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Abstract: The main purpose of this study was to assess and rank suitable shallow aquifers for the
implementation of a solar-PV desalination system (SmaIrriCube) in small-scale farms in arid and semi-
arid Mediterranean regions, such as Tunisia. A GIS-based Multi-Criteria Decision Analysis (MCDA-
GIS) model was developed. A SMART method was applied to evaluate the relative importance of
the criteria and the Weighted Sum Model was used to generate the suitability map, in line with
technology efficiency (SmaIrriCubeEff) and farmer acceptability (SmaIrriCubeAcc). The overall results
showed that 188 out of the 204 Tunisian shallow aquifers are potentially viable for implementing the
SmaIrriCube system. For SmaIrriCubeEff, the central and southern aquifers were found to be the
most suitable, with a Suitability index (Si) exceeding 0.5, mostly due to the high solar irradiation
and evaporation rate. In terms of acceptability, the southern aquifers are the most preferable, with a
Si higher than 0.56, due to high solar irradiation, evaporation rate and groundwater quantity and
quality. The results also indicated that the removal of evaporation and solar photovoltaic modules
significantly affected the aquifer ranking, with the southern and central aquifers being the most
sensitive to these criteria. The GIS-MCDA approach was proven to be a practical, upgradable and
time/cost-efficient solution for decision-making, which can be extended to other technologies and/or
regions with similar climatic characteristics.

Keywords: Weighted Sum Model; GIS; reverse osmosis; membrane capacitive deionization; renew-
able energy; evaporation pond; irrigation; shallow aquifers; Tunisia

1. Introduction

Worldwide, groundwater is an important and precious resource in supporting irrigated
agriculture, especially where the surface water resources are insufficient, as groundwater
provides nearly 40% of the world’s irrigated areas [1]. Unregulated and uncontrolled
exploitation of these resources has caused several groundwater management problems,
including water table depletion, increased salinity and quality deterioration; thus, raising
serious concerns about the sustainability of irrigated agriculture [2,3]. The situation is
particularly critical in the Mediterranean countries; in many arid and semi-arid regions, the
limited availability and accessibility of irrigation water has pushed some farmers to rely
on their shallow brackish wells in order to meet the ever-increasing water requirements
of agriculture [4,5]. However, direct irrigation with brackish water may reduce crop
productivity and damage the environment, soils, and aquifers in the long term in a way
that may not be easily recoverable [6,7].

Concern is currently growing in these countries about the improvement and devel-
opment of the groundwater management for sustainable agriculture development. In
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this regard, an integrated water management strategy was implemented, which calls for
the development of unconventional water resources, such as the desalination of brackish
groundwater. The use of desalination technologies is a promising solution to relieve the
stress and shortage problems of fresh water, improve the productivity, efficiency and sus-
tainability of water use, i.e., “more crop per drop”, increase farm productivity and enhance
economic well-being [7,8].

Within the joint research EU-PRIMA SmaCuMed project, a small scale, on-farm, solar-
driven desalination system, based on the reverse osmosis (RO) and membrane capacitive
deionization (MCDI) desalination technologies and using an evaporation pond for brine
management, was proposed as a promising solution [9]. The SmaCuMed project provides
a sustainable, innovative, cost effective and robust solution for groundwater desalination
in the field of smart irrigation, for sustainable agriculture in the Mediterranean region.

The selection of effective, suitable locations for this innovative system is critical to
the success of the project and largely depends on various independent factors related to
feed water availability (quantity and quality), land topography, climate, and environmental
conditions of the study area, etc. A Multi-Criteria Decision Analysis coupled with the
Geographical Information System (GIS-MCDA) represents a promising evaluation solu-
tion in the sustainable decision-making processes when multiple management objectives
with large spatial data volumes cannot be simultaneously optimized [10,11]. It is a set
of techniques that comprehensively evaluates the integrated performance of numerous
alternatives, using multiple decision criteria and constraints [11].

Due to their great versatility and ability to manage a large volume of spatial data from
a variety of sources, GIS-MCDA has been increasingly applied in numerous environmental
contexts over the last few decades. In particular, it was used to rank the sustainable
desalination plant locations in the United Arab Emirates [12], to plan and manage the
suitable location for a community-scale brackish-water desalination plant installation in
Gaza [13], to evaluate solar farm locations in Spain [14], to identify optimal locations for a
hybrid wind solar–PV systems installation in western Turkey [15] and in China [16], and
to select the most appropriate sites for solar-farm deployment in Greece [17]. The same
methodology is used by Charabi et al. [18] to assess the land suitability for a large PV farm
implementation in Oman and by Grubert et al. [19] to identify favorable locations for solar
seawater desalination plants around the world. Other studies in Iran used GIS-MCDA
to identify suitable sites for the implementation of solar and wind-powered desalination
systems [20–22].

Despite extensive research employing the GIS-MCDA approach, to the best of the
authors’ knowledge, all of the research has been conducted in relation to site selection,
and no study has yet been applied at the aquifer level. Considering an aquifer as an
elementary unit represents a key element that could produce guidelines to direct the
national water resources policy for decentralized brackish groundwater desalination, and
could be included in the water policy of arid and semi-arid countries.

In addition, most of the previous studies have focused on the factors influencing
the renewable energy systems and/or desalination process while no integrated analyti-
cal framework has been deployed that incorporates solar energy, brackish groundwater
resources, desalination technology and discharge management modules. Integrating a
multitude of criteria, such as quality of water, availability of land for brine disposal, solar
energy availability, the irrigator’s willingness to pay for desalination, availability, etc. is
always a challenging and up-to-date issue. Identifying aquifers suitable for such integrated
technologies could help to complete sustainability assessments of the water–energy–food
nexus. It contributes to the attainment of the UN Sustainable Development Goals. espe-
cially numbers 2, 6, 8, 10–13 and 16. These involve ensuring the availability and sustainable
management of water, food security and improved nutrition, sustainable economic growth,
combating climate change and promoting inclusive societies for sustainable development.
The very last objective is focused on improving the well-being of the citizens.
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In this context, the purpose of this study is to identify and rank the suitable shallow
aquifers in an arid and semi-arid Mediterranean region to implement an on-farm small-scale
solar desalination unit for agricultural use without causing any environmental damage.
For that, an approach synergizing a multi-criteria methodology with GIS, is applied while
considering the significant environmental, climatic and topographic criteria. Tunisia was
chosen as the study area to carry out this evaluation.

2. Materials and Methods
2.1. Study Area

Tunisia is a Maghreb country, located in North Africa between latitudes 30◦00′–38◦00′ N
and longitudes 7◦00′–12◦00′ E. It is bordered by the Mediterranean Sea to the North and
East, by Algeria to the West and by Libya to the South-East (Figure 1). It covers an area
of approximately 16.36 Mha and had a population of 11.7 million in 2019, with a relative
growth rate of 1.6% per year (INM, 2020). The study area is characterized by a climate that
is sub-humid in the north, semi-arid in the center and arid in the south. The mean annual
temperature for Tunisia is 20.4 ◦C, with average monthly temperatures ranging from a low
of 10 ◦C in the winter months (December to February) to a high of 27 ◦C in the summer
months (June to August) [23].
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The mean annual rainfall is characterized by an uneven spatial distribution, ranging
generally from less than 100 mm/year. in the south to more than 1200 mm/year. in the
extreme north [24]. The rainy season is concentrated from September to April. The average
annual evaporation rate varies from 1000 to 3000 mm/year. These climatic conditions favor
the development of an agriculture sector, where around 20% of the area is arable land. The
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fertile plains of the north produce cereals (wheat and barley) and vegetables (tomatoes,
peppers, onions, etc.); the Cap Bon peninsula specializes in oranges and vineyards; the cen-
tral regions produce olives, while dates are mainly grown in the oases of the Sahara region.
The naturally available water reserves in Tunisia represented approximately 4875 Mm3

in 2017. It has been estimated that around 44% of the country’s water resources come
from groundwater [25]. They are distributed between 204 shallow aquifers (745 Mm3) and
340 deep aquifers (1429 Mm3) [26].

