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H I G H L I G H T S

• Thermal technologies allow achieving zero liquid discharge in seawater desalination
• Zero liquid discharge entails larger land use inland
• Thermal desalination shows lower CO2 emissions per cubic meter of desalinated water
• Thermal desalination inland shows larger costs due to seawater transport and equipment
• Recovering resources from brine increases economic viability of thermal desalination
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A B S T R A C T

Water scarcity in arid regions has driven the spread of desalination. These systems contribute to water access but
come at an intensive energy cost, and lead to brine discharge and associated environmental impacts. This work
aims to investigate emerging societal issues and tensions when developing and implementing a thermal desa-
lination system to produce irrigation water in the South of Spain. This has been done in a demonstration system
for solar desalination able to recover water and salts from desalination brine. For this purpose, a context-sensitive
design exercise has been implemented. First, tensions between social values expressed by diverse stakeholders
have been identified. Then, a set of technical scenarios for the full-scale implementation of the system were
designed and evaluated, comparing them to conventional membrane desalination. The analysis indicates high
economic and energy costs to avoid the environmental impacts of increasing water production.

1. Introduction

Seawater desalination capacity has been constantly increasing
worldwide since the 80's, and it is expected to double its capacity by
2030 [24]. The main challenges of seawater desalination are [71,73]: 1)
to obtain added value recovering resources from brine (and avoiding
brine release into the sea and potential impact onmarine ecosystems), 2)

to decrease the large amount of energy that these processes require, and
3) to decarbonize seawater desalination and reduce greenhouse gas
emissions.

Regarding brine management, the zero liquid discharge (ZLD)
concept has emerged as an environmentally friendly approach to
seawater desalination [75]. ZLD refers to avoiding releasing brine into
the environment bymeans of recycling all of it. In seawater desalination,
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ZLD can be met by increasing the recovery ratio (i.e., the share of
distilled water out of processed water), which allows to recover salts and
added value elements (such as Li, Co, Mg) whose availability is
becoming increasingly limited [10,43,74,77]. However, achieving ZLD
would also entail increasing energy consumption and economic costs.

In terms of energy consumption, there are several works in the
literature dealing with efficiency improvements of desalination pro-
cesses [12] by process optimization [2,32,44,68,76] and/or exploring
and developing new technologies [31,44,69,72].

Decarbonization would be achieved by spreading the use of renew-
able energy sources. In fact, solar energy powers about half of the
worldwide renewable desalination capacity, out of which 19 % is ther-
mal solar energy [1]. Also, thermal desalination can achieve higher
concentration factors than the most widely applied desalination process
(i.e., reverse osmosis) [72]. Therefore, thermal desalination can play an
important role in both decarbonizing seawater desalination and
achieving ZLD. Moreover, recovering and valorising resources from
brine (e.g., Sodium, Lithium, Magnesium and Calcium salts, and other
minerals) would importantly contribute to the economic viability of
thermal desalination technologies and to circular water economy.

However, social acceptance is one of the most limiting factors
affecting the development of seawater desalination, together with costs
of water production, environmental requirements, financial support,
and legal certainty [64]. Several studies corroborate that the environ-
mental impact on the marine environment and on sea-based activities (e.
g., surfing, fishing, tourism) can have an important role in generating
opposition to desalination projects, as well as lack of trust in institutions
in charge of managing impacts, or the lack of public participation in the
planning or in the environmental impact assessment processes
[36,53,64,78,79]. Also, large land occupation may become an important
constraint, above all in places where several socioeconomic activities
compete for land (e.g., tourism, agriculture, energy production). For
instance, Fornarelli et al. [14] have shown, for a case study in Australia,
that disturbance of the beach and sea-based recreational activities, as
well as impacts on residential development in the local area may act as
factors influencing social acceptance.

On the other side, a perceived threat to water supply, either due to a
mismatch between demand and supply and/or to the state of water
sources, may have a very important role in fostering social acceptance of
desalination technologies, as well as the inclusion of public participation
in public decision-making [36]. In relation to this, these authors propose
the following: a) to obtain reliable information on the status of water
supply and demand and the status of water sources, b) to assess the
environmental and socioeconomic impacts of desalination plants, c) to
fully disclose the outcomes of this assessment to the public to meet
transparency, and d) to value public opinions and incorporate cost-
effective modifications to the desalination projects according to these
opinions.

Several studies have incorporated public participation to evaluate
and compare, from a diversity of perspectives, either water management
options or desalination project alternatives.

These studies have applied multicriteria frameworks combined with
different degrees of participation, from the more technocratic to the
more participative. Aliewi et al. [4], Marini et al. [37] and Ibrahim et al.
[21] take a more technocratic approaches based on expert knowledge (e.
g., water managers and planners) to evaluate and compare water man-
agement options. Experts define alternatives, indicators and criterion
weights.

Heck et al. [18] include a wider audience through surveys, but limits
their participation to prioritize management objectives (i.e., define cri-
terion weights) and to identify divergent opinions about desalination
projects.

Domènech et al. [11] discuss the desirability and feasibility of non-
conventional water sources, which are evaluated under a set of in-
dicators derived from different social perspectives (i.e., public local and
national authorities, water supply and technology companies,

academics, neighbor associations, and environmental non-
governmental organizations) and weights derived from the growth
and degrowth narratives.

Paneque-Salgado et al. [51] carry out a participatory multi-criteria
evaluation engaging a wide range of stakeholders (several decision
makers, business organizations, citizen's organizations and experts) to
define the problem, alternatives and evaluation criteria, and to analyse
and discuss the results of the evaluation, with the ultimately goal of
understanding the social and institutional context, identifying water
management options and evaluating them from plural perspectives.

