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Abstract: Water security is a hot topic all over the world, due to global warming, climate change,
natural calamities such as droughts and floods, overuse of water, and other factors. Water issues
have been scientifically investigated from several perspectives, namely institutional, economic, social,
environmental, managerial, and technological. However, the technological aspects of irrigation
and water supply for smallholder farmers in the Mediterranean region have not been adequately
addressed. This paper explores irrigation and water supply technologies for smallholder farmers
in the selected Mediterranean countries (Egypt, Malta, Morocco, and Portugal). The methods
of analysis are literature review, fieldwork, and observation. The literature survey reveals that
Mediterranean countries share many common features in terms of climate, water and land resources,
and development issues. Nevertheless, the selected countries in the Mediterranean region (Egypt,
Malta, Morocco, and Portugal) differ in terms of type of crops, water management regulations, labor
force availability, financial sustainability, and economic approaches. These remarks signal the need for
applying a specific approach in selecting a technology for irrigation and water supply according to the
regional context. Additionally, the financial and economic perspectives of the three key technologies
(i.e., SLECI, desalination technology, and engineering constructed wetlands) require further analysis.

Keywords: agriculture; water-saving irrigation technologies; desalination technology; engineering
constructed wetland; irrigation efficiency; Mediterranean region; self-regulating low energy claytube
irrigation (SLECI); smallholder farmers; sustainable development; water scarcity; water supply

1. Introduction

Water scarcity is a critical issue for the agricultural sector in the Mediterranean region.
The implementation of smart technology transfer mechanisms is expected to help, on
the one hand, to increase the efficiency of irrigation systems and, on the other hand, to
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anticipate the effects of climate change, namely prolonged periods of extreme drought and
consequent water rationing [1]. There are 24 Mediterranean countries in total; this paper
focuses on Egypt, Malta, Morocco, and Portugal. The selection of these four countries is
based on their participation in the MED-WET project “Improving MEDiterranean irrigation
and Water supply for smallholder farmers by providing Efficient, low-cost and nature-based
Technologies and practices”, supported by the Partnership for Research and Innovation in
the Mediterranean Area (PRIMA) program [2]. This three-year project started in November
2021 and is currently in the process of installing the irrigation technologies in pilot sites in
Malta, Morocco, and Portugal.

The MED-WET project was developed to ultimately improve the irrigation efficiency
of smallholder farmers in the Mediterranean region, particularly through the optimal use
of scarce water resources for lasting food and water security [2]. This will be done, amongst
other methods, by:

1. Developing new irrigation technologies and solutions widely applicable for small-
holder farmers;

2. Equipping smallholder farmers with knowledge and skills to install, adapt and operate
more efficient and effective irrigation options;

3. Increasing irrigation water availability from salinized and secondary sources;
4. Enhancing farm profitability and environmental footprint of pilot farming practices.

For this to be achieved, three major technologies will be utilized in the project. The
“SLECI” (Self-regulating, Low Energy, Clay based Irrigation) technology is a self-regulating
subsurface irrigation technique that uses the actual suction force of the surrounding soil
for regulation of the system’s water release via clay tubes. Its concept, production and
installation are simple, and thus adaptable to rural environments saving on water and
energy. The project will investigate its performance in a variety of local conditions and
in combination with various (reclaimed) irrigation waters. The second technology is a
simple desalination system that will be used on saline and low-grade water to recuperate
freshwater suitable for crop irrigation. Lastly, productive constructed wetlands will be
used for wastewater reuse and its transformation into reclaimed irrigation water.

During the last decades, and in the face of climate change and environmental vari-
ability, agriculture has been forced to implement measures to increase efficiency and
productivity, at the expense of resilience. Indeed, agricultural intensification (associated
with intensive monoculture) has caused major impacts on environmental sustainability,
such as landscape homogenization, soil contamination, and biodiversity reduction, through
the widespread use of fertilizers, phytopharmaceuticals, and other resources [1]. Currently,
it is common to find significant loss of production and/or increased costs due to the loss
of biodiversity. In addition to ensuring food security, the sector employs a considerable
share of the population and contributes significantly to the economy [1]. Agriculture is
facing a shrinking workforce, as well as increased consumer demand for more transparent,
sustainable, environmentally friendly, and high-quality products [3]. The new Common
Agricultural Policy, in line with the European Ecological Pact, is focused on environmental
protection, and will provide more incentives for bio-farmers who use the technique of culti-
vation without use of chemicals. Indeed, biodiversity plays a critical role in sustaining the
natural cycles essential to agricultural ecosystems, as well as in supporting the conservation
of ecological balance. It also promotes the emergence of new social and economic values,
such as the creation of organic products, nature tourism, and the vitality of society [3].
Although the climatic conditions in the Mediterranean area are suitable for growing a wide
variety of crops, irrigation is essential to maintaining consistent yields [3]. Thus, there is
an urgent need to change the production paradigm to minimize environmental impact
and promote local biodiversity without compromising productivity, with water availability
playing a major role in reaching this objective [3].

Water issues in farming in the Mediterranean region have been addressed from dif-
ferent perspectives. For concerted water governance, the social-ecological Systems (SES)
framework was developed [4]. Irrigation policies in the Mediterranean were revised [5].
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This research analyzed changing relationships between irrigation and the wider water sec-
tor based on supply- and demand-management options, recent technical and institutional
changes in the irrigation sector before turning to the importance of economic dimensions,
and context [5]. Adaptations in irrigated agriculture in the Mediterranean region revealed
that both biophysical and socioeconomic factors determine the context in which adaptations
are implemented, and that considerable spatial variability in the area exists [1].

Water security is becoming a hot topic all over the world. Global warming, climate
change, natural calamities such as droughts and floods, overuse of water, and other fac-
tors, exacerbate the situation with irrigation and water supply for smallholder farmers
in the Mediterranean region. In Figure 1, seasonal and annual climate evolution in the
Mediterranean region between 1950 and 2022 is demonstrated. Colors show the magnitude
of changes in precipitation (left) and potential evapotranspiration (right), in mm. Black
isolines represent areas with significant trends (p < 0.05) [6].
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Colors show the magnitude of changes in precipitation (left) and potential evapotranspiration (right),
in mm. Black isolines: areas with significant trends (p < 0.05) [6].

Meteorological conditions translate into medium-to-high values of the RDrI-Agri (Risk
of Drought Impact for Agriculture) in a wide region along the coast of northern Africa,
including Morocco [7]. RDrI-Agri ranges from low to medium values in central Portugal as
shown in Figure 2 [7].
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Drought vulnerability in northern Africa is significantly higher, due to their lower
GDP and a larger part of their society being dependent on rain-fed agriculture [4].

In the past decade, the policy of economical use of irrigation water has become a cen-
tral issue in many irrigated regions of the Mediterranean [5,8], which face aging irrigation
infrastructure, shortage of water needed for irrigation, climate change (drought), and pop-
ulation growth impacting food security. Thus, the Mediterranean strategy for sustainable
development invests in the management of water demand through the improvement of
agronomic and economic efficiency [4,9,10]. This encourages better use of existing wa-
ter supplies aimed at increasing water saving and benefiting from a new technique for
mobilizing water in irrigation.

The analysis of previous research confirms that a variety of water issues such as
irrigation, water governance and irrigated agriculture was discussed. The water issues
were investigated from a holistic point of view, although the technological aspects of
irrigation and water supply for smallholder farmers in the Mediterranean region still
remain under-explored.

The approaches to solving irrigation and water supply problems should be brought in
line with the current situation in the countries concerned. This must be considered from
economic and environmental perspectives, which are directly related to climate change,
pollution, and other related environmental aspects, i.e., new technologies targeted to cleaner
production and sustainable development.

The current international research program, discussed in this paper, is intended to
provide all stakeholders involved in irrigation and water supply initiatives in the Mediter-
ranean region with a sound foundation for analysis of the conditions and resources available
for smallholder farmers. The research study is being implemented from 2021 to 2024.

The purpose of the paper is to explore irrigation and water supply for smallholder
farmers in the four Mediterranean countries represented in the international project MED-
WET. Our initial findings refer to the use of key technologies, namely SLECI, desalination
technology, and engineering constructed wetland, for irrigation and water supply for
smallholder farmers in the Mediterranean region. Our initial findings are based on the
analysis of nature conditions and natural resources in the selected Mediterranean countries
(Egypt, Malta, Morocco, and Portugal).
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2. Materials and Methods

Literature review was selected, as it serves as the ground for future research and
theory [11]. A narrative literature review [12] is performed in this work, allowing for
assessment of multiple perspectives (e.g., researchers, smallholder farmers, entrepreneurs,
businessmen, policy makers, governmental representatives, etc.), where the studies were
carried out, and what study gaps there seem to be.

The narrative analysis draws a detailed and holistic picture of the analysis of nature
conditions and natural resources in the selected Mediterranean countries that impact
irrigation and water supply. The review establishes what technologies support irrigation
and water supply for smallholder farmers in Egypt, Malta, Morocco, and Portugal.