2.2. Multi-Criteria Decision Analysis (MCDA)

The overall methodology for ranking the suitable shallow aquifers for a small-scale
solar-PV desalination system installation is summarized in two phases. The first focused
on the conceptualization of the different steps of multi-criteria decision analysis (MCDA).
It consisted of defining the problem and objectives; selecting the constraints, alternatives
and criteria; assessing the priority weighting of the selected criteria by the Simple Multi
Attribute Rating Technique method (SMART) and the aggregation of the criteria through
the Weighted Sum Model (WSM). A sensitivity analysis was performed, based on One-At-
Time method model. The second phase consisted of collecting and analyzing geospatial
data through the application of a set of GIS operators, in order to produce a suitable shallow
aquifers map for solar energy-based desalination for agricultural use.

2.2.1. Description of Problem

The low availability and the non-uniform spatio-temporal distribution of fresh water
resources has pushed farmers to draw on low quality groundwater in order to fulfill the
mounting agricultural water demand. This has short-term and long-term impacts on crop
productivity, soil quality and the environment in general. This situation could worsen if
appropriate measures are not adopted. One reliable and affordable solution is to implement
on-farm groundwater desalination systems with low energy consumption and low negative
environmental impact.

The research project SmaCuMed “Smart irrigation cube for sustainable agriculture
in the Mediterranean region” [9] proposes an innovative sustainable solution, being an
economically viable, socially acceptable, and environmentally friendly method of treating
brackish groundwater for smart irrigation (Figure 2). The Smart Irrigation Cube “SmaIr-
riCube” is a modular system which utilizes solar power as a convenient renewable energy
source to provide the energy requirements for pumping and treating saline water at low
cost, while reducing the airborne emissions of pollutants from fossil fuel energy consump-
tion. The desalinated groundwater is used for irrigation to sustain crop productivity. The
desalination technology is based on membrane capacitive deionization (MCDI) and low-
pressure reverse osmosis (LPRO). The MCDI technology is used mainly to desalinate water
with a low salt content in a maximum range of 3–5 g/L. The LPRO technology is used
to desalt low to high saline water between 3 and 10 g/L. The combination of both of the
technologies could increase the efficiency of the desalination system. The system proposes
evaporating the concentrated brine in evaporation ponds, avoiding the negative impact
of brine discharge on the environment and groundwater. In addition, the salts can be
harvested and marketed. Evaporation ponds are a cost-effective option appropriate for
small scale desalination units in arid and semi-arid areas if land is available and where
solar radiation is abundant.
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2.2.2. Identification of Alternatives

The alternatives that are suitable for the installation of the SmaIrriCube system are all
shallow or deep aquifers that are affected by salinization. For this study, only the shallow
aquifers were taken into consideration, since aquifer depth is considered to be an economic
factor. It is directly related to the unit cost of pumping. The suitable shallow aquifers
were identified by determining several parameters considered as constraints. Based on
previous studies and expert judgment [19,27–32], three main constraints were identified:
water salinity; agricultural area; and evaporation rate.

The type of desalination technology used depends mainly on the quality of the feed
water to be desalinated [33]. In our study, the LPRO and/or MCDI desalination technologies
were used to desalinate brackish water with total dissolved solids (TDS) between 1 and
10 g/L. Thus, the shallow aquifers with TDS lower than 1 g/L and higher than 10 g/L
were removed from the study. In addition, the SmaIrriCube system was to be installed
for agricultural use. Therefore, the areas with no agricultural land (zero hectare) were
excluded from the analysis. Furthermore, the brine disposal method was not applicable
for regions with an annual evaporation rate lower than 1000 mm/year [34]. A shallow
aquifer was considered suitable if it simultaneously met the feasibility conditions of all of
these constraints.

2.2.3. Selection of Decision-Making Criteria

To select the suitable aquifers for the SmaCuMed system installation using MCDA tech-
niques, it is crucial to choose the most determining criteria that will influence the decision
problem under analysis. In the literature, a wide range of criteria were found which may
have an important role on the modules of the SmaIrriCube system, including Global Hori-
zontal Irradiation [12,28,30,35], number of sun hours/day [36], temperature [28,30,36,37],
evaporation [38,39], rainfall [31,38,39], humidity [21,31,38,39], wind speed [36], water salin-
ity [30], water quantity [40], groundwater level [30], well density [40], LULC [30,41], soil
salinity [31], soil texture [31], elevation [31,37,41] and slope [30,31,40].

According to previous research, the consideration of six to eight criteria for a MCDA
study is the most favorable option. In this research, eight main frequently used criteria
were carefully selected, in line with the study objective, comprehensive literature review
and expert knowledge. The eight selected criteria are provided in Table 1.
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Table 1. Description of the selected criteria used in this study.

Category ID Criteria Unit Justification References

Climate

C1 Global Horizontal Irradiation kWh/m2/year

The Global Horizontal Irradiation (GHI) is the total solar radiation incident on a
horizontal surface. It can be converted into sustainable-produced electricity by
using photovoltaic (PV) technology. Higher radiation levels increase the
electrical energy produced by the system. Thus, the higher the GHI, the
better the electricity production will be.

[28,30,32,42,43]

C2 Temperature ◦C

Solar PV panel efficiency is affected negatively by the increase in the
atmospheric temperature. The more sunshine a panel receives, the hotter the
panel gets, and thus the conversion efficiency decreases. Furthermore, high
temperature values affect the module’s lifetime and durability.

[28,30,36,37]

C3 Evaporation rate Mm/year Evaporation is the most important climate factor for brine evaporation. The
evaporation process of brine increases with the increase in the evaporation rate. [38,39]

Water resources

C4 Groundwater quantity Mm3/year
Desalination technology is suitable for use where the volume of brackish
groundwater is available and renewable, providing sufficient quantities for
desalination plants and safeguarding its continuous operation.

[40]

C5 Groundwater salinity g/L
Groundwater salinity is one of the most critical water quality criteria. An
aquifer with low salinity has the highest suitability for water desalination,
and the suitability decreases with the increase in the salinity level.

[19,31–33,42]

C6 Well density

Well density per aquifer is an economic factor to avoid the high cost of
constructing and maintaining a new well. It is more cost-effective to use
existing well water for desalination. An aquifer with the highest well density
has the highest suitability, and the suitability decreases with the decrease in the
well density.

[40]

Land Use C7 Agricultural areas ha
The brackish groundwater desalination process in our study is intended for
agricultural applications. Thus, areas of high agricultural use are more suitable
to host the SmaIrriCube system.

[30]

Topography C8 Land slope %

The SmaIrriCube system is highly affected by land slope. Slopes affect the
feasibility of the system and increase investment costs. In general, areas
with low land slope are considered the most suitable to minimize
financial expenditure.

[30,31,38–40]
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2.2.4. Determination of Criteria Weights

After establishing the set of criteria, the Simple Multi Attribute Rating Technique
(SMART) weighting method was used to assign weights to each of the criterion and
determine their relative importance in the final decision-making result [44,45]. The SMART
weighting method is the simplest and the most widely used multi-criteria decision method.
It consists of ranking the criteria in decreasing order of importance compared to the
objective. The least important criterion is assigned an importance of 10. The next least
important one is assigned a number higher than 10 reflecting the ratio of relative importance
to the least criterion, and so on for the remaining criteria. In this study, the importance
values (Ii) were attributed based on expert opinions. The importance of the values were
then normalized (Wi) into weights summing to 1 by dividing the importance values of each
criterion (Ii) with the total weight of all of the criteria (In) (Table 2).

