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Abstract
Water security represents a main challenge in the quest for sustainable
development and stability worldwide. Often, such security is closely
linked with the demand of water for agricultural irrigation, as it represents the major share of human water withdrawals. The North Western
Sahara Aquifer System (NWSAS), is a large aquifer system spreading
through three North African countries: Algeria, Tunisia and Libya. It is
formed by two superposed groundwater reservoirs, constituting the
main sources of fresh water access in the region. To cope with the water
demand and alleviate water resources exploitation, Treated Wastewater
(TWW) is emerging as a promising solution for the region. This master
thesis focused on the development of a GIS-based methodology to asses
the techno-economic feasibility of wastewater reclaim, treatment and
reuse for crop irrigation in the NWSAS region, considering groundwater quality and depletion, electrical energy requirements and Levelised
Cost of Water (LCOW) as main assessment parameters. Such model
enables the evaluation, under different scenarios, of the impact that
new policies, technologies and measures can have in the overall system.
Nine wastewater treatment technologies were analysed, under eight different scenarios. The scenarios were constructed based on population
water requirements per capita and the behaviour of farmers towards
different irrigation water price regimes. The least-cost technologies
found, presented a tradeoff between the wastewater treatment capacity and the technology chosen, which approximates to the behaviour
found in reality. The outcomes of the analysis, evidenced the current
medium-to-high stress of the groundwater resource, which is trending
to worsen. Moreover, the reuse of treated wastewater in agricultural
irrigation, showed to be a viable option for reducing the water stress of
the basin. However, to preserve the water resource, measures as better
water pricing mechanisms, management strategies to improve water
productivity and adoption of more efficient irrigation schemes may
be needed. Furthermore, the energy-for-water needs were evaluated.
Pumping energy represents by far the major user of electrical energy
in the region and the treatment and reuse of waste water, showed to
be useful to reduce the dependency on pumped resources, reducing
as well the energy-for-water needs. Moreover, the effect of changes
in salinity content and depth to groundwater levels, showed substantial effects on the energy requirements for desalination and pumping
respectively, which can jeopardize the economic sustainability of the
agricultural practice in the basin.
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Sammanfattning
Vattenskydd utgör en viktig utmaning för strävan efter hållbar utveckling och stabilitet över hela världen. Ofta är sådan säkerhet nära
kopplad till efterfrågan på vatten för bevattning av jordbruket, eftersom
den utgör den största delen av mänskliga vattentillträden. Nordvästra
Sahara Aquifer System (NWSAS) är ett stort akvifer system som sprids
genom tre nordafrikanska länder: Algeriet, Tunisien och Libyen. Den
bildas av två överlagrade grundvattenreservoar, som utgör huvudkällorna för tillgång till färskvatten i regionen. För att klara av efterfrågan på vatten och minska vattenresursutnyttjandet växer behandlat
avloppsvatten (TWW) som en lovande lösning för regionen. Denna
masterprojekt fokuserade på utveckling av en GIS-baserad metodik
för att bedöma den tekniskt ekonomiska möjligheten att återvinna, behandla och återanvända avloppsvatten i NWSAS-regionen med hänsyn
till grundvattenkvalitet och uttömning, elkrav och nivåvattenkostnad
(LCOW) som huvudbedömningsparametrar. En sådan modell möjliggör utvärdering, i olika scenarier, av den inverkan som nya policyer,
tekniker och åtgärder kan ha i det övergripande systemet.
Nio avloppsreningstekniker analyserades, under åtta olika scenarier.
Scenarierna byggdes utifrån befolkningens vattenbehov per capita och
beteendet hos bönderna mot olika bevattningssystem för bevattning.
Den billigaste teknologin som hittades presenterade en avvägning mellan avloppsvattenbehandlingsförmågan och den valda teknologin, vilket approximerar det beteende som finns i verkligheten. Resultatet av
analysen visade den aktuella medellånga stressen i grundvattenresursen, som tenderar att förvärras. Dessutom visade återanvändningen av
behandlat avloppsvatten i jordbrukssköljning att det var ett lönsamt alternativ för att minska bassängens vattenbelastning. Men för att bevara
vattenresursen kan åtgärder som bättre vattenprissättningsmekanismer behövas, ledningsstrategier för att förbättra vattenproduktiviteten
och antagandet av effektivare bevattningssystem. Vidare utvärderades
energibehovet. Pumpenergi representerar den överlägset största användaren av elenergi i regionen och behandling och återanvändning
av avloppsvatten visade sig vara användbar för att minska beroendet
av pumpade resurser, vilket också minskar behovet av energi för vatten. Dessutom visade effekten av förändringar i salthaltens innehåll
och djup till grundvattennivån betydande effekter på energibehovet
för avsaltning och pumpning, vilket kan äventyra den ekonomiska
hållbarheten hos jordbrukspraxis i bassängen.
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Glossary
Borehole is a deep, narrow hole made in the ground. A borehole may
be constructed for diferent reasons, among the most usual ones
are to extract water or oil.
Brackish water refers to water with medium to high salinity contents
under the range from 500 to 30,000 mg/l of Total Dissolved Solids
(TDS). Values above 30,000 mg/l are consider as saline water or
seawater.
CAPEX Capital Expenditure (CAPEX) refers to the funds used to obtain and upgrade physical assests.
Circular economy is a regenerative system in which resource input,
emission, and energy leakage are minimized by closing energy
and material loops; this can be achieved through long-lasting design, maintenance, repair, reuse, remanufacturing and recycling.
CRS a Coordinate Reference System (CRS) defines, with the help of
coordinates, how the two-dimensional projected map, is related
to real locations on the Earth. There are two different types of
coordinate reference systems: Geographic Coordinate Systems
and Projected Coordinate Systems.
Data cell refers to the spacial rectangles that conform a geospatial
information layer. Such rectangles constitute a grid that covers a
geospatial area, and each rectangle contains information about the
particular area that is inside it (e.g population count, groundwater
depth, irrigated area).
Data frame a data frame comes from the world of statistical software
used in empirical research; it generally refers to "tabular" data: a
data structure representing cases (rows), each of which consists
of a number of observations or measurements (columns).
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Environmental stream flow accounts for the amount of water extracted
from natural sources as surface water or groundwater aquifers,
used for the preservation of ecosystems.
Foggaras are underground channels for obtaining groundwater in arid
zones. Foggaras pump aquifers in piedmont zones via subterranean galleries that drain water up to the surface; the tunnels
have a shallower gradient than the ground surface above, so that
eventually the tunnels intersect the surface and the water emerges
in a channel, for collection in a reservoir or distribution to fields
for irrigation.
GIS Geographic Information Systems (GIS) is a computer-based tool
that analyzes, stores, manipulates and visualizes geographic information, usually in a map.
OPEX Operating Expense (OPEX) refers to the funds used by a company for its normal operation, including rent, equipment, maintenance, among others.
Price elastisticity of demand refers to the responce in changes to the
quantity demanded of a product if nothing but its price changes
(e.g. quantity of water demanded if the price is incrased by some
factor).
Raster in its simplest form, a raster consists of a matrix of cells (or pixels) organized into rows and columns (or a grid), where each cell
contains a value representing information, such as temperature.
Rasters are digital aerial photographs, imagery from satellites,
digital pictures, or even scanned maps.
Tailwater refers to the excess water from inefficient irrigation schemes
that is not absorbed by soils or evapotranspirated.
TDS Total Dissolved Solids (TDS) comprise inorganic salts (principally
calcium, magnesium, potassium, sodium, bicarbonates, chlorides
and sulfates) and some small amounts of organic matter that are
dissolved in water.
WACC the Weighted Average Cost of Capital (WACC), represents the
aggregated required return on all sources of long-term capital
(debt and equity), and it indicates the minimum acceptable rate
of return for a capital project.
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Water productivity is used to denote the amount or value of a final
agricultural product, over volume or value of the water used for
crop irrigation.
Water table describes the boundary between water-saturated ground
and unsaturated ground. Under a water table, rocks and soil
pores are saturated with water. Pockets of water existing below
a water table are called aquifers. The level of a water table can
fluctuate as water seeps downward from the surface. The water
filters through soil, sediment and rocks. This water includes
precipitation, such as rain and snow, population wastewater and
agricultural tailwater. Irrigation from crops and other plants
may also affect the water table level, as withdrawing excessive
amounts of water from a groundwater aquifer could contribute
to a reduction of the water table level.
WEF Water, Energy and Food (WEF) security nexus, stands for the
inextricable linkages the demand of these three resources present.
Such critical connection requires an integrated approach for ensuring water and food security, accompanied by sustainable agriculture and energy production worldwide.
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Chapter 1
Introduction

D

uring the last few decades, it has become clear that natural resources are reaching their sustainable exploitable limits, which
jeopardizes the functionality of their related ecosystems and the socioeconomic sustainability of human societies (FAO/WWC, 2015; Mekonnen & Hoekstra, 2016). Moreover, the existent interrelation among Water, Energy and Food (WEF) resources, makes it imperative to achieve
sustainable development where the usage and planning of these resources is undertaken holistically, accounting for the pressures the
demand of one resource puts on the other resources, i.e. the WEF security nexus (Hoff, 2011).
According to Al-Riffai et al. (2017), it is estimated that in order to maintain the current levels of goods consumption between the period from
2010 to 2050, food production should increase by 60%, of which annual cereal production should increase by 50% and meat production
by more than 200%. In this context, it can be highlighted that energy
and water are the main enablers for most activities in modern societies and essential for achieving security of food supply. By year 2050,
the global water resources per capita are expected to decrease by 25%,
representing a threat to livelihood, socio-economic growth and food
supply, since around 70% of fresh water used in the world is allocated
for agricultural irrigation. In addition, more than one-quarter of the
energy used globally is expended on food production and supply. Furthermore, it has been projected that to cope with the increasing energy
needs, energy production needs to raise by 50% of current levels by
2035 (Al-Riffai et al., 2017).
The described panorama, is utterly aggravated in regions facing water
scarcity issues. Mekonnen and Hoekstra (2016) found that, two-thirds
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of the global population (4.0 billion people) live under conditions of
severe water scarcity at least 1 month of the year. This situation places
high pressure on existent natural resources, making of absolute importance finding alternative solutions to the WEF security issue.
Some of the alternative solutions for solving the aforementioned problematic, are in tune with the 2030 Agenda for Sustainable Development,
adopted in 2015 by all United Nations Member States. Such Agenda,
recognizes the urgent need for all nations – developed and in development – of creating and triggering actions towards achieving a sustainable society for the present and future generations. To accomplish
this, the Agenda relies on 17 Sustainable Development Goals (SDGs),
which focus on individual key aspects that form a holistic solution to
sustainable development (United Nations, 2015). From these 17 SDGs,
three become relevant for the problems addressed in this thesis: (1) SDG
number 2, "no hunger: end hunger, achieve food security and improved nutrition, and promote sustainable agriculture", (2) SDG number 6, "clean water
and sanitation: ensure availability and sustainable management of water and
sanitation for all", and (3) SDG number 7, "affordable and clean energy:
ensure access to affordable, reliable, sustainable and modern energy for all"
(United Nations, 2015).
These three goals, when analysed in an integrated manner, relate to
the WEF security nexus, as when taking actions towards one of those
three goals, the other two goals may be impacted. This reasoning underpin the focus of this thesis, aimed at conducting a techno-economic
feasibility study for treating wastewater from population and agricultural tailwater, and reusing it for agricultural irrigation. During this
study, a framework to conduct such evaluation was developed and
implemented in a study area: the North Western Sahara Aquifer System (NWSAS), with the support of Geographic Information Systems
(GIS) tools. Throughout the framework, the attention was set to the
interrelation among WEF resources. An assessment was done on the
impacts that food security could have in water usage and security, and
energy usage (i.e. water stress due to pollution and overexploitation);
and it was analysed how wastewater treatment and reuse can as well
affect water security and energy requirements.
The NWSAS is a transboundary aquifer system located in North Africa,
covering part of Algeria, Tunisia and Libya. This aquifer is of great
importance for the socio-economic sustainability of the region, as irrigated agriculture is one of the key economic activities there (OSS,
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2015). Currently, the aquifer is facing severe water scarcity problems
due to overexploitation, which creates the need of seeking sustainable
solutions to reduce the stress in the resource. The characteristics of the
study area are covered in more detail in subsection 1.2.5.
In the upcoming sections of this thesis, the aim and motivation for
the topic are analysed as well as the pertinent research questions. A
background section covering necessary topics for the analysis and a
literature review section addressing the latest most relevant studies are
presented. Afterwards, follows a chapter on the methodological approach developed, providing guidance to the functioning of the framework created for the quantitative analysis. Then, the study conducted
in the North Western Sahara Aquifer System is analysed, including data
sources, assumptions and all relevant results. Finally, some conclusions
to both, the study area and the general framework are drawn, pointing
drawbacks of the methodology, potential improvements and future
work.

1.1

Aim and motivation

According to United Nations World Water Assessment Programme
(WWAP) (WWAP, 2017), wastewater accounts for approximately 70%
of all domestic water usage, that means that from all water used for
domestic purposes only 30% is absorbed (by humans, animals or plants)
or evaporated. The remaining larger share is disposed through sewage
systems or wasted on-site. On the other hand, agricultural irrigation
tailwater represents approximately 45% of the water from the irrigation
process, meaning that the remaining 55% is absorbed by plants, the
soil or evapotranspirated (WWAP, 2017). Such large amounts of wastewater, still carry a vast value and potential usage. However, in many
regions the wastewater resource is not fully exploited or not exploited
at all, often not being properly disposed to the environment, causing severe environmental and health related consequences. It can be argued,
that the main barriers presented to successfully exploit wastewater
as a resource, are technical and economical constraints. Thus, more
effort is needed for acknowledging the benefits reclaimed and treated
wastewater can provide.
Moreover, a strong energy-water nexus exists in the problematic, as
for producing clean water for human consumption and agricultural
irrigation, often large amounts of energy are needed (i.e. electrical,

4
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mechanical and chemical energy), for which it is essential to have the
energy-for-water aspect considered through the entire wastewater reclaim, treatment and reuse process. For this, an essential step for adopting wastewater reuse would be to conduct an assessment in how costly
and energy intensive may be to reclaim, treat and reuse wastewater
for irrigation, and which could be the least-cost technology options for
such objective.
The aim of this thesis is then, to develop a computational tool to enable
the planning of reclaim, treatment and reuse of urban and irrigation
wastewater, with support from GIS-based analysis. To accomplish this,
three main steps were followed: (1) usage of the most updated open
source GIS datasets to identify the water stressed areas of a region, in
terms of resource depletion and energy-for-water needs, (2) development and application of a GIS-based model to provide the least-cost
mix of urban and agricultural wastewater treatment technologies, and
(3) scenario analysis to asses the feasibility and energy intensity of implementing Wastewater Treatment Systems (WWTSs), allocating the
treated wastewater for agricultural irrigation, with the objective of
strengthening the local water, energy and food security.
From the aforementioned steps, the following research question arise:
Research question: What is the contribution of wastewater reuse for agricultural irrigation to the energy-for-water nexus and water security in the
North Western Sahara Aquifer System?
To find the answer to such question, several steps need to be followed,
thus, three sub-questions become relevant:
Sub-question 1: Where are the most stressed areas in the North Western
Sahara Aquifer System, in terms of: 1) groundwater resource depletion and 2)
energy-for-water usage?
Sub-question 2: Which are the least-cost technology options for treatment
of wastewater to be reused in agricultural irrigation in the North Western
Sahara Aquifer System?
Sub-question 3: How much water can be reused and by how much would
energy-for-water change?
Throughout this thesis, these questions were answered and a frame-
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work was developed allowing for a quick assessment of the least-cost
wastewater treatment technologies and their energy-for-water impact
for any given region.

