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Chapter 1

Introduction

Yo creo que desde muy pequeño 
mi desdicha y mi dicha, al mismo 
tiempo, fue el no aceptar las cosas 
como me eran dadas... Yo parezco 
haber nacido para no aceptar las 
cosas tal como me son dadas.

Julio Cortazar

Electricity has become the basis for our current way of living in modern societies
(IEA 2019c). Current electricity production systems rely on fossil-fueled thermal

power plants (TPPs), nuclear power plants, and renewable energy systems (RES). In
general, a diverse mix of power plants and power plant types form a collective and dy-
namic entity called electricity grid, in which power plants interact with each other by
scaling production, replacing power plants, or taking turns to fulfill regional electricity
demand (REN21 2017). The electricity grid goal is to ensure that electricity demand is
satisfied at all times, all year round (Kaplan 2011).

The relations among power plants are not only defined by the energy-specific char-
acteristics of the power plants themselves, e.g., installed capacity, but also by exoge-
nous and endogenous conditions (Kaplan 2011). Some examples of these conditions are
regional or national regulations, in combination with economic factors that aim to pro-
duce the cheapest electricity possible (ENTSO-E 2019). Some power plant interactions
are defined by endogenous conditions, like changes in the availability of resources re-
quired by power plants to produce electricity. Figure 1.1 shows how these endogenous
conditions, defined in different spatial and temporal dimensions, affect the overall elec-
tricity generation system. If these endogenous conditions are natural resources, Figure
1.1 also shows how, in interconnected grids, lack of resources in one place may affect
resources in other places.
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Figure 1.1: Relationship between temporal and spatial dimensions in the electricity production system of
a region.

1.1 Problem definition

Climate change, population growth, and economic development are pushing for an
electricity-based world (IEA 2018). According to current energy policies, the world is
aiming for a 60% increase in electricity generation by 2040 (IEA 2019c). Besides, TPPs
and some RES require water in almost every step of their production processes. De-
pending on the technology, water can be used throughout all the processes, or just dur-
ing a part of it, e.g., for fuel extraction or power plant operation (Meldrum et al. 2013,
Williams et al. 2013). Recently, the study of water use for electricity generation has been
framed as the water-electricity nexus (WEN). Traditional power plants, e.g., Coal power
plants, can use different water sources. They often use fresh surface water, but some use
saline water or wastewater for some of their processes. However, the use of freshwater
by power plants is the most critical because freshwater is a limited natural resource in
many places (FAO 2016, IEA 2016a). Moreover, there is a competition between electric-
ity and other freshwater users, like agriculture or industry (Hoff 2011). The competition
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will likely intensify in the future as freshwater resources become scarcer, while elec-
tricity, water, and food demand will increase (FAO 2014). Nowadays, scholars have
identified two pressing issues in the WEN: (i) the energy transition towards lower CO2

emissions, e.g., Liu et al. (2015); Mekonnen et al. (2016); and (ii) temporal and spatial
limitations of freshwater availability, e.g., DeNooyer et al. (2016); Lubega and Stillwell
(2018).

1.1.1 Energy transition and the water-electricity nexus

Due to climate change, the global electricity sector is going through a transition from
TPPs to RES to reduce GHG emissions (Edenhofer et al. 2014, IEA 2019a, The World
Bank 2019). RES include two categories depending on the maturity and historical par-
ticipation in the electricity mix (Vaca-Jiménez et al. 2019b). These are: (i) Traditional RES,
i.e., hydropower and bioenergy systems, which have mature technologies. Globally, hy-
dropower is currently the most deployed RES (IEA 2019a). And (ii) Non-traditional RES,
which include solar energy, wind, geothermal, ocean and tidal energy, among others.
These technologies are still developing, with great forecasted potential (REN21 2017).

