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Abstract

The declared worldwide target values of variable renewable generation in power systems
have been steadily increasing year after year and this trend is expected to continue in the
near future. These target values will definitely bring invaluable benefits to both the society
and the environment, but also operational challenges to the electric power system. Some of
these challenges are already being experienced in some power systems, but some others are
even difficult to foresee and will show up in the future as the variable renewable generation
continues increasing. Energy storage resources have been devised to help the power system
to accommodate higher values of variable renewable energy, especially in power systems
with little inertia like the islands.

This thesis deals with the operation of isolated power systems with high penetration
of variable renewable generation and pumped-storage. Once the most relevant articles
from the scientific and technical literature have been reviewed, the main research gaps and
challenges that have been detected and suggested to be carried out in this thesis, can be
summarised as follows:

1. The hierarchical coordination between the long- or medium- and short-term optimisa-
tion models to manage the energy storage in the upper reservoir of a pumped-storage
hydropower plant has to be further analysed. There is a gap in the literature con-
cerning the realistic estimation of the storage opportunity cost, i.e. water value, in
isolated power systems with high penetration of both variable renewable generation
and pumped-storage.

2. The contribution of flexible pumped-storage hydropower plant configurations to re-
duce the system’s scheduling cost and renewable energy curtailment in isolated power
systems with high penetration of variable renewable generation, needs to be rigor-
ously analysed with realistic generation scheduling models and procedures.

3. There is a research gap and a challenge in the provision of a realistic short-term
generation scheduling model of an isolated power system with high penetration of
variable renewable generation and pumped-storage, that simultaneously calculates
the next-day scheduling cost and the storage opportunity cost while considering the

xix
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intra-hourly variable renewable generation variability, with an acceptable computa-
tional time for the day to day work of the power system operator.

4. There is a lack of a comprehensive review of the regulatory changes regarding fre-
quency control ancillary services, which have been recently implemented in some
power systems worldwide or are currently under development, that aim to fairly
compensate the superior capability of some energy storage systems to provide such
ancillary services.

This thesis presents a two-stage stochastic linear programming optimisation model to
calculate the water value with a low computational time that can be used every day by
the power system’s operator so as to update the storage opportunity cost in the system.

This thesis provides a novel two-stage stochastic unit commitment model based on
mixed-integer linear programming that simultaneously calculates the next-day generation
schedule and the storage opportunity cost while considering the intra-hourly variability
of the variable renewable generation. The model uses an approach based on the Benders
decomposition technique in order to increase its computational efficiency making it useful
for the daily work of a power system operator.

The results obtained with the optimisation models proposed in this thesis point to
the use of optimisation models that do not assume the usual simplifications made by the
traditional unit commitment models that lead to hidden inflexibilities, e.g. unfeasible
generation schedules, when real-time dispatch is applied.

This thesis analyses the contribution of flexible pumped-storage hydropower plant con-
figurations in an isolated power system with high penetration of wind generation to reduce
the scheduling cost and to reduce the wind energy curtailment, among others, by means
of a realistic generation scheduling procedure which considers variable start-up costs and
power trajectories of the thermal generating units as a function of the time that the unit
has remained off-line since the previous shut-down and the water value. The results ob-
tained have shown that flexible configurations of pumped-storage hydropower plants can
positively contribute to increase the flexibility of isolated power systems, allowing them to
reach higher levels of variable renewable energy and reducing the power system scheduling
cost. However, this contribution might not be enough to afford the investment required to
build a pumped-storage hydropower plant with the current energy markets remuneration
mechanisms.

This thesis provides a review of the frequency control ancillary services that value the
response speed of the frequency control provider, that are currently in force or in a devel-
opment phase in power systems worldwide, since the frequency control ancillary services
have been pointed as an important source of income for energy storage resources. The
results obtained suggest that, with a proper design of both the frequency control ancillary

Generation scheduling in isolated power systems with high penetration of variable renewable generation
and pumped-storage
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services technical requirements and payments, fast-acting energy storage resources can help
improve the quality of the power system’s frequency to a greater extent than conventional
generation resources and decrease the total amount of frequency control reserve.
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Resumen

El aumento sostenido de la penetración de generación renovable intermitente en los
sistemas eléctricos de potencia a nivel mundial que se ha producido en los últimos años
y que se espera que continúe en los próximos, conllevará sin duda beneficios inestimables
tanto para la sociedad como para el medio ambiente, pero también plantea desafíos en la
operación de dichos sistemas. Algunos de estos desafíos ya se están experimentando pero
otros son incluso difíciles de prever e irán apareciendo a medida que dicha penetración de
generación renovable intermitente aumente. Los sistemas de almacenamiento de energía son
considerados elementos clave para ayudar a los sistemas eléctricos de potencia a alcanzar
mayores niveles de penetración de generación renovable intermitente, siendo especialmente
importantes en el caso de sistemas eléctricos de potencia con poca inercia como son los
insulares.

Esta tesis aborda la operación de sistemas eléctricos de potencia aislados con alta
penetración de generación renovable intermitente y una central de turbinación-bombeo
reversible. Una vez realizada la revisión de la literatura técnica y científica, los principales
retos que han sido detectados y que se han incluido en los objetivos de esta tesis, se
presentan a continuación:

1. La coordinación entre el largo/medio y corto plazo para gestionar el almacenamiento
de energía en el embalse superior de la central reversible debe de ser analizado con
un mayor grado de detalle. No se ha encontrado en la literatura científica una esti-
mación realista del coste de oportunidad del almacenamiento, conocido como valor
del agua, en sistemas eléctricos aislados con una alta penetración generación renov-
able intermitente y con una alta capacidad de bombeo de la central reversible.

2. No existen trabajos previos que hayan analizado la contribución de configuraciones
flexibles de centrales reversibles en sistemas eléctricos de potencia aislados con alta
penetración de generación renovable intermitente, mediante el uso de procedimientos
y modelos de programación de la generación realistas.

3. No se ha encontrado ningún modelo de programación de la generación a corto plazo

xxiii



xxiv Resumen

que calcule de manera simultánea el programa de generación del día siguiente y el
coste de oportunidad del almacenamiento considerando además la variabilidad dentro
de la hora de la demanda neta, con un tiempo de cálculo adecuado como para ser
utilizado diariamente por un operador del sistema eléctrico.

4. No se ha encontrado una revisión completa de los cambios normativos relativos a
la provisión de servicios de control de la frecuencia que se han producido reciente-
mente en algunos sistemas eléctricos o, que están en fase de desarrollo, que tienen
por objeto el compensar de manera más justa la mayor capacidad de respuesta de
algunos sistemas de almacenamiento de energía que participan de la provisión de
dichos servicios.

Esta tesis propone un modelo de optimización estocástica basado en programación
lineal de largo/medio plazo que permite calcular el valor del agua de un sistema eléctrico
aislado con un tiempo de cálculo reducido lo que le permite ser utilizado como dato de
entrada en modelos de programación de la generación a corto plazo.

Esta tesis propone un innovador modelo de optimización estocástica basado en progra-
mación lineal entera-mixta, que calcula de manera simultánea el programa de generación
del día siguiente y el coste de oportunidad del almacenamiento, considerando además la
variabilidad dentro de la hora de la demanda neta. Para reducir el tiempo de cálculo
del modelo y hacerlo práctico para su uso por parte de un operador del sistema eléctrico,
el modelo se resuelve mediante una enfoque basado en la técnica de descomposición de
Benders.

Los resultados obtenidos con los modelos de optimización que se han desarrollado a
lo largo de esta tesis, ponen de manifiesto la importancia de evitar las habituales simpli-
ficaciones que los modelos tradicionales utilizados para la programación de la generación
realizan, lo que puede conllevar a obtener programas de la generación que resulten no
factibles o presentar un mayor vertido de energía renovable intermitente, cuando se realiza
el despacho del programa de generación a tiempo real.

Esta tesis analiza la contribución de configuraciones flexibles de centrales reversibles en
sistemas aislados con alta penetración de generación renovable intermitente, para reducir
los costes de programación de la generación y los vertidos de energía renovable intermitente,
entre otros, por medio de procedimientos y modelos de programación de la generación re-
alistas que consideren por ejemplo, que el coste de arranque de un grupo térmico depende
del tiempo que el grupo lleva en estado de parada y el coste de oportunidad del alma-
cenamiento. Los resultados obtenidos demuestran que las centrales reversibles pueden
contribuir positivamente a incrementar la flexibilidad de los sistemas eléctricos de potencia
aislados, permitiéndoles alcanzar una mayor penetración de generación renovable inter-
mitente y reduciendo el coste de la programación de la generación. Sin embargo, dicha
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contribución puede no ser suficiente como para hacer rentable la inversión necesaria para
construir la central reversible con los actuales mecanismos de remuneración de los mercados
de energía y reservas.

Esta tesis presenta una revisión exhaustiva de los servicios de control de la frecuencia
de sistemas eléctricos de potencia a nivel mundial, que valoran la velocidad de respuesta
del proveedor del servicio y de cómo es o de cómo está prevista, la remuneración de dicho
servicio. De la revisión se infiere que con un diseño adecuado tanto de los requisitos técni-
cos como de los mecanismos de remuneración de los servicios de control de la frecuencia,
los sistemas de almacenamiento de energía de respuesta rápida pueden contribuir a mejo-
rar la calidad de la frecuencia del sistema eléctrico en mayor medida que la generación
convencional y a disminuir la cantidad total de reserva necesaria para el control de la
frecuencia.
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1. Introduction

Summary: this chapter presents the main relevant aspects of the problem analysed

in this thesis as well as the motivation and objectives pursued by this thesis. The

chapter is organised as follows. Section 1.1 presents the framework of variable renew-

able generation in isolated power systems. In section 1.2 a review of the modelling

features of generation scheduling models is exposed. Section 1.3 presents the identi-

fied research gaps and challenges and, in section 1.4, the motivation and objectives

pursued by this thesis are exposed. Finally, section 1.5 includes a summary of the

publications that comprise this thesis by compendium of publications.

1.1 The framework of variable renewable generation in iso-

lated power systems

Worldwide targets for renewable energy generation in power systems have been steadily
increasing year after year and this trend is expected to continue in the near future. Europe
has presented the revised Renewable Energy Directive [European Parliament, 2018] that
has appointed a target of at least 32% of renewable energy in the European Union’s gross
final consumption of energy by 2030. In the case of the United States of America (USA),
although there is not a common renewable energy generation target across the different
USA’s power systems, the FERC1 is fostering changes in the regulations in order to ease
the promotion of the renewable generation in the grid [Dillon, 2019]. Different states across
the USA have already announced their target years to achieve a 100% renewable energy
generation ranging from 2032 to 2050 [Pyper, 2019]. A similar trend is observed in Asia:
China has declared a renewable electricity generation target of 35% to be achieved by
2030 [Bloomberg, 2018] and Kazakhstan is aimed to reach a target of 50% of renewable
electricity generation share of its energy mix by 2050 [GlobalData Energy, 2019].

1Federal Energy Regulatory Commission is an independent agency that regulates the interstate trans-
mission of electricity within the United States of America.
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Figure 1.1 depicts the evolution of the worldwide renewable electricity generation for
the period 2000-2018 comprised by hydropower, marine energy, wind energy, solar energy
and bioenergy technologies. As can be seen, the total renewable electricity generation is
increasing accordingly with the above-mentioned worldwide trend with an annual average
growth rate of 4.8% for the period 2000-2018. In 2018 the renewable electricity generation
share reached a value of 24.6% of the total generation with an annual average growth rate
of 1.7% for the period 2000-2018.

Figure 1.1: Worldwide renewable electricity generation evolution for the period 2000-2018.
Data obtained from [IRENA, 2020]

The solid red line depicted in Figure 1.1 represents the share of the renewable electricity
generation that has been provided by intermittent renewable energy resources, also known
as variable renewable generation, i.e. wind and solar photovoltaic power plants. As can
be seen in Figure 1.1, in 2018 the variable renewable generation share reached the 27.5%
of the total renewable electricity generation and that share has been increasing year over
year with an annual growth rate of almost 25.3% for the period 2000-2018.