1.2
1.2.1

Background
Water classification

Water resources can be classified according to where they have been
sourced from, their usage and their composition (urine, faeces, cleaning
products, etc.). Such classification is divided as follows:
Bluewater is water known as "fresh water" meaning that it is sourced
from natural water bodies as rivers, lakes or groundwater aquifers.
When this water is used in the production process of a product, it
can be measured as the bluewater footprint – an indicator of water
used for products and services. Irrigated agriculture, industrial
processes and domestic water usage, are each human blue water
consumers (Hoekstra & Mekonnen, 2012).
Greenwater stands for water from precipitation that is stored in the
soil, transpired or incorporated by plants. Greenwater is part of
the evapotranspiration flux in the hydrologic cycle (Hoekstra &
Mekonnen, 2012). It, is particularly relevant for agricultural purposes, as by having rain-fed crops (i.e. greenwater), the security
of bluewater sources is enhanced (SABMiller, WWFUK, 2009).
Greywater it is known as contaminated water generated from the
production of goods and services (SABMiller, WWFUK, 2009).
The source of pollution comes often from washing food, clothes,
dishes and bathing, or from agricultural tailwater (Tilley, E., Ulrich, L., Lüthi, C., Reymond, Ph., & Zurbrügg, C., 2014). Greywater may contain traces of excreta (e.g., from washing diapers),
therefore, pathogens can be found in it.
Blackwater is the mixture of urine, faeces and flushwater along with
anal cleansing water and/or dry cleansing materials (e.g. toilet
paper). Blackwater contains the pathogens of faeces and the
nutrients of urine that are diluted in the flushwater (Tilley, E. et
al., 2014).
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1.2.2

Worldwide water usage

According to the AQUASTAT database of the Food and Agricultural
Organization of the United Nations (FAO), worldwide bluewater withdrawals were estimated in around 3,928 km3 per year (WWAP, 2017).
The largest consumer of this resource is by far the agricultural sector
mainly through irrigated croplands, followed by the industrial, and the
municipal sectors, as seen in Figure 1.1. However, as also depicted in
Figure 1.1, the share of water returned to the environment as agricultural tailwater, and industrial and municipal wastewater, represents
56% (2,212 km3 per year) of all withdrawals, being only the remaining
44% (1,716 km3 per year) consumed by human activities (WWAP, 2017).
16%
3%
8%
3%

38%

Agricultural water consumption
Agricultural drainage
Municipal water consumption
Municipal wastewater
Industrial water consumption
Industrial wastewater

32%

Figure 1.1 | Global consumption and wastewater production by major water use
sector in year 2010. Adapted from: (WWAP, 2017).

Bluewater and greenwater resources undergo constant renewal through
a continuous cycle of evaporation, precipitation, runoff, infiltration and
percolation. However, due to variations on the dynamics of the water
cycle – observed through the last decades and climate change models
– disparity in water demand and supply is being aggravated (WWAP,
2017). Such problematic leads to severe water scarcity problems, as
Mekonnen and Hoekstra (2016) show two-thirds of the worlds population currently live in areas that experience water scarcity at least one
month a year.
Due to the aforementioned variations of water supply, it is of absolute
importance to have the difference between bluewater and greenwater
clear, as they are often interchangeable, specially in rain-fed agriculture
and irrigated agriculture. This interchangeability in areas where water
competition is high, can compromise the renewability of bluewater
resources due to overexploitation (SABMiller, WWFUK, 2009).
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Agricultural irrigation

As previously mentioned, agricultural irrigation is the main user of
bluewater resources across the world, accounting for approximately
70% of global water withdrawals (see Figure 1.1) (WWAP, 2017). Such
large amount of water being allocated for agriculture, has been due
to the fast expansion and intensification of worldwide agricultural
activity, in order to supply the increasing food demand of the rising
population. As a result, the existent agricultural irrigated area has more
than doubled in the period from 1961 (1.4 million km2 ) to 2012 (3.2
million km2 ) according to the AQUASTAT database (WWAP, 2017).
Moreover, the dependency of agriculture on bluewater resources has
been increasing over the years. Valipour (2013) points, that 80% of
global agriculture is rainfed (i.e. greenwater) but only 54% of the worlds
surface is suitable for rainfed agriculture. This suggests a worldwide
increasing need for irrigated agriculture using bluewater resources (e.g.
surface water or groundwater).
Surface irrigation
Surface irrigation consists in the application of water to the surface
of crop fields by gravity flow. This process, allows for the crops and
soil to absorb as much water as they can, until they get saturated. The
remaining surplus water, is then conveyed through gravity to other
fields or just disposed to the environment. This technique can either be
done by: (1) flooding the entire field (basin irrigation), or (2) through
small channels (furrows) or strips of land (border), that pass through
the crop field. This method, due to its simplicity and low cost, is the
most used worldwide, although the most inefficient in terms of water
productivity (Brouwer, Prins, Kay, & Heibloem, 1988).
Sprinkler irrigation
The principle of sprinkler irrigation is to replicate how natural rainfall
irrigate croplands. To accomplish this, water is pumped through a
piping system to be then sprayed over the crops, by rotating sprinkler
heads located throughout the field. This type of irrigation system
is considerably more efficient than surface irrigation (i.e. less water
loss), however, the complexity, implementation and operational costs
of sprinkler irrigation are higher (Brouwer et al., 1988).
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Drip irrigation
Drip irrigation consists of a pressurized piping system, through which
the water is conveyed across the field. The piping system reaches the
root zone of the plants, where water slowly drips through emitters or
drippers, moisturising directly the root zone close to the plants. This
method is known to be highly efficient, giving the means to provide
just the right amount of water each crop type needs to optimize its
productivity. This irrigation technology, as well as sprinkler irrigation,
is much more complex to implement and carries higher investment and
operational costs (Brouwer et al., 1988).

1.2.4

Wastewater treatment

The treatment processes needed to treat and reuse wastewater, are
directly dependent on the reclaimed wastewater quality (i.e levels of
Total Dissolved Solids (TDS), Biochemical Oxygen Demand (BOD5 ),
phosphorus, nitrogen, pathogens, among others), and the water quality
needed for the final application (e.g. agricultural irrigation). To obtain
such desired quality, the wastewater needs to pass through several
stages of treatment, depending on the desired quality and source of
wastewater. This stages, are usually define as preliminary treatment,
primary treatment, secondary treatment and tertiary or advance treatment (Pescod, M.B., 1992; Tilley, E. et al., 2014). In this thesis, the
definition presented by Pescod, M.B. (1992) in the FAO Irrigation and
Drainage Paper 47, will be taken as basis, with some complementary
additions from the definitions presented by Tilley, E. et al. (2014):
Preliminary treatment
The objective of preliminary treatment, is the removal of rough solids
and other large materials often found in raw wastewater. The removal
of these materials, is necessary to improve the operation and maintenance of the primary treatment process. Preliminary treatment operations typically include: coarse screening, grit removal, and in some
cases, crushing of large objects.
Primary treatment
The objective of primary treatment is the removal of organic and inorganic solids by sedimentation, and the removal of materials that
will float (scum). During primary treatment, approximately 25% to
50% of the incoming BOD5 , 50% to 70% of the TDS, and 65% of the oil
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and grease are removed. Some organic nitrogen, organic phosphorus,
and heavy metals associated with solids, are also removed during primary sedimentation, but, colloidal and dissolved components are not
removed.
Secondary treatment
The objective of secondary treatment, is the further treatment of the
effluent from primary treatment to remove the residual organics and
suspended solids, by the use of biological and chemical methods known
as, aerobic and anaerobic biological treatment processes. Aerobic biological treatment, is performed in the presence of oxygen by aerobic
microorganisms (principally bacteria) that metabolize the organic matter in the wastewater, thereby, producing more microorganisms and
inorganic end-products (principally CO2 , NH3 , and H2 O). Several aerobic biological processes are used for secondary treatment, differing
primarily in the manner in which oxygen is supplied to the microorganisms and in the rate at which organisms metabolize organic matter.
On the other hand, anaerobic treatment is performed in absence of oxygen and is often good for phosphate removal. In secondary treatment
aerobic and anaerobic treatment can be combined in different batches
and sequences.
Tertiary treatment
Tertiary or advanced wastewater treatment, is employed to remove
specific wastewater compounds not commonly removed in secondary
treatment. Individual treatment processes are necessary to remove
nitrogen, phosphorus, additional suspended solids, refractory organics,
heavy metals and dissolved solids. Advanced treatment processes are
sometimes combined with primary or secondary treatment, or used in
place of secondary treatment.

1.2.5

The North Western Sahara Aquifer System

The NWSAS is a transboundary aquifer system located in North Africa.
It occupies an estimated area of 1 million km2 , of which 700,000 km2
are located in Algeria (68%), 80,000 km2 in Tunisia (8%) and 250,000
km2 in Libya (24%) (see Table 1.1) (OSS, 2015).
The aquifer system is composed of two superimposed aquifers, as depicted in Figure 1.2: (1) the Intercalary Continental (IC), and (2) the
Terminal Complex (TC). The combined water reserves of both aquifers
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Table 1.1 | Extension of the North Western Sahara Aquifer System. Data from (OSS,
2015).

Algeria

Tunisia

Libya

2,381,741

163,610

1,759,590

700,000

80,000

250,000

Share of country territory inside the
aquifer

29%

49%

14%

Share of aquifer area inside the country

68%

8%

24%

Country area (km2 )
Country area inside the aquifer (km2 )

are estimated at 60,000 billion m3 , with an annual recharge rate of approximately 1 billion m3 (i.e. an area-average of 1 mm water column).
Furthermore, the aquifer system has been facing overexploitation since
the 1980s, as in the past 50 years water withdrawals from the aquifer
have increased by a factor of almost five, rising from 0.6 billion m3 /yr
in the 1970s to 2.7 billion m3 /yr in 2012 (OSS, 2015).

Figure 1.2 | North Western Sahara Aquifer System - Intercalary Continental (IC) and
Terminal Complex (TC) boundaries with elevation data.

The NWSAS is known to be of remarkable socio-economic and environmental importance in the three neighbouring countries, as this region
lacks of any other type of bluewater resources. The previous meaning
that, the aquifer represents the main source for population drinking
water needs, industrial and tourism activities, livestock breeding and
agricultural irrigation; with the exception of few activities that are pro-
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visioned with rainfall water (e.g. some rainfed agriculture) and access
to desalinated seawater in some parts of Tunisia and Libya (OSS, 2015).
Moreover, as pointed by the OSS (2015) the deficit on water resources
has mainly affected the agricultural sector. Due to the increased extraction of groundwater resources, the water table level of the aquifer
has been dropping, which in turn affects traditional water catchments
and distribution systems as Foggaras. To cope with the water demand
from irrigated agriculture, farmers have drilled deeper and multiplied
the number of boreholes, which in consequence increased the energy
required for pumping the resource. On the other hand, lack of proper
tailwater drainage in the region has caused the discharge of irrigation
tailwater to the surface, excessively raising the surface water tables,
which in combination with pollutants from fertilizers and pesticides
present in tailwater, has led to soil and water salinization.
The aforementioned problems existent in the North Western Sahara
Aquifer System are seen as a threat to farmers revenues, due to reduction in yields (given by water and soil salinization, and water accessibility) and higher production costs (in part due to higher energy
costs). These socio-economic effects, impose challenges for the agricultural sector, which may lead to migration of farmers to other economic
activities.

1.3

Literature review

Currently, water resources and wastewater reuse are subjects undergoing intense attention, both in academic research and practical applications. Such trend is supported by several scientific publications, and
national and international agencies studies discussed in the following
paragraphs.

1.3.1

Wastewater as a resource

The WWAP (2017) report “The United Nations world water development report. Wastewater: The Untapped Resource” set its attention on
wastewater as a resource, highlighting the importance and potential of
this underrated resource in achieving a circular economy. The report,
draws a general picture of the potential, challenges, technologies, social
and environmental impacts, that such resource has. The report demonstrates the social, environmental and economic benefits of wastewater
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reuse that are aligned with the 2030 Sustainable Development Agenda.
Moreover, the document shows how the United Nations (UN) will focus in the next ten years, on the promotion and research of wastewater
as a resource.
In line with the previous report, the Guidelines for the Safe Use of Wastewater, Excreta and Greywater (WHO, 2006) rises as one of the most influential documents providing international guidelines and standards for
policy and regulatory aspects (volume 1), wastewater use in agriculture
(volume 2), wastewater and excreta use in aquaculture (volume 3) and
excreta and greywater use in agriculture (volume 4). The guidelines
provide a flexible approach to risk assessment and management, linking them with realistic health-based targets that can be set under local
conditions, backing everything up with strict monitoring measures.
Moreover, The WHO (2006) points to four main drivers for increasing
use of wastewater in developing and industrialized countries as: (1) increasing water scarcity and stress, and degradation of freshwater resources
resulting from improper disposal of wastewater; (2) population increase and
related increased demand for food and fibre; (3) a growing recognition of the
resource value of wastewater and the nutrients it contains; (4) the Millennium
Development Goals (MDGs)1 , especially the goals for ensuring environmental
sustainability and eliminating poverty and hunger. In addition, the guidelines established eight important criteria to assess and understand the
sustainable use of wastewater in agriculture as: (1) health, (2) economic
feasibility, (3) social impact and public perception, (4) financial feasibility, (5) environmental impact, (6) market feasibility, (7) institutional
feasibility and (8) technical feasibility.

