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ABSTRACT 

Freshwater scarcity is a critical issue in Qatar. Current groundwater reserves are limited 

and the country relies on seawater desalination for 99% of its municipal water consumption. 

Although seawater desalination is the only viable solution, this technology is very energy 

intensive and significantly impacts the environment and the economy. Using solar energy 

to power thermal desalination opens numerous possibilities and challenges that this 

research addresses. Therefore, this research proposes an optimized solar-driven 

desalination process using low-pressure multi-effect distillation powered with solar thermal 

energy. The objective of this work is to simulate the performance of a solar-driven 

desalination plant under Qatar’s climate, optimize the overall process and plant 

configuration, investigate the potential environmental impacts of the plant using life cycle 

assessment, and investigate the economic feasibility and market commercialization 

barriers. A steady-state computer model was developed using the Engineering Equation 

Solver software and was validated using real data. Simulations of the plant performance 

showed that 1 m2 of the solar linear Fresnel collector (with a concentration ratio of 78) 

produces 8.6 m3 of freshwater per year under Qatar’s climate. The equivalent mechanical 

energy of the optimized process was 8 kWh/m3 which is 59% lower than multi-effect 

distillation plants with thermal vapor compression. The optimized configuration also 

resulted in reducing the solar field size by 25%. The environmental assessment indicated 

that the operation phase of the plant accounts for 80% of the climate change impact. Solar-

driven desalination reduces the climate change impact by 10 kg of CO2 per m3 of freshwater 

as compared to desalination powered by combined-cycle natural gas power plants. The 

economic study revealed that the levelized cost of water for solar-driven thermal 

desalination is in the range $2.89-4.31 per m3. The research also provides several policy 

recommendations on solar-driven desalination.  
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CHAPTER 1 INTRODUCTION 

1.1 Chapter Overview 

The provision of potable water is a key element of the UN sustainable development goal no. 6 

(United Nations Economic and Social Council, 2017). Goal No. 6 makes explicit reference to 

desalination as one of several areas where capacity-building is required for developing world 

countries. In several parts of the world, desalination is the only viable and economic solution 

to the problem to the freshwater shortage problem (Mannan, Alhaj, Mabrouk, & Al-Ghamdi, 

2019). This is highly relevant to the Gulf Cooperation Council (GCC) region which has 38% 

of the world’s installed desalination plants capacity (Fichtner, 2011). The majority of 

desalination plants in the GCC region operate using the multi-stage flash (MSF) and the multi-

effect distillation (MED) with thermal vapor compression (TVC). The reverse osmosis process 

(RO), however, is increasing in popularity and currently shares 29% of the market in the GCC 

region (Global Water Intelligence, 2013b). In the GCC region , 80% of potable water originates 

from desalination processes (Al Mutawa et al., 2014). Water desalination is an energy intensive 

process and hence requires large amounts of fuel. It was estimated that in 2012, desalination 

plants in the GCC region consumed 3.49 MGJ of fuel per day (Mohamed Ali Darwish, 2015). 

Furthermore, in 2014 the GCC countries spent $15.9 billion on fuel costs for desalination (Food 

and Agriculture Organization of the United Nations (FAO), 2011). At a global scale, due to an 

increase in population and food demand, the freshwater demand will continue to rise. This will 

place great pressure on current desalination plants and require the construction of more plants 

which in turn contributes to an escalating energy and fuel demand. 
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Water security in Qatar is a critical issue. Current groundwater reserves are limited, and the 

rate of extraction greatly exceeds that of replenishment (Mohamed Ali Darwish, 2015). 

Renewable water resources in Qatar are estimated at 25.6 m3/capita/year, which is the 

minimum level for survival (Food and Agriculture Organization of the United Nations (FAO), 

2015). Current daily freshwater production from desalination plants exceeds 1.5 million m3/day 

(Qatar General Electricity and Water Corporation (Kahramaa), 2014). Qatar’s water situation 

renders it highly vulnerable to water shortages and emphasizes the key role seawater 

desalination processes play in solving this problem. Continuing to rely on the current seawater 

desalination processes will increase fuel expenditure and environmental impacts caused by the 

use of fossil fuels that will exacerbate climatic change.  

 

Sustainable development is a global commitment that requires applying life-cycle thinking on 

the development and analysis of energy and water infrastructure.  It also implies the need for a 

multi-disciplinary approach when proposing solutions to our most pressing problems by 

considering the society, the economy, and the environment in a balanced ecosystem. 

Considering the international community’s concern about the sustainability of our energy and 

water supplies, Qatar’s commitments to the Paris Agreement 2015, and its critical water 

situation, adopting a sustainable desalination process becomes even more evident. This 

research explores the possibility of developing a sustainable seawater desalination process that 

relies on solar energy and the multi-effect distillation process. The research presented here 

investigates solar-driven desalination from technical, economic, and environmental 

viewpoints. 
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1.2 Solar-Driven Desalination 

Using renewable energy (RE) to power desalination processes is a sustainable solution to 

provide potable water in water-scarce regions (Alhaj, Hassan, Darwish, & Al-Ghamdi, 2017). 

Solar energy is the most abundant renewable energy source and is highly suitable for powering 

both thermal and membrane processes. Thermal processes include MSF, MED, TVC, and 

mechanical vapor compression (MVC). Several studies have highlighted the importance and 

suitability of solar desalination for the Middle East and North Africa (MENA) region (one of 

the world’s most water-scarce regions globally) (Bouchekima, 2002; Chaibi, 2000; Sagie, 

Feinerman, & Aharoni, 2001). There is a need to assess the techno-economic feasibility and 

environmental impacts of solar desalination plants in different countries so that informed 

decisions can be made.  

 

The coupling of solar energy technologies, such as concentrated solar power (CSP), with 

thermal desalination, is still in the research and development (R&D) phase, hence, extensive 

research in this field is needed (Palenzuela, Alarcón-Padilla, & Zaragoza, 2015b). Numerous 

research studies have investigated the challenges and opportunities for ensuring that solar 

energy powered desalination is feasible (Ali, Fath, & Armstrong, 2011; Bandelier et al., 2016; 

Buros, 1999; Casimiro et al., 2015; Kalogirou, 2005; Sharaf, Nafey, & García-Rodríguez, 

2011). Among the current solar desalination technologies, solar-thermal driven multi-effect 

distillation maybe the most suitable for large-scale implementation owing to its superior 

thermodynamic and heat transfer performances (as compared to the MSF process) and lower 

levelised cost of water (LCOW) (El-Nashar, 2001a; Palenzuela, Hassan, Zaragoza, & Alarcón-

Padilla, 2014). Building on this, it is reasonable to argue that solar-driven MED is the most 

suitable thermal desalination technology for large-scale seawater desalination, as also 

highlighted by (Bataineh, 2016).  
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1.3 Environmental Impact of Solar Desalination 

Elucidating the environmental sustainability of thermal desalination should be conducted 

systematically, and by considering a complete system. Incorporating a renewable source into 

the process does not necessarily mean that the process will become more sustainable. Further, 

addressing only specific sections of the system may produce misleading results. Life cycle 

assessment (LCA) is a systematic and recognized methodology for quantifying the 

environmental sustainability of any system or product. The ISO standard 14040 defines LCA 

as “the compilation and evaluation of inputs, outputs and the potential environmental impacts 

of a product system throughout its life cycle” (The International Standards Organisation, 2006). 

LCA has four steps: goal definition and scope, life cycle inventory (LCI) and impact 

assessment (LCIA), and interpretation. The environmental assessment of desalination should 

follow methods such as LCA. Simplistic models, such as those that only measure CO2 

emissions, are not particularly useful and only allow for modest conclusions. 

 

Most of the literature on LCA for desalination applications focuses on reverse osmosis (RO) 

(Del Borghi, Strazza, Gallo, Messineo, & Naso, 2013; Hancock, Black, & Cath, 2012; Ras & 

Von Blottnitz, 2012; Zhou, Chang, & Fane, 2011, 2014). There appears to be an 

underappreciation of the importance of conducting LCA studies on thermal desalination. The 

reason for this is the global focus on membrane technologies, especially in developed and 

industrialized countries, as they have lower energy requirements. However, in the Arabian 

Gulf, 71% of desalination capacity is based on MSF and MED (Al Hashemi, Zarreen, Al Raisi, 

Al Marzooqi, & Hasan, 2014). There is a need to conduct LCA on thermal desalination 

processes that are distinct in their energy requirements (thermal energy rather than electrical 

energy), their ability to treat highly saline water, and the manners in which they can be 

hybridized with solar energy. This is an important section addressed in this research. 
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1.4 Economic Feasibility of Solar Desalination 

Although there has been significant progress in research and development efforts in solar 

desalination, yet, there is currently no commercially operational solar desalination plant [9]. 

This is possibly due to the complex economics of solar desalination. It is essential, hence, to 

study the economic feasibility of solar desalination under the current market conditions and 

identify technological and regulatory commercialization barriers. 

 

Several studies in the literature conducted some form of economic assessment on solar 

desalination systems (usually by calculating the levelized cost of water) and compared their 

results with conventional desalination systems (Alhaj, Mabrouk, & Al-Ghamdi, 2018; Askari 

& Ameri, 2016; Bataineh, 2016; Olwig et al., 2012). This approach is not very meaningful 

(except if used for benchmarking) given the low technological maturity of solar desalination 

systems. Rather, comparisons should be made several categories of solar-powered (or even 

renewable energy powered) desalination systems. Data accuracy is highly important when 

assessing economic feasibility and similarly important is examining the non-linear effects of 

plant scales when exploring future scenarios. 

 

Studying the economic feasibility and market commercialization barriers of solar desalination 

assists in identifying the policy implications of adopting this technology. Further, the economic 

assessment also highlights the extend and limitations of this technology. A transition to a 100% 

clean energy-powered desalination operating at commercial plant capacity most likely requires 

a combination of renewable energy technologies, a hybrid desalination process, and energy 

storage. However, studying individual technologies is helpful in identifying limitations and 

scope.  
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1.5 Research Motivation 

The motivation behind this work is to aid in solving the freshwater scarcity problem in Qatar 

and similar countries of the region through the application of solar desalination. This research 

is also motivated by an interest in investigating the suitability of using concentrated solar power 

(CSP) to power a critical process, such as desalination. This is relevant because CSP capacity 

is currently estimated at 4.8 GW and has increased by 10 folds between 2006 and 2016 

(International Renewable Energy Agency (IRENA), 2018; Sharma, Sharma, Mullick, & 

Kandpal, 2018). Moreover, this research is motivated by the need to adopt multiple analysis 

methods to comprehend the suitability and limitation of solar desalination systems; hence, the 

application of technical analysis methods, environmental assessment tools (life-cycle 

assessment), and economic feasibility assessment. The above three elements can be considered 

as pillars for any sustainable solar desalination process as shown in Figure 1.  

 

Figure 1: Sustainable Solar Desalination Pillars.  A sustainable solar desalination process must 
be technically sound, have a significantly lower environmental impact (as compared to the 
conventional process), and must be economically feasible.  
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1.6 Problem Statement 

This research addresses the problems of freshwater scarcity and the underutilization of 

sustainable energy technologies from a regional and a global perspective. At a regional level, 

the limited renewable water resources of Qatar and high consumption rates indicate high 

vulnerability to water shortage and a risk of quickly exhausting groundwater supplies. Large-

scale conventional desalination processes are only a temporary solution and burden the 

economy and environment. Solar-driven desalination could be a more sustainable, long-term 

solution from economic and environmental viewpoints. Evaluating the technical performance, 

environmental impact, and economic feasibility of solar desalination in Qatar is a regional 

problem statement. 

 

At a global level, few studies have considered combining CSP collectors with the multi-effect 

distillation process specifically. CSP collectors, such as the parabolic trough collector (PTC) 

and linear Fresnel collector (LFC), are in the commercial maturity stage and hence should be 

considered as potentially reliable sources of energy for desalination. Using the LFC is a specific 

area of interest because it is potentially lower investment costs and its compactness. The 

development of computer models of solar desalination systems is still in its early stages. 

Further, identifying ways to make an integrated solar-driven desalination system more energy 

efficient is a critical area of research. It was also evident from the literature that little attention 

is given to systematic environmental impact assessment of solar desalination. The above issues 

are global problem statements. 

 

This work addresses to these problems through a computer modelling study of an optimized 

energy efficient solar-driven MED plant and by conducting a detailed technical, economic and 

environmental analysis on the plant.  
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The research questions of this work are as follows: 

1. Using the conventional existing MED process, how will a solar-driven plant perform 

under Qatar’s climate conditions? 

2. How can an LFC solar field be controlled to supply the desired power to the MED plant 

with minimal electricity consumption? 

3. From an energy view point, is operating the solar-driven MED process with low 

pressure steam better as compared to a high-pressure system using a thermal vapor 

compressor?  

4. What is the optimal storage system configuration for a solar-driven desalination 

system? 

5. How feasible is solar-driven thermal desalination from an economic view point? How 

can policies be formulated to address the technological and regulatory barriers of solar 

desalination systems? 

6. What are the potential environmental impacts of a solar-driven desalination system and 

do these impacts vary as the system boundary changes?  

 

1.7 Objectives 

The objectives of this work are as follows: 

• Investigate the current state of renewable and non-water resources and consumption 

rates in Qatar. 

• Review the progress of solar-driven multi-effect distillation research. 

• Develop and validate a mathematical model for the LFC solar field and the MED 

section and implement it in Engineering Equation Solver (EES). 

• Propose a control strategy for the solar field to minimize electric pumping energy 

consumption.  
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• Investigate the overall plant performance and optimize the system based on: equivalent 

mechanical energy, storage system selection, and cooling system. 

• Investigate the economic feasibility of solar-driven MED by: calculating the levelized 

cost of water, conducting sensitivity analyses, and discussing the technological and 

regulatory market commercialization barriers. 

• Conduct a life cycle assessment on the solar-driven MED plant.  

 

1.7.1 Research Methodology 

As highlighted earlier, this research investigates solar-driven MED from a technical, economic, 

and environmental perspectives. This research is conducted as a modelling study using the 

Engineering Equation Solver (EES) and GaBi software. Throughout this dissertation 

(particularly in Chapters 3,4, and 5) several assumptions about the solar MED plant studied 

will be presented; some of which are general modelling assumptions that apply to the entire 

system, some are unique to the solar linear Fresnel collector, some are unique to the MED 

plant, and some are required only for the environmental assessment and the economic 

assessment. Further, some model inputs such as the solar field’s aperture area and month of 

simulations were changed in some of the analyses in order to assess the system’s sensitivity. 

Table 1 and Table 2 show the assumptions relating to each chapter and the main model inputs 

that were changed. All of the data shown in these two tables is already explained in the 

respective chapter in more details.  

 

Table 1: Major modelling assumptions in this research 

General modelling assumptions (applies to all analyses conducted) 
• Steady state system operation 
• Hourly solar direct normal irradiance is constant 
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• MED desalination system operates at the solar field’s average field power (for a 
given month) 

• Negligible convective heat loss from the solar field’s receiver 
• Solar field’s hourly optical efficiency is constant 
• Negligible pressure drop in the solar field’s piping 
• Negligible heat loss from the MED evaporators 
• Negligible pressure drop in the demisters 
• Distillate has zero salinity 

Assumptions relevant to the environmental assessment (Chapter 4) 
• Functional unit is 1 m3 of freshwater at the plant 
• Only the construction phase and the operation phase are considered 
• The bill of materials for the MED plant only includes the evaporators 

Assumptions relevant to the economic assessment (Chapter 5) 
• Solar field’s specific system costs don’t include customs, taxes, transportation, and 

insurance 
• The solar field’s costs estimated are derived from projected costs given by Industrial 

Solar GmBH and have an uncertainty of up to 25%.  
• The MED specific capital costs assume a 40% cost ratio for the evaporator and a 24% 

cost increase due to the air-cooled condenser. 
 

Table 2: Major model inputs in each chapter 

Parameter Chapter 3 Chapter 4 Chapter 5 
Month of simulations May May (for Qatar’s simulation) 

& 
July (for the multi-regional 
assessment) 

May 

Solar field aperture area 226 m2 226 m2 302,000 m2 
Seawater salinity and 
temperature  

30 oC, 48 
g/kg 

30 oC, 48 g/kg 30 oC, 48 
g/kg 

Top brine temperature 65 oC 65 oC 65 oC 
Plant life time - 30 years 25 years 

 

1.8 Intellectual Contribution 

This research work resulted in a validated steady-state computer model for a solar-driven MED 

plant (with and without a thermal vapor compressor) developed in the EES software. An 

economic model for evaluating the levelized cost of water was also developed in the EES 

software. The economic model includes new correlations derived for estimating specific 

system costs for solar linear Fresnel collectors from industry data. Correlations for direct 
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normal irradiance (DNI in W/m2) as a function of time were derived (from on-site 

measurements), which are unique to Qatar. These can be used in the hourly assessment of solar 

collectors’ performance under Qatar’s climate.  

 

The scholarly output of this research is summarized below:  

Published peer-reviewed papers: 

• Manan M, Alhaj M, Mabrouk A, Al-Ghamdi SG. (2019). Examining the life-cycle 

environmental impacts of desalination: A case study in the State of Qatar. Desalination 

2019;452:238–46. doi:10.1016/j.desal.2018.11.017. 

• Alhaj M, Al-Ghamdi SG. (2018). Reducing electric energy consumption in linear 

Fresnel collector solar fields coupled to thermal desalination plants by optimal mirror 

defocusing. Heliyon 2018;4:e00813. doi:10.1016/j. Heliyon.2018. e00813. 

• Alhaj M, Mabrouk A, Al-Ghamdi SG. (2018). Energy efficient multi-effect distillation 

powered by a solar linear Fresnel collector. Energy Convers. Manage 2018;171:576–

86. doi.org/10.1016/j.enconman.2018.05.082. 

• Alhaj M, Hassan A, Darwish M, Al-Ghamdi SG. (2017). A techno-economic review 

of solar-driven multi-effect distillation. Desal Wat Treat 2017;90:86–98. 

doi:10.5004/dwt.2017.21297. 

• Alhaj M, Mohammed S, Darwish M, Hassan A, Al-Ghamdi SG. (2017). A review of 

Qatar’s water resources, consumption and virtual water trade. Desal Wat Treat 

2017;70:70–85. doi:10.5004/dwt.2017.21246. 

Papers under review: 

• Alhaj M, Al-Ghamdi SG. (2019). Environmental assessment of solar-driven thermal 

desalination. Journal of Cleaner Production. 2019. Under Review. 
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• Alhaj M, Al-Ghamdi SG. (2019). Integrating concentrated solar power with seawater 

desalination technologies: a multi-regional environmental assessment. Environmental 

Research Letters. 2019. Under Review. 

• Alhaj M, Al-Ghamdi SG. (2019). Why is solar thermal desalination expensive? 

Assessing economic feasibility and market commercialization barriers. Solar Energy. 

2019. Under Review. 

Conference presentations: 

• Mohamed Alhaj and Sami G. Al-Ghamdi (2019). Technical and environmental 

perspectives on solar-driven seawater desalination: Case study of multi-effect 

distillation. World Environmental and Water Resources Congress 2019 (American 

Society of Civil Engineers ASCE). Pittsburgh PA, May 19-23 2019. Accepted for Oral 

Presentation. 

• Mohamed Alhaj and Sami G. Al-Ghamdi (2018). Life Cycle Environmental Impacts 

of Solar-Driven Desalination. The International Symposium for Sustainable Systems 

and Technologies (ISSST), June 26-28 2018, Buffalo NY U.S. Oral Presentation. 

• Mohamed Alhaj, Ashraf Hassan, and Sami G. Al-Ghamdi (2018). Solar power 

integration with desalination: A systematic assessment of the potential environmental 

impacts. Qatar Foundation Annual Research Conference Proceedings 2018: EEPP667. 

http://doi.org/10.5339/qfarc.2018.EEPP667. 

Awards: 

• ”Best Green Sustainable Initiative Award (2018)” (Initiative on: Solar-driven Multi-

effect Distillation). This award was given by the Qatari National Program for 

Conservation and Energy Efficiency (TARSHEED) under the Ministry of Energy and 

Industry. The award was granted by the Prime Minister of Qatar during the 6th 

anniversary ceremony of TARSHEED. 
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• “Qatar Sustainability Award (2017)” – Green Research Category. This award was for 

an investigative research study titled: Policy recommendations for sustainable water 

resources management in Qatar. The award was given after a peer-review process by a 

number of sustainability academics and experts. 

 

1.9 Research Broader Impact 

Sustainable energy and water supply systems play an integral role in global and regional 

sustainable development agendas. This role is best represented through the energy-water nexus 

that highlights the interdependency between energy and water which is essential to understand 

for effective policy recommendations (Siddiqi & Anadon, 2011). The UN sustainable 

development goals include two that are directly related to energy and water infrastructure (Goal 

no.6 and Goal no.7). The above factors emphasize the importance of this research which 

effectively examines clean energy applications for “clean” water production. 

 

The research presented in this dissertation has two broader impacts; a global impact and a 

regional one. At a global scale, the research provides technical, economic, and environmental 

perspectives on the pathways to transitioning to a 100% renewable energy in the primary 

energy mix. At a regional scale, the analyses conducted in this research provide policymakers 

with a wealth of facts and data about the potential and scope of solar desalination in addressing 

the water security challenge.  

 

1.10 Dissertation Structure 

This dissertation is structured based on journal and conference papers that have been accepted 

or are currently under review which cover all the formulated research questions. Excluding 
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chapter 1 and chapter 6, each chapter of this dissertation is derived from a journal/conference 

paper.  

 

The first chapter is an introduction to this work and explains the motivation, problem statement, 

objectives, intellectual contribution, broader impact, and dissertation structure. The first 

chapter also highlights the relevance of this work to sustainability in Qatar and worldwide.  

 

The second chapter is a literature review covering two key inter-related elements in this work: 

the current water situation in Qatar and the potential for solar desalination. Qatar’s current 

water situation is assessed through a comprehensive review of renewable and non-renewable 

water resources, consumption rates by sector, and policy recommendations for achieving water 

security. This review provides a motivation for the need to consider renewable energy-powered 

desalination in Qatar. The second part of this chapter investigates the potential for solar 

desalination through a techno-economic review of solar-driven multi-effect distillation. This 

review provides the technical foundations of this work and highlights several research gaps. 

These research gaps aided in formulating the research questions of this dissertation. Chapter 2 

is derived from two review articles: 1) “A review of Qatar’s water resources, consumption, and 

virtual water trade” and 2) “A techno-economic review of solar-driven multi-effect distillation” 

which were both published in the Desalination and Water Treatment Journal (Alhaj, Hassan, 

et al., 2017; Alhaj, Mohammed, Darwish, Hassan, & Al-Ghamdi, 2017). 

 

Chapters 3, 4, and 5 include the methodology, results, and discussion of the three core elements 

of this research work: 1) technical analysis, 2) environmental assessment, and 3) economic 

feasibility assessment. Each one of these three chapters is derived from a one or more journal 

or conference papers. 
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Chapter 3 investigates the technical performance of solar-driven MED through the 

development of a steady-state model in the EES software. The modelling equations for the LFC 

solar field and the MED desalination plant are both given. The DNI correlations are also 

provided. Chapter 3 also discusses optimizing the plant’s equivalent mechanical energy 

consumption, the storage system selection, the integration of an air-cooled condenser, and the 

reduction in solar field electric energy consumption by applying collector defocusing. This 

chapter was derived from two published journal articles: 1) “Energy efficient multi-effect 

distillation powered by a solar linear Fresnel collector” (Alhaj et al., 2018) and 2) “Reducing 

electric energy consumption in linear Fresnel collector solar fields coupled to thermal 

desalination plants by optimal mirror defocusing” (Alhaj & Al-Ghamdi, 2018).  

 

Chapter 4 presents the environmental assessment component of this dissertation. This chapter 

first provides a critical review of LCA studies on CSP collectors and on thermal desalination. 

A LCA was conducted by considering the solar-driven MED plant life-cycle boundary 

(construction and operation). GaBi software and the ReCipe 2016 impact assessment method 

were applied in this study. The chapter also examines the effect of a variable system boundary 

on the LCA ratings by evaluating the environmental impact across several water-stressed cities 

around the world. Chapter 4 was derived from a conference presentation given at the 

International Symposium of Sustainable Systems and Technologies (ISSST 2018, Buffalo, 

N.Y, USA) and from two journal papers currently under review; 1) ”Environmental assessment 

of solar-driven thermal desalination” (under review by the Journal of Cleaner Production), 

and 2) ”Integrating concentrated solar power with seawater desalination technologies: A multi-

regional environmental assessment” (under review by Environmental Research Letters 

journal).  
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Chapter 5 is the economic analysis section of this dissertation. This chapter presents a 

calculator developed in the EES software for evaluating the levelized cost of water from solar-

driven MED. The economic feasibility is also investigated through a sensitivity analysis, a 

discussion on the impact of economies of scale on solar desalination systems, technological 

and regulatory market commercialization barriers, and policy recommendations to overcome 

these barriers. This chapter is derived from a journal article; “Why is solar thermal desalination 

expensive? Assessing economic feasibility and market commercialization barriers” (under 

review by Energy Policy journal). 

 

Chapter 6 is the dissertation’s conclusion which provides a detailed summary of the work 

conduced in this dissertation, the methodology, and main results. Recommendations for future 

work are also given. 

 

The dissertation is concluded by three appendices. Appendix I shows the detailed mathematical 

block for the desalination plant, and the EES program used for the technical analysis. Appendix 

II includes the material and energy flow values used in the LCA study, in addition to the 

detailed LCA scores tables. Appendix III includes the EES program used for calculating the 

levelised cost of water and the raw data points for solar LFC system costs provided by 

Industrial Solar GmBH. The general structure of the dissertation is shown in Figure 2. 
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Figure 2: Dissertation structure. 

  

Chapter	6
Conclusions	and	future	work,

Chapter	3,	Chapter	4,	and	Chapter	5
Technical	analysis Environmental	assessment Economic	assessment

Chapter	2
Literature	review	on	Qatar'	water	resources	and	the	potential	for	solar	desalination

Chapter	1
Introduction,	research	motivation,	objectives,	and	dissertation	structure
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CHAPTER 2 QATAR’S FRESHWATER SCARCITY AND THE 

POTENTIAL FOR SOLAR DESALINATION 

 

Chapter Summary: 

Qatar is an arid land with very scarce natural freshwater resources. Its groundwater resources 

are limited and are being heavily depleted by inefficient irrigation methods and the growing 

population. As a result, Qatar relies primarily on desalination of seawater. Accurate assessment 

of water resources and consumption levels is the first step in formulating an effective water 

resources management policy. Part 1 of this chapter, hence, reviews the renewable and non-

renewable water resources and the disaggregated consumption trends in Qatar. The total 

groundwater produced internally is 56 Mm3/year and its consumption rate is 250 Mm3/year 

which is mainly dominated by farms. The agricultural sector consumes 91% of all renewable 

water resources in Qatar. The total desalination capacity is 1.4 Mm3/day which is primarily 

from thermal desalination plants. Water consumption rate is 200 m3/capita/year. It is 

recommended that the water conservation efforts in Qatar should follow an integrated approach 

considering supply as well as demand side management. It is also recommended that renewable 

energy powered desalination systems are considered in the freshwater supply infrastructure. 

These systems have less environmental impact than conventional desalination processes and 

an added economic benefit from the avoided fossil fuels which can be exported.  

 

Building on the above, Part 2 of this chapter conducts a techno-economic review of solar-

driven thermal desalination. Coupling solar thermal energy with the multi-effect distillation 

process is one of the most promising alternatives to conventional fossil fuel powered 

desalination. Part 2 reviews extensively research on coupling solar thermal energy with multi-

effect distillation from a technical and economic point of view. The MED process is discussed, 



19 

the most suitable solar collectors are presented and various plant configurations are critically 

analyzed. The review highlighted the advances in knowledge obtained from experimental and 

modelling research studies. In addition, the main challenges in solar-driven MED: storage, 

adaptability issues and cost are discussed. The review also provides general remarks about the 

literature and research gaps that should be addressed in the future. 

 

This chapter resulted in two published review articles: 

1. Alhaj M, Mohammed S, Darwish M, Hassan A, Al-Ghamdi SG. A review of Qatar’s 

water resources, consumption and virtual water trade. Desal Wat Treat 2017;70:70–

85. doi:10.5004/dwt.2017.21246. 

2. Alhaj M, Hassan A, Darwish M, Al-Ghamdi SG. A techno-economic review of solar-

driven multi-effect distillation. Desal Wat Treat 2017;90:86–98. 

doi:10.5004/dwt.2017.21297. 

 

Part 1 of this chapter won the Qatar Sustainability Award 2017 at the Qatar Green Building 

Conference 2017 in the category: Green Research. The award was granted after a peer-review 

process by a number of sustainability experts and academics.  

