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Resumo

O abastecimento de agua potavel é por vezes problematico em Portugal devido a forte concentracao
sazonal das precipitagdes, a desigualdade da disponibilidade dos recursos hidricos e as secas fre-
quentes no pais. Prevé-se que as alteragbes climaticas venham piorar esta situagéo, e urge encon-
trar uma solugdo que possa simultaneamente aliviar a pressao exercida sobre os recursos hidricos e
garantir agua de qualidade as populagoes. A dessalinizagdo de agua tem vindo a afirmar-se como
uma das melhores opgdes para combater a escassez de agua, mas o elevado consumo energético
associado as tecnologias de dessalinizagao e os custos de producdo que dai resultam tornam a sua
implementagao complicada. Este trabalho procura determinar se a dessalinizagao de agua alimentada
por energias renovaveis pode ser uma solugao viavel para garantir um abastecimento de 4gua robusto e
sustentavel. A regidao do Algarve foi escolhida como caso de estudo por ser particularmente ameacada
em termos de recursos hidricos, e pelo desafio que o fluxo turistico sazonal representa para a rede de
distribuicao de agua. Duas estratégias sao consideradas: optar por uma central de dessalinizagao de
grandes dimensdes que abastece toda a regiao do Algarve (centralizado), ou optar por duas centrais
mais pequenas, cada uma responsavel pelo abastecimento da sua respectiva sub-regiao (descentral-
izado). E feita uma analise de custos de forma a estimar o custo de producdo da agua dessalinizada,
considerando a procura de agua potavel na regido considerada, assim como os perfis horarios do con-
sumo eléctrico e da produgao eléctrica por energias renovaveis. Foram desenvolvidos dois modelos
para a estimacgao do custo de producdo: um modelo em folha de calculo, e subsequentemente um
modelo de optimizagao de forma a minimizar os custos eléctricos. O custo unitario de produgao obtido
para o cenario descentralizado (0.7266 EUR/m?) esta dentro do padrédo do sector, mas representa um
custo 61.3% mais elevado do que o valor estimado para a 4gua obtida por meios convencionais. E pre-
ciso financiamento externo para poder reduzir os custos de capital de uma central de dessalinizagao,
de forma a viabilizar o projecto e torna-lo competitivo.
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Abstract

With a severe seasonal concentration of precipitation, unevenly distributed water resources and fre-
quent droughts and floods, the water supply in Portugal is under stress, and the problem is expected
to increase with climate change. Water desalination is increasingly becoming the preferred solution to
fight water scarcity but, being energy-intensive, the underlying costs and sustainability concerns over the
power sources chosen remain a challenge to its implementation. This study aims to assess if the intro-
duction of renewable energy sources (RES) powered seawater desalination in mainland Portugal could
allow for the flexibility needed to guarantee water security through a viable model. The Algarve Region
was chosen as a case study because it is particularly water stressed and subject to highly varying demo-
graphics depending on the season. Two strategies are considered: either one large plant supplies the
whole region (centralised) or two smaller ones supply their respective sub-regions (decentralised). Tak-
ing the region’s freshwater demand, hourly RES production and electricity consumption profiles, a cost
analysis is performed in order to obtain an estimation for the produced levelised cost of water (LCOW).
Two models were developed to estimate the LCOW: a spreadsheet model and a subsequent optimisa-
tion model, minimising electricity costs. The resulting 0.7266 EUR/m? of desalinated water, obtained for
the decentralised solution, fits within the industry standard rate although being 61.3% higher than the
estimated conventional water supply production cost. Finding external financing through European or
national funding could further lower CAPEX and get desalination on par with the current market price of
water.

Keywords:

Seawater desalination, Renewable Energy Sources, Water-Energy nexus.
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Chapter 1

Introduction

1.1 Context and Motivation

Water scarcity has been listed by the World Economic Forum as the biggest threat to the world’s
economies, environment and people [1], and it is becoming a major concern for water resource pol-
icy makers. The oceans cover roughly 71% of the surface of our planet, but a mere 0.014% of all water
on Earth is both fresh and easily accessible. Nonetheless, fresh water resources should technically be
sufficient to meet demand at a global level, but the temporal and geographic mismatch between water
availability and demand are responsible for putting four billion people under conditions of severe water
scarcity, at least one month per year [2]. Unsatisfied demand in freshwater comes with added risks
besides the sanitary threat: it slows economic growth, creates disputes between its users (sometimes
spurring water conflicts [3]), and it can lead to irreversible depletion of groundwater resources. Variations
in water availability are a part of the natural hydrological cycle, but the situation is aggravated by human
interference through poor management approaches, increasing demographic pressures, urbanisation
and pollution rates [4].

An increasingly important driver of change for the water cycle is climate change [5]. Although water
scarcity has mostly threatened semi-arid and arid regions in the past, there are growing concerns for
previously unaffected regions. Projections on the impact of climate change point to a global rise in tem-
peratures, localised reductions in precipitation and an increase in drought and flooding frequencies. A
severe reduction in river runoff and aquifer recharge is namely expected to occur in the entire Mediter-
ranean basin [4], and there are growing concerns over the desertification of southern Europe [6][7].

Mainland Portugal has an uneven distribution of water resources, despite having water availability within
the European average[8]: water is abundant north of the Tagus, but the southern regions have a negative
hydrologic budget (i.e. more water outflows than inflows). The country is characterised by a severe
seasonal concentration of precipitation, with 79% of total precipitation occurring between October and
March, and by increasingly frequent extreme weather events such as droughts and floods [9], making
water resource management a challenge. In response to these concerns Portugal has established a
National Strategy for Adaptation to Climate Change (ENAAC in Portuguese) in which it states water
resource diversification as one of its strategic objectives [10].

The hydrologic regions of Sado e Mira, Guadiana and Algarve have been identified as being water
stressed (with water exploitation indexes above 25%), and the latter as having over-exploited ground-
water resources [11]. Portugal’s water distribution system is also inefficient: according to the country’s
water regulation authority (ERSAR in Portuguese), 29.8% of the total supplied drinking water was wasted
within the water supply network in 2016 [12]. Considering the expected advancement of desertification



and the water inflow reduction previously mentioned, the region of Algarve, Portugal, fits within the
situation described above.

Algarve is the southernmost region of Portugal, extending south of the Tagus valley to the southern
coast of the Iberian Peninsula. It has a surface of 4997 km? and a resident population of about 450,000
inhabitants. The region’s mild climate and numerous beaches make it the country’s most important
touristic destination and one of Europe’s most popular, having received an estimated total of 7.1 million
tourists in 2017 [13]. This large inflow leads to an estimated tripling of its population in peak holiday
season, which coincides with its driest season. The resulting large variations in freshwater demand [14]
contribute to making the management of water resources particularly challenging in Algarve.

1.2 Problem statement

Water scarcity is a global concern. The solutions to tackle it are usually divided into two categories:
either demand management or supply enhancement. Demand management refers to actions that try
to curb freshwater consumption, whether by encouraging users to reduce water usage or by improving
the efficiency of water distribution systems. On the other hand, supply enhancement solutions focus on
increasing the availability of freshwater either through construction of water infrastructure and ground-
water development or through development of non-conventional sources of water such as water reuse
and seawater desalination.

Efficiently creating drinking water from the ocean is one of modern society’s big technological chal-
lenges [15]. Water desalination technologies have matured in the last decade from being a last resort
solution to becoming strong candidates in water resource diversification [16]. However, they are still
energy-intensive, which sets a challenge when it comes to sustainably sourcing the power needed for
the process.

The most recent trend in the quest for sustainable desalination has been in pairing seawater reverse
osmosis (SWRO) with renewable energies, both for their low carbon footprint and their widespread
availability. The installed capacity of renewable energy sources (RES) is steadily increasing worldwide
(with solar and wind energy accounting for 84% of growth in 2018), and it now represents a third of
global power capacity [17]. The main difficulty in designing a desalination project purely powered by
RES comes from the intermittency of power sources such as solar and wind energy, which imposes an
upper limit on how much of the produced power can be effectively exploited. A quantitative analysis of
the problem is needed in order to address these issues.

Figure shows a SWRO plant powered by a combination of photovoltaic solar panels and wind tur-
bines: this is the layout that will be considered in this work.
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Figure 1.1: Layout of a sea water Reverse Osmosis desalination plant powered by renewable energies
(adapted from [18])

1.3 Objectives of study

The main purpose of this study is to figure out how RES powered desalination could become a viable
solution for water stressed regions such as Algarve.

The first objective is to determine which criteria are used in assessing the project’s feasibility. This
work mainly focuses on the economic criterion: the goal is to produce an estimation of the levelised
cost of water (LCOW) of different desalination setups and then compare it to the reference cost of the
region’s conventional water supplier. Environmental criteria are also briefly assessed by comparing the
carbon footprint of each proposed scenario, and by computing the share of RES in their respective power
consumptions.

The next step is to analyse Algarve’s endogenous energy resources in order to produce an estimation
of the RES potential, and to characterise the region’s water and electricity consumption profiles. This
information is then applied in establishing three different scenarios for which we estimate the resulting
LCOWs:

+ a Baseline scenario where one plant supplies the whole Algarve, powered exclusively by the grid;

« a Centralised scenario where one plant supplies the whole Algarve, powered by three different
power sources (excess RES, own production RES and grid power as backup);

+ a Decentralised scenario where two plants supply their respective sub-regions of Algarve, powered
by three different power sources (excess RES, own production RES and grid power as backup).

In order to ensure sustainability, the models are designed so that, except for the Baseline scenario, the
power consumed comes from three different sources, two of them entirely renewable.

To estimate the LCOW, two desalination plant models are built: a spreadsheet model with a constant
hourly output and a subsequent optimisation model to find the operational strategy that minimises elec-
tricity costs. Once the resulting LCOWs are obtained, a comparative analysis of the various scenarios
is made in order to conclude on the project’s viability and to advise on which setup to choose.



1.4 Present contribution

The main contributions of this work are as follows:

1. Establishing three scenarios of desalination integration into the existing water supply network;

2. Evaluating the region’s RES potential and introducing a novel cost structure, using excess RES,
that allows for both a reduction of LCOW and an increase in RES exploitation;

3. Presenting and discussing measures that may lead, in the long run, to a new water supply paradigm.

1.5 Thesis outline

This thesis is divided into six chapters, starting with the introduction: this first chapter presents the
motivation for the study, the problem to be addressed, the set objectives and the contribution of this
work. Chapter 2 presents an overview of relevant work published in the literature relating to water
desalination powered by renewable energy sources. Chapter 3 describes the methods used in assessing
the economic viability of RES powered desalination plants, and in optimising the electricity costs of
plant operation. Chapter 4 characterises the region of Algarve, including its fresh water consumption
and available renewable energy resources; it then details the application of the methods described in
Chapter 3 to the chosen case study region. Chapter 5 presents and discusses the results of the three
scenarios proposed, as well as a sensitivity analysis to identify the key variables of the model. It also
discusses four guidelines that could help change the water supply paradigm in Portugal. Finally, Chapter
6 summarises the main conclusions of this thesis and presents ideas that might lead to further research.



Chapter 2

Literature review

2.1 Desalination technologies

The first record of desalination technology being used came from the writings of Aristotle, a Greek
philosopher who lived during the fourth century BC. Ancient Romans also used evaporation to remove
the salt from water to make it potable. Since then, desalination technology has become much more
sophisticated, although some of the underlying principles remain sensibly unchanged. Seawater desali-
nation technologies are classified into two major groups according to which of these underlying principles
they are based on:

1. Thermal (phase-change) processes;
2. Membrane (non phase-change) processes.

Thermal processes led the desalination industry up until 2005, but Table shows that they have
now been surpassed by membrane processes (80% of today’s global desalination capacity) in terms of
energy efficiency and total operating costs [19].

| Seawater desalination technology | Cost of water (USD/m®) | Energy use (kWhe/m?) |

Multi-Stage Flash 0.56-1.76 50-80

Multiple Effect Distillation 0.52-1.02 15-58

Membrane Distillation 1.2-2.0 10-43
Electro Dialysis non cost effective 17
Reverse Osmosis 0.3-1.0 2-4

Table 2.1: Predominant desalination technologies and respective energy use (kWh, is the electric equiv-
alent energy use) [19, [20]

Desalination technologies have matured in the last two decades from being an expensive last resort
solution to becoming strong candidates in water resource diversification [16]. Technical innovations such
as Energy Recovery Devices and high-permeability membranes have made this possible by bringing
down desalination’s energy consumption, its main drawback, to around 3.0 kWh/m?3 for its most energy
efficient technology, Reverse Osmosis (RO). RO consists in producing freshwater by forcing a briny
feed through a semipermeable membrane in order to filter out ions, molecules and particles. The main
energy requirement of RO is for pressuring the feed water and overcoming osmotic pressure. Although
some ongoing research, on nano-structured membranes for instance, might lead to further reductions in
energy consumption, no revolutionary breakthrough is expected in the next few years [21].



The energy consumption being bounded at around 0.7 kWh/m? by the theoretical limit of reverse osmosis
[22], the focus has now shifted from technological developments to:

» Reducing desalination’s carbon footprint;
+ Optimising operations and scheduling of desalination plants in order to minimise electricity costs;
» Reducing desalination’s environmental impact.

The carbon footprint of a desalination plant mainly comes from its large power consumption. In order
to reduce the environmental impact of a desalination project, the main power source chosen must be
sustainable and as non-polluting as possible.

2.2 Desalination powered by Renewable Energy Sources

Large capacity SWRO plants have historically been powered by non-renewable sources [23]. The main
recent developments have been in replacing conventional power with renewable energy sources (RES)
and in dealing with their intermittency. According to Abderlkareem et al. [24] and Caldera et al. [25] solar
photovoltaic (PV) and wind turbines (WT) are two of the strongest candidates in powering low-carbon
membrane desalination.