1.3.2

Wastewater-energy nexus

The capture, treatment, disposal and reuse of wastewater, constitute
a complex system requiring a combination of centralized Wastewater
Treatment Plants (WWTPs) – with extensive reclaim and supply water
distribution networks – and on-site treatment and disposal solutions.
This system, presents large electrical energy requirements, as Singh,
Carliell-Marquet, and Kansal (2012) show, more than 50% of the energy
consumption of a WWTP is associated to electrical energy. They state
1

On September 25th 2015, the 8 MDGs were updated for the 17 SDGs, the new SDGs
build on the MDGs. The objective of adopting the SDGs was to expand the targeted
priority areas, constituting the boldest and most ambitious goals for worldwide
sustainable development to date.
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that, according to literature, an electrical energy requirement ranging
from 0.26 to 0.84 kWh is needed to treat a cubic meter of wastewater
complying with irrigation water quality standards. This level of energy
requirement, may represent an important load for the electric energy
system. Moreover, the electrical energy requirements of a WWTP, can
vary depending on design parameters as capacity of the treatment plant,
extent of automation and choice of treatment technology. Finally, Singh
et al. (2012) state the need for more studies in the field, to properly asses
the wastewater treatment and energy nexus.
Over the past few decades, there has been an increasing interest in
recovering energy from the wastewater treatment process (McCarty,
Bae, & Kim, 2011; Guest et al., 2009; Gu et al., 2017). This energy is
mainly recovered from the biogas produced in the digester, which can
be harvested and reused to supply the WWTP with heat and electricity
needs (Gu et al., 2017). Moreover, the concept of a 100% self sufficient
WWTP which can produce more energy than it consumes, is gaining
attention and practical applicability (Englehardt et al., 2016, 2; Guest
et al., 2009). Although, theoretically is possible to achieve an energy selfsufficient WWTPs, there are still challenges for its implementation, such
as technology barriers and higher investments, specially in developing
countries (Gu et al., 2017; Guest et al., 2009). This concept is of great
importance to the WEF nexus, as it can help achieve a circular system,
were the waste generated from the process of producing one resource,
works as input for the production of another resource.

1.3.3

Wastewater reuse in North African countries

Several authors evidence the water scarcity problem the Mediterranean
and Middle east countries are facing, being the main reason of this
problem, droughts phenomenons, lack of access to water resources, and
overexploitation of the groundwater aquifers and the surface water resource (Choukr-Allah, 2010; D. Barceló, and M. Petrovic, 2011; Chenini,
2010; Hiroshan Hettiarachchi, Reza Ardakanian, 2016; Mahjoub, 2015).
It is a consensus that to address such challenges, new strategies need
to be taken, for which Treated Wastewater (TWW) reuse is one of the
most promising for several reasons, some of them listed next:
• It contains nutrients as nitrogen and phosphorus that, once treated,
can be beneficial for crop yield and reduce the overall use of fertilizers.
• The recycle of water for productive uses helps in achieving a
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circular economy.
• By supplying a share of the water demand by TWW the conventional water resources can face a relief and achieve a better level
of recharge.
• By capturing, treating and reusing wastewater, the negative effects of disposing it directly to the environment can be substantially reduced.
• The TWW utilization in agriculture can help to strengthen water and food security, specially in water scarce regions as North
African countries.
• Depending on the system, TWW can represent a reliable, constant
and valuable water source.
The implementation of a WWTS is seen as an opportunity for job creation, technification of the agricultural sector (e.g. migration to more
efficient irrigation schemes) and raise awareness of population towards
sustainable utilization of natural resources. Nonetheless, drawbacks
and obstacles are presented for the implementation of such system, as
high capital costs of the WWTP, complexity and extensive sewerage
system and related costs and public acceptance towards the re-usage of
treated wastewater, among others .
Mahjoub (2015) provides a comprehensive study covering the North
African countries (i.e. Morocco, Algeria, Tunisia, Libya and Egypt), in
which the differences among regulations and adoption of TWW use
in agriculture are discussed. The concern of the prevailing quality of
the reclaimed wastewater and its usage in agriculture are discussed,
highlighting the importance of controlling the occurrence of micropollutants in TWW and the effects on environment preservation and
human health. The advancement in the field by Tunisia is clear, as well
as the large platform for unplanned and informal reuse of wastewater
in irrigation presented in Egypt. Moreover, Morocco deals with challenges related to heavy metals control, while Algeria’s large disposal of
treated and untreated effluents to the environment with low reuse of
the resource, raise concern. Libya, on the other hand, might be the most
exposed to contaminants, as for political instability, data and research
on wastewater control are not available.
The reuse of TWW has been a common practice in North African countries, specially in Tunisia, where such activity has been performed since
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1979 (Chenini, 2010). Chenini (2010) studied the evolution of TWW
reuse in Tunisia in the last three decades. It is evident, that this practice emerged as an answer to the overexploited conventional water
resources, filling a gap in the water deficit for agricultural production
and other uses, and potentially alleviating the pressure on conventional
water resources. Nonetheless, the reuse of TWW in Tunisia is facing
remarkable obstacles such as: (1) the great distance of the treatment
plants from the available irrigated areas, (2) not following the quality
standards for TWW reuse in agriculture, (3) reluctance of farmers to
adopt the resource, (4) weak assessment of the crops authorized for
TWW irrigation, (5) insufficient storage capacity of TWW, (6) irregular
TWW quality, among others. Moreover, the use of raw wastewater
for irrigation of raw-eaten vegetables in Tunisia is prohibited by the
Water Law; however, the use of TWW with proper standard quality is
allowed for other type of crops (Chenini, 2010). The use of TWW has
been adopted only in the north of the country, where 17% of the total
TWW is reused and the remaining 83% is discharged to the sea.

1.3.4

The North Western Sahara Aquifer System
studies

Throughout the last decade, several studies have addressed the vulnerability of the NWSAS (Sahara and Sahel Observatory (OSS), 2014a,
2014b; OSS, 2015). They have tried to understand the characteristics,
way of operation, evolution of withdrawals of the aquifer and socioeconomic behaviour of water users towards the sustainability of the
aquifer. The majority of studies have been conducted by the Sahara
and Sahel Observatory (OSS), who partnered with the three countries
involved in the aquifer (i.e. Algeria, Tunisia and Libya), to allow for
a better understanding of the aquifer resources and its vulnerabilities,
through the SASS III Project. The outcome of this project was the elaboration of operational recommendations for the utilization, management,
and measurement of water extracted for agricultural purposes in the
most vulnerable zones in terms of water, soil and ecosystems stress
(Sahara and Sahel Observatory (OSS), 2013, 2014b).
The OSS studied the socio-economic aspect of the NWSAS basin problematic in the report: Socio-Economic Aspects of Irrigation in the SASS
Basin. A Better Water Valorization for Sustainable Management of the Basin
(2014b). The objective of the study was to develop effective instruments that enable decision-makers to elaborate adequate policies for
the sustainability of the aquifer. Such instruments were based on mi-
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croeconomic data, and economic and econometric tools. The study
analysed 3,000 farmers along the aquifer, with the purpose of understanding the operation of farms and the behaviour of the irrigators
in relation to the adaptability to challenges threatening their sustainability. As outcome, some constraints were identified regarding water
productivity, and recommendations to policy-makers were given with
the purpose of enhancing the value of the resource. A compilation of
the recommendations given by the study are presented in Table 1.2.
Moreover, the report presented valuable data for the NWSAS basin,
regarding water price, salinity content, irrigated area, type of irrigation
network, irrigation water demand, among others. Such data, will represent one of the main inputs for the study conducted in the selected
study area (NWSAS) in the present thesis (refer to section 3.1).

Table 1.2 | Recommendations for policy-makers provided in (Sahara and Sahel
Observatory (OSS), 2014b).

#

Recommendation

1.

Every economic policy aimed at the conservation of the resource and
thus promoting the sustainability of the aquifer must integrate the
price instrument through an appropriate pricing. This instrument
should accompany and not replace the other technical instruments
(fighting against waste through network maintenance, using modern
irrigation techniques, using treated wastewater, etc.).

2.

The design and promotion of an effective anti-salinity policy are
essential to ensure the survival of the whole structure already
weakened by over-exploitation.

3.

Promote the appropriate policy to encourage young people to stay in
the area and opt for farm work in order to strengthen the role of family
workforce.

4.

Implement a rejuvenation policy encouraging the involvement of
young farmers.

5.

Promote a policy advocating the integration of livestock activities into
irrigated farming systems.

6.

Design and implement an appropriate agrarian reform policy for the
SASS irrigated sector which takes into account the specificities of each
country.
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So far, in literature it has not been evaluated how the agricultural activity is putting pressure on the groundwater aquifer. Neither how the
implementation of wastewater treatment systems that reuse water for
irrigated agriculture, can help to ease such pressure. Moreover, the
energy-for-water requirements in the region are not yet been clarified
and how this can impact the local farmers and food security of the
region.
With this master thesis, it is intended to give more clarity on this topics, providing better understanding of the regional water scarcity issues, how they relate to the energy and food requirements, and how
wastewater can be used as a resource to alleviate the pressures of the
conventional water sources (ie. the groundwater aquifer).

Chapter 2
Methodology

T

he methodological framework created in this research consists
of two main phases: (1) a data preprocessing, and (2) a scenario
calculation and analysis phase. Such phases, depicted in Figure 2.1,
comprise several steps necessary to obtain all relevant data to answer
Baseline specifications

User specifications file

Preprocessing

User task
Script task
Iterate
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Calibrate
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Data
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population?

Calculate
irrigation
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Calculate total
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Figure 2.1 | Methodological framework.
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the formulated research questions. The specific methods of the general
methodology process will be covered in detail in the subsequent sections of this chapter, and the application of such methods to the study
area are covered in chapter 3.

2.1

Preprocessing phase

The preprocessing phase includes all raw GIS data processing, preparation and conversion needed to obtain a complete data frame, which will
work as input for the subsequent scenario analysis. This phase, consists
of a major GIS data processing stage, which could be done with any
GIS software such as ArcGIS or QGIS, followed by a data calibration
phase done either within a GIS software or with a statistical computing
programming language as Python or R.

2.1.1

Geographic Information Systems analysis

The purpose of the GIS analysis procedure, is to use the most up-to-date
open source data available, to create a data package that comprises all
geospatial characteristics required for the analysis of the study area.
In this process, the following main procedures need to be done:
• All data layers are converted into the right units of analysis (see
Table 2.1),
• Re-project all data layers into the adequate Coordinate Reference
System (CRS) projection suitable for the study area,
• Rescale all layers to the same resolution, ensuring that all data fits
between the same spatial grid,
• In some cases, when only individual data points are available,
interpolation processes are needed to extend the data to the entire
analysed area.
Furthermore, all layers are merged into a large data frame and exported
as a comma separated value file, which serve as input for the scenario
analysis phase.
The required and optional layers are identified and described in Table 2.1.
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Table 2.1 | GIS layers needed for the purposed analysis.
Layer

Description

Is required?

Population

Raster including population density per area
unit (in person per area (e.g. km2 )).

Yes

Irrigated area

Raster including irrigated cropland density per
area unit. This is the amount of hectares (Ha)
per area (e.g. km2 ).

Yes

Groundwater
table depth

Raster with depth to groundwater data for each
pixel area (in meters).

Yes

Groundwater
TDS content

Raster with TDS content of groundwater for
each pixel area (in mg/l).

Yes

Aquifer
boundaries

Polygon layer delimiting the boundaries of the
analysed aquifer.

Yes

Country
boundaries

Polygon layer delimiting the boundaries of the
countries that fits inside the aquifer.

No

Cluster
boundaries

Polygon layer delimiting the boundaries of the
population and irrigated land agglomerations
to analysed.

No

The country boundaries layer which is not mandatory for conducting
the analysis, is useful when calibration and scenario data differ among
the different countries contained inside the study area (e.g. different
water withdrawals per hectare in each country). Moreover, the cluster
boundaries layer – also not mandatory for conducting the analysis – is
intended for scenarios where the calculations are run in defined areas
as per province, and calculated clusters are not used (this will be better
covered in subsection 2.2.4).

2.1.2

Data calibration

After the GIS data is processed, the population layer and the irrigated area
layer need to be calibrated to match the regional statistical information
available. The calibration is performed by a simple product of the
fraction given between the regional statistical data (e.g. total population
or total irrigated area), and the sum of all data points of the layer in
the question area, and each specific point of the layer, as described in
Equation 2.1 below.
RDL
DCL,i = PI
· DL,i
D
L,i
i=1
Where:

(2.1)
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- DCL,i : calibrated data DC for point i of layer L,
- RDL : regional data of layer L,
- DL,i : data for point i of layer L
The regional data (RD) can be available per country, per province, per
irrigation zone, or even per municipality. Thus, the calibration process
described above needs to be performed for each one of this areas using
their specific information. Moreover, to calibrate the irrigated area data,
an algorithm is run to ensure that non of the data cells have more than
100% of its area covered by irrigated land.

2.2

Scenario analysis phase

After all needed raw data is processed and calibrated in the preprocessing phase, the analysis continues as described in Figure 2.1.
For the execution of this study, a model written in Python was developed. The model, enables to perform all the remaining steps of the
framework for any given region, by using the data obtained from the
preprocessing phase as input. Such code is available as an open source
model in github.