As a method of data collection, hybrid (conventional and online) fieldwork is to be
implemented [13]. According to Baczko and Dorronsoro [14], the practice of fieldwork
tends to empower researchers, lets them produce their own hypotheses, and puts distance
between themselves and the sorts of Taylorism making a strong comeback. It should be
pointed out that Taylorism refers to the management science focused on the improvement
of an organization’s economic efficiency through the analysis of relationships between
engineering processes and labor productivity. Fieldwork implies the collection of data in
a real environment, compared to a survey, allowing for the observation of phenomena in
their real-life conditions and cultural circumstances [14]. Observation is a highly effective
method of obtaining qualitative data, utilizing several techniques, namely respondent
interviews and self-analysis [15,16]. Moreover, observation contributes to a more adequate
picture that emerges of the research setting as a social system described from several
participants’ perspectives [17].

The current study uses a conceptual framework [18] combining soil type, crop types
and other factors.

2.1. Soil Type

In natural conditions, soil type can be identified as the most important factor because
some soils (essentially sandy ones) have a higher infiltration rate, so they need more regular,
but smaller, amounts of water. However, in the case that there is a variety of soils within a
single irrigation scheme, sprinkler or drip irrigation are recommended. We then have the
slope condition, which would influence the selection of sprinkler or drip irrigation. Then
we must consider the climate condition because strong winds, for example, can disturb the
spray of water sprinklers.

2.2. Crop Types

When considering the type of crop factor, sprinkler and drip irrigation are mostly used
for high-value crops, such as vegetables and fruit trees, due to their high investment per
hectare. Drip irrigation is better suited to single trees or row crops.

2.3. Farmer Experience

The previous experience with irrigation must also be considered, because an in-
experienced farmer or producer using irrigation technologies can lead to unexpected
complications in the process, and then the costs would be higher than the benefits.

The required labor inputs must be considered, since technologies always require
some level of labor cost for installation, operation, and maintenance. For example, high-
performance surface irrigation requires accurate land leveling, and a high level of farmer’s
organization to operate the system as effectively as possible. Drip and sprinkler irrigation
also requires regular maintenance to perform adequately.

Then, the cost and benefits of the process must be considered. Before choosing an
irrigation method, the costs must be estimated for all the viable options. The construction,
installation, and operation and maintenance costs must be considered when estimating the
expected benefits of the of yield increasing from technical changes.
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Materials available for our investigation were a determining factor in the implementa-
tion of methods of analysis.

Mediterranean countries share many common features in terms of climate, water,
and land resources, as well as development issues [19]. These include arid and semi-arid
climate, limited water resources, agricultural development limited by water availability,
and high economic and social value of water [19].

3. Results

This section gives an overview of the results obtained within the investigation carried out
in each selected country. Table 1 presents the summary of the four countries’ characteristics.

Table 1. The summary of the four countries’ characteristics.

Characteristics Egypt Malta Morocco Portugal

Nature conditions Desert Semi-arid and calcareous,
sandy, loamy, clay soil

Semi-arid and
silty-clay soil

Arid, acidic, and sandy,
rocky soil

Historical evolution of
irrigation and
water supply

From the fixed fresh
surface waters to virtual

water imports

Rainfall, groundwater,
reverse osmosis,

new water

From well water through
dam water to saved water

From a set of hydroelectric
concessions to integrated

management of water
resources and ecosystems

Main irrigation
technologies

Engineering constructed
wetland

Drip-irrigation
technologies

Superficial drip
irrigation system

Conventional drip system,
including nano-irrigation

3.1. Egypt
3.1.1. Nature Conditions

The primary source of irrigation in Egypt is the river Nile. The maximum quantity
of fresh water that Egypt can use from the Nile River is fixed at 55.5 billion m3 annually.
However, with increasing demand, dependency on groundwater has grown over the
years. In 2018, non-renewable deep groundwater resources and shallow groundwater
abstraction in the Nile Valley and Delta were 2.1 and 7.5 billion m3/year, respectively.
Shallow groundwater is found in the Nile Delta aquifer, a semi-confined aquifer that is
at high risk of salinization, and yet pumping is uncontrolled. The aquifer is recharged by
infiltration from excess irrigation estimated between 0.25 and 0.8 mm/day, and by seepage
from the irrigation canal system, while some other canals are recharged by groundwater
leakage. On the other hand, deep groundwater is found in western and eastern deserts as
well as in Sinai, at depths of over 600 m, with reasonable quality for human use [20].

In Egypt, due to the aridity and limited freshwater resources, the total cultivated area
mainly using surface irrigation is about 3.5% of the total area of the country. The overall
water use efficiency in Egypt reaches over 75%. The Nile Delta contains about 65% of
irrigated land in Egypt [21]. The agricultural sector is the main consumer of surface water
and groundwater (GW). Surface water being used for irrigated agriculture accounts for
about 85% of the total surface water available, while GW for agriculture accounts for about
80% of total groundwater withdrawals. The escalating rate of GW abstraction resulted
in seawater intrusion and soil salinization of some northern parts of the Nile Delta. In
addition to over-abstraction, sea level rise, temperature rise due to climate change, soil
formations, and changes in the flow of the Nile, also contribute to the salinization of the
aquifer [22].

The situation in the deserts of Egypt is different. The Nubian Sandstone Aquifer
System (NSAS) is one of the largest aquifer systems in the world, with an area of more than
2.0 million km2 crossing the borders, from largest to smallest spatial extent, of Egypt, Libya,
the Sudan, and Chad.

The study area under the MED-WET project (engineering constructed wetland pilot for
irrigation, planned to be developed, adopted by, and benefiting about 25,000 smallholder
farmers) is located in Sekem, as shown in Figure 3, for land Reclamation farms in El-Wahat
El-Baharia, Egypt, which is part of the Western desert within the domain of NSAS. So,
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the main source of irrigation and domestic water in the study area comes from the upper
NSAS aquifer.
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3.1.2. Historical Evolution of Irrigation and Water Supply in Egypt

The agriculture sector in Egypt uses about 63.0 billion m3 of water annually. About
40.0 billion m3/year are withdrawn for agriculture purposes from the fixed fresh surface
waters of the Nile River and its irrigation network. In addition, the coastal rainfall is in the
amount of about 1.3 billion m3/year. About 7.5 billion m3/year are abstracted from excess
agricultural return to the shallow groundwater within the Nile Valley and Delta. About
9.3 billion m3/year of agricultural drainage water is being reused in agriculture, in addition
to about 4.2 billion m3/year of treated wastewater being directly or indirectly reused in
agriculture. The remaining amount necessary for agriculture purposes is compensated
from withdrawals from non-renewable groundwater aquifers. Most of the Nile waters in
Egypt are used and recycled several times, to balance the water needs with the available
water resources.

The role of virtual water imports in achieving Egypt’s food security is fundamental. It
reflects on existing water policies and provides actions for those policies that would achieve
quick wins in the future. So far, Egypt imports virtual water (strategic crops and meats)
equivalent to the amount of 34 billion m3 of water every year [20]. The impacts of climate
change on the water sector in Egypt are severe, due not only to increasing population and
escalating temperature that boost water scarcity and evaporation, but also due to about
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97% of its water resources originating from other upstream Nile Riparian countries which
aim at exploiting more Nile water for its local sustainable development.

3.1.3. Main Irrigation Technologies in Egypt

With the surface water resources of Egypt currently fully exploited, and the ground-
water pumping reaching the maximum limit, the need for alternative water resources
has never been of more profound urgency than it is nowadays. Wastewater treatment
is listed at the top of those alternatives. Due to the technology involved, the cost of
wastewater reuse exceeds that of potable water in Egypt, like other regions of the world,
especially where a fresh water supply is conveniently available. However, service of
treated wastewater is usually subsided to citizens at below cost, in order to encour-
age its use. In 2014 it was recorded that Egypt produced about 7.0 billion m3/year of
wastewater [24], about 3.7 billion m3/year of which were untreated, 2.4 billion m3/year
of which were secondarily treated, 0.9 billion m3/year of which were primarily treated,
and only about 0.1 billion m3/year of which were tertiarily treated. Out of that total (about
3.4 billion m3/year) treated wastewater, only about 0.3 billion m3/year were reused di-
rectly for agriculture, while the remaining amount was disposed of to the national drainage
network where they were indirectly reused [25]. In 2017, according to HCWW (Holding
Company for Water Supply and Wastewater), about 96.6% of the collected wastewater
was safely treated. The Egyptian Code of practice for the reuse of treated wastewater for
agricultural purposes, ref. [26] issued by the Ministry of Housing, Utilities and Urban
Communities of Egypt, placed strict categorized safeguards and restrictions for the healthy
and sustainable uses of each grade (A, B, C, and D) of the treated wastewater [27].

Engineering constructed wetland treatment (CWT) as depicted in Figure 4 fits well
for the rural and desert communities because it is a low-cost (does not need energy nor
sophisticated technicians), natural-based, and efficient wastewater treatment technology.
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Also, it can be readily constructed in remote areas. CWT is efficient in treating
municipal effluents, agricultural drainage, and animal wastes, which are the most common
in such remote communities. CWT uses native special weeds, substrate, microorganisms
and aeriation weirs, to remove contaminants from wastewater by mimicking the processes
in natural wetland ecosystems with high efficiency.

3.2. Morocco
3.2.1. Nature Conditions

Morocco is one of the countries most threatened by water scarcity [28]. It is ranked
22nd among the countries most exposed to the risks of water insecurity. Water resources in
Morocco are under different pressures, namely the increase in water demand due to the
demographic explosion, recurrent droughts, irregular rain-fall because of climate change,
and finally the requirements of economic development [29].