 

PART 1: QATAR’S FRESHWATER SCARCITY 

2.1 Part 1 Introduction 

Qatar is a small peninsula located at the Northern Eastern side of the Arabian Peninsula on the 

Arabian Gulf (Latitude: 25.300 N. Longitude: 51.5167 E).  It has a land area of  11,610 km2 

and a population of 2.675 million (The World Bank, 2014)(Ministry of Development Planning 

and Statistics, 2017). Qatar has the highest gross domestic product (GDP) per capita in the 

world; $93,397 (2014). Its GDP is $211.8 billion (2014) and comes largely from the revenue 
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of natural gas (NG) exports, as Qatar has the third largest NG reserve in the world. Qatar 

landscape is mainly arid and desert-like, with high temperatures, very little rainfall and 

sandstorms being very common. The geographical position and climate features of Qatar have 

made it very vulnerable in terms of water security.  

 

Qatar is one of the poorest countries in terms of fresh water sources. This is primarily due to 

little annual rainfall and lack of rivers and lakes. Qatar relies on groundwater (GW), desalted 

seawater (DW) and treated wastewater (WW) to meet its water demands. The bulk of domestic 

water consumption comes from desalination plants because the GW resources are very limited. 

Desalination is a very energy intensive process and with the increasing consumption patterns, 

a lot of stress is put on the current desalination plants. Qatar has stated in its national 

development strategy 2011-2016 (QNDS) that one of its main objectives is to provide clean 

water and ensure its sustainable use. Further, the QNDS has emphasized its goal of “setting 

policies and regulations for the government to align consumption and supply over time while 

protecting water quality” (Qatar General Secretariat for Development Planning, 2011).  

 

In line with achieving this goal, Part 1 of this chapter discusses the current water situation in 

Qatar in terms of available renewable water resources (RWR), GW resources, water 

consumption sources and patterns, and seawater desalination plants in Qatar. The aim of this 

review is to highlight the main causes of water resources exploitation and then suggest effective 

water conservations policies and strategies. 
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2.2 Water Resources 

2.2.1 Annual Rainfall 

The RWRs in Qatar are very limited due to low rainfall amount; with an average of 40 – 80 

mm per year. A recent study by the Gulf organization for research and development estimated 

the annual rainfall at Doha International Airport for the period 1962-2011 to be 76.6 mm 

(AlMamoon, Joergensen, Rahman, & Qasem, 2014). Further, the natural evaporation rate is 

high: 2000 mm/year (Mohamed Ali Darwish, 2015). 

 

 

 

Figure 3: Average monthly rainfall and temperature in Doha between 1990 and 2009 (The 
World Bank, 2009). 

Figure 3 shows the monthly average rainfall and temperature profile in Qatar. Rainfall mainly 

occurs between October and May and is concentrated in the Northern and central regions of 

the country. There are 28 monitoring stations throughout Qatar that collect weather data such 

as precipitation, humidity and temperature. By observing the long-term trend for rainfall in 

Qatar, it can be deduced that rainfall mainly occurs in November-May. Further, the Ministry 

of Development, Planning and Statistics (MDPS) reported that between 2008 and 2013, the 
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total precipitation was less than the long term average (Ministry of Development Planning and 

Statistics, 2013b). In fact, in 2013, rainfall amount was only 55% of the long-term average. 

  

2.2.2 Groundwater Resources 

The main renewable water resource in Qatar is groundwater which is recharged by rainfall. 

GW can be recharged either directly (e.g. during heavy rainstorms) or indirectly as surface 

runoff. In the latter case, GW is mainly recharged by an indirect mechanism “through run-off 

from surrounding catchments and the pounding of water from the depression floor” (Food and 

Agriculture Organization of the United Nations (FAO), 2015). The food and agriculture 

organization of the United Nations (FAO) has estimated the amount of GW produced internally 

in Qatar to be 56 million cubic meters per year (Mm3/year) in 2014 (Food and Agriculture 

Organization of the United Nations (FAO), 2015). This is equivalent to 24.8 m3 of water per 

capita which is very much below the water poverty line (1000 m3/capita/year) and also the 

international average (6000 m3/year/capita) which are the standards given by the World Health 

Organization (WHO). Some recent studies have highlighted that the per capita share is 

expected to decrease to 22 m3 by 2050 because of the increasing population and hence water 

demand (Najib Saab, 2012).    

 

GW recharges two main aquifers; the Rus aquifer located in the Northern part of Qatar and is 

composed of chalky limestone and the Abu Samra aquifer in the Southern Western region that 

is composed of granular limestone rocks. The incoming GW from Saudi Arabia (SA) 

contributes to Abu Samra aquifer recharge.  The salinity level in the Rus aquifer is in the range 

500-3000 mg/l of total dissolved solids (TDS) and in the Abu Samra aquifer (and other aquifers 

in the southern regions) the TDS is 4000-6000 mg/l (Food and Agriculture Organization of the 

United Nations (FAO), 2015). Apart from the GW wells, there are 292 wells managed by the 
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Qatari water and electricity Corporation (Kahramaa) to supply water for emergencies, army 

forces and travel outlets.  

 

Regarding the emergency water storage capacity, Kahramaa has been increasing the capacity 

since 2009. By 2013, the strategic capacity was sufficient for 4 days and there are plans to 

increase this to 7 days by 2018 through the “water mega reservoirs” project. Kahramaa intends 

to commission 5 mega reservoirs in Phase 1 to achieve a 7-day supply which would meet the 

demand up until 2026. Moreover, an additional 5 mega reservoirs will be built in phase 2 of 

the project to match the demand expected in 2036. Figure 4 shows the current water reservoirs 

and storage days and the expected increase in storage capacity. 

 

Figure 4: Water reservoir capacity and number of days of storage (Qatar Electricity and Water 

Corporation (Kahramaa), 2014). 

 

The total annual recharge for GW comes from rainfall, inflow from SA (through the Abu Samra 

aquifer), irrigation recharges and recharge wells. Recharge to aquifers comes from   treated 

sewage effluents (TSE) injection (59%), rainfall (39%) and inflow from Saudi Arabia 

(1%)(Ministry of Development Planning and Statistics, 2013b).This leads to an annual sum of 

56 Mm3/year which accounts for 28% of the available water in Qatar. Recent statistics by the 
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Ministry of Environment indicated that there has been an acute reduction in the percentage of 

land where fresh water is available. In 1971, 15% of the area of Qatar was underlain by fresh 

water. However, this ratio has dropped to only 2% by 2009 (AlMuraikhi, 2012).  

 

 

Figure 5: Total dissolved salts (TDS) in groundwater between 1971 and 2009 (AlMuraikhi, 
2012). 

Figure 5 shows a drastic reduction in the areas underlain by GW of low TDS between 1971 

and 2009. This has occurred because of high water withdrawal rates that exceeded the 

replenishment rate. The Qatari Ministry of Environment has also highlighted that since 1970, 

the land area underlain by fresh and brackish water (1000 mg/l – 3000 mg/l) has been reducing 

sharply as shown in Figure 6. GW is currently being rapidly depleted. For example, in 2009, 

the withdrawal rate was between 400 and 444 Mm3 that was around seven times the 

replenishment rate of groundwater resources (Mohamed Ali Darwish, 2015). If this trend 

continues, then groundwater reserves will be depleted entirely in a few years. 
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Figure 6: Land area (in km2) underlain by fresh and brackish water between 1970 and 2010 
(AlMuraikhi, 2012). 

Recent studies indicate that the land area underlain by GW of TDS less than 1000mg/l, 

2000mg/l and 3000mg/l has been reducing sharply and will eventually vanish in a period of 

less than 50 years (M A Darwish, Abdulrahim, & Mohieldeen, 2015). These statistics show 

that Qatar is highly vulnerable to water shortages and that serious measures have to be 

implemented to solve the water problem. 

 

Regarding Qatar’s position in the region in terms of RWRs, Figure 7 shows the RWRs per 

capita for the MENA region. As Figure 7 shows, Qatar, and the GCC region as a whole, has 

very few RWRs per capita as compared to countries in the region like Somalia and Mauritania. 

The available RWRs have also been diminishing since 1992 up to 2011 as the figure shows. 

This trend is similar in neighboring countries like Kuwait, UAE and Saudi Arabia. 
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Figure 7: Renewable water resources per capita in the MENA region for the period: 1992-
2011 (United Nations Development Programme, 2010). 

Due to the minimal amount of GW, Qatar and neighboring countries in the region face severe 

water scarcity. Based on total fresh water sources and per capita share, Qatar is at the minimum 

water survival level. Table 3 shows the water status of Qatar, GCC, Yemen, Iraq, Germany, 

U.K and the U.S. In this table, the minimum survival level occurs at a per capita share of RWRs 

of less than 100 m3/year. As this table shows, all countries in the GCC region are either at the 

minimum level or at absolute water stress (<500 m3/year). 

 

Table 3: Renewable Water Resources in GCC, Yemen, U.S, U.K, Germany and Iraq (Food 
and Agriculture Organization of the United Nations (FAO), n.d.). 

Country Total renewable 
water resources ( ×
"#$	&'/)*+,) 

Renewable water 
resources per 
capita share 
(&'/person/year) 

Water status 

KSA 2.4                    (2014) 81.72 Min. survival level 
UAE 0.15                  (2014) 15.88 Min. survival level 
Oman 1.4                    (2014) 356.6 Absolute water stress 
Qatar 0.056                (2014) 25.57 Min. survival level 
Kuwait 0.02                  (2014) 5.75 Min. survival level 
Bahrain 0.004                (2014) 86.31 Min. survival level 
Yemen 2.1                    (2014) 84.1 Min. survival level 
U.S 2818                 (2014) 9514 Water surplus 
Germany 107                   (2014) 1863 Water surplus 
U.K 145                   (2014) 2306 Water surplus 
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Iraq 89.86                (2014) 2584 Water surplus 
 

At the end of this section addressing Qatar’s GW resources, it is useful to present the natural 

water balance for the whole country. The water balance for Qatar (net flow of renewable water) 

was reported by the MDPS in their “Water Statistics” report published in 2013. Table 4 shows 

the natural water balance for Qatar’s aquifers for the period: 1990-2012 (Ministry of 

Development Planning and Statistics, 2013b). 

 

Table 4: Natural water balance of Qatar's aquifers (average annual values for the period: 1990-
2012). 

No. Balance item Million m3/year Reference 
1 Recharge of aquifers from 

precipitation 
63.3 (Ministry of 

Environment, 
2009) 

2 Inflow from Saudi Arabia 2.2 (DAWR – 
Department of 
agricultural and 
water research, 
2006) 

3 Total RWRs 65.5 Calculation: 1+2 
4 Outflow from aquifers to sea and deep 

saline aquifers 
18 (Ministry of 

Environment, 
2009) 

5 Average annual water balance 47.5 Calculation: 3-4 
 

2.2.3 Water from Desalination 

Desalination is the process of desalting (or removing salt) from seawater and treating it to meet 

the required levels for potable water. Seawater generally has a salinity level of 35,000 ppm to 

45,000 ppm as TDS (Tiwari & Tripathi, 2003). However, in the Arabian Gulf, seawater salinity 

exceeds 45,000 ppm, such as in the west of Qatar, and in some locations it reaches 60,000 ppm. 

International standards require that desalination systems reduce the salinity of seawater to 500 

ppm or less. Usually, DW in Qatar has very low TDS (around 25 mg/l) due to the use of thermal 
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desalting methods, and is blended with a small fraction of ground water: 1% in the case of 

Qatar (Mohamed Ali Darwish, 2015).  

 

DW represented 60% of the total water withdrawal in Qatar in 2014. The use of desalination 

plants started in 1953 with a capacity of 680 m3/day and by the end of 2014 there were seven 

desalination plants in Qatar with a total annual capacity of 495 Mm3/y (Qatar General 

Electricity and Water Corporation (Kahramaa), 2014). Combined together, the desalination 

plants in Qatar produce 1.5 Mm3 of water per day (Qatar General Electricity and Water 

Corporation (Kahramaa), 2014). Table 5 summarizes all the operating independent DW 

providers in Qatar in 2014. 

 

Table 5: Independent power and water producers in Qatar (Qatar General Electricity and Water 
Corporation (Kahramaa), 2014). 

Water Producer Capacity (m3/day) 
Qatar Electricity and Water Company (QEWC) 
Ras Abu Fontas – A 250,000 
Ras Abu Fontas B 150,000 
Ras Abu Fontas B2 131,818 
RAF A1 204,545 
Ras Abu Fontas Sub-Total 736,364 
Ras Laffan Power Company (RLPC) 
Ras Laffan A (Ras Laffan Power Company) 181,818 
Ras Laffan B (Q Power) 272,727 
Ras Laffan C (Ras Girtas Power Company) 286,364 
Ras Laffan Sub-Total 740,909 
Total Capacity 1,447,273 

 

Since 2010, the amount of the produced DW in Qatar has been increasing steadily due to the 

increase in population and water consumption per capita. Figure 8 illustrates the increase in 

DW production from 2010 until 2014.  The QNDS (2011-2016) has estimated an expected 

increase in water consumption through 2020 at 5.4% annually for Qataris and 7% annually for 

expats (QNDS). A report by Global Water Intelligence showed that Qatar’s population has 
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been increasing rapidly from 2000 to 2012 which lead to an increase in the cumulative water 

desalination plant online capacity (Global Water Intelligence, 2013a). 

 

Figure 8: Total water production from 2010-2017 (Qatar General Electricity and Water 
Corporation (Kahramaa), 2017). 

In the 2014 annual report, Kahramaa has highlighted that there has been a constant increase in 

DW production from 2010 until 2014. The growth rate from 2010 to 2014 was 7.8%. As a 

result, QEWC has made many plans to expand its network of desalination plants such as the 

expansion scheme for Ras Abu Fontas plant (A2) to produce 163656 m3 of freshwater per day. 

Future plans currently under negotiations include the construction of a water plant with a 

capacity of 621438.2 m3/day in Qatar economic zone, including 272760 m3/day using seawater 

reverse osmosis (SWRO) and 347769 m3/day using multi-stage flash (MSF). Moreover, 

Kahramaa in March 2015 has signed an agreement with QEWC to develop the Ras Abu Fontas 

desalination plant (A3) as an independent water project model. The new model will be an RO 

desalination plant with a capacity of 136 Ml/day costing about $500 million. One of the largest 

water and power projects currently being constructed is the Umm Al Houl plant. The plant will 



30 

produce 620,529 m3/day of fresh water and 2520 MW of electricity. The expected completion 

date for the project is July 2018.  

 

The majority of desalination plants in Qatar are using thermally driven desalination processes 

especially the MSF process. In 2012, the estimated daily water production from thermally 

driven desalination plants was 1,771,638 m3 while the RO desalination plants produced only 

155,160 m3 (Global Water Intelligence, 2013a). Qatar has abundant NG resources that have 

helped it maintain the operation of its desalination plants and will continue to do so for at least 

50 years. However, due to the severe shortage of RWRs in Qatar and the ever-increasing 

consumption, water security is becoming a very serious issue that must be addressed 

immediately. Currently used desalting methods have a number of inefficiencies and are 

vulnerable to ‘unforeseen’ circumstances such as oil spills (Mohamed Ali Darwish, 2015). In 

addition, desalination plants can have a severe impact on the marine environment as discussed 

in detail in (M. Darwish, Hassabou, & Shomar, 2013). Furthermore, increasing the desalination 

capacity by simply building more plants will only solve the water shortage temporarily and is 

not a sustainable solution in the long term (Mohamed A Darwish, Abdulrahim, Mohammed, & 

Mohtar, 2016). Increasing the desalination capacity also comes with an increased expenditure 

on fuel. Fuel costs in desalination plants account for as much as 70% of all costs. In 2010, the 

estimated fuel cost for desalination plant was  $1.275B and this figure is expected to reach 

$2.55B before 2020 (Mohamed Ali Darwish, 2015). These facts are very alarming and indicate 

that a lot of effort has to be made to tackle this problem. 

 

2.2.4 Treated Waste Water 

In Qatar, 12% of annual water withdrawals come from treated wastewater (also known as 

treated sewage effluents TSE) (Qatar General Electricity and Water Corporation (Kahramaa), 
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2014). The Public Works Authority (Ashgahl) is the government entity responsible for 

wastewater treatment. Ashghal produces 300,000 m3 of treated wastewater (TWW) per day 

that is used for irrigation (70%), GW injection (22%) and the balance (8%) is discharged to 

lagoons (Qatar General Electricity and Water Corporation (Kahramaa), 2014). In 2011, Qatar 

produced 444 Mm3 of wastewater but only 14% of this was treated (AbdelDayem & AlSaiid, 

2011). 

 

Ashghal operates a number of wastewater treatment plants throughout Qatar. Table 6 shows 

all the wastewater treatment plants (WWTP) in Qatar from 2004 until 2013 and their respective 

capacities. This includes both package treatment plants (PTP) and sewage treatment works 

(STW). 

 

Table 6: WWTPs and capacities in 2004-2013 in Qatar (Ministry of Development Planning 
and Statistics, 2013a). 

Year ‘04 ‘05 ‘06 ‘07 ‘08 ‘09 ‘10 ‘11 ‘12 ‘13 
WWTP Treatment Capacity (1000 m3/day) 
Al Dhakhira PTP           1.60 1.60 1.60 1.60 
Al-Jamiliyah PTP           0.54 0.54 0.54 0.54 
Al-Khor PTP               4.86 4.86 4.86 
Al-Khuraib PTP                   0.06 
Al-Shammal             0.15 0.15 0.15 0.15 
Barwa Al Baraha PTP               12 12 
Barwa City STW                 15 15 
Barwa Msaimeer PTP             1.50 1.50 1.50 
Barwa Sailiyah PTP               1.50 1.50 1.50 
Barwa Village PTP               1.00 1.00 1.00 
Barzan PTP           0.08 0.08 0.08     
Doha North STW                   244 
Doha South STW   106 106 106 106 106 106 106 106 106 
Doha West STW 54 54 54 54 54 54 135 135 175 175 
Duhail PTP             0.81 0.81 0.81 0.81 
Industrial Area STW       12 12 12 12 12 12 
Lusail STW                   60 
North Camp PTP             0.25 0.25 0.25 0.25 
Ras Abu Fontas PTP           0.54 0.54 0.54 0.54 
Shahaniyah PTP             0.81 0.81 1.35 1.35 
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Umm Slal PTP             1.50 1.50 1.50 1.50 
Total 54 160 160 160 172 172 259 268 336 640 

 

The improvements in wastewater treatment technologies were the reason behind the large 

increase in WWTP capacity. The total WWTPs annual capacity increased from 19.71 Mm3 in 

2004 to 233.65 Mm3 in 2013. Figure 9 shows WWTPs capacities based on the treatment 

method. 

 

In their annual environmental statistics report for 2013, the Ministry of Urban Planning and 

Statistics has highlighted the major improvements in TWW in Qatar. Among the improvements 

is that since 2004, all WWTP can carry secondary treatment processes ensuring that organic 

waste is eliminated to a great extent. Secondary treatment is a biological treatment that uses 

anaerobic-anoxic-aerobic (AAA) methods to remove organic matter and nitrogen from WW. 

Further, in 2012, the urban WW treatment facility in western Doha has started to carry tertiary 

treatment to the WW that removes nitrogen (N) and phosphorus (P). This facility is the largest 

in Qatar serving 900,000 people and treating 52% of all wastewater produced in Qatar. It has 

a peak capacity of 439,000 m3/day of treated wastewater. Water is treated in four stages in this 

plant (Keppel Seghers, n.d.): 

1. Preliminary treatment using step screens and vortex degritters. 

2. Secondary treatment using the AAA method and biological nutrient removal. 

3. Tertiary treatment using advanced membrane filtration and UV technologies. 

4. Solid treatment where the following processes occur: sludge digestion, thickening and 

dewatering and wet sludge treatment. 

This plant is the first of its kind in Qatar and will produce high-grade water supply for non-

potable use. 
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Figure 9: WWTPs capacity based on treatment method (Ministry of Development Planning 
and Statistics, 2013a). 

 

Wastewater is one of the valuable water sources in Qatar and should be utilized in an efficient 

manner. One good example that is currently being used is groundwater injection with TSE. 

This is an effective mechanism as it helps in reducing the pressure on the limited water sources. 

However, there still remains a large quantity of wastewater that is not treated or not reused. 

Furthermore, the recovery of injected TSE is still an issue that hasn’t been resolved. 

 

The QNDS 2011-2016 has indicated that WWTP facilities should be significantly expanded 

since treated wastewater is currently the only water source in excess. The QNDS has also 

emphasized that “Qatar lacks the infrastructure to deliver recycled water to every potential 

user” (Qatar General Secretariat for Development Planning, 2011). Partly because of this 

constraint, the supply of recycled water exceeds consumption, leaving about 40% of TSE to be 

dumped into vast septic lagoons, creating problems for nearby communities. The current 

sewage network must be improved and controls must be implemented on wastewater dumped 

into the sea. Treating WW may be expensive at the initial investment stage but it is much 
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cheaper than DW production in terms of cost per m3. Generally speaking, TWW costs only 

one-quarter of the cost of desalted water. In the GCC region, desalted water costs around 

$3.3/m3 for thermal desalination whereas the maximum cost for TWW is $1.5/m3 (Mohamed 

Ali Darwish, 2015; The World Bank, 2012). Darwish et al (M. Darwish, Abdulrahim, & 

Hassan, 2015) calculated the realistic costs of desalted water in Qatar which was $2.04/m3 for 

the MSF process. However, it should be noted that the unit cost of TWW varies with the 

treatment type and desired TWW final quality. Figure 10 shows the cost variation for different 

treatment technologies for the MENA region. A study on the economics of supplying villages 

in western Saudi Arabia with water (for potable and non-potable use) from either TWW or 

SWRO desalination found that the cost of water from SWRO was $2-5/m3 plus conveyance 

costs. TWW costs were only $0-0.5/m3 plus conveyance costs. The authors concluded that 

TWW is a very cost-efficient method for reducing the cost of supplying water to remote 

villages (Missimer, Maliva, Ghaffour, Leiknes, & Amy, 2014). In Kuwait, the cost of TSE was 

found to be $0.66/m3 compared to more than $3/m3 for thermal desalination (Mohamed Ali 

Darwish, 2015). These findings provide a great motive for using a larger amount of TWW to 

meet Qatar’s water demand. 

 

 

Figure 10: Cost of wastewater treatment methods in MENA region (The World Bank, 2012). 
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Table 7  summarizes for this section of the review the total water resources available in Qatar 

compiled from different sources. 

Table 7: Total water resources in Qatar. 

Parameter Value Year Source 
Population 2267916 2014 The World Bank 
Long term average precipitation 
(mm/year) 

74 2014 FAO 

Long term average precipitation volume 
(10^9 m3/year) 

0.8591 2012 FAO 

Groundwater produced internally (10^9 
m3/year) 

0.056 2014 FAO 

Total internal renewable water resources 
(IRWR) (10^9 m3/year) 

0.056 2014 FAO 

Groundwater: entering the country 
(total) (10^9 m3/year) 

0.002 2014 FAO 

Total renewable water resources (10^9 
m3/year) 

0.058 2014 FAO 

Total renewable water resources per 
capita (m3/cap/year) 

25.57 2014 FAO 

Improved water source, urban (% of 
urban population with access) 

100 2015 The World Bank 

Water produced from desalination plants 
(Mm3/day) 

1.48 2014 Kahramaa 

Water produced from desalination plants 
(Mm3/year) 

495 2014 Kahramaa 

Water produced from WWTP (1000 
m3/day) 

640.16 2013 Ministry of 
Environment. 

Water produced from WWTP 
(Mm3/year) 

108.26 2011 Ministry of 
Environment. 

Total water production (RWR+ 
Desalination +WWTP) (Mm3/year) 

553.01 NA 
 

Total water availability per capita 
(m3/cap/year) 

243.84 
  

 

2.3 Water Withdrawals 

Water withdrawal and per capita consumption in Qatar are among the highest in the MENA 

region. This is a very startling fact because Qatar is one of the poorest countries in terms of 

RWRs. Over the past decades, consumption rates have been rising steadily with the increasing 

population and the subsequent increase in demand. Agricultural and domestic sectors are the 

main water consumers. GW resources are over-exhausted and exploited far beyond their 
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regenerative potential by farming. On the other hand, the little public awareness about the 

importance of water conservation in the natural gas-rich state and the continued unsustainable 

use of water has made the per capita consumption among the highest globally at 222 m3/capita/ 

year (Qatar General Electricity and Water Corporation (Kahramaa), 2014). It is worthy of 

mentioning here that calculation of parameters like per capita water consumption is not a 

straightforward task and can be achieved using different approaches. Hence, a number of 

estimates may exist for the same parameter. Figure 11 shows the per capita water consumption 

in the MENA region in relation to each country’s per capita GDP. 

 

Figure 11: Per capita water consumption in the MENA region (in 2010) vs Per capita GDP 
(Immerzeel et al., 2011). 

 

Figure 11 shows that Qatar has the highest per capita water consumption in the MENA region 

after Bahrain. This is very surprising since Qatar has one of the smallest populations in the 

MENA region and also has a relatively small water desalination capacity (as compared to SA 

and Kuwait for example). However, by considering the world average of per capita water 

consumption, Qatar ranks 81st with an average of 385 m3/person/year according to FAO (Food 
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and Agriculture Organization of the United Nations (FAO), 2015). This ranking is a rough 

estimate because the AQUASTAT database from FAO did not provide the per capita value for 

the same year for all countries. Hence there may be some variations if exact results from the 

same year were taken for all countries. Based on FAO’s AQUASTAT database, the global 

average for per capita water consumption was calculated to be 486.5 m3/person/year. This is 

means that Qatar’s per capita water consumption is below the global average. Nevertheless, 

water demand in Qatar is expected to continue increasing as forecasted by a number of studies 

(Immerzeel et al., 2011; The World Bank, 2012; Trieb, 2007). Kahramaa stated that demand 

for water has grown at an average rate of 8.5% from 2008 to 2013 and is expected to continue 

growing at a rate of 6.3% from 2014 to 2019 (Qatar Electricity and Water Corporation 

(Kahramaa), 2014). Figure 12 shows Kahramaa’s statistics on demand for water and their 

future forecast: 

 

Figure 12: Total water demand from 2008-2019 in million cubic meters per day (Qatar 
Electricity and Water Corporation (Kahramaa), 2014). 
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2.3.1 Groundwater Sources Withdrawal 

Groundwater in Qatar contributes to 28% of total water supplies and is estimated at 250 

Mm3/year (Qatar Electricity and Water Corporation (Kahramaa), 2014). The large majority of 

GW supplies are used for irrigation (91%) and the remaining is consumed by the homes, 

municipalities and industry (Qatar Electricity and Water Corporation (Kahramaa), 2014). 

Water consumption is high in the agricultural sector because water is given free to the farmers 

who only have to pay for the pumping systems. Moreover, the farming processes currently 

used are unsustainable and water-intensive because they rely on flooding fields with water that 

will eventually evaporate quickly because of the high evaporation rate in Qatar’s climate 

(Mohamed Ali Darwish, 2015). Furthermore, continued exploitation of GW for irrigation may 

compromise the soil’s structure and crop yield (Kuiper, Rowell, & Shomar, 2015). Figure 13 

shows an increase in the number of farms in Qatar that gives an indication of increased GW 

withdrawal. As an example, GW use increased from 185 Mm3 in 2010 to 250 Mm3 in 2014 

(AlRukaibi, 2010). In 2012 alone, Qatar’s total water withdrawal was 400  Mm3, out of which 

236 Mm3 (59%) was used by agriculture (Najib Saab, 2012). Water withdrawal by the 

agricultural sector in the same year was 407% of the total annual freshwater resources. Recent 

statistics given by the Ministry of Environment in October 2014 showed that current extraction 

of groundwater is 250 Mm3/year while the recharge rate is only 56 Mm3/year. This means that 

the extraction rate is nearly four times the recharge rate.  
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Figure 13: Number of farms in Qatar from 1975-2005 (Qatar General Secretariat for 
Development Planning, 2011). 

 

GW withdrawals in Qatar and the GCC region are extremely high and exceed the rate of 

replenishment of GW. This poses a serious threat to current GW reserves. Table 8 shows water 

demand in the GCC, renewable GW, surface run-off and GW usage. Table 9 shows water 

withdrawals as a percentage of annual freshwater resources for Qatar and the GCC.  

Table 8: GCC countries water demand, renewable GW, surface runoff and GW usage 
(AlRukaibi, 2010). 