2.2.1

Population and irrigation water withdrawals

After having the population and irrigated area data calibrated, the calculation of the water withdrawals from population and from irrigated
agriculture can be performed. To do so, the population water consumption per capita and the water demand per hectare of cultivated land is
needed. This information is provided by the scenario specifications file,
which contains all specific data for all scenarios – including the baseline
scenario.
The total water withdrawals (wwtot ) are calculated as the summation
of the population water withdrawals and the irrigation water withdrawals of each data cell (see Equation 2.2). For this, water withdrawal
information can be provided per country, province or any geospatial
division inside the study area.
wwtot,i = P opi · wpci + IrrAreai · wphai

(2.2)

The population water withdrawals are calculated as the product between the population count in each data cell (P opi ) and the specific

22

| A GIS-based model for wastewater treatment and reuse feasibility...

water demand per capita (wpci ) for the same data cell. Similarly, the
withdrawals from irrigated agriculture are calculated as the product
between the irrigated area inside each data cell (IrrAreai ) and the specific population water demand per cultivated hectare (wphai ) for the
same data cell. The specific water demand per capita and per cultivated
hectare for each data cell, are obtained according to the corresponding water demand value from the region in which that data cell is
contained.

2.2.2

Groundwater Stress Indicator

This indicator quantifies the renewable recharge character of an aquifer,
based in its overall withdrawals and its recharge rate; Equation 2.3
(Gassert, Luck, Landis, Reig, & Shiao, 2015). It is calculated as the
ratio of water withdrawals due to anthropogenic reasons (e.g. potable
water, industrial water, recreational water, irrigation water, etc.), and
the total recharge rate of the aquifer (subtracting the environmental
stream flow). The groundwater stress indicator is usually calculated as
the ratio of groundwater footprint (GF ) to aquifer area (AA ) (Gleeson
& Wada, 2013), as follows:
GW =

GF
AA

(2.3)

Where:
- GW : Groundwater Stress indicator. Values below 1 indicate low
stress areas, values from 1 to 5 indicate low to middle stressed
areas, values from 5 to 10 indicate middle to high stressed areas,
values from 10 to 20 indicate high stressed areas and values above
20 indicate extremely high stressed areas.
- GF : groundwater footprint. Identifies the right balance between
groundwater use and groundwater replenishment for an area.
- AA : areal extent of an aquifer throughout a given region.
The groundwater footprint is calculated as:
GF =

C
·A
R−E

(2.4)

Where:
- C: total area-averaged annual withdrawals of groundwater for
anthropogenic use.
- R: total area-averaged annual recharge rate of water for groundwater aquifer, including natural and anthropogenic sources.
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- E: total area-averaged annual environmental stream flow used to
sustain ecosystem services.
- A: areal extent of a given region where C, R, and E can be defined.
The anthropogenic water withdrawals can be estimated with a bottomup approach, as previously described in subsection 2.2.1.

2.2.3

Electrical energy requirements

Groundwater pumping
The energy needs to pump water from groundwater aquifers are given
by the required lift, the pressure drop due to fluid friction in the piping,
and the pressure lost by valves and fittings. Disregarding the pressure
losses at valves and fittings for simplification, the energy requirements
(in watt-h) can be estimated as (Salem, Kazama, Shahid, & Dey, 2017):
E=

Q · (ρ · g · (H − h) + ∆pf ) · t
η

(2.5)

Where ρ stands for the water density in kg/m3 , g for the gravitational
acceleration in m/s2 , Q for the water extraction flow ( m3 /s), H for the
delivered hydraulic head in meters, and h for the head in the well in
meters. H is based on the pump station elevation and any additional
hydraulic head needed for the water to enter to the water distribution
system. Moreover, t is the amount of operational hours, η the pumping
efficiency and ∆pf represents the pressure lost given by the fluid friction
in the piping, which can be calculated as:
   2
ρv
L
∆pf = f ·
·
(2.6)
d
2
Where:
- ∆pf : pressure drop by friction (Pa),
- f : friction factor (-),
- L: length of pipe (m),
- d: inner diameter of pipe (m),
- ρ: fluid density (kg/m3 ),
- v: average velocity (m/s)
The friction factor f , can be calculated as function of the Reynolds
number Re, the roughness of the pipe ε and the inner diameter d.
Several approaches exist, however, the Churchill correlation presented
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in Equation 2.7, has shown to be one of the most convenient, as it covers
the entire Reynolds-number range.
(

 12
8
+  2.457 ln
f = 8
Re

1
7
Re

0.9

+ 0.27 dε

!)16


+

37530
Re

16

1
−1.5  12




(2.7)

Where the absolute roughness ε can be taken from the properties of the
pipe material, and the Reynolds number Re can be calculated according
to Equation 2.8.
v·d
(2.8)
Re =
ν
Being ν the kinematic viscosity of the fluid.
Reverse Osmosis desalination
Currently, various technologies have been developed to treat water containing high salinity contents (i.e. high TDS levels), however, Reverse
Osmosis (RO) has shown to be the most popular and cost-effective
solution (Roumasset & Wada, 2013). The most straightforward application is found in sea water desalination (TDS levels above 30,000 mg/l),
however, high TDS contents are also found in water from groundwater
aquifers. Moreover, the overall quality of the resource is further decreased when overexploitation of the aquifer by anthropogenic reasons
occurs.
Desalination can be a costly solution for water purification, nevertheless, it has been proved feasible in many countries worldwide. The
most important parameter that drives operational costs in desalination
and especially in RO technology, is energy consumption. This parameter may render a RO application viable or unviable, mainly depending
on the energy cost of the region (Roumasset & Wada, 2013).
In addition to being the most popular desalination technology worldwide, it is also one of the less energy intensive, typically requiring from
3.5 to 5 kWh to process one cubic meter of saline seawater and between
0.5 to 2.5 kWh for brackish water (Roumasset & Wada, 2013).
There are several approaches to estimate the energy required to desalinate one cubic meter of saline water, often requiring detailed information about the RO system implemented. For a spatial approach to
estimate such energy requirements, based solely in the TDS content of
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the groundwater resource, a simplified approach is needed.
The process of desalination of RO, consists on a pressure-driven process
that forces water to pass through a membrane that uses preferential
diffusion to separate dissolved solutes from water. The water passing
through the membrane (permeate, p) is relatively free of solutes, whereas
the remaining water (concentrate, c) exits the pressure vessel with a high
concentration of solutes (i.e. high TDS levels). A schematic representation of the process is presented in Figure 2.2 (Tombs, 2014).
Permeat stream

Feed stream
Qf C f

Qp C p P p

Pf

Low
TDS

High
TDS
Semipermeable
membrane

High
TDS

Qc C c P c

Concentrate stream

Figure 2.2 | Reverse osmosis schematic separation process. Based on: (Tombs, 2014).

The minimum energy required to push the water through the membrane is given by the amount of diluted solutes in the feed (f) water. Such
minimum energy can be estimated calculating the osmotic pressure of
the feed water, as described in Equation 2.9 (Tombs, 2014).
π =φ·C ·R·T

(2.9)

Where:
- π: osmotic pressure (bar),
- φ: osmotic coefficient, close to 1 (-),
- C: concentration of all solutes (mol/L),
- R: universal gas constant, 0.083145 (L·bar/mol·K),
- T : absolute temperature (K), (273 + ◦ C)
Thus, by calculating the osmotic pressure of the feed water (in bar), the
minimum energy demand can be estimated multiplying π by a conversion factor of 1.0 kWh/m3 = 36 bar. Although, this approach gives an
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estimate of the minimum energy required to desalinate water based
on dissolved solids content, in reality, the energy demanded is greater
due to factors as friction losses, membrane filtration resistance, among
others. Albeit, the major share of the energy demanded is given to
overcome the osmotic pressure of the feed water. (Karabelas, Koutsou,
Kostoglou, & Sioutopoulos, 2018).
This approach is then used to calculate the minimum electrical energy requirements to desalinate brackish water from the groundwater
aquifer. The TDS content of groundwater within each data cell is used
to calculate the desalination energy requirements in that cell, whereas
the temperature may be either taken from a GIS layer, or assumed to be
constant throughout the entire aquifer.
Energy-for-wastewater
A top-down approach is selected to calculate the energy-for-wastewater
requirements, in which an energy function is provided for each treatment technology to be evaluated. Such energy function may be expressed in terms of any variable, frequently being water flow the most
used one (Singh et al., 2012; Barroso Soares, 2017). Then, the energy
requirements for any wastewater treatment technology (Eww ) can be
calculated as follows:
Eww = Qww,yr · Xt

(2.10)

Where Qww,yr represents the yearly treated wastewater in m3 /yr, and
Xt the average energy demand of the specific Wastewater Treatment
Technology (WWTT) t, to treat one m3 of wastewater (in kWh/m3 ).

2.2.4

Clustering algorithm

The scenario analysis can be done in two ways: (1) by user predefined
regions in which the calculations will be run, and (2) by running a clustering algorithm in which a predefined number of clusters containing
population and irrigation points, will be identified.
The use of user predefined regions, consists on the creation of a GIS
layer in the preprocessing phase, where the regions in which the individual calculations will be run are identified. For this, the layer provides
a category to each data cell, recognizing to which region it belongs to.
This regions can be as small or broad as wanted – e.g. categorizing the
data cells by province, municipality or towns.
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On the other hand, the use of generated clusters, consists on an algorithm that will identify all data cells containing population or irrigation
land, based on a minimum requirement (e.g. population higher than
100 people). Afterwards, a hierarchical clustering algorithm is run
to determine a predefined number of clusters, containing both the
population and irrigated land data cells. The selected algorithm for
this process, is the Agglomerative Clustering object from the Python
scikit-learn package (Pedregosa et al., 2011). Such algorithm relies on a
bottom-up approach to define the clusters, in which all data points are
first identified as an individual cluster, to be then successively merged
together. The linkage criteria used – which determines the metric used
for the merge strategy – is the ward linkage, where the sum of squared
differences within all clusters is minimized (Pedregosa et al., 2011).
The clustering approach, allows for the identification of dense areas
where a WWTS could be implemented, minimizing constraints imposed
by existent large distances among scatter population or irrigated lands
that can fall inside a common administrative boundary (e.g. large
provinces with scattered population and irrigated lands).

2.2.5

Wastewater Treatment System costs

The costs incurred in the implementation of a wastewater treatment
system, can be divided into three major groups: (1) Capital Expenditure (CAPEX), (2) Operating Expense (OPEX) and (3) Conveyance or
transport system costs. The first two, relate to the expenses needed
for the installation and operation of the WWTP, and the third one to
the expenses due to implementation and operation of the wastewater
transportation system. Due to high complexity into evaluating the costs
of a conveyance system in a geospatial manner, only CAPEX and OPEX
costs were considered in the present thesis. However, the development
of a GIS-based methodology to evaluate costs related to conveyance of
wastewater, would provide a deeper level of analysis to the problem,
constituting a priority for future work.
To be able to estimate the capital and operational costs of different
WWTTs, two approaches could be taken: (1) a bottom-up approach, or
(2) a top-down approach.
In a bottom-up approach (or "engineering methodology" as known in
wastewater management), the estimate of the capital and operational
costs is computed based on specific details of the WWTT to be used.
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Details such as the specific land costs where the project would be installed, costs of machinery based on regional providers and the flow
of wastewater to be treated, number of employees, costs of electricity
and fuel, among others, are needed (Hernández-Sancho, LamizanaDiallo, Mateo-Sagasta, & Qadir, 2015). This methodology enables for
precise estimations of the cost of individual projects, however, it is not
scalable in the sense that, to evaluate a project in a different location
with different operational conditions, the details of such project need
to be known, making it a difficult approach to conduct a GIS evaluation.
On the other hand, a top-down approach ("parametric methodology"
as known in wastewater management) estimates capital and operational costs based on world, national or regional statistics from real
operating WWTPs. This data is used in a regression analysis in which a
cost function is obtained for WWTPs using the same treatment technology and a similar configuration. The resulting cost function, allows to
evaluate the capital and operational costs (one cost function for each),
often in terms of wastewater flow or served population equivalent
(Hernández-Sancho et al., 2015). One advantage of this approach from
a GIS perspective, is that with the use of non-linear cost functions, the
effect of economies of scale can be easily evaluated. Furthermore, as
a top-down approach enables for a better understanding of the relationship among variables and wastewater management, it constitutes a
scientific approach for new wastewater services planning (HernándezSancho, Molinos-Senante, & Sala-Garrido, 2011). Moreover, by using
cost functions of a specific WWTT to evaluate its implementation in different agglomerations of a geospatial area, the related costs will vary in
a non-linear manner which, can be argued, is a closer approximation to
reality – such variation can be in part due to differences in population
density, irrigation density, wastewater flow and treated wastewater
quality requirements.
Cost-modelling approaches and state of the art literature are well covered by Hernández-Sancho et al. (2015). They claim that a successful
wastewater management strategy must involve four types of actions:
wastewater collection, wastewater treatment, recovery of resources and
safe reuse. This thesis is focused in wastewater treatment and safe reuse
actions, thus cost-modelling for such action types are analysed.
Cost functions can be developed in three main ways (Molinos-Senante,
Hernández-Sancho, & Sala-Garrido, 2012):
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• The "component system method", sees the WWTP as a combination of components or subsystems that form a system. Each
component is simulated or evaluated in detail, separately. By
changing design parameters of the subsystems within a realistic
range, several alternatives of a facility can be assessed, each with
its own cost function (Hernández-Sancho et al., 2015).
• The "factor method", identifies and estimates the main cost drivers
of a WWTP, allowing to transfer the model from one region to
another, by using conversion factors (Hernández-Sancho et al.,
2015).
• The "statistical method", uses available cost figures (i.e. historical
or estimated cost figures of actual WWTPs) to relate to the main
variables affecting capital and operational costs of a WWTP, often
differentiating by WWTT type.
Statistical methods have shown to be commonly used among costmodelling for wastewater management (Hernández-Sancho et al., 2011;
Molinos-Senante, Garrido-Baserba, Reif, Hernández-Sancho, & Poch,
2012; Molinos-Senante, Hernández-Sancho, & Sala-Garrido, 2012). The
steps needed to develop a cost function, start at the collection of the raw
data until the generation of the cost function. Such steps are presented
in Figure 2.3, and well covered by Hernández-Sancho et al. (2015).

1. Classify data according to process
2. Choose a reference year
3. Select cost components
4. Adjust available data regarding cost components
5. Check the significance of independent variables
6. Evaluate the quality of the adjustment

Figure 2.3 | Cost-modelling steps. Adapted from: (Hernández-Sancho, LamizanaDiallo, Mateo-Sagasta, & Qadir, 2015).
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Regression analysis, is often used in step 4 to adjust the cost relevant
data to independent variables (e.g. capacity of the plant, pollutants
treated, etc.), that will describe the behaviour of a dependent variable
(i.e. cost). The resulting equation will relate a variable response Y to
one or more explanatory variables X1 , X2 , . . . Xk .
This approach, enables to provide CAPEX and OPEX functions of each
WWTT type to be evaluated. Thus, it facilitates the GIS calculations and
comparison among technologies, which – by a proposed Levelised Cost
of Water (LCOW) methodology – the least-cost option will be selected
for each region within the studied area.

