdw

t · g
p,s,dw
c,t − ρup

t · g
p,s,up
c,t

)
∀c, t, k = k2 (3.28)

Generation/consumption curves of each variable-speed pump-turbine unit are modelled by
equations (3.9)-(3.28); the formulation is based on the one proposed in [Conejo et al., 2002].
The power generation is calculated from (3.9)-(3.12), as a function of dt and ud

c,t. With
equations (3.13) and (3.14), the maximum and minimum water discharges, which depend
on the water level in the upper reservoir, are considered. In addition to this, the water
discharge takes into account not only the flow that is used to produce the energy committed
or scheduled in the day-ahead energy market but also the extra flow that is required in order
to provide the upward regulation energy and the flow that is kept upstream in order to provide
the downward regulation energy (3.15)-(3.18). The water discharge used for deploying the
secondary regulation energy also depends on the water level in the upper reservoir.

Head dependency in consumed power and pumped water is modelled analogously by (3.19)-
(3.28). The pumped water also takes into account the extra flow that is pumped in order to
provide the downward regulation energy and the flow that is kept downstream in order to
provide the upward regulation energy (3.25)-(3.28).

3.2.5 Secondary Regulation Service

The procurement of the secondary regulation service in the Spanish electricity market is de-
scribed in subsection 1.2.2.2, and comprises the day-ahead secondary regulation reserve market
and the real-time use of the committed reserves. The secondary regulation reserve schedule is
modelled with (3.29)-(3.37). Note that the auxiliary variables aux_gd,s

c,t and aux_gp,s
c,t avoid

non-linearities in the formulation of the downward and upward secondary regulation reserve
in generating and pumping modes, respectively, due to the head dependency in the avail-
able reserves. When a unit is off in generating mode (ud

c,t = 0), there is no available reserves
by (3.31), and aux_gd,s

c,t will take a value greater than or equal to the expression in square
brackets in (3.30) and lower than gd

c,k1
by (3.32). In addition, when a unit is on in generat-

ing mode (ud
c,t = 1), aux_gd,s

c,t equals zero through (3.32). The same behaviour can be seen
with aux_gp,s

c,t in pumping mode with (3.34)-(3.36). Finally, the Spanish transmission sys-
tem operator forces all regulation zones to meet an hourly ratio RSM

t between the upward
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and the total reserves in order to ensure certain equilibrium between the upward and down-
ward reserves, preventing them from offering only upward reserves or only downward reserves
(3.37).

gd,s,up
c,t ≤

[
gd

c,k2 · dt + gd
c,k1 (1− dt)

]
− gd

c,t ∀c, t (3.29)

gd,s,dw
c,t − aux_gd,s

c,t ≤ gd
c,t −

[
gd

c,k2 · dt + gd
c,k1 (1− dt)

]
∀c, t (3.30)

gd,s,up
c,t + gd,s,dw

c,t ≤ gd
c,k1 · u

d
c,t ∀c, t (3.31)

aux_gd,s
c,t ≤ gd

c,k1

(
1− ud

c,t

)
∀c, t (3.32)

gp,s,dw
c,t ≤

[
gp

c,k2
· dt + gp

c,k1
(1− dt)

]
− gp

c,t ∀c, t (3.33)

gp,s,up
c,t − aux_gp,s

c,t ≤ g
p
c,t −

[
gp

c,k2
· dt + gp

c,k1
(1− dt)

]
∀c, t (3.34)

gp,s,up
c,t + gp,s,dw

c,t ≤ gp
c,k2
· up

c,t ∀c, t (3.35)

aux_gp,s
c,t ≤ g

p
c,k2

(
1− up

c,t

)
∀c, t (3.36)∑

c

(
gd,s,up

c,t + gp,s,up
c,t

)
= RSM

t ·
(
gd,s,up

c,t + gp,s,up
c,t + gd,s,dw

c,t + gp,s,dw
c,t

)
∀t (3.37)

The secondary regulation energy in each period t of the Spanish electricity market is
remunerated according to the net energy, i.e. the upward regulation energy in generating and
pumping modes minus the downward regulation energy in generating and pumping modes,
(3.38)-(3.40). A positive net regulation energy (φt=1) is remunerated according to the upward
regulation energy price, whereas if the net regulation energy is negative (φt=0), the PSHP
must pay the downward regulation energy price. If φt=1, es,dw

t = 0 by equation (3.40) and
es,up

t equals the right-side of equation (3.38). Analogously, if φt=0, es,up
t = 0 by equation

(3.39) and es,dw
t equals the right-side of equation (3.38).

es,up
t − es,dw

t =
∑

c

[
ρup

t

(
gd,s,up

c,t + gp,s,up
c,t

)
−ρdw

t

(
gd,s,dw

c,t + gp,s,dw
c,t

)
∀t
]

(3.38)

0 ≤ es,up
t ≤ φt · gd

c,k1 ∀t (3.39)

0 ≤ es,dw
t ≤ (1− φt) gd

c,k1 ∀t (3.40)

Consider the PSHP as a price-maker in the secondary regulation reserve market (and in
all markets in general) makes the income from the market a non-linear function, because
it is the result of the marginal price multiplied by the reserve. Several approaches have
been adopted in the literature to model the residual demand curves in the day-ahead en-
ergy market (it also applies for the reserve market) and to cope with the said nonlinearity
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[Marulanda et al., 2005]: 1) polynomial approximation, 2) piecewise linear approximation,
and 3) stepwise approximation. The method adopted in this Thesis is a linear approxima-
tion of the entire residual demand curve of the reserve market, which is, therefore, defined
by a slope and an intercept [Calmarza & de la Fuente, 2002]. Due to this, the income in the
reserve market is a quadratic function of the agent reserve offer. According to the results ob-
tained in [Marulanda et al., 2005], the deviation due to the use of a linear residual demand
curve of the reserve market in comparison to a multi-step residual demand curve of the reserve
market is expected to be lower than 2% of the estimated income.