Country Total 
demand 
( ×
"#-	&'/
)*+,) 

Renewable 
GW ( ×
"#-	&'/
)*+,) 

Surface 
runoff 
( ×
"#-	&'/
)*+,) 

Total 
RWRs 
( ×
"#-	&'/
)*+,) 

GW 
usage (×
"#-	&'/
)*+,)  

Percentage 
of 
renewable 
GW to 
total 
RWRs (%) 

KSA 2350 3850 3210 7060 14430 54.53 
Kuwait 512 160 0.1 160.1 405 99.94 
Bahrain  117 100 0.2 100.2 258 99.80 
Qatar 190 58 1.4 86.4 185 98.38 
UAE 750 130 150 280 2650 46.43 
Oman 151 550 1470 2020 1644 27.23 
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Table 9: GW withdrawals in GCC countries as a percentage of annual freshwater resources 
(Najib Saab, 2012). 

Country All uses (%) Agricultural use (%) 

Bahrain 344.8 155 
Kuwait 4500 2500 
Oman  92.3 82 
Qatar 689.6 407 
Saudi Arabia 987.5 869 
UAE 2666.6 2213 
GCC countries 740 633 
Yemen 549.3 472 

 

Both Table 8 and Table 9 clearly show that GW withdrawals in Qatar and the GCC region 

(with the exception of Oman) are much higher than the rate of replenishment. Hence, GW is 

severely over-exploited. Exhausting the GW resources in this manner cause rapid depletion of 

GW and deterioration of water quality because as the water table falls, the water becomes 

saltier. Overall, it can be concluded that GCC countries are heavily dependent on fossil GW 

which is non-renewable and not sustainable.  

 

A recent study by Qatar Energy and Environment Research Institute (QEERI) about GW 

quality in Qatar, has highlighted that “overexploitation of groundwater resources has led to 

seawater intrusion of the Qatari aquifers” (Kuiper et al., 2015). The study has also pointed out 

that groundwater resources should be utilized in a more efficient manner because they can help 

reduce dependency on seawater desalination. An example of inefficient utilization is the 

currently employed irrigation system in Qatar which increases soil salinity and leads to more 

desertification. It was also found that groundwater in Qatar has relatively high levels of 

Molybdenum, Mo, (mean= 26.9 µg/L) as compared with other regions in the World. It is 

believed that high concentrations of Mo may pose health risks to the local population.  
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2.3.2 Desalinated Water Withdrawal 

Desalination provides most of the water consumed for all purposes in Qatar (except for 

agriculture). Although it is an energy-intensive and expensive process, yet it seems to be the 

only viable solution currently for securing Qatar’s municipal’s water demand. The per capita 

water consumption (from all desalination plants in Qatar) is given in Table 10 (adapted from 

Kahramaa). Kahramaa, however, has underlined that there is no internationally accepted water 

per capita consumption calculation and hence has provided this value by four different 

estimates. 

 

Table 10: Annual water consumption per capita (Qatar General Electricity and Water 
Corporation (Kahramaa), 2014). 

 
 
 
 
 
 
 
 
Year 

Cubic meters per person per year (m3/person/year) 
Based on total 
water 
production 

Based on 
system input 
volume, 
including losses 

Based on 
authorized 
consumption of 
system input 
volume, Net of 
losses 

Based on 
system input 
volume 
excluding real 
losses 

2010 220 221 164 214 
2011 228 229 182 211 
2012 238 232 187 216 
2013 227 222 176 208 
2014 222 216 170 202 

 

2.3.3 Treated Sewage Water Consumption 

TSE is an important water source in Qatar for all demand sectors, except potable use. As 

emphasized earlier, improving the treatment methods for sewage water can reduce the water 

shortage in Qatar and is a good step in efficient water management. Figure 14 shows the 

consumption of TSE from 2004 to 2012 by different sectors. 
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Figure 14: TSE consumption in 2004-2012 (Qatar Electricity and Water Corporation 
(Kahramaa), 2014). 

Figure 14 shows that the largest percentage of TSE is used by the agricultural sector followed 

by the injection to aquifers. In 2011, TSE water withdrawal was 108 Mm3 which accounted for 

14% of total water withdrawal (Shomar, Darwish, & Rowell, 2014). Figure 15 shows the 

percentage of withdrawal from TSE by different sectors in Qatar in 2011. 

 

Figure 15: TSE water withdrawal in 2011 (Nagy, 2013). 
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It is anticipated that the withdrawal rate from TSE water will increase in the coming years and 

hence there are plans to expand the treated sewage water capacity in Qatar to 288 Mm3/year in 

2016 and 299 Mm3/year by 2030 (Emadi, Kerim, & Emadi, 2014).  

 

2.3.4 Water Withdrawals by the Industry 

Industries in Qatar, mainly petrochemicals, also withdraw large amounts of water for their 

processes. The main industries are petrochemicals and chemicals, refining industries, liquefied 

natural gas (LNG) plants, mining and minerals and oil and gas industries. Figure 16 shows the 

major water consuming industries in Qatar in 2013 with their respective water consumption 

shares. 

 

 

Figure 16: Percentage water consumption by the industry sectors in 2013 (Qatar Petroleum 
Health Safety and Environment Regulations and Enforcement Directorate & Ministry of 
Energy and Industry, 2013). 

 

Power and utility companies in Qatar like QEWC produce DW and then sell it to Kahramaa. 

Kahramaa in turn then distributes this water to the houses and industries. Some industries, 

however, produce on-site water for their process. The 2013 sustainability report produced by 
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Qatar Petroleum Health, Safety and Environment Regulations and Enforcement Directorate 

General in the Ministry of Energy and Industry have given a comprehensive review of water 

consumption by the industrial sector in Qatar (Qatar Petroleum Health Safety and Environment 

Regulations and Enforcement Directorate & Ministry of Energy and Industry, 2013). 

 

In 2013, 25 companies in Qatar purchased 14.1 Mm3 of water which marked a decrease of 

2.2% compared to 2012 levels. These companies also generated 60.8 Mm3 of on-site water: an 

increase of 88.7% compared to 2012 and was nearly four times the amount of water purchased. 

This large difference between on-site generated water consumption and water purchased from 

Kahramaa is because of the emergence of two new water-intensive petrochemical production 

lines that started operating in 2013. Table 11 shows the total water purchased from Kahramaa 

and on-site generation by 25 major companies in 2012 and 2013. Petrochemicals industries 

consume the largest amounts of water in Qatar (68.4% of total water consumption by industries 

in 2013) while the oil and gas plants consume the least (0.3% in 2013). Table 12 shows the 

water consumption by sector in 2012 and 2013. 

 

Table 11: Freshwater purchased and generated on-site by 25 major industries in 2012 and 2013 
(Qatar Petroleum Health Safety and Environment Regulations and Enforcement Directorate & 
Ministry of Energy and Industry, 2013). 

Indicator Comparable 
companies 

Water consumed (m3) 
2012 2013 % Change 

Fresh water 
purchased 

25 14,409,602 14,096,410 -2.2 % 

Water produced 
on-site 

25 32,207,938 60,764,726 +88.7% 

Total fresh water 
consumed 

22 42,510,301 70,588,542 +66.1% 
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Table 12: Water consumption by Industry sectors (Qatar Petroleum Health Safety and 
Environment Regulations and Enforcement Directorate & Ministry of Energy and Industry, 
2013). 

Subsector Comparable 
Companies 

Water Consumed (m3) 
2012 2013 % Change 

LNG/NG 3 9,227,946 8,994,447 -2.50% 
Mining, Minerals and 
Other 

3 2,758,056 2,761,389 0.10% 

Oil and Gas 
(Exploration and 
Production) 

6 195,597 210,570 7.7% 

Petrochemicals and 
Chemicals 

7 18,881,526 48,275,708 155.70% 

Refining 2 11,407,053 10,346,428 -9.30% 
Support Services 1 40,124 0 -100% 

 

Table 11 and Table 12 both show that water consumption by industry sectors has increased by 

66.1 %. Consumption is primarily dominated by the petrochemicals and refining industries. 

Table 12 further shows that the demand for water has been rising in most sectors from 2012 to 

2013. The reason for this increase is the establishment of new plants especially in the 

petrochemicals sector. This sector has been growing steadily at a rate of 9.5% annually from 

2003 to 2013 (Gulf Petrochemicals and Chemicals Association, 2014). Moreover, in 2013, 

petrochemicals represented 42.6% of Qatar’s manufacturing added value that was worth $8.4 

billion. 9% of Qatar’s non-oil GDP comes from the petrochemicals sector (Gulf Petrochemicals 

and Chemicals Association, 2014). Hence it is not surprising that it has a high water 

consumption level. 

 

An important indicator of water consumption in the industry sector is water intensity. Water 

intensity is defined as the amount of water consumed per unit product. The water intensity 

profile for industries in Qatar is variable with some sectors experiencing an increase, some 

experiencing a reduction and others being stable. Water intensity is an important measure of 

the efficiency of production and hence it can be concluded that sectors where water intensity 
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reduced have implemented some form of water conservation or energy efficiency methods. 

Figure 17 shows the water intensity by sector in 2012 and 2013. The units for the y-axis is 

m3/ton of production. The total water intensity for all industries increased from 0.21 m3/ton of 

production in 2012 to 0.35 m3/ton of production in 2013: 64% increase. 

 

 

Figure 17: Water intensity by sector in 2012 and 2013 (Qatar Petroleum Health Safety and 
Environment Regulations and Enforcement Directorate & Ministry of Energy and Industry, 
2013). 

 

Wastewater discharged and recycled by the energy and industry sectors is another important 

parameter to be analyzed. The energy and industry sectors in Qatar have been actively working 

to reduce their water discharge to the sea to near zero levels. This is in accordance with the 

Ministry of Environment goal of zero liquid discharge (ZLD) by the end of 2016. To achieve 

this, a number of companies are trying to reuse wastewater in their processes or otherwise use 

it for irrigation. In addition, some companies are also working on monitoring the quality and 

temperature of wastewater discharged to the sea in accordance with the regulations of the 

Ministry of Environment. Moreover, the Qatar Petroleum Health, Safety and Environment 

Regulations and Enforcement Directorate General is currently engaging with the energy and 
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industry sector to design and install a monitoring system for wastewater ejected to the sea. 

Unfortunately, there are very little data so far about amounts of wastewater discharged to the 

sea by the energy and industry sectors. Figure 18 shows key figures about water discharge to 

the sea and to non-sea sinks like ponds and re-injection to wells. 

 

Some companies in the energy and industry sectors have also reported recycling of water in 

their processes. In 2013, 24 Mm3 of water was recycled as given in data from 15 companies in 

Qatar Petroleum (QP) Sustainability Report. Some companies made large improvements in the 

recycling of water such as Qatar Steel, Qatar Fuel Additivies Company (QAFAC) and Qatar 

Fuel (WOQOD) which had an increase of 150%, 86% and 60% in the volume of recycled water 

respectively. Figure 19 shows the percentage of water recycled by subsector in 2013. 
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Figure 18: a) Water discharge to sea in million m3 b) Water discharge to sea as percentage per 
subsector c) Water discharge to other than sea sinks in million m3 d) Water discharge to other 
than sea sinks as percentage per subsector (Qatar Petroleum Health Safety and Environment 
Regulations and Enforcement Directorate & Ministry of Energy and Industry, 2013). 

 

 

Figure 19: Percentage of water recycled by subsector (Qatar Petroleum Health Safety and 
Environment Regulations and Enforcement Directorate & Ministry of Energy and Industry, 
2013). 
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In conclusion for this section of the review, the following can be highlighted: 

• Qatar has one of the highest per capita water consumption rates in the MENA region: 

200 m3/capita/year. 

• Estimates for some water consumption parameters (like per capita consumption) are 

variable to a great extent. However, almost all sources indicate that Qatar has high water 

consumption rates. 

• The agriculture sector is the most water demanding sector consuming about 91% of all 

RWRs and 35.2% of TSE. 

• Unsustainable irrigation methods and that fact that water is free are the major reasons 

behind high water consumption in the residential and agricultural sectors.  

• Groundwater is being severely exploited with the extraction rate four times the 

replenishment rate. 

• Groundwater quality is also deteriorating because of salts from irrigation water being 

recycled and reasonably high levels of Mo (that may pose some health risks in the 

future). 

• TSE is mainly utilized for agriculture and domestic purposes and is one of the key water 

sources for reducing water shortage in Qatar. 

• Water consumption by industries is dominated by the petrochemicals and refining 

sectors (68.4% and 14.7% of the total respectively). 

 

After presenting all of these statistics about renewable water resources, non-renewable water 

resources and water consumption by different sectors, it is useful to present the water balance 

for both natural and human-induced water sources. The entire water balance for Qatar is shown 

in Table 13. 
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Table 13: Detailed water balance (Ministry of Development Planning and Statistics, 2013b). 

Water use balance 2013 (million m3) Water 
potentially 
available 
for use 
(million 
m3) 

Water uses 
and losses 
(million m3) 

Remarks 

Desalinated water 453.21  System volume 
input of kahramaa 

Fresh groundwater abstraction 250.21  Agricultural, 
municipal, domestic 
and industrial wells. 
Data of 2012 used. 

Treated wastewater 151.22  Wastewater 
discharged by urban 
wastewater 
treatment plants 

Wastewater discharged without 
treatment 

18.04  Discharge of 
untreated 
wastewater to 
lagoons 

Total water potentially available for 
use 

872.68   Water available 
before losses 

Wastewater discharged without 
treatment 

 18.04  

Losses of desalinated water  92.31 Total losses 
TSE discharged to lagoons  35.391  
TSE discharged to sea  0.23  
TSE injected in aquifers  35.462  
TSE unknown destination  0.23 RO and discharge by 

tankers 
Water used by agriculture  285.28 Groundwater and 

TSE 
Water used by industries  19.18 Water supplied by 

kahramaa and 
industrial wells 

Water used by commercial activities  54.38 Water supplied by 
kharamaa including 
big industrial 
complexes and 
hotels 

Water used by private households  245.50 Water supplied by 
kharamaa, domestic 
wells and municipal 
wells 

Water used by government  88.67 Water supplied by 
kharamaa and TSE 
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for irrigation of 
green spaces 

Total water uses and losses  872.68  
  

2.4 Policy Implications and Water Conservation 

It is important that Qatar adopts a number of water conservation initiatives to reduce the 

overexploitation of its water resources. The overexploitation of water resources can be 

attributed to three main reasons: 

1. Awareness about the need for water conservation and its immense importance for Qatar 

is not yet as widespread as it should be. 

2. The heavy subsidies given for water which doesn’t encourage people to appreciate the 

value of what they are consuming. The fact that Qatari nationals (who consume by far 

most water) do not pay anything for water or electricity further leads to irresponsible 

water consumption habits. 

3. The use of inefficient water irrigation methods in agriculture consumes huge amounts 

of GW annually. Farmers should be made aware of water efficient irrigation methods 

such as hydroponics and brackish water treatment systems and mandated to use them. 

4. The use of treated domestic wastewater in productive sectors is an excellent water 

conservation method but has not yet been fully utilized. 

 

Water conservation in Qatar is a national priority and all the statistics presented in this review 

highlight that a lot of effort has to be put to preserve renewable and non-renewable water 

resources. Conservation efforts should focus primarily on reducing demand in the domestic 

sector, introducing efficient irrigation methods in farms, reducing network leakage and 

introducing resilient water policies. It is always much easier and more economical to reduce 

water usage rather than build new water capacity. 
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One of the important recommendations of this review is carrying a comprehensive assessment 

study on the effect of climate change on RWRs in Qatar. This topic, unfortunately, has not 

been investigated in depth and there are several inconsistencies and research gaps. There are 

different estimates on the effect of climate change on water stress on a global scale (Nelson et 

al., 2009). Regarding the rise in sea levels, some studies suggested that the impact of climate 

change on sea level rise at the population of beaches is very small relative to many other regions 

globally (Arnell et al., 2010). There is a need to develop climate models that incorporate 

seawater desalination, groundwater and rainfall and observe how these parameters are affected 

by possible future climate change scenarios.  

 

Although Qatar has limited natural resources to produce significant amounts of food for 

domestic consumption, yet more improvements in water-use efficiency in the agriculture sector 

can still be implemented to preserve available GW. In fact, a number of farms have already 

started using technologies like hydroponics, greenhouses and brackish water treatment 

systems. GW real-time monitoring is also important in providing data for scientists to make 

better forecasts about GW reserves in Qatar. These are excellent initiatives and should be 

further supported by developing traditional practices of crop cultivation and irrigation.  

 

Schyns et al (Schyns, Hamaideh, Hoekstra, Mekonnen, & Schyns, 2015) carried an analysis 

on virtual water trade in Jordan and made a number of suggestions to solve Jordan’s domestic 

water problems and external water dependency. These recommendations are equally relevant 

to Qatar. These include: 

1. Increasing water availability through desalination powered by sustainable energy 

technologies such as solar or wind energies. 
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2. Improving soil management to allow for greater storage of moisture which in turn 

increases yield. 

3. Applying a number of reforms in agriculture such as: growing drought-tolerant 

crops, increasing the cost of irrigation water, training farmers to adopt sustainable 

agriculture practices etc. 

4. Rehabilitating the water distribution network to reduce leakage. 

 

Regarding network leakage, estimates for Qatar are high: 30-35% compared to an average 

of 18% for OECD countries. This costs Qatar annual losses of 1 billion QAR (Qatar 

General Secretariat for Development Planning, 2011). By directing a significant investment 

to improve water network efficiency, it is possible to recover millions of cubic meters of 

water annually. A reduction of 12% in network leakage will allow Qatar to recover 51 

million cubic meters of potable water annually. This is equivalent to providing water for 

236,000 people for one year (assuming a per capita consumption of 216 m3 per year). 

Reducing network leakage should be made the priority at this stage for Qatar. A recent 

publication by the MDPS (2013), revealed that Qatar has indeed been reducing leakage in 

the drinking water distribution network since 2008. Losses in the water distribution losses 

are either real losses (physical water losses from the pressurized system) or apparent 

(unauthorized consumption such as theft). The total loss is the sum of real and apparent 

losses. Figure 20 shows the real, apparent and total losses in the drinking water distribution 

network from 2008 until 2012. Figure 20 clearly shows that real losses have decreased from 

28.9% in 2008 to only 6.8% by 2012. This is a good indicator of the efforts of Kahramaa 

to reduce network leakage.  
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Figure 20: Net supply and losses in the drinking water distribution network (Ministry of 
Development Planning and Statistics, 2013b). 

 

From the demand side, Kahramaa has implemented the Tarsheed campaign to increase 

public awareness about the need for water conservation. This campaign has currently 

implemented 22 projects which were publicized in 7 languages across different media 

channels. Among the initiatives was awareness to young children in schools about the 

importance of preservation of water. This campaign was currently implemented in 75 

schools. Kahramaa has also built its own “Awareness Park” which previews different 

technologies for conserving water and electricity. From the regulatory side, Kahramaa has 

recently started charging water usage violation fines for improper use of potable water. 

This includes using potable water for washing cars or courtyards. The fines for such 

violations can go up to 20,000 QAR.  

 

This study recommends, based on the literature, that in addition to current conservation 

efforts, water tariffs should be revised in Qatar for all residents.  The new tariff should 

reflect the consumption quantities for all residents. When people are made to pay for their 
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consumption, it is more likely for them to start conservation. However, determining the 

structure of the new water tariff requires a detailed economic analysis. Such an analysis 

should take into account supply/demand changes, the cost of water production and 

availability of subsidies. Qatar’s unique case of having tremendous natural gas reserves, a 

small population and limited RWRs leads us to ask: should the new water tariff be 

comparable to European countries and the U.S whose economy and demography are 

entirely different? In the case of Qataris, considering the high income per household, will 

including a water tariff even change their consumption habits? These are key questions 

requiring a thorough social study of people’s behavior and motives for water conservation. 

Moreover, it is interesting to explore the driving forces for changing the water usage culture 

in the Qatari community. Lastly, the use of water efficient faucets, pipes and other water 

equipment should be made mandatory in homes. 

 

2.5 Part 1 Conclusion 

Part 1 of this chapter reviewed Qatar’s water resources and consumption by different 

sectors. The review concluded that Qatar is one of the poorest countries in terms of fresh 

water sources due to little rainfall, rapid depletion of groundwater and high per capita water 

consumption. Annual rainfall is less than 80 mm, and the rate of evaporation is 2000 

mm/year. The amount of GW produced internally is 56 Mm3 per year which equates to a 

water share of 24.8 m3 per capita which is very low.  

 

Water withdrawals from GW are much higher than the rate of regeneration indicating that 

GW resources will soon be exhausted. This is primarily due to heavy water withdrawals 

for farming and inefficient water irrigation methods. The review also found that Qatar is 

heavily dependent on desalination for meeting local water demands. DW constitutes 60% 
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of total water withdrawals in Qatar. The agricultural sector is the most water demanding 

sector consuming about 91% of all RWRs and 35.2% of TSE. Groundwater quality is also 

deteriorating because of salts from irrigation water being recycled and the presence of 

reasonably high levels of Mo (that may pose some health risks in the future). TSE is mainly 

utilized for agriculture and domestic purposes but is one of the key water sources for 

reducing water shortage in Qatar. Water consumption by industries is dominated by the 

petrochemicals and refining sectors; 68.4% and 14.7% of the total industrial water 

consumed respectively.  

 

It was also concluded that desalination, although expensive and energy intensive, is the 

only viable solution for Qatar currently. The adverse energy-associated environmental 

impacts of desalination can be mitigated by utilizing solar—powered desalination. Solar 

powered thermal and membrane desalination are two technology categories which must be 

investigated in-terms of technical feasibility and economic competitiveness in Qatar and 

the region as a whole. 
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PART 2: THE POTENTIAL FOR SOLAR DESALINATION 

 

2.6 Part 2 Introduction 

The provision of drinking water is one of the greatest challenges in our time. In many parts 

of the world desalination is the only viable and economic solution to the problem of fresh 

water shortage. This is particularly applicable to the Gulf Cooperation Council (GCC) 

region which has the largest installed capacity of desalination plants in the world: 38% of 

the global capacity (Verdier, 2011). The majority of desalination plants in the GCC region 

operate using the multi-stage flash (MSF) and the multi-effect distillation (MED) with 

thermal vapor compression (TVC). The reverse osmosis process (RO), however, is gaining 

increasing popularity and currently has a 29% market share in the GCC region (Global 

Water Intelligence, 2013b). By 2013, the GCC region had 3,732 online plants that produced 

29.503 Mm3 of fresh water per day (Al Hashemi et al., 2014). 80% of drinking water in the 

GCC region comes from desalination (Al Mutawa et al., 2014). Seawater desalination is an 

energy intensive process and hence requires large amounts of fuel. It was estimated that in 

2012, desalination plants in the GCC region consumed 3.49 MGJ of fuel per day (Mohamed 

Ali Darwish, 2015). Furthermore, in 2014 the GCC countries spent $15.9 billion in fuel 

costs for desalination (Food and Agriculture Organization of the United Nations (FAO), 

2011). At a global scale, due to population increase and increased demand for food, demand 

for fresh water will continue to rise. This will put a lot of pressure on current desalination 

plants and require more plants to be built which in turn means an escalating energy and fuel 

demand. The current desalination technologies are all reliant on fossil fuels and hence have 

high greenhouse gas (GHG) emissions that are a major cause of climate change.  
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Solar driven desalination is identified as the most promising alternative for fossil fuels 

driven desalination. The abundance of solar resources in the many water-scarce regions 

make solar-driven desalination ideally suited to replace conventional desalination. Solar 

energy is the most abundant renewable energy source and is highly suitable for powering 

both thermal and membrane desalination processes. A number of studies have highlighted 

the importance and suitability of solar desalination for the Middle East and North Africa 

(MENA) region and can be found in the references (Bouchekima, 2002; Chaibi, 2000; 

Sagie et al., 2001). Moreover, the use of solar energy means minimizing the environmental 

impact of the desalination process in terms of GHG emissions. Solar desalination should 

be considered as a real alternative for fossil fuel powered desalination by policy makers.  

 

Among the currently developed solar desalination technologies, the solar-driven MED is 

possibly the most suitable for large scale implementation due to its superior thermodynamic 

and heat transfer characteristics, low pumping energy (as compared to the MSF process) 

and lower levelised cost of water (LCOW) (El-Nashar, 2001a)(Palenzuela et al., 2014). 

Building on this, it can be argued that that solar-driven MED is the most suitable thermal 

desalination technology for large scale seawater desalination as highlighted also by 

(Bataineh, 2016). In this chapter, a solar-driven system is defined as any system driven 

entirely or partially by solar energy.  

 

On a global scale, 7% of global desalination capacity is based on the MED process, 21% is 

based on MSF, 65% is based on RO and 7% by other processes according to the 

International Desalination Association (IDA) (Pankratz, 2014). Most thermal desalination 

plants are found in the GCC region. Interest in the RO has been rising due to its minimal 

total energy requirements although it requires complex feed water pretreatment. However, 
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the feed water pretreatment requirements are very minimal for all thermal desalination 

processes. The MED process can easily be integrated to current power plants whether 

powered by fossil fuels or concentrated solar power (CSP). This means dual production of 

desalted water (DW) and electric power (EP). The possibility of integrating MED to CSP 

power plants provides great research opportunities and also poses many technical 

challenges such as the large water requirements for CSP plants and the necessity of storage 

to increase plant capacity factor. Sustainability of CSP plants maybe increased by 

integrating them with thermal desalination plants (Palenzuela et al., 2015b). This is one of 

the main motivations for carrying this review.  

 

This chapter reviews extensively research works on solar-driven MED with a focus on 

process innovations and strategies that reduce the LCOW. This review firstly explains the 

MED process, the types of solar collectors used in solar-driven MED, different plant 

configurations with their advantages and disadvantages and the assumptions and limitations 

of modelling studies. Secondly, the review examines critically the economics of solar-

driven MED, costs associated and calculation methods in reference to the LCOW 

specifically. Thirdly, key challenges in solar-driven MED, namely: storage, adaptability 

issues and LCOW are addressed. Lastly, the review is concluded by providing a number of 

key takeaway messages and recommendations.  

 

2.6.1 The MED Process  

MED is a thermal desalination process wherein seawater is desalted by boiling at successive 

effects. Latent heat of an external heat source is used to boil a fraction of the feed water in 

the first effect. This generates freshwater vapor and brine at the effect’s pressure. The brine 

is circulated by a pump to the next effect and partially boils due to the latent heat from the 
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previous effect’s condensing vapor and this subsequently generates more distillate. Each 

effect in the MED system is kept a pressure and temperature lower than the previous effect. 

This ensures that the brine will boil at a lower temperature each time. Efficiency in thermal 

desalination processes is measured by the gain ratio (GR) which is the mass flow rate of 

the distillate divided by the heating steam mass flow rate. The GR is always equal to or less 

than the number of effects.  The MED process has a number of advantages over the MSF 

process that make it more suitable for integration with solar collectors. MED can be carried 

at a low top brine temperature (TBT) and hence this means low grade process steam can be 

used to power the process. This is means that even under low solar intensity, the solar 

collectors can still supply enough thermal power to the MED unit. A low TBT also means 

that the likelihood of scaling is minimized. Further, the MED system is more flexible than 

the MSF system in terms of configuration. For example, an eight-effect MED plant with a 

GR of 7.5 and a capacity of 1 million imperial gallons per day ( MIGD) can be rearranged 

to work as four effects with double the capacity (2 MIGD) but at a lower GR (M. Darwish, 

Al-Juwayhel, & Abdulraheim, 2006). Moreover, the MED process is more responsive to 

the enthalpy of the heating system than the MSF and can change its distillate capacity 

accordingly. It is a common practice in large MED plants to also incorporate a TVC. The 

TVC is a device that extracts entrained vapor from the last effect and mixes it with motive 

steam from the steam generation source (e.g back-pressure turbine) to produce the heating 

steam that enters the first effect. This helps in reducing the heating steam requirement and 

hence increases the GR. In addition, MED has a higher recovery fraction than MSF and 

also lower operating costs.  Figure 21 shows a six-effect forward feed (FF) horizontal tube 

MED/TVC unit. All of these points give great preference for MED over other thermal 

desalination processes for large scale seawater desalination. 



61 

 

Figure 21: Six effect parallel feed horizontal tube MED/TVC unit. 

 

A number of design considerations must be noted in MED plants. The TBT is usually kept 

at a low value:65oC at 0.3 bar since this helps in reducing the probability of scale formation. 

MED plants operating at low TBT are sometimes referred to as low temperature MED (LT-

MED). The number of effects in MED systems is also lower than MSF plants (around 6-8 

effects). Since the final brine temperature is usually set at 40oC and the TBT is usually 

65oC, the temperature difference in each effect has to be 2-4oC which results in 6-8 effects 

in total. The value of DT has to be designed carefully to avoid having a high heat specific 

heat transfer area (A/D). The smaller DT is, the higher the specific heat transfer area. A 

high A/D value will result in a higher LCOW. Further, to make the MED system 

competitive to the MSF, A/D has to be around 200-300 m2/kg/s (Mohamed Ali Darwish, 

2015). Adding feed preheaters in the MED system can increase the GR but at the expense 

of higher pumping energy and more capital costs. The electrical energy requirements or 

specific power consumption (SPC) for MED systems is between 1.5-2.5 kWh/m3 of 

distillate whereas the thermal energy consumption is around 80 kWh/m3 (European Union, 

2008).(M. A. Darwish, Al-Juwayhel, & Abdulraheim, 2006) presented a critical analysis 
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of some MED plants and discussed in details their performance and characteristics. The 

implications of these design considerations on solar-driven MED are discussed in the 

coming sections. 