Faced with the scarcity of water, the Moroccan State has gradually improved the
legislative mechanism governing the water sector (surface and underground), and in
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adapting to new constraints, whether they be climatic, technological, and/or economic [28].
For surface water, Morocco has invested heavily in building dams and infrastructure to meet
the country’s water needs, particularly those of irrigated agriculture [28]. The precipitation
received upstream of these basins totals about 19.3 billion m3, of which only 17.7 billion m3

can be mobilized [28]. Namely, 72% of the mobilizable waters are characteristic of the
Nordic, Riffian and central hydraulic dams of the country. The hydraulic dams of the south
contribute only 5% of the mobilizable water [28]. For groundwater, the exploitable potential
of groundwater is estimated at 4 billion m3/year.

The development of irrigation has led to the introduction of new production tech-
niques and technologies aimed at improving agricultural productivity. The adoption of
technological advances in irrigation has allowed for the considerable intensification of
agricultural production. However, because of the succession of drought years during
2010–2020, the hydraulic dams show a water deficit of nearly 45% compared to a year of
normal precipitation. In view of this water stress, the State decided from 1 October 2023, to
stop irrigation by the dams of the center (Provinces of Tadla and El Haouz) and the south
(Province of Souss-Massa and Darâa-Tafilalt). In this context of scarcity, the development of
technological keys to water control and management for efficient and sustainable irrigated
agriculture is desirable.

3.2.2. Historical Evolution of Irrigation and Water Supply in Morocco

Since 1956, when Morocco officially gained independence, irrigated agriculture re-
mains a priority sector for government efforts. The irrigated land occupies only 15% of
the cultivated area of the national acreages [30]. It contributes to a total value of 45% on
average of the agricultural added value, and supports 75% of agricultural exports [31].
However, before 2007, despite the important contribution of the agricultural sector to the
national GDP, its share in the budget of public investment remained limited [32]. This
deficit of public investment, associated with a deficit of private investment, partly due to
limited participation of the banking structure to finance the agricultural sector, had placed
agriculture in a spiral of low productivity, low incomes, and poverty. In addition, for a
long time, the sector was not properly diversified, with cereal production being the most
prevalent [33]. Furthermore, the agricultural sector experienced strong growth volatility
that negatively impacted the growth of the whole economy. The sector was also weakened
by the lack of human resources [34]. Agricultural professional organizations were poorly
organized and structured. Another identified problem was that these structures could not
meet the new requirements of modern agricultural problems [32]. In addition to these struc-
tural deficiencies, the environment sector can be characterized by the climatic change that
threatens the durability of the systems of production, in particular the modes of sustainable
use of water; the instability and volatility of the world markets of basic commodities that
resulted in the rise of increasing prices, for example, food crises in 2007–2008; and changes
in the global competing landscape, which lead to increasing requirements to the product
quality traceability by the customers.

In 2008, Moroccan agriculture had to choose a direction between stagnation and
a potential to mobilize and rehabilitate to solve the faced challenges. In this context,
the Department of Agriculture gave an impetus by formulating the strategy of the Green
Morocco Plan (PMV) in 2008 [35]. This strategy focused on the objective to make agriculture
an engine of economic and social development by the transformation of the agricultural
sector into a modern, competitive, and inclusive sector. The programs of subsidy and
reorganization through the specialized structures of the Regional Offices of Agricultural
Development (ORMVA) were initiated by the State. They supported the reorientation of
agriculture towards new techniques and farming methods, the promotion of the improved
and adapted crop varieties, and the development of irrigation techniques to save water.

To balance the supply of water resources and demand of irrigated agriculture, the
Green Morocco Plan adopted the policy of control and management of the water articulated
around four structuring programs:
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1. National Program of Saving Irrigation Water (NPSIW);
2. Program of Extension of Irrigation (PEI);
3. Program of the Rehabilitation and Safeguard of the Perimeters of Small and Average

Hydraulics (PMH);
4. Program of Promotion of the Public-Private Partnership (PPP).

3.2.3. Main Irrigation Technologies

Several types of irrigation techniques have been used in Morocco, including gravity
irrigation, sprinklers, and localized drip irrigation.

The gravity irrigation technique is used by small farmers. It uses an open channel that
brings water by gravity to smaller channels, irrigating the cultivated plots. This irrigation
system uses a lot of water, especially since a lot of it is lost through evaporation.

The sprinkler technique is practiced for large crops (cereals, legumes, etc.). This
irrigation is carried out as part of an integrated or underground irrigation system. Indeed,
the water circulates in underground pipes, and it goes out to mobile pipes which distribute
it to the crops via sprinkler systems. Water losses mainly by evaporation are linked to this
type of irrigation.

The localized drip irrigation technique is very economical in water use since it only
consumes what the plant needs. The water mobilized in the plot is brought directly to the
foot of the plant.

Micro-irrigation or localized irrigation is Morocco’s preferred technique for sustainable
agriculture, adapting to climate change, and saving water. “Crédit Agricole du Maroc”
has created a loan consisting of 80% pre-financing by a grant from the Agricultural De-
velopment Fund, and 20% depreciable loan. It thus encourages investment in economical
localized irrigation techniques with 100% coverage of investments for areas of less than
5 ha. A large drop-by-drop reconversion program has been launched as part of the Green
Morocco plan [28]. This program has contributed to the collective conversion of 57,500 Ha
to drip irrigation. In 2022, 32,600 farmers have benefited from this drop-by-drop conversion.
This is a possible solution to fill the significant rain deficit that impacts all agricultural
sectors in Morocco.

For a blue water economy, Morocco is investing in more effective, efficient, and
economical technological keys. For example, many desalination projects are underway. In
the context of water scarcity and economy, Morocco is studying an underground localized
irrigation system (SLECI), as part of the MED-WET project.

In Morocco, as part of this project based mainly on the evaluation of the performance
of the SLECI technology to improve irrigation efficiency for small farmers, the commitment
of small farmers was sought in the first place. For this reason, the Morocco team from
INRA and USMS adopts the participatory approach by involving officials from the National
Agricultural Advisory Office (ONCA), and farmers. After a series of visits and discussions
conducted by INRA team, we obtained a commitment of two small farmers and two INRA
researchers in two different ecological regions, namely Beni Mellal-Khénifra region and
Daraa-Tafilalt region (Hydraulic basin of Tadla) and Errachidia region (Hydraulic basin
Daraa-Tafilalt), as depicted in Figure 5.

In the Beni Mellal-Khénifra region there are three chosen sites distributed in the
provinces of Beni Mellal (INRA 1), Fqih Ben Saleh (Farmer 1 “Riad field”), and Aataouia-
Azilal (Farmer 2 “Ait Naceur Field”). For the Daraa-Tafilalt region and more specifically in
the province of Errachidia, there are the two INRA sites.

Today’s irrigation technologies can be divided into surface and subsurface irrigation.
In addition to well-known surface irrigation methods (e.g., basin irrigation), sprinkler
systems (e.g., spraying systems) characterize the picture of above-ground irrigation on
cultivated land. To reduce evaporation losses at the soil surface, subsurface irrigation
systems are also used, whose pipes are inserted in the soil. The benefit in reducing water
evaporation is ensured by micro-irrigation, in which only small parts of the soil are irrigated.
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So-called drippers are used, which are positioned above or below ground, as close to the
roots as possible.
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3.3. Portugal
3.3.1. Nature Conditions

When trying to access and study irrigation problems, one must first understand what
kind of climate characterizes the geographical area under analysis. In this case study, it
must be considered a Mediterranean climate as illustrated in Figure 6, so available data
about the water consumption in an apple culture already exists, and is presented in Figure 7,
which shows the water consumption in liters per apple.

This kind of climate can be challenging when it comes to irrigation and water con-
sumption, due to its low water availability, and climate changes [37], but mainly because of
irregularity in the rain distribution through the seasons.
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3.3.2. Historical Evolution of Irrigation and Water Supply in Portugal

Portuguese current water regulation was highly marked by the 1919 approval of the
first “Water Law” and the institutionalization of the plan for the Water Services [38,39].
Such initiatives were targeted at protecting water resources, both for the hydroelectric
systems and for agricultural uses. In the 1940s, water legislation suffered a set of revisions
with the concern of quality improvement [40].

Until the 1960s, irrigation was the largest consumer of water resources in Portugal.
Concessions were subsequently made to hydroelectric companies, and hydroelectric pro-
duction increased [41,42].

The 20th century brought a new focus to water policies and legislation, mainly fo-
cused on conveying water as an economic resource, creating technical infrastructures, and
adjusting sanitary and environmental policies to water management [43].

The beginning of 2000 introduced the approval of the rivers’ basin plans for the
Portuguese international rivers, as well as for the national rivers. These were fundamental
for spurring an integrated management of water resources and ecosystems.
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One important and actual issue is the fact that Portugal and Spain share five common
rivers, for which there were several bilateral agreements signed between the two govern-
ments, the most important of which being the ones targeted at regulating hydroelectric
power generated on the international sections of shared river basins [42,44–46]. Of impor-
tance is the Albufeira Convention 2000 [47], which is fundamental for regulating common
river basins relations and instruments, as it envisages mutual assistance and behaviours in
extreme conditions, based on a sustainable water use of both countries.