A high potential of renewable energy resources is frequently found in islands [Renew-
able Energy Agency, 2014]. The island power systems have special characteristics mainly
because they are usually isolated power systems, i.e. they are not interconnected to the
mainland or other islands. The electricity generation in island power systems relies, or has
mainly relied on thermal generating units, which generally lead to a high dependence on
oil imports, resulting in high electricity supply costs. In addition, the operation of island
power systems often faces a high seasonality of the load profiles, a greater difficulty to bal-
ance power supply and load than the mainland-connected power systems, and with some
limitations as regards the use of intermittent renewable generation due to dynamic security
concerns of the power system [Brown et al., 2008]. The non-interconnected island power
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systems are not unusual, as an example, in the case of the European Union Kielichowska
et al. [2017] identified a total of 447 inhabited islands, totalling a population of more than
16 million people, non-interconnected to the mainland.

Therefore, island power systems and especially the smaller ones, have been considered as
demonstration sites for testing the inclusion of renewable generation technologies and new
power system operation strategies in order to achieve higher values of renewable electricity
generation share [Erdinc et al., 2015, IRENA, 2016]. Some of these islands have been
considered as the leaders of the transition towards a 100% renewable energy generation
future, paving the way to bigger power systems [Maldonado, 2017].

Different islands around the world have set a target of 100% of their electricity supply
to be generated by renewable energy sources. Table 1.1 shows the name of the island and
the continent to which it belongs, the year set to reach the 100% target and the current
progress status to reach such target. The following paragraphs briefly describe those
island power systems whose status in Table 1.1 is set as achieved.

One of the pioneering cases was the island of Samsø located in Denmark, world famous
for its continued commitment to renewable energy [Mathiesen et al., 2015]. The island of
Samsø started its path towards a 100% of renewable energy generation in the late 1990s
by installing eleven onshore wind turbines. Currently, the power generation mix of the
Samsø power system is composed by wind energy generation (11 MW onshore and 25.3
MW offshore) and solar photovoltaic energy generation, representing the latter just the 1%
of the total energy generation. It is worth mentioning that the Samsø island power system
is interconnected to the mainland by means of two interconnectors, an idle one just for
backup purposes and another one to exchange power when there is both surplus or lack
of renewable energy (the imports represents 6% of the electricity needs). Nowadays, the
island of Samsø is under the Samsø 2.0 plan to phase out fossil fuel power plants by 2030
[Energiakademiet, 2019] and the inclusion of a battery energy storage system in the power
system is being analysed [Jantzen and Bak-Jensen, 2018].

The island of Iceland is by far the most populated and largest island of the ones
that, according to Table 1.1, have achieved the target of a 100% renewable electricity
generation. The power system of Iceland is not interconnected with any other power system
and its electricity generation mainly relies on hydropower and geothermal power plants,
representing the 70.6% and 26.7% of the total installed generation capacity respectively, as
depicted in Figure 1.2. The remaining capacity of the Iceland power system is composed
by thermal generating units that account for almost 3% and wind generating units that
represents a value lower than 1% of the total installed generation capacity. As can be seen
in Figure 1.2, the Iceland power system achieved a share of 99.9% of renewable electricity
generation in 2018.

Another well-known case is the one corresponding to El Hierro island located in the
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Table 1.1: Islands with a declared renewable target of 100% in the world [Maldonado,
2017, 100-percent, 2020].

island continent deadline† progress status

Aruba Europe 2020 in progress
Bonaire Europe 2020 in progress
Bozcaada Asia 2000 achieved
Cape Verde Africa 2030 in progress
Cook Islands Oceania 2020 in progress
El Hierro Europe 2018 achieved

Fiji Oceania 2030 in progress
Gotland Europe 2025 in progress

Guadeloupe Europe 2030 in progress
Hawaii America 2045 in progress

Hokkaido Asia 2050 in progress
Iceland Europe 2011 achieved

Kurimajima Asia 2050 in progress
Martinique Europe 2030 in progress

Niue Oceania 2020 in progress
Palawan Asia 2030 in progress

Papua New Gui. Oceania 2030 in progress
Porto Santo Europe 2030 in progress
Réunion Europe 2030 in progress

Saint Lucia Europe 2050 in progress
Samoa Oceania 2021 in progress
Samsø Europe 2000 achieved

Sumba island Asia 2025 in progress
Tuvalu Oceania 2025 in progress
Vanuatu Oceania 2030 in progress

Yakushima Asia 2017 achieved
†For the achieved cases, it represents the year of the achievement.

Canary Archipelago. El Hierro power system is not interconnected with any other power
system and in July 2014 began the operation of the Gorona del Viento power plant.
The Gorona del Viento power plant is aimed to provide the 100% of the island gener-
ation by means of renewable energy sources, retaining the existing thermal power station
just for backup purposes [IDAE, 2014]. The Gorona del Viento power plant is a hybrid
wind/pumped-storage power plant with a closed-loop pumped-storage plant, i.e. there is
no natural inflow in the upper reservoir. It is composed by five wind turbines with a ca-
pacity of 2.30 MW each, a pump station composed by six fixed-speed pumps each with a
rated power of 500 kW and two variable-speed pumps each with a rated power of 1.50 MW,
a turbine station composed by four Pelton turbines with a capacity of 2.83 MW each and
finally, a lower and upper reservoir with a storage capacity of 150.000 m3 and 500.000 m3,
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Figure 1.2: Installed generation capacity and electricity production in Iceland for 2018.
Elaborated from [National Energy Authority of Iceland, 2019].

respectively. A simplified diagram of El Hierro power system is depicted in Figure 1.3.

Figure 1.3: Diagram of El Hierro power system. Figure from [Fernández-Muñoz and Pérez-
Díaz, 2021].

Since the commissioning of the Gorona del Viento power plant, the system operator
of El Hierro power system has been progressively increasing the instantaneous penetration
limit of wind energy into the grid, reaching the maximum wind energy instantaneous
penetration in September 2017 [REE, 2017]. Figure 1.4 depicts the number of hours per
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year in which El Hierro power system achieved a 100% share of energy from renewable
energy sources. As can be seen, in 2018 the number of hours reached the 26.3% of the
total hours of the year, an increase of more than 150% over the values obtained in 20172.
In contrast, in 2019 the total number of hours with a 100% share of energy from renewable
energy resources was of 21.7% a decrease of 17.1% compared to the values obtained in
2018.

Figure 1.4: Number of hours per year in which El Hierro power system achieved a 100%
share of energy from renewable energy sources. Data from [Gorona del Viento, 2020].

The island of Yakushima is the fifth largest island in Japan and is almost completely
self-sufficient in electrical energy through the use of hydropower generation due to the high
rainfall in the island [Ichikawa, 2015]. The power system of Yakushima is not interconnected
to any other power system and some thermal generation capacity is available just to be
used in periods of low rainfall or for maintenance reasons. Similar to the case of the
island of Samsø, the Yakhusima municipality committed in 2009 to the Carbon Free Island
Yakushima initiative aimed to pursue a target of 100% renewable energy generation for all
the energy needed in the island, not just electricity [100-percent, 2020].

Finally, the Turkish island of Bozcaada is located in the Aegean Sea. This island has
a very high wind energy potential and in 2000, seventeen wind power turbines totalling a
capacity of 10.2 MW were installed [REVE, 2009]. The power system of the island is inter-
connected to the mainland with the aim to export almost the total energy produced by the
wind power turbines since the peak demand of the island does not exceed 120 kW [Kalinci,
2015].

2It is interesting to note that was in September 2017 the first time that the maximum wind energy
available was injected to the grid.
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Once the island power systems have been briefly described, the statement regarding the
achievement of the 100% of generation solely by renewable energy sources in the islands
of Samsø, Iceland, El Hierro, Yakushima and Bozcaada needs at least, some additional
comments. Only the power systems of Iceland, Yakushima and El Hierro are indeed isolated
power systems.

Focusing only on these three isolated power systems, it is worth mentioning that, as
previously exposed, the Iceland and Yakushima power systems mainly rely their renewable
electricity generation on hydropower plants with a share of 70% and 100%, respectively.
Hydropower is a mature and reliable renewable generation technology that usually drives
synchronous generators [IRENA, 2012]. The combination of the high availability of hydro
resources in both Iceland and Yakushima islands, together with the use of conventional
hydropower plants, allows them to reach such renewable electricity generation shares. In
the case of Iceland, the rest of the renewable electricity generation is mainly comprised by
geothermal power plants, a technology that is considered as a cost-effective, reliable and
renewable energy source [Ellabban et al., 2014] that generates electricity by means of steam
turbines driving synchronous generators as well [Sutter and Mbruru, 2016]. In contrast,
the renewable electricity generation share obtained in the case of El Hierro power system
completely differs from the shares obtained in Iceland and Yakushima ones. This is due
to the fact that since the pumped-stored hydropower plant has a closed-loop scheme, the
wind energy is the solely renewable energy source in El Hierro power system, a variable
renewable generation source.

Despite not all variable renewable generation technologies have the same characteristics,
they have a common property regarding their expected power output: it is variable over
time and it is not fully predictable [Batalla-Bejerano and Trujillo-Baute, 2016]. Another
important characteristic of the variable renewable generation is that it is usually connected
through the grid through power converters. As the variable renewable generation share
increases in a power system, the system’s synchronous inertia, i.e. the inertia provided
by the synchronous generators on-line, decreases [Tielens and Van Hertem, 2016], enlarg-
ing the rate of change of frequency (RoCoF) and the frequency deviations (in absolute
value) under a contingency event [Fernández-Muñoz et al., 2020]. Both high RoCoF and
frequency deviations can contribute to trigger frequency protective relays of spinning syn-
chronous generating units which can in turn, lead to a cascade failure [Kundur, 1994]. The
combination of an increase of the power output variability and a decrease of the system’s
synchronous inertia, makes the operation of isolated power systems even more challenging
with a high penetration of variable renewable generation.

The above-mentioned characteristics of the variable renewable generation technologies
help to understand the reason of the large difference in the shares of renewable energy
generation obtained in both Iceland and Yakushima power systems in comparison to the
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share obtained in El Hierro power system. While the former have practically reached
the 100% renewable electricity generation share, in the case of El Hierro power system,
after five years of operation of the Gorona del Viento power plant, the current renewable
electricity generation share obtained is far from the target, mainly because the operation
of El Hierro power system is quite a challenge.

Nowadays, the interest of increasing the renewable energy generation share in island
power systems is growing day over day: in May 2017 the European Commission signed the
Political Declaration on Clean Energy For European Union Islands, recognising the islands’
potential to be the leaders in the clean energy transition for Europe and beyond [European
Union, 2017]. As a consequence, in February 2019 the European Commission announced
that twenty-six European islands had launched their clean energy transition to becoming
more self-sufficient, prosperous and sustainable [Energy-European Commission, 2019]. The
list of the European islands that have joined such initiative is exposed in Table 1.2. As
can be seen in the table, as regards the population, some of the islands involved are not
small-sized one, e.g. Crete or Mallorca islands.

From the clean energy transition agendas that six of the islands exposed in Table 1.2
have published in November 2019, it can be said that as regards electricity generation, the
main sources proposed for such clean energy transition will be mainly based on variable
renewable generation technologies [Clean Energy for EU Islands Secretariat, 2019]. There-
fore, these power systems could face similar problems as the ones that El Hierro power
system is currently facing.

An increment of power system flexibility has been suggested in the literature as a means
to increase the penetration of variable renewable generation in power systems [Estanqueiro
et al., 2012, Holttinen et al., 2013, Pérez-Díaz and Jiménez, 2016]. The power system flexi-
bility is usually known as the ability of a power system to adapt to expected or unexpected
changes in the net demand3 [Denholm and Hand, 2011]. The increment of power system
flexibility can be achieved in different ways, from the inclusion of physical assets such as
energy storage resources, fast-acting generation resources, new transmission lines4, etc., to
the use of more flexible generation scheduling models, such as the ones that consider a
sub-hourly time resolution which allows to better capture the uncertainty of the variable
renewable generation and the ramping capacity of the fast-acting resources, among others
[Deane et al., 2014, Pandzic et al., 2014, Lopez et al., 2018].

Energy storage systems have been widely proposed and studied in the scientific litera-
ture as an effective means to increase the penetration of variable renewable generation in
island power systems [Bueno and Carta, 2006, Padrón et al., 2011, Rodrigues et al., 2014].

3Total system demand/load minus variable renewable generation.
4Since this thesis is focused on the operation of isolated power systems, the consideration of new

transmission lines to increment the flexibility of a power system is not taking into account.
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Table 1.2: European islands that have launched in 2019 their clean energy transition to a
target of 100% renewable [Energy-European Commission, 2019].