 

2.7 Coupling of MED with Solar Thermal Systems 

A MED plant powered by solar energy has the same overall plant design as a conventional 

MED one. There are two major blocks: the solar field block and the MED unit block. A 

storage medium maybe used to link both blocks and a heat exchanger is employed to 

transfer the solar thermal energy to the first effect of the MED chamber. Figure 22 shows 

a simplified block diagram of a solar-driven MED plant.  The most commonly used solar 

collectors in solar-driven MED are parabolic trough collectors (PTC), linear Fresnel 

collectors (LFC) and flat plate collectors (FPC). Some research studies also considered 

using compound parabolic collectors (CPC) and solar power towers. The solar field absorbs 

solar thermal energy by using a heat transfer fluid (HTF) and then transfers this energy to 

the MED chamber via a heat exchanger (which will effectively be a steam generator). 

Thermal energy storage (TES) may be used to compensate any drop in solar intensity.  

 

 

Figure 22: Block diagram of a solar-driven MED plant. 
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It was found from the literature that most research studies used CSP collectors such as the 

PTC and LFC. Table 14 shows the choice of solar collectors in various studies found in the 

literature. As the table shows, there is a high interest and focus on using PTC followed by 

FPC for solar-driven MED. Solar collectors like the CPC, LFC and power tower have been 

given very little attention. To understand this more, it is necessary to highlight the 

parameters affecting the choice of the solar collector in a MED system. 

 

Table 14: Summary of solar collectors used in solar-driven MED in the literature. 

Solar collector Reference 
Used a FPC or vacuum tabular solar 
collectors. 

(Chaibi & El-Nashar, 2009)(Yılmaz & 
Söylemez, 2012)(N. Ghaffour, Reddy, & 
Abu-Arabi, 2011)(Chen, Xie, Chen, Zheng, 
& Zhuang, 2012)(Yang, Shen, Zhang, 
Shen, & Zhang, 2013)(Kim, Thu, Myat, & 
Ng, 2013) 

Used CPC. (Alarcón & Fernández, 2005) 
Used LFC. (Hamed, Kosaka, Bamardouf, Al-Shail, & 

Al-Ghamdi, 2016)(Askari & Ameri, 2016) 
Used PTC. (Alarcón-Padilla, García-Rodríguez, & 

Blanco-Gálvez, 2010a)(Sharaf, Nafey, & 
García-Rodríguez, 2011)(Palenzuela, 
Alarcón-Padilla, & Zaragoza, 
2015a)(Stuber et al., 2015)(Bataineh, 
2016)(Gholinejad, Bakhtiari, & Bidi, 
2016)(Cipollone et al., 2016)(Casimiro et 
al., 2015)(Ortega-delgado, Palenzuela, & 
Alarcón-padilla, 2016)(Olwig et al., 2012) 

Used solar power tower. (Kouta, Al-Sulaiman, Atif, & Marshad, 
2016) 

 

The choice of the solar collector depends on the required heating steam temperature, design 

plant capacity, capital costs and whether the plant also produces EP. In LT-MED, as 

mentioned earlier, the heating steam temperature is usually 70oC at 0.3 bar and hence the 

HTF should be heated by the solar collector to 5-7oC above 70oC. This results in a lower 

temperature difference in the heat exchanger and hence lower thermal stresses which is 
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important from a maintenance point of view. FPC and non-concentrating collectors in 

general are very suitable for small systems and experimental units. Such collectors can 

easily heat water to temperatures above 100oC. However, when considering larger 

desalination systems and those using a TVC, using concentrating collectors is more suitable 

as they can produce superheated steam. This superheated steam (at temperatures around 

150oC and 5-20 bar) will effectively be the motive steam entering the steam ejector. CSP 

collectors are also required when the desalination plant operates in cogeneration mode. In 

this case, superheated steam is needed to drive a turbine and as it is de-superheated, a 

fraction of it will be directed to the MED/TVC unit from the back-pressure turbine. Another 

consideration factor for the solar collector choice is capital costs. Non-concentrating 

collectors like the FPC are cheaper than CSP collectors and are stationery hence do not 

require tracking. Almost all experimental studies on solar-driven MED that had a working 

prototype used FPC or evacuated tube collectors. Very few experimental studies used PTC 

or LFC for MED simply because of the large investment costs required. Examples of these 

include the MED plant in Platforma solar Almeria (PSA) in Spain (Alarcón-Padilla et al., 

2010a) and a small pilot plant for agricultural drainage water desalination in the U.S (Stuber 

et al., 2015). The economics of solar-driven MED are discussed later in depth in this 

chapter. 

 

From the literature, it was noticed that few papers gave justifications of the choice of the 

solar collector. (Yılmaz & Söylemez, 2012) used a FPC in a hybrid solar-driven MED 

system and justified the choice of the FPC by stating that FPC can absorb both direct and 

diffuse solar radiation which is an advantage over CSP collectors. Other studies seemed to 

choose the FPC due to system simplicity and low cost. Studies which investigated 

cogeneration of DW and EP such as (Sharaf, Nafey, & García-Rodríguez, 2011)(Palenzuela 
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et al., 2015a) used the PTC because it can easily generate superheated steam at temperatures 

above 300oC and a pressure of 100 bar. There seems to be an agreement that among CSP 

collectors, the PTC is the most suitable for cogeneration of DW and EP in a solar thermal 

driven desalination plant as highlighted by (Mohamed Ali Darwish, Abdulrahim, & 

Mohtar, 2012; Palenzuela et al., 2015a; Trieb, 2007). These studies asserted that the PTC 

is the most commercially mature CSP collector and hence has good reliability and is 

suitable for large scale desalination. It can be concluded that if the PTC is to be integrated 

to an MED plant, then it might be suitable to consider a cogeneration plant. In this way, 

there will be less exergy destruction since superheated steam is expanded in a high-pressure 

turbine. Another advantage of using PTC is the possibility of powering hybrid desalination 

plants such as RO+MED.   

 

The design capacity of the MED plant also plays a key role in determining the optimum 

solar collector from a theoretical point of view. Currently, almost all solar-driven MED 

systems are either small demonstration units or have been implemented in a computer 

model only. Demonstration units and small solar-driven MED plants currently have a 

maximum capacity of 3 m3/hour. The two largest solar-driven MED experimental systems 

are the Abu Dhabi solar desalination plant (Chaibi & El-Nashar, 2009) and the solar MED 

plant in Platforma solar Almeria (PSA) in Spain (Alarcón & Fernández, 2005). The plant 

in PSA was using CPC. On the other hand, solar-driven MED systems implemented in 

computer models had design capacities reaching 1 MIDG and sometimes the study would 

assume a distillate production rate of an actual MED plant. It was noticed from the literature 

that there is no relation between the solar collector choice and the plant capacity (the 

distillate production rate) in experimental based studies. Some systems like the one 

developed by (Stuber et al., 2015) tested a PTC coupled to an MED unit with a heat pump 
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for agricultural sub-surface drainage water treatment and had a product flow rate of merely 

0.46 m3/hour. This was despite the fact that this study used one of the highest quality PTC 

in the market. Other studies like the Abu Dhabi solar desalination plant realized a distillate 

production rate of 3.3 m3/hour although using FPC and in fact this plant was operational 

for 13 years. To develop sound understanding of solar-driven MED, more data from 

experimental studies is required. However, one can highlight the following design 

considerations for the solar field selection: 

1. More research is required to examine the suitability of integrating CSP collectors 

with low-pressure MED and also MED/TVC desalination systems. 

2. It is important to use solar collectors with high efficiency so that total surface area 

is minimized and as a result the water cost too. 

3. The plant location must be considered in the selection of the solar collector. In 

locations with high DNI, CSP collectors should be used. 

Table 15 summarizes this section by showing the most suitable solar collectors for MED 

and their respective advantage and disadvantages: 

Table 15: Comparison of solar collectors suitable for solar-driven MED. 

Solar 
collector 

Temperature 
range 

Suitable 
MED 
process 

Advantages Disadvantages 

FPC 80-120oC LT-MED • Low cost 
• No tracking 

required 
• Absorbs DNI 

and DHI 
• High reliability 
• Has been 

experimentally 
tested in many 
desalination 
systems 

• Small plant 
capacity 

• Cogeneration 
not possible 

PTC 350-500oC MED/TVC • Commercially 
mature 

• High capital 
cost : 300-350 
€/m2 
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• Can be used for 
cogeneration 

• Can drive 
MED+RO 

 

(Verdier, 
2011) 

• Land 
requirements 
are high 

• High 
maintenance 
requirements 

 
LFC 100-450oC MED/TVC 

and LT-
MED 

• Smaller mass 
per unit area 
than PTC 

• Low specific 
investment 
costs: 200-250 
€/m2 (Verdier, 
2011) 

• Low land 
requirements 

• Moderate 
commercial 
maturity (as 
compared to 
the PTC) 

• Very little 
data available 
from research 
studies 

 

2.7.1 Thermal Energy Storage 

Intermittency of solar resources means that solar-driven MED plants can-not operate 

continuously and hence distillate production is reduced. The solution is either to start and 

shut them down every day or to use a storage system and/or a backup boiler. Continuous 

start-up and shut down jeopardizes the reliability of the equipment and increases 

maintenance costs. Nevertheless, carrying computer simulations of a solar-only MED plant 

could help researchers understand the boundary limits of these systems.  

 

Incorporating a storage system (energy or water storage) is a good solution. In the context 

of solar-driven MED, energy storage systems (also called thermal energy storage TES) are 

ones which store either sensible or latent heat. A number of materials can be used for TES 

such as water, sand-rock and synthetic oils. Materials for TES can be either phase-change 

materials (PCM) or thermochemical materials (TCM). Figure 23 shows the storage capacity 

and temperature range for a number of PCM and TCM. The use of the TES can extend the 
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operating hours of the plants, reduce the LCOW, reduce environmental impact and manage 

resources in a better way (Gude, 2015). Detailed information about incorporating TES in 

solar-driven MED can be found in:(Chaibi & El-Nashar, 2009)(Alarcón & Fernández, 

2005)(Alarcón-Padilla et al., 2010a)(Palenzuela et al., 2015a)(Bataineh, 2016)(Hamed et 

al., 2016)(Kouta et al., 2016)(Askari & Ameri, 2016). However, using a large TES means 

increasing the solar field size significantly which has a high influence on the 

LCOW.(Hamed et al., 2016) found that powering a 1 MIGD MED plant by a LFC solar 

field is more cost efficient if no TES is incorporated. A number of studies on solar-driven 

MED didn’t consider adding a TES such as (Sharaf, Nafey, & García-Rodríguez, 

2011)(Sharaf, Nafey, & Garcia-Rodriguez, 2011)(N. Ghaffour et al., 2011)(Yılmaz & 

Söylemez, 2012)(Stuber et al., 2015)(Gholinejad et al., 2016). On the other hand, water 

storage systems simply require oversizing the MED plant (adding more effects) which has 

a relatively lower impact on LCOW. It is because of this that some studies such as (Weiner, 

Blum, V, & Ghoniem, 2015) proposed that water storage is more cost effective than energy 

storage (for a hybrid configuration using CSP to power an MED and RO desalination 

process) and calculated a critical cut-off cost for energy storage which was $0.0125/kWhth. 

It can be identified that the storage issue is one of the major areas of disagreement in the 

literature and requires extensive studying especially from an economic point of view. 

Advanced plant design for solar-driven MED must consider the temperature range for each 

TES system and its suitability with the chosen solar collector and the required distillate 

production. This requires sophisticated optimization simulations. It would be of interest to 

also calculate and analyze the equivalent economic value of a TES with regards to its 

environmental benefits. Further, one of the key questions to address is: does a solar-driven 

MED plant with TES has a higher reliability than another plant without TES but with a 

backup boiler? These are research questions yet to be answered.  



69 

 

 

Figure 23: Storage capacity and temperature range for TES systems based on PCM and 
TCM (reproduced with permission from the Publisher) (Gude, 2015). 

 

2.7.2 Adapting Solar Technologies to MED 

One of the fundamental challenges of coupling solar thermal collectors (especially CSP 

collectors) to MED systems is the collector performance. CSP collectors have originally 

been designed for power generation which requires generating high pressure steam to do 

work. In desalination systems, the thermal energy of steam at a critical temperature (top 

steam temperature or TST) is the key requirement. This TST is usually 70-75oC at 0.3 bar. 

If the TST increases a lot, the probability of scale formation increases significantly in 

horizontal tube falling film MED. There should be a strong focus on developing new solar 

collectors whose average thermal power output is in the range required by MED plants. In 

addition, the fact that most CSP collectors will produce excess thermal energy means that 

investing in reducing the cost of TES is one of the key areas of research. Furthermore, it is 
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necessary to consider hybrid configurations when powering an MED plant entirely on solar 

energy. An example is to use PV for the electrical energy requirements, LFC for generating 

heating steam and a TES for increasing capacity factor. Such a configuration implies the 

need for developing sophisticated control systems that can process numerous inputs and 

suggest the optimum operation strategy. A good paper to refer to in this regard is (González, 

Roca, & Rodríguez, 2014) which developed an economic optimal control algorithm that 

regulates the mass flow rate in the solar field to achieve maximum freshwater production. 

Improving the adaptability of solar technologies to MED also means limiting or even 

eliminating the use of backup boilers as much as possible. 

 

2.7.3 Plant Configurations 

There are several plant configurations for a solar-driven MED system. The core 

components of the plant are the solar field, the steam generator and the MED unit. 

Additional components that may be incorporated include the TVC, MVC, TES, electrical 

generation system and a heat pump. In modelling-based studies, it was noticed that the plant 

structure was much more complex than in experimental studies. This is naturally due to the 

flexibility of modelling software. 

 

The Abu Dhabi solar desalination plant (Chaibi & El-Nashar, 2009), as an example, was 

based on a simplified configuration which is shown as a block diagram in Figure 24. The 

plant was operating for 24 hours due to the use of the TES. It had a maximum capacity of 

120 m3/day and a water cost in the range $7-10 per cubic meter (El-Nashar, 2001b). Further 

its MED chamber was made of 14 effects which is a considerably large number. Having a 

large number of effects implies a smaller DT in each effect and hence larger specific heat 
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transfer area (A/D). In addition, a large number of effects will add further costs to the plant 

although it does increase distillate production. 

 

 

Figure 24: Plant schematic for the Abu Dhabi solar desalination Plant. 

 

Some experimental studies like the PSA plant had a complex plant configuration. Figure 

25 shows the plant configuration for the PSA solar-driven MED plant. This plant utilized 

a double effect absorption heat pump (DEAHP) which was used to increase the energy 

efficiency of the process by utilizing thermal energy from the saturated steam produced in 

the last effect. When there is little or no solar radiation, the DEAHP absorbs heat from the 

saturated steam from the last effect plus thermal energy from the gas boiler. As a result, the 

DEAHP can increase the temperature of the water exiting the first effect from 63.5oC back 

to 66.5oC. A study on the performance of the DEAHP in this plant by (Alarcón-Padilla, 

García-Rodríguez, & Blanco-Gálvez, 2010b) investigated two possible methods to connect 

the DEAHP to the existing solar MED plant using CPCs. The study argued that integrating 

the DEAHP with the MED unit optimizes the overall heat consumption of the system. For 

this study, energy contribution from the solar field was not included. The aim of the study 

was to determine which connection method yields a steadier operation and higher thermal 

performance. The connection of the DEAHP to the MED was first done in a direct manner. 

This means that water leaving the first effect was fed directly to the DEAHP absorber and 
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condenser without first passing through the storage tanks. It was found that the direct 

connection doesn’t provide a steady operation for the system. However, when the DEAHP 

was connected indirectly through the use of two auxiliary water tanks, steady operation was 

achieved. Further, the PR was increased from 9 to 20 and the thermal power produced by 

the DEAHP rose from 150kW to 200kW. The drawback of this method however, was that 

the external heat input had to increase from 70oC to 180oC. Further, the use of the DEAHP 

poses health hazards because of the use of Li-Br which is a poisonous material.   

 

 

Figure 25: Plant configuration for the PSA solar MED plant. 

 

This plant was one of few which used sensible heat from the hot water entering the first 

effect. Another actual operating plant that uses hot water is the Ashdod plant (Fisher, 

Aviram, & Gendel, 1985). The PSA project also considered the use of the PTC in a 

configuration similar to Figure 25 and proposed a number of design recommendations for 

such systems (Alarcón-Padilla et al., 2010a). The authors highlighted that based on 

experimental assessment of the system, it is recommended that MED should be supplied 

heat from hot water and not low pressure steam (Alarcón-Padilla et al., 2010a). Using hot 

water has the advantage of the possibility of using low concentrating collectors which are 

cheaper generally than CSP collectors. However, when using water, the pumping energy 
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increases and the specific heat transfer area in the first effect will increase because the 

overall heat transfer coefficient (U) is smaller for water than for steam. From the same 

study (Alarcón-Padilla et al., 2010a), the authors also made the following 

recommendations: 

• Use of synthetic oil as a HTF is recommended due to the high temperature 

requirement of the DEAHP.  

• The Euro-trough PTC is a suitable collector to power the DEAHP. 

• MED unit should be a FF system operating at 68-70oC TBT. 

• Cooling seawater for end condenser is not needed because the mass flow rate in the 

DEAHP is able to condense the distillate produced in the last effect. 

• The vacuum system steam ejectors should use part of the steam generated in the 

solar boiler that drives the absorption heat pump. Successful operation of a 

prototype of the DEAHP supports this recommendation. 

Overall, the PSA plant is possibly the best example of successful integration of solar power 

with MED and the plant provided valuable experimental data for researchers. The major 

concern related to this plant configuration is the use of the DEAHP which is a very complex 

component and requires high safety measures.  

 

There were few other studies that also investigated the heat pump in a solar-driven MED 

system. Among them is the experimental and modelling work by (Stuber et al., 2015). In 

this work, a single effect absorption heat pump was used to reduce the thermal energy 

consumption. The aim of the study was to predict real system performance. The heat pump 

used here was using an alkaline nitrate mixture as the absorbent. Results showed that the 

heat pump reduces the thermal energy consumption by more than 49%. The experimental 

part in this study was carried for 50 days and hence the results of this study are a close 
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approximation of the real system performance. However, there were limitation in this study 

in terms of the modelling which are discussed in the limitations section of this review. 

 

Some studies compared more than one plant configuration with various flow arrangements 

such as (Sharaf, Nafey, & García-Rodríguez, 2011) . This paper evaluated thermo-

economically two configurations for coupling solar thermal energy with the MED process. 

The first configuration uses a PTC with a HTF to directly produce steam for the MED unit. 

This technique hence only produces DW. The second configuration utilizes exhaust steam 

from an organic Rankine cycle (ORC) driven turbine to produce both EP and DW. This 

study focused on comparing four flow arrangements for each technique: forward feed (FF), 

parallel feed (PF), backward feed (BF) and forward feed with preheaters (FFH). This study 

was based on computer modelling using an in-house package: Solar Desalination Systems 

(SDS). The schematics for both configurations are shown in Figure 26 and Figure 27. 

 

 

Figure 26: Configuration 1 in the study by 
(Sharaf, Nafey, & García-Rodríguez, 2011). 

 

 

Figure 27: Configuration 2 in the study by 
(Sharaf, Nafey, & García-Rodríguez, 2011). 

 

This study had numerous results but the key ones relating to flow arrangements are: 

• The MED-PF (parallel feed) configuration showed the best overall results in terms 

of water cost and GR. 
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• MED-PF compared to FF with preheaters (FFH) and BF (backward feed) requires 

less heat transfer area and hence this reduces costs and minimizes control 

requirements.  

• Due to the low mass flow rate in the MED-PF, there is less exergy destruction per 

solar collector. 

• The GR for PF was higher than FFH. This was because of the lower amount of 

steam needed. 

The authors concluded from this study that the technical limitations of the MED process 

require increasing the number of effects (16 to 20) and reducing the TBT to 70-75oC. This 

increases the GR and reduces the specific power consumption (SPC) but increases the 

TWP. Further, the MED-FF configuration is the least favorable since large amounts of 

energy are lost in preheating the feed to the required TBT. Producing DW only is more 

preferred than cogeneration of DW and EP in terms of TWP, solar field area and exergy 

destruction. The reduction in solar field area means less maintenance requirements. The 

last point here relates to the design consideration mentioned earlier in this chapter about 

using high efficiency solar collectors. The above research was further developed by 

coupling the MED system (in the computer model) to two types of vapor compression (VC) 

cycles: mechanical vapor compression (MVC) and thermal vapor compression (TVC) 

(Sharaf, Nafey, & Garcia-Rodriguez, 2011). The major conclusions from the computer 

simulations were: 

• The MED-TVC process provides better results as compared to the MED-MVC in 

terms of GR, LCOW, SPC and thermo-economic product cost. The only parameter 

in which the MED-MVC is better is the solar field area.  
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• For the MED-TVC, it was proved that increasing the number of effects reduces the 

SPC. Similarly, increasing the compression ratio (CR) will increase the SPC hence 

it is important to keep the CR as low as possible. 

• For the MED-MVC process, it was shown that reducing the top steam temperature 

(TST) from 80 to 60oC and increasing the number of effects would decrease the 

SPC and thermoeconomic product cost gradually. Similarly, the minimum value for 

solar field area and exergy destruction is achieved at minimum TST (60oC) and 

largest number of effects (16). However, increasing the number of effects would 

increase the CR. The steam temperature has more influence on the CR than the 

number of effects. On the other hand, the number of effects has more influence on 

the GR than the steam temperature. 

• The study also concluded that reducing the CR to 2 may increase the cycle 

performance and reduce the SPC. 

• The use of a steam ejector unit may reduce the need for more evaporators (and 

hence more effects) to increase the GR. 

Although this study had a number of limitations in terms of the modelling assumptions, 

yet, its outcomes are invaluable because the authors developed a complex model. Overall, 

it appears that use of the TVC is more preferred than MVC in an MED system in most 

modelling studies. Another interesting finding from this study is the relation between the 

number of effects and solar field area which was found to be inversely proportional. This 

point was hardly addressed in any other research paper. However, it should be noted the 

number of effects in this study (16 effects) is very large even at a real plant scale and is 

rarely used. Some large MED plants like Sidem 2 (Franquelin, Murat, & Temstet, 1983) 

use 16 effects with a heating steam temperature of 110oC and a GR of 12.4. Another 

example is the Barge unit (Ohlemann & Emmermann, 1983) which has a TBT of 99oC and 
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24 effects. Whenever a high TBT can be tolerated in the design then the number of effects 

can be increased. In practical cases, rarely does the MED have more than 6-8 effects 

because of the maximum brine temperature restriction in the last effect (usually 40oC). The 

last effect maximum brine temperature in many countries is regulated by the environmental 

authorities and hence plant design engineers must take this into consideration. Using a TBT 

of more than 110oC is very risky since most high temperature additives are only suitable 

for a TBT of up to 110oC (M. A. Darwish et al., 2006). Table 16 shows technical 

information about some large-scale MED plants. 

 

Table 16: Technical data of some MED plants. 

Location 
[ref.] 

Ashdod 
(Fisher et 
al., 1985) 

Sidem 1 
(Temster 
& Laborie, 
1995) 

Eilat 
(Fisher et 
al., 1985) 

Barge unit 
(Ohlemann & 
Emmermann, 
1983) 

Sidem 2 
(Franquelin 
et al., 1983) 

Number of 
effects 

6 12 12 24 16 

GR 5.7 9.8 10.1 22.3 12.4 
TBT 50 64 70-74 99 106 
Heat source Hot water at 

55.4-63 oC 
Steam at 0.3 
bar 

N/A Steam Steam 

Capacity 201 kg/s 139 kg/s N/A 50 kg/s 290 kg/s 
 

Some studies focused on plant configurations that could be used for co-generation of DW 

and EP. An example is the work by (Palenzuela et al., 2015a) which investigated four 

possible plant configurations for co-generation based on a CSP plant supplying steam to 

the desalination plant. The CSP plant is based on the commercially operational Andasol-1 

CSP plant in Spain. This study, however, also considered the use of TVC. The simulations 

done were based on 4 configurations: 3 using MED and 1 using RO. Since the focus of this 

chapter is the MED processes only, the results for RO configuration is neglected. The three 

configurations for MED are:  
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• Low temperature (LT) MED coupled to a PTC CSP plant (turbine exhaust steam 

fed to first effect) -Configuration 1. 

• LT-MED fed by steam from a TVC unit and coupled to PTC CSP plant (turbine 

exhaust steam fed as entrained vapor to steam ejector) -Configuration 2. 

• MED-TVC coupled to a PTC CSP plant (entrained vapor to steam ejector fed from 

last effect) -Configuration 3. 

The main features of configuration 1 is that there is no need for a condenser for the exhaust 

steam leaving the turbine. The LT-MED unit effectively acts as a heat sink for the low-

pressure steam. However, this configuration requires the use of low-pressure steam which 

means a lower power cycle efficiency. Further, the MED plant has to be situated very close 

to the steam turbine. This is because exhaust steam from the steam turbine has a high 

specific volume and hence will require large diameter pipes. The second configuration has 

the advantage of energy recovery and the exhaust steam condenser and hence can be used 

to power any thermal desalination process.  Moreover, the presence of the condenser means 

that operation of the steam turbine is unaffected by any failure in the desalination unit. The 

third configuration has an advantage of a higher GR since less thermal energy is needed 

per unit distillate. In addition, refrigeration requirements are less than for configuration 2 

because of the TVC is fed from the vapor generated in the last effect. This study focused 

on large scale plant design and hence had a complex configuration. In fact, the power block 

was composed of 193 equations. Since this study had a numerous number of results and 

conclusions, only the most relevant results are presented here. The main findings from the 

simulations done were: 

• Integrating the LT-MED with CSP as in configuration 1 is the best one 

thermodynamically.  
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• In terms of water cost, integrating RO with CSP yields a lower water cost than 

compared to the MED process due to lower investment costs.  

• The study proposed the configuration 2 might be the most favorable for the industry 

because the condenser is included in the power block. 

This study accelerates the research in solar-driven MED by modelling performance of 

large-scale systems. The findings also highlight that there is need to find ways to reduce 

the investment costs of MED systems by innovations in systems design and materials 

choice. Innovations in system design means addressing the following questions: 

1. What is the optimum capacity for a solar-driven MED plant? Is it necessary to focus 

currently on large scale plant with capacities more than 1 MIGD? 

2. How do we enhance the safety of the absorption heat pump when integrated to an 

MED plant? 

3. What is the reliability of solar-driven MED plants? 

4. How is the choice of the solar collector related to the number of effects? 

5. What is the optimum method to feed the entrained vapor to the TVC? 

Answering these questions thoroughly requires in depth comprehension of the operation of 

all plant components and complex modelling studies which use real plant data for 

validation.   

 

2.8 Modelling Studies: Assumptions and Limitations 

Most studies that investigated solar-driven MED were based on computer models mostly 

using Modellica, MATLAB or EES. It is important to highlight the major assumptions used 

therein. The modelling assumptions can be divided into three types: 

1. Assumptions about the incident solar insolation. 

2. Assumptions on overall process operation. 



80 

3. Assumptions on process losses. 

Regarding the incident solar insolation (in kWh/m2 on W/m2), usually it is assumed to be 

constant on an hourly, monthly or annual basis. The recommend practice is to use hourly 

data and then run the program for 8760 hours (assuming 24-hour operation). The data 

availability and computational efficiency of the modelling software puts limitation of the 

type of solar radiation data that could be used. Nowadays, numerous online databases like 

NREL provide typical meteorological year (TMY) weather files which contain hourly 

values of direct normal irradiation (DNI), global horizontal irradiation (GHI) and diffuse 

horizontal irradiation (DHI) and temperature. Using data with a smaller resolution has the 

advantage of allowing system dynamic modelling. However, weather data should be based 

on actual ground measurements where possible since satellite-derived data can have 

discrepancies of more than 40% from real values. This can result in wrong assessment of 

the potential of solar energy to power thermal desalination processes.  