The income for the upward
(
gd,s,up

c,t + gp,s,up
c,t

)
and downward

(
gd,s,dw

c,t + gp,s,dw
c,t

)
reserves

in a given scenario, IS,n is directly the result of the total reserves multiplied by the marginal
reserve price (3.41), λS,n,t. The marginal reserve price λS,n,t is estimated as a linear approx-
imation of the residual demand curve of the reserve market (3.42). If (3.42) is included in
(3.41), the income of the upward and downward reserves can be expressed as a quadratic
function of the marginal reserve price (3.43). Note that the fraction and the term between
brackets in (3.43) is the total (upward and downward) secondary regulation reserves, i.e., the
expression between brackets in (3.41), expressed as a function of the intercept and the slope
of the linear approximation of the residual demand curve of the reserve market.

IS,n =
∑

t

∑
c

(
gd,s,up

c,t + gp,s,up
c,t + gd,s,dw

c,t + gp,s,dw
c,t

)
λS,n,t ∀n (3.41)

λS,n,t = λo
S,n,t + λm

S,n,t ·
∑

c

(
gd,s,up

c,t + gp,s,up
c,t + gd,s,dw

c,t + gp,s,dw
c,t

)
∀n, t (3.42)

IS,n =
∑

t

1
λm

S,n,t

(
λS,n,t − λo

S,n,t

)
· λS,n,t ∀n (3.43)

3.2.6 Other Constraints

A pump-turbine unit cannot be operated simultaneously in generating and pumping modes
(3.44).

ud
c,t + up

c,t ≤ 1 ∀c, t (3.44)

Moreover, a PSHP usually comprises a single penstock between the upper reservoir and the
power station so it cannot operate simultaneously in generating and pumping modes (the
whole plant), regardless of the number of pump-turbine units. Consequently, if there is at
least one unit operating in pumping mode, no unit can be operated in generating mode, and
vice versa (3.45). For instance, if the PSHP is composed by three units (C = 3) and unit c1 is
pumping (up

c1,t = 1), the right-side of equation (3.45) is zero when the equation is evaluated
for c = c1 and, therefore, the rest of the units have an off state in generating mode, i.e.
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ud
c2,t = ud

c3,t = 0, left-side of the equation. Due to (3.44), when a unit is in pumping mode, it
cannot be in generating mode, i.e. ud

c1,t = 0 as up
c1,t = 1.

∑
c′ 6=c

ud
c′,t ≤ (C− 1)− (C− 1)up

c,t ∀c, t (3.45)

Finally, start-up decisions are modelled in generating mode by (3.46) and in pumping mode
by (3.47).

yd
c,t ≥ ud

c,t − ud
c,t−1 ∀c, t (3.46)

yp
c,t ≥ u

p
c,t − u

p
c,t−1 ∀c, t (3.47)

3.3 Model formulation for SC-PSHP

The model formulation of PSHPs with the operation in hydraulic short-circuit mode and
equipped with fixed-speed binary units is composed by equations (3.1)-(3.47), except (3.45)
and forcing that the units are operated in pumping mode with fixed speed. The latter condi-
tion is implemented if the minimum consumed power and the minimum pumped water equal
the maximum consumed power and the maximum pumped water, respectively. Due to this,
(3.19)-(3.28) and (3.33)-(3.36) significantly change, permitting that each unit is operated at
a single operating point in pumping mode without participating in the secondary regulation
reserve market in the said mode. Equation (3.45) must be removed due to the operation in
hydraulic short-circuit mode, as if one unit is operated in generating mode, the rest can be
also be operated in generating mode or in pumping mode.

The model formulation of PSHPs with the operation in hydraulic short-circuit mode and
equipped with fixed-speed ternary units is the same as the one equipped with fixed-speed
binary units, and removing 3.44, because a ternary unit can be operated simultaneously in
generating and pumping mode.

3.4 Model formulation for FS-PSHP

The model formulation of conventional PSHPs, i.e., equipped with fixed-speed units and
without the operation in hydraulic short-circuit mode, is composed by equations (3.1)-(3.47)
forcing that the units are operated in pumping mode with fixed speed, i.e., the minimum
consumed power and the minimum pumped water equal the maximum consumed power and
the maximum pumped water, respectively.
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3.5 Case study

The proposed risk-averse optimisation model with look-ahead period is applied to obtain the
optimal operation of nine PSHPs equipped with fixed-speed pump-turbine units, Table 3.5,
with variable-speed pump-turbine units with an operating range in pumping mode between
the maximum and the 85% of the maximum pumped water, Table 3.6, and with variable-
speed pump-turbine units with an operating range in pumping mode between the maximum
and the 70% of the maximum pumped water, Table 3.7.

The nine PSHPs are chosen in order to cover almost all the range of daily-cycle PSHPs:
between 4-12 hours of empting or refilling the upper reservoir at maximum water discharge
and pumped water flow, respectively. The PSHPs are assumed to be equipped with one
binary unit. The maximum generation capacity of the 6h-12h units is close to the one of the
largest hydropower units in the world: see [Bonneville Power Administration, ] for further
information about the 805 MW turbine in the Columbia River or see [Alstom, ] about the
800 MW Francis turbines at the Chinese Xiangjiaba underground hydropower plant. The 4h
and 5h units are also studied for illustrative purposes although their maximum generation
capacity is higher. Unpublished results of the Thesis author show that the conclusions are
the same for both a 1x1200 MW PSHP and a 2x600 MW PSHP.