Name Country Population (x1000) Agenda*

A Illa de Arousa Spain 4.96 no
Aran islands Ireland 1.2 yes

Azores Portugal 245.77 no
Brac Croatia 14.43 no

Cape Clear Ireland 125 no
Cres-Losinj Croatia 2.5 yes

Crete Greece 633.51 no
Culatra Portugal 0.76 yes

Favignana Italy 4.56 no
Gotland Sweden 58.6 no
Hvar Croatia 11.1 no
Ibiza Spain 132.64 no
Kökar Finland 0.25 no
Korcula Croatia 5.66 no
La Palma Spain 82.67 yes
Mallorca Spain 907.2 no

Marie-Galante France 11.53 no
Menorca Spain 94.7 no

New Caledonia France 280.46 no
Öland Sweden 25.86 no
Orkney UK 22.19 no

Pantelleria Italy 7.67 no
Salina Italy 2.6 yes
Samos Greece 32.98 no

Scottish Islands UK 103.7 no
Sifnos Greece 2.2 yes

∗Clean energy transition agenda already presented.

Different energy storage technologies are available: pumped-storage, thermal energy stor-
age, compressed air energy storage, batteries, fuel cells, flywheels and supercapacitors
[Ibrahim et al., 2008]. Each of these technologies has different characteristics, e. g. some
are able to vary their active power output/input from standstill to full load and vice versa
within a time response of 0.5-2 seconds but just for limited time ranging from a few seconds
to minutes, others instead have a lower response speed but can maintain their response for
hours to days, etc., implying that not all technologies are suitable for all cases.

Battery energy storage systems have been suggested as a means to help the operation
of small isolated power systems with high penetration of variable renewable generation
[Hatziargyriou et al., 2017]. Psarros and Papathanassiou [2020] investigate the coordi-
nated operation of battery energy storage system together with wind power and/or solar
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photovoltaic generation in a small isolated power system obtaining a positive result re-
garding both wind energy curtailment and scheduling cost. When considering large-scale
energy storage, the most widely used technology is pumped-storage, a mature technology
that is considered as a driver to help island power systems to increase their renewable
energy penetration level [Euroelectric, 2011, Rehman et al., 2015, Kuang et al., 2016].

A pumped-storage hydropower plant is generally composed by an upper and lower
reservoir and a power plant comprising one or several hydraulic machines that can operate
in an open/closed-loop if the upper reservoir does/does not receive natural inflow [Pérez-
Díaz et al., 2015]. A sketch of a general pumped-storage hydropower plant is depicted in
Figure 1.5.

Figure 1.5: Sketch of a pumped-storage hydropower plant. Figure adapted from [Lechner,
2018].

As regards the layout of the hydraulic machines, a pumped-storage hydropower plant
can be divided into two main groups, those with separate turbines and pumps and those
with reversible pump-turbines [Harby et al., 2013]. The former group can have either a
ternary unit, i.e. two hydraulic machines (pump and turbine) and one electrical machine
(motor-generator), or a quaternary unit, i.e. two hydraulic machines and two electrical
machines (turbine driving a generator and pump driven by a motor), although the term
unit is somewhat meaningless in this case since it is usually understood as the combination
of a hydraulic and an electric machine. The latter group, also known as binary unit,
comprises one hydraulic machine that can be used in turbine mode or as a pump, and one
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electrical machine than can be used as a generator or a motor, respectively [Pérez-Díaz et
al., 2014].

The above-mentioned different configurations that a pumped-storage hydropower plant
can have are often referred to as conventional configurations. In recent years, some non-
conventional pumped-storage hydropower plant configurations that increment the plant’s
flexibility have attracted much interest: the use of variable-speed pumps and/or the hy-
draulic short-circuit operation mode5. These non-conventional configurations contribute
to increase the flexibility of the pumped-storage hydropower plant as follows: the use of
variable-speed pumps allows the pumped-storage hydropower plant to obtain a wider op-
eration range in pump mode, the capacity to provide spinning reserve in pumping mode
and an increase of the hydraulic efficiency [Chazarra et al., 2017a]; the hydraulic short-
circuit operation mode allows the pumped-storage hydropower plant to regulate power
while pumping even if the plant is equipped with fixed-speed pumps, with an upward spin-
ning reserve value equals to the spinning reserve provided by the turbines on-line [Chazarra
et al., 2017c].

The following paragraphs present some publications found in the literature that have
analysed the various contributions of a pumped-storage hydropower plant in isolated power
systems with high penetration of variable renewable generation.

Tuohy and O’Malley [2011] evaluate the contribution of a conventional pumped-storage
hydropower plant to reduce the scheduling cost and the wind energy curtailment of the Irish
power system under different levels of wind power penetration. The authors report that
the major advantage obtained when considering the pumped-storage hydropower plant is
the reduction of the wind energy curtailment at times of high wind generation available.

Pérez-Díaz and Jiménez [2016] analyse the reduction of the scheduling cost of the
Great Canary island when considering a conventional pumped-storage hydropower plant
for different values of installed wind power capacity and of installed capacity of the pumped-
storage hydropower plant. The results show that the pumped-storage hydropower plant
contributes to obtain significant savings of the scheduling cost in the Great Canary island.
The same power system is used in [Padrón et al., 2011] to investigate if a pumped-storage
hydropower plant would help to increase the wind energy penetration level installed in the
power system. The results demonstrate that a pumped-storage hydropower plant would
allow an increase of the wind energy penetration level and also would help to improve the
power system stability.

Similarly, Wang and Hodge [2017] study the contribution of a conventional pumped-
storage hydropower plant in an isolated power system composed by thermal, wind energy
and solar photovoltaic energy generation. The authors analyse the contribution of the

5One or more turbines (or pump-turbines in turbine mode) and one or more pumps (or pump-turbines
in pump mode) operating simultaneously.
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pumped-storage hydropower plant for a range of power ratings and storage capacities,
resulting in a major reduction of the power system scheduling cost as both the power
rating and storage capacity of the pumped-storage hydropower plant increase.

An isolated power system comprising thermal and wind energy generation is used to
evaluate the contribution of a conventional pumped-storage hydropower plant in [Fu et
al., 2019]. The results obtained show that the pumped-storage hydropower plant helps to
decrease the power system costs not only due to a lower total output of thermal generation
when the pumped-storage hydropower plant is considered, but also due to a lower fluctua-
tion of the thermal power output that leads to a reduction of the number of both start-up
and shut-down manoeuvres of the thermal generating units.

Li et al. [2018] study the contribution of a conventional pumped-storage hydropower
plant to integrate the excess of solar photovoltaic energy production in the island of Kyushu
in Japan. The results show that the pumped-storage hydropower plant plays an effective
role in the promotion of solar photovoltaic generation in the power system by absorbing/in-
jecting power when there is an excess/lack of solar photovoltaic energy.

Katsaprakakis et al. [2012] analyse the contribution of a wind powered pumped-storage
system for the case of the two non-interconnected Greek islands of Karpathos and Kasos.
The pumped-storage hydropower plant considered has variable-speed pumps and uses the
sea as a lower reservoir. The results reported in the paper demonstrate that the pumped-
storage hydropower plant leads to a higher wind energy injection to the grid resulting in a
lower scheduling cost in both islands.

Another non-conventional pumped-storage hydropower plant is proposed for the Greek
island of Rhodes in [Katsaprakakis and Christakis, 2014]. In this work the pumped-storage
hydropower plant has fixed-speed pumps but with separate turbine and pump stations6

each connected to the upper reservoir with different penstocks and using the sea as the
lower reservoir. Similarly to the previous works, the results obtained when considering
the pumped-storage hydropower plant in the power system show a decrease of the thermal
energy generation and a lower scheduling cost. The authors also compare the decrease
of the thermal generation obtained for a double penstock instead of a single penstock,
obtaining a higher decrease of the thermal generation in the former case.

Finally, other works that analyse the contribution of a pumped-storage hydropower
plant in isolated power systems but do not focus primarily on the reduction of the schedul-
ing cost can be found in [Caralis et al., 2012] and [Min and Kim, 2017]. The former
analyses the necessity of pumped-storage hydropower plants for the whole Greek power sys-
tem, emphasising the advantages of considering pumped-storage hydropower plants with
variable-speed pumps to increase the power system flexibility. The latter focus on the con-

6This configuration, previously defined as quaternary unit, allows the hydraulic short-circuit operation
mode of the pumped-storage hydropower plant.
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tribution of a conventional pumped-storage hydropower plant in the ramping capability of
the Korean power system.

Based on the results of the above-mentioned works, it can be said that a pumped-
storage hydropower plant can positively contribute to increase the flexibility of isolated
power systems, allowing them to reach higher levels of penetration of variable renewable
generation and, by doing so, to reduce the power system scheduling cost. However, it is
not so clear if the investment required to build a new pumped-storage hydropower plant
might be justified with the current energy market remuneration mechanisms.

Pérez-Díaz and Jiménez [2016] expose that with a suitable designed energy market
remuneration mechanisms, the necessary investment for a conventional pumped-storage
hydropower plant might be feasible. Even more important is the case of non-conventional
pumped-storage hydropower plants, in which the reduction of the power system scheduling
cost might be higher than the one obtained with a conventional one, but at the expense of
a higher investment cost [Chazarra et al., 2018].

The idea that the current energy market remuneration mechanisms are not able to
capture the value of the benefits that a pumped-storage hydropower plant provides to a
power system was already stated in [Estanqueiro et al., 2012]. Koritarov et al. [2014] claim
that many of the contributions that a pumped-storage hydropower plant provides to a
power system are usually taken for granted.

The contribution of a pumped-storage hydropower plant increases as the penetration
of variable renewable generation increases, but as proved in [O’Dwyer et al., 2017], the
traditional storage operational practices7 used in pumped-storage hydropower plant for
high values of variable renewable generation will lead to suboptimal plant schedules, being
necessary that the energy policy does no unduly constraint the pumped-storage hydropower
plant operation and incentives the potential flexibility of the pumped-storage hydropower
plant by the provision of adequate rewards in order to obtain the maximum cost savings
for the power system.

Similarly, Foley et al. [2015] and Barbour et al. [2016] present works that encourage to
implement suitable market remuneration mechanisms for the use of large-scale pumped-
storage hydropower plants. Foley et al. [2015] indicate that without the necessary changes
of the energy market remuneration mechanisms, the required investment of pumped-storage
hydropower plant would be only justified by exogenous market costs, such as a dramatic
increase of fossil fuel’s price and carbon dioxide emission cost. In the case of [Barbour et
al., 2016], the authors even point to considering public investment in large-scale pumped-
storage hydropower plants if it is concluded that pumped-storage provides a net societal

7The authors refer to as traditional storage operational practices those such as the dispatch of the
storage plant using an hourly resolution, the use of end of day reservoir targets with the absence of a
significant look-ahead periods, among others.
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benefit.

A number of recent studies [Ekman and Jensen, 2010, Drury et al., 2011, Denholm
et al., 2013, Krishnan and Das, 2015, Chazarra et al., 2017a] have pointed out that the
frequency control ancillary services markets might be an important source of income for
energy storage resources and therefore, it is necessary that such resources are allowed to
participate in those markets to be profitable.

As previously mentioned, the use of more flexible generation scheduling models such
the ones that consider the sub-hourly time resolution, has been often mentioned to be
another means to increment the power system flexibility due to their major capacity to
accurately capture the variability introduced by the variable renewable generation, the
ramping capacity of the fast-acting units, among others. The next section presents the
unit commitment problem: first, a brief review of the optimisation techniques used to
solve the unit commitment problem is exposed in section 1.2.1; then section 1.2.2 presents
a review of the main different modelling features of the unit commitment models; and
finally, in section 1.2.3, a review of the unit commitment models with a sub-hourly time
resolution is exposed.

1.2 Unit commitment

The unit commitment models are generation scheduling models that are used to solve
the unit commitment problem: the provision of the power system’s unit status (commit-
ted/on or decommitted/off) for each period of time (usually an hour [Melhorn et al., 2016])
and, for the case the committed units, their output power (input power in case of energy
storage sources to be committed in consumption mode) that satisfies the power system
constraints, e.g. power balance, reserve requirements, transmission line capacities, etc., in
an optimal and cost-efficient manner for the total planning horizon considered [Abujarad
et al., 2017]. The unit commitment problem is a high complex problem8 that usually has
the following characteristics: it is non-convex due to the binary nature of the commitment
status of each unit (on/off); it is non-linear because of the non-linearity of some constraints
such as the production cost and start-up cost of thermal generating units, minimum up/-
down times of the generating units, transmission lines capacities, among others [Baldick,
1995].