 

Another important consideration relating to solar insolation data is computational power of 

the modelling tool. Due to this, some research works would evaluate the performance of 

the plant at one DNI value only for a 24 hour period (as an example when CSP collectors 

are used) such as (Sharaf, Nafey, & García-Rodríguez, 2011). In this study, the monthly 

average DNI during winter months was used which is a good assumption. This is because 

the solar field is tested under worse case scenarios and hence during summer, the 

performance will likely be better. However, the major drawback of this assumption is that 

it doesn’t allow for investigating the daily performance of the plant and the effect of 

transients can’t be captured. Furthermore, a constant solar insolation assumption doesn’t 

allow for examining the start-up and shut down of the plant which may be needed for 

maintenance. Whenever the modelling software doesn’t allow for a complete 24 hour 
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simulation, then it is recommended that a constant hourly value is used for the sunny hours 

in each day (usually 6-10 hours). This is more realistic and feasible from a modelling 

viewpoint. Table 17  shows the solar radiation assumptions found in the literature. 

 

Table 17: Solar insolation modelling assumptions. 

Assumption Reference 
Fixed value for solar radiation assumed in model. (Chaibi & El-Nashar, 

2009)(Sharaf, Nafey, & García-
Rodríguez, 2011)(Hamed et al., 
2016) 

Hourly variable solar radiation data used in 
model. 

(Palenzuela et al., 2015a)(Yılmaz 
& Söylemez, 2012)(Askari & 
Ameri, 2016) 

Monthly variable solar radiation data used in 
model. 

(Bataineh, 2016)(Kouta et al., 
2016) 

 

The second major assumption is the overall process operation. Desalination plants are 

usually designed to operate continuously and hence modelling should be based on steady 

state operation. This was done in most research works (Sharaf, Nafey, & García-Rodríguez, 

2011)(Sharaf, Nafey, & Garcia-Rodriguez, 2011)(Palenzuela et al., 2015a)(Yılmaz & 

Söylemez, 2012)(Palenzuela et al., 2014). However, it is also important to investigate the 

start-up and shut-down of the plant and transient response. This can be done in a dynamic 

model which, although complex, is highly needed to develop a sound understanding of the 

performance of solar-driven MED plants and their reliability. Few studies considered 

developing a dynamic model for an entire plant. A dynamic model for the solar MED pilot 

plant in PSA was developed by (De La Calle, Bonilla, Roca, & Palenzuela, 2014). This 

newly developed non-linear model focuses on the first effect only of a solar MED pilot 

plant. This model was developed in Modellica (an object-oriented modelling language). 

The aim of the model was to predict the thermal behavior of the first cell. The dynamic 
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model developed was based on the specifications of the solar MED pilot plant at PSA in 

Southern Spain. The main assumptions adopted in this model are: 

• The falling film condenser was modelled using an algebraic relation (Newton’s law 

of cooling). 

• A built-in library in the Modellica package was used to model the fluid flow in the 

preheater tube bundles. 

• Inputs to the model were taken from experimental data which included: mass flow 

rate and inlet temperature of the hot water and feed seawater and pressure of the 

second effect. 

The authors also reported simulation errors, both absolute and average errors. Note that 

these results were for October 18th 2013. Overall this study found that the model present 

results which are in very good agreement with actual test results. This model can be used 

to investigate the performance in different scenarios and suggest control strategies. The 

previous dynamic model was further developed by (de la Calle, Bonilla, Roca, & 

Palenzuela, 2015) to model the entire solar MED plant including the heater, all effects, the 

preheaters and the final condenser. This study was very similar in the methodology used 

and the results obtained as (De La Calle et al., 2014). However, the new results reported 

included the condenser outlet temperature of the seawater and the mass flow rate of the 

distillate. The conclusions made from this study are the same as for the previous one since 

this was the same research work simply expanded. 

 

The third major assumption is regarding the process losses. This means thermal losses in 

the solar field (collectors radiative and convective losses, pressure drops, optical losses etc), 

inefficiencies in the heat exchangers (expressed in terms of the effectiveness) and thermal 

losses in the MED section (thermal losses from the effects, pressure drops etc). As a general 
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rule, it is required that the solar field be modelled including optical losses and receiver 

radiative losses. These are usually easily found from the manufacturer’s datasheet. Optical 

losses may be found using the incidence angle modifier (IAM) method as done by (Askari 

& Ameri, 2016; Hamed et al., 2016). Piping pressure drops may be neglected for small 

systems (less than 100 kWth) but for larger industrial scale systems, pumping losses maybe 

larger and hence have to be accounted for. Most studies also assume an adiabatic process 

and hence neglect heat losses in the effects. This assumption serves to simplify the 

modelling procedures. Table 18 shows a list of major parameters in plant design and how 

they were accounted for in different research papers. 

 

Table 18: Major modelling assumptions in the literature. 

Parameter Reference 

Steady state process assumption. (Sharaf, Nafey, & García-Rodríguez, 
2011)(Sharaf, Nafey, & Garcia-
Rodriguez, 2011)(Palenzuela et al., 
2015a)(Yılmaz & Söylemez, 
2012)(Palenzuela et al., 2014) 

DT in all effects assumed constant. (Stuber et al., 2015)(Gholinejad et al., 
2016) 

Constant thermodynamic losses 
assumption. 

(Palenzuela et al., 2014) 

Calculated thermodynamic losses. (Yılmaz & Söylemez, 2012) 
Constant seawater inlet condition 
assumption. 

(Sharaf, Nafey, & García-Rodríguez, 
2011)(Sharaf, Nafey, & Garcia-
Rodriguez, 2011)(Kouta et al., 2016) 

Constant U value (kW/m2K) assumption. (Yılmaz & Söylemez, 2012)(Bataineh, 
2016) 

Top steam temperature fixed. (Sharaf, Nafey, & Garcia-Rodriguez, 
2011; Sharaf, Nafey, & García-
Rodríguez, 2011) 

Accounted for internal plant water 
consumption. 

(Palenzuela et al., 2015a) 

Distillate by flashing not considered. (Palenzuela et al., 2014) 
Constant distillate density assumed. (Stuber et al., 2015) 
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2.9 Economics of Solar-Driven MED 

The aim of the economic analysis of solar desalination systems is to find the levelised cost 

of water (LCOW) and investigate how is it affected by other parameters. Particularly of 

interest is the effect of TES, back-up boilers, solar collector choice, environmental costs 

and location on the LCOW. Carrying a complete life cycle cost (LCC) analysis is also 

useful in investigating the economic competitiveness of solar desalination plants. On the 

long term, scientific research on solar-driven desalination must be able to demonstrate the 

economic feasibility of this process. It should be noted that in this section, the focus is only 

on solar-driven MED plants that only produce DW and not cogeneration plants.  

The general mathematical form of the LCOW is:  

LCOW = 	 3456748	9:;7;<=5>?476:@48	9:;7;
A6;768847>	5?:BC976:@

            (1)  

Where capital costs are the costs of the solar field, heat exchangers, back-up boilers (if any) 

and the MED plant. Capital costs also include the replacement costs of any component 

which may fail during the plant’s life time. Further, plant soft costs such as land and 

environmental permits are considered as part of the capital costs. Usually a lifetime of 20 

years is assumed. Operational costs are the maintenance costs, electrical and fuel costs and 

the plant employee costs. Both capital and operational costs are evaluated in USD. Distillate 

production is the annual fresh water production in m3. In order to evaluate the LCOW in 

current dollars, the capital costs component is multiplied by a discount ratio which is a 

function of the amortization rate (or interest rate). The interest rate is usually 5% or 6%. 

Some papers in the literature name the discount ratio: the capital recovery factor or CRF.  

 

Few studies considered the environmental cost which is the cost of emissions of CO2 that 

could be due to using electricity from the grid or using a back-up boiler. A study by (Napoli 

& Rioux, 2015) included the cost of CO2 emissions in calculating the LCOW. The cost was 
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$40/ton of CO2.  No paper, however, attempted to include the effect of carbon credits which 

are granted to renewable and clean energy projects under mechanisms like the clean 

development mechanism (CDM). These credits have the potential to reduce the LCOW 

from solar powered desalination plants. Among the novel analysis methods for the LCOW 

is the calculate it as a function of time in small resolution like seconds. (Mokhtari, Bidi, & 

Gholinejad, 2014) calculated the LCOW in $/second using a genetic algorithm (GA) in a 

multi-objective optimization problem. Results showed that the GA can indeed predict 

which operational conditions of the solar-driven MED plant yield a lower LCOW.  

 

The complexity variation between one research and another is in the number of components 

included under the capital and operational costs. As an example, (Askari & Ameri, 2016) 

included 23 cost parameters in their calculation of the LCOW. The most difficult part in 

this analysis is to get realistic values that are used in desalination plants in the same country. 

When analyzing solar-driven MED plants, it is suggested that the economic analysis be 

focused on the distinguishing features of these plants such as the solar field and storage 

(thermal or water based). The effect of different solar field sizes, effect of DNI and location 

variation should be thoroughly investigated. (Askari & Ameri, 2016) investigated the effect 

of plant scale and thermal storage cost on the LCOW for a hybrid solar MED plant. Results 

showed that the LCOW is reduced when the system capacity increases. Further, the 

sensitivity analysis showed high sensitivity to the solar field costs. However, this paper was 

based on a hybrid system with a back-up boiler which in some scenarios supplies more than 

60% of the required thermal energy. (Pugsley, Zacharopoulos, Mondol, & Smyth, 2016) 

carried a comprehensive feasibility study on the global applicability of solar desalination 

and found that the LCOW is lower for location with high insolation levels. However, the 

relation between LCOW and DNI is not as simple as that. A high DNI level could result in 
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excess thermal energy that is not needed by the MED unit and hence a large TES has to be 

employed. This may increase the LCOW. Furthermore, the above study didn’t include CSP 

collectors in the cost analysis.  

 

Advancing research in solar-driven MED requires pushing the system design limits and 

working on maximum solar share. In addition, research should also consider environmental 

costs of brine disposal (or treatment) in a comprehensive life cycle assessment which is yet 

to be done. It was noticed from the literature that most papers attempt to compare the 

LCOW with that of conventional desalination plants (Askari & Ameri, 2016; Hamed et al., 

2016; Napoli & Rioux, 2015). This approach, although important and useful, should not be 

the major focus at this early stage of R&D in solar-driven MED. Renewable energies are 

still far more expensive than fossil fuels due to reasons like economies of scale, more 

maintenance requirements for some technologies and intermittency of the renewable 

resources. As a result, the LCOW from a solar desalination plant is, in many cases, expected 

to be higher than conventional plants. Current price range for conventional desalination is 

less than 1$/m3 while for renewable energy-driven desalination processes in general, the 

range is 2$/m3-32$/m3 (Moser, Trieb, Fichter, & Kern, 2013; Michael Papapetrou, 

Wieghaus, & Biercamp, 2010). Instead of comparing solar-driven MED with (and solar 

desalination in genera) with conventional desalination, the comparison should be made 

with renewable energy desalination processes. Table 19 shows the water cost for different 

solar desalination technologies. It can be noticed that solar-driven MED (using CSP) has a 

relatively low water cost and a very high technical capacity. Furthermore, it is suggested 

that the economic analysis consider the water cost for remote plants whose economics differ 

from large scale plants. It will also be of interest to investigate the suitable salinity levels 

for solar-driven MED that makes the plant more feasible. In most studies in the literature, 
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it was found that the LCOW is primarily affected by the solar field costs. Reducing the 

solar field area effectively reduces the LCOW. This, however, requires building the plant 

in a location with a relatively high DNI which may not be the ideal location in terms of 

freshwater demand and distance to sea. As a result, it is necessary to carry more 

optimization studies on the relation between seawater salinity, DNI, plant capacity, size of 

storage and environmental costs on the LCOW. Costing externalities like CO2 emissions is 

also key in realizing the full economic advantage of solar desalination. 

Table 19:  Price range and capacities for solar desalination technologies (European Union, 
2008; Micheal Papapetrou, Wieghaus, & Biercamp, 2010). 

Technology Technical 
Capacity 

Energy 
Demand 
(kWh/m3) 

Water Cost 
(USD/m3) 

Development 
Stage 

Solar Stills <0.1 m3/day Solar Passive 1.3-6.5 Application 
Solar Multiple 
effect 
humidification 

1-100 m3/day  Thermal: 100 
Electrical:1.5 

2.6-6.5 R&D, 
Application 

Solar 
Membrane 
Distillation 

0.15-10 
m3/day 

Thermal:150-
200 

10.4-19.5 R&D 

Solar/CSP 
MED 

>5,000 
m3/day 

Thermal: 60-70 
Electrical:1.5-2 

2.3-2.9 
(possible 
cost) 

R&D 

PV-RO <100 m3/day Electrical: 
brackish water 
(BW): 0.5-1.5 
Seawater (SW): 
4-5 

BW: 6.5-9.1 
SW: 11.7-
15.6 

R&D, 
Application 

 

2.10 Part 2 Conclusion 

Solar-driven MED is a suitable and sustainable technology that can contribute to solving 

the problem of freshwater shortages globally. In this paper, the MED process is explained 

along with its operation, process types (LT-MED, MED-TVC) and the key design 

considerations. The coupling of solar thermal collectors with MED was discussed by 

outlining possible collectors and the advantages and disadvantages of each. Furthermore, 
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from the literature review, the main plant configurations used and the features of each one 

along with some selected results were critically analyzed and discussed. The results given 

were obtained from both experimental and modelling studies. The economics of solar-

driven MED was explained by highlighting the main equations used, the cost parameters 

and the sensitivity of the LCOW to each. Lastly, the review discussed three major 

challenges to solar-driven MED, namely: TES, adaptability issues and LCOW. 

This review highlighted a number of research gaps. These are: 

• Very little research work on using LFC in the solar field. This is an interesting area 

of research because the LFC inherently is more compact (smaller mass per unit 

area) than the PTC and less costly.  

• Uncertainty over whether cogeneration is more cost efficient or not than producing 

DW only. 

• Uncertainty over whether TES has more added benefits (e.g increasing capacity 

factor) compared to its drawbacks (high capital costs). There were conflicting 

opinions in the literature regarding this issue. 

• Using modelling assumptions that don’t reflect annual plant performance (e.g one 

DNI value). 

• Economic analysis in the literature has neglected cost of CO2 emissions in most 

papers and no paper considered revenue generated by Carbon credits (e.g under the 

CDM).  

• Developing new CSP collectors whose thermal power is close to the requirements 

of the MED process. 

• Developing advanced control systems that can enhance plant optimal operation 

based on economic objectives. 
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By addressing these issues in details, the solar-driven MED can progress towards a lower 

cost per m3 (close to $1/m3). It is also interesting to explore the applications of solar-driven 

MED in brackish water desalting and agricultural drainage water treatment. These 

processes are relatively less energy intensive and hence may have lower LCOW. The 

technical challenges of solar desalination must not be underappreciated (Reif & Alhalabi, 

2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



90 

CHAPTER 3 STEADY-STATE MODELLING AND 

OPTIMIZATION  

 

Chapter Summary: 

This chapter presents the technical analysis on solar-driven multi-effect distillation. The 

aim of the technical analysis is to model the performance of a solar-driven MED plant, 

investigate ways to minimize the plant’s energy consumption, investigate the optimal plant 

design based on equivalent mechanical energy, assess the most suitable storage system, and 

examine the feasibility of incorporating an air-cooled condenser. In Part 1 of this chapter, 

a desalination plant based on a linear Fresnel collector that supplies heat to a multi-effect 

distillation plant with thermal vapor compression (MED/TVC) is considered. Only the solar 

field is modelled in Part 1. The aim of Part 1 is to model the solar field’s performance, 

under Qatar’s climate conditions, and identify ways to reduce the electrical pumping energy 

consumption in the solar field. This will in turn result in lower environmental impacts and 

lower energy costs. The solar field is modelled using energy and mass balance equations, 

real DNI data, and hourly optical efficiency values. It was found that the chosen linear 

Fresnel collector had a nearly constant optical efficiency during the daily operation. 

Moreover, the solar field provided enough thermal power to the MED/TVC unit for 8 hours 

of operation. It was also found that by employing the concept of collector defocusing, the 

daily electrical energy consumption in the solar field was reduced by 40%. 

 

Part 2 of this chapter presents the steady-state model for the entire solar desalination plant; 

the solar field block and the MED desalination plant. Part 2 proposes an optimized solar-

driven low-pressure MED plant. The proposed integrated system is analyzed by 

considering: a) equivalent mechanical energy consumed, b) most economically suitable 
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storage system, and c) suitability of incorporating an air-cooled condenser instead of a 

water-cooled condenser, to reduce the water-cooling facilities. A computer model was 

developed using the Engineering Equation Solver tool, to solve the mass and energy 

balance equations of the integrated system (under different operating conditions). Under 

the operating conditions of Qatar, the simulation results showed that 1 m2 of solar linear 

Fresnel collector produces 8.6 m3 of freshwater per year. The equivalent mechanical energy 

of the optimized MED desalination plant is 8 kWh/m3, which is 59% lower than that of 

existing commercial MED facilities with thermal vapor compression (19 kWh/m3). This 

significant reduction in equivalent energy consumption would reduce the required solar 

field size by 25%. This study also showed that using a water storage system (instead of 

thermal energy storage) results in a lower total system capital cost. Furthermore, by 

integrating an air-cooled condenser, the overall plant water consumption reduced by 2 m3 

of sea water per m3 of feed water. The performance of the air-cooled condenser can vary 

by as much as 300% due to fluctuations in dry-bulb temperature and relative humidity. 

 

This chapter resulted in two published journal articles: 

1. M. Alhaj, S.G. Al-Ghamdi, Reducing electric energy consumption in linear Fresnel 

collector solar fields coupled to thermal desalination plants by optimal mirror 

defocusing, Heliyon. 4 (2018) e00813. doi:10.1016/j.heliyon.2018.e00813. 

2. M. Alhaj, A. Mabrouk, S.G. Al-Ghamdi, Energy efficient multi-effect distillation 

powered by a solar linear Fresnel collector, Energy Convers. Manag. 171 (2018) 

576–586. doi:10.1016/j.enconman.2018.05.082. 
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PART 1 SOLAR FIELD MODELLING AND A PROPOSED CONTROL 

STRATEGY FOR REDUCING ELECTIRC PUMPING ENERGY 

 

3.1 Part 1 Introduction 

The current work proposes a control strategy for a solar field supplying thermal power to a 

MED-TVC pilot plant. This is important because concentrated solar power collectors 

consume a lot of electric energy internally to circulate the heat transfer fluid (HTF) within 

the plant’s loops. The aim of this work is to a) simulate the performance of the solar LFC 

field under Qatar’s climatic conditions, and b) present a control strategy that reduces 

electric pumping power in the solar field.  

 

3.2 System Description 

Our desalination plant is a MED-TVC system coupled to a LFC solar field that supplies 

thermal energy through an HTF loop. The HTF is pressurized water. Figure 28 shows a 

schematic of a solar-thermal driven MED-TVC plant. The plant is a seven-effect MED-

TVC desalination plant using parallel feed flow, feed preheaters, flash boxes, and an end-

condenser.  
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Figure 28: A MED-TVC plant driven by solar linear Fresnel collector. 

The solar field section has two loops, namely, a bypass loop, and a HTF loop. The bypass 

loop is used to recirculate a specific amount of mass flow of the HTF when the field power 

is more than the required thermal power at the steam generator. A variable speed pump 

controls the mass flow rate in the solar field section. The steam ejector (or TVC) uses 

motive steam generated at the steam generator that is supplied with thermal energy from 

the solar field. Saturated steam exiting the TVC will be used as a heating source to the first 

effect of the MED unit. The condensed heating steam is returned into the solar field’s 

cycle’s heat exchanger after leaving the first effect, except for the entrained vapor fraction 

that will be returned into the first flash box. The geometry of the solar field was based on 

the collector developed by Industrial Solar GmbH. The specifications of this system are 

listed in Table 20. Figure 29 shows a schematic of the solar field module.  

Table 20: Specifications of the linear Fresnel collector (Industrial Solar thermal solutions 
GmbH, n.d.). 

Parameter Value 
Number of modules 8 
Aperture area of single module 22 m2 
Field aperture  8 x 22= 176 m2 
Focal length ~4.5 m 
Primary mirrors Toughened white glass mirrors 
Mirror support structure Steel, Aluminum 
Absorber tube SCHOTT PTR70 
Total absorber length 64.96 m 
Absorber diameter 3.47 cm 
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Secondary reflector Highly reflective Aluminum 
Weight 28 kg/m2 

Maximum pressure 20 bar     
Maximum temperature 200 oC  
Maximum optical efficiency 66% 

 

Figure 29: Schematic of the solar field. T1 and T2 are the HTF inflow and outflow 
temperatures respectively.  

3.3 Solar Field Model Development 

The main modelling assumptions for the solar field are: 

• All components are operating at steady state conditions. This assumption simplifies 

the model’s calculations. 

• Hourly solar radiation is constant and the system is operated at the average field 

power. 

• Convective thermal losses from the receiver are neglected. This is because the 

pressure in the receiver glass envelope is nearly a perfect vacuum; 0.001 mbar 

(Schott Solar CSP GmBH, n.d.).   

• There is negligible pressure drop in the piping of the LFC system because the 

receiver’s length is small. 
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• Hourly collector optical efficiency is constant (0.66). This assumption was 

validated by calculation of the hourly optical efficiency (under Qatar’s DNI for a 

North-South orientation) using SAM software.   

The model inputs include the DNI data for Doha, Qatar, the hourly optical efficiency for 

the linear Fresnel collector, thermophysical properties of pressurized water at 6 bar (the 

HTF), and the design temperature difference at the steam generator: set at 10 oC (inflow 

temperature: T1 = 150 oC and outflow temperature: T2= 140 oC). The DNI was measured 

using a Kipp and Zonen CHP1 pyroheliometer with an uncertainty of 2%. The 

thermophysical properties of water (density and specific heat capacity) were found using 

the libraries in the Engineering Equation Solver (EES) software. The model’s outputs are 

the hourly collector field power, the hourly mass flow rates of the HTF at different solar 

intensities, the solar field electric energy consumption, and the distillate produced from the 

desalination plant. The plant’s equations relating to the solar field section (shown in the 

governing equations section below) were implemented in the EES software. These 

equations are solved simultaneously in EES using Newton’s method with a convergence 

residual of 10-6.   

 

The equations describing the model include the solar insolation and the solar field 

performance.  Ground measurements of DNI in Doha, Qatar for the year 2016 were used 

to run the model. The solar field’s governing equations were based on an energy balance.  

A major aim of our work is to develop a model that simulates the realistic performance of 

the solar field, thereby imposing the need to use real and not satellite-derived solar radiation 

data which may have large errors. We used ground measurements of DNI in Doha in 2016 

to derive a function approximation for the hourly DNI for every month of the year at Doha, 

Qatar (25.17° N, 51.32° E). The original DNI values were in 1-minute intervals for the 
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entire year. We sampled the dataset into hourly values and then plotted them to derive a 

function approximation using curve-fitting in EES. The derived function approximations 

for DNI are unique to Qatar and can be used for assessing the hourly performance of various 

solar collectors. These function approximations are given in Table 21. 

Table 21: DNI function approximations for Doha, Qatar (derived from ground 
measurements in 2016). 

 

The optical efficiency is an important metric in assessing the performance of concentrating 

solar collectors. The optical efficiency is a measure of the efficiency of the mirrors in 

reflecting the incident solar radiation at the receiver with minimal deviations. It is directly 

affected by the cleanliness of the mirrors, tracking errors of the mirror drive, cosine of the 

incident angle, mirror and receiver shading, soiling factor, intercept factor, and specular 

reflectance of the mirror material. The general mathematical form for the optical efficiency 

is given in equation 2: 

η:576948 = 	
EF>?G48	>@>?HI	4J;:?J>B	JI	7F>	?>9>6K>?

L@96B>@7	;:84?	>@>?HI
     (2) 

We computed the hourly optical efficiency using SAM software based on the incidence 

angle modifier (IAM) method. The IAM is a correction factor method that accounts for the 

Month DNI function approximation (W/m2), for: 5£t£17 
January 12217.38 - 8514.11(t) + 2297.42(t2) - 311.87(t3) + 23.06(t4) - 0.89(t5) + 0.01(t6) 
February 12409.00 - 9587.69(t) + 2852.40(t2) - 420.34(t3) + 33.17(t4) - 1.34(t5) + 0.02(t6) 
March 9409.06 - 6716.99(t) + 1836.29(t2) - 248.40(t3) + 18.09(t4) - 0.68(t5) + 0.01(t6) 
April 6223.30 - 4733.62(t) + 1351.50(t2) - 185.71(t3) + 13.48(t4) - 0.50(t5) + 0.007(t6) 
May 5552.56 - 4355.93(t) + 1274.90(t2) - 178.29(t3) + 13.09(t4) - 0.9(t5) + 0.007(t6) 
June 4192.04 - 3286.84(t) + 951.78(t2) - 130.27(t3) + 9.34(t4) - 0.34(t5) + 0.005(t6) 
July 4192.04 - 3286.84(t) + 951.78(t2) - 130.27(t3) + 9.34(t4) - 0.34(t5) + 0.005(t6) 
August  9321.27 - 6861.42(t) + 1933.04(t2) - 268.15(t3) + 19.84(t4) - 0.75(t5) + 0.011(t6) 
September 9606.11 - 7095.61(t) + 2002.73(t2) - 278.32(t3) + 20.72(t4) - 0.80(t5) + 0.01(t6) 
October 16992.09 - 12554.16(t) + 3580.54(t2) - 507.81(t3) + 38.58(t4) - 1.50(t5) + 0.02(t6) 
November 12956.78 - 9304.82(t) + 2585.45(t2) - 359.54(t3) + 27.02(t4) - 1.05(t5) + 0.01(t6) 
December 11727.82 - 8299.30(t) + 2279.40(t2) - 315.11(t3) + 23.70(t4) - 0.92(t5) + 0.01(t6) 
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effects of the transversal (FT) and longitudinal (FL) incidence angles on the optical 

efficiency. The optical efficiency is related to the IAM by equation 3: 

η:576948 = 	 ηG4M 	×	 IAME 	×	 IAMQ       (3) 

where hmax is the maximum optical efficiency at 0° incidence (provided by the 

manufacturer as 0.66), and IAMT and IAML are the transversal and longitudinal IAMs, 

respectively.  

 

The solar field performance is expressed by the power delivered by the HTF (we call this 

term Qfield). In addition, we are interested in calculating the HTF mass flow rate at different 

solar intensities and investigating the possibility of reducing HTF mass flow rate so as to 

reduce the electrical pumping energy. The receiver incorporated in the LFC setup at the 

STF is an evacuated tube (SCHOTT PTR70) which has a diameter of 70 mm and length of 

64.96 m. The generic relation for the useful thermal energy absorbed by the HTF in the 

solar field is defined in equation 4: 

RS = TUVW 	×	XY 	×	DZ[\         (4) 

where mhtf is the mass flow rate of the HTF in kg/s, cp is the specific heat capacity in kJ/kgK, 

and DTHTF is the temperature difference between the inlet and outlet streams of the HTF. 

The thermal power delivered by the solar field in kW is given by:  

R]6>8B = 	
A^L	×	_`abcd	×	hefgahic	–	kcell

mnnn
       (5) 

 DNI is the direct normal irradiance (in W/m2), Afield is the aperture area of the LFC (in m2), 

and Qloss is the total thermal loss from the receiver (in W). In equation 5 , DNI and hoptical 

are evaluated on an hourly basis. Qloss is a function of the receiver’s average temperature, 

which is given by equation 6: 

o?>9>6K>? =
[p<[q
r

 + 10         (6) 
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T1 and T2 are the HTF inflow and outflow temperatures respectively (refer to Figure 29). 

We assumed that the receiver’s surface temperature is a few degrees above the average of 

T1 and T2. We assumed that the receiver’s temperature is 10oC above the average HTF’s 

temperature as validated by the National Renewable Energy Laboratory (NREL) 

(Burkholder & Kutscher, 2009). Given the value of Treceiver, Qloss can be estimated based on 

(Schott Solar CSP GmBH, n.d.): 

Q8:;; = 8.56993	 ×	exp(n.nn~��~Är×EÅbhbaÇbÅ) 	×	L?>9>6K>?    (7) 

where Lreceiver is the length (m) of the Schott PTR70 receiver. In equation 7, the Qloss term 

is effectively the radiative heat loss which is a function of the absolute temperature of the 

receiver. In our model the convective heat loss was neglected because the space between 

the receiver and its glass envelope is almost a perfect vacuum (0.001 mbar (Schott Solar 

CSP GmBH, n.d.)).  We can infer from equations 6 and 7 that operating the LFC system at 

a high temperature differential will result in more thermal losses and hence a lower thermal 

efficiency. This would happen in large solar fields where the HTF is recirculated resulting 

in a temperature rise of up to 200 oC. The experimental work by Hamed et al. on a LFC 

system tested under the climate conditions of Saudi Arabia demonstrates the above 

conclusion (Hamed et al., 2016). In the aforementioned study, the authors found that setting 

the outflow temperature of the HTF to a low value results in a higher thermal efficiency. 