2.2.6

Levelised Cost of Water (LCOW)

The metric used to compare the cost-effectiveness among all WWTT
analysed, is the Levelised Cost of Water method. It assesses the lifecycle cost of delivering one unit (e.g. one cubic meter) of treated wastewater, based on all physical assets and resources required. This concept,
is inherited from the Levelised Cost of Energy (LCOE) methodology,
which applies the same life-cost analysis for one unit of electricity
output (Reichelstein & Yorston, 2013). Such method, constitutes a
break-even value that a power producer needs to obtain for each unit
of energy sold, in order to render viable an investment in a power
facility. The LCOW method implemented in the present study, follows
the logic of the LCOE method formulated by Reichelstein and Yorston
(2013) and expanded by Castillo-Ramírez, Mejía-Giraldo, and GiraldoOcampo (2015), with pertinent adjustments to the variables used for
the evaluation. Then, the LCOW can be expressed as follows:
LCOW = LCOWInv + LCOWO&M + LCOWExt

(2.11)

The expression presented in Equation 2.11, disaggregates the LCOW
($/m3 ) value in three components: the cost components due to investment LCOWInv , operation and maintenance LCOWO&M and externalities LCOWExt .
All investment components used, need to be comprised in the CAPEX
function of each WWTT. This enables the use of the values calculated
with the CAPEX functions of each WWTT for each region or cluster,
to easily calculate the LCOWInv values for each specific technology
and region/cluster. Equation 2.12 describes the process to calculate the
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LCOWInv .
LCOWInv = PT

Inv

t=1

Vt · γ t

·∆

(2.12)

Where Inv stands for the CAPEX value, Vt for the treated water flow
per year t (m3 /yr), ∆ for the tax factor (Equation 2.14) and γ t represents
the discount factor of the project (Equation 2.13).
The discount factor is an important term, as the LCOW methodology
represents a break-even investment for the stakeholders, thus an appropriate discount rate (r) needs to be used to ensure the right amount of
return needed for all sources of long term capital (i.e. equity holders
and debt). Often, the proper discount rate used is the Weighted Average
Cost of Capital (WACC) (Reichelstein & Yorston, 2013). The discount
factor is then calculated according to the discount rate r, as shown in
Equation 2.13.
t



γ =

1
1+r

t
(2.13)

The tax factor ∆ includes all effects of the tax related variables, these
being the rent tax α, depreciation dt , depreciation period T , discount
factor γ and investment tax credit i. Equation 2.14 describes the way of
obtaining the tax factor.
P
1 − i − α · Tt=1 dt · γ t
∆=
(2.14)
1−α
Moreover, the LCOW related to operational costs LCOWO&m (Equation 2.15) can be computed by using the OPEX values ωt calculated
for each year, in each region/cluster – using the cost-functions of each
WWTT evaluated – the treated water flow Vt (m3 /yr) and the discount
factor γ t per year.
PT
LCOWO&m =

t=1 ωt · Vt · γ
P
T
t
t=1 Vt · γ

t

(2.15)

Furthermore, the avoidance of externalities due to the discharge of
untreated wastewater to the environment can also be included in the
LCOW value, which may help to render a WWTP economically viable.
The logic behind this idea, falls in the fact that by treating and reusing
wastewater, the pollutants presented in the contaminated water streams
are prevented to run into fresh water bodies, rivers or groundwater
aquifers. Thus, by defining a monetary value to the prevention of
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pollutants going into ecosystems, the economic environmental benefits
can be internalised (Molinos-Senante, Garrido-Baserba, et al., 2012).
The externalities-related LCOW value LCOWExt (Equation 2.16) can be
obtained as follows:
PP PT
LCOWExt =

p

t=1 mp · Bp ·
PT
t
t=1 Vt · γ

Vt · γ t

(2.16)

Where mp represents the concentration of pollutant of class p avoided
with the treatment of one cubic meter of wastewater (kg/m3 ), and Bp
the environmental benefit of avoiding one kilogram of pollutant p running into the environment ($/kg).
Finally, by aggregating all the components of the LCOW value (i.e.
investment, operation and maintenance, and externalities), the overall
LCOW for the analysed technology can be known (Equation 2.11).

2.2.7

Least-cost option and total system cost

After all LCOW values are calculated, a comparison among technologies is performed for each region or cluster, selecting the WWTT with
the lowest LCOW value. Then, by knowing which technology is more
economically viable in each region/cluster, the total system costs can
be calculated – the total system costs comprise the CAPEX and OPEX
values of the selected technologies along the entire study area.

2.2.8

Final scenario calculations and summary of
results

The final step of the scenario analysis phase consists of the recomputing
of relevant indicators, which works as comparative figures among
scenarios and the baseline. The following indicators are considered:
• Total water withdrawals: are calculated as the summation of water used for population consumption and agricultural irrigation,
subtracting the amount of water that is reclaimed, treated and
reused in agricultural irrigation. The amount of treated wastewater allocable for irrigation, is dependent on each region/cluster
characteristics, i.e. the amount of treated wastewater available
against the irrigation water demand of that region/cluster.
• Share of TWW reused in agriculture in the total water withdrawals of the study area: is the fraction given by the overall
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amount of treated wastewater allocated for agricultural irrigation
and the total water withdrawals.
• Groundwater Stress Indicator: this indicator is calculated again,
this time accounting for the geospatial changes in water withdrawals due to the wastewater reclaim, treatment and reuse. See
subsection 2.2.2.
• Final pumping and desalination electric energy requirements
for irrigation water: the resulting pumping and desalination energy requirements for irrigation water, are computed (according
to subsection 2.2.3) accounting for the geospatial changes in water
withdrawals due to the wastewater reclaim, treatment and reuse
process.
• Wastewater treatment electric energy requirements: are calculated according to the energy intensity of the selected technologies
for each region, and the amount of water treated per year in the
same region. See subsection 2.2.3.

Chapter 3
Analysis of the North Western
Sahara Aquifer System

T

he methodology developed and presented in the previous chapter,
was applied for the selected study area: the North Western Sahara
Aquifer System basin, introduced in subsection 1.2.5. The current chapter, comprises all GIS data sources used, quantitative and qualitative
assumptions taken, description of all scenarios tested and relevant results obtained in the analysis.
As previously mentioned throughout this thesis, the NWSAS region is
fully dependent on its groundwater aquifer resources, as in the region
there are no other type of bluewater resources available. Such dependency, makes it indispensable to have conjunct water management
strategies along the region, calling for cooperation among countries
(i.e. Algeria, Tunisia and Libya) to maintain the sustainability of the
aquifer. In accordance with the previous, the analysis undertaken needs
to account for the geospatial intricacies that the transboundary resource
posses, which makes the GIS-based methodology developed, a suitable
and promising tool for this specific case.
In this chapter, the potential of reclaiming and treating wastewater from
population usage and from irrigated agriculture tailwater, and their
reuse in agricultural irrigation is assessed. The results, showcase the potential that reusing wastewater has in reducing the aquifers stress, and
the impact that the measure has on the energy-for-water requirements,
while maintaining food security for the upcoming decades.
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Geographic Information Systems
analysis

For the quantitative analysis proposed in the NWSAS region, the most
up-to-date open source GIS data sets were used, having 2015 as base
year. All layers were processed and, if applicable, transformed, using
the QGIS open source software. All layers are presented in Table 3.1,
specifying the data contained in the layer, the coverage of the original
data set, the geospatial resolution, target year and source.
All raster data were masked using the polygon layer which outlines the
boundaries of the aquifer (i.e. disregarding all data outside a spatial
object, in this case the data outside the outline of the aquifer). Afterwards, the rasters were projected using the Sud Algerie Degree CRS
Table 3.1 | Geographic Information System data sources
Layer

Coverage

Resolution

Year

Source

Population*

Algeria, Tunisia,
Libya

100 m grid cell

2015

Linard et al.
(2012)

Depth to
groundwater*

Africa

5 km grid cell

2012

MacDonald et al.
(2012)

Administrative
boundaries

Africa

Individual
country
polygons

2017

United States
Government
(2017)

Administrative
boundaries

Algeria, Tunisia,
Libya

Level 1
(provinces)
polygons

2015

GADM (2018)

Transboundary
aquifers borders

Global

Individual
polygons

2015

IGRAC (2015)

Groundwater
quality

NWSAS Basin

206 data points

2016

Regional
authorities

Digital
Elevation Data*

Africa

1, 3 and 15 arc
second

2014

de Ferranti
(2014)

Land cover*

Africa

20 m grid cell

2016

ESA Climate
Change
Initiative - Land
Cover project
(2017)

Aquifer
boundaries

NWSAS basin

Individual
polygons

* Raster data.

-

Regional
authorities
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Table 3.2 | Sud Algerie Degree projection characteristics.
Parameter

Value

Projection

Lambert Conformal Conic 1SP

Unit

1 meter

EPSG

102592

projection, which is suitable for the location of the region (the characteristics of the Sud Algerie Degree projection can be found in Table 3.2).
Finally, all rasters were rescaled into a resolution of a 1km grid cell (i.e.
1,000×1,000 meters), and aligned together matching the coordinates of
each individual cell.

3.1.1

Land-cover and cropland area datasets

Figure 3.1 shows the land-cover dataset used for the region. This data
was developed by the Land Cover project of the ESA Climate Change
Initiative, and consist of a 20×20 m resolution raster for the entire continent of Africa (ESA Climate Change Initiative - Land Cover project,
2017). It classifies land-cover into nine categories: (1) Trees cover area,
(2) Shrubs cover area, (3) Grassland, (4) Cropland, (5) Vegetation aquatic
or regularly flooded, (6) Lichen Mosses/Sparse vegetation, (7) Bare areas, (8) Built up areas, and (9) Open water.

Figure 3.1 | North Western Sahara Aquifer System - Land-cover map at 20×20 meters
grid cell resolution.
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From this dataset, some insights can already be obtained. Bare/desertic
areas dominate the region, while open water bodies are quite uncommon, however, the water bodies found in the NWSAS region do not
constitute "fresh water" resources due to their high content of salinity (Chaouki, Zeddouri, & Hadj-Said, 2013). The built up areas are
highly scattered throughout the NWSAS region as well as the cropland
zones, which are mainly located in the surroundings of the built up
areas and in the north of the region. The largest agricultural activity,
is given at the north of the three countries, as well as the major urban
concentrations, nonetheless, this does not make the NWSAS region less
important, as the groundwater resources there, are crucial for ensuring
food security for a growing population in the region.
From this land-cover dataset, the cropland areas were subtracted, allowing to create a raster layer containing the cropland density in the
region. This layer was created for a resolution of 1km grid cell and
calibrated for year 2015 according to regional statistics presented in
Table 3.3. The obtained cropland dataset is showcased in Figure 3.2.

Figure 3.2 | North Western Sahara Aquifer System - Cropland density map at 1×1
km grid cell resolution.

From the previous figure, it is depicted with more clarity that the main
agricultural activity is in fact, presented in the northern region. The
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Table 3.3 | North Western Sahara Aquifer System population and irrigated area
statistics for year 2015, subdivided per country area inside the basin.
Data source: (OSS, 2015)
Parameter
NWSAS Population

Total

Algeria

Tunisia

Libya

6,376,367

4,240,888

617,168

1,518,311

469,529

237,485

56,547

175,497

NWSAS Irrigated area (Ha)

provinces with largest agricultural-active are: Biskra, El Oued, Djelfa,
Laghouat, Khenchela, Adrar and Ghardaïa in Algeria; Kebili, Tozeur
and Gafsa in Tunisia; and Al Marqab, Misratah and Al Jufrah in Libya.

3.1.2

Population dataset

Individual population datasets for Algeria, Tunisia and Libya were
obtained from the WorldPop database (GeoData Institute, University of
Southampton, 2015) in a resolution of 100×100 meters. Afterwards, the
three datasets were merged together and masked within the boundaries
of the aquifer. The data was then rescaled to a 1 km grid cell resolution
and calibrated for year 2015 according to regional statistics (refer to
Table 3.3).

Figure 3.3 | North Western Sahara Aquifer System - Population density map at 1×1
km grid cell resolution.
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Figure 3.3 depicts the obtained population layer for the NWSAS region.
It is clear that the population agglomerations follow the same location
pattern as the cropland areas: scattered through the region with higher
concentrations at north of the aquifer. Within Algeria, the provinces
with major population count are: Biskra , El Oued, Ouargla, Laghouat,
Ghardaïa, Adrar and Djelfa. As for Tunisia, Kebili, Tozeur and Gafsa
present the higher population counts, although much lower than the
Algerian provinces previously mentioned. Moreover, the provinces
with higher population count within Libya are Al Marqab, Misratah
and Al Jabal al Gharbi.

3.1.3

Depth to groundwater dataset

The depth to groundwater dataset used, was developed by the British
Geological Survey for the African continent at a resolution of 5km grid
cell. This dataset is underpinned by dedicated case studies and systematic data and literature reviews (MacDonald, Bonsor, Dochartaigh, &
Taylor, 2012). The dataset was masked with the NWSAS boundaries
and aligned to match the target 1km grid cell resolution (Figure 3.4).

Figure 3.4 | North Western Sahara Aquifer System - Depth to groundwater map at
1×1 km grid cell resolution.
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According to this data, it can be seen that the depth to groundwater
through the entire aquifer ranges from around 50 to more than 250
meters. This level of depth could affect significantly the water pumping
requirements of the region, which will be analysed in detail in the
forthcoming sections. In general, in the south of the aquifer the deepest
water tables can be found, which could mainly affect the population and
agricultural activity of the province of Adrar and part of the provinces
of Ouargla and Ghardaïa. To the north of the basin, the water table
levels decrease to a range between 50 to 100 meters, which can be
argued, enables the high agricultural activity there, specially in the
province of Biskra.