Even though these studies incorporate different types of stake-
holders, public participation is limited to structuring the problem in
terms of defining alternatives, evaluation criteria and criterion weights.
The analysis and discussion of societal value tensions arising from the
evaluation is left to researchers.

Palmeros-Parada et al. [49] take a step forward in this regard. They
identify social values and concerns through interviews and workshops,
incorporate some modifications to the original system according to so-
cietal values identified, evaluate environmental and socioeconomic
impacts of desalination alternatives under stakeholders concerns, and
openly discuss the tensions emerging from the evaluation with stake-
holders (See also [34,35] for more details on the same case study).

The present work takes a step further in achieving the four recom-
mendations made by Liu et al. [36] mentioned above. Distinctively, this
work is based on a continuous feedback loop with stakeholders
considering then one of the main objectives of the open innovation. In
this work, the outputs obtained from the stakeholders (i.e., societal
values and value tensions) were the basis to define the technical sce-
narios and the evaluation criteria. Additional to the inclusion of stake-
holders in the problem structuring and evaluation, it promotes an
informed discussion about societal tensions and provides some consid-
eration to design policy recommendations aimed at implementing sus-
tainable desalination technologies.

In fact, the aim of this work is not to design a thermal desalination
plant with resource recovery, but to use the design of such a system to
explore its societal implications with explicit recognition of emerging
tensions between societal values around it.

To do so, this work puts forward a context-sensitive design approach
that explicitly integrates societal values in the design of thermal desa-
lination technologies. The approach is applied to a demonstration case
study within the WATER MINING Horizon 2020 project. The demon-
stration took place in Almería, a water-stressed region in the South of
Spain with important tourism and agricultural sectors. The project aims
to bring circular economy to the water sector by recovering additional
water and salts from desalination brine, all of it using thermal solar
energy as the main energy source.

2. Materials and Methods

To engage stakeholders in participatory research for technological
innovation process, a “context-sensitive design approach” [49] has been
followed. The approach takes elements from Value Sensitive Design
[89,90], a design methodology to explicitly integrate societal values in
the design of technologies. The approach also incorporates elements of
sustainable design [46,47] and participatory assessments [15]. It
explicitly incorporates diverse, even contrasting, points of views
regarding desalination technologies to consciously consider societal
aspects into emerging technologies, which are often developed in pro-
cesses that are blind to the context and the stakeholders' realities [80].

Following Palmeros-Parada et al. [49], our approach takes a
responsible innovation perspective, which is aimed at making the
innovation process more anticipatory, reflexive, and responsive by
promoting a strong participation of stakeholders [38] in all stages of the
research and innovation process.

For this, two phases have been implemented: Phase 1 (months 1–14),
when technical and societal aspects of the thermal desalination systems
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were identified, such as societal values and concerns, and value tensions
and uncertainties about thermal seawater desalination. In Phase 2
(months 15–35), technical scenarios were developed based on the
findings from Phase 1, evaluated and brought to stakeholders to discuss
value tensions and to identify questions for further research.

For this purpose, the following process took place (Fig. 1). First, re-
searchers proposed a thermal desalination system that was presented
and discussed with stakeholders. Then, in-depth interviews to key in-
formants and workshops with stakeholders from different sectors were
held to identify societal values around thermal seawater desalination.
Values refer to aspects that were considered important for the thermal
desalination technologies and were identified from value judgements
and norms expressed by stakeholders.

In this step, value tensionswere also identified. These tensions emerge
as aspects of the technology or ways of implementing can contribute and
oppose several values at the same time, and bring forth uncertainties.
For instance, “this technology can greatly contribute to climate change
mitigation, but its costs make it economically inviable.”

Based on the outcomes of the previous activities, a set of technical
scenarios were developed by the researchers. These technical scenarios
are different technical configurations of the originally proposed system,
which deal with the value tensions identified previously.

Then, societal values were translated into evaluation criteria used to
assess the socioeconomic and environmental impacts of the technical
scenarios. The outcomes of the evaluation were finally presented and
discussed with the stakeholders, from which some recommendations for
policy makers are drawn.

The next subsections present the case study and the different
methods applied during this participatory research process.

2.1. Case study

Almería, a Spanish province located in the south of Spain, is a well-
known region due to its relevance regarding highly intensive vegetable
production in greenhouses, with productivities doubling those of open-
air production. In monetary terms, the export of fruits and vegetables
from Almeria means half of the value of Andalucian exports, and about
one fifth of the Spanish exports. Agriculture in Almería represents about
17 % of the Gross Domestic Product (GDP) of the province, while the
share of GDP of the agriculture sector in Spain is about 3 % [23].

With a population of about 728 thousand inhabitants, the agricul-
tural sector employs about one fourth of the working population, while
in Spain the occupied population in the agricultural sector is about 4 %.

Regarding water use of agriculture, more than 32.000 ha of green-
houses for vegetable production consume about 160 Hm3 of water each
year, which means 5.000 m3/ha [22]. According to data from INE [22]
and MAPA [41], agricultural water consumption per hectare to produce
vegetables is about the same at the level of Andalucía and Spain.
However, the productivity of greenhouse vegetable production in
Almería is twofold compared to the average vegetable yield of Andalucía
and Spain [41]. On other side, water use in agriculture represents about
80 % of water usage in the Almería province and about 60 % is
groundwater [26], which is severely overexploited and/or polluted ac-
cording to the European Water Framework Directive assessment [81].

Under the framework of the European H2020 project WATER-
MINING (Next generation water-smart management systems: large
scale demonstrations for a circular economy and society – watermining.
eu), the use of Nanofiltration (NF) as a pre-treatment in solar-powered
Multiple Effect Distillation (MED) for the removal of divalent ions in
seawater aiming to increase the recovery ratio of the desalination pro-
cess has been evaluated. The public research centre Plataforma Solar de
Almería-CIEMAT is responsible for this case study, which consists of
demonstrating that, through solar thermal desalination, it is possible to
improve the sustainability of current desalination technologies by
achieving higher concentrations leading to ZLD processes, thus enabling
the production and valorisation of high-quality salts and water suitable
for use in the agricultural sector. It should be noticed that conventional
technologies, such as RO, cannot achieve ZLD due to the limitations of
the osmotic pressure [66].