To determine the best performing energy supply setups for desalination plants, various studies have
considered combinations of PV, WT, batteries, diesel generators and grid connections. Carta et al. [26]
showed the difficulty in synchronising WT generated power and SWRO power consumption, making
it impossible to maintain constant permeate recovery by relying exclusively on WT. Joyce et al. [27]
and Masson et al. [28] have both been successful in designing small capacity RO installations relying
entirely on PV, but the restricted time window of operation make it an unsuitable solution for desalination
plants that need to consistently produce large outputs. The individual shortcomings of PV and WT
can, however, be overcome by combining both technologies, providing a smoother operation capable
of driving the desalination process round the clock [29]. An example of a small scale PV and WT
hybrid application is given by Mentis et al. [30], who studied the arid islands in the Aegean Sea: they
dimensioned the desalination plant, the WT and PV installed capacities needed to supply 100% of local
water demand. The obtained production cost of water suggests that RES powered desalination is a
suitable alternative to the expensive and polluting solution of water transportation from the mainland
[30].

To the best of our knowledge, only small scale SWRO plants powered by RES have been successful
off-grid. The general consensus is that a backup energy supplier is needed for a continuous operation,
with battery and grid-tied solutions being the most popular (purposefully excluding diesel generators,
for sustainability reasons). Fornarelli et al. [31] compared seven energy configurations (consisting of
centralised or decentralised PV, WT and a connection to the grid) to determine the most cost-effective
solution to power a Brackish Water RO plant dimensioned to supply a rural community in the coastal town
of Denmark, Australia. RES intermittency was accounted for by allowing the plant feed flow rate and op-
erating pressure to vary within admissible limits [31]. Ghenai et al. showed that a solar PV/Grid/Inverter
setup compared favourably to a PV/Diesel generator/Batteries setup, both in terms of levelised cost of
energy and in sustainability [32].



2.3 Operational optimisation to reduce levelised costs

The second major theme developed in the literature is connected to the operational strategy of desali-
nation plants and the impact it might have on water production costs.

There are other factors influencing the resulting water production costs of a desalination project besides
the chosen technologies to be used. Project planning and operational plant strategy have a major
impact on total costs, which are generally divided into two cost categories: capital costs and operation
and maintenance costs [23].

When planning for the water demand of metropolitan areas, Shahabi et al. [33] showed that opting for
two complementary desalination plants instead of a large one could result in both lower levelised costs
and environmental impact. Economies of scale of a single, larger plant are outweighed by its higher
water transfer construction and operational expenses. In a later work [34], Shahabi et al. incorporated
the desalination planning decisions into a Mixed Integer Linear programming (MILP) optimisation model,
targeting environmental and economical objectives under case specific constraints for the city of Perth,
Australia.

Mokheimer et al. [35] compared two operational strategies (either 12h or 24h/day) and several configura-
tions of RES installed capacity in order to plan a PV/WT hybrid RO plant in Dhahran, Saudi Arabia. They
modelled the plant and optimised the planning decisions for lowest cost per cubic meter of desalinated
water, allowing them to estimate water production costs.

In a series of studies, Vakilifard et al. [36), 137} [38] proposed a comprehensive planning model for urban
water and energy management and applied it to the metropolitan area of Perth, Australia. Their model
considers a desalination-based water supply network driven by a combination of surplus output from res-
idential PV installations and grid power. The plant’s hourly operation scheduling is a function of energy
related input parameters (local grid tariffs, PV output and electricity demand profiles ) and water supply
related parameters (desalination, storage tank and pumping/pipeline capacities). A MILP optimisation
was then performed in order to minimise costs, and the various obtained results where compared to a
grid driven base scenario. Vakilifard et al. first showed that the desalination output was inversely cor-
related to the grid tariffs, with peak production and pumping coinciding with off-peak electricity demand
periods [36] ; in terms of optimal planning, they later found that working on an operational time-scale
of hours lead to lower costs when compared to seasonal or yearly operational strategies[37]. Finally,
their most recent study reinstated the need to consider both centralised and decentralised scenarios in
the planning phase, as different values of operational parameters could lead to having either one of the
scenarios being the optimal solution [38].



Chapter 3

Methods

To estimate the LCOW, two desalination plant models are built: a preliminary spreadsheet model with
a constant hourly output and a subsequent optimisation model to find the operational strategy that min-
imises electricity costs. This section first defines the main parameter to be evaluated (LCOW). It then
takes each model (first the spreadsheet and later the optimisation model) and sets the respective mod-
elling assumptions, their specific parameters and equations.

3.1 Economic analysis

According to the literature, the main evaluation parameter to enter the water supply market is the Lev-
elised Cost Of Water i.e. the cost per cubic metre produced given by equation|3.1

CAPEX gnnuat X CRF + OPEXY + ECY

LCOW = TWPy

(3.1)

Where CAPEX are the Capital Expenditures, money spent on fixed assets (over the project’s lifetime);
CRF is the Capital Recovery Factor annualising the CAPEX, OPEXY are the annual Operational
Expenditures, the ongoing expenses inherent to the desalination plant operation ; ECY are the electricity
costs of the process over a year; TW PY is the total volume of water produced in a year. The LCOW wiill
be compared to the estimated cost of production of the conventional water supplier of the region.

3.2 Carbon footprint of power consumption

Powering desalination with RES helps decrease the total carbon footprint of water desalination. The
carbon footprint of the Baseline scenario is estimated by taking the total grid power consumed in a year
and converting it using the grid supplier’'s average emission of 256 tCO,/GWh [39]. The same method is
then used to estimate the CO, emissions of both the Centralised and Decentralised scenarios, and the
emission savings are computed referring to the Baseline scenario’s emissions.

3.3 General model assumptions

The exact parameters chosen for this study depend heavily on how the project is modelled. Assumptions
are made for water dispatching, time sampling, power consumption, RES power production and the



region’s electricity demand.

The main assumption concerning the connection between the desalination plant and the local water
supply network is that:

+ the water supply network is capable of absorbing all the water produced (no limitation on water
flow at the connection point).

The assumptions for time sampling are:

 ayear is broken into 4 seasons, each represented by one average day repeated for the number of
days in the season;

* representative days are made of 24 blocks of one hour, from 00:00 to 23:00.
Finally, the assumptions related to power consumption are:

+ power used for desalination comes from three sources: first priority is given to the plant’s own RES
power production, followed by the region’s RES excess output and lastly the local power grid;

« the region’s RES production is first used to fulfil 80% of the total residential power consumption
(the considered share of RES in the grid’s power mix);

+ the remaining power (called surplus) produced by the region’s RES plants is used for desalination.
It is bought at 75% of the hourly market price as it represents a local, predictable and large power
demand;

+ grid power is bought at the hourly tariff of the local power supplier, including both variable and fixed
prices.

3.4 Spreadsheet project modelling

The main difference between the two models built is in how water production is managed. For the
spreadsheet model, the guiding assumptions are:

« the plant has a constant desalination output throughout the day;
+ the plant instantly pumps the water it is producing, without using any storage tank;

» power consumption for pumping is strictly from the local power grid, as a simplification.

Once the assumptions are set, we build an Excel spreadsheet with all the relevant input data in order
to compute the LCOW. Excel was chosen because the data set is relatively complex, but the algebra is
straightforward which means that it is more important to have a clear overview of the data than that of
the formulae. The data set is then manipulated to compute each component of the LCOW. Figure
decomposes the LCOW into each of its components: the purpose of this diagram is to serve as a visual
aid to the reader while going through the methodology. The components appear in the diagram (from
left to right and from the top down) in the same order as they are developed in the following subsections.
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Figure 3.1: Diagram of LCOW components

3.4.1 Total Water Produced (TWP)

The desalination plant is dimensioned so that the total desalinated water covers the region’s fresh water
demand. The calculations are based on the local water supplier’s published data, namely the monthly
water demand.

We start by computing the daily water demand for each month of the year, given by eq. 3.2}

Demand® — Demand™

"~ DaysPerMonth (3:2)

The daily demand in a season is estimated by taking the average daily demand over the 3 months in
each season, given by eq. 3.3}

3" Demand®
3

A year is modelled by taking one representative day for each of the four seasons, as shown by Table [3.1]

SeasonDemand =

(3.3)

| Season | Months | Number of days |
Winter December, January and February 90
Spring March, April and May 92
Summer June, July and August 92
Autumn | September, October and November 91

Table 3.1: Groupings used for representative days of each season

The total water demand in a year is given by eq. 3.4}

TWDY = 4: SeasonDemand x DaysPerSeason® (3.4)
s=1

We then set the total water to be produced, TW PY, equal to TW DY.
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3.4.2 Capital Expenditures (CAPEX)

The Capital Expenditures, given by eq. include the construction costs of the desalination plant, the
pumping facility, the power line connection and the PV panels and wind turbines installed.

CAPE X 11 = DesalPlantc apgx + WaterSupplycapex + PowerLinecaprx + REScapex (3.5)

Each of the terms in Equation [3.5] will be defined in the following sections.

Desalination plant CAPEX

The desalination plant cost depends on its nominal plant capacity. The project intends to supply 100%
of the water demand, so the desalination plant output needed is determined by the highest seasonal
water demand, given by eq. [3.6]

PlantOutput? = max SeasonDemand (3.6)

The nominal plant capacity needed, Nominal PlantCapacity?, is obtained by applying a plant factor to
PlantOutput® in order to account for the time when the plant will be stopped for maintenance work and
unforeseen shutdowns. Using the ReferenceCost in EUR/m3/year we have then the desalination plant
CAPEX given by eq. 3.7

Desal Plantcaprx = 365 x Nominal PlantCapacity® x ReferenceCost (3.7)

Water Supply CAPEX

The total Water Supply CAPEX is given by eq. [3.8}

WaterSupplyc apex = Pipelinecapgx + PumpConstrcapgx + PumpEquipcapex (3.8)

where the pumping construction and equipment costs are given by[40Q] (costs in EUR), given by egs.
and [3.10f

PumpConstrecapex = 39904 + 374 X Qumaz + 0.15 X Qunas X H (3.9)

PumpEquipcappx = 1317 x QU709 x HY184 19092 x (Qpas - H)°4%° (3.10)

max

where H is the pumping head in m and @,,.. is in L/s. The pumping capacity is defined as the alti-
tude difference between the desalination plant and the water supply connection point, computed with a
Geospatial tool such as Google Maps.

The pumping capacity (Q.....) Mmust be dimensioned to be as close as possible to the plant output to
avoid any bottleneck situations.

The pumping pipeline diameter is found solving the following equation for D, assuming a maximum flow
velocity of V.. in m/s, as shown by eq. [3.11}
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D2
Qmaz = 24 x 3600 X Vypae X T X T ~ PlantOutput (3.11)

The pipeline cost is a function of its diameter and total length, given by eq. [3.12]

Pipelinecapex = Pipelinejengt, X CostPerMetrep (3.12)

where Pipeline;cngin 1S the distance from the desalination plant to the water supply connection point in
metres and CostPerMetrep is the cost of the pipeline in EUR/m according to its diameter D.

Power Line CAPEX

A regular, residential connection to the grid is not an adequate solution due to the high power consump-
tion of desalination plants.

The cost of a high voltage connection to the grid is calculated based on the grid supplier’s pricing tariff,
and is a function of two factors:

» Power rating;

+ Distance between the desalination plant and the grid connection point.

To estimate the plant's power consumption, we take the peak energy consumed during one hour, as

given by eq. [3.13}

PlantOutput® x SECqesal
Time

PowerConsumption =

(3.13)

in kW, where SEC,.sq is the Specific Energy Consumption of the desalination process chosen in
kWh/m3. This allows, if needed, the desalination plant to guarantee its intended water output with power
coming exclusively from the grid.

The distance to the grid connection point is computed using the same Geospatial tool as for the pumping
head.

Own production of RES CAPEX

Installing photovoltaic panels and wind turbines on site leads to savings in electricity costs of operation.
The capacity installed depends on the available area and topography of the plant’s location. Rooftop
PV panels cover the buildings of the plant, complemented by both a PV and wind turbine farm. The
respective capital costs used in the literature are given by Table 3.2}

| Typeof RES | CAPEX \

Rooftop PV panels | 550 EUR/KWp
PV panels farm 550 EUR/kWp
Wind turbine 1 000 EUR/KW

Table 3.2: CAPEX of RES for own production[41]
The total CAPEX of the RES capacity installed for own production is given by eq. [3.14}

REScapex = PVoarex + Windcarex (3.14)
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3.4.3 Capital Recovery Factor (CRF)

Capital expenditures are amortised over the lifetime of their respective assets. Annualised capital ex-

penditures are computed with eq. [3.15]

CAPEX gnnua = CRF X CAPE X 11
where CRF is the Capital Recovery Factor given by eq. [3.16}

i1+ i)

F=—"12
CRE =G =1

where i is the weighted average capital cost and n is the project lifetime in years.

3.4.4 Operational Expenditures (OPEX)

The operational expenditures are given by eq. [3.17}

OPEXY = DesalPlantoprx + WaterSupplyopex + RESopex

The three terms in this equation will be presented in the following sections.

Desalination plant OPEX

The operational costs of the desalination plant are given by eq. [3.18]

(3.15)

(3.16)

(3.17)

DesalPlantoppx = TW PY x (Labor x CFactor + Chemical + MembraneExchange + Maintenance)

(3.18)

where Labor, Chemical, Membrane Exchange and M aintenance costs are in EUR/m3. Labor costs are
corrected with C'Factor in order to account for differences in standards of living: CFactor is the ratio
between the local average salary and the one in the US, since the values taken from the literature are

from an american case.

Water Supply OPEX

The yearly pumping OPEX and maintenance costs are given by eq.

WaterSupplyoprx = Pipelineoprx + PumpConstropgx + PumpEquipoprx

where its components are given by egs. [3.20] [3.27] and [3.22][40]:

PipelineopEX = 075% X PipelinecApEX

PumpConstropex = 1% x PumpConstrcapex

PumpEquipoprx = 2.5% X PumpEquipcapex
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Power Line OPEX

The operational expenditures of the power line connecting the desalination plant to the grid are consid-
ered to be included in the CAPEX.

Own production of RES OPEX

The operational expenditures of the own plant RES consider both PV and WT installed is given by eq.

