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Chapter 7

General Discussion and Concluding Remarks

This thesis started by asking how does spatial and temporal freshwater availabil-
ity affect the dynamics of the Ecuadorian WEN. The whole body of this thesis

provides an answer to that question. Water availability has large temporal and spatial
variations throughout the Ecuadorian territory. These temporal and spatial variations
affect the electricity output of the Ecuadorian power plants inside the electricity grid.
Water availability fluctuations affect Hydropower plants (HPPs) in the country, which
have several months of reduced production due to lack of water. When water is not
available in the Pacific Basin, HPPs in the Amazon basin compensate lack of produc-
tion. However, when water is not available in the Amazon basin, the electricity grid is
forced to use of fossil-fueled Thermal power plants (TPPs) to fulfil the electricity de-
mand. These changes in electricity output also generate temporal and spatial variations
of the Water Footprint (WF). As water is less available, water-efficient technologies step
up, changing the monthly WF of the country. Moreover, the changes in the WF does
not only occur due to the temporal shift from one type of power plants to the other. It
is also observed that HPPs with large storage have significant WF temporal variations
due to the relationship between water availability, climate and energy planning.

7.1 Sequence of Findings

In Chapter 1 I introduced the electricity grid. I described how the electricity grid works
as a dynamic entity, in which different conditions (endogenous and exogenous) affect
the operation of power plants creating a cycle where the output from one power plant
affects the output of the other. Similarly, the outcomes of one section of this thesis influ-
enced the setting and goals of the others in a consequential way. For instance, Chapter
2 presented the lack of data sources of water consumption by power plants, and how
the misuse of popular references has introduced uncertainty in case studies that are not
comparable to the original data. Based on these findings, Chapter 4 assessed the wa-
ter footprint of Ecuadorian power plants mostly based on first-hand and second-hand
data from Ecuadorian sources. Moreover, Chapter 4 provided the required inventory of
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power plants and the overall settings for the system boundaries of Chapter 5, in which
the electricity grid dynamics were shown, and the importance of HPPs in the Ecuado-
rian electricity grid was highlighted. Chapter 6, built upon the previous Chapter, mak-
ing a more detailed analysis of the Ecuadorian HPPs, and showing that the temporal
variations of the relationship between electricity output, reservoir size, and climate is
paramount to understand the water consumption by power plants. Similar examples
can be seen throughout the thesis.

Overall, this thesis provided a range of contributions to the existing knowledge.
Some of which, not only suggest pathways into the future of the Water-electricity nexus
(WEN) of Ecuador, and countries with similar characteristics, but also for the WEN
knowledge in general. The contributions and their implications are described in the fol-
lowing sections.

7.2 Implications for the Case Study

This thesis has shown three insights for the Ecuadorian WEN: (i) WF variation of
Ecuadorian power plants is large, even for similar technologies, but especially for hy-
dropower. The reasons behind the large variation are the large differences in infras-
tructure and fuels used among power plants of the same technology, and the overall
power plant output that varies according to technology prioritization in the electricity
mix (Chapter 4). (ii) Ecuadors seasonal freshwater availability has a large influence on
water-electricity dynamics. Ecuador is a water-abundant country, but water availabil-
ity fluctuates. These fluctuations translate into large temporal and spatial differences
in the output of power plants and their WFs in the country. The Pacific basin showed
larger differences than the Amazon basin (Chapter 5). That Chapter has also shown that
Ecuadorian HPPs are the main technology driving these variations in electricity output
and WFs of the other technologies. Finally, (iii) The relationship between electricity
output, water evaporation, and storage of four Ecuadorian HPP types implies larger
HPP WFs than initially assumed (Chapter 6). HPP storage intended to solve freshwater
availability fluctuations. However, storage also implies larger WFs. The longer the stor-
age period, the larger the water evaporation from the reservoirs. Chapter 6 also showed
that the optimization of the system based only on aiming for the most water-efficient
technology does not provide sufficient electricity to cover the demand.

For the freshwater-limited Ecuadorian electricity mix, a discussion is needed to ad-
dress the freshwater consumption implications of the possible ways to reduce TTPs’



7.2. Implications for the Case Study 127

contribution, considering that climate change measures intend to remove TPPs from
the future electricity mix. Chapter 3 has shown how the Ecuadorian electricity transi-
tion plans aim to include more HPP capacity to increase the share of renewables in the
system and to reduce the overall carbon intensity of the electricity mix. Based on the
findings shown in Chapters 4, 5, and 6. This is likely to imply a larger blue WF of the
electricity generation in the country.