2.2. Desk study and identification of relevant stakeholders

During months 1 to 10 (Sept 2020 – June 2021), a literature review
was performed to identify societal values and value tensions around
seawater desalination and the recovery of added-value products from
the brines. The results of the review have been published in Palmeros
Parada et al. [48].

During this time, an identification of stakeholders relevant to
seawater desalination in the Almería region was performed. This task
was performed following the different stages of the desalination process,
differentiating stakeholders between the following categories:

• Upstream stakeholders: Supply chain stakeholders are those that
supply the goods or services to be delivered (e.g., suppliers of goods
or services, manufacturers, subcontractors, suppliers of
technologies),

Fig. 1. Objectives, steps and activities of the Context-Sensitive Design approach (source: Own elaboration).
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• Downstream stakeholders: The paying customer and those in-
dividuals or entities that will make use of the products or technolo-
gies (e.g. end-users of the products or by-products, intermediaries,
clients, the marketplace, buyers and/or future operators of the
technologies developed in the project),

• Internal stakeholders: Individuals or groups that are connected to
the project and have strong influence in its success (e.g., project
partners, top leadership and management, the executive board,
managers and other staff, investors, project team), and

• External stakeholders: the general community and other in-
dividuals that will be impacted by the project, whose support is vital
for its success (e.g., affected communities, concerned groups,
knowledge networks, government, regulators, non-governmental
organizations, activist groups, interest groups, media).

The final list of stakeholders included more than 40 people from the
local and regional public administrations, the desalination and water
industry, the agricultural sector, irrigation communities, non-
governmental organizations, and the academy and education sector.

2.3. Interaction with project partners and stakeholders

A series of in-depth interviews with key informants, an online survey,
meetings with technical project partners and workshops with stake-
holders were carried out.

Between months 1–14 a series of meetings were held between the
researchers and technical project partners. The last were responsible for
the design, development and testing of the technologies. These meetings
were aimed at:

1. familiarizing the researchers with the thermal seawater desalination
technologies and the technical partners with the context-sensitive
design approach,

2. identifying technical aspects of thermal seawater desalination (main
products, technologies and design variables), and

3. identifying expectations, research focus and concerns about the
technical systems of technical researchers (i.e., project values).

Between months 6–10 interviews and online surveys were carried
out to identify stakeholder values specific to this case study. The inter-
view guide and the online survey included questions about the advan-
tages and disadvantages of thermal desalination technologies, the
potential use of recovered resources from seawater and desalinated
seawater for irrigation, and the quality requirements to use recovered
resources and desalinated seawater.

The survey was shared with 20 stakeholders, from whom 8 responses
were obtained. Five key informants from the agricultural sector (2), a
financial company, an environmental non-governmental organization
and a public authority were interviewed. Key informants are well-
informed, reflective people, who have first-hand knowledge about an
issue and are willing to talk extensively with the researchers [3,54,58].

The interaction with the whole group of stakeholders took place in
three workshops, where stakeholders from different backgrounds and
points of view came together to share ideas or express concerns about
the technologies developed in the project and learn from the experiences
of one another. Workshops were structured beginning with pre-
sentations for the whole group, followed by small group discussions and
a plenary to share the outcomes of discussions.

The first workshop was held in October 2021 (month 14) and was
aimed at presenting the project, its objectives and the case study.
Additionally, the workshop aimed to validate the societal values iden-
tified by means of the literature review, in-depth interviews and meet-
ings with technical researchers.

A second workshop was held in February 2022 (month 18) and was
aimed at analysing market barriers and enablers. Even though this
workshop was not directly related to the context sensitive design

process, it produced complementary information to develop the tech-
nical scenarios.

The third meeting took place in February 2023 (month 30) and was
aimed at presenting, analysing and discussing the technical scenarios
(see 0 Technical scenarios) and their performance, and to identify and
validate emerging societal tensions.

2.4. Identification of societal values and value tensions

Project documents and transcribed in-depth interviews and surveys
were analysed following the inductive interpretative process of open
coding to identify project and social values, respectively. Open coding
refers to the process of breaking down data in different meaning units,
identifying data units (e.g., sentences of different length) representing
an example of a general phenomenon [8]. In this case, the categories
identified from this process (i.e., the codes) were the societal values,
which were identified from expressed value judgements during the in-
terviews and surveys (expressed in objectives, concerns, and expected
benefits or drawbacks related to the technology and its implementa-
tion). For instance, the statement “thermal seawater desalination systems
should decrease the pressure on the environment by reducing the generation of
brine” contains the value environmental protection, while the sentence
“a drawback is that the high investment costs of thermal systems may hinder
the economic viability of these projects or imply high water prices for the final
consumers” indicates that economic viability and distributive justice are
relevant values for implementing these technologies. Technical
scenarios.

2.4.1. Water Mining System
Based on the co-resource recovery business model archetype devel-

oped by Pereira et al. [55] and the Water Mining demonstration system,
a large thermal desalination plant coupled with a hybrid gas-CSP plant
was proposed as a base scenario (Scenario 1). The business model is
based on a stable cooperative relationship (industrial symbiosis) among
two partners sharing knowledge on the technical characteristics of the
waste heat for its recovery and exploitation as a useful input for thermal
seawater desalination, or a single partner operating both systems. Also,
the business model is aimed at recovering and valorising resources from
brine – in this case, NaCl – to contribute to circular water economy and
increase the economic viability of thermal water desalination.