The influence of this concept on our model is that the as the thermal efficiency of the LFC 

system reduces, less heat is transferred to the MED evaporator and hence the distillate 

production reduces. The design mass flow rate of the HTF in the steam generator was 

estimated based on equation 8. The design required thermal power (Qreq) is 40 kWth and 

mdesign is equal to 0.93 kg/s. 

mB>;6H@ = 	
kÅbÖ

3f×	∆[áàâäã	åâçâéäàèé
       (8) 



99 

DTsteam generator is 10°C. The proposed operational strategy is to preheat the HTF by 

recirculation in the bypass loop until T1 reaches 150°C. The HTF will then be allowed to 

recirculate in the steam generator’s loop at a constant mass flow rate of 0.93 kg/s. This will 

ensure constant thermal power delivered to the MED-TVC (through the steam generator), 

as long as the field power (Qfield) is greater than 40 kW. If the field power is less than 40 

kW, the plant will not be operational. On the other hand, if the field power is more than 40 

kW, the excess power will be diverted through the bypass loop. The HTF tank in Figure 29 

is used to the control the amount of the HTF within the plant loops. Further, an air-cooled 

condenser is integrated in the cycle to ensure the HTF inflow temperature is regulated. The 

specific mass flow rate in the bypass loop (referred to as mbypass) is computed on an hourly 

basis using equation 9:  

mJI54;; = 	
k`abcd	ê	kÅbÖ

9f×	∆[áàâäã	åâçâéäàèé
       (9) 

The total mass flow rate in the pump is given by equation 10: 

T5CG5 = TB>;6H@	 + 	TJI54;;         (10) 

The pumping power is related to the mass flow rate in accordance with equation 11: 

W5CG5 = m5CG5 ×	
∆íìg`	

îfïñf×óìg`
       (11) 

where mpump is the pump mass flow rate in kg/s, ∆Phtf is the pressure drop of the HTF 

(assumed as 0.3 bar), rHTF is the density of the HTF in kg/m3, and hpump is the pump 

efficiency, which was assumed to be equal to 0.9. If we consider the solar-driven MED-

TVC plant as one unit, then an increase in the pumping power (Wpump) in the solar field 

effectively corresponds to a higher specific power consumption (SPC) for the entire system. 

SPC is a common metric used to assess desalination systems and is calculated using 

equation 12: 

SPC	 = öbcbhgÅah

A6;768847>
         (12) 
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where Welectric is the pumping power in the entire system (solar field and desalination plant) 

in kW. A high specific power consumption would result in higher operational costs. 

Further, if this energy comes from fossil fuels, then this implies a higher environmental 

footprint for the solar-desalination plant. It is important, hence, to reduce the specific power 

consumption as much as possible. 

 

3.4 Part 1 Results & Discussion 

Figure 30 shows the real DNI data and the function approximation for a typical day in the 

month of January. This figure shows that the DNI is a bell-shaped profile with a maximum 

intensity of approximately 700 W/m2, which occurs between 11 am – 12 pm. Figure 30 

shows that the polynomial function approximation closely resembles actual ground 

measurements and hence it valid to use. 

 

Figure 30: Comparison of measured solar direct normal irradiance and the function 
approximation modelled in the Engineering Equation Solver.  

The hourly optical efficiency of the LFC is shown in Figure 31. It can be observed that the 

LFC operated at peak optical efficiency (0.66) for almost the entire solar day. Hence, a 

constant optical efficiency can be assumed when calculating the hourly field power. This 
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also conforms to the specifications of the LFC manufacturer, which states that the optical 

efficiency is independent of the incidence angle.  

 

Figure 31: Hourly optical efficiency for the LFC. 

 

Using equation 5, we computed the hourly solar field power, which will be the input power 

at the steam generator. Figure 32 show the hourly field power from our model and the 

comparison with the manufacturer’s results for the same system size for the month of 

December under the climate conditions of Doha, Qatar. This figure shows a close match 

between the model and the manufacturer’s results. The deviation between the model and 

the manufacturer’s results for three months in the year is shown in Table 22. Table 22 

shows a maximum absolute error of 8% which is acceptable. These results show that the 

model we developed is valid and predicts to a reasonable degree of accuracy a real solar 

field’s performance. 
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Figure 32: Solar field's hourly thermal power in 1st December. 

Table 22: Model validation results. 

 

Thermal desalination systems are designed to operate at constant power. However, hourly 

solar intensity is variable. To overcome this problem and ensure constant power is delivered 

to the steam generator, the HTF mass flow has to be regulated. Figure 33 shows the field 

power and the corresponding pumping power during the operational period of the solar 

field in summer (April). As shown in this figure, when the field power increases, the HTF 

mass flow also increases, which results in higher electrical energy consumption. The daily 

electrical energy consumption in summer is 0.49 kWh. The maximum mass flow of HTF 

in this system is 1.684 kg/s and it occurs at 10.00 am. Figure 34 shows the solar field’s 

winter (December) profile for thermal power and electric pumping power. The daily 

Month 
Model’s results – 
Average field power 
(kW) 

Manufacturer’s results- 
Average field power 
(kW) 

Absolute error 
(%) 

March 42.9 45.3 5.3 
April 47.1 51.2 8 
December 42.6 45 5.3 
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electrical energy consumption in winter is 0.37 kWh while the maximum HTF mass flow 

rate is 1.51 kg/s occurring at 11 am. 

 

Figure 33: LFC field power and pumping power in April. 

 

Figure 34: LFC field power and pumping power in December. 

3.4.1 Reducing Electric Pumping Energy Through Collector Defocusing 

The pumping power values in Figure 33 and Figure 34 may be small, but this is because of 

the scale of the LFC system we used. To overcome the problem of having to increase the 

mass flow rate as DNI increases, we employed the concept of collector defocusing. This 

implies the defocusing of n-collector rows, which will reduce Afield, and hence Qfield. We 
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attempted to propose a recommended hourly focus ratio that reduces mpump to the least 

possible value. We also investigated the effect of this control strategy on reducing pumping 

power. The focus ratio is given by equation 13: 

Focus	Ratio	(r]:9) = 	
@CGJ>?	:]	9:88>97:?	?:•;	]:9C;>B

7:748	@CGJ>?	:]	9:88>97:?;
     (13) 

When we incorporate rfoc in our model, the solar field’s power (Qfield) is now calculated 

using equation 14: 

Q]6>8B =
A^L	×	_`abcd	×	hefgahic	×	?`ehêkcell

mnnn
      (14) 

The total number of collector rows in our LFC setup is 10 and each collector can be 

controlled separately. The focus ratio thus varied from 1 to 1/10, with the value of 1 

indicating the state where all the collectors were focused towards the receiver, and the value 

of 1/10 indicating that only one row was focused. Any change in the focus ratio will mean 

an equivalent change in the effective aperture area. A parametric study was carried out to 

investigate the effect of different focus ratios on the LFC field power, total HTF mass flow 

rate, and pumping power. Figure 35 shows the hourly solar field power for different focus 

ratios. As this figure shows, the acceptable focus ratios are: 0.7,0.8,0.9, and 1. Any lower 

focus ratios will result in a field power less than the required amount by the desalination 

system (40 kW). 
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Figure 35: Hourly LFC field power at different focus ratios. 

Figure 36 shows the total HTF mass flow rate (mpump) for the acceptable focus ratios found 

from Figure 35 . This figure shows that using a focus ratio of 7/10 will keep the mass flow 

rate minimal. However, a focus ratio of 7/10 for the entire day will reduce the operating 

hours of the LFC field to approximately 6 hours as indicated from Figure 35. Hence, there 

is a need to select the optimal hourly focus ratios. This will result in reduced pumping 

power without reducing the operational period. 

 

By examining the hourly values of mpump for each focus ratio in Figure 36, we selected the 

optimum hourly focus ratios and estimated the new pumping power for two representative 

months in the year (April and December). These values are shown in Table 23 and Table 

24. Based on the results in these tables, we infer that during the morning operation, the 

focus ratio must be high to allow a maximum concentration of the DNI to the receiver. As 

the DNI increases, the amount of excess thermal power increases, and hence we need to 

defocus more collectors. This results in a decreased focus ratio. At approximately 2–3 pm, 

the DNI reduces (which also reduces the total solar field power), and the focus ratio needs 
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to be increased again to concentrate as much thermal energy as possible. Table 23 shows 

that during summer, an operating period of 9 hours is possible whereas in winter 

(December), only 7 hours of daily operation are possible due to the lower solar intensity. 

The comparison between electric pumping power with and without defocusing is shown in 

Figure 37 and Figure 38. When no defocusing was applied on the solar field, the daily 

pumping energy in April was 0.59 kWh as shown in Figure 37. However, when optimal 

defocusing was applied, this value was reduced to 0.35 kWh, which is equivalent to a 40% 

reduction in the daily pumping energy. This is an important result elicited from our work, 

and it highlights the considerable reduction in pumping power (and hence, the overall plant 

SPC) that can be achieved by hourly control of the solar collector rows. The same trend 

was observed for December where the daily pumping energy was reduced by 39% after 

optimal defocusing. The reduction in electrical energy consumption will also be reflected 

in lower energy costs and lower environmental impact for such a plant that partially relies 

on grid electricity. 

 

Figure 36: HTF mass flow rate at different focus ratios. 

 



107 

Table 23: Recommended hourly focus ratios for the month of April. 

 

 

Figure 37: Hourly pumping power with and without defocusing (April). 

 

 

Daytime 
(h) 

DNI 
(W/m2

) 

Focus 
ratio 

Pump mass flow rate 
(kg/s) 

Pumping power 
(kW) 

7 465.1 0.8 0.9573 0.039 

8 574.6 0.7 1.039 0.042 

9 627.8 0.7 1.139 0.046 

10 640.9 0.7 1.164 0.047 

11 631.6 0.7 1.147 0.047 

12 609.6 0.7 1.105 0.045 

13 572.4 0.7 1.035 0.042 

14 507.3 0.8 1.049 0.043 

15 397.6 1 1.026 0.042 
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Table 24: Recommended hourly focus ratios for the month of December. 

 

 

Figure 38: Hourly pumping power with and without defocusing (December). 

3.5 Part 1 Conclusion 

Part 1 of this chapter presented the simulation and performance of a LFC solar field driving 

a MED-TVC plant. The solar field’s performance was evaluated using hourly optical 

efficiency and onsite measurements of DNI. Results from the solar field modeling showed 

that high DNI levels during summer allowed the solar field to be operational for 8 hours. 

Using optimal defocusing of the solar field’s collector rows, we were able to reduce the 

Daytime 
(h) 

DNI 
(W/m2) 

Focus 
ratio 

Pump mass flow rate (kg/s) Pumping power (kW) 

8 411.9 0.9 0.954 0.039 

9 500.5 0.8 1.034 0.042 

10 552.7 0.7 0.997 0.041 

11 577 0.7 1.043 0.042 

12 570 0.7 1.03 0.042 

13 516.6 0.8 1.069 0.043 

14 400.1 1 1.033 0.042 



109 

pumping energy by 40%. Our results highlight the versatility of LFC, as compared to non-

concentrating collectors when used for thermal desalination. This work could be developed 

by model validation through experimental operation of a linear Fresnel collector. There is 

also a need to develop and test controllers for the solar field that minimize electrical energy 

usage and ensure stable plant operation by considering multiple parameters, such as the 

required outlet temperature, piping pressure drops, and fluctuations in the solar radiation 

due to cloud cover. Part 2 shows the modelling of the MED block of the solar desalination 

plant. 

 

PART 2 MODELLING AND OPTIMIZATION OF A SOLAR-DRIVEN MED 

PLANT 

 

3.6 Part 2 Introduction 

Based on the literature review conduced in Chapter 2, it is evident that there is a gap in the 

literature in assessing whether a solar-driven MED plant operates better with or without a 

thermal vapor compressor, from an energy viewpoint. Moreover, there is a gap in 

identifying the best operating and design conditions for making solar-driven MEDs 

competitive with RO systems, in terms of equivalent electrical energy (also known as 

equivalent mechanical energy). There is also a need to conduct in-depth comparisons 

between different storage systems that could be coupled to solar desalination systems. 

Further, the investigation of dry-cooling technologies integrated with solar-driven MED is 

also a key area of research, since it can lead to less cooling water consumption.  Carrying 

out an extensive analysis could help in exploring the best applications for solar desalination 

systems.  
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Based on the above, the problem statement, that Part 2 of this chapter addresses, can be 

expressed as the optimization of solar-driven multi-effect distillation from the perspective 

of energy and capital costs. Hence, the objectives of this section are: 

• Design and carry out performance simulations of a plain MED plant driven by a 

solar LFC and compare it with the MED/TVC configuration.  

• Investigate the performance of the optimized system under the climate conditions 

of Qatar. 

• Carry out a techno-economic comparison of three possible storage systems. 

• Reduce plant water consumption using an air-cooled condenser. 

 

3.7 Solar-driven MED: Plant Description 

The proposed solar-driven MED plant is a seven-effect parallel feed plant with feed 

preheaters, flash boxes, brine recirculation, and an air-cooled condenser. Figure 39 shows 

a schematic of the entire plant. The LFC solar field delivers thermal power to the steam 

generator, which is then transferred to the MED chamber where successive boiling and 

condensation takes place. The solar field uses pressurized water as the HTF, which remains 

in single phase. A variable speed pump is integrated in the solar field to ensure a constant 

HTF outlet temperature. An air-cooled condenser is integrated after the last effect to 

condense the generated vapor. Furthermore, this plant utilizes a water storage system 

instead of energy storage. Our system is designed to operate at a constant average solar 

field power. The operation of the solar field has already been explained in Part 1 of this 

chapter. For this part, it was assumed that the solar field’s aperture area is 176 m2.  
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Figure 39: Schematic of the proposed solar-driven multi-effect distillation plant. 

3.8 Model Development and Validation 

The main modeling assumptions for the MED system are: 

• All components are operating at steady-state conditions. This simplifies the model’s 

calculations. 

• The hourly solar radiation is constant and the MED plant is operated at the average 

solar field thermal power for a given month. 

• The evaporators are insulated, hence there is no heat loss to the environment. 

• The pressure drops in the demisters are negligible due to the large free volume even 

if the vapor velocity is high (Al-Dughaither, Ibrahim, & Al-Masry, 2011).  

• The distillate has zero salinity. 

The model for the entire plant was developed in the Engineering Equation Solver (EES) 

software using energy, mass, and salt balance for the evaporators, preheaters, flash boxes, 

and end condenser. The complete EES algorithm was composed of 501 equations, which 

were solved simultaneously using Newton’s method (with a residual of 10-6). The 

modelling equations for the solar field were already presented in Part 1, and hence, only 

the modelling equations for the desalination block are given in the following section. The 

modelling assumptions for the solar field from Part 1 carry forward in this analysis too. 
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3.8.1 MED Model 

The MED model was developed using energy, mass, and salt-balance relations. The 

relations given by El-Dessouky and Ettouney (El-Dessouky & Ettouney, 2002) were used 

to calculate the overall heat transfer coefficient in the evaporators, preheaters, and end 

condenser. The sea water properties (specific heat capacity and density) were evaluated as 

a function of temperature and salinity, using the Sea Water Properties library in EES 

(Nayar, Sharqawy, Banchik, & Lienhard V, 2016; Sharqawy, Lienhard, & Zubair, 2010). 

The MED model was validated by comparing it with a commercial MED plant that has a 

productivity of 1137 ton/h (located in the GCC region). The chosen plant uses MED-TVC, 

therefore our model relations also need to include a simulation of the performance of the 

thermal vapor compressor. The relations given by Hassan and Darwish (Hassan & Darwish, 

2014) were used to calculate the mixing ratio for the TVC, given the motive steam pressure, 

entrained vapor pressure, discharge pressure, and mass flow rate of the motive steam. The 

validation results are presented in Table 25. It can be observed that our model outputs were 

all within 5% absolute error, proving the reliability of the model. 

Table 25: MED model validation. 

Parameter Real Model Absolute error (%) 
Number of effects 7 7 - 
Heating steam temperature 
in first effect (°C) 

68 68 - 

Sea water temperature (°C) 35 35 - 
Sea water salinity (g/kg) 48 48 - 
Motive steam pressure (bar) 2.4  2.4 - 
TVC discharge pressure 
(bar) 

0.285 0.285 - 

Entrained vapor pressure 
(bar) 

0.161 0.161 - 

Gain output ratio 9.07 8.90 1.87 
Top brine temperature (°C) 66.00 65.49 0.77 
Brine temperature in last 
effect (°C)  

44.10 43.61 1.11 

Effect 1 brine salinity (g/kg) 70.40 73.69 4.67 
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Last effect brine salinity 
(g/kg) 

69 68.43 0.8 

Temperature of condenser 
reject water (°C) 

41.00 40.85 0.37 

 

The main performance metrics for this system were GOR, SPC, specific area (Aspec), 

specific thermal power (STP), and productivity. 

The STP is given by: 

STP = 	 _K>?4H>	;:84?	]6>8B	5:•>?
í84@7	5?:BC976K67I

        (15) 

 

3.9 Part 2 Results and Discussion 

3.9.1 Simulation of the Solar-driven Conventional MED-TVC System under Qatar’s 

Climate 

The first set of results represents the expected performance of the solar-driven conventional 

MED-TVC plant. This configuration is common, and hence marks the baseline for our 

optimization studies, which are presented in the next section. Table 26 presents the entire 

plant specifications and performance results. Inputs are marked with a superscript (i) and 

outputs are marked with a superscript (o). 

 

Table 26: Solar-driven conventional MED-TVC plant specifications and simulation results 
from our model. 

Parameter Value 
TVC  
iMotive steam pressure (bar) 3 
iDischarge steam pressure (bar) 0.3 
oDischarge steam temperature (°C ) 70 
iEntrained vapor pressure (bar) 0.07 
oCompression ratio 4.385 
oMixing ratio 2.99 
MED chamber  
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iNumber of effects 7 
iTop brine temperature (oC) 65 
iFeed mass flow rate (kg/h) 2520 
Feed type Parallel flow 
iSeawater temperature (oC) 30 
iSeawater salinity (g/kg) 48.2 
oSeawater intake (kg/h) 8400 

iDesign DT in end condenser (oC) 7 
iBrine temperature in the last effect (oC) 40 
Performance results  
GOR 8.3 
Specific thermal power (kWh/m3) 81.7 
Specific power consumption (kWh/m3) 2.1 
Equivalent mechanical energy (kWh/m3) 19.2 
Specific area (m2/kg/s) 282 
Productivity (kg/h) 734 
Brine disposal temperature (oC) 38 
Brine disposal salinity (g/kg) 52.8 

 

Table 26 reflects the expected performance of a small-scale solar desalination plant located 

in Qatar. Given a solar field aperture area of 176 m2, the desalination system produced 734 

kg of freshwater per hour. This is equivalent to 4.2 kg/h of freshwater produced per m2 of 

solar LFC under Qatar’s climate conditions. The table indicates that this plant consumed 

19 kWh/m3 of equivalent mechanical energy, which is close to values reported in the 

literature for high pressure MEDs (M. Darwish et al., 2006). The specific thermal energy 

value of 81.7 kWh/m3 obtained from our model is comparable to values reported in the 

literature. For example, 87.9 kWh/m3 was reported by Sharaf et al. (Sharaf, Nafey, & 

Garcia-Rodriguez, 2011), and 71.8 kWh/m3 was reported by Hamed et al. (Hamed et al., 

2016). In the next sections we present details on the optimization of the conventional 

system (that uses the MED/TVC configuration), by focusing on the investigation of 

equivalent mechanical power, storage system selection, and integration of an air-cooled 

condenser.  
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3.9.2 Investigation of Equivalent Mechanical Power 

Table 26 indicates that the equivalent mechanical energy was 19 kWh/m3, which is much 

higher than RO systems where mechanical energy consumption is in the range of 5–7 

kWh/m3. To reduce this value for thermal desalination systems, the number of effects must 

be increased. Figure 40 shows the equivalent mechanical energy for thermal desalination 

systems, as a function of steam pressure and GOR. In every iteration, the GOR and 

productivity (1 m3/h) were fixed. The feed mass flow rate and the number of effects were 

varied automatically to achieve the design GOR. The steam pressure was varied from 0.25 

bar up to 5 bar. The figure shows that the equivalent mechanical energy drastically reduced 

as the steam pressure reduced. Furthermore, by increasing the GOR, the equivalent 

mechanical energy also reduced. As the number of evaporators increases, more generated 

vapor is reused within the plant, which reduces the external heat requirements. Hence, the 

equivalent mechanical energy reduces. An important conclusion from Figure 40 is that 

removing the thermal vapor compressor resulted in reduced thermal energy consumption. 

The conventional design point (steam pressure = 3 bar), and the optimal design point (steam 

pressure = 0.3 bar), are also marked in this figure. Figure 41 shows the equivalent 

mechanical energy for different numbers of evaporators. As expected, increasing the 

number of evaporators reduced the equivalent mechanical energy consumption, because of 

more thermal energy recovery within the desalination system. 

 

Based on the above findings, we made a comparison between an MED system (with TVC) 

and a low-pressure MED system (without TVC), which have the same productivity of 1 

m3/h.  
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Table 27 presents the results of this comparison. The table indicates that in the low-pressure 

MED configuration, the equivalent mechanical energy is 59% less than the MED-TVC 

configuration. The equivalent mechanical energy in the low-pressure MED system is 

comparable to RO systems. This proves the possibility of thermal desalination competing 

with RO systems, from an energy viewpoint. The reduced energy consumption is also 

reflected in the reduced solar field aperture area (approximately 25% less than an MED-

TVC system). This is critical for a solar desalination system, where the solar field is usually 

the highest capital cost contributor. The solar field area is lower because of the larger 

number of effects in the low-pressure MED system. This results in a greater reusability of 

the generated vapor, and hence lower external heat requirements. The only disadvantage in 

the low-pressure MED configuration is the large number of evaporators, which resulted in 

a 128% increase in evaporator surface area compared with the MED-TVC configuration.  

 

Figure 40: Equivalent mechanical energy at different steam pressures and GOR. 
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Figure 41: Equivalent mechanical energy as a function of number of evaporators. 

 

Table 27: Comparison of MED-TVC with low-pressure MED for a fixed distillate 
production. 

Parameter MED-TVC Low-Pressure MED 
Productivity, m3/h 1 1 
GOR 8.3 8.3 
Number of evaporators 7 10 
Maximum steam pressure (bar) 3 0.3 
Steam temperature in first effect (oC) 70 70 
Equivalent mechanical energy (kWh/m3) 19.1 7.9 
Evaporators area (m2) 78.3 179.3 
LFC aperture area (m2) 300 226 

 

The distinguishing features of using the low-pressure MED configuration over MED-TVC 

(in solar-driven desalination systems) can be summarized as follows: 

• Less equivalent mechanical energy consumption, but a larger number of 

evaporators. 

• Lower steam pressure and temperature, which means that low concentrating 

collectors can be used, resulting in a lower specific cost. 

• Lower operational costs, but higher capital costs in the desalination sub-section. 
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• Lower capital and operational costs in the solar field subsection (a reduced aperture 

area results in a smaller solar field size). 

• In the case of a single-phase HTF in the solar field, the solar field can be operated 

at a low pressure because no high-pressure motive steam is required. This results in 

increased plant reliability.  

A sensitivity analysis was performed to compare the effect of increasing the number of 

evaporators on the LFC field area and the MED evaporator area (for the low-pressure MED 

configuration). Figure 42 shows the results of this analysis. As expected, increasing the 

number of evaporators increased the total MED area, but reduced the required LFC aperture 

area. Increasing the number of evaporators from 7 to 16 increased the MED heat transfer 

area by more than 4 times, whereas the LFC aperture area reduced by only 50%. This shows 

that the MED heat transfer area is more sensitive to the number of evaporators than the 

LFC aperture area. However, in terms of cost, 1 m2 of solar field is not the same as 1 m2 of 

desalination system. The optimum number of effects is 10, because this will result in a 

reasonable temperature difference per effect (approximately 2 °C). At 10 evaporators, the 

LFC aperture required to produce 1 m3/h of distillate was 226 m2, and the equivalent 

mechanical energy consumed was 8 kWh/m3. The specifications of the optimized solar-

driven MED plant are given in Table 28. The thermodynamic states of the entire plant 

(which are labelled in Figure 39) are given in Table 29.  

 

Another sensitivity analysis was conducted to examine the sensitivity of the equivalent 

mechanical energy to several plant parameter; solar field aperture area, number of effects, 

air conditions (dry-bulb temperature and relative humidity), feedwater salinity, feedwater 

temperature, and direct normal irradiance. The upper and lower bounds for these variables 

and the results of the analysis are shown in Table 30 and Figure 43. It can be observed that, 
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as predicted, the equivalent mechanical energy is mostly sensitive to the number of 

evaporators which affects the latent heat reusability within the plant. Figure 43 also shows 

that the air conditions and the seawater salinity and temperature have an impact on the 

equivalent mechanical energy. At higher ambient air temperatures, the air-cooled 

condenser uses more electric energy and hence the overall plant energy consumption 

increases. The seawater salinity and temperature have a direct impact on the amount of 

feedwater preheating required, distillate produced per effect, and recovery ratio and hence 

the plant’s pumping requirements will vary accordingly. 

 

Figure 42: LFC aperture area and MED evaporator area as a function of number of 
evaporators. 
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Table 28: Specifications of the optimized solar-driven MED plant. 

Parameter Value 
Solar field aperture area, m2 226 
Temperature drop in the steam generators, oC 10 
Number of evaporators 10 
Distillate production, m3/h 1 
Plant annual yield, m3 of freshwater /m2 of solar LFC 8.4 
Equivalent mechanical energy, kWh/m3 7.9 

 

Table 29: Thermodynamic states of the optimized solar-driven MED plant. 

State Fluid Temperature (C) Pressure (bar) Specific Enthalpy (kJ/kg) 
1 Water 175 6 2794 
2 Water 165 6 2771 
3 Steam 70 0.3 2625 
4 Water 70 0.3 289.3 
5 Seawater 61.3 0.24 2616 
6 Steam 44.3 0.09 2581 
7 Water 41.3 1.01 173 
8 Brine 31.3 1.01 120.5  
9 Seawater 30 1.01 118.2 

 

Table 30: Values used for the sensitivity analysis on the equivalent mechanical energy 

Variable Lower bound Base value Upper bound 
Solar field aperture area 
(m2) 

113 226 452 

Number of effects 7 10 16 
Air conditions (dry-bulb 
temperature and 
relative humidity) 

January (Tdry bulb= 
17.4 oC, relative 
humidity = 0.74) 

May (Tdry bulb= 31.9 
oC, relative 
humidity = 0.45) 

August (Tdry bulb= 
34.9 oC, relative 
humidity = 0.61) 

Feedwater salinity 
(g/kg) 

35 48.2  60  

Feedwater temperature 
(oC) 

20 30 35 

Direct normal 
irradiance (W/m2) 

347.6 (July’s 
average) 

481.2 (May’s 
average) 

528.8 (February’s 
average) 
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Figure 43: Sensitivity of the equivalent mechanical energy to major system variables.  The 
base value is 8 kWh/m3. 

3.9.3 Storage System Techno-economic Optimization 

As highlighted in the literature review earlier, selecting the best storage system for solar 

desalination plants is an important area of research. There are two possible storage systems 

that could be coupled to the desalination processes: TES and water storage. Thermal energy 

storage could be based on sensible or latent heat materials. The storage system stores excess 

thermal energy (from the solar field) during daytime, and uses it to extend the operational 

period of the plant after sunset. Water storage means oversizing the solar field to produce 

excess water during the day, which is then transported to consumers at night. A water 

storage-based solar desalination system operates at a higher rate than using TES. The 

optimal selection of the storage system depends on capital costs and storage volume. We 

carried out a general comparison between three categories of storage: sensible heat storage, 

latent heat storage, and water storage systems. The goal of this analysis is to compare the 

capital costs and storage system volume for these three categories. The storage systems 

selected were molten salt (sensible heat storage), potassium chloride-lithium nitrate (KCl-

LiNO3, latent heat storage), and a simple water tank for the water storage system. The 

chosen storage systems alongside their corresponding energy density and specific cost are 
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shown in Table 31. The independent variable in this comparison was a daily plant 

production of 13 m3 of freshwater. The dependent variables were storage system volume 

and total plant capital costs. When using sensible and latent heat systems, the solar field 

must be oversized to ensure that enough excess energy is available for the storage system. 