In 2010, Portugal defined their strategy to adapt to climate change, with water scarcity
being identified as one major concern. This Strategy reinforced the need to increase systems’
resilience to such phenomena, and to compile a stock of knowledge on climate change
impacts, so that it will be possible to design adaptation strategies to cope with extreme
scenarios [42,48].

Conveying the following pressure on water scarcity, and in line with Bessa Santos et al. [49],
Portugal receives a yearly average of about 700 mm of rain. However, the period from
April to September is the drier one, notably in the southern and (central and northern),
jeopardizing the season crops.

To cope with this, the Portuguese government established in 2018 a National Irrigation
Program, which will be held until 2022. To renovate and update the current irrigation
system, the initiative has been allocating 534 million euros for the creation of 90 thousand
hectares of irrigated land, comprising new irrigation systems and the modernization and
rehabilitation of existing ones.

The main aims of the program are: to boost sustainable agriculture with more inte-
grated and efficient management of resources, namely water, soil, and energy; to respond
to the impacts of climate changes on food security; and to implement a strategy that can
strategically fight summer fires.

3.3.3. Main Irrigation Technologies in Portugal

The main irrigation technologies currently in use in Portuguese agricultural fields are
conventional drip system, deficit irrigation, low-flow localized irrigation, underground
irrigation [50], and the conventional sprinkler or center-pivot irrigation.

The conventional drip system has been a complete revolution when it comes to saving
water, being able to save 28% to 35% on water losses [51]. The most used drippers are
self-compensating, with flow rates around 2.2 L/h. The usual spacing between drippers is
0.75 m, but it varies depending on the kind of soil [50].

Due to the lack of water at some moments of the year, the producer always has the
option to apply less water than advised on the crop during the whole year or in phases,
always having in mind the life cycles of the plant that would minimize the effect on yield
and quality of the production [52,53]. In this vein, Romero et al. [54] analyzed a set of
water-saving irrigation strategies and methods targeted at increasing productive water use
efficiency. The same goal was pursued by Cabral et al. [55], studying the effect of irrigation
to improve crops’ resilience from climate change and water scarcity. The authors concluded
that rainfed plants experienced a negative effect on productivity, and that moderate water
stress favorably affected fruit composition and yields. Regulated deficit irrigation takes
into consideration the fact that plant production and quality responses to water stress vary
throughout the phenological cycle. Partial root zone drying irrigation strategies entail,
depending on the kind of soil, watering and drying around half of the root system of plants
in cycles of 8–14 days [56].

The low-flow localized irrigation, or nano irrigation, is one of the best technologies
when it comes to water retention in the soil. The drippers have a water debit of around
0.7 L/h [50], which is quite low value, and in that way, it becomes possible to irrigate a
larger area, with a lower hydric and energetic cost. These technologies have also a low
installation and maintenance cost, due to their low-pressure functioning.

Use of subsurface irrigation is still under investigation, but one of its great advantages
is the plant being watered directly on the root, making it possible to reduce water losses
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due to evaporation. On the other hand, this kind of technology has greater installation
costs and is more likely to get damaged by rodent wildlife, in addition to which it is more
likely that the system will clog due to salinity and sediments on the drippers [50]. There are
nowadays many projects that investigate and use this kind of technology, the MED-WET
project being the most relevant in this case study.

The sprinkler or center-pivot irrigation technology is quite useful when it comes to
large scale irrigation of undulating areas. In general terms, it is an affordable technology.
However, this kind of system can be easily erosive if the soil is not adequately protected.
Having in mind that most Mediterranean agricultural fields are not regular, low infiltration
rates are always a problem that must be considered. This kind of problem may result in
significant run-off and erosion. As mentioned before, it is not an expensive technology but,
in most cases, if not properly designed by an irrigation engineer, it can result in great water
losses [57].

When it comes to new irrigation technologies in the Portuguese case study, we must
consider two different projects. The proposed system is within the MED-WET project and
the AQUA4D [36]. The AQUA4D system has a control unit that generates low frequency
signals, and a processing unit that diffuses the generated resonance fields into the water.
These resonance fields act directly on the physical structure of the water and modify the in-
teractions between the liquid and solid interfaces. This allows a better penetration of water
into the soil, a better infiltration into the soil micropores, and a greater retention leading
to water savings. It also allows better dissolution, diffusion, and assimilation of mineral
elements and fertilizers. MED-WET provides an innovative irrigation technology, ready
to face the most serious problems in the Mediterranean region, namely the exponentially
lower water availability through the years. This kind of subsurface irrigation technology
must be taken into consideration in the future of water resource management, due to its
low cost, low maintenance, and use of natural materials.

3.4. Malta
3.4.1. Nature Conditions

Situated in the center of the Mediterranean Sea, the Maltese Archipelago consists
of three main islands–Malta, Gozo and Comino. With over half a million inhabitants
in a total area of 316 km2, the islands are by far the most densely populated member
state of the European Union [58]. Climatologically, the islands are semi-arid, with an
annual mean air temperature of 18.6 ◦C (mean minimum of 14.9 ◦C to mean maximum
of 22.3 ◦C), and an annual total precipitation of 553 mm. Similar to other Mediterranean
areas, the islands are subject to changing climatic patterns, with recent studies confirming
increases in air temperature at significant rates (average annual air temperature anomaly
increasing by +0.17 ◦C per decade), less frequent precipitation (decreased decadal amounts
by −6 mm in the annual total precipitation), and a reduction in annual cloud cover by
−0.05 Oktas [59,60].

With their dry climate and limited land cover, the islands lack any exploitable surface
water resources such as rivers and lakes, making groundwater the only natural available
freshwater resource. Geologically, the islands are characterized by two porous limestone
formations, the Upper and Lower Coralline/Globigerina Limestones (separated by a less
permeable formation of Blue Clay), each of which sustain respective bodies of groundwater.
Being the only natural source of freshwater, groundwater has been a highly exploited
resource over the years, with long term annual average abstraction from groundwater
resources estimated to reach around 40 million m3, and Water Exploitation Index (WEI+)
values of 78%, reflecting the water-stressed nature of the Maltese aquifer system, as WEI+
levels over 40% are considered to reflect severe water stress [61]. Further, lower-lying
groundwater is vulnerable to sea-water intrusion in response to abstraction activities, with
chloride levels of up to 2000 mg/L [62].

For the purposes of the MED-WET project, the SLECI technology will be implemented
in three field testing sites in the island of Gozo, and used for the irrigation of citrus groves,
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grape vines, and annual crops. The pilot sites are located in Xaghra, Gharb, and Xewkija,
as shown in Figure 8.
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The soils in Gozo are classified as (i) the Xerorendzina, locally known as “bajjad”,
(ii) the Carbonate raw soil, which includes the Fiddien Series and San Lawrenz Series,
locally known as “tafli”, and (iii) the Terra Rossa soil, which includes the Xaghra Series and
Tas-Sigra Series, locally known as “hamri” (Figure 9). The Xerorendzina is the predominant
soil on the island, while the Fiddien and San Lawrenz Series cover the slopes of the
characteristic hilly terrain. The Terra Rossa is the most fertile but is quite shallow, only
30–40 cm deep [63]. Soils are largely influenced by the calcareous nature of the local geology,
with high levels of calcium and magnesium carbonates commonly found throughout the
entire soil profile.

3.4.2. Historical Evolution of Irrigation and Water Supply

In the past, agricultural practices were heavily dependent on annual rainfall, resulting
in poor yields when precipitation was scarce. Farmers harvested rainwater in open reser-
voirs or wells hewn in the rock. Additionally, they exploited perched aquifers by digging
horizontal galleries in the greensand rock just above the clay substrate. These galleries pro-
vided enough water to last through the dry season, though the volumes of water extracted
varied from location-to-location and even tunnel-to-tunnel. The surrounding terraced fields
just below the outlet of the water source were irrigated by gravity, using stone canals from
terrace-to-terrace, and deep farrows within the field [64].

Since the Neolithic Era, cisterns were dug into the rock to provide a fresh water supply
all year round. These can still be found near the Mnajdra temples on the southern coast of
Malta. In medieval times, the Arabs introduced the stone canal flood irrigation system and
built large rubble walls or reed canopies around orchards, to protect against the prevailing
northwest winds as well as to reduce the water loss through evapotranspiration of the
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plants. The Arabs were also the first to introduce the “Sienja”–a mechanical wooden
structure powered by draft animals, to lift water for irrigation. The knights of St John
exploited the perched aquifers by constructing aqueducts that carried spring water to
the cities. They also dug large reservoirs under public squares and gardens, to harvest
rainwater for domestic use as well as crop irrigation [64].
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In the last couple of centuries, the demand for water has exponentially increased,
and the main sources of ground water are underground galleries dug down to the sea
water level to collect the fresh water from the main aquifer. Additionally, there are several
boreholes around the islands. Another seasonal source of fresh water for irrigation was
and remains the valley dams, which retain the runoff water and eroded soil, to reduce
permanent loss of these two resources into the sea [64].

3.4.3. Main Irrigation Technologies

The ever-increasing demand for fresh water for agriculture, industry, and the domestic
and tourism sectors has led to investment in reverse osmosis plants over the past 50 years.
There are currently four reverse osmosis plants in the Maltese islands, three in Malta and
one in Gozo, and together they produce half the country’s freshwater requirements [61].