1.2.1 Optimisation techniques to solve the unit commitment problem

Initially, the unit commitment problem was mainly solved using the dynamic program-
ming and Lagrangian relaxation techniques [Pérez-Díaz and Jiménez, 2016]. The use of

8It has been proved that the unit commitment problem is a strong NP-hard optimisation problem
[Bendotti et al., 2019].
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the former has been very extended due to its ability to manage the complications caused
by the non-convexity and non-linearity of the problem in large-scale power systems but
in contrast, it suffers from the so-called curse of dimensionality [Farhat and El-Hawary,
2009]. The Lagrangian relaxation technique has also been widely used mainly due to its
capacity to solve large problems with tractable computational times. However, due to the
Lagrangian Relaxation requires of heuristic reasoning to meet the duality gap in order to
obtain feasible solutions and to the increasing interest in the accuracy of the solutions ob-
tained, its use has been shifted towards approaches based on mixed-integer programming
methods such as branch-and-cut [Guan et al., 2003, Zeynal et al., 2014].

The mixed-integer programming methods have shown better results in terms of mod-
elling accuracy and computational performance than both dynamic programming and La-
grangian relaxation techniques [Li et al., 2005]. In addition, the mixed-integer program-
ming methods provide relevant benefits in comparison with the Lagrangian relaxation
technique such as the provision of a solution near to the global optimal solution (therefore,
the accuracy of the integer solution obtained can be measured) and a greater ease to modify
the models improving the modelling capabilities and adaptability [Morales-Espana et al.,
2013]. In the last years, a significant research progress in unit commitment mixed-integer
linear formulations has been achieved, such as the development of tight and compact for-
mulations [Morales-Espana et al., 2013] that, together with a dramatic improvement in the
efficiency of the mixed-integer linear programming solvers [Viana and Pedroso, 2013], have
led the mixed-integer programming methods to become very popular for solving the unit
commitment problem [Yang et al., 2017].

It is not the aim of the thesis to present a state of the art of the different optimi-
sation techniques used when solving the unit commitment problem. In the last years,
some reviews of the optimisation techniques to solve the unit commitment problem have
been published: Abdou and Tkiouat [2018] present a literature review that focuses on the
evolution of the optimisation techniques used to solve the unit commitment problem over
the years; considering the unit commitment problem under uncertainty can be found in
[Zheng et al., 2015b], [van Ackooij et al., 2018], [Håberg, 2019] and [Saranya and Sara-
vanan, 2020]; Abujarad et al. [2017] present a review of the solution techniques for the
unit commitment problem in power systems with high penetration of variable renewable
generation; recently, Muralikrishnan et al. [2020] present a detailed review on evolutionary
optimisation techniques applied for the unit commitment problem. It is worth mentioning
that out of publications reviewed in this thesis that address the unit commitment prob-
lem, almost 60% of them use branch-and-cut-based approaches, increasing this value up to
72% when considering only the publications related to isolated power systems. As regards
the uncertainty management in the unit commitment problem, 62% of the publications
reviewed in this thesis use a deterministic approach and, for those that consider isolated
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power systems, that value increases to 80%.

1.2.2 Modelling features of unit commitment models

Different approaches regarding the modelling of the start-up cost and power trajectories
of thermal generating units are found in the literature, from the ones that use strong
simplifying assumptions to the ones that consider both in a detailed manner. This is an
important issue to consider in generation scheduling models of power systems with high
penetration of variable renewable generation, since the thermal generating units will likely
realise more frequently start-up and shut-down manoeuvres as the penetration of variable
renewable generation increases [Schill et al., 2017].

The start-up manoeuvre of a thermal generating unit begins with a power trajectory
from standstill to the unit’s minimum output, whose shape usually depends on various
factors: fuel-based thermal generating technology, the capacity of the thermal generating
unit, the type of shut-down (or start-up) the unit follows, among others. Figure 1.6 depicts
the three usually classified types of start-up procedures: hot, warm and cold [Ferruzza et
al., 2018]. The figure corresponds to the case of a steam turbine, where the x-axis represents
the percentage of the time that it takes for a cold start-up to reach the maximum output
power. For the case represented in the figure, a hot start-up would need only 8–10% of the
time that is needed for the cold start-up to reach the maximum output power, and 45–50%
in case of a warm start-up [Topel et al., 2015]. The red solid line included represents
an estimation of the minimum output power (≈35%9) of the steam turbine: the different
power trajectories below the red line would correspond to the start-up manoeuvre. As can
be seen, the start-up type strongly affects the start-up power trajectories for this type of
thermal generating unit.

Figure 1.6: Different start-up power trajectories in the case of a steam turbine unit. Figure
adapted from [Topel et al., 2015].

9This value has been calculated as the average of the minimum output power values in percentage of the
steam turbines that are currently in operation in The Canary Archipelago. Data obtained from [Ministerio
de Industria, Turismo y Comercio, 2015].
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The start-up cost of a thermal generating unit also depends on the type of shut-down
(or start-up) the unit follows, and depends as well on the time the unit has remained off-
line since the previous shut-down. It is usually considered as the sum of fixed and variable
start-up costs with a general formulation as follows [Wood and Wollenberg, 1996]:

start-up cost = CF + Cc·(1− e−t/α)·F

where,

# CF is the fixed cost of the start-up manoeuvre including labour cost, among others,

# Cc represents the maximum variable cost of the start-up manoeuvre in MBtu,

# t is the number of hours that the unit has remained off-line since the previous shut-
down,

# α is the thermal time constant for the thermal generating unit,

# F is the fuel cost.

In the case of Spanish non-peninsular power systems, the variable start-up cost of a
thermal generating unit is calculated according to the equation (1.1) given in [Ministerio
de Industria, Turismo y Comercio, 2015].

Csuv = a′·(1− e−t/b′)·prar (1.1)

where,

# Csuv represents the variable start-up cost of a thermal generating unit in e/start-up,

# t represents the number of hours that the unit has remained off-line since the previous
shut-down,

# a′ and b′ are parameters of the thermal generating unit provided by [Ministerio de
Industria, Turismo y Comercio, 2015],

# prar is the average price of the fuel combination used for the start-up manoeuvre in
e/ton·h that can be consulted in [Ministerio de Energia, 2017].

Figure 1.7 depicts the start-up cost of a combined cycle gas turbine and a steam turbine
units calculated by equation (1.1) and with the technical data provided in [Ministerio de
Industria, Turismo y Comercio, 2015]. As can be seen in the figure, besides the different
start-up costs of each unit, the start-up cost of the combined cycle gas turbine unit reaches
a horizontal asymptote much faster than the steam turbine unit: once the combined cycle
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gas turbine unit has been off-line since the previous shut-down for five hours or more, its
start-up cost can be considered as a constant, while in the case of the steam turbine unit
at least twenty-five hours are required for the start-up cost of the steam turbine unit to
reach a horizontal asymptote.

Figure 1.7: Different start-up costs of a combined cycle gas turbine and a steam turbine
units in relation with the time that the unit remains off-line since the previous shut-down.
Data obtained from [Ministerio de Industria, Turismo y Comercio, 2015].

Most of the publications reviewed in this thesis consider that both the start-up cost
and the start-up power trajectory of the thermal generating unit do not depend on the
time that the unit has remained off-line since the previous shut-down. Some of these
publications are [Ummels et al., 2008, Tuohy and O’Malley, 2011, Deane et al., 2013,
Khodayar et al., 2013a, Koritarov et al., 2014, Ibanez et al., 2014]. Publications that
consider a constant start-up power trajectory but neglect the start-up cost can be found in
[Wang et al., 2012, Soroudi, 2013, Foley et al., 2015]. The authors of [Nazari et al., 2010,
Ji et al., 2014, Zheng et al., 2015a] consider the start-up cost as a function of the time that
the unit has remained off-line since the previous shut-down and a constant start-up power
trajectory. It is important to remark that Pérez-Díaz and Jiménez [2016] demonstrated
that considering constant start-up costs and power trajectories of the thermal generating
units in isolated power systems with high penetration of variable renewable generation may
yield very unrealistic results both from an economic and technical point of view.

Simoglou et al. [2010] present an unit commitment model that considers different start-
up costs and start-up power trajectories as a function of the start-up type (hot, warm, cold).
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Each start-up type is defined by upper and lower bounds that depend on the time that the
unit has remained off-line since the previous shut-down. Figure 1.8 depicts the three-step
approximation of a thermal generating unit’s start-up cost when considering different start-
up types (hot, warm, cold) and the start-cost approximation when considering the time
that the unit has remained off-line since the previous shut-down with a 1-hour resolution
step. The x-axis of the figure represents the time that the unit has remained off-line since
the previous shut-down. As expected, the three-step approximation reduces the start-up
cost error in comparison with the approach that considers a constant start-up cost.

Figure 1.8: A discrete hourly and a three-step approximation of a thermal generating unit’s
start-up cost. Figure adapted from [Silbernagl et al., 2016].

Morales-Espana et al. [2013] present a tight and compact formulation for the unit com-
mitment problem that allows to consider different start-up types of the thermal generating
units depending on the start-up type. Each start-up type has a different start-up cost and
start-up power trajectory. The formulation used in [Pérez-Díaz and Jiménez, 2016] con-
siders multiple start-up costs as a function of the time that the unit has remained off-line
since the previous shut-down and a different start-up power trajectory as a function of the
start-up type.

A different situation is found when reviewing the approaches used in the literature
to model the start-up costs and power trajectories of hydro units. Usually, the start-up
power trajectories of the hydro units are neglected since they are able to start-up in a
time much shorter than one hour10 regardless of the time passed since the previous shut-
down. The start-up cost of the hydro units was not generally taken into account in unit
commitment models until the publication of [Nilsson and Sjelvgren, 1997], in which the

10It is interesting to note that the usual time resolution in the unit commitment problem is one hour
[Melhorn et al., 2016].
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authors provide some guidance to estimate the start-up cost of such units [Perez-Diaz,
2008]. The start-up cost of a hydro unit is attributable to different factors such as the
loss of water during the start-up manoeuvre and during maintenance operations, the wear
and tear of the windings and mechanical equipment and the malfunctions in the control
equipment [Conejo et al., 2002], but the most important ones are those related to the
wear and tear that could increase the risk of failure leading to an increased maintenance
or unavailability costs [Aasgård, 2017] and reduce the lifetime of the hydro unit [Bakken
and Bjorkvoll, 2002]. The works of [Nilsson and Sjelvgren, 1997] and [Conejo et al., 2002]
remark the importance of considering the start-up cost of the hydro units for the short-term
scheduling. The most common way to consider the start-up cost of the hydro units in the
unit commitment model is by the inclusion of the start-up cost in the objective function of
the model: Nilsson et al. [1998] consider the start-up cost as a function of the output power
of the hydro unit but most of the authors consider the start-up cost as a parameter that
is multiplied by the number of start-up manoeuvres [Conejo et al., 2002, García-González
et al., 2007, Pérez-Díaz and Jiménez, 2016, Aasgård, 2017, Helseth et al., 2017]. Chazarra
et al. [2017b] and Xia et al. [2019] consider different start-up costs of a reversible pump-
turbine unit depending if the unit is on generating or pumping mode. A different approach
to consider the start-up cost of the hydro units can be found in [Marchand et al., 2017]
where the authors consider a penalty on the flow variations of the hydro units instead of
the start-up cost in the objective function.

The cost of the shut-down manoeuvre is usually disregarded in the unit commitment
problem because normally its value is generally much lower than the one corresponding to
the start-up cost [Abdi, 2021]. It is more likely to find the consideration of the shut-down
cost when modelling a hydro unit [Brown et al., 2008, Chazarra et al., 2017b, Helseth et
al., 2017] rather than in the case of a thermal generating unit [Chowdhury et al., 2020].
When the shut-down cost is considered, it is normally modelled as a parameter that is
multiplied by the number of shut-down manoeuvres in the objective function [Arroyo and
Conejo, 2004, Simoglou et al., 2010, Sigrist et al., 2013, Wang et al., 2013, Hreinsson et
al., 2019, Xia et al., 2019], although other authors add the shut-down cost in the start-up
cost [Pérez-Díaz and Jiménez, 2016].