The upper reservoir has a storage capacity of 5.0443 Mm3 in all cases, and the max-
imum water discharge and pumped water flow have been chosen in order to empty and re-
fill the upper reservoir in 4-12 hours. For example, the 6h PSHP empties/refills the up-
per reservoir in six hours at its maximum water discharge/pumped water. The gross head
is considered to be 400 m while the hydraulic losses are considered 3% of the gross head
[U.S. Bureau of Reclamation, 1976].

In generating mode, the minimum flow and efficiencies at maximum and minimum flows
are determined from typical performance curves in [U.S. Bureau of Reclamation, 1976]. A
linear relationship between water discharge and power generation is assumed. The fixed-
speed and variable-speed pump-turbine units are assumed to have a typical efficiency of 90%
in pumping mode according to [Merino & Lopez, 1996]. Start-up costs in generating and
pumping modes have been calculated following the guidelines of [Nilsson & Sjelvgren, 1997].
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TABLE 3.5: Technical data of the fixed-speed pump-turbine units. g refers to power, q refers
to flow and cSU refers to start-up cost. Superscript d refers to generating mode whereas p
refers to pumping mode. Flows in m3/s, power in MW and start-up costs in €

4h 5h 6h 7h 8h 9h 10h 11h 12h

gd 1200 960 800 685.71 600 533.33 480 436.36 400

gd 529.01 423.21 352.67 302.29 264.5 235.11 211.6 192.37 176.34

qd 350.3 280.24 233.53 200.17 175.15 155.69 140.12 127.38 116.77

qd 150.63 120.5 100.42 86.07 75.31 66.95 60.25 54.77 50.21

gp 1573.12 1258.5 1048.75 898.93 786.56 699.16 629.25 572.04 524.37

qp 350.3 280.24 233.53 200.17 175.15 155.69 140.12 127.38 116.77

gp 1573.12 1258.5 1048.75 898.93 786.56 699.16 629.25 572.04 524.37

qp 350.3 280.24 233.53 200.17 175.15 155.69 140.12 127.38 116.77

cSUd 3971.1 3202 2689.2 2323 2048.3 1834.6 1663.7 1523.8 1407.3

cSUp 4078.3 3287.7 2760.7 2384.2 2101.8 1882.2 1706.5 1562.8 1443

TABLE 3.6: Technical data of the variable-speed pump-turbine units with an operating
range between the maximum and the 85% of the maximum pumped water

4h 5h 6h 7h 8h 9h 10h 11h 12h

gd 1200.00 960.00 800.00 685.71 600.00 533.33 480.00 436.36 400.00

gd 529.01 423.21 352.67 302.29 264.50 235.11 211.60 192.37 176.34

qd 350.30 280.24 233.53 200.17 175.15 155.69 140.12 127.38 116.77

qd 150.63 120.50 100.42 86.07 75.31 66.95 60.25 54.77 50.21

gp 1573.12 1258.50 1048.75 898.93 786.56 699.16 629.25 572.04 524.37

qp 350.30 280.24 233.53 200.17 175.15 155.69 140.12 127.38 116.77

gp 1326.34 1061.08 884.23 757.91 663.17 589.49 530.54 482.31 442.11

qp 297.75 238.20 198.50 170.14 148.88 132.33 119.10 108.27 99.25

cSUd 3971.1 3202 2689.2 2323 2048.3 1834.6 1663.7 1523.8 1407.3

cSUp 4078.3 3287.7 2760.7 2384.2 2101.8 1882.2 1706.5 1562.8 1443
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TABLE 3.7: Technical data of the variable-speed pump-turbine units with an operating
range between the maximum and the 70% of the maximum pumped water

4h 5h 6h 7h 8h 9h 10h 11h 12h

gd 1200.00 960.00 800.00 685.71 600.00 533.33 480.00 436.36 400.00

gd 529.01 423.21 352.67 302.29 264.50 235.11 211.60 192.37 176.34

qd 350.30 280.24 233.53 200.17 175.15 155.69 140.12 127.38 116.77

qd 150.63 120.50 100.42 86.07 75.31 66.95 60.25 54.77 50.21

gp 1573.12 1258.50 1048.75 898.93 786.56 699.16 629.25 572.04 524.37

qp 350.30 280.24 233.53 200.17 175.15 155.69 140.12 127.38 116.77

gp 1084.83 867.86 723.22 619.90 542.41 482.15 433.93 394.48 361.61

qp 245.21 196.17 163.47 140.12 122.60 108.98 98.08 89.17 81.74

cSUd 3971.1 3202 2689.2 2323 2048.3 1834.6 1663.7 1523.8 1407.3

cSUp 4078.3 3287.7 2760.7 2384.2 2101.8 1882.2 1706.5 1562.8 1443

The imperfect information in all the electric power system data of the problem is considered
following the results obtained in Section 3.1:

1. The imperfect information of the day-ahead energy market prices is modelled forecasting
three representative scenarios. Each corresponds to a 24-h price profile obtained from
the forecasting model of Case H from the article entitled “Value of Perfect Information
of Spot Prices in the Joint Energy and Reserve Hourly Scheduling of Pumped Storage
Plants” from this Thesis: a GARCH(1,3) and ARIMAX(10,1,0) with the forecast wind
power of the system as explanatory variable. In the autoregressive polynomial, the
terms with lags 1, 2, 3, 4, 24, 144, 168, 169, 192 and 193 have a non-zero coefficient.