When compared to TPPs, RES have a few important limitations in terms of flexibility
and storage capacities. For instance, in terms of the mobility of the energy source, fuels
used in TPPs technologies can be transported from their source (mine) to power plants
over long distances. For example, coal from Colombia is transported to Europe over
thousands of kilometers to be used in Dutch coal-fired power plants (Wilde-Ramsing
and Racz 2014). Conversely, solar radiation cannot be transported. Additionally, storage
systems for non-traditional RES rely on electricity-based storage (batteries), or physical
mediums like water or compressed air (Dinçer and Rosen 2011). These systems cannot
store energy for longer periods (Dinçer and Rosen 2011), in contrast with TPPs that have
large storage capabilities as fuels can be stored for extended periods. Finally, TPPs have
flexible electricity output, especially gas turbines and oil-fueled power plants, permit-
ting a relatively quick production increase or decrease (Gonzalez-Salazar et al. 2018).
Non-traditional RES are not flexible, because they depend on the intermittency of their
energy sources, e.g., wind turbines only generate electricity when there is wind blow-
ing, or photovoltaic panels (PV) when the sun is shining.

Considering those differences, traditional RES represent a feasible contribution to the
energy transition. Water in hydropower systems and bioenergy in energy carriers can
be transported, and potential energy can be stored as water in artificial lakes or as chem-
ical energy in biomass, which provides flexibility. This implies that traditional RES are
currently more competitive than non-traditional RES. Therefore, current energy transi-
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tion plans foresee an increase in traditional RES in the short-term, followed by a shift
towards non-traditional RES in the medium and long-term, e.g., the IEA Stated Policies
scenario that considers all the declared policies by the countries (IEA 2019c). It is ex-
pected that hydropower and bioenergy have a large contribution to future total energy
supply in the attempt to achieve the climate change goals for electricity generation and
primary energy, especially in developing economies (IEA 2019c). Therefore, it is likely
that the future electricity mix will have more spatial and temporal restrictions than our
current electricity mix using today’s available technology.

When the energy transition is observed from a resource perspective, it involves a
significant shift of resources used for electricity generation. Traditional RES consume
more water per unit of electricity generated (Gleick 1994, Macknick, Newmark, Heath
and Hallett 2012, Mekonnen et al. 2015), while Non-traditional RES occupy more land
than TPPs (Fthenakis and Kim 2009). Thus, the energy mix will not only transition to
lower GHG emissions by reducing the use of finite fossil fuels, but also to an increase
in land and water use. In terms of the WEN, the conflicting freshwater use and carbon
reduction efforts might translate into a water-carbon tradeoff, as carbon-reducing poli-
cies may implicate larger water consumption (Mekonnen et al. 2016), or water-saving
efforts hinder GHG emissions reductions (Zhang et al. 2014).

1.1.2 Temporal and spatial variation of freshwater sources and the
water-electricity nexus

Globally, freshwater availability has temporal and spatial dimensions. Water is not
available everywhere, and not all the time (Hoekstra 2017). Figure 1.2 shows the overall
global annual average freshwater availability.

Figure 1.2 shows that freshwater is not generally available in all places. Freshwater
availability differences among regions are linked to, among other things, differences in
precipitation, human use, and geography (IEA 2012b).

Besides spatial differences, freshwater availability also has temporal variations, even
in water-abundant places. These variations are mostly related to temporal differences
in precipitation, evaporation, and solar radiation. Figure 1.3 shows the temporal vari-
ations in average precipitation in Colombia from 1995 to 2015, one of the most water
abundant countries of the world (AQUASTAT 2015).

Figure 1.3 shows large temporal precipitation variations.



1.1. Problem definition 5

Figure 1.2: Global annual average freshwater availability (taken from IEA (2012b), which uses data from
the UN Aquastat).

Figure 1.3: Temporal variations in average precipitation in Colombia from 1995 to 2015. Source: The
World Bank (2020).