The production cost of a thermal generating unit depends on different factors such as
the type of unit, the fuel used and the output power, among others. Figure 1.9 depicts
the production cost for a steam turbine unit with four valves. As can be seen, the relation
between the cost (heat input) and the electrical output power is non-linear and non-convex,
the latter mainly due to the so-called valve-point loading effect.

The production cost is usually approximated by a quadratic function that very rarely
considers a sinusoidal term representing the valve-point loading effect [Banerjee et al.,
2015], or by means of a piece-wise linear function comprised of several straight-line seg-
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Figure 1.9: Production cost of a steam turbine unit with four valves. Figure adapted from
[Wood and Wollenberg, 1996]

ments [Wood and Wollenberg, 1996].

The approximation of the production cost of a thermal generating unit by a piece-
wise linear function, is the most widely used when solving unit commitment problems
with optimisation models based on mixed-integer linear programming [Pedroso et al., 2014,
Abdou and Tkiouat, 2018]. The piece-wise linear function is usually found in the literature
as the sum of the thermal generating unit’s production cost at the minimum power output,
i.e. no-load cost (CNL), plus the production cost that corresponds to the power output
above the minimum power output. Different numbers of segments can be used for the
linearisation: the use of only one segment can be found in [Morales-Espana et al., 2013,
Philipsen et al., 2019] and the use of more than one segment in [Hosseini et al., 2007,
Bakirtzis et al., 2014, Ntomaris and Bakirtzis, 2016, Pérez-Díaz and Jiménez, 2016, Psarros
et al., 2018]. Figure 1.10 depicts an example of an approximation of the production cost
of a thermal generating unit by means of a piece-wise linear function comprised of two
segments and by means of a quadratic function.

Different approaches when using a quadratic approximation of the production cost of
the thermal generating units can be found: Viana and Pedroso [2013] propose an iterative
methodology that starts with a piece-wise linear function composed of two segments, then
for each iteration one segment is added to the piece-wise linear function until the differ-
ence with respect the quadratic function is below a certain user-defined level and then
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Figure 1.10: Approximations of the production cost of a thermal generating unit.

the process stop; other authors use the quadratic function without simplification like the
work of [Yang et al., 2017], where the authors present a tight and compact mixed-integer
quadratic problem formulation based on the projection of the thermal generation level onto
the interval [0,1] reporting good results in terms of computational performance.

Nonetheless, some publications solving the unit commitment problem that consider
the valve-point loading effect in the production cost of thermal generating units can be
found in [Wang et al., 2012, Pedroso et al., 2014, Zheng et al., 2015a, Nguyen et al.,
2018]. Except the work of [Pedroso et al., 2014] in which an iterative algorithm that uses
a mixed-integer linear programming model is proposed, the rest of the publications that
consider the valve-point loading effect in the production cost of thermal generating units
use heuristic methods to solve the unit commitment problem.

The production cost of a thermal generating unit in a Spanish non-peninsular power
system is calculated according to the equation (1.2) given in [Ministerio de Industria,
Turismo y Comercio, 2015].

Cv =
(
a+ b·P + c·P 2

)
·pr (1.2)

where,

# Cv represents the production cost of a thermal generating unit in e/MWh,

# P corresponds to the power output of a thermal generating unit in MW,

# a, b and c are parameters of the thermal generating unit provided by [Ministerio de
Industria, Turismo y Comercio, 2015],
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# pr is the average price of the fuel combination used for the production of the thermal
generating unit in e/ton·h that can be consulted in [Ministerio de Energia, 2017].

The presence of a hydropower unit in a power system includes more non-linearities in
the unit commitment problem due to the relation between the unit’s electrical power, water
discharge and net head variables. This relation has been referred to as in the literature as
production function [Fleten et al., 2011] or generation characteristic [Conejo et al., 2002],
among others. An example of a production function of a hydro generating unit is depicted
in Figure 1.11, where the non-linear and non-concave relation between the electrical power
and the water discharge for a given net hydraulic head is depicted in the p-q plane. The net
hydraulic head of a hydro unit depends on the water discharge, the upper reservoir level,
the lower reservoir level or the tail-race elevation and the friction and turbulence head
losses in the plant’s waterways [Singhal and Kumar, 2015], which non-linearly depend in
turn on the water discharge [Pérez et al., 2008].

Figure 1.11: Input–output production functions of a hydro generating unit. Figure adapted
from [García-González et al., 2007]

Different approaches regarding whether or not and how to consider the head dependency
(so-called head effect) in the unit commitment problem can be found in the literature.

As regards publications that deal with self-scheduling of hydro units in liberalised mar-
kets, some publications [Hjelmeland et al., 2016, Chazarra et al., 2017b, 2018] do not
consider the head effect in their optimisation models. Instead, other publications do con-
sider the head effect: Conejo et al. [2002] and Borghetti et al. [2008] present mixed-integer
linear programming formulations for the self-scheduling of a hydro unit allowing to select,
depending of the upper reservoir volume, the production function, while other authors
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consider the head effect by means of iterative methods as in [García-González et al., 2007,
Skjelbred et al., 2020] for hydro generating units and, in [Kong et al., 2019], for reversible
pump-turbine units. D’Ambrosio et al. [2010] approximate the production function by
convex combinations of the vertices of triangles or rectangles, each with different values of
the water discharge and/or the hydraulic head. Similarly, Vielma and Nemhauser [2011]
devise a novel formulation referred to in the literature as Logarithmic Aggregate Convex
Combination (LACC), whose main advantage is that requires a significant lower num-
ber of binary variables and constraints to model the production function. Huchette and
Vielma [2019] have recently improved the LACC formulation that has been applied for the
short-term scheduling of a hydropower plant by the authors of [Guisandez and Pérez-Díaz,
2021]. Almost simultaneously, the authors of [Brito et al., 2020] have presented a novel
solution strategy that further reduces the computational time required to solve the short-
term scheduling of a large hydropower plant that models the production function of each
hydro unit using the LACC formulation.

When considering the unit commitment problem of hydrothermal power systems, the
head effect is often not taken into account due to the usual high computational time
required for the optimisation models especially, in the case of a detailed modelling of
the thermal generating units. Publications that do not consider the head effect in the
unit commitment problem of a hydrothermal power systems under a centralised approach
can be found in [Pérez-Díaz and Jiménez, 2016, Alvarez et al., 2017]. Khodayar et al.
[2013a] also do not consider the head effect for the coordination of a wind and pumped-
storage. Publications that do consider the head effect for hydrothermal power systems with
a centralised approach can be found in [Alvarez et al., 2018] and for the self-scheduling of
hydrothermal power system, in [Aghaei et al., 2013].

For a given net hydraulic head the non-linearity between electrical power and flow
variables is usually solved by a piece-wise linear approximation that can be implemented
considering only one segment [Khodayar et al., 2013a, Pérez-Díaz and Jiménez, 2016, Al-
varez et al., 2017] that connects the minimum and maximum flow rates at their respective
efficiency values, or considering more than one segment as [Aghaei et al., 2013, Alvarez et
al., 2018].

A research topic that has raised much interest in the last decade mainly due to the
steady increase of the variable renewable generation share, is the cycling of mainly thermal
generating units but also hydro units. Cycling refers to the operation of generating units at
different load levels, including start-up and shut-down manoeuvres in response to changes
in the load signal of the power system. An increment of the cycling leads to a wear and tear
of the machinery that may result in a reduced lifetime of the power system units [Wu and
Wang, 2019]. Kumar et al. [2012] analyse the cycling costs of thermal generating units and
provide some generic lower bound costs of cycling for some thermal generation technologies.

Generation scheduling in isolated power systems with high penetration of variable renewable generation
and pumped-storage



Introduction 25

Moore [2014] analyses the effect of cycling on hydrogenerators and [Hamal and Sharma,
2006] provide a cycling cost reference due to the ramping of thermal generating and hydro
units.

Different authors have analysed in detail the increase of cycling due to a higher pen-
etration of variable renewable generation in power systems. Lew et al. [2013] examine
in detail the cycling costs in the Western Interconnection resulting that although the cy-
cling costs increase significantly with a high penetration of variable renewable generation,
the increment was usually small with respect to the total fuel and operating and mainte-
nance costs. Deane et al. [2014] use a unit commitment model with a different low time
resolutions (5, 15, 30 and 60 min) to study the operation of the Ireland power system
under a high penetration of variable renewable generation, resulting that the number of
start-up and shut-down manoeuvres of both thermal generating and pumped-storage units
increases with respect to the results obtained when using a unit commitment model with
an hourly time resolution, especially in the case of the pumped-storage units. Similar
work is done in [O’Dwyer and Flynn, 2015], where the authors report a significant cycling
on conventional power plants when high load variability and sub-hourly time resolution
are considered and suggest energy storage as an effective means to mitigate the observed
cycling on conventional power plants.

As regards how to consider the cycling cost in the unit commitment model, different
approaches are found in the literature: Pérez-Díaz and Jiménez [2016] and Babrowski et
al. [2016] consider the cycling cost of thermal generating units in the objective function by
the inclusion of a parameter in euros per megawatt that is multiplied by the amount of the
unit’s power variation between two consecutive time intervals; Van Den Bergh and Delarue
[2015] include in the start-up cost of a thermal generating unit a markup that implicitly
considers long-term cycling costs such as the ones corresponding to capital replacement
costs, among others; Troy et al. [2012] propose a formulation to model dynamically the
cycling cost, i.e. the cycling cost increments with each additional start-up or ramp.

Another important feature to consider in the unit commitment problem of power sys-
tems with high penetration of variable renewable generation is the management of the
excess11 renewable energy. Different approaches have been found in the literature, from
the ones that intend to integrate as much variable renewable energy as possible to the ones
that allow energy curtailment for economic reasons. In order to integrate as much renew-
able energy as possible, some authors penalise the curtailment in the objective function
by means of a penalty cost that somehow represents the economic value of every single
megawatt-hour of energy curtailed. Sometimes the penalty cost is used as a trigger to
include the maximum variable renewable generation technically possible as in the case of

11The thesis author refers to excess the amount of variable renewable energy that the unit commitment
model would curtail for economic reasons.
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[Pérez-Díaz and Jiménez, 2016], where the penalty cost is set to a value of one million
euros per megawatt-hour. Similarly, but using penalty cost values of lower orders of mag-
nitude can be found in [Cardozo et al., 2015] and [Doostizadeh et al., 2016]. Other authors
set the penalty cost to a similar value of the opportunity cost of the loss of subsidies or
payments [De Jonghe et al., 2011, Xu and Zhuan, 2013b,a, Zhang et al., 2013, Wang et al.,
2018, Philipsen et al., 2019, Xia et al., 2019], while other authors consider higher values,
analogous to the highest production cost of the power generation mix [Gangammanavar et
al., 2016, Psarros et al., 2018]. In contrast, there are other authors that allow the variable
renewable energy curtailment for economic reasons [Göransson and Johnsson, 2009, Evans,
2009, Mc Garrigle et al., 2013, Vargas et al., 2015].

Regarding the modelling of power transmission lines in the unit commitment problem,
different approaches are found in the literature: some authors consider the transmission
lines while others do not consider them in the optimisation models. The modelling of
the transmission lines can be done by means of the so-called DC model and AC model.
The former uses a linear approximation of the power flow equations and linear constraints.
Examples of this approach can be found in [Farahmand and Doorman, 2011, Papavasiliou
et al., 2015, Krishnan and Das, 2015, Haddadian et al., 2015, López Salgado et al., 2016,
Ntomaris and Bakirtzis, 2016, Khodayar et al., 2016, Ding et al., 2018]. The latter repre-
sents better the flow equations but leads to highly non-linear and non-convex constraints.
Some research work have suggested that the non-convex constraints be written as quadratic
functions that can be better managed in the unit commitment formulation [van Ackooij
et al., 2018]. O’Neill et al. [2012], Akbari and Tavakoli Bina [2014] and Trodden et al.
[2014] use the AC model with a piece-wise linear approximation of the quadratic functions.
However, there are authors that model the power system as a single-bus network, i.e. the
transmission lines are completely disregarded [Sturt and Strbac, 2012, Ntomaris et al.,
2015, Pérez-Díaz and Jiménez, 2016, Psarros et al., 2018, Pineda et al., 2019].