Figure 7.1a-b shows the blue WF implications of the current Ecuadorian electric-
ity transition plans. Figure 7.1a shows the estimated future blue WF of the transi-
tioned Ecuadorian electricity mix if it follows the existing transition plans for the coming
decade. It was calculated based on the expected annual electricity output per Power
plant (PP), and the median values of Ecuadorian electricity generating technologies
(presented in Chapter 4), assuming that the PPs constructed in the coming years have
similar WFs than current Ecuadorian power plants. Chapter 3 provides the planned
timeline, which PPs are expected to start operations, under the existing Ecuadorian
transition plans. Figure 7.1a shows a non-linear increase, as different PPs with different
capacities start operating at different periods during the next decade. Figure 7.1b shows
the relationship between carbon intensity and the blue WF per unit of electricity added
by the planned power plants from 2018 to 2027. It was calculated by dividing the ex-
pected carbon emissions, from MERNNR (2019), and the water footprint to the expected
electricity generation based on the transition plans (MERNNR 2019). Likewise, in this
case, as PPs are staring operations in different periods, the WF and the carbon intensity
have not smooth increases or decreases.

Figure 7.1a shows that the blue WF of the future electricity mix might be 40% larger
than it is today. The introduction of HPPs translates into larger blue WFs in the fu-
ture, especially in 2027, as one of the major dammed HPP in the country, Santiago-G8,
is expected to start operations. Figure 7.1b shows that while the carbon intensity per
unit of electricity added to the mix since 2018 is expected to decrease six-fold, the blue
WF is projected to increase 13-fold. Figure 7.1a and b show that the transition plans
will likely have a freshwater cost and cause an undesired water-carbon tradeoff. This
implies that in some Ecuadorian sub-basins freshwater resources may encounter a de-
mand increase. Considering that Ecuadorian laws that explicitly establish that any en-
ergy plan should not compromise water resources, or compete for resources with the
food sector (Asamblea Nacional de la República del Ecuador 2008), based on knowl-
edge gathered in this thesis, I consider two options in which fossil fuels can be removed
from the electricity grid without increasing significantly its blue WF: (i) optimizing the
electricity system considering different temporal freshwater availabilities in the Ecuado-
rian sub-basins, using these differences not as limitations, but as opportunities to use
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Figure 7.1: Water footprint implications of the current Ecuadorian electricity transition plans, in which
hydropower plants are introduced in the electricity generation fleet. a. shows the forecasted increase in
the blue water footprint. b. shows the relationship between carbon intensity and blue water footprint per
unit of electricity added to the mix since 2018.

freshwater resources efficiently by the introduction of water-efficient HPP technologies
(Run-of-the-river (ROR) and Dam height, considered from the base to the top of the dam (in
m) (DH)ăGross Static Head (in m). The vertical distance from the open water surface to the top
of the water in the tailrace (discharge) (GSH) flooded river HPPs). ROR HPPs prevent the
construction of reservoirs (Chapter 4), and DHăGSH flooded river HPPs have limited
water storage (Chapter 6), so there is limited water evaporation; (ii) increasing electric-
ity import and export using the electricity connection with Perú and Colombia.

For the first option, Chapter 5 and 6 showed possibilities to optimize the system
from a water perspective, considering spatial and temporal freshwater availability dif-
ferences in the country. Chapter 5 showed that there are differences between the tempo-
ral freshwater availability of the Ecuadorian basins and sub-basins. These differences
suggest where new ROR HPPs should be projected, taking water limitations that cur-
rently affect the countrys electricity production into account. A scenario in which an
increased number of ROR HPPs in the Pacific basin (especially in the Esmeraldas and
Guayas sub-basins) serves to fill the production gap from January to April. Unfortu-
nately, the lack of freshwater from October till December occurs in all basins, so that
this approach does not avoid the use of TTPs entirely.