The corresponding solar field sizes, MED evaporator areas, and storage system volumes 

were calculated and are presented in Table 32. This table indicates that the latent heat 

storage system has the smallest volume owing to the higher volumetric energy density, 

which is common in PCMs. In all three cases, the solar field size had to be increased by 

50% and 39% for the energy storage and water storage systems, respectively. This increase 

is relative to the original solar field size of 226 m2 (refer to Table 28), where no storage 

was considered. The incorporation of the storage system increased the plant daily 

productivity by 62%, form an initial daily production of 8 m3 to 13 m3. By considering 

representative cost values for the MED system and the solar field (Askari & Ameri, 2016), 

we calculated a simplified total plant capital cost for the three storage systems. The capital 

cost breakdowns are shown in Figure 44. These costs represent a solar-driven MED plant 

located in Qatar with a capacity of 13 m3 per day. All the bars in Figure 44 indicate that 

most of the plant costs are from the solar field (at least 60%). This implies that cost 

reductions in the solar field would have the highest influence on total system cost. The 

results of the analysis by Askari and Ameri (Askari & Ameri, 2016) also revealed a high 

solar field capital cost share; 75% of the total plant capital costs. Figure 44 shows that 12% 

of the total system cost (for the plant with sensible heat storage) was from the sensible heat 

storage system, whereas in the case of the latent heat storage this value was 22%. This is 

attributed to the low commercial maturity of latent heat storage systems in the market, 

which causes their specific costs to be higher (even though they have a higher energy 

density). Furthermore, latent heat storage systems such as KCl-LiNO3 contain toxic 
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materials, and hence require high levels of safety. Figure 44 shows that the water storage 

system has negligible costs, because it is simply a tank. By comparing the capital costs of 

the three systems, the capital costs for the plant with water storage system is 6% lower than 

the plant with sensible heat storage, and 16% lower than the plant with latent heat storage 

system. This shows that from a capital expenditure and plant operation perspective, water 

storage systems are more economical than energy storage systems. 

 

Table 31: Possible storage systems for coupling with a solar-driven desalination plant. 

Storage system Energy density  Specific cost Reference 
Sensible heat storage 0.76 kWh/m3.C $30/kWh (Gude, 2015; 

Kraemer, 2016) 
Latent heat storage 201.7 kJ/kg $50/kWh (IEA-ETSAP & 

IRENA, 2013; 
Mohamed et al., 
2017) 

Water storage 4.2 kJ/kg.C $0.25/L - 
 

Table 32: Solar field size, MED evaporator area, and storage system volume for three 
storage options. 

Storage system Required 
solar field 
size (m2)  

Required 
MED 
evaporator 
area (m2) 

Storage 
system 
volume 
(m3) 

Daily 
freshwater 
production 
(m3) 

Night-
time 
operation 
(hours) 

Sensible heat 
storage 

338.9 125.4 4.9 13 5 

Latent heat 
storage 

338.9 125.4 3.3 13 5 

Water storage 314.6 181.2 4 13 0 
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Figure 44: Comparative total plant costs for three configurations of a solar-driven MED 
plant with a capacity of 13 m3/day. 

 

3.9.4 Air-cooled Condenser Integration 

The common practice in thermal desalination processes is to use a water-cooled condenser 

for condensing the vapor generated in the last effect, and also to preheat the feedwater. 

However, these condensers consume large amounts of sea water (approximately two-thirds 

of the intake seawater is rejected and returned to the sea). In addition, they consume a lot 

of electrical pumping power. Using an air-cooled condenser is a good alternative, 

particularly in areas with low water availability. Air-cooled condensers require a larger heat 

transfer area because of the small overall heat transfer coefficient. However, they consume 

zero water, and are therefore highly suitable for applications in remote areas. 

 

We modified the conventional plant design to include an air-cooled condenser, instead of 

a water-cooled condenser. We selected an air-cooled condenser based on the A-frame 

configuration and being constructed from galvanized steel (Mabrouk, Fath, Iaquaniello, & 

Salladini, 2013). In this configuration, saturated vapor from the last effect enters two finned 
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tubes (shaped like an A-frame). An axial fan blows air across these tubes, which causes 

condensation. The fan power consumption was calculated under the average dry bulb 

temperature and relative humidity for Doha in May (Tdry bulb= 31.9 oC, relative humidity = 

0.45) (Qatar Meterology Department, 2018). The fan electrical power is given by: 

Wfan =  ßiaÅ	×	∆í
î`i®

          (16)  

Where Vair is the air volumetric flow rate (m3/s), DP is the pressure increase (kPa), and hfan 

is the fan efficiency (0.9). The air density was calculated in EES, using the relations given 

by Hyland and Wexler for moist air (Hyland & Wexler, 1983). The pressure increase is 

given by the empirical relation reported by Heyns (Heyns, 2008): 

DP = 320.0451719 - 0.2975215484´Vair + 6.351486´(10-4)´(Vair
2) - 8.14´(10-7)´(Vair

3) (17) 

Given the above, a comparison was made between a conventional water-cooled condenser 

and an air-cooled condenser, for the same plant capacity. The results are shown in Table 

33. The table indicates that the air-cooled condenser had water savings equivalent to 2 m3 

of seawater for every 1 m3 of feed water. The electrical energy consumption of the air-

cooled condenser was slightly higher than the water-cooled condenser. This is attributed to 

the high ambient air temperature in May, which led to a higher air volumetric rate. This 

result represents the worst-case scenario. The area of air-cooled condenser corresponding 

to this scenario is 6.6 m2. When the model was run for the month of January (Tdry bulb = 17.4 

oC, relative humidity = 0.74), the plant SPC reduced from 2.5 to 1.5 kWh/m3. This 

highlights the sensitivity of the performance of the air-cooled condenser to air conditions. 

Further, we observed that in order to reduce the air volumetric flow rate, the brine 

temperature in the last effect had to be increased from the base value of 40 oC to 45 °C. 

This was to increase the overall logarithmic mean temperature difference across the 

condenser, and as a result reduce the mass flow rate. 
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Table 33: Comparison of the water-cooled and the air-cooled condensers. 

Parameter | System Water-cooled condenser Air-cooled condenser 
Plant specific electric power 
consumption (kWh/m3) 

2.1 2.5 

Water savings (m3 of 
seawater/m3 of feed) 

0 2 

 

We also carried out a number of parametric studies to investigate the performance of the 

air-cooled condenser. We examined the effect of sea water temperature, solar field aperture 

area, and ambient air conditions on the electrical power consumption of the condenser. For 

the first study, we varied the sea water temperature from 20 to 35 °C, and calculated the 

fan power under different GORs. The results are shown in Figure 45. We can observe from 

this figure that an increase in the GOR resulted in lower fan power. This is because the 

generated vapor is reused within the large number evaporators to produce more vapor, 

reducing the amount of saturated vapor in the last effect. This results in a lower thermal 

load for the condenser, and therefore lower pumping energy. As the sea water temperature 

reduced, the plant productivity decreased (as more latent heat is used for preheating). A 

decrease in plant productivity reduces the thermal load of the condenser. Given a sea water 

temperature of 30 oC, increasing the GOR from 7 (i.e., 8 effects) to 12 (i.e., 15 effects) 

reduced the fan power by 21%. For the second study, the fan power was calculated for three 

solar field sizes: 113 m2 (half the base size), 226 m2 (base size), and 452 m2 (double the 

base size). The results are given in Figure 46. It can be clearly observed that as the aperture 

area increased, the fan power increased. This is due to the increase in vapor produced in 

the last effect. This figure also shows that doubling the aperture area also doubled the fan 

power. By comparing Figure 45 and Figure 46, we can deduce that the fan power is more 

sensitive to sea water temperature than to solar field size.  The third study examined the 

plant performance under variable air conditions. The long-term average monthly air dry 

bulb temperature and relative humidity in Qatar (taken from the Qatar Meteorological 
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Department webpage) were used as inputs, and the equivalent fan power for each month 

was calculated. The results are shown in Table 34. We can observe that the relative 

humidity was inversely related to the dry bulb temperature. The high ambient air 

temperature during the period (April–September) resulted in a very high fan power, due to 

the small temperature differential between ambient air and the saturated vapor from the last 

effect. The variation of fan power reached 300% between some months. The above results 

indicate the necessity for accurate condenser design to ensure flexibility during operation. 

 

There are several limitations of integrating an air-cooled condenser with a thermal 

desalination plant. Although dry-cooling results in lower plant water consumption (which 

is valuable in locations with limited feed water supply) and also reduces the amounts of 

feed water rejected back to the sea at an elevated temperature (which may harm marine 

life), yet it has three main drawbacks; high capital costs, larger heat transfer area, and 

potential operational difficulties in summer conditions as compared to wet cooling. Hence, 

it is important for designers to account for these factors before pilot plant commissioning. 

In the case of our plant, it may be necessary to have a conventional water-cooled condenser 

for summer operation and the air-cooled condenser to be used in winter when the dry bulb 

temperature is lower. The work by (Palenzuela, Zaragoza, Alarcón-Padilla, & Blanco, 

2013) on cooling technologies integrated with desalination plants provides more insights 

on the limitations and suitability of dry cooling.  
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Figure 45: Fan power under variable sea water temperatures. 

 

Figure 46: Fan power under variable solar field aperture areas. 
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Table 34: Monthly dry-bulb temperature, relative humidity, and calculated fan power. 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Tdry bulb (oC) 17.4 18.6 21.8 26.4 31.9 34.4 35.3 34.9 32.8 29.6 24.6 19.6 
Relative 
humidity 

0.74 0.71 0.63 0.55 0.45 0.45 0.50 0.61 0.62 0.65 0.68 0.74 

Fan power 
(kW) 

0.75 0.84 0.9 1.3 2.1 3.1 2.65 3.1 2.6 1.8 0.92 0.66 

 

3.10 Part 2 Conclusion 

In Part 2 of this chapter, a computer program was developed to simulate the performance 

and optimize an integrated multi-effect distillation plant, driven by a solar linear Fresnel 

collector. The developed model was validated against real MED plants, with a maximum 

error of 8%. A number of parametric studies were carried out on the proposed system. We 

investigated the effect on the overall plant performance of increasing the number of 

evaporators, operating three different storage systems, and operating an air-cooled 

condenser. The main findings are:   

• The equivalent mechanical energy consumption of the optimized low-pressure plain 

MED process (10 effect) is 8 kWh/m3, which is 59% lower than MED-TVC (with 

7 effects). The optimal configuration reduces the solar field size by 25%. However, 

the heat transfer area increases by 128%.   

• The cost analysis showed that at least 60% of the solar desalination plant capital 

costs are due to the solar field. 

• By comparing three storage systems integrated with our plant, we found that the 

water storage system has 6% and 16% lower system capital costs compared with 

sensible heat storage and latent heat storage, respectively. 

• The air-cooled condenser reduces water consumption by 2 m3 of sea water per m3 

of feed. The performance of the air-cooled condenser is more sensitive to the sea 

water temperature than to the solar field size.  
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• Increasing the number of evaporators from 8 to 15 can reduce fan power by 21%. 

The monthly performance of the air-cooled condenser can vary by more than 300%, 

due to variations in dry bulb temperature and relative humidity. 

3.11 Chapter Associated Content 

Appendix I shows the detailed mathematical block for the desalination plant and the EES 

program used for the technical analysis.  
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CHAPTER 4 ENVIRONMENTAL LIFE-CYCLE ASSESSMENT  

 

Chapter Summary: 

Integrating concentrated solar power (using the solar LFC) with the MED desalination 

process potentially reduces the energy-associated environmental impact. However, this 

environmental benefit must be quantified in a systematic way as a means of guiding policy-

making and also to identify ways to optimize the overall plant design.  Therefore, the main 

issues that this chapter addresses are: a) To what extent can we minimize the life cycle 

environmental impact of conventional thermal desalination processes through the 

integration of concentered solar power collectors and how do various collectors compare 

in this regard? and b) How does the uneven geospatial distribution of solar resources and 

water-stressed regions globally affect the environmental rating of solar thermal desalination 

systems?  We answered these questions by conducting a lifecycle assessment (LCA) study 

on the optimized solar-driven MED plant proposed in Chapter 3. The results of the LCA 

revealed that most of the lifecycle impact in the climate change, fossil depletion, and water 

depletion categories occurs during the operation phase based on electric pumping energy. 

The solar-driven process reduces climate change impact by 10 kg of CO2 eq. for every 1 

m3 of fresh water as compared to natural gas-powered desalination. We also found that the 

linear Fresnel collector has a better LCA rating than the parabolic trough collector based 

on lower material requirements and better land utilization.  

 

In addition, by examining the LCA rating of the proposed plant in seven water-stressed 

cities (and by considering the variations in solar DNI, seawater temperature, and salinity 

levels), we found that the mean value for CO2 emissions for solar-driven MED is 4.32 kg 

CO2 eq./m3 of desalted water which is 47% lower than conventional thermal desalination. 
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There is a variation by as much as 80%, 95%, and 92% in the climate change, water 

depletion, and human toxicity categories respectively across the selected cities. Based on 

this study, we emphasize the need for developing comprehensive decision support tools 

(that incorporate LCA) for evaluating solar-driven desalination technologies in light of the 

“solar-water nexus”. The broader implications of this work pertain to renewable energy and 

water resources policy making and resource conservation. 

 

This chapter resulted in two journal papers that are currently under review: 

1. M. Alhaj, S.G. Al-Ghamdi. Environmental assessment of solar-driven thermal 

desalination. Journal of Cleaner Production. 2019. Under Review. 

2. M. Alhaj, S.G. Al-Ghamdi. Integrating concentrated solar power with seawater 

desalination technologies: A multi-regional environmental assessment. 

Environmental Research Letters. 2019. Under Review. 

 

 

 

 

 

 

 

 

 

 



133 

4.1 Chapter Introduction 

4.1.1 Global Solar Resources and Solar Desalination Technologies 

Among the various renewable energy sources available, solar power is the most suitable 

for desalination technologies. Solar energy can be easily converted into thermal or 

electrical energy, which are the two main energy types consumed in desalination plants. 

Furthermore, the geospatial distribution of solar intensity is largely aligned with regions 

facing some form of water scarcity, as shown in Figure 47. These regions include the 

western coast of the United States, Middle East and North Africa regions, and Australia. 

The World Resources Institute compiled a list of countries potentially facing water 

shortages by 2040 (Luo, Young, & Reig., 2015).  
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Figure 47: Alignment of global solar insolation with potentially water stressed regions. a) 
Potentially water-stressed regions by 2040 under the “business-as-usual” scenario as 
projected by the World Resources Institute (image is published under the creative commons 
license) (Luo et al., 2015). b) Annual sum of solar global horizontal irradiation (image is 
published under the creative commons license) (SolarGIS © 2013 GeoModel Solar, 2013). 
Panels (a) and (b) show an alignment between water-stressed regions and solar radiation 
distributions. The most important regions are: 1) the west cost of the US and Mexico, 2) 
Midwest coast of Latin America, 3) North Africa and Southern Europe (especially Spain 
and Algeria), 4) South Africa, 5) the Middle East, and 6) Australia. 

 

Solar collectors are devices that convert solar energy from one form into another. There are 

two different types of solar collectors: solar thermal and solar electric collectors. Solar-

thermal collectors convert incident solar radiation into heat. The most commercially mature 

and reliable solar thermal collectors are the parabolic trough collector (PTC) and the linear 
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Fresnel collector (LFC). Solar electric collectors convert incident solar energy into 

electricity. Photovoltaic (PV) panels are the best examples of solar electric collectors. The 

technical challenges and opportunities for coupling solar collectors with desalination 

processes were discussed in depth in previous studies (Alhaj, Hassan, et al., 2017; Ali et 

al., 2011; Reif & Alhalabi, 2015). The concentration of solar collectors, such as PTCs and 

the LFCs, is expected to play a significant role in diversifying the global electricity supply 

(Burkhardt, Heath, & Cohen, 2012). 

 

4.2 Applications of Life-Cycle Assessment in Desalination 

 

Life cycle assessment (LCA) is a systematic methodology for assessing the environmental 

impacts of products and systems across several impact categories (The International 

Standards Organisation, 2006). The ISO 14040 standard defines the four major phases of 

any LCA: goal and scope definition, inventory analysis, impact assessment, and results 

interpretation. There is a significant interest within the scientific community in LCA 

because it sheds light on the potential near-term and long-terms impacts, it provides a 

scientific basis for evaluating several types of impacts, and it can assist in systems 

development and policy making. Given the crucial role of desalination, the applications of 

LCA in desalination are highly relevant. 

 

One of the earliest LCA studies on desalination technologies powered by fossil fuels is (R. 

Gemma Raluy, Serra, & Uche, 2005), where MSF, MED, and RO were compared utilizing 

the SimaPro tool and three lifecycle impact assessment (LCIA) methods: CML 2 baseline 

2000, Eco-Points 97, and Eco-Indicator 99. The results revealed that the highest 

environmental impact occurs during the operational phase of a plant. RO plants had the 
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smallest environmental impact, followed by MED and MSF plants. The authors also 

considered the integration of renewable energy with desalination (for providing electricity 

only) and found that the environmental load decreases when electricity is provided by a 

clean source. This work was unique and valuable since it relied on commercial plant data 

for the life-cycle inventory and calculated the specific emissions of three major desalination 

technologies. However, its conclusions are region specific because it relied on the European 

profile for electricity and natural gas supply. Further, the above study considered the use 

of renewable energy for supplying electric energy only to the chosen thermal desalination 

technologies (MSF and MED). This limits the conclusions that can be drawn from this 

study. Many other relevant studies examined the environmental impacts of desalination 

plants from a purely qualitative view point, such as (Lattemann & Höpner, 2008; Mezher, 

Fath, Abbas, & Khaled, 2011; Morton, Callister, & Wade, 1997) which is not sufficient for 

sound policy making. In (Tokui, Moriguchi, & Nishi, 2014), the authors carried out an 

environmental impact assessment of MSF and RO plants in Saudi Arabia utilizing an index 

(that evaluates sustainability of desalination plants as a function of environmental footprint 

and net economic value)  which they referred to as the “inclusive impact index light.” The 

results revealed that RO plants have a lower impact because of their lower electrical energy 

consumption. The authors also highlighted that if 40–50% of the power consumed comes 

from renewable sources, then desalination plant sustainability can be realized. This is a 

useful study; however, it didn’t consider a desalination system powered by renewable 

energy. In the study by (Shahabi, McHugh, Anda, & Ho, 2014), the authors conducted a 

LCA study on a hybrid renewable-energy-driven (wind and solar PV) RO system with 

variable contribution levels of the solar PV resource. Surprisingly, it was reported that 

greenhouse gas (GHG) emissions from the plant depend primarily on the treatment 

chemicals used. This ran counter to most studies that indicated that the operation phase of 
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desalination plants creates the largest environmental impact (in categories affected mainly 

by GHG emissions, such as climate change), such as (R. Gemma Raluy et al., 2005; R.G. 

Raluy, Serra, Uche, & Valero, 2004; Tokui et al., 2014). In the previous study, the solar 

PV system had only an 8% contribution to the energy requirements of the RO plant and 

hence, the results of this studies are not very representative of a solar-driven desalination 

system. Most LCA studies on desalination focus only on RO, while thermal desalination 

processes are rarely examined (Del Borghi et al., 2013; Hancock et al., 2012; Muñoz, Milà-

I-Canals, & Fernández-Alba, 2010; Ras & Von Blottnitz, 2012; Zhou et al., 2011, 2014). 

Based on the literature review, it can be deduced that little attention was given to evaluating 

the environmental impacts of thermal desalination in a systematic way (conventional or 

powered by solar power). This chapter addresses this issue from a life-cycle perspective. 

 

4.3 Solar-Driven MED: Concept Development 

 

In this study, we apply the concept of LCA to quantify the environmental impacts of solar-

driven thermal desalination that uses the low-pressure MED process and is powered by a 

solar linear Fresnel collector. Figure 48 presents a schematic and description of the 

investigated system. Utilizing the Engineering Equation Solver (EES) tool, we developed  

and validated a steady-state model for the entire plant and examined the plant’s 

performance under the climate conditions of Qatar (Alhaj et al., 2018). The plant is 

composed of a low-pressure MED chamber and a solar linear Fresnel collector which 

supplies the saturated steam to the MED evaporators. The EES model is composed of 

monthly solar direct normal irradiance for Doha, Qatar; energy balance equations for the 

solar field, energy, and mass; salt balance equations for the MED section; and energy 

balance equations for the air-cooled condenser. The solar radiation data fed into the model 
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is based on ground measurements taken in Doha, Qatar. The sea water temperature and 

salinity data fed into the model is typical for sea water in the Arabian Gulf region (30 °C 

and 48 g/kg, respectively). The MED plant’s recovery ratio is 30%. The EES model we 

developed was validated through comparisons with data from commercial desalination 

plants (Alhaj et al., 2018). The results from our EES model simulation revealed that by 

utilizing low pressure steam and a relatively large number of evaporators (10 evaporators), 

it is possible to reduce mechanical energy consumption by 59% (compared to conventional 

high-pressure MED plants). Furthermore, the optimized process resulted in a reduction of 

the required solar field aperture area of 25%, which represents a significant savings in terms 

of capital and operating costs. The incorporation of an air-cooled condenser reduces the 

plant’s water consumption by 2 m3 for every 1 m3 of feed water. The water storage concept 

results in low plant availability (approximately 20%), but it was found that this results in 

lower plant capital costs when compared to utilizing a sensible or latent heat storage system. 

The concept development and validation in this study is extremely important because the 

inputs for the LCA study are based on the EES model developed. 
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Figure 48: The proposed solar-driven desalination plant (reproduced with permission from 
the publisher) (Alhaj et al., 2018). The thermal energy is provided by utilizing a solar LFC 
with pressurized water as a heat transfer fluid. The MED chamber is a low-pressure system 
composed of seven effects with brine recirculation. An air-cooled condenser is utilized 
instead of the conventional water-cooled condenser. Excess water produced during the day 
is stored in the water storage tank. This configuration is a hybrid configuration because the 
thermal energy is provided by the solar collector while the electric pumping energy is taken 
from the grid. Therefore, our plant only operates during daytime. 

 

4.4 Chapter Methodology  

 

In this study, we conducted a standalone LCA on the optimized solar-driven MED plant 

shown in Figure 48 and by considering the system boundary shown in Figure 49. The 

results of the LCA were expressed as a contribution analysis allows us to understand the 

relative impact of each phase in the plant’s lifecycle. Furthermore, a comparison between 

solar-driven thermal desalination and conventional desalination was also conducted. This 

comparison helps in quantifying the environmental benefits of solar desalination and also 

can be used for benchmarking various solar-driven desalination technologies. Additionally, 

the effect of selecting a different solar collector was also studied. For this comparison, the 

LFC was compared with the PTC (which has a higher optical efficiency and hence requires 
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less aperture area). Ultimately, we quantified the environmental benefits of this technology 

as a means of supporting environmental and energy policy making.  

 

In addition, the LCA rating of the solar-desalination plant was evaluated across seven 

water-stressed cities around the world which are shown in Figure 50. The goal of this multi-

regional LCA study is to quantify the environmental impacts of producing 1 m3 of 

freshwater from a solar-driven MED plant in seven different locations. The selected 

locations all experience some form of freshwater scarcity and all rely on seawater 

desalination to meet some of their freshwater demand (albeit by varying contributions). 

These locations differ in: solar direct normal irradiance (DNI), seawater temperature and 

salinity, and ambient air conditions (in the month selected for the simulation). These 

differences will result in a significant variance in the performance of a solar desalination 

plant (in terms of energy consumption and required solar field area to produce 1 m3 of 

freshwater).  

 

Hence, this chapter includes two sets of results; the results of the standalone LCA and the 

results of the multi-regional LCA. 
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Figure 49: LCA boundaries for a solar-driven desalination plant.  The solar field and MED 
plant construction phases show relative mass contribution of each material to the total bill 
of materials. 

 

Figure 50: Locations selected for the comparative LCA study.  Each location is 
characterized by: DNI, water stress index (WSI) in 2040 under the “business-as-usual” 
scenario as forecasted by the World Resources Institute (Luo et al., 2015), seawater 
temperature (Tsw), seawater salinity (Xsw), and regional electricity grid mix. The WSI is 
used to characterize water stress in each location.  
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The data required to conduct the LCA is:  

• Bill of materials for the solar field and the desalination plant 

• Thermal and electrical energy consumption of the entire plant 

• Chemical dosages for the feedwater pre and post treatment processes 

• Plant capacity (or freshwater productivity) and lifetime (in years) 

 

Table 35 provides the data used to conduct the standalone LCA (for Qatar). The bill of 

materials for the solar field was based on commercial data for LFC and PTC power plants 

provided by manufacturers. This data scaled down by assuming a linear relation between 

materials mass and aperture area. The construction bill of materials for the solar fields is 

composed of steel, aluminum, glass mirrors, insulation, and concrete foundations. We 

utilized commercial plant data for construction material inventory for the LFC solar field 

(based on the 30 MW Puerto Errado 2 (PE2) power plant in Spain) (Aurélie, Germain, 

Léda, & François, 2013). This plant is the largest of its kind in the world and one of only a 

few that utilize an air-cooled condenser, meaning it is very similar to our proposed design. 

The LCA design parameters are given in Table 36; the functional unit is 1 m3 of freshwater 

at the plant (which is the unit used in all LCA studies on desalination), the thermal energy 

consumption was calculated from the EES model we developed (this value is actually very 

typical for low-pressure MED), and the electrical energy consumption (which was also 

calculated from the EES model) is effectively the pumping energy for both the solar field 

block (the heat transfer fluid (HTF) pumps) and the desalination plant (the brine 

recirculation pumps). The sea water pretreatment chemicals utilized are hydrochloric acid 

(30% blended), antifoaming agents, sodium hypochlorite, sodium bi-sulfite, and an anti-

scaling agent (sulfuric acid). The final distillate is also treated utilizing calcium hydroxide 

(for remineralization) and sodium hypochlorite (for disinfection). The bill of materials for 
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desalination system construction consists of the materials for the evaporator walls, tube 

plates, and tubes. It was assumed that the construction materials are processed in the EU. 

The data required for the multi-regional LCA analysis is given in Table 37. 

 

With regards to the multi-regional LCA, the reference flows for each city include: annual 

solar radiation, seawater temperature and salinity, construction materials, electric energy 

(based on the regional grid mix), and pre and post treatment chemicals. The design point 

for evaluating the performance of the air-cooled condenser for all locations was the month 

of July (air temperature and humidity from each country’s meteorological department were 

used as an input in the EES model to calculate the energy consumption of the air-cooled 

condenser). The same EES model introduced in Chapter 3 was used to calculate some of 

the reference flows (the electric pumping energy) to the LCA system boundary for this 

LCA study.  

 

The solar field aperture area required to produce 1 m3 of freshwater in each location, annual 

average direct normal irradiation, estimated specific pumping energy, recovery ratio, dry-

bulb temperature, and seawater salinity are given in Figure 51 and Table 37. Figure 51 

shows the calculated solar field aperture area for each location alongside the solar intensity. 

The solar intensity is characterized by the DNI which is the component that has the highest 

impact on the performance of concentrating collectors. As evident from the figure, the 

higher the solar intensity, the smaller the solar field area. The difference in aperture area 

between the location with highest DNI (Chile) and lowest DNI (Australia) is 43%. The 

significant variation in DNI between one location and another highlights the need for 

accurate solar resource assessment before plant commissioning. As the solar field area 

increases, we expect higher land-associated environmental impacts. There was also a 
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considerable difference between each location and the other in terms of electric energy 

consumption. This is attributed to the variation in seawater salinity, seawater temperature, 

and ambient air conditions which all directly affect the process’s energy performance. 

Table 37 shows the pumping energy and recovery ratio for all locations. The recovery ratio 

is defined as the ratio of distillate to feed water which is affected by the sea water salinity. 

Thermal desalination plants can operate at a high recovery ratio if the feedwater’s salinity 

is low, which can be observed in Table 37. The drastic variation in pumping energy in is 

caused by dry bulb temperature variation, which greatly affects the energy consumed by 

the air-cooled condenser (Alhaj et al., 2018) (i.e at higher ambient temperatures, the air-

cooled condenser consumes more energy). 

  

The LCA was conducted utilizing the Gabi software (by Thinkstep). The plant data in Table 

35 and Table 36 was input in GaBi by locating the appropriate reference flow names from 

GaBi’s local databases (which includes the life-cycle inventories for the materials 

construction and also for energy processes). The ReCiPe 2016 impact assessment method 

in GaBi was used to calculate the impact scores for five mid-point impact categories; 

climate change, ozone depletion, fossil depletion, water depletion, and human toxicity. The 

end-of-life phase for both the MED plant and the LFC solar field was neglected because it 

has a minimal contribution as found from previous LCA studies (Heath, Burkhardt, & 

Turchi, 2011; R. Gemma Raluy et al., 2005). The electric pumping energy is taken from 

Qatar’s grid mix (100% natural gas) which is provided in GaBi’s local database. 
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Table 35: Bill of materials for the LFC and PTC solar fields (scaled down from the values 
given in (Aurélie et al., 2013). 