In power systems with a relevant amount of hydropower capacity, it is necessary to
consider in the unit commitment problem some guidance as regards the management of
the energy stored in the system’s reservoirs. Such a guidance is usually obtained as a result
of longer term scheduling models which explicitly consider different sources of uncertainty
(water inflows, load, etc.) [Khodayar et al., 2013b]. Usually, that guidance has been based
on the so-called water value, i.e the opportunity cost of the water stored in the system’s
reservoirs, that helps the unit commitment model to be coherent with the long-term or
mid-term generation scheduling objectives [Reneses et al., 2016]. The water value has been
an active research topic in the last decades mainly in large hydrothermal power systems
with a high share of hydropower generation [Soares et al., 1980]. In such systems, the
water value is usually calculated by the use of scheduling models with a planning horizon
of one to several years and using time resolutions of weeks or months [Gjelsvik et al., 2010,
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Maceiral et al., 2018]. The stochastic dual dynamic programming is the most extended
solution technique used for the computation of the water value in large hydrothermal
power systems [Pereira and Pinto, 1991], but due to that the stochastic dual dynamic
programming technique does not easily cope with non-convexities most authors have make
simplifications when computing the water value in relation to the performance of both
thermal and hydro generating units [Warland et al., 2008, Tilmant and Kelman, 2007].
In power systems with pumped-storage, it is common to use the so-called refill criterion
when formulating the unit commitment problem. This criterion consists in imposing a
constraint so as to return the storage level at the end of the planning horizon to the initial
value. Unit commitment formulations using the refill criterion can be found in [Edmunds
et al., 2015, Alvarez et al., 2017, Chazarra et al., 2017c] with a 1-day planning horizon
and in [Pérez-Díaz and Jiménez, 2016] with a 1-week planning horizon. Other authors do
not explicitly set any target for the storage level in the unit commitment problem, which
usually leads to the storage’s minimum level at the end of the planning horizon [De Jonghe
et al., 2011, Krishnan and Das, 2015, Ntomaris et al., 2015].

For the case of an isolated power system with high penetration of variable renewable
generation, only Deane et al. [2013] have dealt with how to provide guidance to manage
the energy storage in upper reservoir of a closed-loop pumped-storage hydropower plant
in the unit commitment problem. Deane et al. [2013] use a day-ahead unit commitment
model with a look-ahead period of six days and both daily and weekly end level storage
targets. The authors compare the results obtained with the proposed model to the ones
obtained when using a weekly refill criterion, resulting in a lower scheduling cost and lower
wind energy curtailment with the proposed unit commitment model.

1.2.3 Unit commitment models with a sub-hourly time resolution

As previously mentioned, the generation scheduling models with a sub-hourly time
resolution provide more flexible generation schedules with a larger ability to cope with the
variability introduced by the variable renewable generation. The potential impact that this
variability has on a power system depends on different aspects such as the nature of the
renewable sources, e.g. wind energy or solar photovoltaic energy, the installed capacity,
the location of that capacity in the power system grid (aggregation effect, etc.), among
others [Lopez et al., 2018]. The use of traditional unit commitment models with the
usual 1-hour time resolution in power systems with high penetration of variable renewable
generation can lead to underestimate the real cycling of the power system units, i.e. the
wear and tear costs [Deane et al., 2014], and to obtain generation schedules that are not
feasible when real-time dispatch is applied [Morales-España et al., 2017], etc. Even more
challenging is the case of isolated power systems that have to face severe ramping events
due to the variable renewable generation variability inside the hour [Krad et al., 2014,
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Morales-España et al., 2017]. A review of generating scheduling models with a sub-hourly
time resolution is provided in the next paragraphs.

Krad et al. [2014] propose a deterministic three-step methodology that comprise three
optimisation models, each one with different planning horizons and time resolutions which
are executed in a sequential way: the first model is an hourly day-ahead unit commitment
model that provides the slow power system units schedule; then, a three-hour-ahead unit
commitment model with a time resolution of fifteen minutes provides the fast-acting units
schedule using as input the start-up schedule of the slow power system units provided by
the former model that cannot be modified; finally, an hour-ahead economic dispatch with
a time resolution of five minutes is executed using as input the start-up schedule obtained
of the slow and fast power system units provided by previous models. All optimisation
models are executed on a rolling basis, daily for the first one, and every fifteen and five
minutes for the second and third ones, respectively. This methodology was used to explore
the operational benefits of pumped-storage in a power system with high penetration of
variable renewable generation.

A similar methodology but with different planning horizons and time resolutions is used
in [O’Dwyer et al., 2017] to evaluate the impact of traditional large-scale energy storage
operational practices in the Irish power system for different scenarios of variable renewable
generation share.

Yao et al. [2012] present a two-step methodology that is evaluated in the power grid of
California Independent System Operator (CAISO) for different renewable energy profiles:
a stochastic day-ahead unit commitment model with a time resolution of one hour for the
commitment of the slow units and a deterministic hour-ahead unit commitment model
with a time resolution of five minutes for the commitment and economic dispatch of the
fast ones.

Mc Garrigle et al. [2013] use a deterministic day-ahead unit commitment model with a
time resolution of thirty minutes that is executed every six hours to analyse the future wind
energy curtailment in the Irish power system for high value of wind generation capacity.

Deane et al. [2014] use a deterministic day-ahead unit commitment model with different
time resolutions namely: five, fifteen, thirty and sixty minutes, to analyse the operation
of the Irish power system with a high variable renewable generation share. The results
obtained show that smaller time resolutions help to obtain more realistic estimations of
the total generation scheduling cost. Similarly, Edmunds et al. [2015] study the opera-
tional requirements of thermal power plants for the future British power system with an
increasing penetration of variable renewable generation by using a deterministic day-ahead
unit commitment model with a time resolution of fifteen minutes.

Pandzic et al. [2014] compare the results obtained using a stochastic day-ahead unit
commitment model with a time resolution of fifteen minutes and one hour, resulting that
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generally the generation schedules obtained with the smaller time resolution are more
conservative and less vulnerable to variable renewable generation forecast errors.

Bakirtzis et al. [2014] propose a deterministic unified unit commitment and economic
dispatch model which is updated every five minutes. The model uses a variable planning
horizon between twelve and thirty-six hours, and a variable time resolution of five, fifteen,
thirty and sixty minutes that depends on the distance from the time period where the
generation schedule is to be determined to the final time period of the planning horizon.
The results obtained show that the proposed model provides generation schedules with
adequate capacity and ramping capability to face abrupt changes in the variable renewable
generation.

Psarros et al. [2018] use a deterministic day-ahead unit commitment model with one-
hour time resolution and a four-hour-ahead unit commitment model with twenty-minute
time resolution for the generation scheduling of the Greek non-interconnected island sys-
tems, to evaluate the impact of a detailed formulation of the reserve requirements versus a
simplified one. The results obtained show that detailed formulation provides better results
in terms of variable renewable energy integration, conventional generation management
and system operation cost.

Hu et al. [2019] present a robust optimisation-based day-ahead unit commitment model
that takes into account the sub-hourly wind power variations through a set of ramp con-
straints. The model is compared to a conventional unit commitment model without sub-
hourly ramp constraints using the thermal-based IEEE 39-bus New England test system
with a wind farm as a case study. The results obtained demonstrate that neglecting the
sub-hourly wind power variability might yield infeasible generation schedules with insuffi-
cient sub-hourly ramping capacity.

Parvania and Scaglione [2016] propose a deterministic day-ahead unit commitment
model with continuous-time generation and ramping trajectories using a function space-
based optimisation model. The authors compare the real-time operation of the IEEE Reli-
ability Test System using the generation schedules obtained with the proposed model and
the ones given by a conventional day-ahead hourly unit commitment model. The results
present a significant reduction of ramping scarcity events and a decrease in operational
costs when applying the schedules given by the proposed model.

Hreinsson et al. [2019] present a continuous-time stochastic multi-stage unit commit-
ment model, conceptually similar to the one proposed by [Parvania and Scaglione, 2016],
which considers the uncertainty of the net demand and uses the IEEE Reliability Test Sys-
tem with energy storage as a case study. The results show a reduction of the operational
cost and/or fewer real-time constraint violations when compared to a deterministic hourly
day-ahead formulation.

It is important to note that the previously exposed benefits of using a sub-hourly

Generation scheduling in isolated power systems with high penetration of variable renewable generation
and pumped-storage



30 Introduction

time resolution in the unit commitment problem come at the expense of a very important
increase in the required computational time of the corresponding optimisation models.
Philipsen et al. [2019] report an increase of the computational time of one hundred times
when a 10-minute time resolution model is considered instead of an hourly one for a
short-term deterministic unit commitment model. Pandzic et al. [2014] report more than
twenty-four hours of computational time to solve a short-term stochastic unit commitment
model that has a time resolution of fifteen minutes.

1.3 Identified research gaps and challenges

Once the most relevant publications from the scientific and technical literature have
been reviewed, the main research gaps and challenges detected from the point of view
of the operation of an isolated power system with high penetration of variable renewable
generation and pumped-storage are summarised in the next paragraphs.

Identified research gap G-1

The hierarchical coordination between the long- or medium- and short-term optimi-
sation models to manage the energy stored in the upper reservoir of the pumped-storage
hydropower plant has to be further analysed. To the best of the thesis author’s knowl-
edge, only the work of [Deane et al., 2013] provides guidance on what type of signal/target
from the long- or medium-term generation scheduling models should be considered in the
short-term generation scheduling models for isolated power systems with high penetration
of variable renewable generation and pumped-storage. However, in the system analysed
by [Deane et al., 2013], the installed capacity of the pumped-storage hydropower plant
is rather low in comparison to the one of other generation technologies. Furthermore,
Deane et al. [2013] made some strong simplifying assumptions related to the start-up costs
and ramps of the thermal generating units, which as demonstrated by [Pérez-Díaz and
Jiménez, 2016] might result in unrealistic cost estimations and infeasible generation sched-
ules. There is therefore a gap in the literature concerning the realistic estimation of the
storage opportunity cost in isolated power systems with high penetration of both variable
renewable generation and pumped-storage.

Identified research gap G-2

As described above, the contribution of pumped-storage to reduce the scheduling cost
and/or the renewable energy curtailment has been analysed in a number of articles. How-
ever, most of such articles make strong simplifying assumptions as regards the start-up costs
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and ramps of the thermal generating units, and deal with conventional pumped-storage con-
figurations. Recent technological developments have contributed to increase the flexibility
of pumped-storage hydropower plants. Even though conventional plant configurations are
still dominant, there already exist several pumped-storage hydropower plants operating in
hydraulic short-circuit mode [Illwerke, 2008] and with variable-speed pumping [Buchbauer
and Schwab, 2021], as well as some turbine designs with a wider stable operating range
[Coutu et al., 2015]. The contribution of such flexible pumped-storage hydropower plant
configurations to reduce the system’s scheduling cost and renewable energy curtailment
needs to be rigorously analysed.

As discussed above, the unit commitment models that consider a sub-hourly time res-
olution provide more flexible generation schedules with a greater ability to cope with the
variability introduced by variable renewable generation.

Identified research gap G-3

There is no stochastic unit commitment model with sub-hourly time resolution for iso-
lated power systems with high penetration of variable renewable generation that considers
the presence of pumped-storage in the power system used as case study.

Identified research gap G-4

There is to the best the thesis author’s knowledge, no scheduling model for an isolated
power system with high penetration of variable renewable generation and pumped-storage
where the storage opportunity cost is endogenously calculated, as suggested by [Fleten et
al., 2011].

Identified research gap G-5

As exposed in section 1.1, although energy storage systems can contribute to reach
higher levels of variable renewable generation and to reduce the system’s operation cost,
the investments in energy storage projects might be not feasible with the current market
remuneration mechanisms. Different authors have pointed to frequency control ancillary
services as an important source of income for energy storage systems, but some regulatory
changes are necessary so as to fairly compensate the superior capability of some energy
storage systems to provide such ancillary services. A few regulatory changes have been
recently implemented in a handful of power systems for such a purpose. A rigorous review
of these changes, and other which are currently under development, is therefore necessary
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and expected to be useful for energy storage investors.