Table 2. Priority and weight of criteria using the SMART method.

Criteria Ii Wi

Well density 10 0.020
Slope 15 0.030

Temperature 20 0.040
Evaporation 90 0.178

Agricultural area 90 0.178
Global horizontal irradiation 90 0.178

Groundwater quantity 90 0.178
Groundwater salinity 100 0.198

Total 505 1.000

2.2.5. Aggregation of Criteria

The criteria aggregation involved different steps. In the first step, the alternatives that
were the suitable shallow aquifers and the eight criteria were expressed in matrix format
as Equation (1), where A1, A2, . . . , Am are the feasible alternatives; C1, C2, . . . , C8 are the
evaluation criteria and xij is the performance value of alternative Ai under criterion Cj:

C1 . . . Cj . . . C8

X =

A1
...
Ai

...
Am



x11
...

xi1
...

xm1

· · ·
. . .
. . .
. . .
· · ·

x1j
...

xij
...

xmj

. . .
. . .
. . .
. . .
. . .

x18
...

xi8
...

xm8

; i = 1, . . . , m; j = 1, . . . , n (1)

In the second step, the decision matrix X was normalized, according to the linear
max/min normalization Equation (2) for the profit criteria (i.e., C1, C3, C4, C6 and C7) and
Equation (3) for cost criteria (i.e., C2, C5 and C8), in order to eliminate the impact of the
criteria units on the rankings of alternatives and thus limit their values to between 0 and
1 [46]:

Xj =
xj – xj min

xj max − xj min
(2)

or
Xj = 1−

xj – xj min

xj max − xj min
(3)

where Xj is the normalized value of xj; xj is the value of criteria j; xj min is the smallest
performance value of criteria j; and xj max is the largest performance value of criteria j. Thus,
the normalized matrix XN of X is defined as follows:
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XN =



X11
...

Xi1
...

Xm1

· · ·
. . .
. . .
. . .
· · ·

X1j
...

Xij
...

Xmj

. . .
. . .
. . .
. . .
. . .

X1m
...

Xin
...

Xmn

 (4)

It should be noted that we considered two types of linear normalization for ground-
water salinity (C5), depending on the aspect we focused on: the efficiency of the technology
or acceptability to the farmer of the desalinated groundwater. In terms of technology
efficiency, the lower the salinity, the more suitable the aquifer is for desalination. In this
case the most suitable salinity is between 1 and 3 g/L. On the other side, farmers do not
consider salinity between 1 and 3 g/L high enough to justify mobilizing funds. They are
more likely to accept investment to desalinize groundwater when salinity is between 3 and
7 g/L, which is the most suitable interval of salinity in this case.

Finally, in the third step, the Weighted Sum Model (WSM) was employed as the aggre-
gation technique for the current study. WSM is the simplest available method, applicable to
single-dimensional problems. The assumption that governs this model is the additive utility
assumption. That is, the overall value of each alternative is equivalent to the products’ total
sum given by the following formula [47]:

Si = max ∑n
ij Xij ·Wj; for i = 1, 2, 3, . . . , m (5)

where Si represents the overall suitability index of the ith alternative, ranging from 0 to 1;
m is the number of alternatives, n is the number of decision criteria; Xij is the normalized
score of the ith alternative with respect to the jth criterion; and wj is the normalized weight
of the jth criterion.

In the maximization case, the alternatives with a higher suitability index value have a
higher order in the ranking.

2.2.6. Sensitivity Analysis

The main criticism about employing the MCDA approach to solve a problem is the
subjectivity that is associated with allocating weights to the criteria [48,49]. To overcome
such a limitation, a sensitivity analysis was performed as a “final check” to investigate the
changes in outcome with the weights. Several sensitivity analysis methods can be found in
the literature [48,49]. In this study, the One-At-a-Time (OAT) approach was applied [49].
The OAT consists of investigating the stability of the evaluation by changing one criterion
weight at a time and dividing its remaining weight between the other criteria by making it
proportional to their original weights, then observing changes in the rankings of criteria;
then, identifying the most sensitive criteria to weight changes; finally, visualizing the
changes in the overall alternatives ranking. For this purpose, we analyzed the impact of
increasing/decreasing each main criterion weight (water salinity, water quantity, global
horizontal irradiation and agricultural area) by 10 and 20%, one at a time. The Tables
illustrating the sensitivity analysis results are provided in Appendix A.

To assess the sensitivity analysis results, the Spearman’s rank correlation coefficient
(rs) was employed [50] as one of the most usable and important coefficients for determining
the correlation between the results obtained by the various approaches. This coefficient
measures the similarity between two sets of rankings, i.e., between the rankings obtained
with the original models and the rankings obtained with the sensitivity analysis results. It
is calculated by using the following equation:

rs = 1−

 6 ∑N
i=1 d2

i

N
(

N2 − 1
)
 (6)
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where N denotes the number of alternatives and di is the difference between the alternatives’
ranks in the MCDA models and the sensitivity analysis scenario. A rs value greater than
0.8 indicates a high level of agreement between two rank orderings. If rs is close to 0, then
there is no agreement between the rankings. Finally, if rs is close to −1, the rankings are
almost reversed.

2.2.7. Evaluating the Removal Influence of Evaporation and Photovoltaic Modules from
SmaIrriCube Systems on Shallow Aquifers Ranking

In order to study the efficiency of the evaporation ponds and the photovoltaic modules
of the SmaIrriCube systems on the overall shallow aquifers ranking, three criteria weight
scenarios were computed separately. For the first scenario, the evaporation pond was
neglected from the study (E0); since the proposed small-scale MCDI/LPRO desalination
units in this research have a low concentration of salt discharge, the evaporation pond
can be replaced by a deep well injection. Therefore, a weight of zero was assigned to the
evaporation criterion (WE = 0). For the second scenario, the solar photovoltaic module
was omitted (PV0), as the initial costs of the materials, installation and maintenance of
the PV module are high. Thus, this is the biggest downside of the PV system and the
major problem for the low-income farmers. Here, it is assumed that the electricity grid
is abundant throughout the study area. Thus, the stakeholder can use electric energy
instead of the photovoltaic energy. In this case, a weight of zero was assigned to the
GHI and Temperature criteria (WGHI = 0 and WT = 0). For the last scenario, both the
evaporation ponds and the photovoltaic modules were removed from the study (E0-PV0).
In this scenario, a weight equal to zero is assigned to the evaporation, GHI and temperature
criteria (WE = 0; WGHI = 0 and WT = 0).

The SMART weighting method was then re-applied to determine the new criteria
weighting. Table 3 shows the weights’ criteria distribution for the three generated scenarios,
where the priority order of criteria according to the SMART method was retained.

Table 3. SMART weighting for the generated scenarios.

Criteria
Scenario 1 Scenario 2 Scenario 3

Pi Wi Pi Wi Pi Wi

Well density 10 0.02 10 0.03 10 0.03
Slope 15 0.04 15 0.04 15 0.05

Temperature 20 0.05 0 - 0 -
Evaporation 0 - 90 0.23 0 -

Agricultural area 90 0.22 90 0.23 90 0.30
GHI 90 0.22 0 - 0 -

Groundwater quantity 90 0.22 90 0.23 90 0.30
Groundwater salinity 100 0.24 100 0.25 100 0.33

Total 415 1.00 395 1.00 305 1.00

2.3. Geospatial Analysis
2.3.1. Thematic Spatial Layers and Model Setup

In order to fulfill the requirements of this study, various datasets were gathered,
processed, analyzed and integrated into a GIS database, including SRTM, satellite data,
agricultural map and statistical data. Table 4 summarizes the datasets used in this study
and their sources.