The electricity mix in Switzerland is an example of the second option. Switzer-
lands electricity generation mainly comes from HPPs (60% of total production) and nu-
clear power plants (32%). Nuclear power plants are one of the least flexible electricity-
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generating technologies (Gonzalez-Salazar et al. 2018), and HPPs are only flexible when
there is freshwater available (as shown in this thesis). Therefore, the Swiss grid has lim-
ited flexibility. The Swiss electricity mix deals with freshwater availability limitations
by relying on the European electricity grid, using HPP reservoirs as potential energy
buffers. Switzerland imports almost half of the electricity it produces from neighboring
countries (IEA 2019b). Imported electricity supplies demand when HPPs have low pro-
duction, but also serves to pump water back up into HPP reservoirs to increase storage
levels. In Switzerland, HPP storage systems do not only rely on fluctuating freshwater
availability to fill their reservoirs but increase storage when electricity from outside the
country is available. Similarly, the Ecuadorian electricity mix can rely less on their TPPs
to balance the grid and try to avoid WF increase, if it uses the interconnection of Colom-
bia and Perú to supply the required electricity and avoid the use of large reservoirs to
store water during long periods in the dry season.

Moreover, it can also use the difference in seasonality in Colombia and Perú, which
also have large hydropower shares in their mixes (IEA 2019b), to import electricity dur-
ing their wet season to increase the storage levels. Probably, this scenario has higher
economic costs and larger WFs than the first option as the current Ecuadorian infras-
tructure will need pump-storage. Besides the existing reservoir, pump-storage also re-
quires a smaller reservoir after the HPP. This implies an additional open water surface
from which water evaporates. Nonetheless, scholars have not quantified the volumes of
water evaporation from these types of HPPs, so the order of magnitude of the increase
in evaporation is uncertain.

All in all, future energy planning must include comprehensive water assessments
in the Ecuadorian energy plans that include not only estimations of water availability
that could hinder electricity production, but also impacts of energy plans on freshwater
resources and other sectors, e.g., agriculture or municipal water supply.

Besides, in terms of electricity research, most scientific literature about Ecuador has
focused on power plants that have large capacities, e.g., Briones Hidrovo et al. (2017).
However, this thesis has shown that sometimes medium-sized power plants have a
larger impact on the water or electricity sector of the country than power plants with
large capacities, e.g., the Marcel Laniado HPP in the Pacific Basin. Therefore, future elec-
tricity research needs to focus on key power plants that are not necessarily the largest
ones.
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7.3 Implications for the global Water-Electricity
discussion

The insights of this thesis are also useful as future discussion points in the WEN discus-
sion as they relate to global water and electricity issues and their relationships.

First, Chapter 2 mentions the discussion point that the WEN community should be
aware of the lack of new data sources in a large number of WEN-related publications.
It is important to identify when using water intensities of other publications, systems
addressed are comparable to the ones that are assessed in the new publication. More-
over, the whole WEN community should be aware of the possible double-accounting
in recent publications that compile WFs (also denominated as water intensities in the
literature). These ideas are also relevant for science in general, not particularly for the
WEN community, as the lack of data is common in several disciplines.

Second, this thesis has showcased the importance of considering the electricity grid
in the understanding of the WEN. In contrast with Chapter 4, Chapter 5 and 6 showed
how the interaction between power plants in the Ecuadorian electricity grid affects the
overall dynamics of the water they consume. As power plants perform and outper-
form others, WFs also change. This suggests that a large water consumption period
can coincide with small freshwater availability in a basin. If this happens, there may be
larger environmental consequences from electricity generation or an intensified com-
petition for water resources among users than reported in annual estimates. Chapter
1 has shown that these temporal WF variations have not been addressed in earlier re-
search. This thesis indicates that future research might include assessments of interac-
tions in the mix in a small time-steps, e.g., monthly, to assess temporal WF variation.
This is also relevant for electricity mixes without large HPP shares, as temporal varia-
tions might also influence other technologies (even when they are not constrained by
freshwater availability). For instance, solar power in higher latitudes, with large output
during summer and modest output in winter. During winter, these mixes need to com-
pensate for the lack of production through storage or with the use of other technologies.
This may lead to a significant change in water consumption of the whole electricity mix.