1.4 Motivation and objectives of the thesis

The motivation and main objective of this thesis is to develop useful short-term gen-
eration scheduling models for isolated power systems with high penetration of variable
renewable generation and pumped-storage, that allow to obtain realistic generation sched-
ules within an acceptable computational time that makes them practical for the daily work
of a power system operator.

For this purpose, two isolated power systems have been used as a case study in this
thesis: the Great Canary and El Hierro islands in the Canary Archipelago. The thermal
generation of the former comprises thermal generating units that need more than one
hour to start-up from standstill, constituting a test-bed to analyse the different results
obtained when considering constant or variable start-up costs and power trajectories of
the thermal generating units, and the contribution of flexible pumped-storage hydropower
plant to reduce the power system cost and the variable renewable generation curtailment,
identified research gap G-2 . The power system of El Hierro island, previously presented in
section 1.1, is a singular isolated power system with high penetration of variable renewable
generation and a closed-loop pumped-storage hydropower plant that has been used as a
case study for the development of the optimisation models proposed in this thesis.

The optimisation models developed in this thesis have a centralised approach, i.e. the
objective function aims to minimise the power system scheduling cost, accordingly with
the goal of the generation scheduling in both islands [Ministerio de Industria, Energía y
Turismo, 2012], and will consider the modelling features found in the literature that best
suit both the results’ accuracy required for the operational scheduling of the system’s units
and the model’s computational performance. Some of the modelling features adopted for
the optimisation models that have been previously exposed in section 1.2 are listed below:

# The models consider variable start-up costs and power trajectories of the thermal
generating units as a function of the time that the unit has remained off-line since
the previous shut-down. The variable start-up costs include the shut-down cost.

# The models consider a constant start-up cost and power trajectory of the hydro units.
The start-up cost includes the shut-down cost.

# The production cost curve of the thermal generating units is linearised by means of
ten segments.

# The head dependency of the hydro units’ production function is not considered but
rather it is linearised with just one segment.
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# The cycling cost of both thermal generating and hydro units is considered as a func-
tion of the power variation between two consecutive hourly intervals.

# Except in the optimisation model used in [Fernández-Muñoz and Pérez-Díaz, 2016],
the rest of the optimisation models allow the variable renewable energy curtailment
for economic reasons.

# The system’s transmission network is modelled as a single-bus network.

# The storage opportunity cost or water value is computed exogenously in some models
and endogenously in one of the models.

# One of the optimisation models has a sub-hourly time resolution.

Another objective of the thesis is to review the remuneration mechanisms of the fre-
quency control ancillary services that value the response speed of the frequency control
providers (identified research gap G-5 ), as they have been identified an important source
of income for a pumped-storage hydropower plant that can help make the corresponding
investment feasible.
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1.5 Summary of the publications

This thesis by compendium of publications comprises publications that have been al-
ready published in JCR Journals and publications that have been presented at International
Conferences with a peer review process. An outline of the publications this thesis com-
prises and their relation to the identified research gaps exposed in section 1.3 is depicted
in Figure 1.12. Further details of each publication are exposed in sections 1.5.1 and 1.5.2.
The publications are included in the chapter 3 of this thesis.

Thesis
G-1

JCR-AG-2

IC-A

G-2

JCR-B

G-3

G-4

JCR-D

G-5

JCR-C

G-5
IC-B

Figure 1.12: Outline of the publications that comprise this thesis and their relation with
the identified research gaps exposed in section 1.3

Generation scheduling in isolated power systems with high penetration of variable renewable generation
and pumped-storage



Introduction 35

1.5.1 JCR Journal publications

The JCR Journal publications that comprise this thesis are listed below.

JCR-A A two-stage stochastic optimisation model for the water value calculation in
a hybrid diesel/wind/pumped-storage power system.

§ Authors: Daniel Fernández-Muñoz, Juan Ignacio Pérez-Díaz and Manuel
Chazarra

§ Journal: IET Renewable Power Generation

§ DOI: 10.1049/iet-rpg.2018.6151

§ Impact factor: 3.894 (Q1) [2019]

JCR-B Contribution of non-conventional pumped-storage hydropower plant config-
urations in an isolated power system with an increasing share of renewable
energy.

§ Authors: Daniel Fernández-Muñoz and Juan Ignacio Pérez-Díaz

§ Journal: IET Renewable Power Generation

§ DOI: 10.1049/iet-rpg.2019.0874

§ Impact factor: 3.894 (Q1) [2019]

JCR-C Fast frequency control ancillary services: An international review.

§ Authors: Daniel Fernández-Muñoz, Juan Ignacio Pérez-Díaz, Ignacio
Guisández, Manuel Chazarra and Álvaro Fernández-Espina

§ Journal: Renewable and Sustainable Energy Reviews

§ DOI: 10.1016/j.rser.2019.109662

§ Impact factor: 12.110 (Q1) [2019]

JCR-D Unit commitment in a hybrid diesel/wind/pumped-storage isolated power
system considering the net demand intra-hourly variability.

§ Authors: Daniel Fernández-Muñoz and Juan Ignacio Pérez-Díaz

§ Journal: IET Renewable Power Generation

§ DOI: 10.1049/rpg2.12003

§ Impact factor: 3.894 (Q1) [2019]
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1.5.2 International Conferences

The publications that have been published in Conference Proceedings after a review
process and are considered in this thesis are listed below.

IC-A Value of flexible pumped-hydro energy storage in isolated power systems
with wind generation.

§ Authors: Daniel Fernández-Muñoz and Juan Ignacio Pérez-Díaz

§ Conference: 19th International Seminar on Hydropower Plants, Vienna,
Austria, 9-11 November 2016.

IC-B Fast Frequency Control Services in Europe.

§ Authors: Daniel Fernández-Muñoz, Ignacio Guisández, Juan Ignacio
Pérez-Díaz, Manuel Chazarra, Álvaro Fernández-Espina and Frank Burke

§ Conference: 15th International Conference on the European Energy
Market, Łódź, Poland, 27-29 June 2018.

§ DOI: 10.1109/EEM.2018.8469973
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2. Methodology

Summary: along this chapter, the different methodologies followed to fulfil each of

the identified research gaps exposed in section 1.3 are presented. A brief timeline of

the work done in this thesis is exposed in section 2.1. The rest of the chapter strictly

follows the structure of the identified research gaps.

2.1 Timeline of the work done in this thesis

The starting point of this thesis is the deterministic week-ahead unit commitment
model presented in [Pérez-Díaz and Jiménez, 2016] taken as a reference. From that start-
ing point, an hourly optimal economic dispatch model was developed leading to a two-step
methodology. The cycling cost of the hydro units was considered in both unit commit-
ment and hourly dispatch models and different configurations of flexible pumped-storage
hydropower plants were analysed for the Great Canary island power system [Fernández-
Muñoz and Pérez-Díaz, 2016].

The formulation of the unit commitment model was then partially changed through
the adoption, with some conceptual differences, of the formulation proposed in [Morales-
Espana et al., 2013] which is, to the best of the thesis author’s knowledge, the most
computationally efficient formulation available in the literature so far to solve the thermal
unit commitment problem taking into account different start-up costs and power trajecto-
ries of the thermal generating units as a function of the time the unit has remained off-line
since the previous shut-down. That led to an improvement of the computational time of
the unit commitment model, that left a room to consider new modelling features such as
the uncertainty of the hourly net demand. Based on that unit commitment model’s formu-
lation, a two-stage linear stochastic optimisation model to calculate the water value was
developed, using in this case El Hierro power system as a case study [Fernández-Muñoz et
al., 2019].

Thanks to the low computational time required to calculate the water value with the
previous model, a daily rolling horizon methodology, in which the water value is calculated
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from the state of the power system at the end of day D-1 and then is considered as
input in the day-ahead unit commitment model to obtain the schedule for the day D,
was implemented to analyse the contribution of flexible non-conventional pumped-storage
hydropower plant configurations in the power system of the Great Canary island for a whole
year and different penetration levels of variable renewable generation [Fernández-Muñoz
and Pérez-Díaz, 2020].

The power system of the Great Canary island comprises sixteen thermal generating
units composed by five open cycle gas turbine units, four steam turbine units, two combined
cycle gas turbine units and five diesel generator units, totalling a 906.25 MW of generation
capacity. In addition, the Chira-Soria pumped-storage hydropower plant that is currently
in the last step of the permitting process [REE, 2018], will add a capacity of 200/220 MW
in turbine/pump operation mode by means of six reversible pump-turbine units, each one
equipped with a power converter, by-passed in turbine mode, and coupled to a synchronous
machine. The pumped-storage hydropower plant will be located in a cavern between two
existing reservoirs, Soria and Chira ones, that will be used as the lower and upper reservoir,
respectively [REE, 2019]. A simplified diagram of the power system of Great Canary island
is depicted in Fig. 2.1.

Figure 2.1: Diagram of the Great Canary island power system. Figure from [Fernández-
Muñoz and Pérez-Díaz, 2020]

As an extension of the work done in [Fernández-Muñoz et al., 2019], a two-stage stochas-
tic mixed-integer linear programming model for El Hierro power system was developed.
The unit commitment model adopted a hybrid approach as regards the integral/relaxed
nature of the variables representing the status (on/off) of the power system units for the
first/second stage, respectively. The model provided good results in terms of wind energy
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integration but at the expense of high computational times. To improve the computational
performance, an approach based on the Benders decomposition technique was applied to
the optimisation model resulting in a diminishing of the computational time within accept-
able values. That improvement of the computational performance left room to consider
the intra-hourly variability of the day-ahead net demand in the unit commitment model,
resulting on a higher integration of variable renewable energy at a moderate extra cost and
more reliable generation schedules with moderate computational time that would allow
the use of the model for the daily work of a power system operator [Fernández-Muñoz and
Pérez-Díaz, 2021].

The optimisation models proposed in this thesis have been implemented using the soft-
ware MATLAB R© and solved using the software GAMS 23.5.2 with the CPLEX commercial
solver. The software MATLAB R© has been used for the pre- and post-process and to realise
the analysis of the results. The experiments conducted in this thesis have used a computer
with an Intel Xeon processor E5-2687@3.10 GHz and 64 GB RAM.

In parallel to the development of the optimisation models, the study of the remuneration
mechanisms that value the response speed of the frequency control providers was carried
out.

Most of the publications resulting from this thesis have been done under the project
“Value of pumped-hydro energy storage in isolated power systems with high wind power
penetration” of The National Scientific Research, Development and Technological Innova-
tion Plan 2013-2016 [Ref. ENE2016-77951-R]. It is worth mentioning that the transmission
system operator of both El Hierro and Great Canary islands, Red Eléctrica de España, has
been an industry partner of the above-mentioned project.

2.2 Optimisation model to calculate the water value

As exposed in section 1.2.2 some of the classical techniques used for the computation
of the water value often make simplifying assumptions as regards the level of detail of both
thermal generating and hydro units [Tilmant and Kelman, 2007, Warland et al., 2008].
That modelling simplifications might be not adequate for the case of an isolated power
system with high penetration of variable renewable generation and a closed-loop pumped-
storage hydropower plant, as demonstrated by [Pérez-Díaz and Jiménez, 2016] in which
the authors emphasise the importance of the accuracy on the modelling of the thermal
generating units start-up to obtain realistic power generation schedules.

The identified research gap G-1 exposes a lack in the literature as regards the realistic
estimation of the storage opportunity cost in isolated power systems with high penetration
of both variable renewable generation and pumped-storage. Having in mind the above and
that it is necessary to search for a trade-off between modelling accuracy and computational
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performance to make the optimisation models useful for the daily work of a power system
operator, the aim of this work was to conduct an analysis to what extent certain approx-
imations or simplifications could affect the accuracy of the water value in power systems
with the aforementioned characteristics.

For the above-mentioned reasons, a two-stage stochastic linear programming model is
proposed to calculate the water value in an isolated power system with high penetration of
variable renewable generation and a closed-loop pumped-storage hydropower plant. The
proposed model considers in an approximate manner that the start-up cost of the thermal
generating units depends on the time passed since the previous shut-down. The proposed
model is applied in the power system of El Hierro island in the Canary Archipelago: an iso-
lated hybrid diesel/wind/pumped-storage power system with high wind power penetration
and a closed-loop pumped-storage power plant.