The Shuttle Radar Topographic Mission (SRTM) Digital Elevation Model (DEM) with
30 m spatial resolution was downloaded from USGS website [51] and used to derive the
slopes (%) map. The Global Horizontal Irradiation (kWh/m2/year) and Temperature (◦C)
maps were downloaded freely from the Global Solar Atlas website with a spatial resolution
of 1 km and a long-term coverage of 24 years from 1994 to 2018 [52]. The evaporation
data were provided by the National Meteorological Institute (INM) of Tunisia from the
year 2010 to 2020. The agricultural areas (ha) were extracted and calculated from the Land
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Use/Land Cover (LULC) map of the year 2019, derived from the FAO Water Productivity
Open-access portal (WaPOR) with 100 m spatial resolution [24]. The well density was
calculated using the well number per aquifer obtained directly from the “Agricultural
map”, the official spatial database owned by the Tunisian Ministry of Agriculture (Ministry
of Agriculture, 2015). The groundwater quantity was obtained from the statistical report of
the General Directorate of Water Resources (DGRE) in 2015 [53]. The salinity of shallow
aquifers was determined based on the minimum and the maximum Total Dissolved Solids
(TDS) statistical data published in the same DGRE report of 2015 [53]. The criteria data
were generated and geospatialized.

Table 4. Datasets used in the research study.

Data Data Source Extracted Data Acquisition Date

SRTM DEM Earthexplorer.usgs.gov
(accessed on 20 July 2021) Slope

Satellite data

Globalsolaratlas.info
(accessed on 22 July 2021)

Global horizontal
irradiation 1994 to 2018

Temperature 1994 to 2018

Wapor.apps.fao.org
(accessed on 22 July 2021) LULC 2019

Agricultural Map MARHP Well density

Statistical data
DGRE report

Groundwater quantity 2015

Groundwater salinity 2015

INM Evaporation 2010–2020

2.3.2. Mapping Shallow Aquifers Suitability for SmaIrriCube System Installation

Two separate robust maps of shallow aquifer suitability for SmaIrriCube system
were produced after summing the weighted normalized criteria spatial datasets; the first
map integrates the normalized map of salinity according to the technology efficiency
(SmaIrriCubeEff). The second map integrates the normalized salinity map of farmer accept-
ability (SmaIrriCubeAcc).

3. Results
3.1. Evaluation of Constraints

The constraint map of salinity (Figure 3a) shows that twelve aquifers have TDS
lower than 1 g/L, mainly located in the North-West and Center-West. These aquifers do
not require any treatment and are thus unsuitable for the SmaIrriCube system. For the
evaporation constraint, all of the areas have an evaporation rate greater than 1000 mm/year,
which is suitable for this research (Figure 3b). In terms of the agricultural area constraint,
four areas mainly located in the South-East are unsuitable as they are not agricultural land
(Figure 3c). The overall constraint map (Figure 3d), obtained by the intersection of the
three constraint layers, shows that a total of 188 shallow aquifers from the 204 analyzed
were found to be potentially suitable for installing the SmaIrriCube system and, thus, were
analyzed for suitability mapping.

Earthexplorer.usgs.gov
Globalsolaratlas.info
Wapor.apps.fao.org
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3.2. Evaluation of Main Criteria

Figure 4a–i present the spatial distribution of the criteria used to rank the suitable
shallow aquifers for the SmaIrriCube system implementation, including global horizontal
irradiation, temperature, evaporation, water quantity, maximum and minimum TDS, well
density, agricultural area and land slope. Figure 4a reveals that the average annual GHI
ranges from 4.60 kWh/m2/year. in the extreme north to more than 5 kWh/m2/year. in the
south. The average annual temperature varies between 16 and 23 ◦C. It increases gradually
from north to south (Figure 4b). The average annual evaporation ranges from 1031.30
to 3092.30 mm/year. The lowest evaporation occurs mainly in the north and increases
gradually to the south, where the solar irradiation is important (Figure 4c). The shallow
aquifer resources are characterized by unequal allocation and variable quality in terms of
salinity. The shallow water resources vary between 0.18 and 51 Mm3/year. They are more
available in the northern and central aquifers than in the southern aquifers (Figure 4d). The
shallow aquifer salinity is fairly high in the south, moderate in the center and low in the
north (Figure 4e,f). The well density per aquifer ranges from less than 0.05 to 0.73. It is
higher mainly in the north-east (Figure 4g). The agricultural areas vary from 4 to 112,659 ha.
The areas are abundant in the center, moderately present in the north and weak in the south
(Figure 4h). The land slope varies between 2.35 and 33.60%. The land area is almost flat;
more than 80% has an average slope lower than 5% (Figure 4i).

3.3. Suitable Shallow Aquifers Ranking for SmaIrriCube Systems Implementation

Applying the GIS-based MCDA approach allowed the evaluation of shallow aquifers’
suitability for the SmaIrriCube system implementation in Tunisia, based on eight selected
criteria including global horizontal irradiation, temperature, evaporation, water quantity,
water salinity, well density, agricultural area and land slope. Figure 5a,b present the spatial
distribution of the suitability index variation to rank the suitable shallow aquifers for the
implementation of the SmaIrriCubeEff and SmaIrriCubeAcc systems. The suitability maps
are reduced to five scales of suitability levels: very low (Si between 0.09 and 0.15); low
(0.15–0.30); moderate (0.30–0.40); high (0.40–0.50) and very high (0.50–0.65).

Due to the high number of alternatives ranked (188), it is not possible to display the
whole ranking in a table. Thus, Table 5 only provides the detailed information of eight
chosen alternatives, from the best ranked to the worst shallow aquifer for the installation of
SmaIrriCubeEff and SmaIrriCubeAcc systems.

The results reveal that the suitability index (Si) varies from 0.09 to 0.65 for SmaIrriCubeEff
and from 0.09 to 0.61 for SmaIrriCubeAcc (Figure 5a,b). In general, the suitability maps
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illustrate that the most preferable aquifers are mainly located in the southern and central
areas, while the least suitable are found in the north.
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and (b) SmaIrriCubeAcc systems.

The results provided in Table 5 indicate that the Kairouan Plain is the most suitable
shallow aquifer for installing the SmaIrriCubeEff system in terms of the index rankings with
an Si of 0.65. Here, the lower salinity (1–3 g/L), the higher agricultural area (112,659 ha) and
the water availability (26 Mm3/year) are the major indicators of the highest suitability for
this aquifer. The Djerid Oasis is the second-ranking suitable aquifer with an Si of 0.53 due
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to high water availability (36 Mm3/year), abundant solar irradiation (5.36 kWh/m2/year)
and high evaporation rate (2526 mm/year). The aquifer of Oum Laksab follows in third
place with an Si of 0.52. Here, the lower salinity (1–3 g/L) and the higher evaporation
rate (21,423 mm/year) contribute to the overall suitability. Therefore, these top three
shallow aquifers are strongly recommended for the installation of the SmaIrriCubeEff
system. Meanwhile, Hencha, Ain Bou Mourra and Haut-Joumine are ranked as the least
preferable aquifers, respectively, with an Si decreasing to 0.09. This can be explained by
the low availability of groundwater resources (less than 2 Mm3/year) and the low rate of
evaporation (less than 1819 mm/year).

Table 5. Characteristics of suitable shallow aquifer ranking for the implementation of SmaIrriCubeEff

and SmaIrriCubeAcc systems.