B23

RESopex = PVopex +Windopex (3.23)

where its components are respectively given by egs. and [41]:

PVOPEX = 1.5% X PVCAPEX (3.24)

WindopEX = 2% X WindCApEX (325)

3.4.5 Electricity costs (EC)

The total electricity expense over a year is given by the sum of the 4 seasons costs (in EUR), as shown

in eq. [3.26]

4
ECY, . = Z(EC?{;;I x DaysPerSeason®) (3.26)

s=1
In terms of time scale, the building blocks in computing the energy costs is one hour. Adding the
electricity costs of each of the 24 time blocks in a representative day, we have the total electricity costs

as given by eq. [3.27}

23

ECtdo’fal = Z(OwnRESQZ;‘,; + SurplusRESg;; + Grid};gﬁz + Pumping?;c;) (3.27)
h=0
with each hourly expense given by egs. [3.28] [3.29] [3.30| and [3.31}
OwnRESY:, = OwnRESYS . X OwnRESY?, (3.28)
SurplusRES! = SurplusRESS . x SurplusRES?, (3.29)
Gridls = Gridls vump. X Grideeos + GTidipedeost (3.30)
Pumpingss, = Pumpingls, sump. X Pumpinglo,cos, + Gridfizeqcost (3.31)

The electricity expense of using a power source is, essentially, a function of the power consumption of
that particular source and the costs it entails.
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3.4.5.1 Power consumption

Pumping power consumption The water is assumed to be pumped at a constant rate to match the
constant desalination output.The pumping power consumption is given by eq. [3.32

SeasonDemand

Pumping?o’f;sump. = 51 X SECpumping (3.32)

where SEC,.mping is the Specific Energy Consumption of pumping in kWh/m?3

Desalination power consumption For each hour of the day, the power demand for desalination must
be met by a proportion of own production RES, surplus RES and grid power consumption, as given by

eq. [3.33}

PowerConstsal = OwnRESé‘(;flsump. + SurplusRESﬁ;fwump. + Gridiﬂ;‘;sump (3.33)
where the power consumption for desalination is given by eq. [3.34}
PowerC’onsZ;al = Demand™® x SEC o501 (3.34)
with the each hourly water demand given by eq. [3.35}
S D d
Demand™® = W (3.35)

The consumption proportions between the three different power sources are governed by the model
assumptions: first priority is given to the plant’s own RES power production, followed by the region’s RES
excess output and lastly the local power grid. The constraint imposed on own production RES is that the
whole power production of the PV panels and Wind turbines installed on the plant must be consumed.
The constraint on surplus RES consumption is that the surplus power available for desalination is subject
to the curtailment of RES production in the region, as shown by eq. [3.36}

SurplusRES™* < RegionalRES™® . — Factor pgspenctr. X ElectricityDemand™* 3.36
prod. p

consump. TEgiOTL

where Factor respenetr. 1S the the percentage of the electricity demand in the region, ElectricityDemandh’S

region’
that is supplied by the RES production RegionalRESh’S

prod.
To compute RES power consumption (OwnREngmmp, and SurplusRESQ;;mmp_), RES power produc-
tion must be estimated.

RES power production estimation The method used to estimate the power production was the same
for both the RES producers in the region (Regional RES"™* ) and the RES capacity installed on the

prod.
desalination plant (OwnRES}: ;).

The production of each Photovoltaic plant is estimated using:

* installed capacity and coordinates of each known PV plant;
* 10% system loss;

« 352 Tilt and 1802 Azimuth;
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+ CM-SAF SARAH database.
The production of each Wind farm is estimated using:

* installed capacity and coordinates of each known wind farm;
+ turbine model installed at each location, whenever specified;
* hub height of 80m;

» MERRA-2 database.

The data was recovered through the Renewables.ninja simulation tool[42, [43] (parameters such as the
system losses, tilt and azimuth angles or hub height are set to the tool’s standard values). For wind
energy, and because it is particularly unpredictable, the hourly power production estimation is averaged
over three years of data.

3.4.5.2 Power costs

Having computed the power consumption values, the next step in order to obtain the power expenses is
to determine their costs per unit of power.

RES power costs OwnRES™®,, the power produced by the desalination plant's own capacity is con-

sidered to have no variable cost (only CAPEX and maintenance OPEX apply). Surplus RES power is
valued according to the average hourly market price of the kWh in the region as given by eq. [3.37}

SurplusRESg(;it = PriceFactor x MarketPrice* (3.37)

where PriceFactor is the discount factor assumed.

Grid power costs Grid": and Gridyizedcost are respectively the variable tariff and fixed costs

varcost

imposed by the power supplier. It is assumed that pumping is exclusively powered by grid power, at a
variable cost Pumping?,,...; that is equal to the yearly average of Grid""...,, as given by eq. :

4 23 h,s
. 1 GTZdvarcos
Pumpznggarcost = Z Z t) (338)

3.5 Electricity cost optimisation model

As previously mentioned, SWRO desalination is a very energy intensive technology. According to [16],
energy expenses for the SWRO process alone represent between 25 to 40% of the LCOW, making
it its largest contributor. Besides, SWRO systems contribute to between 65 to 80% of total energy
consumption of a desalination plant (to which we must add the energy needed for pumping for example).
Managing energy expenses correctly is therefore crucial for the economical viability of a desalination
plant.

Some strong assumptions are made in the spreadsheet model with respect to power consumption (Sec-
tion[3.4). The desalination plant’s capacity is dimensioned according to the yearly peak demand, which
means that it is over-dimensioned the rest of the year. The plant could then have the flexibility to be

16



desalinating at a higher (lower) output than the hourly average demand at an hour of the day where
the energy is cheapest (costly). By imposing a constant desalination output throughout the day, the
spreadsheet model cannot take advantage of this flexibility.

The second step in estimating the LCOW for this project is to search for the optimal operational schedul-
ing of the plant so that the total electricity costs are minimised.

3.5.1 Optimisation assumptions

The main difference between the optimisation model and the model presented in section [3.4|is that the
desalination output is now an optimisation variable and is therefore no longer fixed. This change leads
to some added considerations: the general model assumptions presented in section [3.3] still apply, to
which a set of new ones is added.

SWRO plants were historically designed to work at a constant capacity. A reduction in the pressure ves-
sels needed for an output lower than full capacity meant that pumps would work less efficiently, and that
membrane fouling problems appeared with lower flow rates. Constant output was not a problem as long
as the desalination water produced represented a small fraction of the fresh water consumption of the re-
gion it supplied. As SWRO got more cost effective, desalinated water became a viable primary supplier
and desalination plants now need the ability to mirror demand fluctuations in their output capacity. This
is made possible by using a “pressure centre” design as shown by Figure [3:2} the three components of
a traditional single reverse osmosis unit (pressure pump, membrane rack and energy recovery system)
are split between three centralised centres working for all the units, while connecting all the components
to one common piping system[44, 45]. According to the production capacity needed, the plant can then
operate with between 1 and 4 high pressure pumps, while maintaining pumping efficiencies around 90%
and reducing SEC during low demand season.
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Figure 3.2: Layout of a SWRO plant with pressure centre design[16]

The assumptions related to the plant modular capacity are:

+ the nominal output capacity is evenly split into 4 modules;

» the modules are activated according to the capacity needed to desalinate the optimal volume for
each hour block;
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» modules are ordered and their operation is cumulative: for example, for module 3 to be activated,
modules 1 and 2 must also be activated;

+ to simulate the time constant of the system, the activation and de-activation of the modules have
a rigidity constraint: between two consecutive hour blocks, only one module can be either added
or removed;

The general water production and management assumptions are:
« the plant has a variable desalination output throughout the day;
+ the total output volume in a day must match the daily water demand;

+ the total output volume in a day must be pumped to the water supply network by the end of the
day;

+ the usage of storage tanks is considered;

« the storage tanks must be empty at the start and at the end of the day: because seasons are mod-
elled by a repetition of strictly identical days, allowing for overnight water storage would become
problematic on inter-seasonal transitions;

+ power consumption for pumping is from the same three sources as the power used for desalination.

3.5.2 Optimisation formulation

The goal of this optimisation model is to minimise the total electricity costs: the yearly electricity costs,
as defined in equations and in section (3.4.5, are given by a linear function.

Linear programming problems can be expressed in canonical form as:

z* = Argmax ¢’z
Az <b
x>0

that is find the optimal value =* so that the objective function ¢’z (where c is a vector of known coeffi-
cients and z is a vector of variables) is maximised. With regard to constraints on the variables, A is a
matrix and b is a vector, both of known coefficients. Two optimisations are performed: minimisation of
total electricity costs and minimisation of number of plant modules used.

The optimisation variables in this model are:

+ the power consumption from each one of the three sources, for desalination purposes (3 variables);
+ the power consumption from each one of the three sources, for pumping purposes (3 variables);

+ which plant modules are in use (4 variables).

According to our time modelling assumptions, the dimension of the vector space x is 10 x 24: from Oh to
23h, for the 10 optimisation variables.

Although the power consumption variables are Real numbers, the operation of the plant’s modules is
modelled by a binary variable: their value is “1” if activated and “0” if not. Seeing that some variables are
Real numbers and others are Integers, the problem at hand is classified as being a Mixed Integer Linear
Program (MILP). The cost functions and the constraints imposed on the variables of both optimisation
problems are developed in the following sections.
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3.5.2.1 Modularity
Objective function

The goal of the secondary optimisation is to ensure that the plant is only activating the modules it strictly
needs to produce the optimal volume set by the main optimisation (electricity costs minimisation). The
activation of each module is modelled by a binary variable, and the objective function to minimise is

given by eq. [3.39]

4 23
Flagiotar = Z Z(Flagi;fm x DaysPerSeason®) (3.39)

s=1t=0

with Flagh? . defined in eq. [3.40}

Flaghs,, = Flagt + Flaggs + Flaggs + Flags, (3.40)

sum

where angg§ is a flag variable representing the activation of module 1, the first quarter of total capacity.

Constraints

Constraint 1.1 To ensure that the operation of modules is cumulative, we set egs. [3.41}
Flaggs = Flagss, = Flagh =1, if Flaghs, =1
Flaggs, = Flagy, =1, if Flagls = 1 (3.41)

Flagl =1, if Flagl =1

Constraint 1.2 The activation of each module represents a change in plant output capacity, as given

by eqs. 342
FaCtOTmodule =0.25 ’ if Fla’gtdsl =1
Factoroquie = 0.5, if Flagé’% =1

(3.42)
Factoroduie = 0.75 , if Flagtclg =1

Factormoduie = 1, if Flagtdf1 =1

where Factorm,.quie IS @ factor connecting the number of modules activated and the total output capacity
of the plant (evenly split in 4 as per the assumptions in 3.4.1).

Constraint 1.3 To simulate the time constant in the operation of the plant, we set the rigidity constraints
as given by eq. [3.43}
Flaghs — Flagt_l’sy <1 (3.43)

sum sum
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3.5.2.2 Total Costs
Objective function

The main objective function is the total energy cost in a year, as given by eq. [3.44}

4
EC!, .. = Z(EC?";Z x DaysPerSeason®) (3.44)

o
s=1

with EC{:* | defined by eq. [3.45}

23

ECtdo’fal = Z(Grid?imdcost + Desalz’nation?&%_ + Pumpinggqg‘;_) (3.45)
h=0
where Grid};,.q...:» the fixed portion of the grid tariff is set by the grid supplier, and the total desalination

and pumping energy expenses for each hour are given by eq. [3.46}

Desalination’(}_fp_ = OwnRESchzal_ezp‘ + SurplusREsge’zal.ew‘ + Gridgé‘zal‘ew‘
(3.46)
Pumpinggggz = OwnRESZ’,ﬁnp.ewp, + SurplusRESS&inp.emp. + Gridﬁf;ﬁnnew.
Each of these terms is defined following the structure exemplified by OwnRESchZal‘emp. as given by eq.
.47
OwnRESGS 1 o0p = OwnRESGS . x OwnRES}:, (3.47)
where OwnRESY® s the energy consumption (optimisation variable) in kWh and OwnRES"?,

the energy cost in EUR/kWh.

Electricity costs are the same whether used for pumping or desalination purposes, and they are given

by eq. [3.48;

OwnRES™, =0

cost —

SurplusRESh’st = PriceFactor x MarketPrice™* (3.48)

cos

Gridh’st = GridS’upplierigiiff

cos

Constraints

The first set of constraints, concerning total cost minimisation, is relative to how power consumption is
organised, and the second one is relative to the usage of storage tanks.

Constraint 2.1 The first constraint imposed on energy consumption is that the total volume produced
in a day must match the daily water demand. SECy...; being constant, we convert this constraint from
volume to energy units as shown in eq. :

23
Z(OwnRES’h’S + SurplusRES™* +Grid®® ) = SeasonDemandx SEC 541 (3.49)

desal.cons. desal.cons. desal.cons.
h=0
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i.e. the sum of the energy consumptions from all three sources in a day must be equal to the total energy
needed to desalinate the volume imposed by the demand for that day.

Constraint 2.2 To ensure that all the produced water is pumped by the end of the day, we set eq. [3.50}

23
OwnRES"* + SurplusRESh’s + Grid™® = SeasonDemand X SEC,,mpin
pumping

pump.cons. pump.cons. pump.cons.
h=0

(3.50)

Constraint 2.3 The third constraint, on the total energy consumption for desalination, in one hour, is

given by eq. [3.51]

OwnRESZéial.cons. +SUTPZUSRESZéZal.cons. + Grid:;jsal.cons. < FG’CtOTmOd"le x PlantOUtpU‘th X SECdesal
(3.51)
where the hourly output is given by eq. [3.52}
PlantOutput?
PlantOutput" = % (3.52)

i.e. the plant cannot produce more water in an hour than its maximum capacity, PlantOutput” in m3

Constraint 2.4 In the same vein as Constraint 3 but applied to pumping and its hourly capacity limita-
tion, we have eq. 3.53}

OwnRES"? + SurplusRES!S + Gridl < QMM X SECoumping (3.53)

pump.cons. pump.cons. pump.cons. max

where QI’;{ZQ’ is the maximum pumping capacity converted to m3/h

Constraints 2.5 and 2.6 Finally, and to ensure that the solutions are bounded and realistic, we set
an upper and lower bound to the variables representing RES power consumption (relative to power
availability) as shown in eq. [3.54f

0 S OwnRES(}i:zal.cons. + OwnRES}};ﬁnp.cons. S OwnRESg;id
(3.54)
0< SurplusRESg’s + SurplusRES™* < SurplusRE S vailabie

esal.cons. pump.cons.

with SurplusRESqvailabie given by eq. [3.55]

SurplusRE S paitable = RegionalRESh’s — Factor pgspenetr. X ElectricityDemandh’s (3.55)
P

prod. region
The operation constraints related to storage tank usage are the following:
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Constraint 2.7 Storage tanks cannot be used overnight. Its level must be at zero at:

+ the beginning of the first hour of each day;

+ the end of the last hour of each day.