2. The imperfect information of the residual demand curves of the secondary regulation
reserve market is modelled with an expected value. The expected values correspond to
the ones of the Case E from the article entitled “Economic Impact of Forecasting Errors
in Residual Reserve Curves in the Day-ahead Scheduling of Pumped Storage Plants”
from this Thesis: a SARIMA(0, 1, 1)(0, 1, 1)24.

3. The imperfect information of the secondary regulation energy prices is modelled with
an expected value. The expected values correspond to the ones of the Case C presented
in subsection 3.1.3.

4. The imperfect information of the percentages of the real-time use of reserves is mod-
elled with an expected value. The expected values correspond to the ones of the Case
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C presented in Section 3.1.4: the transmission system operator will use 0% of the com-
mitted upward secondary regulation reserves and 100% of the committed downward
secondary regulation reserves, in all hours.

3.6 Methodology

The methodology here used to obtain the optimal energy and reserve schedules is based
on the one from the article entitled “Deriving Optimal End of Day Storage for Pumped-
Storage Power Plants in the Joint Energy and Reserve Day-ahead Scheduling” from this
Thesis. The optimisation models described in Section 3.2 and 3.4 are used to obtain the income
with and without the look-ahead period, with and without participating in the secondary
regulation service and with and without assuming perfect information of the electric power
system data. When perfect information is assumed, the obtained income corresponds to
the maximum theoretical income whereas when imperfect information is considered, a post-
optimal simulation process must be carried out. The post-optimal simulation process requires
to calculate the actual income from all the above-described markets and services using the
historical prices of the electric power system data of the problem, and to calculate the actual
volume trajectory of due to the errors in forecasting the real-time use of reserves.

The operation and incomes of the above-described PSHPs are obtained for an entire year
(2014), running the model with a branch and cut algorithm in Cplex in a 2.2 GHz Dual Core
AMD Turion CPU, with 4 GB of RAM memory, day by day, over the 365 days of the year in
order to:

1. prove that the methodology with a look-ahead period to derive the end-of-day storages
is feasible for realistic PSHPs even taking into account imperfect information of the
electric power system data1.

2. quantify the extent to which the methodology with a look-ahead period can enlarge the
income with respect to strategies without look-ahead period even taking into account
imperfect information of the electric power system data.

3. quantify the extent to which the participation, with the methodology with a look-
ahead period, in the day-ahead energy market and in the secondary regulation service,
can enlarge the income with respect to the participation only in the day-ahead energy
market.

1Note that in the article entitled “Deriving Optimal End of Day Storage for Pumped-Storage Power Plants
in the Joint Energy and Reserve Day-ahead Scheduling” from this Thesis, it was proven that the methodology
with a look-ahead period to derive the end-of-day storages is feasible for realistic PSHPs assuming perfect
information
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4. quantify the extent to which the incomes from PSHPs equipped with variable-speed
pump-turbine units can be enlarged with respect to the ones from PSHPs equipped
with fixed-speed units, with the methodology with a look-ahead period, participating in
the day-ahead energy market and in the secondary regulation service, and with imperfect
information.

3.7 Results and discussion

The incomes per MW of installed capacity in generation mode for the above-described PSHPs
equipped with fixed-speed pump-turbine units are presented in Figure 3.1 with perfect inform-
ation of the electric power system data, and in Figure 3.2 with imperfect information of the
electric power system data. Note that the results here shown correspond to the risk-neutral
version (µ = 0) of the optimisation models described in Chapter 3.

The incomes shown in Figure 3.1 have been previously presented in the article entitled
“Deriving Optimal End of Day Storage for Pumped-Storage Power Plants in the Joint Energy
and Reserve Day-ahead Scheduling” from this Thesis, but they are here presented again to
facilitate the reader the comparisons with respect to the incomes shown in Figure 3.2. Note
that “Income with look ahead” corresponds to the ones obtained with the SRS D+1 and DM
D+1 strategies and that the “Income w/o look ahead” corresponds to the ones obtained with
the SRS V0 and DM V0 strategies from the above-mentioned article from this Thesis.

Figure 3.1: Annual income per MW of the installed capacity in generating mode of each
PSHP equipped with fixed-speed pump-turbine units, participating only in the day-ahead
energy market (left chart) and also in the secondary regulation service (right chart) with and
without look-ahead period, and assuming perfect information

Whether imperfect information is considered in the electric power system data (see Figure
3.2), the income per MW of installed capacity decreases in comparison to the ones obtained
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assuming perfect information. It is important to note that the decrease is also called the VPI
or the profit loss due to the errors in the forecasting models of the electric power system data.
If the PSHPs only participate in the day-ahead energy market, the VPI is between 32.7-44.6%.
Note that the VPI for the 6h PSHP is the same as the best Case obtained in the article entitled
“Value of perfect information of spot prices in the joint energy and reserve hourly scheduling of
pumped storage plants” from this Thesis (Case H, 36.4%). The VPI monotonically increases
as the number of hours increases (4-12h), or as the installed capacity of the PSHP decreases
(1200-400 MW): the 4h/12h PSHP obtains the lowest/highest VPI in the day-ahead energy
market. If the PSHPs also participate in the secondary regulation service, the VPI is between
27.6-52.8%. Note that, in this situation, the VPI for the 6h PSHP (31.1%) is not the same as
the best Case obtained in the article entitled “Value of perfect information of spot prices in the
joint energy and reserve hourly scheduling of pumped storage plants” from this Thesis (Case
H, 26.9%) because the imperfect information of the residual demand curves of the reserve
market, the secondary regulation energy prices and the percentages of the real-time use of
reserves are also considered in the former result. The VPI monotonically decreases as the
number of hours increases (4-12h), or as the installed capacity of the PSHP decreases (1200-
400 MW). It is also important to highlight that the VPI of all the electric power system data
at the same time in the optimisation model (31.1% for the 6h PSHP) does not coincide and
is lower than the sum of the VPI of each electric power system data calculated independently
(26.9% for the day-ahead energy market prices, 6% for the residual demand curves of the
reserve market, 1.8% for the secondary regulation energy prices, and 4.9% for the percentages
of the real-time use of reserves, i.e., 39.6%).