Following the establishment of the reverse osmosis plants, investment in wastewater
treatment plants soon began. The wastewater treatment plant effluent, also called “new
water”, is utilized by the farming sector for irrigation. In recent years, the local Water
Services Corporation, through its new water program, has invested in the development of
facilities for the further refinement of treated wastewater for use in the agricultural and
commercial sectors, instead of groundwater resources. A high-end technological process
has been developed that enables reclaimed water from the urban wastewater treatment
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plants to pass through an additional three-barrier process – namely ultrafiltration, low-
pressure reverse osmosis, and advanced oxidation. The availability of an all-year-round
supply of good quality irrigation water increases security of supply to the agricultural sector,
thereby increasing the crop production capacity and hence further contributing to food
security. Malta’s new water program aims to produce an annual volume of 7 million m3

of reclaimed water, intended to partially address the water demand of the agricultural,
landscaping, and industrial sectors [61].

Further, incentive and support programs have helped the agriculture sector to invest
in highly efficient water irrigation technology. In fact, local farmers have shifted from
surface irrigation (such as furrow and basin irrigation) to drip irrigation, where water
is applied in droplets in a localized area [65]. Drip-irrigation technologies are currently
applied to around 90% of all irrigated land. Support mechanisms such as financial and
technical assistance programs are also in place to incentivize the introduction of new tech-
nologies, such as advanced irrigation systems. Efforts are also ongoing to enable improved
management of groundwater use by the agricultural sector through the progressive me-
tering of groundwater abstraction sources. Remote monitoring frameworks that allow
comparative analysis of water use and agricultural land-use are also being developed to
identify and address inefficient water use by the sector. Additionally, analytical methods
for the estimation of irrigation water demand by use of satellite imagery are currently being
developed through the WARM-EO Project, a joint research initiative between the local
Energy and Water Agency and the University of Malta (Msida, Malta), which will allow
the identification of inefficient water users, who can then be supported to better manage
their water use [61].

4. Discussion

The results of the present research contribute to the outline of the three key technolo-
gies for irrigation and water supply for small-holder farmers in the Mediterranean region:

1. SLECI (Self-Regulating Low Energy Claytube Irrigation);
2. Desalination technologies;
3. Engineering constructed wetlands.

4.1. SLECI

The SLECI irrigation technique is an innovative buried clay irrigation system that
allows the exploitation of unconventional water resources at low cost. The SLECI irrigation
system is based on a natural physical principle in the use of ceramics as a porous, water-
permeable material, and belongs to the micro-irrigation systems. The SLECI emitter is
made with natural clay materials and available locally. In this technology, cylindrical clay
tubing bodies (Figure 10) are connected to each other with thin tubes and buried in the soil
near the plant root. The hose system is then connected to the water reservoir (e.g., poly
tank, river, lake, water pressure connection) via connectors. The water inflow typically
takes place without additional energy (e.g., pump system). During irrigation, the inner
space of the clay body is first filled with water, and a so-called suction effect is created on
the water in the hoses. The clay material consists of a multitude of micropores that function
together as a network and cause capillary forces. These are in turn dependent on:

1. The surface tension of the fluid medium;
2. The adhesion at the interface between liquid and solid;
3. The size and shape of the pores;
4. The interactions of the solid with the polar water.

The surrounding soil works according to the same principle. This also consists of a
multitude of pores, which in turn exert a suction effect on the clay body. A suction pressure
on the clay body caused by osmosis becomes greater, the lower the soil moisture becomes.
As soon as this is greater than the water retention force of the pores of the clay body, the
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clay body releases the water to the soil. Accordingly, the water continues to flow in the
hose system, as the clay body in turn exerts a suction pressure on the water reservoir.
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Sustainability and environmental awareness play a decisive role in the evaluation of
this technology. The SLECI irrigation system is built on the principle of the natural suction
effect, which is ensured by energy-intensive pump systems, among other things. However,
a certain pre-pressure on the SLECI irrigation system is required to maintain tightness
against air infiltration. This means that the water source must be slightly above the SLECI
pipes. In the event that water tanks are used, they will need to be refilled periodically once
the water level has dropped. This energy expenditure can be minimized if the water source
is geographically located on higher terrain, for example in the form of a basin. An exact
assessment therefore depends on the local environmental conditions of the usable area.

The irrigation system works with a low hydrostatic pressure, so that only simple
pressure regulators must be installed. In this case, the installation level of the system is
slightly below the water level of the reservoir. The hoses as well as most of the connectors
are made of polyethylene throughout. This type of polyolefin is particularly recyclable,
especially as this plastic is not used in composite materials, which are very difficult to break
down into their individual components. Polyethylene can be remelted as a thermoplastic
or recycled to make new products. The clay material consists of naturally occurring solids.
In terms of water consumption, the way the porous clay bodies work results in enormous
water savings. With conventional irrigation technologies, much of the water is lost through
unused water seepage and evaporation. Subsurface irrigation impedes evaporation at the
soil surface. The physical interactions of the surrounding soil with the clay bodies, reduces
water seepage into deeper soil layers due to gravity.

On the other hand, the following points should also be viewed critically.
The energy required to produce the burned clay bodies: among other things, this

involves the use of powerful furnaces that are typically also used in pottery.
Additionally, in all underfloor systems, the materials must be dug up again when they

are no longer used or have exceeded their service life. Leaving the hose lines in the ground
must be avoided in any case.

The use of sealing materials, which are used in most irrigation technologies, cannot be
avoided with this technology either. These should be used in small quantities, if possible,
as they can have a negative impact on the environment.
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Therefore, the SLECI technology, as compared to conventional irrigation technologies,
has higher initial costs and requires training in its effective use. In addition, for the
underground irrigation lines, costly excavations or drilling to root depth must be carried
out. On the other hand, there are the following advantages:

1. Water conservation: especially in arid or dry areas with water shortages, this can be a
decisive factor for the economic and ecological development of the country;

2. Practical plug-in system based on the “modular principle”: depending on field condi-
tions, the irrigation system can be adapted;

3. Recyclability: irrigation components can be easily disassembled and recycled after use;
4. High efficiency: plant development is promoted by the principle of the naturally

occurring suction effect, which can have a positive effect on the crop yield.

The economic perspective of SLECI is considered by its (i) implementation, and
(ii) economic efficiency. As to (i) implementation, the SLECI irrigation system will be
used to irrigate a wide range of crops found in agriculture. As part of the MED-WET
project, tests will take place on test fields in Morocco and Portugal. The system will be
made available in particular to smallholder farmers who have predominantly worked with
conventional technologies.

Although it is difficult to transfer knowledge about this new irrigation technology
to the farmer, as he tends to trust the old established technology, the effects of climate
change force him to rethink. Having less water available for crop irrigation can result in a
livelihood issue, as the farmer depends on the yield of his crop. In many areas, the loss of a
large part of the harvest already means the financial end for a small farmer, as he hardly
has any financial reserves to compensate for the crop failure. A risk-benefit assessment is
basically carried out by each smallholder farmer. To establish new technologies, persuasive
efforts such as on-site demonstrations, the transfer of experience through third parties,
and the public dissemination of successes through the use of this technology, can be made,
among other things.

Water scarcity is not only a consequence of climate change, but is also due to excessive
water consumption, which is caused by the fact that the groundwater level has dropped
because more water has been taken from springs than could be replenished by precipitation.

The demand for water-saving irrigation technologies is increasing and has meanwhile
also reached the interest of politics. An important criterion is the crop yield that can be
achieved by the irrigation technology.

The SLECI irrigation technology can be adapted to the respective needs. Plants with
higher consumption can be watered as well as plants with low consumption. The individual
components can be plugged together via connectors and used over an entire irrigation field,
depending on requirements. However, it is essential to observe the boundary conditions of
the system and to study the instructions carefully.

Regarding (ii) economic efficiency, the initial cost of the SLECI irrigation system is in
any case higher than that of simple irrigation pipes that only use boreholes as emitters for
water delivery. This is simply because this technology consists of several components that
have to be assembled. In addition, bore-holes or trenches must be laid so that subsurface
irrigation can be applied. However, this is offset by the cost of water consumption, which
is far lower than conventional technologies for subsurface irrigation and especially for
this technology.

A productive development of plants depends to a large extent on the moisture of the
surrounding soil. It is important that neither the permanent wilting point (irreversible
wilting) is exceeded nor the field capacity point (water content that can be held in the soil
against gravity) of the soil far from groundwater is undershot. The moisture content must
thus be kept between these two values and water stress must be avoided. It is important that
neither the permanent wilting point (irreversible wilting) is exceeded nor the lowest value
of the soil’s field capacity (water content that can be held in the soil against gravity) is fallen
below. Soil type, pore distribution, soil structure and the chemical-physical interactions in
the soil are important factors here. The working principle of porous water reservoirs in the
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soil leads to plants getting the water they need at that moment. The usable water is always
made available to the root through the water transport in the soil, without the plant having
to restrict its growth. So-called waterlogging is also prevented, as the suction effect on the
clay bodies is decisively reduced with increasing soil moisture.