This guarantees that the last value of each day matches the first value of the following, for a clean cycle.

Constraint2.8 At any given time, the difference between the volume of water produced and the volume
pumped out to the water supply network cannot be larger than the storage tank capacity, as set by eq.
3.56]

Desalination”* — Pumping’™ < StorageTankeapacit (3.56)
volume P Yy

volume

and Pumping”’ both in m3, are given by eq. [3.57

volume ?

where Desalination’™?

volume

1 s
Desalinationﬁ(’jume = W x (OwnRESc}iLs’zzal.cons. +SUTPZUSRES(}1L;:2al.CO7LS. +Grid’dlf}zsal.cons.) (357)
desal
and eq. [3.58}
X 1
Pumpingﬁ(’;ume =SEo X (OWNRES;};&%;;.COM. —l—SurplusRESI’)”J;w.cms. —l—Gm’dZ,;%p'coml) (3.58)
pumping

Optimisation package choice

The multi-objective MILP described in the previous sections is implemented in GUROBI through a Python
interface. The choice of platform is justified by the vast documentation available for Python (amongst
other options, Matlab, Java, C++ and R also have an interface available). GUROBI is an industry stan-
dard in multiple objective Linear Programming, chosen for its very simple academic licensing process.
Other options would be CPLEX, GLPK, SCIP and FICO.

3.5.3 Sensitivity analysis

Once the results of the optimisation model are obtained, we run the same model while performing a
sensitivity analysis on three input variables in order to understand how much of an impact they might
have on the obtained LCOW. For each of the sensitivity analysis, the chosen variables are:

1. Factorrespenetr., the share of electricity demand to be supplied by regional RES production;
2. PriceFactor, the price discount awarded to SWRO plants for buying electricity in bulk;

3. StorageTankcqpacity, the volume available for water storage.

Table[3.3]summarises how each variable varies for its respective sensitivity analysis, while the other two
are kept constant and equal to the values set in Section (3.3
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’ Sensitivity analysis # \ Factor pespenetr. \ PriceFactor \ StorageT ankcqpqcity ‘

1 +10 p.p. constant constant
2 constant +5 p.p. constant
3 constant constant 0to 15,000 m®

Table 3.3: Values taken for each sensitivity analysis
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Chapter 4

Case study

In this section, the methods described in Chapter [3|are applied, in the exact same way, to three different
scenarios: a Baseline (powered entirely by the grid), a Centralised and a Decentralised scenario. Both
the Baseline and the Centralised scenario consider one large desalination plant with enough capacity
to supply the water demand of the whole Algarve, while the Decentralised scenario breaks down the
Algarve region into two independent sub-regions (Windward and Leeward, as shown by Figure [4.1).
Each sub-region has its own desalination plant, its water demand as well as, for the latter two scenarios,
its local RES production assessed separately. The main reason behind having two different geographical
strategies is to assess the impact of economies of scale on the final water cost of production and to
understand which strategy is the best suited to the characteristics of Algarve.

Windward Leeward

(o

@’ﬁ"‘! g& A

1 - Vila do Bispo 9-Loulé

2 - Aljezur 10 - Faro

3 - Monchique 11 - Sdo Bras de Alportel

4 -Lagos 12 - Olhdo

5 - Portiméo 13 - Tavira

6 -Lagoa 14 - Alcoutim

7 - Silves 15 - Castro Marim

8 - Albufeira 16 - Vila Real de Santo Antdnio

Figure 4.1: Algarve and its two sub-regions: Windward (1 to 8) and Leeward (9 to 16) [46]

The structure of the present chapter follows that of the LCOW definition i.e.:
 Total Water Production;
» CAPEX;

+ Capital Recovery Factor;
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+ OPEX;

+ Electricity costs.

4.1 Total Water Produced

To determine the total volume of water to be produced by the desalination plant, we must first determine
the fresh water demand in the region considered.

4.1.1 Water Consumption

The water supply network in Algarve is managed by Aguas do Algarve (AdA), provider of drinking water
to the local municipalities. It publishes every year the total monthly volume distributed (as shown by
Figure [4.2), and each municipality’s share of the total yearly volume consumed (as shown by Figure
[4:3). Assuming that these values are discarding distribution losses, we take them as being the demand
in volume of fresh water to be met by the desalination plants, and compute the peak seasonal demand
highlighted in Table [4.1]

10 000 000
9 000 000
8000 000

7 000 000

€000 000 mToul 2016
5 000 000 mTotal 2017
4000 000
3 000 000
2 000 000
1 000 000
0 4
JAN FEV MAR  ABR MAI JUN JuL AGO SET OUT NOV  DEZ

Figure 4.2: Monthly water consumption in Algarve for 2016 and 2017[47]

m?3
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m?
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4 000 000

2000000 +-

Figure 4.3: Total yearly water consumption in each municipality of Algarve for 2016 and 2017 [47]
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Centralised scenario | Decentralised scenario

Algarve Windward | Leeward

Season (m3/day) (m3/day) | (mS°/day)
Winter 126 251 66 926 59 325
Spring 168 548 89 348 79 200
Summer 279 570 148 200 131 370
Autumn 200 538 106 305 94 233

Table 4.1: SeasonDemand values for each region considered, based on 2017 values[47]

4.2 Capital Expenditures

4.2.1 Desalination plant capacity

Having estimated the maximum water demand, the following step is to determine the desalination plant’s
capacity needed in order to meet that demand. Each region’s maximum daily demand is selected as
per eq. and a plant factor of 85%[37] is applied to determine the nominal plant capacity needed for
each scenario as shown in table [4.2}

Centralised scenario | Decentralised scenario
Region Algarve Windward | Leeward
PlantOutput® (m3) 280,000 148,500 131,500
Nominal PlantCapacity® (m3) 330,000 175,000 155,000
DesalPlantcappx (M EUR) 268.6 142.4 126.2

Table 4.2: Desalination plant capacities and respective CAPEX (in millions of EUR)

As suggested by Caldera et al. in [41], the ReferenceCost used to compute the desalination plant’s
CAPEX is:

ReferenceCost = 2.23 EUR/m?/year

Over the last 10 years, the trend in Algarve’s fresh water consumption has not been clear: although de-
mand has risen since 2014, there was a significant consumption reduction between 2011 and 2013[48].
It is assumed that water demand will remain relatively unchanged over the project’s lifetime.

The coast of Algarve is a difficult terrain when it comes to placing a large industrial plant close to the
ocean: it is restricted by two national parks (Costa Vicentina and Ria Formosa) and by its many tourist
beaches. Figures and show the suggested locations for the plants, taking the geographical
constraints previously mentioned into consideration, and placing the plants as close to the ocean and to
both the water supply and power networks as possible.
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Figure 4.4: Locations suggested for the desalination plants at regional scale [49]
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Figure 4.5: Left: Windward location (Portimao), Right: Leeward location (Monte Gordo) (adapted from

Figure [4.4)

4.2.2 Water supply

The pipeline connecting the desalination plants to the water supply network must be capable of extract-
ing the plant’s daily water output in order to avoid creating a bottleneck. Assuming the recommended
maximum flow velocity of V... = 1.5m/s [40], we set the pipeline diameter D needed to ensure the
desired flow rate. The Pipeline;enqtr, and the pumping head H needed are measured thanks to Google
Maps (represented by the pink line on Figure[4.5). Table [4.3]shows the values taken for the water supply
dimensioning and resulting CAPEX.
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Centralised scenario

Decentralised scenario

Region Algarve Windward \ Leeward

D (m) 1.7 1.3 1.2
Qmaz (I/S) 3403 1990 1696

H (m) 15 24 15
CostPerMetrep (EUR/m) [50] 1148 866 715

Pipelinejengn, (km) 5 3.2 5
Pipelinec apex (M EUR) 5.74 2.79 3.57
PumpConstrcapex (M EUR) 1.32 0.79 0.68
PumpEquipcapex (M EUR) 1.45 1.13 0.90

Table 4.3: Water supply dimensioning and resulting CAPEX (in millions of EUR)

4.2.3 Power line

The local grid supplier publishes a simulation spreadsheet (as shown in Figure that computes
the estimated cost of a high tension power line according to the power rating and the length of the
connection. The Specific Energy Consumption for desalination is (within the range suggested in [41]) :

SECdesal =3 kWh/??”L3

Using the volume produced at peak PlantOutput during one hour, we set the power rating needed
for each desalination plant. The length of the power line connection is measured using Google Maps

(represented by the green line on Figure [4.5). The resulting CAPEX are shown in Table [4.4].

@ distribuigdo

Precos médios para Ligagdo a Rede de Alta Tensdo

Atencdio:

- Este simulador n8o dispensa, nem substitui, a solicitagio do pedido de ligagSo 4 rede [PLR), assim como a consulta da legislacdo e da regulamentagSo em

wigor.

- 0 objective deste simulador € ajudd-lo 2 perceber qual o prege médio de uma ligag@o a rede pdblica de distribuigdo em alta tensdo.

- Os valores apresentados tém por base os custos médios de obras de alta tensdo.

- Digite o valor de poténcia a requisitar

- Digite o comprimento aproximado em linha aérea
Niota: Para fgagbes em Pl deverd considerar o dobro de compriments

- Digite o comprimento aproximado em trogo subterrdneo

Siota: Par fgaghes em M deverd considerar o dobro do compriments

» Linha de 60 kV e fibra optica

naval
__5 [kem]
flm]

321600.00€ +1va

© valor da linha de &0kV & baseado apenas nos elementos fornecidos pelo interessado, sendo gue os dados técnicos de viabilidade no terrenc pederdo ser

diferentes.

De seguida apresenta-se uma lista com alguns pregos médios que deverd considerar dependendo da tipologia de ligagdo.

» Painel de Linha AT de 60 kV (ligagdo em antena)

* Posto Corte 60 kV com 2 Paineis Linha + Painel Interligagdo (ligacdes em m)

Figure 4.6: Power line cost simulation spreadsheet [51]

205000.00€ +1va
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Centralised scenario

Decentralised scenario

Region Algarve Windward [ Leeward
PowerConsumption (MVA) 36 25 25
Power line length (km) 5 3 5
PowerLinecaprx (M EUR) 0.6 0.5 0.6

Table 4.4: Characteristics of connection to the grid and resulting CAPEX (in millions of EUR)

4.2.4 Own production of RES

To try and reduce electricity costs, the rooftops of the plants are covered with 1.3 MW of non-tracking
PV panels following the example of the Barcelona Llobregat SWRO plant, a recent project with similar
capacity [52]. The rooftop installation is coupled with a 5 MW plant of also non-tracking PV panels and
a 5 MW wind turbine farm (equivalent to 10 Vestas V39). Applying the costs of Table the resulting

expenses (which are the same for the three plants) are:

4.2.5 CAPEX summary

To compute the total CAPEX of each scenario, we apply eq. using the various CAPEX contributions,

summarised in Table [4.5]

PVoapex = 3.5M EUR

WinchpEX = 50M EUR

Centralised scenario Decentralised scenario
Algarve Windward Leeward
. Cost . Cost . Cost
Characteristics (M EUR) Characteristics (M EUR) Characteristics (M EUR)
Desal. plant | 55 600 mé/day | 268.6 | 175,000 m®/day | 142.4 | 155000 m*/day | 126.2
(nominal)
d=5km d= 3.2 km d=5km
Water supply He 15m 8.5 He 24m 4.7 H< 15m 5.2
. d=3 km d=3 km d=5km
Power line P= 36 MVA 0.6 P= 25 MVA 0-5 P= 25 MVA 0.6
PV panels 6.3 MW 3.5 6.3 MW 3.5 6.3 MW 3.5
Wind turbines 5MW 5.0 5MW 5.0 5MW 5.0

Table 4.5: Capital expenditures summary (costs are in millions of EUR)

4.3 Capital Recovery Factor

The Capital Recovery Factor is a function of i, the Weighted Average Cost of Capital (WACC) and n,
the lifetime of the project in years. It is the same for both scenarios: we consider a WACC of 7%, as
suggested by Caldera et al.[41] , and an average lifetime of 30 years (for the desalination plant, water

pumping and piping, PV panels and wind turbines). We have then:
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CRF = 0.0806

4.4 Operational Expenditures

4.4.1 Desalination plant

The operational expenditures of running a SWRO plant are proportional to the plant capacity; Gao et
al.[53] state them in 2015 USD. They were computed at an exchange ratio of:

1USD = 0.87EUR

and considering an inflation of +5.94% between 2015 and 2018 [54]. Labor costs suggested in the liter-
ature are considered to be proportional to local average salaries. To adapt labor costs to the Portuguese
standard of living, we apply a ratio between the Portuguese average salary of 943 EUR [55] and the US
average salary of 3498 EUR [56](both for 2017). The resulting OPEX are summarised in Table [4.6}

Centralised scenario | Decentralised scenario
Region Algarve Windward \ Leeward

’ DesalPlantoprx (M EUR) \ 13.6 \ 7.2 \ 6.4 ‘

Table 4.6: Desalination plant yearly OPEX (costs in millions of EUR)

4.4.2 Water supply

Water supply OPEX are straightforward computations, yielding Table [4.7]

Centralised scenario | Decentralised scenario
Region Algarve Windward | Leeward

’ WaterSupplyopex (K EUR) \ 92.6 \ 57.1 \ 56.0 ‘

Table 4.7: Water supply yearly OPEX (costs in thousands of EUR)

4.4.3 Own production of RES

The three plants considered having the same capacity of RES installed, the resulting yearly OPEXis (in
thousands of EUR):

RESoprx = 152.0k EUR

4.5 Electricity costs

4.5.1 Pumping power consumption

The Specific Energy Consumption for pumping is a function of the pump characteristics (pump efficiency
considered = 90%), the needed head (H) and maximum flow rate. The obtained values are given by
Table 4.8
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Centralised scenario | Decentralised scenario
Region Algarve Windward | Leeward

[ SECyumping (KWH/m?) | 0.045 [ 0073 | 0045 |

Table 4.8: Pumping Specific Energy Consumption

4.5.2 Desalination power consumption
4.5.2.1 RES power consumption
RES penetration

The local RES producers’ top priority is to supply the region’s regular power demand (i.e. excluding
desalination power consumption). RES power output is injected in the power grid as much as possible,
but because of RES intermittent nature, some of that power is curtailed. On average RES represented
52% of the total electricity consumption in Portugal for 2018 [57].