Furthermore, whether the look-ahead period is included in the methodology, the income
increases in all PSHPs also considering imperfect information in the electric power system
data, between 10.4-82.3% if the PSHPs only participate in the day-ahead energy market,
and between 6.3-31% if the PSHPs also participate in the secondary regulation service. The
income monotonically decreases as the number of hours increases (4-12h), or as the installed
capacity of the PSHP decreases (1200-400 MW) if the PSHPs only participate in the day-
ahead energy market, and firstly decreases and secondly increases as the number of hours
increases (4-12h), or as the installed capacity of the PSHP decreases (1200-400 MW) if the
PSHPs also participate in the secondary regulation service.
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Figure 3.2: Annual income per MW of the installed capacity in generating mode of each
PSHP equipped with fixed-speed pump-turbine units, participating only in the day-ahead
energy market (left chart) and also in the secondary regulation service (right chart) with and
without look-ahead period, and with imperfect information

The use of variable-speed pump-turbine units increases the income per MW of installed
capacity in generation mode in all PSHPs participating in the day-ahead energy market and
in the secondary regulation service, taking into account imperfect information of the electric
power system data and using the look-ahead period in the methodology (see Figure 3.3).
The incomes monotonically increases as the number of hours increases (4-12h), or as the
installed capacity of the PSHP decreases (1200-400 MW). Besides, the incomes increases as
the operating range in pumping mode becomes wider: between 30.7-61.8% comparing the
PSHPs equipped with fixed-speed and 15q-variable-speed pump-turbine units, and between
51.7-84.9% comparing the PSHPs equipped with fixed-speed and 30q-variable-speed pump-
turbine units.

Furthermore, similarly as it was carried out in the article entitled “Economic Viability of
Pumped-Storage Power Plants Participating in the Secondary Regulation Service” from this
Thesis, Figure 3.3 also compares the income per MW in 2014 of PSHPs equipped with fixed-
speed and variable-speed pump-turbine units to the ones obtained by three real closed-loop
and daily-cycle PSHPs that are currently operating in the Iberian electricity system. Note
that the number of hours to empty the upper reservoir of each real PSHP is deployed in
Figure 3.3. For the sake of clarity, one of the real PSHP empties the upper reservoir in 16
hours but it is depicted with 12 hours. Although the economic results of the real PSHPs are
publicly available in the information system of the Spanish transmission system operator, the
Thesis author prefers not to reveal their names. It is important to remark that the income
of the real PSHPs comes from more markets: the day-ahead energy market, the intraday

96



markets, the congestion management markets of the day-ahead energy market, the secondary
and the tertiary regulation services, the real-time congestion management market and, finally,
the balancing market. The incomes obtained by the PSHPs equipped with fixed-speed units
with the models proposed in the Thesis are notably higher than the ones obtained by the
real PSHPs (the real PSHPs are not equipped with variable-speed units), and are able to be
significantly higher whether the PSHPs use variable-speed pump-turbine units. Note that in
this result, imperfect information is considered as it is the situation of the operation of the
real PSHPs.

Figure 3.3: Annual income per MW of the installed capacity in generating mode of each
PSHP equipped with fixed-speed (FS) or variable-speed pump-turbine units (15q and 30q),
participating in the day-ahead energy market and in the secondary regulation service with
look-ahead period and with imperfect information. The results are compared to the ones
obtained from real PSHPs
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Chapter 4

Conclusions

This chapter presents the main conclusions and contributions of the Thesis in addition to
the several gaps and challenges that are still pending to be covered and in which the Thesis
author would like to work in the coming years.

4.1 Conclusions

Regarding the main conclusions of the Thesis, they can be divided into:

1. It has been proven in the Thesis that the value of perfect information of the day-
ahead energy prices in the operation of a closed-loop and daily-cycle pumped-storage
hydropower plant, participating in the day-ahead energy market as a price-taker and
in the secondary regulation reserve market as a price-maker, is significant. It is shown
that the mentioned value is 28.9% of the maximum theoretical income as the mean
value between all the Cases analysed and in the context of the case study presented
in the article entitled “Value of Perfect Information of Spot Prices in the Joint Energy
and Reserve Hourly Scheduling of Pumped Storage Plants”. However, it is interesting
to remark that the participation in the secondary regulation service reduces notably
the value of perfect information in % of the maximum theoretical income, comparing
to participate only in the day-ahead energy market: from 39.9% to 28.9% as the mean
values between all the Cases analysed.

2. The economic impact of forecasting errors in the residual demand curves of the secondary
regulation reserve market has been also analysed in the context of the hourly energy and
reserve scheduling of a closed-loop and daily-cycle pumped-storage hydropower plant.
The pumped-storage hydropower plant has been allowed to participate in the day-ahead
energy market as a price-taker and in the secondary regulation reserve market as a
price-maker. The economic impact was found to be 6-8% of the maximum theoretical
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income, which is significantly lower than the impact of the errors in forecasting the
day-ahead energy prices. Therefore, it seems reasonable to conclude that among all
the uncertain variables involved in the day-ahead energy and reserve scheduling, the
residual demand curves of the secondary regulation reserve market can be modelled
with an expected value in order to reduce the computational burden in a stochastic
optimization scheduling model.