3.1.4

Groundwater quality dataset

The groundwater quality dataset, was obtained from 206 measurements
provided by National Authorities of the region. Each measuring point,
specified the spacial location and groundwater quality levels measured
in TDS. These data points are spread mainly throughout the centre of
the NWSAS basin, leaving the east and west areas somehow forgotten.
Although this was an identified flaw in the data, due to lack of any
other related information, the dataset was used to produced a raster

Figure 3.5 | North Western Sahara Aquifer System - Groundwater quality map, Total
Dissolved Solids (TDS) at 1×1 km grid cell resolution.
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layer of the target resolution of 1km cell area for the entire region. The
raster was created by running an inverse distance weighted interpolation method, having as distance weighting factor, an inverse distance
to a power of 2 and a global search radius with maximum number of
nearest points of 10. The obtained raster data is presented in Figure 3.5.
From this result, some information can be corroborated: (1) the TDS
levels throughout the entire aquifer, are in the range of brackish water
(from 500 to 30,000 mg/l of TDS), and (2) the groundwater resources in
the Ouargla region, are facing severe pollution aggravated by wastewater discharges of domestic origin and excess water tied to palm
irrigation (Chaouki et al., 2013).

3.2

Scenario descriptions and assumptions

To perform the evaluation, first the NWSAS system was defined. All
components of the system were subdivided in individual subsystems
and the flow of resources among subsystems, were defined. The disaggregated subsystems are: (1) the groundwater aquifer; (2) the desalination process; (3) the population sector; (4) the irrigated agriculture
sector; and (5) the wastewater treatment system, which comprises the
urban-wastewater and the agricultural tailwater treatment processes.
Whereas, the resources streams considered are: (1) pumped groundwater, (2) desalinated water, (3) population-wastewater, (4) agricultural tailwater, (5) treated population-wastewater, (6) treated tailwater,
(7) water losses, and (8) electrical energy input. From this disaggregation of subsystems, the assumptions, Baseline scenario and Wastewater
Reuse (WWR) scenarios were defined.

3.2.1

Baseline scenario

As basis of the analysis, it was assumed that all water requirements for
population consumption and agricultural irrigation are supplied by the
groundwater aquifer and that such water is desalinated whenever the
TDS levels are above 450 mg/l (Ayers & Westcot, 1985). Afterwards,
the water is allocated for population consumption and agricultural
irrigation. Finally, wastewater from population and tailwater from agriculture is disposed to the environment without any adequate treatment.
A schematic representation of the system can be seen in Figure 3.6.
The analysis spans for 35 years, having as starting year 2015 and ending
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Figure 3.6 | NWSAS components and resource streamflows - Baseline scenario.

year 2050. It was assumed a level of water withdrawals per capita wpc
of 55 cubic meters per year, based on Algerian average per capita consumption (Naimi-Ait-Aoudia & Berezowska-Azzag, 2014). Moreover,
all cropland area within the aquifer were considered to be irrigated
by groundwater resources, and the water requirements per cultivated
hectare wpha to be 13,520 m3 /Ha for the Algerian part; 13,266 m3 /Ha
for Tunisia and 9,134 m3 /Ha for Libya, according to data from (Sahara
and Sahel Observatory (OSS), 2014b). Finally, no growth in irrigated
area was considered for this analysis.

Table 3.4 | Baseline scenario parameters.
Parameter

Total

Algeria

Tunisia

Libya

NWSAS Population year 2015

6,376,367

4,240,888

617,168

1,518,311

NWSAS Population year 2050

9,032,779

6,007,654

874,282

2,150,844

469,529

237,485

56,547

175,497

1.06

1.06

1.06

1.06

NWSAS population water per
capita requirements (m3 /yr)

-

55

55

55

NWSAS irrigation water
requirements (m3 /Ha)

-

13,520

13,266

9,134

Groundwater temperature (◦ C)

-

25

25

25

NWSAS Irrigated area (Ha)
NWSAS recharge rate (mm/yr)
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The recharge rate R for the entire aquifer was taken as 1.1 billion cubic
meters of water per year, which for the area of the aquifer, is an equivalent water column of 1.06 mm per year (OSS, 2015). Furthermore, no
environmental flow was considered. A summary of all parameters of
the Baseline scenario are presented in Table 3.4.
The pumping efficiency η along the entire aquifer was set to 85% and
losses due to fluid friction in the piping were disregarded. Furthermore,
the osmotic coefficient φ needed to calculate the minimum energy
requirements for desalination, was assumed at 0.95 (Tombs, 2014).

3.2.2

Wastewater Reuse (WWR) scenarios

To asses the feasibility of reusing treated wastewater for agricultural
irrigation, seven scenarios were created. All scenarios were based on
the Baseline scenario, inheriting all assumptions and parameters defined there, unless it is explicitly stated. The main difference between
the Baseline scenario and the Wastewater Reuse (WWR) scenarios, is
that the wastewater from population and the tailwater from agriculture is reclaimed, treated and reused in agricultural irrigation, in the
WWR scenarios. Nonetheless, some losses of water are considered in
the wastewater reclaim and allocation processes (see Table 3.5). The
representation of the system is presented in Figure 3.7.
Table 3.5 | Wastewater Reuse (WWR) scenarios parameters.
Parameter

Value

Percentage of wastewater reclaimed from population usage

70%

Percentage of tailwater reclaimed from irrigation usage

40%

Percentage of treated wastewater losses

10%

Percentage of treated tailwater losses

20%

Wastewater level of pollutants, were assumed to be constant throughout the basin, using standard values based on studies from the FAO
(Ayers & Westcot, 1985; Pescod, M.B., 1992). Wastewater coming from
population use, was assumed to be a combination of greywater and
blackwater, while tailwater from agriculture was classified as greywater only. The assumed pollutant levels for population wastewater and
the required levels for reused TWW, are presented in Table 3.6.
For the wastewater treatment process, nine technological alternatives
were analysed – seven for population wastewater treatment and two for
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Figure 3.7 | NWSAS components and resource streamflows - WWR scenarios.
Table 3.6 | Pollutant levels of wastewater and treated wastewater (mg/l) - Wastewater
Reuse (WWR) scenarios.
Pollutant type

Wastewater

Treated wastewater

900

100

Nitrogen (N )

40

10

Phosphorus (P )

20

2

Biochemical Oxygen Demand (BOD5 )

500

50

Chemical Oxygen Demand (COD)

500

50

Suspended solids (SS)

agricultural tailwater treatment. These technologies were selected according to the work of Molinos-Senante, Garrido-Baserba, et al. (2012),
in which they created cost functions for nine wastewater treatment
technologies for the assessment of secondary treatment systems in
small communities in Spain (see Table 3.7). Due to lack of information, specific cost functions could not been developed for the NWSAS
region, thus, the cost functions developed by Molinos-Senante, GarridoBaserba, et al. (2012), were used as a comparative measure to select
the least-cost technologies. This is considered feasible, as the relative
cost behaviour among those technologies, is expected to follow similar
patterns in the NWSAS region. Moreover, the needed levels of pollutant removal from population wastewater, fall between the possible
removal rates of the assessed WWTTs (see Table 3.7).
Finally, to calculate the energy demanded by each WWTT, energy func-
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Table 3.7 | Treatment systems analysed
Adapted from (Molinos-Senante, Garrido-Baserba, Reif, Hernández-Sancho, & Poch,
2012) unless otherwise stated.
Treatment
technology

Pollutant
removal (%)

Associated costs (e)
and energy (kWh/yr)

Water
source

Pond System
(PS)

N: 20–40
P: 60–70
COD: 60–96
SS: 50–90

CAPEX: 3897.7 · x−0.407
OPEX: 5.543 · x + 3127.5
**Energy: 0.19 · V

Irrigation
tailwater

Intermittent
Sand Filter (ISF)

N: 65–95
P: 75–99
COD: 75–90
SS: 85–95

CAPEX: 2115.5 · x−0.399
OPEX: 12.026 · x + 3518.9
**Energy: 0.2 · V

Population
wastewater

Wetlands (CWS)

N: 30–70
P: 20–60
COD: 55–80
SS: 60–98

CAPEX: 947.3 · x−0188
OPEX: 14.749 · x + 3645.1
**Energy: 0.19 · V

Irrigation
tailwater

Trickling Filter
(TF)

N: 35–50
P: 35–55
COD: 75–90
SS: 50–90

CAPEX: 12237 · x−0.87
OPEX: 13.504 · x + 6020
**Energy: 0.3 · V

Population
wastewater

Moving Bed
Biofilm Reactor
(MBBR)

N: 10–20
P: 30–40
COD: 20–40
SS: 60–80

CAPEX: 1187 · x−0.165
OPEX: 12.794 · x + 6031
**Energy: 0.8 · V

Population
wastewater

Rotating
Biological
Contractors
(RBC)

N: 20–80
P: 10–30
COD: 70–93
SS: 75–98

CAPEX: 6931.4 · x−0.383
OPEX: 313.4 · x−0.435
**Energy: 0.8 · V

Population
wastewater

Membrane
Bioreactor
(MBR)

N: 50–90
P: 20–70
COD: 70–90
SS: 85–99

CAPEX: 5635.3 · x−0.352
*OPEX:
2.116 · V 0.713 e1.51·SS+0.037·BOD
**Energy: 0.8 · V

Population
wastewater

Extended
Aeration (EA)

N: 50–90
P: 15–70
COD: 70–90
SS: 85–99

CAPEX: 7946 · x−0.460
*OPEX: 169.48 · V 0.454 e0.61·SS
**Energy: 0.6 · V

Population
wastewater

Sequencing
Batch Reactor
(SBR)

N: 55–90
P: 25–70
COD: 70–90
SS: 85–99

CAPEX: 8258.9 · x−0.407
OPEX: 309.4 · x−0.389
**Energy: 1 · V

Population
wastewater

* Taken from (Hernández-Sancho, Molinos-Senante, & Sala-Garrido, 2011)
** Based on (Plappally & Lienhard V, 2012; Barroso Soares, 2017)
x: population equivalent, x = V × 1500/(400 × 365), V : wastewater flow (m3 /yr)
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tions were created based on reviewed literature (Plappally & Lienhard
V, 2012; Barroso Soares, 2017), in function of the amount of treated
wastewater.
For the calculation of the LCOW values of the nine technologies, some
assumptions were made:
1. The tax factor ∆, required for the LCOWInv calculation, was assumed at 1. This decision was made as no incentives or tax
waivers were considered,
2. The discount rate r, required for the discount factor calculation γ,
was assumed at 4%,
3. No externalities were analysed, due to lack of information on
the potential benefits of pollutants avoided in the NWSAS basin.
Moreover, further modelling of the technologies would be required to properly asses the amount of pollutants that each WWTT
could prevent.
The seven Wastewater Reuse (WWR) scenarios analysed are summarized in Table 3.8 and described in detail in the following paragraphs.
Table 3.8 | Summary of scenarios.
Scenario

Description

Approach

Baseline

All water needs are supplied from the aquifer
and no wastewater treatment or reuse is
performed.

NA

WWR by province

All water needs are supplied from the aquifer
and wastewater treatment and reuse is
performed within each province.

By province

WWR per cluster

All water needs are supplied from the aquifer
and wastewater treatment and reuse is
performed within each identified cluster.

Per cluster

WWR LowWapc

All water needs are supplied from the aquifer,
wastewater treatment and reuse is performed
and water demand per capita is assumed at a
low level.

Per cluster

WWR HighWapc

All water needs are supplied from the aquifer,
wastewater treatment and reuse is performed
and water demand per capita is assumed at a
high level.
All water needs are supplied from the aquifer,
wastewater treatment and reuse is performed
and water demand for agricultural irrigation
is assumed as a private regime (low level).

Per cluster

WWR PrivWapha

Per cluster

Continued on next page
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Table 3.8 – Continued from previous page
Scenario

Description

Approach

WWR SubWapha

All water needs are supplied from the aquifer,
wastewater treatment and reuse is performed
and water demand for agricultural irrigation
is assumed as a subsidized regime (medium
level).

Per cluster

WWR PrivWapha

All water needs are supplied from the aquifer,
wastewater treatment and reuse is performed
and water demand for agricultural irrigation
is assumed as a free regime (high level).

Per cluster

Wastewater reuse by province scenario - WWR by province
In this scenario, the treatment systems calculations are made in a
province basis. This means that for each one of the provinces found
within the NWSAS region, the population and irrigated agricultural
areas are grouped together. Then, the reclaimed water, both from population wastewater and agricultural tailwater, are calculated according
to the summation of the grouped population wastewater and irrigation
tailwater points respectively. These values are then used to calculate
the CAPEX and OPEX variables for each technology and province.
Furthermore, the allocable treated wastewater for irrigation is obtained
according to the amount of treated wastewater available inside each
province and the irrigation water requirements of that province. If the
amount of available treated wastewater is larger than the irrigation
demand, then the excess water is returned to the environment. This
provincial approach, was selected to asses the impact the wastewater
reuse measure would have, if the planning and execution is undertaken
individually by each administrative area.
Wastewater reuse per cluster - WWR per cluster
This scenario, used the same parameters and assumptions as the WWR
by province scenario, however, the calculations were performed in
a cluster basis. For this, first, the clustering algorithm described in
subsection 2.2.4, was run to identify the most compact agglomerations
of population and agricultural irrigation points. The algorithm was
run for 40 clusters, however, the calculation can be performed for any
number of wanted clusters.
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The objective of running this scenario, is to compare the differences that
having a per province dependent or independent planning of resources
may have. In this way the real geospatial characteristics of the region
could be used to achieve a better outcome.
The remaining scenarios described in the next lines, were all calculated
based on the same characteristics and clusters as the WWR per cluster
scenario. Slight modifications in population and irrigation water consumption were introduced, to asses the impacts such social behaviours
could have in the overall outcomes.
WWR Low water per capita requirements (per cluster) - WWR
LowWapc
This scenario shares all the same parameters as the WWR per cluster
scenario. The population water requirements per capita wpc was taken
as a low level value of 37 cubic meters per year, based on the low,
medium and high consumption levels analysed in (Naimi-Ait-Aoudia
& Berezowska-Azzag, 2014).
WWR High water per capita requirements (per cluster) - WWR
HighWapc
Similar to the WWR LowWapc scenario, the WWR HighWapc scenario
shares all the same parameters used in the WWR per cluster scenario.
However, this time, the population water requirements per capita wpc
used was a high level value of 73 cubic meters per year, based on
the consumption levels analysed in (Naimi-Ait-Aoudia & BerezowskaAzzag, 2014).
In the next three scenarios, the variable analysed was the irrigation
water demand per hectare. In Sahara and Sahel Observatory (OSS)
(2014b), was found that the irrigation water demand per hectare along
the NWSAS basin, is heavily dependent on the supply water regime
– i.e. the cost of water. In the region exists three different regimes for
water users:
1. Private water users: this regime comprises private farmers that
pay the full price of water without any subsidy,
2. Subsidized water users: comprises irrigation water users that
have access to water that has been subsidized to some extent,
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3. Free water users: this category includes all farmers that have
free access to water, meaning that the government fully subsidize
the price of water and that the resource can be utilized without
limitations.
The aforementioned three regimes constitute the definition of the remaining three scenarios.
WWR Private water per hectare (per cluster) - WWR PrivWapha
The WWR PrivWapha, uses a private agriculture irrigation water regime
for the entire basin, in which the level of water demand per hectare
is set to a level of 10,512 m3 /ha. Naimi-Ait-Aoudia and BerezowskaAzzag (2014) found, that farmers belonging to the private regime, have
a higher water productivity. This means that, they have a better use
of the resource, obtaining more product while using less amount of
irrigation water per hectare.
WWR Subsidized water per hectare (per cluster) - WWR
SubWapha
Similarly, the WWR SubWapha scenario analyses the case in which
all farmers belong to a subsidized irrigation water regime. In it, the
water demand per hectare used is 15,334 m3 /ha. This value constitutes
a 45.8% increase in irrigation water requirements compared to the
private regime, which suggests a strong price elasticity of the irrigation
water demand (Naimi-Ait-Aoudia & Berezowska-Azzag, 2014).
WWR Free water per hectare (per cluster) - WWR FreeWapha
Finally, the WWR FreeWapha analyses the case of a free irrigation water
regime throughout the entire basin. The average irrigation water demand per hectare is set to 21,215 m3 /ha, representing a 101.8% increase
in irrigation water requirements compared to the private regime, which
supports the aforementioned perception of a strong price elasticity of
the irrigation water demand (Naimi-Ait-Aoudia & Berezowska-Azzag,
2014).