The entire system (Fig. 2) would be located inland to take advantage
of greater solar irradiance than on the coast and avoid corrosive envi-
ronments that reduce the efficiency of the mirrors of the solar thermal
collectors. The thermal desalination system proposed by the WATER-
MINING project would use the waste heat from the Rankine power cycle.

The hybrid gas-CSP plant is composed of parabolic troughs, thermal
storage tanks and a Rankine power cycle as well as an auxiliary natural
gas burner to allow continuous operation of the systems 24 h. It has been
considered an availability of the plant of 96 %. The CSP plant has been
sized to provide the required thermal energy from the turbine exhaust
steam to the MED unit and the thermal crystallizer. In addition, apart
from producing electricity for the grid, the CSP plant provides the
electricity required by the electricity consumers (i.e., pumping station,
NF, MED, vacuum pump and mixer).

It has been considered that the seawater is transported 50 Km inland
from the seaside and 300 m above sea level, at an average velocity of 1
m/s by a pipe of 24-in. nominal diameter.

Then, seawater passes by a nanofiltration (NF) unit, which retains
divalent ions (Ca+2, Mg+2, SO42− ) by 95–99 %, and Sodium (Na) and
Chloride (Cl) by 12–14 %.

The outflow of the NF goes to the Multi-Effect Distillation (MED)
unit, which can operate at 90 ◦C and a recovery rate of 86 % thanks to
the absence of divalent ions. If NF were not applied, the MED would
have to operate at 70 ◦C and a recovery rate of 36 % to avoid scaling due
to the presence of divalent ions. On one side, the use of a NF before the
MED implies an important improvement in the recovery rate (and in the
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concentration factor). On the other side, a small fraction of the NF
concentrate could be mixed with the final distillate to provide divalent
ions necessary for irrigation purposes.

The concentrate from the MED goes to a thermal crystallizer coupled
with a filtration system (belt filter) that evaporates the inlet solution,
reaching the saturation point and obtaining NaCl crystals with a mois-
ture content of 5 %.

Finally, the MED and Thermal Crystallizer distillates are mixed (and
mineralized) with part of the NF reject to produce irrigation water with a
salinity below 2.000 g/m3 and the following salts content limits, which
are considered normal values for irrigation: 20meq/l of Ca2+, 5 meq/l of
Mg2+, 40 meq/l of Na+, 30 meq/l of Cl− and 20 meq/l of SO42− [60]. The
rest of the NF reject is mixed with the brine produced in the vacuum
filtration.

2.4.2. Development of Technical Scenarios
Different technical scenarios were developed to explore different

technical configurations of thermal desalination to respond to the
identified value tensions. The scenarios are tools to explore different
technology development pathways, allowing to anticipate potential
impacts, and to explore and discuss the identified tensions more
concretely [49]. An iterative process between a desk study to develop,
model and simulate the scenarios, and meetings with technical partners
and other project partners to validate the scenario progress was held.
The desk study started analysing which tensions could be explored
through technical scenarios and their evaluation. Once this focus was
identified, the scenarios were developed considering four main vari-
ables: 1) process and technology, 2) product and by-products, 3) scale
and supply chain and 4) raw materials and utilities, in perspective of the
identified societal aspects [46].

A conventional RO desalination system is considered as a benchmark
for comparison. This scenario considers RO desalination located seaside,
powered with electricity from the grid and without brine treatment.
Seawater would be transported 5 km inland, and 50 m above the sea
level. A Specific Energy Consumption (SEC) of the RO system of 2.5
kWh/m3 and a recovery ratio of 50 % have been considered in this study
[2].

Notice that the technical scenarios proposed do not consider the pre-
treatment processes before the RO and NF systems. In terms of com-
parison with the benchmark scenario, both the RO and the NF + MED
processes would need similar pre-treatment of seawater, such as micro
or ultrafiltration systems [62,65].

2.5. Attributes and indicators

Following Gamboa et al. [15,82], societal values and concerns were
translated into a set of multi-dimensional attributes and indicators
representing different views present in society. Attributes refer to the
elements used within the specific narrative to describe a system: a
description of an observable relevant quality. For example, the assertion
that “brine generation is one of the big challenges of seawater desali-
nation” contains a value judgment, which is used to identify “brine
generation” as an attribute within it.

To perform a quantitative characterisation of the system under study,
it is necessary to define the formal categories to measure and monitor
the state of the system according to each criterion. Indicators can be
defined as the image of an attribute, formalised in terms of a specific
measurement [83]. For example, the “amount of brine generated
measured in tonnes per day” when desalinating seawater can be used as
the indicator for the criterion “brine generation”. The value of the in-
dicator (i.e., the state of the variable) provides information about the
condition and/or the trend of the criterion describing the system.

The technical scenarios were evaluated under this set of multi-
dimensional indicators (Table 1), which enable the researchers and
stakeholders to discuss the emergent societal tensions around the full-
scale implementation of thermal desalination technologies.

As the main objective of this work is not to discuss the technicalities
of the calculations and modelling exercises, the description of the
calculation methods and the main assumptions are presented in the
Supplementary materials. Here, some general description of the
methods used and assumptions made to calculate the indicator scores
are provided.

Mass and energy balances of the scenarios were used to calculate the
value of most of the indicators. (e.g., amount of irrigation water, brine
generation, energy consumption, NaCl recovery). The assumptions
made to develop the mass and energy balances are presented in the
description of each scenario (see section 3.2 Technical scenarios).

CO2 emissions were calculated considering an emission factor of 0.37
TCO2/MWh of electricity generated in a combined cycle power plant
[57] for scenarios considering a hybrid gas-CSP plant and an emission
factor of 0.259 TCO2/MWh of the Spanish electricity mix for the
benchmark RO scenario.