3. It has been proven in the Thesis that the value of perfect information of the secondary
regulation energy prices in the operation of a closed-loop and daily-cycle pumped-storage
hydropower plant, participating in the day-ahead energy market as a price-taker and in
the secondary regulation reserve market as a price-maker, is significantly lower than the
value of perfect information of the day-ahead energy prices. It is shown that the former is
between 1.8-5% of the maximum theoretical income in all the cases analysed. Therefore,
it seems reasonable to conclude that among all the uncertain variables involved in the
day-ahead energy and reserve scheduling, the secondary regulation energy prices can
be modelled with an expected value in order to reduce the computational burden in a
stochastic optimization scheduling model.

4. It has been proven in the Thesis that the value of perfect information of the percent-
ages of the real-time use of the committed upward and downward secondary regulation
reserves, in the operation of a closed-loop and daily-cycle pumped-storage hydropower
plant, participating in the day-ahead energy market as a price-taker and in the sec-
ondary regulation reserve market as a price-maker, is significantly lower than the value
of perfect information of the day-ahead energy prices. It is shown that the former is
5% of the maximum theoretical income in the case of considering 0% and 100% for the
real-time use of the upward and downward reserves, respectively, in all hours. There-
fore, it seems reasonable to conclude that among all the uncertain variables involved
in the day-ahead energy and reserve scheduling, the percentages of the real-time use of
the committed upward and downward secondary regulation reserves can be modelled
with an expected value in order to reduce the computational burden in a stochastic
optimization scheduling model.

5. In the presented Thesis, the economic viability of twelve closed-loop and daily-cycle
pumped-storage hydropower plants equipped with binary or ternary units, with and
without the variable speed technology and with and without considering the operation
in hydraulic short-circuit mode has been evaluated. The pumped-storage hydropower
plants were assumed to participate in the day-ahead energy market as a price-taker and
in the day-ahead secondary regulation reserve market as a price-maker. In addition, the
net income from the real-time use of the committed reserves was also taken into account
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within the model formulation. The economic viability has been studied by means of the
minimum theoretical pay-back periods, which have been estimated considering different
investment costs values per MW of the installed capacity according to the technical
literature. Results show that the minimum theoretical pay-back periods of the pumped-
storage hydropower plants are in most cases lower than their lifetime, if the investment
cost of the base case (the pumped-storage hydropower plant with fixed-speed binary
units) is lower than 2.5 M€/MW. Therefore, the economic viability is not discarded.
The pumped-storage hydropower plants with the variable speed technology and full
converter with and without the possibility to operate in hydraulic short-circuit mode,
and the pumped-storage hydropower plant with ternary units and being operated in
hydraulic short-circuit mode obtain the lowest minimum theoretical pay-back periods.
Furthermore, the inclusion of the variable speed technology or the operation in hydraulic
short-circuit mode decrease significantly the minimum theoretical pay-back periods of
pumped-storage hydropower plants. In addition to this, it has been also proven that
the maximum theoretical income, obtained with an optimization model developed in
the Thesis, of the proposed pumped-storage hydropower plants are notably higher in
comparison to the real income obtained by pumped-storage hydropower plants that are
currently operating in the Iberian system.

6. In the presented Thesis, a new methodology to maximise the income and determine the
optimal end-of-day storage of closed-loop and daily-cycle pumped-storage hydropower
plants participating in the day-ahead energy and the secondary regulation reserve mar-
kets is presented in this paper. The methodology uses a look-ahead period with future
information of the electricity power system data. The plants participate in the day-
ahead energy market as a price-taker and in the secondary regulation reserve market
as a price-maker. The real-time use of the committed reserves is also considered in the
model formulation. The results obtained indicate that using a look-ahead period of one
day is sufficient to highly increase the income without a significant increase in the CPU
time consumption. Furthermore, the proposed methodology enlarges the maximum the-
oretical income of the plants between 455-9645 €/MW of the installed capacity if they
only participate in the day-ahead energy market and between 519-10388 €/MW of in-
stalled capacity if they also participate in the secondary regulation reserve service, in
comparison to methodologies without a look-ahead period. The relative increase in the
maximum theoretical income strongly depends on the size of the plant. In addition, it
has been proven that the end-of-day storage have a less extreme behaviour in the new
reserve-driven strategies of pumped-storage hydropower plants and that the proposed
methodology with a look-ahead period is even more recommended if the secondary reg-
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ulation service is considered.

7. Whether imperfect information is considered in all the electric power system data, the in-
come per MW of installed capacity decreases in comparison to the ones obtained assum-
ing perfect information. If the pumped-storage hydropower plants only participate in
the day-ahead energy market, the mentioned decrease is between 32.7-44.6% of the max-
imum theoretical income, and monotonically increases as the installed capacity of the
pumped-storage hydropower plant decreases. If the pumped-storage hydropower plants
also participate in the secondary regulation service, the mentioned decrease is between
27.6-52.8%, and monotonically decreases as the installed capacity of the pumped-storage
hydropower plant decreases. Furthermore, the value of perfect information of all the
electric power system data at the same time in the optimisation model (31.1% of the
maximum theoretical income for the reference pumped-storage hydropower plant) does
not coincide and is lower than the sum of the values of perfect information of each
electric power system data calculated independently (26.9% for the day-ahead energy
market prices, 6% for the residual demand curves of the reserve market, 1.8% for the
secondary regulation energy prices, and 4.9% for the percentages of the real-time use of
reserves, i.e., 39.6%).