3.3

Sensitivity analysis

In addition to the standard analysis performed for every scenario,
the groundwater quality and depth to groundwater parameters, were
tested in order to asses the impact they pose to the energy-for-water
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requirements. This parameters were selected, due to the fact that the
water security of the aquifer highly depends on the water table levels
and the quality of the resource. This directly affects food security as
well. Thus, the effect of the variation of this parameters on the energyfor-water requirements, is important to be analysed to give clarity to
the existent WEF inter-linkages. The tested levels were:
Groundwater quality: all scenarios were run with low, neutral and
high TDS levels. Such levels were defined as follows:
• Low: -50% of the current TDS levels,
• Neutral: the current TDS levels,
• High: +50% of the current TDS levels.
Depth to groundwater: the low, neutral and high depth to groundwater levels tested were:
• Low: -10 meters of the current depth to groundwater levels,
• Neutral: the current depth to groundwater levels,
• High: +10 meters of the current depth to groundwater levels.
The outcomes of this sensitivity analysis are analysed in subsection 3.4.4.

3.4

Results and discussion

The developed methodology in this thesis, was applied for the NWSAS
basin under the eight scenarios described in the previous sections. The
obtained results, are presented and discussed throughout this section.

3.4.1

Least-cost wastewater treatment systems

To be able to asses the impact of provincial vs clustering planning of
WWTSs (WWR by province scenario and WWR per cluster scenario respectively), first, the population and irrigated land areas were grouped
together, both by administrative provincial borders and by 40 optimized clusters. The results of these processes are depicted in Figure 3.8
and Figure 3.9 respectively.
When analysing both Figures, the differences between the two methods
become clear. The obtained clusters are, generally speaking, much
smaller and compact than the agglomerations obtained by province.
Clear examples are seen for the extensive provinces of Adrar, Ghardaïa
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Figure 3.8 | North Western Sahara Aquifer System - Population and irrigated land
agglomerations by province - WWR by province scenario.

Figure 3.9 | North Western Sahara Aquifer System - Population and irrigated land
agglomerations per clusters - WWR per cluster scenario.
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and Ouargla, where the agglomerations are rather scattered throughout
the province area (Figure 3.8). Such geospatial characteristic is interrupted, when the agglomerations are identified by clusters (Figure 3.9),
as several groups were obtained within each province. Moreover, the
administrative border constraint is eliminated, as can be seen with cluster number 20, where the agglomeration shares areas from the Ouargla
and El Oued provinces.
In addition, the case for small provinces is also worth of analysis:
provinces as Al Jifarah and Az Zawiyah in Libya, which have little
area inside the basin, are assessed as separate agglomerations in the
WWR by province scenario, however, in the WWR per cluster scenario,
the agglomeration inside the Al Jifarah and Az Zawiyah provinces are
grouped in cluster number 14.
Overall, the clustering approach yielded much equally sized and compact agglomerations along the basin, eliminating the constraints of
administrative borders and reducing the potential effect of scattered
population.
The most cost-efficient treatment systems obtained for the WWR by
province and WWR per cluster scenarios, share similarities in the combination of technologies chosen (Figure 3.10 and Figure 3.11). Extended
aeration, rotating biological contractors and intermittent sand filter
were the least-costly technologies for population wastewater treatment,
and pond system was the least-costly one for agricultural tailwater
treatment.
The effect of clustering is clearly seen over the Adrar province. When
the calculations are made for the entire province, extended aeration was
the treatment system chosen for population wastewater. Yet, when the
analysis was performed in a per cluster basis, the smaller clusters inside
the province rendered rotating biological contractors least-costly than
extended aeration. This behaviour is also presented in cluster 12, 35 and
36. Such outcome can be explained as the independent variable of the
CAPEX and OPEX cost functions, is the available reclaimed wastewater
flow. The previous is important, as the amount of wastewater available
from the agglomerations analysed, is key for the calculation of the least
costly technology; therefore, with larger agglomerations, scalable and
higher capacity systems can be implemented. The downside however,
is that if the costs related to the conveyance system are not evaluated,
then the distances among population and/or irrigation points become
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Figure 3.10 | North Western Sahara Aquifer System - Least-cost wastewater treatment
system by province - WWR by province scenario.

Figure 3.11 | North Western Sahara Aquifer System - Least-cost wastewater treatment
system by cluster - WWR per cluster scenario.
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irrelevant, which is arguably far from reality. Thus, the analysis of more
compact clusters, reduces the drawback of not calculating the costs
related to a wastewater conveyance system.
Nevertheless, the least-cost treatment systems obtained, both with the
WWR by province scenario and the WWR per cluster scenario, show an
important trade-off in the problem. This means that, the best solution is
dependent from geospatial factors than can render a specific technology
more feasible than other in a given region. Such observation, opens
the possibility of implementing GIS optimization models dependent
on the geospatial data of a region, to obtain the optimal design of a
wastewater reclaim, treatment and reuse system.
The aforementioned observation, is supported in Figure 3.12, where the
share of treated wastewater by technology chosen is presented for each
scenario. In the WWR by province scenario, 87% of population wastewater is treated by the extended aeration technology, 9% by rotating
biological contractors and the remaining 4% by intermittent sand filters.
In contrast, in the WWR per cluster scenario, the share of population
wastewater treated by rotating biological contractors increases to 21%,
Extended aeration

Percentage of water treated by technology

100%

Intermittent sand filter

WWR FreeWapha *

Pond system

WWR HighWapc *

Rotating biological contractors

WWR LowWapc *

75%
50%

59%

75%
100%

100%

85%

100%

25%

100%

37%

21%

0%

WWR PrivWapha *

13%

WWR SubWapha *

WWR by province

75%
50%

75%
100%

75%
100%

100%

87%

25%
21%

0%
100%

WWR per cluster

21%

Irrigation
tailwater

Population
wastewater
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Irrigation
tailwater

Population
wastewater
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50%
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25%
21%
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tailwater
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* Scenario calculated per cluster

Figure 3.12 | North Western Sahara Aquifer System - Percentage of water treated by
technology type.
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leaving 75% of the wastewater to be treated by extended aeration and
4% by intermittent sand filters. Such boost in the adoption of rotating
biological contractors, is given by the fact that the population agglomerations considered within the clusters in the WWR per cluster scenario,
are much smaller than the ones in the WWR by province scenario. This
reduces the overall population wastewater treatment capacity needed
within some clusters, rendering the rotating biological contractors least
costly in many cases.
The WWR PrivWapha, WWR SubWapha and WWR FreeWapha scenarios, share the same result like the WWR per cluster scenario, as
the population water requirements per capita were kept equal. On
the other hand, the WWR HighWapc and WWR LowWapc scenarios,
have changes in the technology shares, going from a 13% population
wastewater treated by biological contractors in the WWR HighWapc
scenario to a 37% in the WWR LowWapc scenario. Such behaviour,
is explained by the lower population water per capita requirements
accounted in the WWR LowWapc scenario, which in general calls for
lower capacity and simpler treatment technologies.

3.4.2

Water extractions and wastewater reuse

In this section, the resulting water extractions and Treated Wastewater
(TWW) reused for irrigation, are evaluated for all scenarios. Population
and agricultural irrigation water, were the two types of water requirements analysed in this thesis. Both of these water requirements, are
supplied in their totality by extractions from the groundwater aquifer.
Furthermore, all reusable TWW is allocated for agricultural irrigation.
Figure 3.13 shows the resulting water extractions and TWW reused in
irrigation for all scenarios.
In the same Figure, all water extractions for population and irrigation
uses, are presented in the right part of the plot, whereas the TWW
reused in irrigation is measured in the left side of it (the negative
axis implies that the water is being reused), disaggregate by its origin
(i.e. population wastewater or agricultural tailwater). As the Baseline
scenario considers that all wastewater is returned to the environment, it
was expected that the totality of the water used would be found in the
extractions side (5,913 Mm3 /yr). On the other hand, all WWR scenarios
yielded a TWW reuse representing around 30% of the total water needs,
with major contributions from irrigation tailwater; furthermore, water
extractions for agricultural irrigation are dominant along all scenarios.
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Figure 3.13 | North Western Sahara Aquifer System - Water extractions and reuse.

The WWR FreeWapha scenario, carries the highest water extractions
from the aquifer, even though being the scenario that reuses the largest
quantity of wastewater. Those high water requirements, are due to the
larger water demand for agricultural irrigation, as a consequence of a
free water regime. Moreover, the scenario needing the lowest water
extractions from the aquifer, was the WWR PrivWapha scenario, which
highlights the remarkable water savings that a private irrigation water
scheme could achieve.
The WWR by province scenario and the WWR per cluster scenario,
bore virtually the same water needs, both in the extractions side and
the reuse side. From this, two observations can be drawn:
1. The provincial administrative division has some logic into it, as
each province include both population and irrigated agriculture
activity, ensuring a good level of TWW allocable for irrigation.
This means, that such activity has been developed in a rather
balanced manner within each provincial boundary.
2. By implementing a clustering approach, more compact agglomerations can be obtained, reducing the problems related to scattered
population and agricultural irrigation areas, while keeping at
least equally good results in allocable TWW.
The water extractions and TWW reuse values, for the WWR by province
scenario and the WWR per cluster scenario, are analysed in detail in
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Province

Irrigation extractions

Biskra (DZA)
Al Marqab (LBY)
Misratah (LBY)
El Oued (DZA)
Kebili (TUN)
Djelfa (DZA)
Laghouat (DZA)
Khenchela (DZA)
Adrar (DZA)
Ghardaïa (DZA)
Tozeur (TUN)
M'Sila (DZA)
Ouargla (DZA)
Gafsa (TUN)
Al Jufrah (LBY)
Gabès (TUN)
Nalut (LBY)
Tébessa (DZA)
Surt (LBY)
Al Jabal al Gharbi (LBY)
Al Jifarah (LBY)
El Bayadh (DZA)
Béchar (DZA)
Tamanghasset (DZA)
Médenine (TUN)
Az Zawiyah (LBY)
Tataouine (TUN)
Sfax (TUN)
Batna (DZA)
Illizi (DZA)
Tripoli (LBY)
Naâma (DZA)
Wadi ash Shati' (LBY)
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Figure 3.14 | North Western Sahara Aquifer System - Water extractions and reuse by
Algerian (DZA), Tunisian (TUN) and Libyan (LBY) provinces - WWR by province
scenario.

figures 3.14 and 3.15 respectively. The extractions per sector and TWW
reused by source, are depicted for each province (Figure 3.14) and each
cluster (Figure 3.15). The provinces and clusters, are organized from
high to low value of total water extractions, in this way, the most representative provinces and/or clusters can be easily identified.
From these Figures some insights can be obtained:
• The province with major water extractions in the NWSAS basin, is
the Biskra province in Algeria. It comprises important agricultural
activity and population agglomerations, which enables a rather
high reusable quantity of TWW. Moreover, the provinces of Al
Marqab and Misratah in Libya, and the province of El Oued in
Algeria, also represent important water extractions from both
population and irrigated agriculture.
• When the analysis is undertaken per cluster (Figure 3.15), the
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Figure 3.15 | North Western Sahara Aquifer System - Water extractions and reuse by
cluster - WWR per cluster scenario.

picture changes. Cluster 7 represents by far, the largest amount
of water extractions, this cluster is a combination of population
and agricultural irrigation areas from the Al Marqab and Misratah provinces in Libya. Moreover, cluster 8, accounts for the
second largest water extractions, comprising mainly agricultural
irrigation areas of the Khenchela province in Algeria.
• In the WWR per cluster scenario case, all points inside the Biskra
province are subdivided into clusters number 13, 31, 39 and 3,
which combined represent the major water extractions of the
region. However when analysed individually, their impact is
reduced, being cluster 13 the most representative.
• The activity of Tunisia inside the basin is low in comparison
with the other two countries. The most representative province
is Kebili, distantly followed by Tozeur and Gafsa. All of these
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three provinces, share the same characteristic: their main water
requirements are from agricultural activity, with low population
water demand.
The importance of defining proper assessment areas, becomes clear
among the differences presented by the WWR by province scenario
and WWR per cluster scenario. The high water demand activity areas
can vary depending in the approach taken, which may lead the focus
of the analysis to a certain area, introducing in some way a bias in the
analysis.