The economic performance of the scenarios was evaluated by the
levelized cost of water (LCOW) and the levelized cost of NaCl (LCS),
calculated following Papapetrou et al. [52] (See Eq. 1 and Eq. 2 of

Fig. 2. Thermal desalination system proposed by the WATER-MINING project.
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Supplementary material).
The fixed-capital investment (CAPEX) and operating expenditures

(OPEX) were calculated following Akhter et al. [3]. The percentages of
different costs components were adjusted to the Spanish reality ac-
cording to [84] and expert consultation1. The LCOW of scenarios 1 to 4
incorporates the Levelized Cost of Electricity (LCOE) of the gas-CSP
hybrid plant, which is used to calculate the energy cost of producing
desalinate water. More details about the parameters of the CSP plant can
be found in the Supplementary materials.

The costs of brine disposal have not been considered here because of
its low irrelevance compared to energy or other operational costs [28].

The design and simulation of the CSP plant has been performed by
SAM software (https://sam.nrel.gov/). The software also provides in-
formation on land use and the cost of the equipment, which have been
taken to do the cost analysis, also considering information from CSP
experts.1 The software also calculates the LCOE, which was used to
calculate the operational costs of the desalination plants using thermal
technologies. To calculate the LCOE, the average price of natural gas in
the wholesale Spanish market during the five-year period 2018–2022
has been considered (39.3 €/MWh). For the benchmark RO scenario, the
average price of electricity for industrial users in Spain during the same
period was assumed (83.7 €/MWh).

In this work, the economic costs of energy are only derived from the
consumption of electricity. Thermal energy is assumed to have zero
economic cost as it comes from waste heat from the turbines of the
hybrid gas-CSP, which is an available by-product of electricity genera-
tion (industrial symbiosis).

Finally, revenues were calculated according to the amount of irri-
gation water, NaCl and mixed salts produced, considering prices of 0.45
€/m3, 110 €/T and 10 €/T (U.S. [16]), respectively. Prices of pure NaCl
considered in this work are coherent with values between 80 and 150
$/Ton reported in Micari et al. [40].

3. Results

In this section, the outcomes of the “context-sensitive design approach”
for the Almeria case study are presented. First, a summary of the societal
values and value tensions are described. Then, technical scenarios
developed to consider value tensions and uncertainties are presented.
Finally, the performance of the different scenarios is presented and
compared according to the indicators defined based on social values and
concerns.

3.1. Societal value tensions

The first outcome of this research is the identification of societal
values. Here, the main value tensions arising these values are reported,
which have been considered to develop a set of technical scenarios. The
ideas expressed in these paragraphs are not facts. They are based on the
perceptions and expectations of stakeholders and project partners,
which will be investigated in the assessment and analysis of technical
scenarios.

• Energy consumption, climate change and land use. Conventional
desalination systems have high energy consumption and, conse-
quently, greenhouse gas emissions derived from a fossil-based elec-
tricity system. Thermal desalination based on solar energy or waste
heat is seen as a way to decarbonize seawater desalination. However,
extensive land use of renewable energies may hinder the develop-
ment of thermal systems, above all in places close to the coast where
other economic activities, such as tourism and agriculture, compete
for land.

• ZLD, market uncertainties and economic viability. Thermal seawater
desalination would be a way to reach ZLD (due to the possibility to
achieve much higher concentration factor in MED by removing
divalent ions by NFs) and importantly reduce impacts on marine
ecosystems due to brine releases. However, thermal technologies are
more expensive than conventional ones and make their economic
viability more uncertain. The valorisation of resources recovered
from brine (e.g., NaCl) may increase revenues and economic viability
of thermal desalination.

• Affordability, distributive justice and societal acceptance. ZLD can
increase the costs of desalination, raising the question of who could
and should pay for it. The issue is relevant especially if water is
produced for irrigation purposes in a water-stressed semi-arid region
with an export oriented agricultural system. It raises the question of
whether desalinating seawater for irrigation in this context is envi-
ronmentally friendly at all, even if based on renewable resources.

3.2. Technical scenarios

The development of the technical scenarios and their evaluation
under a set of multi-dimensional indicators was the result of the second
phase of this work. For this, energy source, location (inland, seaside),
and degree of resource recovery (NaCl, water only) were identified as
main variables. All scenarios were aimed at processing 30,000 m3/d of
seawater.

Scenarios 0 and 1 are already explained in section 0 Technical Sce-
narios. Scenario 0 considers an RO system located on the coast, with a
SEC of 2.5 kWh/m3 and a recovery rate of 50 %. Scenario 1 is the system
proposed by the Water Mining project (See section 2.4.1 Water Mining
System).

3.2.1. Scenario 2. Thermal desalination inland
Scenario 2 (see Fig. 3) has been designed without considering the

thermal crystallizer. Therefore, it generates brine and does not valorise
resources from it (i.e., NaCl), but it requires lower thermal energy
consumption, land use and economic costs.

Seawater is transported to a thermal desalination plant located 50

Table 1
Attributes and indicators to evaluate and compare technical scenarios.

Attribute Indicator Unit Objective/s

Irrigation water Volume of
irrigation water

[m3/d] ⁃ Maximize
production of
irrigation water

⁃ Support agricultural
sector

Energy
consumption

Electricity
consumption

[GWh/y] ⁃ Minimize energy
consumption

Brine generation Amount of brine [T/d] ⁃ Zero liquid
discharge

⁃ Minimize generation
of residues

Salt production Volume of NaCl
production

[T/d] ⁃ Recover resources
⁃ Valorise ZLD

GHG emissions CO2 emissions [TCO2/y] ⁃ Decarbonize the
desalination sector

Land use of the
thermal
collectors' field

Surface of land use [ha] ⁃ Minimize land use
⁃ Minimize land
competition of
economic activities

Cost of water
production

Levelized cost of
water - LCOW

[€/m3

irrigation
water]

⁃ Economic viability
of desalination

⁃ Reduce water prices
⁃ Support agricultural
sector

Revenues Revenues from
NaCl and
irrigation water

[€/y] ⁃ Economic viability
of desalination

1 Personal communication E. Zarza.
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Km inland and 300 m above the sea level, coupled with a hybrid gas-CSP
plant. The scenario considers a nanofiltration process to extract divalent
ions from seawater, so the MED can operate at 90 ◦C and reach a re-
covery ratio of 86 %. A mixer adds part of the NF rejection to the MED
distillate to produce irrigation water, and the brine from the MED and
the NF rejection is managed afterwards.