8. Whether imperfect information is considered in all the electric power system data, the
use of variable-speed pump-turbine units increases the income per MW of installed capa-
city in generation mode in comparison to pumped-storage hydropower plants equipped
with fixed-speed pump-turbine units participating in the day-ahead energy market and
in the secondary regulation service. The incomes per MW monotonically increase as the
installed capacity of the pumped-storage hydropower plant decreases. Besides, the in-
comes per MW increase as the operating range in pumping mode of the variable-speed
pump-turbine units becomes wider: between 30.7-61.8% comparing pumped-storage hy-
dropower plants equipped with fixed-speed units and with variable-speed units with an
operating range in pumping mode between 85-100% of the nominal pumped water flow,
and between 51.7-84.9% comparing pumped-storage hydropower plants equipped with
fixed-speed units and with variable-speed units with an operating range in pumping
mode between 70-100% of the nominal pumped water flow.

9. The incomes per MW in 2014 of pumped-storage hydropower plants equipped with fixed-
speed and variable-speed pump-turbine units obtained using the models developed in
the Thesis and considering imperfect information in all the electric power system data
of the problem are compared to the real ones (publicly available in the Spanish system)
obtained by three real closed-loop and daily-cycle pumped-storage hydropower plants
that are currently operating in the Iberian electricity system. It is important to remark
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that the income of the real pumped-storage hydropower plants comes from more markets
than the ones proposed to participate the pumped-storage hydropower plants in the
Thesis: the day-ahead energy market, the intraday market, the congestion management
markets of the day-ahead energy market, the secondary and the tertiary regulation
services, the real-time congestion management market and the balancing market. The
incomes obtained by the pumped-storage hydropower plants equipped with fixed-speed
units using the models developed in the Thesis are notably higher than the ones obtained
by the real pumped-storage hydropower plants, and are able to be significantly higher
whether the pumped-storage hydropower plants use variable-speed pump-turbine units.
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4.2 Future works

Regarding the main future works that the Thesis author would like to work in the coming
years, they are divided into:

1. The optimisation models presented in the Thesis propose the pumped-storage hydro-
power plants to participate in the day-ahead energy market and in the secondary regu-
lation reserve market, also taking into account the secondary regulation energy due to
the real-time use of the reserves. In this context, the Thesis author proposes as a fu-
ture work to include in the model formulation the participation in the intraday market.
Note that the description of the main features of the Spanish intraday market can be
seen in subsection 1.2.2. The main goal of the participation in the intraday market is
to correct deviations due to the errors in forecasting the real-time use of reserves. How-
ever, the inclusion of the intraday market is challenging as new uncertainty sources are
introduced, making the scheduling even more complex. At least six new uncertainty
sources are introduced, one for each cleared price of each session of the intraday market
of the Spanish power system.

2. The optimisation models presented in the Thesis propose the pumped-storage hydro-
power plants to participate in the day-ahead energy market and in the secondary regu-
lation reserve market, also taking into account the secondary regulation energy due to
the real-time use of the reserves. In this context, the Thesis author proposes as a future
work to include in the model formulation the participation in the tertiary regulation ser-
vice. Note that the description of the main features of the Spanish tertiary regulation
service can be seen in subsection 1.2.2. One of the main characteristics of the pumped
storage technology is that it is able to ramp-up and down pretty fast. Therefore, it is a
technology well-prepared to participate in the secondary regulation service, with a time
response of 2 minutes, and even better for the participation in the tertiary regulation
service. Including the tertiary regulation service allows the pumped-storage hydropower
plants to have more market opportunities and, at the end, to enlarge the income and
make the investment more profitable. Nevertheless, the inclusion of the tertiary reg-
ulation service is challenging as new uncertainty sources are introduced, making the
scheduling even more complex. At least four new uncertainty sources are introduced:
i) the upward tertiary regulation energy prices, ii) the downward tertiary regulation
energy prices, iii) the upward tertiary regulation requirement and iv) the downward ter-
tiary regulation requirement. Note that the tertiary regulation service only remunerate
for the energy and not for the reserves (capacity) as it is carried out in the secondary
regulation service.
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3. In this Thesis, the value of perfect information of the day-ahead energy prices, the resid-
ual demand curves of the secondary regulation reserve market, the secondary regulation
energy prices and the percentages of the real-time use of the reserves has been analysed
for pumped-storage hydropower plant equipped with fixed-speed pump-turbine units.
It is proposed as a future work to expand the analysis for more flexible pumped-storage
hydropower plants:

(a) variable speed pumped-storage hydropower plants.

(b) pumped-storage hydropower plants operated in hydraulic short-circuit mode.

4. In the presented Thesis, the economic viability of twelve closed-loop and daily-cycle
pumped-storage hydropower plants equipped with binary or ternary units, with and
without the variable speed technology and with and without considering the operation
in hydraulic short-circuit mode has been evaluated assuming perfect knowledge in all the
uncertain data from the Spanish power system. Further work is necessary to estimate
the economic viability of the pumped-storage hydropower plants taking into account the
uncertainty in order to provide a more complete and realistic insight on the economic
viability of pumped-storage hydropower plants.

5. It is also proposed as a future work to analyse the economic viability of the above-
mentioned twelve closed-loop and daily-cycle pumped-storage hydropower plants con-
sidering the participation not only in the day-ahead energy and secondary regulation
reserve markets but also in the intraday markets or in other ancillary services such as
the tertiary regulation service, would be also necessary in order to enlarge the income
and, therefore, to reduce the pay-back periods.

6. Regarding the hierarchical coordination between the long-term and the short-term to
derive end-of-day and end-of-week water storages, the Thesis author proposes as a future
work:

(a) to analyse the extent to which the proposed methodology with a look-ahead period
is able to enlarge the income of pumped-storage hydropower plants without assum-
ing perfect knowledge of the electricity power system data.

(b) to analyse the impact of the proposed methodology with a look-ahead period in
the operation of pumped-storage hydropower plants operating with variable speed
or in hydraulic short-circuit mode.