Rank Shallow Aquifer_Name Si
Performance Matrix

C1 C2 C3 C4 C5 C6 C7 C8

SmaIrriCubeEff

Best
ranked
aquifers

Kairouan Plain (Kairouan) 0.65 5.05 20.01 1819.40 26.00 [1.5–3.9] 0.04 112,659 3.65

Djerid Oasis (Tozeur) 0.53 5.36 22.76 2526.00 36.00 [4.0–7.0] 0.21 2909 2.94

Oum Laksab
(Gafsa-Kasserine) 0.52 5.34 18.18 2142.82 8.30 [1.0–2.0] 0.13 627 3.92

Ain el Kerma (Tozeur) 0.52 5.40 21.00 2526.00 4.55 [1.5–3.5] 0.48 43 5.36

Kasserine Plain (Kasserine) 0.51 5.10 17.28 2392.90 1.44 [1.0–1.5] 0.73 137 3.23

Worst
ranked
aquifers

Hencha (Sfax-Mahdia) 0.21 5.10 20.08 1031.3 1.5 [5.0–7.0] 0.02 6985 3.52

Ain Bou Mourra (Kairouan) 0.21 4.96 18.67 1819.4 2.0 [0.0–1.2] 0.02 8452 6.20

Haut-Joumine (Bizerte) 0.09 4.68 17.91 1220 2.0 [0.5–1.5] 0.09 2800 20.34

SmaIrriCubeAcc

Best
ranked
aquifers

Djerid Oasis (Tozeur) 0.61 5.36 22.76 2526 36.00 [4.0–7.0] 0.23 2909 2.94

Nefzaoua Southern (Kebili) 0.57 5.48 22.09 3092.30 0.63 [4.0–6.5] 0.00003 782 4.89

Gabes South (Gabes) 0.56 5.35 20.89 2757.10 9.00 [2.5–7.0] 0.02 14,342 3.86

Nefzaoua Eastern (Kebili) 0.56 5.51 21.80 3092.30 0.47 [0.4–6.8] 0.0001 422 4.54

Eastern Coast (Nabeul) 0.56 4.83 18.92 1238.80 50.00 [1.5–7.0] 0.18 40,378 4.43

Worst
ranked
aquifers

Oeud Sejnane (Bizerte) 0.13 4.61 18.65 1220 2.90 [1.0–1.5] 0.13 4444 5.42

Kef Abed (Bizerte) 0.12 4.62 19.12 1220 1.00 [1.0–3.0] 0.03 5862 8.87

Haut-Joumine (Bizerte) 0.09 4.68 17.91 1220 2.00 [0.5–1.5] 0.09 2800 20.34

Figure 5b and Table 5 illustrate that the SmaIrriCubeAcc results present a wide range
of variations in the aquifer ranking compared to SmaIrriCubeEff. The Djerid Oasis aquifer
becomes the highest ranked alternative with a slight increase in Si equal to 0.62. This
aquifer is mainly characterized by moderate water salinity (3–7 g/L), a high amount of
water resources (36 Mm3/year), high level of global solar irradiation, (5.36 kWh/m2/year)
and evaporation rate (2526 mm/year). Nefzaoua Southern is ranked as the second most
preferable aquifer, with an Si of 0.57. The third ranking aquifer is Gabes South with an Si
value around 0.56. These last two aquifers are characterized by moderate water salinity
(3–7 g/L) and a high evaporation rate exceeding 2757 mm/year. Therefore, the shallow
aquifers of Djerid Oasis, Nefzaoua Southern and Gabes South are strongly recommended
for installing the SmaIrriCubeAcc system. In contrast, the aquifers of Oeud Sejnane, Kef
Abed and Haute-Joumine have poor suitability for SmaIrriCubeAcc implementation, as
they have the lowest Si value of less than 0.13. This is mainly caused by the low amount of
groundwater (less than 3 Mm3/year) and the low rate of salinity (1–3 g/L).

Since the criterion of water salinity has the highest weighting among the other criteria,
it has a significant impact on the final results. The shallow water resources, solar irradiation,
agriculture area and evaporation have an equally important influence in the decision
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analysis process as they have the same weight (Table 2). Thus, it should be noted that it is
necessary to carefully select weight values, because ranking results are strongly determined
by a weighted combination of selected criteria, formulated into indicator weight.

3.4. Sensitivity Analysis

Spearman’s correlation coefficients results obtained by comparing the initial alter-
natives rankings of the SmaIrriCubeEff model and the SmaIrriCubeAcc model with the
rankings obtained through the OAT sensitivity analysis scenarios applied to groundwater
salinity, groundwater quantity, global horizontal irradiation, agricultural area and evap-
oration criteria weights are summarized in Appendix B. The results of increasing and
decreasing the weights of the five main criteria, one-at-a-time between −20 and +20%,
show that there is a strong correlation in the rankings between the considered scenarios,
since all of Spearman’s correlation coefficients values are higher than 0.86. In addition, for
the SmaIrriCubeEff system implementation, the Kairouan plain, Djerid Oasis and Ain el
Kerma aquifers, which initially had high ratings, remain at the top of the ranking under all
of the scenarios and the ranking of the last three shallow aquifers, namely the Hencha, Ain
Bou Mourra and Haute-Joumine aquifers, remain almost the same.

For the SmaIrriCubeAcc, the sensitivity analysis scenarios also give the same results in
terms of the ranking order of the alternatives, where the Djerid Oasis, Nefzaoua Southern
and Gabes South aquifers maintain the top three rankings and the Oeud Sejnane, Kef Abed
and Haut-Joumine aquifers remain the lower ranked alternatives.

It may be inferred that the selected SMART approach is quite robust and the decision-
making process was not found to be highly influenced by slight variations in the weights of
groundwater salinity, groundwater quantity, global horizontal irradiation and agricultural
criteria, one at time. This can prove the validity and credibility of the ranking results and
point towards successful use of the method in the future.

3.5. Evaluating the Removal Influence of Evaporation and Photovoltaic Modules from SmaIrriCube
System on Shallow Aquifers Ranking
3.5.1. Suitable Shallow Aquifers Ranking for Scenarios SmaIrriCubeEff-E0 and
SmaIrriCubeAcc-E0 Systems Implementation

Figure 6a,b present the spatial distribution of the suitability index after excluding the
evaporation module from the SmaIrriCubeEff and SmaIrriCubeAcc systems, respectively.

The SmaIrriCubeEff-E0 suitability map shows that the most suitable shallow aquifers
are located in the central-west and the Cap Bon peninsula, while the least suitable are found
mainly in the northern part of the country. The aquifers in the south and central-east of
the country are characterized by a moderate suitability (Figure 6a). The SmaIrriCubeAcc-E0
suitability map illustrates that the south, central-east and Cap Bon peninsula aquifers are
categorized from high to very high suitability. The aquifers in the central-west and the
northern area have the lowest suitability (Figure 6b).

Compared with the results of Section 3.3, the Si ranges increased slightly to 0.09–0.71
for the SmaIrriCubeEff-E0 scenario, and to 0.09–0.66 for SmaIrriCubeAcc-E0. Figures 5 and 6
show that disregarding the “Evaporation” criterion noticeably changes the ranking alterna-
tives. The south and central aquifers are more affected by this criterion than the northern
aquifers, as the evaporation rate in these areas is important, exceeding 2000 mm/year.
(Figure 4c).

For the SmaIrriCubeEff-E0 scenario, the results in Table 6 indicate that the Kairouan
Plain aquifer maintains the top ranking, with an Si of 0.71. The second and the third position
in the ranking are occupied by the aquifers of Grombalia with an Si of 0.58, and Eastern
Coast with an Si of 0.57, respectively. Here, the removal of the “Evaporation” criterion from
the analysis significantly improves the ranking of the “Grombalia” and “Eastern Coast”
alternatives from 11th to 2nd and from 14th to 3rd position, respectively. The Hencha, Ain
Bou Mourra and Haut-Joumine aquifers are still ranked among the least preferable aquifers,
with only a slight change in the suitability index values. In addition, Table 6 indicates that
the aquifers of the Eastern Coast, Djerid Oasis and Kairouan plain become the top three
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most suitable shallow aquifers for the SmaIrriCubeAcc-E0 system installation, with Si values
of 0.66, 0.59 and 0.56, respectively. Here, disregarding the Evaporation criterion changes
the suitability order of the Eastern Coast and Kairouan plain aquifers, respectively from 5th
to 1st and 10th to 3rd position, and downgrades the priority order of Djerid Oasis aquifer
from first to second. The lower ranked alternatives are the aquifers of Meknas-Barkoukech,
Kef Abed and Haut Joumine.