3.2.2. Scenario 3. Thermal desalination inland ZLD and NaCl recovery
In Scenario 3 (see Fig. 4), a second block chain composed of a MED, a

Thermal Crystallizer plus Filtration and a Mixer has been added to
achieve ZLD, using then large part of the NF rejection as feed for the
second MED system. This MED operates at 38 % recovery rate and at 70
◦C due to the presence of divalent ions that can produce scaling in the

MED if operating at higher temperatures. As the NF rejection contains
salts other than NaCl, the rejection of the filtration process is water with
a high content of mixed salts, including NaCl.

3.2.3. Scenario 4. Reverse Osmosis + Thermal desalination (ZLD) Inland
This scenario (see Fig. 5) has been designed to achieve ZLD with an

RO system coupled with a thermal system (MED and Thermal
crystallizer).

As in scenarios 1, 2 and 3, the whole hybrid gas-CSP plus desalination
system is located 50 Km inland and 300 m above the sea level. It allows
to treat the RO reject with the MED (which has to be located next to the
CSP plant to be driven by the exhaust steam turbine) in order to achieve
ZLD.

Fig. 3. Scenario 2. Thermal desalination inland.

Fig. 4. Scenario 3. Thermal desalination inland, ZLD and NaCl recovery.
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The RO is powered by the CSP plant. It works at a SEC of 2.5 kWh/m3

and a recovery ratio of 50 % [2]. As the RO reject contains divalent ions,
the MED operates at 70 ◦C and a recovery rate of 38 %. Higher tem-
peratures and recovery ratios cannot be achieved due to scaling. Also,
including a NF before the MED to extract divalent ions would produce
high salinity slurry in the MED, which would surpass the processing
capacity of the thermal crystallizer. Therefore, NF is not included in this
scenario.

Then, part of the RO rejection is mixed with the MED and Thermal
crystallizer distillates to produce irrigation water with a salinity and
salts content limits similar to those indicated in Scenario 1.

3.3. Discussion of scenarios performance

The performance of all scenarios is presented in Table 2, which al-
lows the reader to recognize a strong tension between increasing water
recovery and avoiding brine discharge versus the costs associated with
it.

In the following subsections, these tensions are reviewed following
the value tensions mentioned in section 3.1.

3.3.1. Energy consumption, CO2 emissions and land use
As it can be seen in Table 2, Scenario 0, presents the lowest energy

consumption and CO2 emissions to process 30,000 m3/d of seawater.
However, as the recovery rate is only about 50 %, it produces less irri-
gation water compared to other alternatives. In other words, when
processing almost a double amount of water to provide the same amount
of irrigation water as the other options, RO would double the total en-
ergy consumption, brine release and CO2 emissions. In fact, when
electricity and CO2 emissions are calculated per cubic meter of irrigation
water produced, Scenario 0 performs in between the rest of scenarios.

When scenarios 1 (Water Mining scenario) and 2 (which disregards
the thermal crystallizer in its configuration) are compared with Scenario
0, they show an increase in the production of irrigation water, together
with a significant reduction in brine generation (i.e., reject from the NF
and from the MED). However, those improvements entail an important
land requirement.

In case that Scenarios 3 and 4 are compared with Scenario 0, the first
ones result in much larger amount of irrigation water (about 90 %) with
respect Scenario 0, being the energy consumption per cubic meter of
irrigation water 106.5 and 90.5 % of the benchmark scenario,

Fig. 5. Scenario 4. Reverse osmosis + Thermal desalination Inland, ZLD.

Table 2
Performance of different scenarios, when processing 30.000 m3/d of seawater.

Indicators Units Sc0 Sc1 Sc2 Sc3 Sc4

RO /
Seaside

Thermal / Inland / NaCl
Recovery

Thermal /
Inland

Thermal / Inland /
ZLD

RO + Thermal / Inland /
ZLD

Volume of irrigation
water

[m3/d] 15,400 23,200 20,200 28,700 29,000

Land use [ha] – 282 154 462 392
Electricity consumption [GWh/y] 17.1 32.8 32.6 33.9 29.2

[kWh/m3 irrigation
water]

3.04 3.87 4.42 3.24 2.75

CO2 emissions [TCO2/y] 4420 6795 6754 7029 6041
[TCO2/m3 irrigation
water]

0.79 0.80 0.92 0.67 0.57

Brine generation [T/d] 15,450 6367 10,784 354 316
NaCl production [T/d] – 1285 – 1285 –
Mixed salts production [T/d] – – – 500 1540
LCOWNR

1 [€/m3 irrigation water] 0.87 1.74 1.73 1.47 1.16
Revenues irrigation
water

[M€/y] 2.43 3.66 3.19 4.53 4.57

LCS [€/TNaCl] – 23.4 – 19.0 13.42

Notes:
1) LCOWNR is the Levelized cost of water considering No Revenues from NaCl.
2) Levelized cost of mixed salts.
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respectively. CO2 emissions per cubic meter of irrigation water are 84.8
and 72.2 % of scenario 0, respectively. However, Scenarios 3 and 4
require larger land requirements due to the CSP plant.