As RES mature and Power Grids get better adapted to their specificities, the RES penetration in the
electrical mix is expected to increase in the near future. We set the factor of RES penetration for the
next three decades (the project’s lifetime) in Algarve to be:

Factor pgspenetr. = 80%

Electricity consumption estimation

To estimate the available surplus of RES power in the region (as defined in eq. [3.36) we first estimate
the region’s electricity demand, ElectricityDemand'™:

region”

Neither the national electricity provider, Electricidade de Portugal (EDP), nor the company managing
the power grid, Redes Energéticas Nacionais (REN), supply power consumption data for the region of
Algarve alone, only nationwide consumption profiles.

To scale down the national power consumption values to the Algarve and obtain regional values, a two
step approach was considered:

1. assume that the water consumption rate is indicative of the population variation throughout the
year;

2. assume that energy consumption of each season is proportional to the number of inhabitants at
that time.

We start by estimating the seasonal population in Algarve. The residential population of Algarve is
around 450,000 habitants as per the 2011 census. Although there are several references (in the media)
to the tripling of Algarve’s population in summertime (reaching around 1.5M habitants), there are no solid
references for that estimation, and it is unknown wether this value is relative to an absolute peak or an
average taken over the season. An estimation of population fluctuation throughout the year is therefore
needed.

The alternative approach found is to consider that the water consumption variation is indicative of the
population fluctuation. Using data presented in section 4.1.3, and normalising the water consumption in
winter over the residential population, we compute an estimation of the population for each season as
shown in Table [4.9]
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| Winter | Spring | Summer | Autumn |

Water consumption (m3) 126,251 | 168,548 | 279,570 | 200,538
Ratio to winter water consumption 1 1.335 2.214 1.588
Population estimation (M hab) 0.450 0.601 0.996 0.715

Table 4.9: Seasonal population estimation for Algarve

Since the model applied considers one representative day per season, we base our estimation on the
hourly power consumption of continental Portugal made available by REN as exemplified for a day in
winter by Figure [4.7]
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Figure 4.7: Hourly power consumption for continental Portugal, for the 13/12/2018[58]

The representative days chosen for each season were mid-week to ensure a consumption profile that is
as close to the average profile as possible. Considering a population of 10.1M habitants for continental
Portugal, the hourly power consumption values given by the database were converted to per capita
values and brought to the population estimated in Table 4.9 For the Decentralised scenario, the same
process was applied while considering the population of the municipalities within each of the two regions.

Regional RES power production

The two main types of RES production plants in the region of Algarve are Wind (224.5 MW) and solar
PV (45.1 MW)[59], and several large PV projects have been licensed and are due between 2019 and
2021 [60](totalling 472 MW, mostly Leeward). Figure [4.8]indicates the locations of the existing plants,
while Figure[4.9]shows the average hourly power production estimation of all the active plants plus those

due until 2021.

32



oo @

90
[+]
@
Q
o

Figure 4.8: Wind (left) and solar PV (right) plant locations in Algarve as of 2018 [59]
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Figure 4.9: Average RES power produced in the region of Algarve

Solar PV is responsible for the majority of RES production in the region (evidenced by the Gaussian
curve centred around 1-2 pm shown in Figure [4.9) because of the large increase (x10) in PV installed
capacity by 2021 and of the abundance of solar irradiation in Algarve.

Once regional electricity consumption and RES power production are estimated, Surplus RES is com-
puted based on eq. [3:36 The resulting power profiles are given by Figure [4.10] For the chosen
penetration factor, we note that there is no available Surplus in the summer for the Centralised scenario
and that the Windward region has no available Surplus whatsoever, explained in part by the uneven
geographical distribution of RES plants in Algarve.
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Figure 4.10: Surplus RES for the whole Algarve (left) and for Leeward (right)

4.5.3 RES power costs

The Mercado Iberico de Eletricidade (MIBEL) sets the hourly market price of the kWh applicable to
Algarve. Because it is complex and unpredictable, the estimation of Market Price™* for each season is
based on monthly historical values of the MIBEL over the last decade (shown in Figure [4.17).
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Figure 4.11: Average hourly price (EUR/MWh) on MIBEL for each of the 12 months of the year (from
2008 to 2018)[61]

As stated in the assumptions in Section the cost factor on the market price is:
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PriceFactor = 75%

35



Chapter 5

Results and Discussion

As stated in Section the main evaluation parameter of this project is its resulting LCOW. To assess
the solution’s competitiveness, the LCOW is compared to the estimated cost of production of the con-
ventional water supplier of the region. In this section, we first compute the cost of production of the
conventional water supplier and then compare it to the resulting LCOW of the various scenarios studied.

Aguas do Algarve water production cost estimation

Although being a private company, the profit of Algarve water supplier is regulated by law because it is
a public service [62], hence in their Annual Report of 2017 it is stated:

“The concession contracts determine that the profitability of equities to be recovered through tariff mech-
anisms should be equal to the yield of 10-year Treasury bonds plus 3%”.

As of 09/03/2019, the yield of 10-year Treasury bonds is at 1.376%, leading to a fixed margin of 4.376%.
Knowing that the average tariff charged by the AdA is of 0.4710 EUR/m?® [14], we can estimate the total
cost of production LCOWg. ¢ by deducting the fixed margin from the average tariff:

LCOWg,s = 0.4504 EUR/m’

5.1 Baseline Scenario

Each scenario yields a LCOW that is compared to LCOWEg. (as defined before), but the various scenar-
ios are also compared with each other. The standard to which each solution will be compared against is
a scenario where all the power consumed by one centralised SWRO plant comes from the electrical grid,
using the spreadsheet model. Taking the input data of the Centralised scenario, the methods of Section
3.4] are applied while forcing the RES power consumption (from both Surplus and Own Production) to
be null. The resulting LCOW is:

LCOWBasetine = 0.9055 EUR/m?

where LCOW pgseiine represents a 101% higher cost than the estimated LCOW ;.

The various contributions to the LCOW ysciine are summarised in Table 5.1}
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\ Component | Cost (k EUR/ year) |

Electricity 28,000
Desal. plant CAPEX 21,646
Desal. plant OPEX 13,661
Water Supp. CAPEX 686
Water Supp. OPEX 93
Power Line CAPEX 52

Total 64,138

Table 5.1: Cost breakdown of LCOW gserine (in thousands of EUR per year)

The share of each component of the total cost is illustrated in Figure [5.1}

Desal. Plant

OPEX Water Supp.

CAPEX
1.1%

Water Supp.
I———————— OPEX
0.1%
Power Line
CAPEX
0.1%

Figure 5.1: Components’ share of total LCOW ggsetine
We notice that the main contribution to the LCOW, electricity costs at 43.7%, represent a slightly larger
share than the 25 to 40% estimation given by Voutchkov [16]. Because labor costs are corrected for the
local standard of living, operating a plant in Portugal leads to smaller labor costs (-73%) than for a project
in the USA, whereas the remaining costs are considered to be proportionally equal in both countries.

The share of every other cost increases as a consequence, which could explain why electricity costs
represent a larger share than expected.

5.2 Centralised Scenario

The Centralised scenario considers a single large SWRO plant at Monte Gordo with a real capacity of
280,000 m3/day. The desalination output being constant throughout the day, the spreadsheet model
does not consider a storage tank, while the optimisation model includes a 10,000 m® storage tank. The
storage tank capacity choice is developed in the sensitivity analysis presented in Subsection

5.2.1 Spreadsheet model
The resulting LCOW of the Centralised scenario through Excel is:
LCOWEzeel = 0.8409 EUR/m®
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where LCOWEZ¢¢! represents a 86.7% higher cost than LCOW g, but a 7.1% reduction when com-
pared to LCOWpggseiine- 1he cost difference to the 100% Grid reference is a result of a much lower
(19.3%) electricity expenditure for the solution that utilises RES (as evidenced in Table[5.2), even though
it adds RES CAPEX and OPEX to the total cost. The reason behind the electricity cost difference is that
the tariff of grid power is systematically higher than the MIBEL M arket Price”* used in the computation

of surplus RES power, as illustrated by Figure

Electricity tariff (€/

kWh) 0.12
N /

0.10

0.08

N ——— ‘ | =—Grid

0.06 =—MIBEL

0.00 -

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Hours

Figure 5.2: Grid and MIBEL tariff for a representative day in Spring[61]

5.2.2 Optimisation
The resulting LCOW of the Centralised scenario while optimising the power consumption is:

LCOWSPt™ — (7420 EUR/m?

Centr

where LCOWSP! ™ represents a 64.7% higher cost than LCOWr.f, but a 18.1% reduction when com-
pared to LCOWpgserine-

This improvement is made possible by the operational flexibility of the optimisation model: because the
plant is over dimensioned for the seasons where water demand is smaller than peak demand, the plant
can work at an hourly output below or above the hourly average output of the season. There are two
main consequences:

* a better usage of available Surplus RES, leading to less Grid power consumption;

« the hours with the largest output (and therefore power consumption) coincide with the hours where
tariffs are cheapest.

The first point is illustrated by Figure [5.3]in which we can see that the optimisation model has a larger
share of Surplus RES usage than the spreadsheet model, bringing down the total electricity costs.
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Figure 5.3: Breakdown of power consumption of a day in Spring, for the spreadsheet model(left) and the
optimisation model (right)

The second point is illustrated by Figure 5.4} the two peaks of power consumption (for both desalination
and pumping) between 2 to 5 am and between 11 am to 17 pm match the intervals with the lowest tariffs
seen in Figure[5.2] Figure[5.4]shows the hourly operation of the Centralised scenario for a representative
day in Spring. The same point is repeated for both Oh and 24h in order to represent the daily cycle
closure, and because it illustrates the storage tank constraints imposed by constraint 2.7 in section
3.0.2.2

- A A
A TS / /
/A ~— \ /

/| N [
0# [ AN SN

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Hours

Volume [m3]
iy
o
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o

==Water pumped -®Water Desalinated “#-Storage tank

Figure 5.4: Hourly operation of the Centralised scenario, on a representative day in Spring, with
smoothened water output and pumping profile (Storage Tank capacity of 10,000 m?)

Rigidity constraint and its impact on operations

Figure shows that the water pumped closely follows the water desalination output (matching the
cheapest tariffs as mentioned before), but with larger capacity variations. In general, water pumping
functions in an almost binary fashion: either at maximum capacity, or totally off. The reason why water
desalination output increases in steps is because of rigidity constraints (as defined in eq. [3.43): each
step represents the activation of a module, one by one, as per egs. and If the rigidity
constraints on output capacity variation were to be relaxed, the desalination curve would have abrupt
variations, nearly matching the pumping curve. This would result in a LCOW reduction, but large and
sudden variations in flow rate come at the cost of increasing the probability of membrane fouling, a
common and costly maintenance issue of SWRO plants. Because the impact of membrane fouling on
the LCOW is out of the scope of this work, we settle for a system with rigidity.
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Storage tank usage

The storage tank acts as a buffer, allowing for a looser management of water pumping and, consequently,
a smaller expense in pumping power costs. The optimisation model makes it so that the storage tank
reaches its maximum capacity around the time where it is cheapest to pump the desalinated water to
the water supply network, while ensuring that the storage tank is empty at the start of each new day (as
per constraint 2.7 in section [3.5.2.2). Storage tank usage has no direct impact on water desalination
output because of the assumption that the water supply network is capable of absorbing any volume of

water, at any time.
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5.2.3 Centralised scenario costs summary

Figure[5.6]shows the contribution of each cost to the best (i.e. lowest) LCOW obtained for the Centralised
scenario.

Desal. Plant OPEX ,
26.0%

Water Supp. CAPEX,
- 1'5%

RES CAPEX, 1.3%

Other, 3.

RES OPEX, 0.3%
Water Supp. OPEX,
0.2%
Power Line CAPEX,
0.1%

Figure 5.6: Components’ share of total LCOW S !

Table [5.2] summarises the costs of each model’s solution for a Centralised scenario: although this sce-
nario implies an added cost for the RES installation (+1.3% of total Reference Cost), it is largely com-
pensated by savings in Electricity costs (-19.3% for the Excel model, when compared to the Reference
Cost). The Optimisation model adds further expenses (16.5% and 15.1% in, respectively, Water Supply
CAPEX and OPEX), for the storage tank absent in the Excel model, but these costs are once again
compensated by the savings in Electricity costs (-44.8% when compared to the Reference Cost).