3.4.3

Groundwater Stress Indicator

The Groundwater Stress Indicator was calculated per data cell in a
disaggregated manner for the entire region, and as an aggregated indicator for each scenario. The outcome of this indicator for the Baseline
scenario, can be seen in Figure 3.16. While the aggregated indicator is
presented in Figure 3.17.
The disaggregated indicator (Figure 3.16), shows how basically in all
areas with important population and irrigated agricultural activity, the
stress in the groundwater resource is extremely high, reaching levels

Figure 3.16 | North Western Sahara Aquifer System - Groundwater Stress indicator
in Baseline scenario.
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WWR by province
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Figure 3.17 | North Western Sahara Aquifer System - Overall Groundwater Stress
indicator.

above 20. This means, that the total water extractions within that data
cell, represents more than 20 times the recharged water quantity to the
aquifer in the same data cell area. This extreme situation, is mainly
driven by the remarkably low recharge rate of the aquifer (i.e. 1.06
mm/yr per area average) and the overexploitation of the groundwater
resource from agricultural irrigation.
The overall indicator (Figure 3.17), shows a different situation, as this
one is calculated aggregating all data cells along the basin. The value
obtained for the Baseline scenario (5.36), falls inside the medium to
high stress category, which suggests a situation not that extreme for the
entire basin. Moreover, the outcome obtained for the WWR FreeWapha
scenario, is much higher (6.51), representing an increase of 21.4% measured against the Baseline scenario. Such increase in the stress, is due
to the higher water requirements for agricultural irrigation considered
in the WWR FreeWapha scenario. This suggest, that the TWW reuse
measure would not be enough for reducing the overall water stress on
the aquifer, if it is not accompanied by water management and proper
pricing mechanisms, that ensure the appropriate use of the resource by
local farmers.
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All the remaining scenarios, presented a Groundwater Stress Indicator
in the category of low to medium stress, which showcases the success
of the measure in reducing the stress on the resource. The overall
reduction in the Groundwater Stress Indicator of these scenarios, falls
in the range of 11.4% to 38.2%, being the WWR PrivWapha scenario,
the one obtaining the best performance.

3.4.4

Energy-for-water requirements

To evaluate the energy-for-water requirements in all analysed scenarios, first, the energy demand was divided among categories. Such
categories were: (1) groundwater pumping energy, (2) groundwater
desalination energy, and (3) reclaimed wastewater treatment energy.
In the Baseline scenario, the yearly energy requirements for irrigation
water (depicted in Figure 3.18), clearly show that the energy demand is
considerably larger for Algeria and Tunisia in the northern part of the
aquifer. This outcome, can be explained by the higher water demand
considered for the Algerian and Tunisian regions, the higher salinity
contents found in this areas and the intense agricultural activity there.
On the other hand, the Al Marqab and Misratah provinces in Libya,

Figure 3.18 | North Western Sahara Aquifer System - Energy used for irrigation water
map - Baseline scenario.
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present medium range energy consumption, even though the agricultural activity there is considerably high; which evidences the direct
relation between water demanded and energy consumed. Moreover,
the energy needs for agricultural irrigation in the Adrar province, are
in the medium to high range, however, the existent cropland density is
much lower compared to the northern provinces. This suggests that,
the deeper water table levels found along the province, can significantly
affect the pumping energy requirements, impacting as well the water
productivity of the region.
The overall outcomes for all scenarios are depicted in Figure 3.18, where
it can be seen that the energy requirements for groundwater pumping represent the major part of all the three activities. Desalination
energy, although considerable, is much smaller than pumping energy,
this mainly due to the not to high TDS levels found throughout the
groundwater aquifer. All scenarios apart from the WWR FreeWapha
scenario, obtained reduced overall energy consumption compared to
the Baseline scenario. Such reductions, are achieved by the reuse of
treated wastewater in irrigation, as the energy intensity of treatment is
substantially lower than the energy intensity for pumping.
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Figure 3.19 | North Western Sahara Aquifer System - Total energy used for agricultural irrigation water. See in section 3.3 low, neutral and high sensitivity values of
TDS and depth to groundwater.
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Moreover, the sensitivity analysis demonstrated how a change of ±10
meters in the depth to groundwater level, had an average effect over
the overall pumping energy requirements, of around ±5.5% variation.
Furthermore, the extra costs incurred in the excavation process and
electricity bill, need to be considered, as they may have substantial
effects over the profitability of the farmers. On the other hand, desalination energy requirements showed proportional variations of ±50%,
when changes of ±50% in the TDS levels are introduced.
These effects on the energy-for-water requirements, are necessary to be
assessed when planning for new water policies and water management
strategies. Accordingly, accounting for new energy infrastructure, or
potential energy savings could be key for a new policy or solution to
the water stress problem to succeed.

Chapter 4
Conclusions

T

hroughout this thesis, the worldwide water scarcity problematic
has been presented. The North Western Sahara Aquifer System
(NWSAS) has been highlighted as one of the regions facing severe water scarcity issues. It was identified that, worldwide, the main drivers
for natural water resources depletion, are fast population growth and
increasing irrigated agricultural activity, everything being exacerbated
by changes in the climatic cycles. The adoption of irrigated agriculture
globally and in the NWSAS region, has been due to increasing food
production and the objective of achieving food security, which has been
shown, are not easy goals to accomplish with the use of rainfed agriculture only.
The stress of the water resource in the NWSAS region, can be argued
has been in part due to the lack of surface area suitable for rainfed
agriculture. The three countries present in the region, have had to rely
on the groundwater aquifers to cope with the agricultural irrigation
demand. Such practice, has put enormous pressure on the groundwater
aquifer resource, bringing it to a state of overexploitation. This, has
constantly decreased the water table levels of the aquifer, leading to
the excavation of deeper boreholes. In consequence, the energy requirements for groundwater pumping have increased, which reduces the
water productivity for the local farmers. Moreover, raising groundwater salinity contents aggravate the situation, as desalination processes
may be needed to purify the water for drinking and irrigation purposes.
In addition, water desalination is also known to be a high energy intensive process, which increases the energy-for-water needs.
Reuse of treated wastewater for agricultural irrigation, was identified
as a potential solution to the problem. Population wastewater and agri-
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cultural tailwater, were considered as the usable wastewater sources in
the region. To asses the potential that reclaiming, treating and reusing
wastewater has in the NWSAS region, a general GIS-based framework
was developed. Such framework, draws a pathway defining several
steps necessary to conduct the assessment: (1) processing and calibration of necessary GIS data, (2) computing of water withdrawals and
energy-for-water requirements (i.e. pumping, desalination and treatment energy), (3) evaluating costs of implementation and operation of
different wastewater treatment technologies, (4) selecting the least-cost
technologies for each region within the basing by the use of a LCOW
methodology, and (5) calculation of relevant water stress and energy–
for-water indicators.
The framework allows to conduct the evaluation on predefined areas
(e.g by countries, provinces, municipalities or any other), or to run a
clustering algorithm to identify the population and irrigated agriculture
agglomerations along the region; this agglomerations are used later as
the evaluation target areas.
Nine wastewater treatment technologies were analysed, of which seven
were intended for population wastewater treatment: (1) Intermittent
Sand Filters, (2) Tricking Filters, (3) Moving Bed Biofilm Reactors, (4) Rotating Biological Contractors, (5) Membrane Bioreactors, (6) Extended
Aeration, and (7) Sequencing Batch Reactors; and the remaining two,
intended for agricultural tailwater treatment: (1) Pond Systems, and
(2) Wetlands. Moreover, the methodology was run for eight scenarios,
with the purpose of evaluating the measure with different population
and irrigation water demand requirements, driven by assumptions in
the cost regime of the resource.
Extended aeration, was the dominant technology for population wastewater treatment in all evaluated scenarios, with a share between 59% to
87% in the wastewater treated. It was followed by rotating biological
contractors (from 9% to 37% share) and intermittent sand filters (2%
to 4% share). Whereas pond systems, was selected as the least-cost
technology for 100% of the basin area in all the scenarios. These technologies, were selected based on the Levelised Cost of Water (LCOW)
value. This parameter was calculated according to individual Capital
Expenditure (CAPEX) and Operational Expenses (CAPEX) cost functions, that described the cost behaviour of each technology, dependent
on the capacity of the plant. In general, in smaller communities intermittent sand filters and rotating biological contractors, had lower
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LCOW values than the extended aeration technology, which evidence
an existent trade-off between the required treatment capacity and the
least-cost technology.
Furthermore, by considering the geographical characteristics of the
region (i.e. population and irrigated areas clusters), a more realistic
system can be chosen, as the difficulties and costs related to wastewater
conveyance are minimized. In addition, this approach makes easier, to
evaluate the amount of available treated wastewater both from population and agricultural sources, that is allocable to the irrigation fields of
the same area.
The Groundwater Stress Indicator used to asses the groundwater stress
level of the aquifer, points to a current medium to high stress level of
the resource in the Baseline scenario. Such result, is mainly obtained
by the low level of recharge rate of the aquifer, which in combination
with increasing water withdrawals, tend to aggravate the stress of the
resource. Such stress, can be alleviated by the treated wastewater reuse
measure. However, due to the high price elasticity of the irrigation water demand in the region, measures as better water pricing mechanisms,
management strategies to improve water productivity and adoption
of more efficient irrigation schemes, may be needed to preserve the
resource in the long term.
The current energy-for-water needs of the NWSAS basin, were classified
as pumping energy requirements and desalination energy requirements.
Of those, pumping energy extensively dominates, representing around
90% of the current energy requirements. Such dominance, is due to the
large and constantly decreasing water table levels. This consequence,
could jeopardize the socio-economic sustainability of the local farmers,
as, if the water table levels keep decreasing the energy requirements
could severely affect the productivity of their crops.
In addition, salinity of the groundwater aquifer also poses a threat to
the local farmers, as the desalination energy requirements are directly
dependent on the salinity contents of the water. Thus, having a percentual change in the salinity contents of the water, increases by the
same percentual amount the minimum energy required to reduce its
salinity concentration. Finally, the additional energy needs imposed by
the wastewater treatment processes, do not surpass the energy needed
to pump and desalinate that same amount of water, which makes the
wastewater, treatment and reuse solution, an energy efficient option.
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In conclusion, the framework developed and tested in this thesis, constitutes a promising way of providing insights about potential water
scarcity solutions, such as the wastewater reclaim, treatment and reuse
option. Nonetheless, to be able to include the most relevant parameters affecting the analysis, more development of the framework is
needed. A first step, would be to create a GIS-based methodology for
water conveyance assessment, which would evaluate the costs and
energy requirements, related to the implementation and operation of
a wastewater conveyance system. In this way, additional geospatial
characteristics such as elevation data, land cover, distance to roads, etc.,
also become relevant to the problem.
Moreover, the use of socio-economic models, to evaluate the behaviour
of farmers towards changes on the price and source of water; enables
to analyse how the variations in the irrigation water price, source and
quality, affect the behaviour of the farmers; and how the changes in
irrigation water demanded by the farmers, affect back the wastewater
treatment plants and the water security and energy-for-water needs of
the region. The previous, can be combined with modelling of incentives and benefits from externalities avoidance for potential wastewater
treatment plants, allowing for new policies scenario analysis.
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Appendix A
NWSAS water extractions and
reuse
A.1

WWR LowWapc scenario

Cluster

Irrigation extractions

7.0
8.0
13.0
25.0
15.0
30.0
31.0
3.0
27.0
26.0
39.0
16.0
29.0
4.0
20.0
9.0
38.0
34.0
2.0
11.0
12.0
17.0
14.0
32.0
18.0
0.0
10.0
19.0
35.0
23.0
24.0
28.0
22.0
21.0
33.0
1.0
37.0
36.0
6.0
5.0

Population extractions

Reused water
for irrigation

200

Reused water from irrigation

Reused water from population

Water extractions
for population and irrigation

0

200

400

Million cubic meters of water per year (Mm3/yr)
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WWR HighWapc scenario

Cluster

Irrigation extractions

7.0
8.0
13.0
25.0
15.0
30.0
31.0
3.0
26.0
27.0
39.0
29.0
16.0
20.0
4.0
9.0
38.0
34.0
2.0
11.0
12.0
14.0
17.0
32.0
18.0
0.0
10.0
19.0
35.0
23.0
24.0
22.0
28.0
37.0
21.0
1.0
33.0
36.0
6.0
5.0

Population extractions

Reused water
for irrigation

200

Reused water from irrigation

Reused water from population

Water extractions
for population and irrigation

0

200

400

Million cubic meters of water per year (Mm3/yr)

600
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A.3

WWR PrivWapha scenario

Cluster

Irrigation extractions

7.0
15.0
8.0
13.0
25.0
30.0
31.0
3.0
27.0
26.0
39.0
29.0
16.0
9.0
20.0
4.0
12.0
14.0
17.0
38.0
34.0
2.0
11.0
32.0
18.0
19.0
0.0
35.0
10.0
23.0
24.0
22.0
28.0
33.0
37.0
21.0
1.0
36.0
6.0
5.0

Population extractions

Reused water
for irrigation

250

Reused water from irrigation

Reused water from population

Water extractions
for population and irrigation

0

250

500

Million cubic meters of water per year (Mm3/yr)
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WWR SubWapha scenario

Cluster

Irrigation extractions

Population extractions

Reused water
for irrigation

7.0
15.0
8.0
13.0
25.0
30.0
31.0
3.0
27.0
26.0
39.0
16.0
29.0
9.0
4.0
12.0
20.0
17.0
14.0
38.0
34.0
2.0
11.0
32.0
18.0
19.0
0.0
35.0
10.0
23.0
24.0
22.0
28.0
33.0
21.0
1.0
36.0
37.0
6.0
5.0
500

Reused water from irrigation

Reused water from population

Water extractions
for population and irrigation

0

500

Million cubic meters of water per year (Mm3/yr)

1000
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A.5

WWR FreeWapha scenario

Cluster

Irrigation extractions

7.0
15.0
8.0
13.0
25.0
30.0
31.0
3.0
27.0
26.0
39.0
16.0
29.0
9.0
4.0
12.0
17.0
20.0
14.0
38.0
34.0
2.0
11.0
32.0
18.0
19.0
0.0
35.0
10.0
23.0
24.0
22.0
28.0
33.0
21.0
1.0
36.0
37.0
6.0
5.0

Population extractions

Reused water
for irrigation

500

Reused water from irrigation

Reused water from population

Water extractions
for population and irrigation

0

500

1000

Million cubic meters of water per year (Mm3/yr)