The water savings of the clay body irrigation system refers to the amount of water
saved that is needed to grow the crops compared to alternative irrigation systems that are
delivered through the outlets of the irrigation system. For a comparison, the crop area, the
number of plants, the development stage of the plants and the local conditions such as soil
properties and climatic conditions must be known and similar. A high water saving on the
same crop area compared to the conventional technology used can have a positive impact
on the environment in sustainable agricultural use. The decreasing groundwater level due
to climate change could be accelerated less if the water extraction for the crops is done from
groundwater. This can facilitate the supply of drinking water to residents located along the
fields. If the groundwater level is too low, the supply can only be provided by transport,
which continues to increase the price of water.

Financial savings and decreasing marginal costs are often observed in irrigation
projects. Both create problems for funding systems large enough to achieve economies
of scale. Before a positive investment decision in favor of the SLECI technique, it seems
necessary to justify in terms of financial and economic profitability, as well as in terms
of efficiency and productivity in selected Mediterranean countries. This is achieved by
understanding the determinants of the costs, benefits, efficiency, and productivity parame-
ters of water demand for irrigation crops, using the innovative SLECI irrigation technique
compared to alternative irrigation.

4.2. Desalination Technology

Approximately 97.5% of the available water on the planet is saline [66]. The remain-
ing 2.5% fresh water can be used for irrigation as well as for human consumption. The
scarcity in water resource is more accentuated for small islands with no permanent water
body. Farming community has always addressed this water scarcity problem through
development and adaptation of techniques to maximize water harvesting and efficient
distribution. One aspect of these technologies is to produce fresh water from saline sources
using desalination technologies, namely Reverse Osmosis (RO) technology and evapora-
tion/condensation technologies within a greenhouse.

The Solar Desalination Greenhouse (SDG) will include a series of technologies, namely
reverse osmosis, dehumidifiers, and halophytes plants, that collectively will produce fresh
water from a saline source. An SDG with bio-based solutions has high potential in meeting
the needs of modern agricultural practices with low impact on environment yet high
profitability for farmers. By means of active and passive condensation, the SDG produces
fresh water. The method has several advantages, such as flexibility in capacity, moderate
installation and operating costs, simplicity, possibility of using low temperature, and the
use of renewable energy (e.g., solar, geothermal, recovered energy or cogeneration) [67].

4.3. Engineering Constructed Wetlands

The Egyptian wastewater treatment reuse code was developed by the Egyptian Min-
istry of Housing, Utilities and Urban Communities (MHUUC) and adopted in 2015 [25].
For rural smallholder farmers and remote communities comes the low-cost technology
of wetland treatment as a suitable alternative that does not need energy or sophisticated
equipment to operate, yet provides the smallholder farmers with sufficient treated water
suitable for irrigating their local crops and trees while maintaining the human health and en-
vironmental safeguards according to the Egyptian code (Figure 11). For every 5 households
(25 persons in average) in rural communities, an engineering constructed instream wetland
site of 100 m × 25 m (two cells) could be enough to treat their domestic and agricultural
drainage waters, resulting in a daily treated wastewater of about 40 m3/day to irrigate
their local crops and trees. The cost of constructing and operating such a nature-based site
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will be affordable by the rural communities because its components are from the natural
environment, with no electrical or mechanical parts at all.
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The following points describe the engineering constructed instream wetland technol-
ogy used for irrigation for smallholder farmers located in the desert land called Sekem for
Land Reclamation farm in El-Wahat El-Baharia, Egypt:

• Engineering constructed instream wetlands are longitudinal cells with 50 m length
(trapezoidal cross-section of 1.5 m depth, 1:3 side slope and 1.0 m bottom width). Flow
of wastewater has shallow depth of 60 cm (hydraulic depth) with low-speed waters;

• Provided with gravel and sand filters, sharp crested weirs, and substrate medium
to support rooted and floating vegetation. It consists of plants, biofilms, soil, micro-
organisms, and organic materials, to naturally treat and remove the water pollution;

• The hydraulic retention time in the treatment cells is estimated to be 3 days, with
treated effluent of about 20 m3/day per cell.

In such engineering constructed instream wetlands, the aerobic and anaerobic re-
actions occur without energy (cheap technology) as well as sedimentation, filtration, and
plants abstraction, to efficiently treat almost all pollutants (removal of biological load,
fecal coliform, E. coli bacteria, pathogens, complex nutrients and phosphorus compounds,
and metals).

The advantages of such engineering constructed instream wetland technology system
are as follows:

• Efficient and cheap technology for treating domestic wastewater and agricultural
drainage water;

• Increase the available water resource (non-conventional water) in scarce water regions;
• Reclaims nutrient-rich effluent for irrigation purposes;
• Preserves the groundwater and surface ponds from pollution, leading to reduction of

the environmental impacts;
• Useful for safe sludge management and on-site reuse with zero waste;
• Good application of the circular economy concept for the smallholder farmers;
• Supports the local business creation and smallholders’ irrigation in remote com-munities.
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5. Conclusions

This study explores potential key technologies for irrigation and unconventional
water resources for smallholder farmers in the selected Mediterranean countries (Egypt,
Malta, Morocco, and Portugal). The literature survey allows the conclusion that, while
Mediterranean countries share many common features in terms of climate, water and land
resources, and development issues [18], the selected countries in the Mediterranean region
(Egypt, Malta, Morocco, and Portugal) differ in terms of type of crops, water management
regulations, labor force availability, financial sustainability, and economic perspective.
This contrasting picture, that the Mediterranean countries are simultaneously similar and
different, demands an individual approach when it comes to deciding what kind of key
technology for irrigation and water supply to use in a particular country. The trade-off
between the benefits and costs associated with the use of a technology for irrigation and
water supply must be considered for in order to ensure the sustainable development of
smallholder farmers in the Mediterranean region. In this same line of reasoning, innovative
irrigation systems that allow the exploitation of unconventional, largely unused water
resources must be developed. Thus, low-cost solutions with natural and locally available
materials (low technology, low energy, low cost, easy to use) have been proposed.

Despite some limitations, such as the engagement of only four Mediterranean coun-
tries, and the reduced number of technologies for irrigation and water supply for small-
holder farmers in the Mediterranean region, the results could be used in the same conditions,
by the Mediterranean countries.

The set of exploratory results presented here provide an important set of implications,
not only for policymakers, but also for higher education institutions and research structures,
and for small farmers. Firstly, policymakers need to launch specific financing lines and
incentives for fostering smart technology transfer mechanisms targeted to tackle water
scarcity and climate change mitigation. Secondly, higher education institutions and research
structures should be incentivized to be engaged in open innovation platforms, integrating
local government, research institutions, and small farmers. Thirdly, the small farmers need
to have special access to financed low-cost smart irrigation technologies, in order to reduce
the adoption time of these types of technologies.

In terms of future work, the research consortia are targeted to examine the three key
technologies (i.e., SLECI, desalination technology, and engineering constructed wetlands)
in the four Mediterranean countries and to increase the still-limited knowledge about the
benefits associated with the adoption of those technologies for irrigation and water supply
of smallholder farmers in the region. In addition, comparative analyses on the three key
technologies (SLECI, desalination technology, and engineering constructed wetlands) in
Egypt, Malta, Morocco, and Portugal will be carried out, embracing financial, economic,
efficiency, and productivity perspectives, and applied to the three key technologies oriented
to sustainable development.
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18. Ahrens, A.; Zaščerinska, J. A Framework for Selecting Sampe Size in Educational Research on e-Business Application.

In Proceedings of the ICE-B 2014 11th International Conference on E-Business, Vienna, Austria, 28–30 August 2014; SciTePress—
Science and Technology Publications: Lisbon, Portugal, 2014; pp. 31–38.

19. Joint Mediterranean EUWI/WFD Process. Mediterranean Groundwater Report. Technical Report on Groundwater Management
in the Mediterranean and the Water Framework Directive. Produced by the Mediterranean Groundwater Working Group
(MED-EUWI WG ON GROUNDWATER) (15 February 2007). Available online: http://www.semide.net/initiatives/medeuwi/
JP/GroundWater (accessed on 24 November 2022).

20. MWRI (Ministry of Water Resources and Irrigation). National Water RESOURCES plan (NWRP)—Water Security for All
(2017–2030–2037), Egypt. 2018. Available online: http://gis.nacse.org/rewab/docs/National_Water_Resources_Plan_2017_en.
pdf (accessed on 24 November 2022).

https://doi.org/10.1007/s10113-019-01494-8
https://www.ncbi.nlm.nih.gov/pubmed/31178659
https://www.facebook.com/people/Med-Wet/100079229251147/?paipv=0&eav=AfaBdjOk3-K3_h0eEon2FsstDTdgtasBdJYXw5LD3c1eFo8opObQ2HO4ON5Yca403vk&_rdr
https://www.facebook.com/people/Med-Wet/100079229251147/?paipv=0&eav=AfaBdjOk3-K3_h0eEon2FsstDTdgtasBdJYXw5LD3c1eFo8opObQ2HO4ON5Yca403vk&_rdr
https://doi.org/10.1088/1748-9326/9/12/124014
https://doi.org/10.3390/land11020178
https://doi.org/10.1007/978-3-030-03698-0_10
https://doi.org/10.1016/j.agee.2011.01.003
https://doi.org/10.2760/927611
https://doi.org/10.1016/j.jbusres.2019.07.039
https://doi.org/10.3233/WOR-2010-0998
https://www.ncbi.nlm.nih.gov/pubmed/20364059
https://doi.org/10.17770/er2021.1.6495
https://items.ssrc.org/covid-19-and-the-social-sciences/social-research-and-insecurity/the-ethical-epistemological-and-conceptual-need-to-resume-fieldwork/
https://items.ssrc.org/covid-19-and-the-social-sciences/social-research-and-insecurity/the-ethical-epistemological-and-conceptual-need-to-resume-fieldwork/
http://www.semide.net/initiatives/medeuwi/JP/GroundWater
http://www.semide.net/initiatives/medeuwi/JP/GroundWater
http://gis.nacse.org/rewab/docs/National_Water_Resources_Plan_2017_en.pdf
http://gis.nacse.org/rewab/docs/National_Water_Resources_Plan_2017_en.pdf


Sustainability 2023, 15, 6875 24 of 25

21. Post, V.E.A.; Eichholzm, M.; Brentführer, R. Groundwater Management in Coastal Zones; Bundesanstalt für Geowissenschaften und
Rohstoffe (BGR): Hannover, Germany, 2018; 107p.