The proposed model is a relaxed version of a mixed-integer linear programming model
(benchmark model) partially based on the formulation proposed in [Morales-Espana et
al., 2013] which is, to the best of the thesis author’s knowledge, the most computationally
efficient formulation available in the literature so far to solve the thermal unit commitment
problem taking into account different start-up costs of the thermal generating units as
a function of the time the unit has remained off-line since the previous shut-down. The
proposed model uses the approach presented in [Warland et al., 2008] to reduce the number
of cases in which the units are assigned a power between zero and the minimum power
output or input.

The proposed model has two decision stages: the here and now decisions correspond to
the first 24 hours, where a single hourly net demand profile is considered thus neglecting the
net demand uncertainty consistently with the deterministic approach used by the power
system operator for the day-ahead generation scheduling [Pezic and Cedrés, 2013]; the
second stage extends from hour twenty-five to the end of the planning horizon and a set of
N hourly net demand scenarios has been used to consider the uncertainty of the variable
renewable generation output.

In order to select an adequate planning horizon, a set of experiments were conducted
using a deterministic version of the proposed model for a range of different planning periods
resulting that a 2-week planning period was found adequate for the computation of the
water values in the power system under study. A study regarding the evolution of the
water value provided for the optimisation model with a variable number of stochastic
scenarios was conducted resulting that a number of nine (N=9) stochastic scenarios was
found adequate for the power system under study.

The objective function of the proposed model considers the fuel and maintenance costs
of the diesel units, the start-up costs of the diesel and hydro units and the wear and tear
costs due to the inter-hour power variation of the diesel units, the Pelton units and the

Generation scheduling in isolated power systems with high penetration of variable renewable generation
and pumped-storage



Methodology 41

variable-speed pumps. The model is aimed to minimise the objective function allowing
wind energy curtailment for economic reasons.

The validation of the proposed model was performed in two steps because the com-
putational time of the benchmark model turned out to be much higher than expected
that prevented the validation of the proposed model against a stochastic version of the
benchmark model due to the unacceptable computational burden.

1. Deterministic validation: in this step the benchmark model and a deterministic ver-
sion of the proposed model have been used to calculate the water value in a set of
historical net demand scenarios. The water values obtained with both models have
been compared to each other, and have later been used as input for a day-ahead
generation scheduling model. The first validation step finishes with the comparison
between the next-day scheduling costs of the benchmark model and the ones corre-
sponding to a day-ahead generation scheduling model that uses as input the water
values provided by the deterministic version of the proposed model and the water
values provided by the benchmark model.

2. Stochastic validation: in the second validation step the proposed model is validated
against its deterministic version once such a version has been validated against the
benchmark model. Similarly, the proposed model and its deterministic version have
been used to compute the water value in another set of scenarios. The water values
obtained with both models have later been used as input for the day-ahead generation
scheduling model. Finally, the next-day scheduling costs obtained when using the
water values provided by the two models have been compared to each other.

For the validation of the proposed model a set of cases composed by a set of historical
scenarios selected as a function of the average wind power [low, medium, high] and the
wind power variability [low, medium, high], and for each scenario an initial upper reservoir
volume level ranging from 0 to maximum volume capacity, was considered.

The publication linked with the identified research gap G-1 is the one entitled A
two-stage stochastic optimisation model for the water value calculation in a hybrid diesel/
wind/pumped-storage power system that can be found in section 3.1.
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2.3 Contribution of flexible pumped-storage hydropower plant
configurations in an isolated power system with high pen-
etration of wind generation

Two different methodologies have been used to analyse the contribution of flexible
pumped-storage hydropower plant configurations in an isolated power system with high
penetration of wind generation: one to analyse the contribution of a pumped-storage hy-
dropower plant equipped with pump-turbines having a wider stable operating range, and
another one to analyse the contribution of a pumped-storage hydropower plant equipped
with variable-speed pump-turbines and/or hydraulic short-circuit operation mode. Each
methodology is exposed separately in sections 2.3.1 and 2.3.2, respectively. It is important
to note that each methodology uses a different optimisation model. The reason for this is
that the above-mentioned analysis were conducted at a different stage of the optimisation
models’ development by the thesis author, as mentioned in section 2.1. Notwithstanding,
both optimisation models can consider flexible conventional and non-conventional pumped-
storage hydropower plant’s configurations.

2.3.1 Contribution of a pumped-storage hydropower plant equipped with
pump-turbines having a wider stable operating range

In order to analyse of the contribution of a pumped-storage hydropower plant equipped
with pump-turbines having a wider stable operating range a two-step methodology was
followed:

# First, a deterministic mixed-integer linear programming model is used to solve the
week-ahead unit commitment problem. The model is based on the one proposed in
[Pérez-Díaz and Jiménez, 2016] and uses a weekly refill method to manage the energy
stored in the upper reservoir.

# Then, an hourly optimal economic dispatch model based on mixed-integer linear
programming is used to determine the hourly optimal dispatch of the committed
units according to the actual wind power profile. The actual wind power profile is
synthetically generated by adding a realistic forecast error to the forecast wind power
profile. The forecast error is assumed to increase linearly with the time passed since
the forecast was made. This model checks for every hour the generation schedule
provided by the unit commitment model and performs a rescheduling if necessary,
prioritising the load shedding from the pumps if possible.

The objective functions of both models consider the fuel and maintenance costs of the
thermal generating units, the start-up costs of the thermal generating and hydro units,
the wear and tear costs due to the inter-hour power variation of the thermal generating
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and hydro units and a penalty cost for wind energy curtailment. Both models are aimed
to minimise their respective objective functions. The pumped-storage hydropower plant
used as case study is assumed to have a single fixed-speed pump-turbine unit with different
minimum flow rates in generating mode (15-25-35-45% of the rated flow).

The power system used as a case study corresponds to the Great Canary island and
seven different levels of installed wind power were considered. In addition, the experiments
conducted were executed also with a version of the unit commitment model that considered
constant start-up cost and power trajectory of the thermal generating units, for comparison
purposes.

The publication linked with this research gap G-2 is the one entitled Value of flexible
pumped-hydro energy storage in isolated power systems with wind generation that can be
found in section 3.5.

2.3.2 Contribution of a pumped-storage hydropower plant equipped with
variable-speed pump-turbines and/or hydraulic short-circuit oper-
ation mode

In order to analyse of the contribution of a pumped-storage hydropower plant equipped
with variable-speed pump-turbines and/or hydraulic short-circuit operation mode a two-
step methodology was followed:

# First, a stochastic optimisation model based on the one proposed in [Fernández-
Muñoz et al., 2019] to cover the research gap G-1 , is used to obtain the water
value.

# Then, a deterministic day-ahead unit commitment model based on mixed-integer
linear programming and partially based on the formulation proposed in [Morales-
Espana et al., 2013], is used to obtain the next-day generation schedule using the
water value obtained in the first step as input.

The power system used as a case study was the Great Canary island in which four
different levels of installed wind power and a closed-loop pumped-storage hydropower
plant equipped with six pump-turbines were considered. For each level of installed wind
power and each non-conventional pumped-storage hydropower plant configuration consid-
ered, fixed/variable-speed with disabled/enabled hydraulic short-circuit operation mode,
the above procedure is executed throughout the entire year. Following the methodology
exposed in section 2.2 to determine an adequate planning horizon and the number of
stochastic scenarios to calculate the water value, a two-week planning horizon and three
stochastic scenarios were found adequate for the power system of Great Canary island. The
stochastic optimisation model mentioned in the first step of the methodology has therefore
a two-week planning horizon and three stochastic scenarios.
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The objective functions of the two models used in the two steps of the methodology
consider the fuel and maintenance costs of the diesel units, the start-up costs of the diesel
and hydro units and the wear and tear costs due to the inter-hour power variation of
the diesel units, the Pelton units and the variable-speed pumping units. In addition, the
objective function of the day-ahead unit commitment model considers the opportunity
cost of the water used to generate electricity. The two models are aimed to minimise the
objective function allowing wind energy curtailment for economic reasons.

The two-step methodology was executed on a rolling horizon basis day-by-day through-
out the entire year: the units’ status and the water stored in the upper reservoir at the
end of the day according to the results of the unit commitment model were then used as
input to the optimisation model to calculate the new water value, and so on. An outline
of the two-step methodology used for each case is depicted in Fig. 2.2, where LPSTO
refers to the optimisation model used to calculate the water value and DAUC refers to the
day-ahead unit commitment model. The methodology used is considered a realistic gen-
eration scheduling procedure which considers different types of start-ups (costs and power
trajectories) of the thermal generating units and the opportunity cost of water.

Figure 2.2: Daily rolling basis scheme of the two-step methodology used. Figure from
[Fernández-Muñoz and Pérez-Díaz, 2020]

The publication linked with this research gap G-2 is the one entitled Contribution
of non-conventional pumped-storage hydropower plant configurations in an isolated power
system with an increasing share of renewable energy that can be found in section 3.2.
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2.4 Unit commitment model that considers the intra-hourly
variability of the system’s net demand and endogenously
calculates the water value

The proposed model to cover the research gaps G-3 and G-4 is an evolution of
the model developed in [Fernández-Muñoz et al., 2019] ( JCR-A ). The proposed model
is a novel two-stage stochastic mixed-integer linear programming-based unit commitment
model that simultaneously calculates the next-day generation schedule and the storage
opportunity cost of an isolated power system with high penetration of variable renew-
able generation and a closed-loop pumped-storage hydropower plant, while considering the
intra-hourly net demand variability. The model is applied to the power system of El Hierro
island. The proposed model considers:

# the intra-hourly variability of the variable renewable generation along the first twenty-
four hours of the 2-week planning horizon,

# the uncertainty of the hourly variable renewable generation in the whole planning
period,

# hourly commitment decisions,

# integer/relaxed variables to model the status of the system’s units in the first twenty-
four hours/from hour twenty-five to the end of the planning horizon,

# variable start-up costs of the thermal generating units as a function of the time that
the unit has remained off-line since the previous shut-down.

The proposed model has two decision stages: the first stage corresponds to the first
twenty-four hours of the planning horizon, where a single hourly net demand profile is
considered; the second stage extends from hour twenty-five to the end of the planning
horizon and a set of nine hourly net demand scenarios has been used to consider the
uncertainty of the variable renewable generation output.

The intra-hourly variability is considered only along the first stage by means of a set
of three net demand profiles, each with a 10-minute time resolution. The 10-minute wind
power profiles have been obtained by adding to the hourly wind power profile three 10-
minute wind power variability profiles obtained through a k-means clustering approach
and considering that the wind power variability significantly varies as a function of the
hourly wind power average value [Bludszuweit et al., 2008, Zhang et al., 2014].

The objective function of the proposed model considers the fuel and maintenance costs
of the diesel units, the start-up costs of the diesel and hydro units and the wear and tear
costs due to the inter-hour power variation of the diesel units, the Pelton units and the
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variable-speed pumping units. The model is aimed to minimise the objective function
allowing wind energy curtailment for economic reasons. The model is solved by a method
based on the Benders decomposition technique in order to reduce the computational time,
making it tractable and practical for the power system operator’s daily use.

A version of the proposed model that does not consider the intra-hourly net demand
variability is executed for comparison purposes.

The publication linked with the research gaps G-3 and G-4 is the one entitled Unit
commitment in a hybrid diesel/wind/pumped-storage isolated power system considering the
net demand intra-hourly variability that can be found in section 3.4.

2.5 Review of the remuneration mechanisms that value the
response speed of the frequency control providers

An exhaustive revision of the technical and scientific literature has been made in order
to cover the identified research gap G-5 . The review of the technical and scientific
literature has been performed in a two-step process:

# First, a revision of the regulatory changes regarding the provision of frequency con-
trol ancillary services that value the response speed of the frequency control re-
sources and/or can only be provided, without curtailing available renewable energy,
by inverter-coupled generation or storage technologies, in the European power sys-
tems was made. The main findings of this first-step review correspond to the publi-
cation IC-B entitled Fast Frequency Control Services in Europe [Fernández-Muñoz
et al., 2018], that can be found in section 3.6.

# Then, the revision was extended to other power systems. The results of the compre-
hensive review done corresponds to the publication JCR-C entitled Fast frequency
control ancillary services: an international review [Fernández-Muñoz et al., 2020],
that can be found in section 3.3.

Both reviews have focused not only on the technical definition of the frequency control
ancillary services that have been implemented or proposed to date, but also on how the
services are remunerated or expected to be remunerated.
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