Baseline Scenario Cost | Centralised Cost Centralised Cost

Component (100% GRID) (Excel model) | (Optimisation model)
Electricity 28,000 22,594 15,460
Desal. plant CAPEX 21,646 21,646 21,646
Desal. plant OPEX 13,661 13,661 13,661
Water Supp. CAPEX 686 686 799
Water Supp. OPEX 93 93 107
Power Line CAPEX 52 52 52
RES CAPEX - 682 682
RES OPEX - 152 152
Total 64,138 59,566 (-7.1%) 52,559 (-18.1%)

Table 5.2: Cost breakdown of LCOWeeny (in thousands of EUR per year, variations are relative to
LCOWBaseline)

5.2.4 Sensitivity analysis

The assumptions made in Section [3.3] have an impact on the way power is consumed, and therefore
on electricity costs and on the resulting LCOWSs. In this section, a sensitivity analysis is performed by
running the optimisation model for the Centralised scenario while varying the three variables mentioned
in Subsection|3.5.3} Factorrgspenetr., PriceFactor and StorageT ankcapacity-

As it will be shown by the following Subsections, the results of the sensitivity analysis are either fairly
predictable or not prone to strong conclusions, and can be qualitatively extrapolated to other scenarios:
it was deemed unnecessary to repeat the analysis for the Decentralised scenario.
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5.2.4.1 RES penetration

The assumption that RES represent 80% of total electricity consumption (Subsection is a con-
servative approach, and it overshoots the actual consumption of regional PV and wind RES because
it does not take into account hydro power’s contribution to the RES mix. Taking values from 50% (the
average share of RES in total electricity consumption in 2018) to 100%, the resulting LCOWs for the
Centralised scenario are given in Table 5.3}

Factor rgspenetr. LCOWZP™- T Diff. to Factor rgspenetr. =80%

Centr
50% 0.6859 -7.55%
60% 0.6984 -5.88%
70% 0.7286 -1.80%
80% 0.7420 -
90% 0.7528 +1.46%
100% 0.7596 +2.37%

Table 5.3: RES penetration sensitivity analysis for the Centralised scenario

The large decrease in LCOW that results from lowering Factor rgspenetr. 10 50% is the result of two
factors. The first is straightforward: for the hour blocks where Surplus RES was being consumed, a
larger portion of this cheaper alternative to Grid power is now available. The second is a consequence
of the profile of RES production shown in Figure : for high values of Factorrgspenetr., the only
moment when Surplus RES is available is around the peak of production of PV panels at 13h/14h,
limiting the possibilities of optimisation (the installed capacity of PV panels is much larger than that of
Wind turbines, which explains the Gaussian shape of the curve). The number of hour blocks where
Surplus RES is available increases as the factor is brought down, leading to not only more Surplus RES
power available but also more flexibility as for when to use it.

5.2.4.2 RES market price factor

Surplus RES (around 40% of total power consumption in spring) is bought at the average MIBEL market
price, with a discount factor that might be negotiated with local RES producers. Being a subjective
variable, performing a sensitivity analysis on PriceFactor helps us see how important the negotiation
of this discount might be, while also giving us an idea of the impact of market price volatility on the
economical viability of the project (if different values of Price Factor are interpreted as price fluctuations).
The resulting LCOWSs are shown in Table [5.4]

’ PriceFactor ‘ LCOngZZ,n' ‘ Diff. to PriceFactor =75% ‘

60% 0.7394 -0.34%
65% 0.7403 -0.23%
70% 0.7411 -0.11%
75% 0.7420 -

80% 0.7428 0.11%
85% 0.7437 0.23%
90% 0.7445 0.34%

Table 5.4: RES market cost factor sensitivity analysis for the Centralised scenario
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The LCOW is not particularly sensitive to PriceFactor variations, yielding small differences when com-
pared to the assumed 75% value. The most important factor in determining the LCOW is Surplus RES
availability: the price difference between the MIBEL and the Grid tariff (Figure [5.2) is significant and has
therefore a bigger impact than the discount negotiated.

5.2.4.3 Storage tank capacity

Storage tanks serve as a buffer between desalinating water and pumping it into the water supply network:
they help avoid bottleneck situations that might occur because of pumping constraints (eq. [3.53). The
construction of a storage tank adds a CAPEX and OPEX to Water Supply expenditures, as given by egs.

[6.1]and 6.2J40]:

StorageTankcapex = 1400 x (StorageTankcapam-ty)0‘75 (5.1)

StorageTankoprx = 1% x StorageTankcaprx (5.2)

Table[5.5|shows the LCOWSs obtained for the Centralised scenario with the optimisation model for various
storage tank capacities. Having a storage tank slightly loosens the constraints on the pumping operation
and allows for a different optimum (as shown by Figure [5.7), resulting in lower electricity costs. Table
[5.5]also shows, however, that the savings in Electricity costs are outbalanced by the added annualised
StorageTank CAPEX and OPEX for every capacity chosen. The relatively small impact on Electricity
costs of having a storage tank can be explained in part by it only influencing the pumping operation,
while the desalination operation (which has a SEC two orders of magnitude larger) remains unchanged.
The lowest LCOW possible is therefore for a solution where there is no storage tank installed, at 0.7404
EUR/mS3.

Electricity costs | StorageTank CAPEX + OPEX
StorageTankeapacity | (kK EUR per year) (k EUR per year) LCOWSrm:
0 15,476 0 0.7404
1000 15,472 20 0.7407
5000 15,464 68 0.7413
10,000 15,460 114 0.7420
15,000 15,460 154 0.7426

Table 5.5: Storage tank installed capacity, respective costs and resulting LCOW (costs in thousands of
EUR)
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Figure 5.7: Hourly operation of the Centralised scenario, on a representative day in Spring with a storage
tank capacity of 10,000 m3(top), 5000 m3(middle) and no storage tank(bottom)

Although the lowest LCOW is obtained without a storage tank, the recommended solution is one where
a storage tank with a capacity of 10,000m? is considered (for the Centralised scenario). Table also
shows that capacities larger than 10,000m3do not help further reduce electricity costs. At around 3% of
the nominal plant capacity (Table [4.2) this volume represents a safety measure for when maintenance
work must be done and for when unexpected occurrences might temporarily disturb the plant’s capacity
to supply demand.

44



5.3 Decentralised Scenario

The Decentralised scenario considers two SWRO plants, at Portimao (Windward) and Monte Gordo
(Leeward) with real capacities of, respectively, 148,500 m3/day and 131,500 m®/day. As for the Cen-
tralised scenario, the spreadsheet model does not consider a storage tank, while the optimisation model
includes two 5000 m? storage tanks.

5.3.1 Spreadsheet model

The resulting LCOW for each plant is:

LCOWEzeel 0.8402 EUR/m?

indward —

LCOWEzeel  — (.7986 EUR/m®

To obtain the total LCOW we take:

LCOWEzee! = 0.53 x LCOWEZS  +0.47 x LCOWEzee!

Decentr Leeward

i.e. each LCOW weighted by the fraction of total Algarve water demand the respective plant will supply,
yielding:

LCOWEzeel () 8182 EUR/m?

Decentr

which represents a 81.7% higher cost than LCOWrg.s, but a 9.6% lower cost than LCOW paseiine-
We note that the LCOW of the Windward plant is higher (5.2%) than for the Leeward plant: this is a
consequence of the geographical distribution of RES plants across Algarve. Because the RES plants
with the largest capacities are installed near the Spanish border around the region of Alcoutim, and
electricity demand is relatively even across the region, the available Surplus is much larger Leeward
than Windward. For a penetration factor of 80%, Windward’s available Surplus RES is null: the plant
exclusively consumes power from its own production and from the grid, which drives its electricity costs
up, and therefore its LCOW. Because of the Own production RES available to both scenarios and of
Leeward’s Surplus RES, the overall Decentralised electricity costs are nonetheless lower than for the
Baseline scenario, showing a 28% reduction.

5.3.2 Optimisation model

The resulting LCOW while optimising the power consumption for each plant is:

LCOWSPim- | —0.7505 EUR/m’

LCOW2Ptim: - — 0.6996 EUR/m’

Leewa

The total LCOW of the Decentralised scenario is then:

LCOWEOPt™:  _ (7266 EUR/M?®

Decentr
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which represents a 61.3% higher cost than LCOWg.y, but a 19.7% lower than LCOWggseiine. This
solution turns out being the one with the lowest LCOW (2.1% lower than LCOWSP™), benefitting from
a 52.3% reduction in electricity costs, and is therefore the optimal solution. Comparing the LCOW of
each plant, before and after optimisation, we note that the Windward plant has a smaller margin for
optimisation (10.7% LCOW reduction) than the Leeward plant (12.4% reduction). The reason is the
same as the one stated in the previous sub-section: having no Surplus RES available, the Windward

plant is forced to use a larger share of Grid power than the Leeward plant.

5.3.3 Decentralised scenario costs summary

For the Decentralised scenario, some costs were expected to increase since having two plants running
in parallel eliminates the advantage of economies of scale associated with a centralised solution. Table
[5.6| summarises the yearly costs of each model for the Decentralised scenario.

Baseline Scenario Cost

Decentralised Cost

Decentralised Cost

Component (100% GRID) (Excel model) | (Optimisation model)
Electricity 28,000 20,172 13,354
Desal. plant CAPEX 21,646 21,646 21,646
Desal. plant OPEX 13,661 13,664 13,664
Water Supp. CAPEX 686 795 929
Water Supp. OPEX 93 113 130
Power Line CAPEX 52 93 93
RES CAPEX - 1364 1364
RES OPEX - 304 304
Total 64,138 58,150 (-9.3%) 51,483 (-19,7%)

Table 5.6: Cost breakdown of LCOW pecentr (in thousands of EUR per year, variations are relative to
LCOWBaseline)

The Desalination plant CAPEX being defined as a linear function of its capacity (eq. [3.7), there is
no difference in this domain between the Centralised and the Decentralised solutions. On the other
hand, because both plants must have their own power line and water supply system (category in which
storage tanks are included), we note an increase of 35.4% and 39.8% in water supply CAPEX and OPEX
respectively and of 78.8% in power line CAPEX for the optimisation model. The Decentralised scenario’s
main advantage is in being able to have twice as much RES capacity installed for own consumption: RES
CAPEX and OPEX have doubled when compared to the Centralised scenario (as shown by comparing
Table[5.2]and Table [5.6), but they are largely surpassed by the electricity cost savings they guarantee.

Figure[5.8|shows the contribution of each cost to the Optimisation LCOW for the Decentralised scenario.
Electricity costs decreased 40.7% when compared to LCOW ggseiine @and have dropped to third in largest
contributions, behind Desalination Plant CAPEX and OPEX.
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5.4 Centralised versus Decentralised conclusions

Having obtained the results for both scenarios, we now proceed to a more in depth comparison of the
two in order to substantiate a recommendation. The following will show that although the Decentralised
scenario produces the lowest LCOW, its pricing edge over the Centralised scenario is relatively small,
and that other important factors such as the produced water’s carbon footprint or the index of Surplus
RES exploitation can make or break one of the solutions in the eyes of decision makers.

Deciding between a Centralised or a Decentralised solution is not straightforward. It has been shown in
the literature that economies of scale (associated with a Centralised solution) do not necessarily equate
to lower levelised costs[33]. A comparison of the solutions obtained in this work (shown in Table [5.7)
confirms this observation: the lowest LCOW obtained is for the Decentralised scenario, with a slight
advantage over the Centralised scenario (-2.1%)

] | Excel model | Optimisation model |

LCOWpes 0.4504 -

LCOW pasciime | 0.9055 -
LCOWgontr 0.8409 0.7420

LCOW Decentr | 0.8182 0.7266

Table 5.7: Resulting LCOWs summary (optimal solution in bold)

Electricity costs

An analysis of the absolute values of power consumption (shown in Table 5.8) helps us understand the
difference in electricity costs between the two scenarios: although the Decentralised scenario leads to
a slightly larger Total power consumption (+0.5%, explained by the higher pumping head needed for the
Windward plant), Grid power consumption is 9.2% lower than for the Centralised scenario.

| Power Consumptions (MWh) | Centralised scenario | Decentralised scenario |
Grid 1717 1559
Surplus RES 426 324
Own Prod. RES 217 489
Total 2360 2372
CO. emission savings (tonnes)[63] 164.6 205.1

Table 5.8: Yearly power consumption and resulting CO, emissions of each strategy
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Using less Grid power means not only smaller electricity costs but also less CO, emissions, as Grid
power includes non renewable energy sources (52% in 2018[57])): opting for the Decentralised solution
leads to a 24.6% increase in CO, emission savings when compared to the Centralised scenario, and a
51.4% increase when compared to the Baseline scenario.

Surplus RES exploitation

Figures and show that the Decentralised solution uses a smaller share (27.5%) of Surplus
RES than the Centralised scenario (36.1%). Analysing Figure which shows the hourly average
Surplus RES available, we note that because of an uneven population (and therefore electricity demand)
distribution between Windward and Leeward, there is more Surplus RES available in absolute terms for
the Leeward plant alone than for the Centralised scenario. But because the two plants considered in the
Decentralised scenario have smaller output capacities than in the Centralised one, the plant’s maximum
capacity limits the consumption of Surplus RES. Adding to that, Own Production RES competes with
Surplus RES in the interval of time where most of Surplus RES is available. In terms of Surplus RES
exploitation, the Centralised solution is therefore better adapted than the Decentralised scenario, which
is quickly forced to curtail it.

14.2% ' T X 7.6%
W Grid
W Surplus RES
Own Prod.
RES

Winter Spring Summer Autumn

— ) 17.4% \
e H Grid
25.9%
30.0%
i Surplus RES
“ Own Prod.
RES

Figure 5.9: Breakdown of power consumption in Winter (far left), Spring (left), Summer (right) and
Autumn (far right) for the optimised Centralised (top) and Decentralised (bottom) scenarios

Own Production RES capacity

As mentioned in the previous Subsection, the reduction in Grid power consumption is explained by hav-
ing twice the installed capacity of RES for own production, when compared to the Centralised scenario.
If we look at the total power shares over one year of operation (shown in Figure [5.10), we notice that, as
expected, the total share of Own Production RES essentially doubles for the Decentralised scenario.
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Figure 5.10: Average (whole year) power consumption shares for the Centralised (left) and Decentralised
(right) scenarios

The reasoning behind limiting the total RES capacity installed in each desalination plant is two fold:

1. solar PV and wind turbine farms require large surface areas available (besides the area taken by
the desalination plant itself) and coastal regions are in short supply of land;

2. wind turbines are visually polluting and noisy, which can be problematic for a region whose main
industry is tourism.