22. Mabrouk, M.B.; Jonoski, A.; Solomatine, D.; Uhlenbrook, S. A review of seawater intrusion in the Nile Delta groundwater
system—The basis for assessing impacts due to climate changes and water resources development. Hydrol. Earth Syst. Sci. Discuss.
2013, 10, 10873–10911. [CrossRef]

23. Official Website of the Government of Egypt. Available online: https://www.presidency.eg/EN/%D9%85%D8%B5%D8%B1/%
D8%AE%D8%B1%D9%8A%D8%B7%D8%A9-%D8%A7%D9%84%D9%85%D8%AD%D8%A7%D9%81%D8%B8%D8%A7%D8
%AA.pdf (accessed on 4 April 2023).

24. AbuZeid, K.; Elrawady, M. The 2030 Strategic Vision for Treated Wastewater Reuse in Egypt. Water Resources Management
Program, CEDARE. 2014. Available online: http://web.cedare.org/wp-content/uploads/2005/05/2030-National-Vision-for-
Wastewater-Re-use-in-Egypt.pdf (accessed on 24 November 2022).

25. HCWW (Holding Company for Water Supply and Wastewater). Small-Scale Sanitation in the Nile Delta: Base-Line Data and Current
Practices, 2nd ed.; Reymond, P., Demars, C., Papangelou, A., Tawfik, M.H., Hassan, K., Wahaab, R.A., Moussa, M., Eds.; ESRISS
Egyptian–Swiss Research on Innovations in Sustainable Sanitation, Ministry of Housing, Utilities and Urban Development
(MHUUD): Cairo, Egypt, 2014; Available online: https://hcww.com.eg/hcwwbook/ESRISS/5_Data_Baseline/5_Baseline_Data_
Report_2nd_ed.pdf (accessed on 24 November 2022).

26. ECP 501. Egyptian Code of Practice for the Use of Treated Municipal Wastewater for Agricultural Purposes; The Ministry of Housing
Utilities and Urban Communities: Cairo, Egypt, 2015. (In Arabic)

27. AbuZeid, K. Chapter 7: Research and Development to Bridge the Knowledge Gap. In The Water, Energy, and Food Security Nexus
in the Arab Region; Springer: Berlin/Heidelberg, Germany, 2016; pp. 123–141. [CrossRef]

28. Zinkernagel, J.; Maestre-Valero, J.F.; Seresti, S.Y.; Intrigliolo, D.S. New technologies and practical approaches to improve irrigation
management of open field vegetable crops. Agric. Water Manag. 2020, 242, 106404. [CrossRef]

29. Matilla, D.M.; Murciego, L.; Jiménez-Bravo, D.M.; Mendes, A.S.; Leithardt, V.R. Low-cost Edge Computing devices and novel
user interfaces for monitoring pivot irrigation systems based on Internet of Things and LoRaWAN technologies. Biosyst. Eng.
2021, 223, 14–29. [CrossRef]

30. Maazouz, S. Le Développement de L’irrigation Durable au Maroc; AgriMaroc: Rabat, Morocco, 2016.
31. Global Yield Cap Atlas. Morocco. 2022. Available online: https://www.yieldgap.org/Morocco (accessed on 24 November 2022).
32. Ministry of Agriculture. Plan Maroc Vert: Premières Perspectives sur la Stratégie Agricole. 2008. Available online:

http://agrimaroc.net/Plan_Maroc_Vert.pdf (accessed on 24 November 2022).
33. Wahid, N.; Bouazzama, B.; El Yousfi, H.; Zascerinska, J. A Historical Overview of Evolution of the Irrigated Agriculture Sector in

Morocco. J. Reg. Econ. Soc. Dev. 2022, 14, 109–118. [CrossRef]
34. Naji, A.; Morocco Generation Green 2020–2030. To Boosts the Agriculture Sector. 2020. Available online: https://www.meer.

com/en/61716-morocco-generation-green-2020-2030 (accessed on 24 November 2022).
35. PMV. Le Plan Maroc Vert Bilan et Impacts; Ministère D’agriculture, de Pêche Maritime et de Développement Rural, D’eau et de

Forêt: Rabat, Morocco, 2018.
36. Bouazzama Rocha, J.; Carvalho-Santos, C.; Diogo, P.; Beça, P.; Keizer, J.J.; Nunes, J.P. Impacts of climate change on reservoir water

availability, quality and irrigation needs in a water scarce Mediterranean region (southern Portugal). Sci. Total Environ. 2020,
736, 139477. [CrossRef] [PubMed]

37. Girona, J.; Casadesús, J.; Mata, M.; del Campo, J.; Arbonés, A.; López, G.; Rufaty, J.; Marsal, J. Eficiencia productiva del agua en
función de la tecnología y el conocimiento aplicados al manejo del riego en diferentes cultivos. In Proceedings of the Congreso
Agricultura, Agua y Energía: Ciencia, Tecnología, Política y Planificación del Agua y de la Energía en los Regadíos, Aspectos
Socioeconómicos y Ambientales, Madrid, Spain, 11–12 May 2011.

38. Da Silva Costa, F. Water policy(ies) in Portugal: Intertia and challenges within the European framework. Mediterr. Geogr. 2018, 130.
[CrossRef]

39. Veiga da Cunha, L.; Gonçalves, A.S.; Figueiredo, V.A.; Lino, M. A Gestão da Água: Princípios Fundamentais e sua Aplicação em
Portugal; Fundação Calouste Gulbenkian: Lisboa, Portugal, 1980; 697p.

40. Schmidt, L.; Ferreira, J.G. Avanços e desafios da governança da água na Europa no contexto da aplicação da directiva quadro
da água. In Proceedings of the 12º Congresso da Água/16º Enasb/XVI Silubesa, Lisbon, Portugal, 5–8 May 2014; Associação
Portuguesa de Recursos Hídricos: Lisbon, Portugal, 2014; pp. 1–15.

41. APA. Plano Nacional da Água; Agência Portuguesa do Ambiente: Lisboa, Portugal, 2015; 76p.
42. Pato, J. Políticas Públicas da Água em Portugal: Do Paradigma Hidráulico à Modernidade Tardia, Análise Social; Instituto de Ciências

Sociais da Universidade de Lisboa: Lisboa, Portugal, 2013; Volume 48, pp. 56–79.
43. Henriques, A.G.O. direito internacional das águas e a convenção de albufeira de 1998 sobre as bacias hidrográficas luso-espanholas.

In Proceedings of the 7th Congresso da Água, LNEC, Lisboa, Portugal, 8–12 March 2004.
44. Barreira, A. La Gestión de las Cuencas Hispano-Portuguesas: El Convenio de Albufeira; Fundación Nueva Cultura del Agua: Sevilla,

Spain, 2007; 26p.
45. Soares, E.Z. Os Planos de Gestão de Região Hidrográfica em Portugal Continental: Contributo Para o Desenvolvimento de um

Instrumento para a Avaliação de Planos de Recursos Hídricos. Ph.D. Thesis, Universidade do Minho, Braga, Portugal, 2016; 539p.

https://doi.org/10.5194/hessd-10-10873-2013
https://www.presidency.eg/EN/%D9%85%D8%B5%D8%B1/%D8%AE%D8%B1%D9%8A%D8%B7%D8%A9-%D8%A7%D9%84%D9%85%D8%AD%D8%A7%D9%81%D8%B8%D8%A7%D8%AA.pdf
https://www.presidency.eg/EN/%D9%85%D8%B5%D8%B1/%D8%AE%D8%B1%D9%8A%D8%B7%D8%A9-%D8%A7%D9%84%D9%85%D8%AD%D8%A7%D9%81%D8%B8%D8%A7%D8%AA.pdf
https://www.presidency.eg/EN/%D9%85%D8%B5%D8%B1/%D8%AE%D8%B1%D9%8A%D8%B7%D8%A9-%D8%A7%D9%84%D9%85%D8%AD%D8%A7%D9%81%D8%B8%D8%A7%D8%AA.pdf
http://web.cedare.org/wp-content/uploads/2005/05/2030-National-Vision-for-Wastewater-Re-use-in-Egypt.pdf
http://web.cedare.org/wp-content/uploads/2005/05/2030-National-Vision-for-Wastewater-Re-use-in-Egypt.pdf
https://hcww.com.eg/hcwwbook/ESRISS/5_Data_Baseline/5_Baseline_Data_Report_2nd_ed.pdf
https://hcww.com.eg/hcwwbook/ESRISS/5_Data_Baseline/5_Baseline_Data_Report_2nd_ed.pdf
https://doi.org/10.1007/978-3-319-48408-2_7
https://doi.org/10.1016/j.agwat.2020.106404
https://doi.org/10.1016/j.biosystemseng.2021.07.010
https://www.yieldgap.org/Morocco
http://agrimaroc.net/Plan_Maroc_Vert.pdf
https://doi.org/10.17770/jresd2022vol14.6896
https://www.meer.com/en/61716-morocco-generation-green-2020-2030
https://www.meer.com/en/61716-morocco-generation-green-2020-2030
https://doi.org/10.1016/j.scitotenv.2020.139477
https://www.ncbi.nlm.nih.gov/pubmed/32485369
https://doi.org/10.4000/mediterranee.10078


Sustainability 2023, 15, 6875 25 of 25

46. Barreira, A. Portuguese-Spanish river basins management: The Albufeira Convention. In Proceedings of the Panel Científico-
Técnico de Seguimiento de la Política de Aguas, “Convenio Universidad de Sevilla-Ministerio de Medio th Ambiente”—
Presentation of Results, Organized by the New Water Culture Foundation, Seville, Spain, 24 January 2008. (In Spanish).