Sustainability 2022, 14, x FOR PEER REVIEW 16 of 26 
 

SmaIrriCubeEff system implementation, the Kairouan plain, Djerid Oasis and Ain el Kerma 
aquifers, which initially had high ratings, remain at the top of the ranking under all of the 
scenarios and the ranking of the last three shallow aquifers, namely the Hencha, Ain Bou 
Mourra and Haute-Joumine aquifers, remain almost the same.  

For the SmaIrriCubeAcc, the sensitivity analysis scenarios also give the same results in 
terms of the ranking order of the alternatives, where the Djerid Oasis, Nefzaoua Southern 
and Gabes South aquifers maintain the top three rankings and the Oeud Sejnane, Kef 
Abed and Haut-Joumine aquifers remain the lower ranked alternatives.  

It may be inferred that the selected SMART approach is quite robust and the decision-
making process was not found to be highly influenced by slight variations in the weights 
of groundwater salinity, groundwater quantity, global horizontal irradiation and agricul-
tural criteria, one at time. This can prove the validity and credibility of the ranking results 
and point towards successful use of the method in the future. 

3.5. Evaluating the Removal Influence of Evaporation and Photovoltaic Modules from SmaIr-
riCube System on Shallow Aquifers Ranking 
3.5.1. Suitable Shallow Aquifers Ranking for Scenarios SmaIrriCubeEff-E0 and SmaIr-
riCubeAcc-E0 Systems Implementation 

Figure 6a,b present the spatial distribution of the suitability index after excluding the 
evaporation module from the SmaIrriCubeEff and SmaIrriCubeAcc systems, respectively.  

  
(a) (b) 

Figure 6. Spatial distribution of suitability index variation for the implantation of (a) SmaIrriCubeEff-

E0 and (b) SmaIrriCubeAcc-E0 systems. 

The SmaIrriCubeEff-E0 suitability map shows that the most suitable shallow aquifers 
are located in the central-west and the Cap Bon peninsula, while the least suitable are 
found mainly in the northern part of the country. The aquifers in the south and central-
east of the country are characterized by a moderate suitability (Figure 6a). The SmaIr-
riCubeAcc-E0 suitability map illustrates that the south, central-east and Cap Bon peninsula 

Figure 6. Spatial distribution of suitability index variation for the implantation of (a) SmaIrriCubeEff-E0

and (b) SmaIrriCubeAcc-E0 systems.

Table 6. Suitability index values of eight chosen alternatives, from the best ranked to the worst
shallow aquifer for SmaIrriCubeEff-E0 and SmaIrriCubeAcc-E0 scenarios.

Rank
SmaIrriCubeEff-E0 SmaIrriCubeAcc-E0

Shallow Aquifer Name Si Shallow Aquifer Name Si

Best
ranked
aquifers

Kairouan Plain (Kairouan) 0.71 Eastern Coast (Nabeul) 0.66

Grombalia (Nabeul) 0.58 Djerid Oasis (Tozeur) 0.59

Eastern Coast (Nabeul) 0.57 Kairouan Plain (Kairouan) 0.56

Oum Laksab (Gafsa-Kasserine) 0.51 Gafsa North (Gafsa) 0.53

Upstream Sidi Bouzid (Sidi Bouzid) 0.51 Grombalia (Tataouin) 0.52

Worst
ranked
aquifers

El Bouajer (Kasserine) 0.18 Meknas-Barkoukech (Jandouba) 0.14

Ain Bou Mourra (Kasserine) 0.17 Kef Abed (Bizerte) 0.13

Haute Joumine (Bizerte) 0.09 Haut Joumine (Bizerte) 0.09

3.5.2. Suitable Shallow Aquifer Ranking for Scenarios SmaIrriCubeEff-PV0 and
SmaIrriCubeAcc-PV0 Systems Implementation

The spatial distribution of the suitability index values after excluding the solar pho-
tovoltaic module from SmaIrriCubeEff and SmaIrriCubeAcc are presented in Figure 7a,b,
respectively.



Sustainability 2022, 14, 8113 17 of 25Sustainability 2022, 14, x FOR PEER REVIEW 18 of 26 
 

  
(a) (b) 

Figure 7. Spatial distribution of suitability index variation for the implementation of (a) SmaIr-
riCubeEff-PV0 and (b) SmaIrriCubeAcc-PV0 systems. 

The suitability maps of SmaIrriCubeEff-PV0 and SmaIrriCubeEff-PV0 show a slight varia-
tion in the Si ranges and a significant change in the suitable aquifers order compared to 
the original SmaIrriCubeEff and SmaIrriCubeAcc scenarios (Section 3.3). In fact, the Si varies 
from 0.05 to 0.70 for the SmaIrriCubeEff-PV0 scenario and from 0.05 to 0.62 for the SmaIr-
riCubeAcc-PV0 scenario. The visual analysis of Figure 7a,b show that the aquifers located in 
the south and center are the most sensitive to the removal of the energy photovoltaic mod-
ule, i.e., the elimination of the criteria “Global Horizontal Irradiation” and “Temperature”, 
as these areas are characterized by a high solar irradiation exceeding 5.20 kWh/m2/year, 
and a high temperature above 20 °C (Figure 4a,b).  

As illustrated in Table 7 for the SmaIrriCubeEff-PV0 scenario, a considerable change in 
the ranking of aquifers is noted, except for the Kairouan Plain aquifer, which maintains 
the highest position with an Si of 0.70, followed by the Grombalia aquifer (from 11th to 2nd 
position) with an Si of 0.53 and the Eastern Coast aquifer (from 14th to 3rd position) with 
an Si of 0.50. The least preferable aquifers remain the Hencha, Ain Bou Mourra and Haute 
Joumine with slight changes in their suitability index values.  

For the SmaIrriCubeAcc-PV0 scenario, the top three ranking alternatives become the aq-
uifers of Eastern Coast (from fifth to first position), the Oasis of Djerid (from first to second 
position) and Kairouan Plain (from 10th to 3rd position) with an Si of 0.62, 0.61 and 0.54, 
respectively. The aquifers of Oeud B. Hassine, Kef Abed and Haute Joumine are the bot-
tom ranking alternatives, with an Si lower than 0.11.  

Table 7. Suitability index values of eight chosen alternatives, from the best ranked to the worst 
shallow aquifer for SmaIrriCubeEff-PV0 and SmaIrriCubeAcc-PV0 scenarios. 

Rank  
SmaIrriCubeEff-PV0 SmaIrriCubeAcc-PV0 

Shallow Aquifer Name Si Shallow Aquifer Name Si 
Kairouan Plain (Kairouan) 0.70 Eastern Coast (Nabeul) 0.62 

Grombalia (Nabeul) 0.55 Djerid Oasis (Tozeur) 0.61 

Figure 7. Spatial distribution of suitability index variation for the implementation of (a) SmaIrriCubeEff-PV0

and (b) SmaIrriCubeAcc-PV0 systems.

The suitability maps of SmaIrriCubeEff-PV0 and SmaIrriCubeEff-PV0 show a slight vari-
ation in the Si ranges and a significant change in the suitable aquifers order compared
to the original SmaIrriCubeEff and SmaIrriCubeAcc scenarios (Section 3.3). In fact, the Si
varies from 0.05 to 0.70 for the SmaIrriCubeEff-PV0 scenario and from 0.05 to 0.62 for the
SmaIrriCubeAcc-PV0 scenario. The visual analysis of Figure 7a,b show that the aquifers
located in the south and center are the most sensitive to the removal of the energy pho-
tovoltaic module, i.e., the elimination of the criteria “Global Horizontal Irradiation” and
“Temperature”, as these areas are characterized by a high solar irradiation exceeding
5.20 kWh/m2/year, and a high temperature above 20 ◦C (Figure 4a,b).