If we compute the LCOW for the Centralised scenario using the same installed capacity of RES for own
consumption as the total capacity of the Decentralised scenario, we obtain:

LCOWEX QunProd — (7204 EUR/m?

which is 0.9% lower than LCOW pecentr- From a purely economic standpoint, both the Centralised and
Decentralised yield LCOWs too close to each other to confidently choose one as the optimal solution.
The main deciding factor, and what set solutions apart, is how well the least expensive sources of energy
are exploited by each solution.

5.5 Towards a new water supply paradigm

Although this work focuses on Algarve, the whole country of Portugal has been having increasingly reg-
ular problems with severe droughts. There is however a mismatch between the reassuring conclusions
reached by governmental agencies regarding water scarcity and the sense of urgency caused by the
extreme localised events occasionally experienced by the population. The water supply system seems
globally adequate for the current consumption patterns, but any deviation from the mean on either the
demand or the supply side has led to major shortcomings in meeting water demand. Because water
scarcity problems are underestimated and deprioritised as soon as there is some precipitation, the con-
tingency plans in place seem inadequate, and inefficient emergency solutions are the norm: the water
crisis of the Viseu region, in late 2017, had 120,000 inhabitants depending on tanker trucks bringing
14,000 m® of water daily to fill the Fagilde dam and supply 82% of the normal water demand, at ten
times the normal cost [64].

This chapter presents four guidelines that would help the Portuguese water supply network become
more robust and drought-ready in the long run. As previously mentioned, solutions to fight water scarcity
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are usually divided into two categories: demand management and supply enhancement. With regard
to demand management solutions, we suggest a refurbishment of the existing water distribution net-
work, and an awareness campaign aimed at valuing water in the eyes of the consumers. As to supply
enhancement strategies, we suggest the implementation of desalination technology in coastal regions
when deemed feasible, and the introduction of an interregional water supply system to fill dams in
drought-threatened regions.

The most pressing issue needing to be addressed is the inefficiency of water distribution systems.
According to a survey made by the Water and Waste Services Regulation Authority (ERSAR in Por-
tuguese), the average municipality wastes about 30% of the total water it distributes, and the worst
performing municipalities waste over 70% of water through pipeline leakage [12]. This is freshwater that
has been collected, treated and brought to high quality standards: it represents not only a loss in water
but also a significant expense incurrence. Priority should therefore be given to overhauling the water
distribution network by periodically doing maintenance work on distribution pipelines and by consistently
monitoring its efficiency.

Water is still perceived as a low value commodity in European countries, which could explain why munic-
ipalities skip on water distribution maintenance, or why so much water is wasted in industrial, agricultural
and residential use. Because conventional means of collecting water are relatively inexpensive, the eco-
nomical incentive alone is not enough to change freshwater consumption behaviours. The price paid for
water is not, however, a true reflection of its value as it does not account for the sustainability limitations
of the water sources used. A public awareness campaign should be launched in order to promote a con-
scious use of water, reminding consumers that the perceived abundance of freshwater is misleading,
while also calling for a global water consumption reduction.

Demand management solutions are usually the cheapest way to tackle water scarcity, but they might
not be enough when considering the impact potential of unpredictable weather events. The first supply
enhancement solution proposed here is to integrate seawater desalination plants in strategic coastal
regions. The methods described in Chapter [3| were designed so that the regions they are applied to
could vary significantly in size and characteristics: the approach can be used for municipalities, cities,
large regions such as Algarve or even the whole country. With a coastline of around 943km, mainland
Portugal has an abundance of coastal regions where seawater desalination could become an alternative
water supplier. The most cost-effective setup for each desalination plant considered would have to be
evaluated according to the chosen region’s available RES, the feed-water salinity concentrations or even
the desalination plant’s surroundings. Desalination technologies such as electrodialysis might be more
suitable for brackish water, whereas phase change technologies such as multi-stage flash or multi-effect
distillation can use waste heat from neighbouring industries. Alternative RES for heat production could
come from biomass or solar concentration, while promising technologies such as wave or tidal power
could contribute to smoothing the power production profile of current RES solutions.

This approach is not directly applicable to inland Portugal however, which includes some of the country’s
most water stressed regions such as Viseu Dao-Laf6es (previously mentioned) or Alto and Central Alen-
tejo. These regions are isolated from the coast and exclusively relying on dams and subterranean re-
sources (often over-exploited), which means that they have no alternatives in the case of severe drought
and low water availability. The proposed solution for these challenging regions is to design an interre-
gional water supply system where a desalination plant in a coastal region would provide freshwater to a
neighbouring inland region in need (saline water corrodes metal and alloys, so pumping seawater over
long distances is not viable). This system could pump water into a small number of key, geographically
distributed dams across inland Portugal: a minimum water availability per region could be guaranteed,
with every drought-threatened region having a dam serving as a drinking water reserve. Displacing
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water over long distances is very energy-intensive, so using a strategy that combines the use of sur-
plus RES power and an operational scheduling that minimises pumping costs (in an similar approach
to the one taken in this work to curb desalination’s energy consumption) could play an important role in
determining if such solution is feasible.
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Chapter 6

Closure

6.1 Conclusions

Feasibility studies of desalination implementation are complex projects. A variety of factors have to be
considered, such as the direction taken by local policy makers, existing water and electricity networks
and environmental concerns. From an economic point of view, the main parameter to be gauged is the
resulting LCOW of the project. It is the main focus of this work.

Following the state of the art in water desalination found in the literature, we set to project a SWRO
plant driven by both grid electricity and RES power. Because water desalination is so energy-intensive,
having desalination plants work solely on the RES power it produces would require the installation of
unrealistically large capacities of solar PV and Wind turbines on site. It would lead to prohibitive costs,
and finding the required terrain in an already disputed coastal area is difficult. A possible solution found
for large scale sustainably powered desalination is to source power from neighbouring RES commercial
producers. The present work proposes a novel approach: use RES power that cannot be injected into
the grid locally as desalination’s main energy source, in conjunction with some RES power produced on
site and grid electricity (as a last resort).

Algarve’s population, electricity consumption and fresh water demand fluctuation throughout the year
make for a challenging case study. On the other hand, the flexibility requirements of this case present
a good opportunity to test the impact of operational strategy optimisation on the viability of desalination
projects.

Economic factors

Of the two scenarios considered, the Decentralised scenario turned out being the solution with the lowest
resulting LCOW at 0.7266 EUR/m3, 2.1% lower than the Centralised LCOW and 19.7% lower than the
Baseline scenario LCOW (100% Grid). This result shows that, under the assumptions set for this project,
having two smaller plants comes at a slightly lower cost than having a single large one. Although the
Centralised scenario benefits from economies of scale, with yearly savings of 853,000 EUR in total
CAPEX (-3.5%), the increased installed capacity in RES for own consumption of the Decentralised
scenario leads to 2.1 M EUR savings in electricity costs (-13.6%) every year. It must be noted, however,
that if we relax the constraint on total RES capacity installed for the Centralised scenario and set it equal
to the total capacity installed for the Decentralised scenario, the LCOW obtained for one large plant
drops to 0.7204 EUR/m®.
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Sensitivity analysis were performed on three variables: RES market cost, storage tank capacity and
RES penetration. RES market cost variations were found to have little impact on the obtained LCOW.
Storage tank capacity variations show that, first, the lowest LCOW obtained is for a setup with no storage
tank and secondly, increasing storage tank capacity has diminishing returns in terms of electricity cost
savings (which are exclusively related to water pumping). The retained solution settles for a total storage
tank capacity of 10,000 m3, a compromise between added expenses and the need for an operational
security margin. Lastly, a variation in RES penetration is shown to have a significant impact on the
LCOW (-7.5% for a RES penetration of 50%). Surplus availability strongly influences the total electricity
costs, which makes RES penetration a very important aspect of the feasibility study.

Under the conditions set for this project, the recommended solution considers a nominal plant capacity
of 175,000 m3/day at the Windward location (Portimdo) and a 155,000 m3/day plant Leeward (Monte
Gordo). Each of them was equipped with 5000 m® of storage tank capacity (for a total of 10,000 m?),
with 1.3 MW of rooftop solar PV, 5 MW of fixed tilt solar PV panels and a 5 MW wind turbine farm (for a
grand total installed capacity of 12.6 MW of solar PV and 10 MW of wind turbines).

The obtained LCOW of 0.7266 EUR/m?® ranks among the lowest production costs mentioned by Gao
et al. [53], at around 0.8 USD/m?3, but is still 61.3% higher than the estimated cost of the conventional
water supplier. This means that from a purely economic point of view, and under the conditions set
in this project, water desalination cannot compete with conventional water suppliers. We must note,
however, that the comparison with the estimated cost of production of the conventional water supplier
is merely indicative. As this is a preliminary study, the estimation of this production cost is simplified
and underestimated; by instance network maintenance costs were not considered. The cost structure
analysis presented in Subsection |5.3.3| shows that with the right operational strategy we can minimise
electricity costs (33.8% reduction when compared to the Excel model), but further cost reductions are
hampered by the total CAPEX (298 M EUR). To make this project economically viable, it is recommended
to follow the example of Barcelona’s LLobregat desalination plant project: built in 2008 with a capacity
similar to the ones considered in this work (200,000 m3/day) and a total investment of 230 M EUR, it
financed its CAPEX thanks to contributions from the European Union’s Cohesion Fund (150 M EUR) and
from Spain’s Ministry of Environment (52 M EUR). The company operating the water supply concession
defrayed 28 M EUR, 12.2% of the total investment [65].

Political, Social and Environmental factors

The solution presented is capable of supplying 100% of Algarve’s fresh water demand, making desali-
nated water a suitable alternative to water sourced from ground and surface resources. This would
greatly reduce the stress on local aquifers, allowing them to slowly replenish themselves and avoid the
risk of contamination. It would make Algarve’s fresh water supply drought-proof, and it would free sur-
face resources, which are subject to precipitation and to the effects of advancing desertification, for
agricultural use.

With regard to CO, emissions, the Decentralised has an edge over the Centralised scenario by consum-
ing less Grid power, resulting in a 24.6% increase in CO, emission savings compared to the Centralised
solution (and a 51.4% increased savings compared to the Baseline scenario of 100% Grid power).

Model limitations

Although some of the assumptions set in Sections and help simplify the problem, they also
impose limitations on the model. Forcing the storage tank level to be zero at the start and at the end of
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each day is one such case. In reality, monthly water demand variations are approximately continuous,
but because each season is modelled by a representative average day that is repeated in a loop until
the next season is reached, the model only considers one constant quantised level of seasonal water
demand. The two days representing the passage from one season to the next must deal with a significant
increase or decrease in water demand. This could be, for example, an opportunity to produce and store
an extra amount of water the last day of a season with good Surplus RES availability and help reduce
the costs of the first operating day of the following season. But because every day in each season is the
same, the storage tank level at the end of the last day of the season would also be imposed on every
day before it, disturbing the optimisation process.

Assuming that the water supply network is capable of absorbing any volume of water at any time of
the day is also overly optimistic and represents another limitation to the model. In reality, the network
pipeline capacity adds a hydraulic constraint to the optimisation model, slightly reducing its operational
flexibility.

The combination of these two limitations explains why storage tank capacities only have an impact on
pumping power consumption, and not on desalination power consumption in the obtained results.

Closing remarks

So could RES powered desalination become a viable solution for water stressed regions such as Al-
garve? From an energy policy standpoint, yes: albeit being very energy-intensive, this work shows that
the SWRO plants would mainly rely on RES power (68.5% of total power consumption). It would also
contribute to increasing the exploitation of the region’s RES power production (27.5%), by offering a
regular and foreseeable demand in RES power. From an economic point of view, the Centralised and
Decentralised scenarios yield LCOWSs from 0.73 to 0.74 EUR/m3, both coming above the estimated
production cost of the conventional water supply provider (+61.3%). For this project to be economically
viable, national and european funding must be involved, following the example of the LLobregat plant in
Barcelona, or much of the projects in California66] and Australia[67].

6.2 Future Work

The present work shows that it is possible to have water desalination mainly powered by renewable
energy sources. To achieve a 100% RES powered system, several hypothesis could be tested:

1. What is the impact of installing batteries in the desalination plants in order to store Surplus RES?
What would be the resulting RES share of total power consumption? How would it affect the
LCOW?

2. Is an over-dimensioned plant a better solution? By increasing the desalination output capacity,
more Surplus power could be exploited around the hours of RES production peak before the ca-
pacity constraint forced curtailment. Do the electricity cost savings compensate for the increased
CAPEX? How could larger storage tanks contribute?

With regard to energy systems modelling, the present work strictly considers solar PV and Wind power
for the local RES production estimation: other sources such as hydro power and biomass could be
included in a future model.

To fully integrate the desalination plants into the existing water supply network, assumptions related to
water management can be further developed, and existing water pumping efficiency models found in

54



the literature[68] could be considered. Strong assumptions are made, for instance, with regard to the
way water is pumped into the water supply network. As mentioned in the previous section, under model
limitations, the point of junction where the desalination plant’s pipeline feeds the water supply network
has to be sufficiently large so that the volume demand of the entire region can be injected. Taking
the network’s hydraulic constraints in consideration would contribute to a more realistic integration of the
desalinated water. Fresh water demand could also be estimated for an hourly basis, instead of assuming
that demand is an average taken over 24h.

Brine management and its impact on the environment are yet to be fully understood. For desalination to
become a new standard in water supply systems, it is imperative to come up with innovative solutions to
recycle or reuse the large volumes of brine produced by SWRO.

Desalination is an increasingly frequent option in water supply diversification policies, but it shouldn’t be
used in isolation. Although the plants in this work were dimensioned to supply 100% of the drinking water
demand, mixing water coming from desalination, water reuse and rain harvesting technologies might
lead to solutions that are both more cost-effective and sustainable. Policy makers should take a hollistic
approach when rethinking water supply networks, and this work can be regarded as a preliminary study
to help and make decisions.