In this sense, solar thermal desalination brings a tension around land
use that, in the case of Almeria, needs a closer look. Locating the desa-
lination plant on the coast provides direct access to seawater. But the
extensive land use for solar field, as well as the losses in efficiency of
mirrors and the lower solar irradiation on the coast, make it difficult to
locate them in the coastline. Moreover, competition for land with other
socioeconomic activities (e.g., agriculture, tourism and housing) may
occur. Alternatively, transporting seawater inland, up the steep moun-
tains around Almería, may seem inadequate considering the high energy
requirements and economic costs of transporting seawater inland.

3.3.2. ZLD, market uncertainties and economic viability
ZLD is only possible with thermal technologies that allow achieving

much higher recovery ratios/concentration factors [72,75]. In the case
of the technical scenarios, the best results in these terms were obtained
for Scenarios 3 and 4 that result in the lower brine rejection. It would
allow to importantly reduce impacts on marine ecosystems due to brine
releases. However, investment and operational costs of scenarios based
on thermal technologies are higher than conventional ones (See Table
SM3 in supplementary material) and make their economic viability
more uncertain.

According to this, some stakeholders proposed to continue desali-
nating seawater with conventional RO systems with typical recovery
rates of 50 % and releasing brine to the sea. They argued that this
practice is not so harmful to the marine environment if done adequately.
While this point has also been argued elsewhere [7,63], other studies
show that brine discharge to marine environment may have adverse
effect on water and sediment quality and on coastal ecosystems. These
impacts depend on brine composition and temperature, which are
determined by the water source, the desalination technology and
chemical used in operation and maintenance of the desalination plant
[50,85].

Most of the chemical additives used in desalination plants operation
and contained in brine may have negative effects on the marine eco-
systems if they are not well diluted and/or neutralized before being
discharged into the sea [85]. However, it is hypersalinity of the brine
that is of most concern. It can elevate water salinity at few kilometres
from the discharge point [13] or exceed salinity environmental quality
standards at the see bottom [56], impacting marine ecosystems
[42,50,86] and biodiversity [59]. The extent of the impact of brine
release would depend on the biological conditions of the receiving
environment, the tolerance to salinity changes of affected marine com-
munities and their ability to adapt or to move out of the affected areas
[42,50,86,87], on the oceanographic conditions and its ability to pro-
vide sufficient transport capacity to dilute, disperse or degrade brine and
residual chemicals [50,85]. In any case, limitations have been found
when monitoring brine dispersion [71] and its impacts remain difficult
to predict [13,33,70].

On the other hand, the valorisation of NaCl from brine is important
to make these technologies economically viable. Only scenarios recov-
ering and valorising NaCl from brine generate enough revenues to afford
the LCOW. However, it became evident that the amounts of recovered
salts are so large that it is needed to question their market feasibility.
The scenarios producing NaCl would arrive to produce about 40–60% of
the current Spanish sea salt production, in an already saturated domestic
market [67].

To analyse this issue, the minimum amount of salts to be sold to
reach the break-even point of irrigation water has been calculated,
considering revenues from NaCl. That is, if no salts are valorised and
sold in the market, all scenarios present a LCOW that significantly sur-
passes the price of irrigation water in Almería (0,45 €/m3). Table 3
presents the LCOW of each scenario and the amount of NaCl and mixed
salts that should be sold to reach a LCOW of 0.45 €/m3; the price of

irrigation water. As can be seen in Table 3, only scenarios 1 and 3 would
reach the break-even point of irrigation water by selling 21.2 and 20.8 %
of the NaCl produced, respectively, in each scenario. In the case of
scenario 4, even if all mixed salts are sold, it would not reach the break-
even point of irrigation water due to the lower cost of non-pure salts.

Notes:

1) Levelized cost of water considering the minimum revenues from
NaCl that makes the LCOW equal to the price of irrigation water (i.e.,
0.45 €/m3).

In this sense, the risk of turning brine discharge into solid residues
may be avoided by substituting mined salts by sea salts. In this way,
energy consumption, GHG emissions, ground water pollution, and
several other environmental problems related to salt mining can be
avoided. In Spain, one fourth of salt production is sea salt, giving it a
wide range to substitute mining salts [67]. However, this may bring
some socio-environmental impacts and benefits switch between terri-
tories that should be studied. For instance, this may entail more social
nuisance in towns next to seawater desalination plant due to increased
truck transit transporting the recovered resources and, on the other side,
less economic benefits and less environmental impacts in mining areas.

It should be also noticed that, as a NF process has been applied, this
NaCl could be considered micro-plastics free, which would give it an
advantage in comparison with other types of sea salt.

Fig. 6 shows the results of the calculation of the LCOWNR (without
the consideration of the revenues from NaCl) (Columns in the graph),
the potential revenues from selling NaCl (red dots in Graphic) and the
difference between LCOWNR and revenues (i.e., actual LCOW). The
benchmark RO scenario presents a LCOW between 60 and 72 % of the
rest of scenarios. Even though the inland scenarios have a relatively high
cost of transporting water (about one fifth of the LCOW), the RO sce-
nario still presents a lower LCOW when considering only the costs of
desalination. In any case, the LCOW of all scenarios is above the price of
irrigation water if the revenues of valorising and selling NaCl are not
considered. Only the scenarios recovering and valorising resources from
brine would become economically viable, especially those recovering
NaCl (Scenarios 1 and 3).

Scenarios 3 and 4 present a good combination of technologies to
achieve ZLD and valorise resource recovery. Even though they present
the highest LCOWNR and largest land use within the compared alter-
natives, these scenarios perform better in terms of irrigation water
production, minimizing brine generation, electricity consumption and
CO2 emissions per cubic meter of irrigation water and, in case of sce-
nario 1 and 3, generating enough revenues to contribute to the economic
viability of the proposed system.