As illustrated in Table 7 for the SmaIrriCubeEff-PV0 scenario, a considerable change in
the ranking of aquifers is noted, except for the Kairouan Plain aquifer, which maintains the
highest position with an Si of 0.70, followed by the Grombalia aquifer (from 11th to 2nd
position) with an Si of 0.53 and the Eastern Coast aquifer (from 14th to 3rd position) with
an Si of 0.50. The least preferable aquifers remain the Hencha, Ain Bou Mourra and Haute
Joumine with slight changes in their suitability index values.

For the SmaIrriCubeAcc-PV0 scenario, the top three ranking alternatives become the
aquifers of Eastern Coast (from fifth to first position), the Oasis of Djerid (from first to
second position) and Kairouan Plain (from 10th to 3rd position) with an Si of 0.62, 0.61 and
0.54, respectively. The aquifers of Oeud B. Hassine, Kef Abed and Haute Joumine are the
bottom ranking alternatives, with an Si lower than 0.11.



Sustainability 2022, 14, 8113 18 of 25

Table 7. Suitability index values of eight chosen alternatives, from the best ranked to the worst
shallow aquifer for SmaIrriCubeEff-PV0 and SmaIrriCubeAcc-PV0 scenarios.

Rank
SmaIrriCubeEff-PV0 SmaIrriCubeAcc-PV0

Shallow Aquifer Name Si Shallow Aquifer Name Si

Best
ranked
aquifers

Kairouan Plain (Kairouan) 0.70 Eastern Coast (Nabeul) 0.62

Grombalia (Nabeul) 0.55 Djerid Oasis (Tozeur) 0.61

Eastern Coast (Nabeul) 0.53 Kairouan Plain (Kairouan) 0.54

Djerid Oasis (Tozeur) 0.49 Gabes south (Gabes) 0.53

Kasserine plain (Kasserine) 0.49 Nefzaoua Southern (Kebili) 0.52

Worst
ranked
aquifers

Ain Bou Mourra (Kasserine) 0.15 Oeud B. Hassine (Bizerte) 0.11

Hencha (Sfax-Mahdia) 0.13 Kef Abed (Bizerte) 0.11

Haute Joumine (Bizerte) 0.05 Haut Joumine (Bizerte) 0.05

3.5.3. Suitable Shallow Aquifer Ranking for System Implementation for
SmaIrriCubeEff-E0-PV0 and SmaIrriCubeAcc-E0-PV0 Scenarios

Figure 8a,b present the spatial distribution of suitability index after discarding both the
evaporation and solar photovoltaic modules from the SmaIrriCubeEff and SmaIrriCubeAcc
systems.
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The suitability map for the SmaIrriCubeEff-E0-PV0 shows that some shallow aquifers in
central-west and the Cap Bon peninsula are categorized by high to very high suitability.
The aquifers in the extreme north and some in the center have moderate suitability, while
the aquifers in the south and central-east of the country are characterized by low suitability.
In comparison with the original SmaIrriCubeEff and SmaIrriCubeAcc scenarios (Section 3.3),
the suitability maps of the SmaIrriCubeEff-E0-PV0 and SmaIrriCubeAcc-E0-PV0 show slightly
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variations in the Si ranges and a significant change in the order of suitability. In fact, Si
varies from 0.04 to 0.80 for the SmaIrriCubeEff-E0-PV0 scenario, and from 0.04 to 0.78 for
the SmaIrriCubeAcc-E0-PV0 scenario. The visual analysis of Figure 8 show that the aquifers
located in the southern part are the most sensitive alternatives to the elimination of the
evaporation and solar photovoltaic modules, as these areas are characterized by a significant
solar irradiation, a high temperature and evaporation rate. Thus, the Global Horizontal
Irradiation, Temperature and Evaporation criteria have a great effect on the result of the
aquifers’ suitability ranking.

Table 8 shows that for the SmaIrriCubeEff-E0-PV0 scenario, the Eastern Coast, Grombalia
and Kairouan Plain aquifers are the top three ranking alternatives, with an Si higher than
0.60. For the SmaIrriCubeAcc-E0-PV0 scenario, the Eastern Coast, Grombalia and Kairouan
Plain aquifers are the top three ranking alternatives, with Si values of 0.78, 0.59 and
0.59, respectively. The Ain Bou Mourra, El Bouajer and Haute Joumine aquifers are the
bottom ranking alternatives in the two scenarios, with only slight changes in the suitability
index values.

Table 8. Suitability index values of eight selected alternatives, from the best ranked to the worst
shallow aquifer for SmaIrriCubeEff-E0-PV0 and SmaIrriCubeAcc-E0-PV0 scenarios.

Rank
SmaIrriCubeEff-E0-PV0 SmaIrriCubeAcc-E0-PV0

Shallow Aquifer Name Si Shallow Aquifer Name Si

Best
ranked
aquifers

Kairouan Plain (Kairouan) 0.80 Eastern Coast (Nabeul) 0.78

Grombalia (Nabeul) 0.68 Grombalia (Nabeul) 0.59

Eastern Coast (Nabeul) 0.66 Kairouan Plain (Kairouan) 0.59

Middle valley of Medjerda (Jandouba-Baja) 0.55 Oasis of Djerid (Tozeur) 0.57

El Haouaria Plain (Nabeul) 0.54 Oeud Chafrou (Manouba) 0.51

Worst
ranked
aquifers

Ain Bou Mourra (Kasserine) 0.15 Ain Bou Mourra (Kairouan) 0.07

El Bouajer (Kasserine) 0.13 El Bouajer (Kasserine) 0.05

Haute Joumine (Bizerte) 0.05 Haut Joumine (Bizerte) 0.04

4. Discussion

The methodology applied is a simple but efficient MCDA tool, aimed at selecting
the suitable aquifers for on-farm PV desalination units for irrigation, and ranking them
according to multiple criteria. The methodology is established to be used in different
countries and regions of the world, and not limited to Tunisia. The criteria selected and the
weights given were based on international literature and experts from different technical
and research fields and from different countries from Europe and North Africa. The WSM
aggregation method is simple and successfully employed in different scientific disciplines
and regions over the world. The spatial data used are easy to get for most of the globe and
many of them, such as GHI, are available on the web for free. However, considering the local
conditions to set the minimum and the maximum values in the process of normalization
does not allow for a comparison of the suitability index outcomes between different study
areas across the world, but only between sites or aquifers in the studied spatial extent; such
as the Tunisian aquifers, in our case.

This work, being the first one carried out at a national level, considering the aquifer
as an elementary unit, and taking into account all of the components of the desalination
system, is of special interest for Tunisia. It provides elements to help with the introduction
of on-farm PV desalination technology as an unconventional water supply option for
agriculture, and to establish legislative rules for brine disposal.

Integrating this option into the national water strategy is a matter of time because of
the lamentable water situation in many of the Tunisian phreatic aquifers. However, the use
of desalted brackish water for agriculture drives a drastic, imminent increase in the demand
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for groundwater resources; thus, compromising the fragile aquifers system through over-
drafting, seawater intrusion and other environmental negative impacts. Therefore, it is
important to deal with groundwater desalination carefully and to consider this option
as the last resort and the ultimate solution in an integrated water resource management
framework. Indeed, some of the semi-arid countries in the world have adopted the on-farm
desalination system, especially Spain. To tackle the scarcity of water in the south part of
the country, the on-farm desalination of brackish water was implemented since 2004 and
considered as an economically more viable and socially more acceptable solution than a
water inter-basins transfer scenario [54]. Because of the high demand for groundwater,
causing high aquifer depletion and water quality deterioration, this practice is currently
reaching its limit and it is massively abandoned by the farmers [54].