55



Bibliography

[1] C. Granter. Water crises are a top global risk. https://www.weforum.org/agenda/2015/01/why-world-
water-crises-are-a-top-global-risk/, January 2015. Accessed: 2018-11-06.

[2] A. Hoekstra and M. Mekonnen. Four billion people facing severe water scarcity. Science Advances,
2(2), February 2016.

[3] J. Castelo. Causes of water conflict: Past wars and future predictions.
https://worldwaterreserve.com/water-crisis/causes-of-water-conflict/, June 2018.

[4] Land and Water Division of FAO. Coping with water scarcity: an action framework for agriculture
and food security. techreport, Food and Agriculture Organisation of the United Nations, 2012.

[5] UN Water. Climate change adaptation: The pivotal role of water. Technical report, United Nations,
2010.

[6] Audit Chamber | Sustainable use of natural resources. Combating desertification in the european
union: a growing threat in need of more action. Technical report, European Court of Auditors, 2018.

[7] T. Luo, R. Young, and P. Reig. Aqueduct projected water stress country rankings. Technical report,
World Resources Institute, August 2015.

[8] Eurostat and OCDE. Water availability per capita. https://www.eea.europa.eu/pt/publications/92-
9167-087-1/page010.html, 2016.

[9] Agencia Portuguesa do Ambiente. Plano nacional da agua - relatorio 1: Caracterizacao geral
dos recursos hidricos e suas utilizacoes, enquadramento legal dos planos e balanco do 10 ciclo.
Technical report, 2015.

[10] APA. Estrategia setorial de adaptacao aos impactos das alteracoes climaticas relacionados com
0s recursos hidricos. Technical report, Agencia Portuguesa do Ambiente, August 2013.

[11] Imprensa nacional - Casa da moeda. Diario da republica, 1.a serie - n. 181 - 20 de setembro de
2016. https://dre.pt/application/conteudo/75367887, September 2016. Accessed: 2018-11-01.

[12] B. Diaz Coelho. Ha concelhos que perdem 80 por cento da agua, November 2018.

[13] Agencia LUSA. Algarve com 4,2 milhoes de turistas e 20 milhoes de dormidas oficiais em
2017 - aheta. https://www.dn.pt/lusa/interior/algarve-com-42-milhoes-de-turistas-e-20-milhoes-de-
dormidas-oficiais-em-2017—aheta-9066097.html, January 2018.

[14] Aguas do Algarve. Relatorio e contas 2017, 2017.

[15] MIT Technology Review. Ten big global challenges technology could solve. Febru-
ary 2019. Available at https://www.technologyreview.com/s/612951/ten-big-global-challenges-
technology-couldsolve/?linkld=64912373” (Accessed Feb. 2019).

56



[16] N. Voutchkov. Energy use for membrane seawater desalination - current status and trends. Desali-
nation, 431:2—14, 2018.

[17] IRENA. Renewable capacity statistics. Technical report, International Renewable Energy Agency,
2019.

[18] Shutter Stock. Desalination plant vector infographic. https://thumb1.shutterstock.com/, 2019.

[19] N. Kress. Desalination technologies. Marine Impacts of Seawater Desalination, pages 11-34,
2019.

[20] R. Semiat. Energy issues in desalination processes. Environmental Science & Technology,
42(22):8193-8201, 2008.

[21] D. Zarzo and D. Prats. Desalination and energy consumption. what can we expect in the nearfuture?
Desalination, 427:1-9, 2018.

[22] K.S. Spiegler. Salt-water purification. Plenum Press, second edition, 1977.

[23] F. Silva Pinto and R. Cunha Marques. Desalination projects economic feasibility: A standardization
of costdeterminants. Renewable and Sustainable Energy Reviews, 78:904,915, 2017.

[24] M. Abdelkareem, M. El Haj Assad, E. Sayed, and B. Soudan. Recent progress in the use of
renewable energy sources to power water desalination plants. Desalination, 435:97-113, 2018.

[25] U. Caldera, D. Bogdanov, and C. Breyer. Renewable Energy Powered Desalination Handbook,
chapter Desalination Costs Using Renewable Energy Technologies, pages 287-329. Butterworth-
Heinemann, 2018.

[26] J. Carta, J. Gonzalez, P. Cabrera, and V. Subiela. Preliminary experimental analysis of a small-scale
prototype swrodesalination plant, designed for continuous adjustment of its energyconsumption to
the widely varying power generated by a stand-alonewind turbine. Applied Energy, 137:222,239,
2015.

[27] A. Joyce, D. Loureiro, C. Rodrigues, and S. Castro. Small reverse osmosis units using pv systems
for water purification in rural places. Desalination, 137:39,44, 2001.

[28] L. Masson, B. Richards, and A. Schafer. System design and performance testing of a hybrid mem-
brane - photovoltaic desalination system. Desalination, 179:51,59, 2005.

[29] V. Gude, N. Nirmalakhandan, and S. Deng. Renewable and sustainable approaches for desalina-
tion. Renewable and Sustainable Energy Reviews, 14:2641,2654, 2010.

[30] D. Mentis, G. Karalis, A. Zervos, M. Howells, C. Taliotis, M. Bazilian, and H. Rogner. Desalination
using renewable energy sources on the arid islands of south aegean sea. Energy, page 26, 2016.

[31] R. Fornarelli, F. Shahnia, M. Anda, P. Bahri, and G. Ho. Selecting an economically suitable and
sustainable solution for a renewable energy-powered water desalination system: A rural australian
case study. Desalination, 435:128—-139, 2018.

[32] C. Ghenai, A. Merabet, T. Salameh, and E.C. Pigem. Grid-tied and stand-alone hybrid solar power
system for desalination plant. Desalination, 2017.

[33] P. Shahabi, A. McHugh, M. Anda, and G. Ho. Comparative economic and environmental assess-
ments of centralised and decentralised seawater desalination options. Desalination, 376:25-34,
2015.

57



[34] P. Shahabi, A. McHugh, M. Anda, and G. Ho. A framework for planning sustainable seawater
desalination water supply. Science of the Total Environment, 575:826—835, 2017.

[35] E. Mokheimer, A. Sahin, A. Al-Sharafi, and A. Ali. Modeling and optimization of hybrid wind-solar-
powered reverseosmosis water desalination system in saudi arabia. Energy Conversion and Man-
agement, 75:86,97, 2013.

[36] N. Vakilifard, P. Bahri, M. Anda, and Ho G. Integrating real-time operational constraints in planning
of water and energy supply. Computer Aided Chemical Engineering, 43:313-318, 2017.

[37] N. Vakilifard, P. Bahri, M. Anda, and Ho G. A two-level decision making approach for optimal
integrated urbanwater and energy management. Energy, 155:408—425, 2018.

[38] N. Vakilifard, P. Bahri, M. Anda, and G. Ho. An interactive planning model for sustainable urban
water and energysupply. Applied Energy, 235:332-345, 2019.

[39] Direcao Geral de Energia de Geologia. Principais indicadores energeticos. 2017. Available at
“http://www.dgeg.gov.pt/” (accessed on January 4th, 2019).

[40] E. Ribeiro de Sousa. Saneamento Ambiental | - Sistemas de Aducao. Tecnico Lisboa - Departa-
mento de engenharia Civil e Arquitectura, September 2001.

[41] U. Caldera, D. Bogdanov, and C. Breyer. Local cost of seawater ro desalination based on solar pv
and windenergy: A global estimate. Desalination, 385:207—-2016, 2016.

[42] S. Pfenninger and I. Staffell. Long-term patterns of european pv output using 30 years of validated
hourly reanalysis and satellite data. Energy, 114:1251-1265, 2016.

[43] I. Staffell and S. Pfenninger. Using bias-corrected reanalysis to simulate current and future wind
power output. Energy, 114:1224-1239, 2016.

[44] B. Liberman, M. Figon, and D. Hefer. Three center design implemented in ashkelon swro plant.
Technical report, IDE Technologies Ltd., 2013.

[45] Y. Egozy and M. Faigon. The operation principle of the hadera seawater desalination plant and
advantages of the pressure center design. Technical report, IDE Technologies Ltd., 2013.

[46] Pacanherros. Mapa colorido com a divisao, por concelhos, do Barlavento e do Sotavento.
Accessible at "https://commons.wikimedia.org/wiki/File:Barlavento_e_sotavento_2.jpg”.

[47] Aguas do Algarve. Volumes de agua fornecida. https://www.aguasdoalgarve.pt/content/volumes-
de-agua-fornecida.

[48] PORDATA. Agua distribuida por municipio entre 1995 e 2017.
https://www.pordata.pt/DB/Municipios/Ambiente+de+Consulta/Tabela.

[49] Aguas do Algarve. Mapa do sistema. 2017. Accessible at
"https://www.aguasdoalgarve.pt/sites/aguasdoalgarve.pt/files/paginas_base/mapas/mapa_smaaa.pdf”.

[50] B. Djebedjian, A. Yaseen, and M. Rayan. Optimization of large-scale water distribution system
design using genetic algorithms. In IWTC10, 2006.

[51] EDP distribuicao. Precos de referencia alta tensao - https://www.edpdistribuicao.pt/pt/profissionais/ligar
Accessed on 04/01/2019.

58



[52] M. A. Sanz and C. Miguel. The role of swro barcelona-llobregat plant in the water supply system of
barcelona area. Desalination and Water Treatment, 51:111-123, 2013.

[53] L. Gao, S. Yoshikawa, Y. Iseri, S. Fujimori, and S. Kanae. An economic assessment of the global
potential forseawater desalination to 2050. Water, 763(9), 2017.

[54] Bureau Labor Statistics. Cpi inflation calculator - https://www.in2013dollars.com/2015-dollars-in-
2018?amount=1, 2019.

[55] PORDATA. Salario medio mensal - https://www.pordata.pt/portugal/sal2017.

[56] Social Security Administration. Average net compensation -
https://www.ssa.gov/oact/cola/central.html, 2017.

[57] Agencia LUSA. Energia renovavel abasteceu 52 por cento do consumo em 2018.
https://eco.sapo.pt/2019/01/02/energia-renovavel-abasteceu-52-do-consumo-em-2018/, January
2019.

[58] REN. Diagrama de estatistica diaria. http://www.centrodeinformacao.ren.pt/PT/InformacaoExploracao-
Paginas-EstatisticaDiariaDiagrama.aspx, December 2018.

[59] INEGI. Energias endogenas de portugal - base de dados de fontes renovaveis de energia.
http://e2p.inegi.up.pt/, 2018.

[60] B. Silva and M. Caetano. Renovaveis - corrida ao sol portugues ja vale 800 milhoes
de euros. https://www.dinheirovivo.pt/carreiras/renovaveis-corrida-ao-sol-portugues-ja-vale-800-
milhoes-de-euros/, June 2018.

[61] L. Merino and P. Mosquera. Dime de donde eres y te dire cuanto vale tu energia (parte
2). https://www.energias-renovables.com/eolica/dime-de-donde-eres-y-te-dire-20181220, Decem-
ber 2018.

[62] Aguas de Portugal. Relatorio e contas 2017, 2017.

[63] EDP. Edp hydroelectric power plant awarded two international awards.
https://portugal.edp.com/en/news/edp-hydroelectric-power-plant-awarded-two-international-
awards, September 2018.

[64] J. Malta, T. Abecasis, and R. Machado. Seca em viseu - como uma cidade enfrenta a falta
de agua. https://rr.sapo.pt/especial/100056/seca-em-viseu-como-uma-cidade-enfrenta-a-falta-de-
agua, November 2017.

[65] Water Technology. Barcelona sea water desalination plant. https://www.water-
technology.net/projects/barcelonadesalinatio/.

[66] P. Rogers. California water:  Desalination projects move forward with new state
funding.  https://www.mercurynews.com/2018/01/29/california-water-desalination-projects-move-
forward-with-new-state-funding/, January 2018.

[67] Australian National Audit Office. Grants for the construction of the adelaide desalination
plant. https://www.anao.gov.au/work/performance-audit/grants-construction-adelaide-desalination-
plant, May 2013.

[68] T. Luna, J. Ribau, D. Figueiredo, and R. Alves. Improving energy efficiency in water supply systems
with pumpscheduling optimization. Journal of Cleaner Production, 213:342,356, 2019.

59



	Acknowledgements
	Resumo
	Abstract
	List of Figures
	List of Tables
	List of Acronyms
	List of Variables
	Introduction
	Context and Motivation
	Problem statement
	Objectives of study
	Present contribution
	Thesis outline

	Literature review
	Desalination technologies
	Desalination powered by Renewable Energy Sources
	Operational optimisation to reduce levelised costs 

	Methods
	Economic analysis
	Carbon footprint of power consumption
	General model assumptions 
	Spreadsheet project modelling
	Total Water Produced (TWP)
	Capital Expenditures (CAPEX)
	Capital Recovery Factor (CRF)
	Operational Expenditures (OPEX)
	Electricity costs (EC)
	Power consumption
	Power costs


	Electricity cost optimisation model
	Optimisation assumptions 
	Optimisation formulation
	Modularity
	Total Costs

	Sensitivity analysis


	Case study
	Total Water Produced
	Water Consumption

	Capital Expenditures
	Desalination plant capacity
	Water supply
	Power line
	Own production of RES
	CAPEX summary

	Capital Recovery Factor
	Operational Expenditures
	Desalination plant 
	Water supply
	Own production of RES

	Electricity costs
	Pumping power consumption
	Desalination power consumption
	RES power consumption

	RES power costs


	Results and Discussion
	Baseline Scenario
	Centralised Scenario
	Spreadsheet model
	Optimisation
	Centralised scenario costs summary
	Sensitivity analysis
	RES penetration
	RES market price factor
	Storage tank capacity


	Decentralised Scenario
	Spreadsheet model
	Optimisation model
	Decentralised scenario costs summary

	Centralised versus Decentralised conclusions
	Towards a new water supply paradigm

	Closure
	Conclusions
	Future Work

	Bibliography