Third, this thesis contributes to the discussion on the water-carbon tradeoff that has
arisen earlier. Previous studies have found how this tradeoff appears as the energy tran-
sition moves along, and traditional Renewable Energy Systems (RES) are introduced, re-
placing fossil-fueled technologies. For instance, Mekonnen et al. (2016) have described
this tradeoff when assessing the global electricity mix and the transition scenarios of
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the IEA (2012a). Lin and Chen (2017) and Peer and Sanders (2018) have indicated sim-
ilar tradeoffs when assessing the transition plan of China and the U.S., respectively.
Chapters 5 and 6 suggested a similar tradeoff when a monthly and daily step was con-
sidered instead of an annual one. Putting this thesis in the context of the before men-
tioned studies, the water-carbon tradeoff is reported from different levels of scale: from
a global top-down ((Mekonnen et al. 2016)) to a bottom-up national approach ((Lin and
Chen 2017)), and from an annual average (Mekonnen et al. (2016), and Peer and Sanders
(2018)) to a monthly perspective (this thesis). This suggests that future electricity tran-
sition plans should consider the water-carbon tradeoff carefully.

This thesis also concludes that RES cannot easily replace TPPs, as they lack the stor-
age and flexibility to supply current electricity demand. Previous studies that focused
on the electricity perspective, e.g., Eser et al. (2016), have shown that TPPs make the
grid balance easier and adjust supply and electricity demand properly. This thesis has
shown that, from a water perspective, fossil-fueled TTPs are also required in the mix.
Therefore, unless there are breakthroughs in electricity storage technologies or water-
efficient technologies, the energy transition plans should be aware that TPPs might be
required in future electricity mixes, whether this is viewed from a water or energy limi-
tation perspective. This also overlaps with the importance of gas-fueled TPPs, especially
gas turbines, as they are the most water-efficient technologies (Macknick, Newmark,
Heath and Hallett 2012, Meldrum et al. 2013); this thesis in Chapter 4). Moreover, nat-
ural gas-fueled TPPs have superior flexibility capacities compared to other power plant
technologies (Gonzalez-Salazar et al. 2018).

Based on these insights, Figure 7.2 shows a summary of the contributions of this the-
sis to the existing knowledge regarding the water-electricity nexus in general.

7.4 Concluding Remarks

This thesis started by providing one general and some specific research questions. The
thesis has shown that:

1. Scientific literature addressing the water-electricity nexus has mainly focused on
providing the quantification of water intensities (footprints) of different electricity
technologies. Current knowledge is based on a few data sources for new case
studies, sometimes concurring in double-counting or misusing these data sources
by extrapolating them to non-comparable cases.
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Figure 7.2: Summary of this thesis’ contribution to the water-electricity nexus discussion in general.

2. The Ecuadorian electricity mix includes a combination of hydropower plants and
fossil-fueled thermal power plants working together. The overall mix encountered
diminished electricity outputs through time that coincided with severe droughts.
Ecuadors electricity transition plan, past and current, relies heavily on the intro-
duction of more hydropower plants.

3. The current Ecuadorian electricity mix includes a large variety of technologies.
The water footprints of these technologies also have large variations. When con-
sidering the system static on an average annual basis, the total water footprint
of the Ecuadorian electricity system is small in comparison to the country’s total
water footprint.

4. The large differences between the temporal variation of freshwater availability in
the two major basins in Ecuador (the Pacific and the Amazon) affect the power
plants in each basin differently. This translates into different water footprints de-
pending on the basin, even for comparable technologies.

5. A dynamic approach to water consumption and electricity generation of hydropower
has shown interesting relationships between them. Moreover, it suggests that the
current way of estimating hydropower plant evaporation has led to uncertainties,
depending on the type of hydropower plant. For example, the temporal variation
of the reservoir size significantly affects reservoir evaporation.
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In general, this thesis has shown that in countries like Ecuador, spatial and tempo-
ral freshwater availability variations not only affect the electricity output dynamics of
power plants that are part of an electricity mix but also translate into large temporal
and spatial water consumption differences by power plants. As a result, the overall
water consumption of the electricity sector is affected by freshwater availability fluctu-
ations with a large monthly variation. Moreover, this thesis has pointed out that the
water-electricity dynamics are largely influenced by (i) the composition of the electric-
ity mix, in which traditional Renewable energy systems (hydropower and bioenergy) are
the technologies directly affected by temporal and spatial freshwater variation, affecting
thermal power plants indirectly. (ii) Policies and laws, such as technology prioritization
in a mix that make the electricity mix more or less prone to these variations. These
findings suggest that the water-electricity nexus discussion should start to change its
focus from averaged static, annual, global assessments towards more detailed analy-
ses, including dynamic relations between water sources and electricity sectors. Thus,
the WEN community must consider the electricity grid and the interactions between the
power plants occurring within it.
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