The evaporation pond is an interesting environmental solution for the brine disposal
however not considering this option in the MCA approach highlights the important changes
in the ranking of Tunisian aquifers for the desalination system. It is less effective in certain
regions, especially in the north east where evaporation is lower and where land is fertile
and more expensive. It is possible to find other more effective solutions that could be more
attractive for the farmers, such as surface water discharge (river or sea) and deep well
injection [55,56]. However, these options are very site-specific and should be preceded by
environmental impact studies and need approval from the local or national authorities in
order to avoid the negative impact on the environment [57,58].

5. Conclusions

The GIS-based multi-criteria decision analysis (MCDA-GIS) was used to identify and
rank the suitable shallow aquifers where the SmaIrriCube system, a novel small-scale
solar PV desalination system, is technically suitable, economically feasible, and practically
efficient by considering a significant number of criteria encompassing climate, water
resources, topography and land use.

The overall results indicate that 188 from 204 shallow aquifers are identified as un-
suitable for the implementation of the SmaIrriCube system. The results highlight the
great potential of the Kairouan Plain, Djerid Oasis and Oum Laksab aquifers for future
SmaIrriCubeEff system implementation, due to lower groundwater salinity and higher
solar irradiation, evaporation rate and groundwater availability. Meanwhile, the aquifers
of Djerid Oasis, Nefzaoua Southern and Gabes South are more suitable for the SmaIr-
riCubeAcc system installation. This is may be explained by the higher global horizontal
irradiation, evaporation rate and groundwater availability. The removal of the evaporation
and solar photovoltaic modules from the SmaIrriCubeAcc and SmaIrriCubeEff significantly
affected the ranking of the southern and central aquifers, as they are the most sensitive to
the solar irradiation, temperature and evaporation criteria.

Therefore, the developed MCDA-GIS methodology could be adapted to similar anal-
yses for other regions and is useful for assessing the aquifer suitability for other solar
desalination technologies at a farm scale, while carefully identifying the appropriate crite-
ria for the local context and the particular preferences of the decision-makers. This research
is an aquifer-scale assessment for future SmaIrriCube system set up. In the case of an actual
implementation project, a specific, detailed site-selection analysis must be carried out, with
more comprehensive criteria and enhanced data.
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Appendix A

Table A1. Weight of criteria after varying “evaporation” dimension using SMART method.

Criteria Original Wi −20% Wi −10% Wi +10% Wi +20% Wi

Well density 0.020 0.025 0.023 0.017 0.014
Slope 0.030 0.035 0.033 0.027 0.024

Temperature 0.040 0.045 0.042 0.037 0.034
Evaporation 0.178 0.139 0.158 0.198 0.218

Agricultural area 0.178 0.184 0.181 0.175 0.173
Global horizontal

irradiation 0.178 0.184 0.181 0.175 0.173

Groundwater quantity 0.178 0.184 0.181 0.175 0.173
Groundwater salinity 0.198 0.204 0.201 0.195 0.192

Total 1.000 1.000 1.000 1.000 1.000

Table A2. Weight of criteria after varying “agriculture area” dimension using SMART method.

Criteria Original Wi −20% Wi −10% Wi +10% Wi +20% Wi

Well density 0.020 0.025 0.023 0.017 0.014
Slope 0.030 0.035 0.033 0.027 0.024

Temperature 0.040 0.045 0.042 0.037 0.034
Evaporation 0.178 0.184 0.181 0.175 0.73

Agricultural area 0.178 0.139 0.158 0.198 0.218
Global horizontal

irradiation 0.178 0.184 0.181 0.175 0.173

Groundwater quantity 0.178 0.184 0.181 0.175 0.173
Groundwater salinity 0.198 0.204 0.201 0.195 0.192

Total 1.000 1.000 1.000 1.000 1.000

Table A3. Weight of criteria after varying “global horizontal irradiation” dimension using SMART
method.

Criteria Original Wi −20% Wi −10% Wi +10% Wi +20% Wi

Well density 0.020 0.025 0.023 0.017 0.014
Slope 0.030 0.035 0.033 0.027 0.024

Temperature 0.040 0.045 0.042 0.037 0.034
Evaporation 0.178 0.184 0.181 0.175 0.173

Agricultural area 0.178 0.184 0.181 0.175 0.173
Global horizontal

irradiation 0.178 0.139 0.158 0.198 0.218

Groundwater quantity 0.178 0.184 0.181 0.175 0.173
Groundwater salinity 0.198 0.204 0.201 0.195 0.192

Total 1.000 1.000 1.000 1.000 1.000
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Table A4. Weight of criteria after varying “groundwater quantity” dimension using SMART method.

Criteria Original Wi −20% Wi −10% Wi +10% Wi +20% Wi

Well density 0.020 0.025 0.023 0.017 0.014
Slope 0.030 0.035 0.033 0.027 0.024

Temperature 0.040 0.045 0.042 0.037 0.034
Evaporation 0.178 0.184 0.181 0.175 0.173

Agricultural area 0.178 0.184 0.181 0.175 0.173
Global horizontal

irradiation 0.178 0.184 0.181 0.175 0.173

Groundwater quantity 0.178 0.139 0.158 0.198 0.218
Groundwater salinity 0.198 0.204 0.201 0.195 0.192

Total 1.000 1.000 1.000 1.000 1.000

Table A5. Weight of criteria after varying “groundwater salinity” dimension using SMART method.

Criteria Original Wi −20% Wi −10% Wi +10% Wi +20% Wi

Well density 0.020 0.025 0.023 0.017 0.014
Slope 0.030 0.035 0.033 0.027 0.024

Temperature 0.040 0.045 0.042 0.037 0.034
Evaporation 0.178 0.184 0.181 0.175 0.173

Agricultural area 0.178 0.184 0.181 0.175 0.173
Global horizontal

irradiation 0.178 0.184 0.181 0.175 0.173

Groundwater quantity 0.178 0.184 0.181 0.175 0.173
Groundwater salinity 0.198 0.158 0.178 0.218 0.238

Total 1.000 1.000 1.000 1.000 1.000

Appendix B

Table A6. Spearman’s rank correlation coefficient for Evaporation criterion variation.

Original Model
Sensitivity Analysis Scenarios

−20% Wi −10% Wi +10% Wi +20% Wi

SmaIrriCubeEff 0.89 0.97 0.98 0.87
SmaIrriCubeAcc 0.90 0.99 1.00 0.89

Table A7. Spearman’s rank correlation coefficient for agriculture area criterion variation.

Original Model
Sensitivity Analysis Scenarios

−20% Wi −10% Wi +10% Wi +20% Wi

SmaIrriCubeEff 0.89 0.95 0.99 0.93
SmaIrriCubeAcc 0.86 0.97 0.99 0.99

Table A8. Spearman’s rank correlation coefficient for global horizontal irradiation criterion variation.

Original Model
Sensitivity Analysis Scenarios

−20% Wi −10% Wi +10% Wi +20% Wi

SmaIrriCubeEff 0.85 0.96 0.97 0.89
SmaIrriCubeAcc 0.98 0.90 0.99 0.94

Table A9. Spearman’s rank correlation coefficient for groundwater quantity criterion variation.

Original Model
Sensitivity Analysis Scenarios

−20% Wi −10% Wi +10% Wi +20% Wi

SmaIrriCubeEff 0.88 0.97 0.98 0.86
SmaIrriCubeAcc 0.89 0.99 0.99 0.97
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Table A10. Spearman’s rank correlation coefficient for groundwater salinity criterion variation.

Original Model
Sensitivity Analysis Scenarios

−20% Wi −10% Wi +10% Wi +20% Wi

SmaIrriCubeEff 0.86 0.96 0.98 0.89
SmaIrriCubeAcc 0.87 0.98 0.99 0.90
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