Table 3
Amount of NaCl and mixed salts to be sold to reach break-even point in irrigation
water.

Indicators Units SC0 SC1 SC2 SC3 SC4

Amount of NaCl
produce

[T/d] – 1285 – 1285 –

Amount of NaCl
to be sold

[T/d] 273
(21.2
%)

267
(20.8
%)

Amount of
mixed salts
produced

[T/d] – – – 500 1540

Amount of
mixed salts to
be sold

[T/d] 1540

Revenues NaCl
and mixed
salts

[M€/y] – 8.33 – 10.29 5.40

LCOW1 [€/m3

irrigation
water]

0.87 0.45 1.73 0.45 0.63
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3.3.3. Affordability, distributive justice and societal acceptance
Implementing ZLD can increase the costs of desalination, raising the

question of who could and should pay for it. The issue is relevant,
especially if water is produced for irrigation purposes in a water-stressed
semi-arid region with an export-oriented agricultural system. It raises
the question of whether desalinating seawater for irrigation in this
context is environmentally friendly at all, even if based on renewable
resources.

Stakeholders participating in CoP meetings also argued that higher
water costs derived from desalination, aimed at irrigation purposes,
should be paid by end-users who make a profit out of it. This would
entail studying the impact on the economic viability of vegetable pro-
duction and on the local labour market that must be assessed and
discussed.

These observations led to a reflection over the contribution of this
system for a desirable circular economy, where there would be high
costs to avoid the environmental impacts of providing scarce resources,
such as water in a semi-arid water-stressed region, to highly resource-
demanding and growth-oriented industries like greenhouse vegetable
production.

In Almería, 12 out of 27 aquifers are overexploited, meaning that the
annual withdrawals are higher than 80 % of the natural groundwater
recharge [26]. According to Cabello et al. (2019), groundwater re-
sources are over-drafted in Almería because the combination of inten-
sive horticulture in greenhouses withdrawing very large quantities of
water in some overexploited aquifers, and hyper-intensive olives and
mix of open field fruits and vegetables drawing from aquifers with
extremely low availability. It is also shown that the irrigation areas
populated by greenhouse farming systems, extracting large amounts of
groundwater, have introduced more alternative water sources such as
surface, reclaimed and desalinated water. However, this strategy
implemented in the past decade to replace groundwater for irrigation
purposes has not delivered the expected outcomes, due to the combi-
nation of high energy cost of these technologies, and the increasing price
of energy and decreasing price of crops [88].

Moreover, past experiences show that efficiency increases lead to an
increase in resource consumption in the mid- and long-term due to the
expansion of human activity thanks to the newly available resources
[17]. In this case, increasing the amount of crop production per volume
of irrigation water, would allow an expansion of the agricultural sector,
or even the expansion of other sectors such as tourism, thanks to the
availability of new resources if groundwater withdrawal is not forbidden
and controlled.

Then, the question arises: Would it be sustainable to supply desali-
nated water to an export-oriented agricultural sector even if it was

powered with solar thermal energy, considering the context of a water-
stressed region where aquifers are already highly degraded? And
without implementing strict policies or measures to avoid aquifers'
overexploitation?

There is no easy answer in a complex context where an important
part of the population directly or indirectly depends on (mostly) small
farms of 2–3 ha, organized in cooperatives and closely related to the
local identity.

It is concluded that the exercise of a specific technological inter-
vention – resource recovery from brines – opened a conversation about
what a circular economy looks or should look like in the region.
Participating stakeholders concluded that water efficient agricultural
production in Almería would nevertheless be desirable, and some of
them proposed some conditions for it. In economic terms, some propose
to apply a polluter pays principle when pricing desalinated seawater,
offering conditioned subsidies or fiscal incentives to sustainable desali-
nation systems, or implementing tiered pricing for the volume of water
being used together with differentiated prices depending on the final
use. Some recommended to raise public awareness by means of
enforcing transparency around water and carbon footprints of agricul-
tural products. Finally, some propose to limit and increase control over
water extractions from degraded aquifers to prevent over-consumption
of fresh water, or to avoid desalinated irrigation water being a com-
plement to fresh groundwater, but a substitute.

4. Conclusions

This work is focused on the evaluation of the potential, from a social
and technical point of view, of solar thermal desalination to recover
water and salts from brine as well as to produce irrigation water in
Almería. An exhaustive work has been done with technology developers
and stakeholders in a context-sensitive design exercise. First, project and
social values and value tensions were identified. Four technical sce-
narios were established and designed for the full-scale implementation
of the system, to explore different technical configurations to respond to
the identified value tensions. Scenarios were evaluated and compared
with a conventional desalination RO system under a multi-dimensional
set of indicators, including irrigation water production, energy con-
sumption, land use, CO2 emissions and economic performance.

From this evaluation, it has been demonstrated that the combination
of thermal desalination and resource recovery technologies may signif-
icantly contribute to minimize residual brine and CO2 emissions, and to
maximize irrigation water production compared to conventional RO
system. However, large land use, competition with other socio-economic
activities and efficiency considerations of thermal technologies imply an
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irriga�on water
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Fig. 6. Structure of levelized cost of water in different scenarios.
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important constrain to locate them near the coast. Transporting
seawater inland represent between one fifth and one fourth of the cost of
water.

Thermal technologies can play an important role to achieve ZLD,
avoiding the environmental impacts of brine disposal. In this regard,
only the scenarios that valorise the resource recovered from brine (i.e.
NaCl) would reach the break-even point of irrigation water. However,
the question remains whether it is possible to put all recovered resources
on the market and avoid brine discharge becoming solid residues.

This work has raised important issues when discussing about what a
circular economy looks or should look like in a water stressed region
specialized in agricultural production for exports.
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