It shows how that (i) there are large differences between months; (ii) there are differ-
ences between years; and (iii) despite those differences, there are seasonal similarities.
For example, in Colombia, precipitation is large in the middle of the year. These vari-
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ations depend on seasonal climatic differences, such as seasonal phenomena that alter
precipitation levels, translating into freshwater availability variation. Therefore, fresh-
water availability limitations are either constant or temporal freshwater lacks.

Previous studies, e.g., DeNooyer et al. (2016), and Lubega and Stillwell (2018), have
shown that lack of water affects the capacity of power plants to generate electricity so
that freshwater availability limitations have implications for the dynamics of an elec-
tricity mix.

1.2 State of the art and identifying the knowledge gap

1.2.1 State of the art

In the last decade, the WEN has received much attention in scientific research, with
many articles assessing interactions between water and electricity generation. Existing
research addressed the WEN from (i) an electricity use for water systems perspective,
e.g., Dubreuil et al. (2013), Gerbens-Leenes (2016), and Menke et al. (2016); (ii) from a
water and energy system coupling perspective, e.g., Fang and Chen (2017). Lubega and
Farid (2014), and Zhou et al. (2016); or (iii) from a water use for electricity systems per-
spective. The latter is the focus of this thesis.

Existing knowledge regarding water for electricity generation includes three clus-
ters. First, the cluster that addresses the consumption of water by power plants, which
is the subject with the largest number of studies. In this cluster, authors like Gleick
(1994), Liu et al. (2015), Macknick, Newmark, Heath and Hallett (2012), Meldrum et al.
(2013), and Yang and Chen (2016) have estimated, or compiled, water intensities (ratios
of water use per unit of electricity generated), aiming to benchmark technologies. Based
on these intensities, studies like DeNooyer et al. (2016), Gjorgiev and Sansavini (2018),
Logan and Stillwell (2018), and Shang et al. (2018) have forecasted water consumption
for future electricity planning (including possible environmental impacts). The second
cluster includes studies like Fernández-Blanco et al. (2017), Huang et al. (2017), Lv et al.
(2018), and Sun et al. (2018) that have assessed how future water availability could af-
fect electricity generation based on different electricity demand and water availability
scenarios using mathematical models. The third cluster includes studies like Duan and
Chen (2016) and Guo et al. (2016) that have assessed virtual water embedded in elec-
tricity production and its trade.
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1.2.2 Identifying the scientific knowledge gap

Most existing research assessed the system (i) on an annual basis, averaging intra- and
inter-annual variations; (ii) considering power plants individually without including
power plant interactions; and (iii) not considering a complete electricity mix or grid,
but sets of power plants.

The previous sections show that the relation between water and electricity is dy-
namic because (i) power plants in the electricity grid interact with each other dynam-
ically; (ii) the future electricity mix probably is more spatially and temporally limited
due to the energy transition; (iii) freshwater availability is variable. Moreover, these
dynamics are defined and constricted by temporal and spatial conditions. For instance,
temporal freshwater availability limitations affect electricity generation so that other
technologies elsewhere need to supply production decrease, which might affect their
water resources (as shown in Figure 1.1). Thus, there is a need to assess the water use
dynamics for electricity generation considering: (i) spatial and temporal water limita-
tions; (ii) spatial and temporal effects of limitations on electricity generation systems;
and (iii) dynamics in the electricity mix itself.

This is such a broad and ambitious knowledge gap, that to address it, there is the
need to limit its scope using a case study. This thesis approaches the knowledge gap
using the Ecuadorian electricity system.