47. Lopes, M.; Monteiro, A.C.; Ribeiro, I.; Sá, E.; Martins, H.; Coutinho, M.; Borrego, C. Alterações Climáticas e Gestão da Água em
Portugal. Rev. Bras. Geogr. Física 2012, 6, 1333–1357.

48. Santos, R.M.B.; Fernandes, L.F.S.; Cortes, R.M.V.; Pacheco, F.A.L. Development of a Hydrologic and Water Allocation Model
to Assess Water Availability in the Sabor River Basin (Portugal). Int. J. Environ. Res. Public Health 2019, 16, 2419. [CrossRef]
[PubMed]

49. Galego, D.; Fernandes, I.; Garcia, J.; Duarte, A. Contributos da tecnologia para a sustentabilidade da rega na fruticultura do
Algarve. Rev. Assoc. Port. Hortic. 2021, 140, 18–20.

50. Darouich, H.M.; Pedras, C.M.; Gonçalves, J.M.; Pereira, L.S. Drip vs. surface irrigation: A comparison focussing on water saving
and economic returns using multicriteria analysis applied to cotton. Biosyst. Eng. 2014, 122, 74–90. [CrossRef]

51. González-Altozano, P.; Castel, J.R. Riego deficitario controlado en ‘Clementina de Nules’. I. Efectos sobre la producción y la
calidad de la fruta. Span. J. Agric. Res. 2003, 1, 81–92. [CrossRef]

52. Pérez-Pérez, J.; Robles, J.; Botía, P. Effects of deficit irrigation in different fruit growth stages on ‘Star Ruby’ grapefruit trees in
semi-arid conditions. Agric. Water Manag. 2014, 133, 44–54. [CrossRef]

53. Romero, P.; Navarro, J.M.; Ordaz, P.B. Towards a sustainable viticulture: The combination of deficit irrigation strategies and
agroecological practices in Mediterranean vineyards. A review and update. Agric. Water Manag. 2022, 259, 107216. [CrossRef]

54. Cabral, I.L.; Carneiro, A.; Nogueira, T.; Queiroz, J. Regulated Deficit Irrigation and Its Effects on Yield and Quality of Vitis vinifera
L., Touriga Francesa in a Hot Climate Area (Douro Region, Portugal). Agriculture 2021, 11, 774. [CrossRef]

55. Medrano, H.; Tomás, M.; Martorell, S.; Escalona, J.-M.; Pou, A.; Fuentes, S.; Flexas, J.; Bota, J. Improving water use efficiency of
vineyards in semi-arid regions. A review. Agron. Sustain. Dev. 2015, 35, 499–517. [CrossRef]

56. Sousa, V.; Pereira, L.S. Regional analysis of irrigation water requirements using kriging: Application to potato crop (Solanum
tuberosum L.) at Trás-os-Montes. Agric. Water Manag. 1999, 40, 221–233. [CrossRef]

57. National Statistics Office Malta. 2022. Available online: https://nso.gov.mt/en/Pages/NSO-Home.aspx (accessed on 1 December 2022).
58. Galdies, C. The State of the Climate 2022—A Multidecadal Report and Assessment of Malta’s Climate; National Statistics Office: Valetta,

Malta, 2022; Volume 17, 38p.
59. Galdies, C.; Meli, A. An Analysis of the Impacts of Climate on the Agricultural Sector in Malta: A Climatological and Agronomic

Study. In Handbook of Climate Change Across the Food Supply Chain; Leal Filho, W., Djekic, I., Smetana, S., Kovaleva, M., Eds.;
Climate Change Management; Springer: Cham, Switzerland, 2022. [CrossRef]

60. Sapiano, M. Integrated Water Resources Management in the Maltese Islands. Acque Sotter. Ital. J. Groundw. 2020, 9, 3. [CrossRef]
61. Food and Agriculture Organization of the United Nations. MaltaWater Resources Review; FAO: Rome, Italy, 2006.
62. Lang, D.M. Soils of Malta and Gozo; H.M. Stationary Office (Colonial Office): Richmond, UK, 1960.
63. Buhajar, K. Water Management in Medieval and Early Modern Malta. 2006. Available online: https://www.um.edu.mt/library/

oar/bitstream/123456789/26139/1/Water%20management%20in%20Medieval%20and%20Early%20Modern%20Malta.pdf
(accessed on 1 December 2022).

64. Hartfiel, L.; Soupir, M.; Kanwar, R.S. Malta’s Water Scarcity Challenges: Past, Present, and Future Mitigation Strategies for
Sustainable Water Supplies. Sustainability 2020, 12, 9835. [CrossRef]

65. Shatat, M.; Riffat, S.B. Water desalination technologies utilizing conventional and renewable energy sources. Int. J. Low-Carbon
Technol. 2012, 9, 025. [CrossRef]

66. Bourouni, K.; Chaibi, M.T.; Taee, A. Water Desalination by Humidification and Dehumidification of Air, Seawater Greenhouse
Process. In Solar Energy Conversion and Photoenergy Systems: Thermal Systems and Desalination Plants; Gálvez, J.B., Sixto Malato
Rodríguez, E., Vassilis, G.D., Belessiotis, S., Bhattacharya, C., Kumar, S., Eds.; UNESCO: Paris, France, 2010; Chapter 58;
Available online: https://www.eolss.net/ebooklib/bookinfo/solar-energy-conversion-photoenergy-system-thermal-systems-
desalination-plants.aspx (accessed on 1 December 2022).

67. Wetlands Fundamental Mechanics of Wetlands Functions, Slide 3. Available online: https://player.slideplayer.com/15/4629350
/data/images/img0.jpg (accessed on 4 April 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijerph16132419
https://www.ncbi.nlm.nih.gov/pubmed/31288396
https://doi.org/10.1016/j.biosystemseng.2014.03.010
https://doi.org/10.5424/sjar/2003012-24
https://doi.org/10.1016/j.agwat.2013.11.002
https://doi.org/10.1016/j.agwat.2021.107216
https://doi.org/10.3390/agriculture11080774
https://doi.org/10.1007/s13593-014-0280-z
https://doi.org/10.1016/S0378-3774(98)00123-1
https://nso.gov.mt/en/Pages/NSO-Home.aspx
https://doi.org/10.1007/978-3-030-87934-1_23
https://doi.org/10.7343/as-2020-477
https://www.um.edu.mt/library/oar/bitstream/123456789/26139/1/Water%20management%20in%20Medieval%20and%20Early%20Modern%20Malta.pdf
https://www.um.edu.mt/library/oar/bitstream/123456789/26139/1/Water%20management%20in%20Medieval%20and%20Early%20Modern%20Malta.pdf
https://doi.org/10.3390/su12239835
https://doi.org/10.1093/ijlct/cts025
https://www.eolss.net/ebooklib/bookinfo/solar-energy-conversion-photoenergy-system-thermal-systems-desalination-plants.aspx
https://www.eolss.net/ebooklib/bookinfo/solar-energy-conversion-photoenergy-system-thermal-systems-desalination-plants.aspx
https://player.slideplayer.com/15/4629350/data/images/img0.jpg
https://player.slideplayer.com/15/4629350/data/images/img0.jpg

	Introduction 
	Materials and Methods 
	Soil Type 
	Crop Types 
	Farmer Experience 

	Results 
	Egypt 
	Nature Conditions 
	Historical Evolution of Irrigation and Water Supply in Egypt 
	Main Irrigation Technologies in Egypt 

	Morocco 
	Nature Conditions 
	Historical Evolution of Irrigation and Water Supply in Morocco 
	Main Irrigation Technologies 

	Portugal 
	Nature Conditions 
	Historical Evolution of Irrigation and Water Supply in Portugal 
	Main Irrigation Technologies in Portugal 

	Malta 
	Nature Conditions 
	Historical Evolution of Irrigation and Water Supply 
	Main Irrigation Technologies 


	Discussion 
	SLECI 
	Desalination Technology 
	Engineering Constructed Wetlands 

	Conclusions 
	References