(c) to analysed the impact in the end-of-day storage of the participation of pumped-
storage hydropower plants in other markets (such as the intraday market) or in
other ancillary services (such as the tertiary regulation service).

104



7. The forecasting models used in the Thesis to predict the electric power system data of
the problem are proposed to be further improved with the aim of reducing the value
of perfect information of the random variables. Among all of them, it is proven in the
Thesis that the day-ahead energy market prices have the highest impact in the operation
and economic results of closed-loop and daily-cycle pumped-storage hydropower plants.
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Nomenclature

Superscripts

d, d′ Indicates that the magnitude is related to generation/discharge. The superscript
d refers to pump-turbine units with variable speed (using a converter). When the
superscript includes the prime symbol, i.e. d′, it refers to pump-turbine units with
fixed speed (without using a converter)

p, p′ Indicates that the magnitude is related to consumption/pumping. The superscript
p refers to pump-turbine units with variable speed (using a converter). When the
superscript includes the prime symbol, i.e. p′, it refers to pump-turbine units with
fixed speed (without using a converter)

s Indicates that the magnitude is related to the secondary regulation service (reserve
or energy)

Sets

c Pump-turbine unit, running from 1 to C

k Discrete generation curves

n Price scenario of the day-ahead energy market, the secondary regulation reserve
market, and the secondary regulation energy

t Hourly period, running from 1 to T

Parameters

β Confidence interval

cSUd
c Start-up cost in generating mode, BC

cSUp
c Start-up cost in pumping mode, BC

δd
c,k Energy coefficient in generating mode, MW/Mm3/h
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δp
c,k Energy coefficient in pumping mode, MW/Mm3/h

gd
c,k, gd

c,k
Maximum and minimum technical power generation, MW

gp′

c,k Maximum technical power consumption of fixed speed pump-turbine units, MW.
Note that the minimum technical power consumption equals the maximum as they
operate with fixed speed

gp
c,k, g

p
c,k Maximum and minimum technical power consumption of variable speed pump-

turbine units, MW

lt Time length of period t, 1 h

λD,n,t Day-ahead energy market price, BC/MWh

λo
S,n,t the intercept of the linear approximation of a residual demand curve of the secondary

regulation reserve market, i.e. the secondary regulation reserve price when the
residual reserve quantity of the system is zero, BC/MW

λm
S,n,t the slope of the linear approximation of a residual demand curve of the secondary

regulation reserve market, BC/MW/MW

λup,n,t Upward secondary regulation energy price, BC/MWh

λdw,n,t Downward secondary regulation energy price, BC/MWh

µ Risk-averse weight factor, µ ∈ [0,1]

ηd
c,k, ηd

c,k Efficiency at maximum and minimum water discharge, %

ηp
c,k, η

p
c,k Efficiency at maximum and minimum pumped water, %

πn Probability of the price scenario

qd′
c,k, qd′

c,k
Maximum and minimum technical water discharge of fixed speed pump-turbine
units, Mm3/h

qd
c,k, qd

c,k
Maximum and minimum technical water discharge of variable speed pump-turbine
units, Mm3/h

qp′

c,k Maximum technical pumped water of fixed speed pump-turbine units, Mm3/h

qp
c,k, q

p
c,k Maximum and minimum technical pumped water of variable speed pump-turbine

units, Mm3/h

ρup
t , ρdw

t Percentage of the real-time use of the upward and downward secondary regulation
reserves with respect to the secondary reserve capacity cleared in the market
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RSM
t Ratio between the upward secondary regulation reserve and the total regulation

reserve, set by the TSO in advance, that needs to be satisfied by the offered reserves
by each agent

v, v Maximum and minimum technical water storage limits of the upper reservoir due
to design characteristics, Mm3

Positive Variables

λS,n,t Secondary regulation reserve market price, BC/MW

Bn Net profit in scenario n, BC

B−n auxiliary variable which is equal to zero when the net profit is higher than the V aR,
and it is equal to the difference between them in the opposite case, BC

V aR Value at risk, BC

CV aR Conditional value at risk, BC

gd
c,t Power generation, MW

gp
c,t Power consumption, MW

qd
c,t, q

p
c,t Total water discharge and total pumped water, which include water for the real-time

use of the upward and downward secondary regulation reserves, Mm3/h

qsd
c,t Water discharge above the minimum technical limit, Mm3/h

qsp
c,t Pumped water above the minimum technical limit, Mm3/h

gd,s,up
c,t Upward secondary regulation reserve in generating mode, MW

gp,s,up
c,t Upward secondary regulation reserve in pumping mode, MW

gd,s,dw
c,t Downward secondary regulation reserve in generating mode, MW

gp,s,dw
c,t Downward secondary regulation reserve in pumping mode, MW

aux_gd,s
c,t Auxiliary variable associated with gd,s,dw

c,t , MW

aux_gp,s
c,t Auxiliary variable associated with gp,s,up

c,t , MW

es,up
t Upward secondary regulation reserve requested in real-time by the TSO, MWh

es,dw
t Downward secondary regulation reserve requested in real-time by the TSO, MWh

vt Water volume of the upper reservoir, Mm3
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Binary Variables

dt Variable used for the discretization of the hydropower generation/consumption curves
to take into account the net head dependency

ud
c,t On/Off state in generating mode

up
c,t On/Off state in pumping mode

yd
c,t 1 if the pump-turbine unit is started-up in generating mode, 0 otherwise

yp
c,t 1 if the pump-turbine unit is started-up in pumping mode, 0 otherwise

φt 1 if there is more upward secondary regulation reserve requested in real-time than
downward regulation reserve, 0 otherwise
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