1.3 The Case Study

Ecuador is a water-abundant South American country located at the equator (FAO
2016). Its electricity system is a suitable case study because: (i) its size is small enough
to permit a detailed analysis and still provides global insights as it contains most of
the current electricity technologies available; (ii) more than 99% of its demand is ful-
filled by the countrys power plants, while electricity export and import is negligible.
This reduces the studys uncertainty as there are no external conditions that need to be
considered in the electricity system. (iii) it is inside a very heterogeneous geographical
setting with different climates and geographies, which permits assessing how different
spatial characteristics affect water-electricity dynamics. And, (iv) Ecuador is currently
undergoing an energy transition, aiming to increase the contribution of traditional RES,
i.e., hydropower. Chapter 3 gives a detailed description of the case study.
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1.4 Research Question and Approach

Once identified the knowledge gap and the case study selected, the overall research
question of this thesis is:

How does spatial and temporal freshwater availability affect the dynamics of the
water-electricity nexus of the Ecuadorian electricity system?

The thesis formulated five subquestions to answer this main question: (i) What has
the WEN literature assessed? And which data sources and from where has it used to
quantify water use by power plants? (ii) How does the Ecuadorian electricity mix op-
erate? And what are the future electricity transition plans? (iii) What is the current
freshwater use for electricity generation in the Ecuadorian electricity system? (iv) What
are the current spatial and temporal water-electricity dynamics in terms of water avail-
ability and consumption in Ecuador? (v) What are the possible water implications of
changes in electricity supply using a dynamic approach? Particularly, for hydropower
in Ecuador?

The water-electricity dynamics can be assessed in two ways: (i) by studying the
dynamic response of the water-electricity relations in the electricity system based on
what-if scenarios that show how the system works when certain events occur, or (ii)
by studying the current systems operation in more detail, most of the times involving
the use of a smaller time-scale (monthly or daily) that permits the observation of the
dynamics of the water and electricity systems. This thesis uses the second option. Sub-
section 5.5.3 describes the differences between the two approaches in detail.

1.5 Thesis structure and its contribution to science

Besides this introduction, the thesis includes six other chapters:

Chapter 2 provides a thorough literature review of the present state of the art of the
WEN research. It gives an overview of available studies regarding the use of freshwa-
ter in electricity generation and its fuels. It shows the lack of appropriate data sources,
and that a few studies are double-counted in new compiling studies and misused in not
comparable case studies. This Chapter also highlights how a few compilation studies
have shaped the WEN.
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Chapter 3 describes the case study, i.e., electricity generation in Ecuador. It first gives
information to understand the background of the country, its electricity mix, policies
towards energy independence and energy transition, water resources, and geography.
The information provided in this chapter helps to understand the different water-energy
relationships of the case study that are addressed in the following chapters.

Chapter 4 quantifies the water use of electricity generation in Ecuador based on an-
nual estimates and the current electricity mix. It presents water intensities (footprints)
of many power plants’ types that were not assessed in the literature before. This Chap-
ter provides a baseline for comparison between the annual static view and the dynamic
view of the electricity system in Ecuador.

Chapter 5 assesses the temporal and spatial water-electricity dynamics of the Ecuado-
rian electricity system, on a monthly basis. It first assesses the direct and indirect effect
of temporal and spatial freshwater availability on electricity generation in this electric-
ity mix, and then studies how these variations affect freshwater consumption. There-
fore, connecting two of the major subjects (clusters as described in Subsection 1.2.1)
in literature, water consumed by electricity generation and water availability affecting
electricity generation. It differentiates technologies based on the country’s geographi-
cal settings to provide insights regarding the different operations of similar technologies
depending on their spatial settings, and to capture changes in water use by power plants
and their electricity production. The chapter concludes that hydropower is the major
player in the Ecuadorian WEN dynamics.

Chapter 6 analyses the dynamics of hydropower plants for four Ecuadorian plant
types that represent the majority of hydropower plants in the country. The chapter
shows the importance of considering the dynamics of water availability, electricity out-
put, and water storage of the hydropower plants on their water consumption. This
Chapter also provides a novel approach to estimate the variation of water consumption
of hydropower plants.

Finally, Chapter 7 provides the general discussion of the findings, the implications
for the case study, and how these results relate to the global electricity mix. It also gen-
eralizes the insights to answer the research question.
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