Component LFC solar field  
(Aperture area of 
221 m2) 

PTC solar field  
(Aperture area of 
192 m2) 

Units 

MED plant 
productivity 

1  1  m3/h 

Optical efficiency 66 76 % 
Float Glass Mirrors 1617.06 1848.12 kg 
Steel (support 
structures) 

4758.57 5025.86 kg 

Steel (receiver tube) 4.26 121.19 kg 
Steel (cold and hot 
pipes) 

159.42 172.72 kg 

Borosilicate Glass 131.07 96.70 kg 

Fiber Glass Wool 22.66 10.12 kg 

Concrete 234.70 1284.53 kg 

Aluminum Pipes 12.90 18.35 kg 

Condenser 34.20 15.27 kg 
HTF (Water) 339.79 151.73 kg 

 

Table 36: LCA design parameters. 

Parameter Description 
Functional unit 1 m3 of fresh water at plant 
Thermal energy consumption 76 kWh/m3 
Electric energy consumption 4.2 kWh/m3 
System lifetime 30 years (Hang, Balkoski, & Meduri, 

2013) 
Region Doha, Qatar 
Construction material inventory for the 
solar field 

Commercial plant data provided by 
(Aurélie et al., 2013) 

Treatment chemical dosage Typical for plants in the Arabian Gulf 
region (M. Darwish et al., 2013) 
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Figure 51: Solar field aperture area required to produce 1 m3 of freshwater for each 
location.  The solar intensity is the annual average direct normal irradiation. 

 

Table 37: Pumping energy, distillate recovery ratio, ambient air temperature (in July), and 
seawater salinity for all locations. 

Location Pumping 
Energy 
(kWh/m3) 

Recovery 
Ratio 

Dry Bulb 
Temp. (C) 

Seawater 
Salinity (g/kg) 

Kuwait, Kuwait 7.9 0.32 41 45 

Algeria, Algeria 7.8 0.45 37 35 

Abu Dhabi, UAE 6.8 0.33 35 45 

Torrevieja, Spain 4 0.46 29 35 

Carlsbad San Diego, 
CA 

2.8 0.58 22 25 

Sydney, Australia 2.7 0.58 19 25 

Escandida, Chile 1.5 0.58 16 25 

 

4.5 Chapter Results and Discussion 

4.5.1 Standalone LCA Results 

 

Figure 52 presents a contribution analysis of the proposed solar-driven desalination plant. 

This result is representative of the construction and operation phases. One can observe from 
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this figure that most of the impact arises from the operation phase (solar field operation and 

MED operation) in all categories, with the exception of ozone depletion and human 

toxicity. The operation phase is strongly affected by natural gas usage, which is the only 

source of electricity in Qatar, while ozone depletion is primarily caused by the use of 

pretreatment chemicals. In fact, 84% of ozone depletion is caused by the antifoaming agents 

utilized to pretreat the feed water. Unfortunately, this is an “unavoidable” consequence of 

utilizing these agents, which contain a high amount of ozone depleting substances. Sea 

water foaming is a common phenomenon because of its impurities and contaminants. All 

thermal desalination plants require antifoaming agents to maintain the optimal performance 

of evaporators. Human toxicity impact is affected by the construction phase of the solar 

field because of the large amount of steel required, with 84% of human toxicity impact 

stemming from solar field construction (70% of the mass of the solar field studied is 

stainless steel). This is attributed to the presence of some heavy metals in stainless steel 

such as chromium and also to the welding process in stainless steel processing which 

releases chromium to the environment (Tchounwou, Yedjou, Patlolla, & Sutton, 2012). By 

comparing the results in Figure 52 with a similar LCA study on a RO plant powered by 

wind and solar power (Shahabi et al., 2014), we can conclude that the relative contribution 

of each subsystem in a renewable-energy driven desalination system is highly dependent 

on the plant configuration. The LCA study by Shahabi et al. (Shahabi et al., 2014) , which 

investigated a RO plant powered entirely by wind power, revealed that 60% of the impact 

in the category of greenhouse gas emissions was a result of chemical usage. This was 

because there was very little fossil fuel usage within the system’s life cycle boundary (the 

only consumption of fossil fuel occurred during the construction of the wind turbines). 

Similarly, if we were to change our plant’s configuration to have 100% solar energy 
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dependence (for thermal and electric energy requirements), the results would be very 

different.   

 

 

Figure 52: Disaggregated contribution analysis of the solar-driven desalination plant. 

 

The LCA results of this system were compared to those of a conventional MED plant 

operating on natural gas. Such plants are cogeneration plants that produce both desalinated 

water and electricity based on a combined power cycle (natural gas combined cycle 

(NGCC)). NGCC desalination will be referred to as conventional MED. The power plant’s 

overall efficiency is 48% (M. Darwish et al., 2013). This assumption aids us in the 

allocation procedure for impacts as a result of the MED processes powered from a natural 

gas co-generation plant. In other words, we assumed that the impact due to thermal energy 

from exhaust low pressure steam (which enters the MED plant) produced due to natural 

gas combustion is only 52% of the total thermal energy entering the natural gas turbine (the 

remaining 48% will constitute impact that represents the power generation phase which, in 

our case, is outside the system boundary). Due to the lack of comparable data for the 

construction phase of both systems, only the operation phase was selected for this 

comparative study.  A comparison between the solar-driven MED and conventional MED, 

in the plant operation phase, is presented in Figure 53a. It was found that the solar-driven 
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MED plant reduces the climate change impact by 10 kg of CO2 eq. for every 1 m3 of fresh 

water (i.e, 78% reduction). There is a negligible difference between the systems in the 

ozone depletion category because the systems have the same consumption rate of pre- and 

post-treatment chemicals. The solar system has a slightly lower ozone depletion potential 

due to the utilization of thermal energy from a clean source. Additionally, the human 

toxicity impact for the conventional MED plant is three times more than the solar MED 

plant due to the extraction and processing of natural gas that supplies thermal energy to the 

plant. The water depletion impact is slightly higher for the solar MED system due to more 

electric energy consumption (for recirculation of the HTF in the solar field).  
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Figure 53: Normalized impacts.  Panel (a) shows the normalized impacts of solar-driven 
MED and conventional MED in the plant operation phase only. The impacts in each 
category were normalized with respect to the conventional MED plant results. Panel (b) 
shows the LCA rating for two solar collectors integrated with MED. The results are 
normalized with respect to the LFC. Land area was calculated based on reference values 
from commercial plants. The results are representative of the construction and operation 
phases. 

 

The effects of selecting a different solar collector for our plant, namely the PTC, was 

investigated. PTCs are more commercially mature than LFCs and have been used 

extensively in large-scale solar thermal power plants. Currently, the total power generation 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Climate Change

Ozone Depletion

Water Depletion

Fossil Depletion

Human Toxicity

Normalized Impact

Solar-Driven MED Conventional MED

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

Climate Change

Metal Depletion

Fossil Depletion

Land Area

Normalized Impact

Parabolic Trough Collector Linear Fresnel Collector

(a) 

(b) 



151 

capacity of PTC solar power plants in the U.S. exceeds 1.6 GW (CSP Today, 2015). PTCs 

also have a higher optical efficiency, meaning they can operate with a smaller aperture area. 

However, they have higher space requirements (Cau & Cocco, 2014). When comparing the 

PTC to the LFC, we chose to add another impact category called metal depletion. This 

category was added because the construction phase is the distinctive phase when comparing 

these collectors. The distinctive feature in this analysis was the materials requirements to 

construct two solar fields, where each solar field was required to power the same MED 

plant. The solar fields have different aperture areas because of the difference in optical 

efficiency between the collectors. We assumed that the optical efficiency of the PTC is 

76% (SkyFuel, 2017). We utilized commercial plant data from (Aurélie et al., 2013) to 

develop the bill of materials for each solar collector after scaling it to match our system 

size (capacity of 1 m3/h). Table 35 shows the bill of materials for two solar fields: one 

utilizing a LFC and the other utilizing a PTC. Both collectors were assumed to have the 

same lifetime (30 years) and both are operating under the same solar radiation profile. The 

desalination plant’s productivity is the same in both cases. Since we are mainly interested 

in materials consumption and land use for this comparison, we plotted the normalized 

impact for both collectors for the following impact categories: climate change, fossil 

depletion, metal depletion, and land area. The metal depletion and land area categories 

provide a good assessment of the construction related impacts of both collectors. Climate 

change and fossil depletion were added as a validation step since we expect them not to 

change significantly.  

 

Figure 53b presents the results for this comparison. This figure represents the life cycle 

impacts during the construction and operation phases. One can observe that the LFC has a 

better LCA rating in all three categories. It was found that the LFC solar field’s metal 
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depletion impact is 24% less than the PTC solar field. This can be attributed to the 

simplicity of the LFC in terms of structure (flat mirrors) and lower space requirements. 

PTC solar fields are composed of curved mirrors, meaning they require more materials for 

a given aperture area. Additionally, commercial PTC plants require high pressure joints, 

which add to the bill of materials. Land utilization is also a drawback of PTCs. In fact, by 

calculating the ratio of land area to aperture area for two commercial concentrating solar 

power plants (Andasol PTC plant and PE2 LFC plant in Spain), we found that the land area 

required per aperture for the LFC is 24% less than that for the PTC. This translates into a 

significant reduction in land use impact for the LFC. 

 

4.5.2 Multi-regional LCA Results 

 

The disaggregated climate change impact for all locations is shown in Figure 54. The most 

interesting finding from this figure is that the environmental impacts of a solar-driven 

desalination plant are not necessarily inversely related to the solar intensity. As this figure 

shows, Kuwait, Algeria, and Abu Dhabi all have relatively high DNI levels and yet the 

solar MED plant located in these three locations had the highest impacts. Such trend is 

caused by high sea water salinity and high ambient temperature which cause higher 

electricity consumption, as evident from the pumping energy values in Table 37. We can 

observe from Figure 54 a trend of lower emissions for locations where the sea water salinity 

is between 25 and 35 g/kg. The mean value of emissions is 4.32 kg CO2/m3 which is 

significantly lower than literature values for conventional MED desalination plants; 18.05 

kg CO2/m3 reported by Raluy et al. (R. Gemma Raluy et al., 2005) and 8.18 kg CO2/m3 

reported by Darwish et al. (M. Darwish et al., 2013). In all locations, the plant operation 

phase (MED operation and solar field operation) both contribute the highest to total 
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emissions. The impact in the fossil depletion category had a similar profile as the climate 

change category. The above categories are both directly affected by the regional grid mix 

in each location. We observed that locations with a diversified grid (i.e more than four 

sources such as Spain, U.S, Chile, and Australia) had lower impacts. The three Middle 

Eastern locations (Algeria, Kuwait, and UAE) all relied on natural gas or heavy fuel oil 

which have more emissions as compared to hydropower, nuclear power, and wind power. 

This great variation is a major reason why the difference, in CO2 emissions, between the 

best and worst locations is 7 kg CO2 eq./m3. This highlights the fact that the potential of 

reducing associated impacts of desalination by utilizing solar desalination plants is highly 

variable and is affected by multiple geospatial factors, many of which are beyond the scope 

of desalination engineering. We must note here that locations where the seawater salinity 

was low (e.g Carlsbad San Diego and Escandida) would normally employ a RO system 

because it is more efficient from an energy and cost viewpoints. However, a thermal 

desalination system may still be used under some circumstances such as operation with 

brine recirculation or operation as a cogeneration plant producing electricity and water. The 

experimental work by Stuber et al. (Stuber et al., 2015) (was a pilot project implemented at 

California’s Central Valley) indicate a significant potential of using solar thermal collectors 

and MED for treating brackish water.  
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Figure 54: Disaggregated climate change impact in all locations. These results are 
representative of the construction and operation phases only.  

 

Water depletion refers to the reduction in freshwater availability which has a direct impact 

on human health (Huijbregts et al., 2016). For all locations, water is depleted in the plant’s 

life cycle by two main processes: the power generation cycle (from raw materials extraction 

to electricity generation) and water used for cleaning the solar field’s mirrors. We found 

that in all cases, at least 56% of the water depletion impact occurs due to the energy 

consumption phase as shown in Figure 55. In general, concentrated solar power plants 

(CSP) (such as the one addressed in this study, that uses the LFC) require immense amounts 

of water to clean the mirrors in order to maintain optimal mirror reflectivity. For all  

locations studied, it was assumed that 27 L of water per m2 of mirror aperture is required 

for such purpose (Palenzuela et al., 2015a). However, our previous result highlights that 

the electric pumping energy has a significantly higher impact in terms of life-cycle water 

consumption. The locations with the highest water depletion impact (Abu Dhabi, Algeria, 

and Kuwait) all have a grid that relies heavily on fossil fuels, such as heavy fuel oil and 

natural gas, and hence, they had a high score for water depletion. Locations in which the 
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grid is more diversified (for example: by relying on more renewable energy) had a far lower 

impact - producing electricity from renewable energy technologies, such as solar PV and 

wind, requires less water as compared to nuclear power and coal technologies (Meldrum, 

Nettles-Anderson, Heath, & Macknick, 2013). Such result highlights the need for a 

comprehensive environmental assessment of solar-desalination plants. However, given that 

solar-desalination plants operate within a complex water and energy ecosystems, their LCA 

rating will vary significantly as the system boundary changes. We must also emphasize 

here the issue of water value. Desalted potable water has a notably higher value in water 

stressed regions like the Arabian Gulf, where renewable water resources are limited. Hence, 

we must not assume that 1 m3 of desalted water in Abu Dhabi has the same value as 1 m3 

of desalted water in California. For detailed information about the disaggregated grid mix 

for each location, the readers are referred to the supporting information. 

 

Figure 55: Life-cycle water depletion impact across all locations. 

 

The impact of the grid mix was also noticeable on the human-health impact which is 

defined as human toxicity in ReCiPe 2016. Human toxicity refers to the impact on human 

health due to the release of certain chemicals into the food chain, their toxicity effect, or 

their “environmental persistence” (Huijbregts et al., 2016). The ReCiPe 2016 method uses 
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an infinite time horizon, all possible chemical exposure routes, emissions to air, water, and 

soil, and all chemicals with reported TD50 (as a measure for carcinogenicity). The 

characterization factor for human toxicity is kg of 1,4 dichlorobenzene equivalent (1,4 

DCB- eq). Figure 56 shows the normalized (with reference to the total impact in each 

location) and disaggregated human toxicity impact for all locations. It can be observed that 

the human toxicity impact occurs mainly due to the solar field construction (due to energy 

required for extraction and processing of stainless steel; the most used material in the 

plant’s bill of materials) and the electric pumping energy (represented here by the solar 

field operation phase and the MED operation phase). Locations in which most of the grid’s 

electricity is derived from fossil fuels (particularly natural gas, coal, and oil) such as 

Algeria, Kuwait, and Chile experience highest impact on human health due to the energy 

generation phase and not the solar field’s construction. There are severe life-cycle human 

health impacts of electricity generation from fossil fuels as highlighted by several studies 

(Caiazzo, Ashok, Waitz, Yim, & Barrett, 2013; Hitt & Hendryx, 2010; Machol & Rizk, 

2013). These impacts can only be reduced by either gradually decarbonizing our electricity 

grid and simultaneously adopting energy efficient desalination technologies. The results 

depicted in Figure 56 indicate that the human health impacts of a solar desalination plant 

are highly dependent on the local grid mix and hence providing a generic conclusion, about 

which life-cycle phase is more impactful, is not always possible. In some cases, the plant’s 

solar field’s construction phase can be the most impactful. However, this impact is only 

relevant in the country where the solar field is constructed which might not be the same as 

the country where the solar desalination will be assembled. This creates uncertainties when 

attempting to assess local environmental impacts. 
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Figure 56: Normalized and disaggregated human toxicity impact across all locations. 

 

4.5.3 Study Limitations and Results Uncertainty 

 

Given the data intensity of this LCA study and the difficulty in obtaining accurate data for 

each location, this study included a number of limitations. The most significant limitation 

of this study is that it is based on a specific, and not a generic, configuration of a solar-

driven thermal desalination plant. Although we do believe that this configuration is the 

optimum one for integrating multi-effect distillation plants with solar power as also 

highlighted in our published study (Alhaj et al., 2018), yet, there are several other 

configurations that may be suitable in specific scenarios. However, our configuration (a 

solar LFC, low-pressure MED, and an air-cooled condenser) is suitable for water supply in 

remote coastal areas and possibly also for agricultural applications like subsurface water 

treatment. The solar radiation estimates were based on satellite-derived data and are also 

averaged for the entire year. Using solar radiation from ground measurements and at a 

smaller resolution (e.g monthly data) would refine our results. Furthermore, the electric 

energy consumption of the air-cooled condenser was based on our calculation at one design 
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point (the month of July) and not on the annual performance. Due to data unavailability, 

we also assumed that the pre and post treatment stages are the same for all locations (i.e 

same chemicals and same dosages). In reality, each desalination plant will have different 

chemicals due to the variation in sea water quality. Our LCA study didn’t draw comparisons 

with other solar desalination technologies like PV-RO due to missing or inconsistent data. 

Among the published works on the impacts of PV-RO systems, Stokes et al. (Stokes & 

Horvath, 2009) reported a value of 0.72 kg CO2/m3 using a hybrid LCA decision support 

tool. This is more than 80% lower than the mean emissions value for solar-MED from our 

results, albeit the system boundaries and the LCA methodology are different. 

 

The main source of uncertainty in our results is the estimation of plant operational energy 

usage (effectively the electric energy consumption) which directly affects the solar field 

operation and MED operation phases. Our assumptions for the corresponding reference 

flows here, although based on the validated EES model; yet these values are not 100% 

representative of real-life operation. Our EES model assumes steady-state operation of the 

plant which is not always true due to the impact of transients such as sudden cloud cover 

or fluctuations in the instantaneous solar intensity or seasonal variations in feedwater 

properties on the plant’s operation phase. This uncertainty will affect the impact categories 

of climate change, water depletion, and fossil depletion which are all highly dependent on 

the operation phase as shown in Figure 52. Further, the bill of materials for the construction 

of the LFC and PTC systems, although taken from real plants, may not resemble a small 

plant like ours accurately especially considering that we assumed a linear relation between 

materials mass and solar field aperture area when scaling down the values. This is not 

necessarily true. The uncertainty in materials consumption affects the human toxicity and 

land use impact. However, the general trend in the results is expected to be the same (ie. 
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the LFC system having a lower environmental footprint than the PTC). The results for 

ozone depletion are highly dependent on the dosages for the pre and post treatment 

chemicals, which in our analysis, were representative of thermal desalination plants in the 

Arabian Gulf. The chemical usage for desalination plants can vary significantly as water 

quality changes and hence we must evaluate the ozone depletion impact as being very 

region-specific. 

 

4.6 Chapter Conclusion  

 

Thermal desalination technologies can help reduce freshwater scarcity, which affects two 

billion people globally. In many countries in the Middle East region, such technologies are 

the only source of potable water. Integrating solar power with desalination plants can 

potentially reduce their energy-associated impacts. This chapter examined the 

environmental impacts of thermal desalination plants powered by concentrated solar power 

collectors. We conducted a standalone LCA on an optimized plant that utilizes a low-

pressure, multi-effect distillation process and solar heat from an LFC. We also conducted 

a LCA on the same plant when operated in several water-stressed cities around the world. 

Our results revealed that the plant construction phase would have a negligible impact in all 

categories other than human toxicity (as a result of presence of heavy metals like chromium 

in stainless steel and also due to the steel welding process). The plant’s operation phase is 

affected by electricity generated from natural gas power plants. The operation phase 

account for approximately 80% of the climate change impact. Our integrated solar 

desalination plant can potentially reduce the climate change impact by 10 kg of CO2 eq. for 

every 1 m3 of fresh water produced and reduce human toxicity impacts by three times as 

compared to conventional MED. Chemical usage in the desalination process has a 
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significant impact on ozone depletion based on the consumption of antifoaming agents that 

contain a many ozone-depleting substance. This may give thermal desalination 

technologies an advantage over RO systems because of the minimal pretreatment 

requirements for thermal technologies (Alhaj, Hassan, et al., 2017). Given our boundary 

conditions and assumptions, we found that the LFC has a smaller environmental impact 

and 24% less land area than the PTC as a result of its simpler structural requirements. The 

multi-regional LCA revealed that the mean value for CO2 emissions for solar thermal 

desalination is 4.32 kg CO2 eq./m3 of desalted water which is 47% lower than conventional 

thermal desalination (based on natural gas combined cycle). There is a variation by as much 

as 80%, 95%, and 92% in the climate change, water depletion, and human toxicity 

categories respectively across the selected cities. It was also found that there is a trend of 

lower CO2 emissions for locations where the sea water salinity is between 25 and 35 g/kg. 

We also found that in all locations, at least 56% of the water depletion impact occurs due 

to the plant’s energy consumption.  

 

Tackling the challenge of global water scarcity requires exploring thoroughly the role of 

renewable energies and seawater desalination technologies in light of the energy-water 

nexus. Renewable energies like solar power can drastically reduce the energy-associated 

impacts of desalination. However, the uneven spatial distribution of renewable energy 

resources will lead to uneven avoided impacts as depicted from our results in Figure 54. 

There is no solution that “fits all”. Cities in which the grid mix is more diversified, seawater 

has low salinity, and where solar intensity is high achieved the best LCA rating as per our 

analysis. A higher solar intensity doesn’t necessarily mean lower CO2 emissions for solar-

desalination plants, since the environmental impact is also affected by other parameters like 

seawater temperature and salinity. Further, the LCA results given in Figure 54 and Figure 
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56 highlight the importance of accurate solar energy and water resources assessment when 

evaluating the environmental footprint of solar-desalination plants. Policy makers must 

note these issues before mandating the implementation of any solar-driven desalination 

plant. 

 

The above conclusions all indicate the need for developing comprehensive decision support 

tools (that incorporates LCA) for evaluating solar-driven desalination technologies in light 

of the “solar-water nexus” as referred to by (Norwood & Kammen, 2012). Recommending 

water and energy resources management policies in light of the energy-water nexus is an 

approach followed by several researchers (Frumhoff et al., 2015; Grubert & Webber, 2015; 

Siddiqi & Anadon, 2011). These tools must consider the suitability of different solar 

technologies (PVs vs CSP) given the available solar resources (GHI vs DNI), which 

requires an interdisciplinary approach. As an example, if we want to consider PV-RO 

systems, then we have to examine the GHI because the performance of PVs is more 

sensitive to the GHI than to the DNI as is the case with CSP collectors. Further, we must 

also consider that thermal desalination technologies like MED and MSF are more suitable 

for treating harsh seawater quality than RO, whereas RO has the advantage of lower 

specific energy requirements. When benchmarking and comparing solar-desalination 

technologies in different locations, we must recognize the unequal value of desalted water. 

We need to propose ways to incorporate this externality in our definition of the functional 

unit. Another externality we must consider is land. Our results in Figure 51 highlighted that 

a difference of up to 43% in solar field aperture area can occur due to the variation in solar 

intensity. This has direct land use impacts such as destruction of vegetation and damage to 

wildlife. However, in many of the desert-like arid environments in the Middle East region, 

these land use impacts are negligible. Additional research efforts in LCA are needed to 
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address these issues and as a result better inform policy makers about the environmental 

rating of solar-desalination technologies. The relation between solar-desalination and the 

SDGs must always be emphasized when we analyze these systems at a global scale. 

 

4.7 Chapter Associated Content 

 

Appendix II contains detailed LCA scores across all considered impact categories for the 

standalone LCA (solar MED plant operating in Qatar), LCA scores for the LFC and PTC, 

and estimated LCA results for conventional MED in Qatar. Appendix II also includes the 

regional electric grid mix for all seven locations and the detailed impact scores for each 

location (in the multi-regional assessment) disaggregated by life-cycle phase.  
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CHAPTER 5 ECONOMIC FEASIBILITY  

 

Chapter Summary: 

Solar thermal desalination has the potential to reduce the environmental impacts of 

desalination and supply freshwater in remote areas, but it still has not been demonstrated 

in a commercial project. This problem raises concerns about the long-term reliability and 

economic feasibility of this technology, particularly when implemented at a large scale, 

which is the niche market for desalination. In this chapter, we obtained further insights into 

the economics of solar thermal desalination based on a representative calculation of the 

levelized cost of water (LCOW) and cost sensitivity analysis. In addition, we compared our 

cost estimations with those of previous studies and evaluated the reasons for their 

significant variation. Moreover, we discuss market commercialization barriers from a 

policy perspective. We found that the LCOW for solar-driven thermal desalination ranges 

from $0.94–4.31 per m3 of freshwater, where the cost is affected mainly by the capital 

expenditure on the solar field and the operating expenditure of the desalination plant. Little 

empirical evidence from previous studies supports the economies of scale argument for 

solar thermal desalination. Policies are required to accelerate pilot plant testing for hybrid 

solar thermal desalination systems and to incentivize private sector investments. 

 

This chapter resulted in a journal paper that is currently under review: 

M. Alhaj, S.G. Al-Ghamdi. Why is solar thermal desalination expensive? Assessing 

economic feasibility and market commercialization barriers. Solar Energy. 2019. Under 

Review. 
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5.1 Chapter Introduction 

Research on CSP coupled to desalination focuses on three main aspects: technical 

performance, environmental assessment, and economic feasibility. A sustainable solar 

desalination process should be technically sound, environmentally friendly, and 

economically feasible. These three key features are shown in Figure 57. Numerous studies 

have investigated CSP coupled to desalination systems from a technical viewpoint by 

focusing on system optimization, improving the system reliability, pilot plant testing, 

exploring various system configurations, exploring hybridization strategies, and steady-

state and dynamic modeling. In particular, a comprehensive review of the integration of 

CSP with the MED process was provided by (Alhaj, Hassan, et al., 2017)(Alhaj, Hassan, 

et al., 2017). Environmental assessments of CSP coupled to desalination (and solar 

desalination in general) were also conducted in several studies. There has been significant 

progress in research and development efforts regarding solar desalination but there is still 

no commercially operational solar desalination plant, as noted by Diego-César Alarcón-

Padilla, head of the Solar Desalination Unit at the Platforma Solar de Almeria (PSA) in 

Spain (Kraemer, 2018). This is possibly owing to the complex economics of solar 

desalination, which we investigated in this chapter.  
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Figure 57: Sustainable solar desalination pillars. A sustainable solar desalination process 
must be technically sound, have a significantly lower environmental impact compared with 
the conventional process, and it should be economically feasible.  

The economic feasibility of solar desalination is usually investigated using the levelized 

cost of water (LCOW) method or the net present value (NPV) method. Most previous 

studies employed the LCOW method and this method is preferred to the NPV method 

because it focuses on quantifying the value of the main useful output of desalination, i.e., 

freshwater. The LCOW can be expressed as: 

LCOW =	
(345>MleciÅ	`abcd<	345>Mdblica®igae®)	<	(=&™leciÅ	`abcd<	=&™dblica®igae®)

A
  (18) 

where Capexsolar,desalination comprise the annualized capital cost of the solar field and the 

desalination plant, respectively, O&Msolar,desalination comprise the annual operating cost of 

the solar field and the desalination plant respectively, and D is the annual plant freshwater 

productivity. Alsehli et al. (Alsehli, Choi, & Aljuhan, 2017) quantified the LCOW from a 

solar-driven novel MSF plant by using empirical relationships for the solar field (parabolic 

trough collector (PTC)) and the MSF evaporator. The remaining cost parameters such as 

the O&M costs were obtained from previous studies, where the authors reported a cost of 
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$2.72/m3. However, parametric or sensitivity analysis were not considered in this study. 

Askari and Ameri (Askari & Ameri, 2016) also reported a similar value ($3.32/m3) for a 

MED plant with thermal vapor compression (MED–TVC) powered by a linear Fresnel 

collector (LFC), where they used 23 parameters to estimate the LCOW. However, the cost 

data for the solar field were based solely on one design point, thereby preventing an 

accurate investigation of the impact of the plant’s scale on the LCOW. In addition, there 

was no discussion of the data uncertainty. Hamed et al. (Hamed et al., 2016) investigated 

the sensitivity of the LCOW to fuel prices for a hybrid solar-driven MED plant (using the 

MED–TVC process), which was partially run by solar energy with an integrated fossil fuel 

boiler. The average LCOW was determined as $2.84/m3. They used previously reported 

values and estimates for the major system components but did not consider details of the 

cost breakdown for individual subsystems such as the solar field. Palenzuela et al. 

(Palenzuela et al., 2015b) investigated the LCOW from a solar-driven cogeneration plant 

that operated using a PTC, thermal energy storage, auxiliary boilers, and a MED 

evaporator. The LCOW was reported as $0.94/m3, which is the lowest value found in 

previous studies. However, this study did not assess potential error margins or conduct 

uncertainty analysis, which is important given the scale of the data and the assumptions in 

the cost model.  

 

The studies mentioned above have the following three major limitations (and this also 

applies to other studies of the LCOW for solar desalination). 

• They conducted economic analyses based on one design point, without considering 

the nonlinear effects of scale, especially for the solar field. 

• Several studies compared the LCOW for solar desalination with conventional fossil 

fuel-driven desalination. Given the low technology readiness level of solar 
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desalination and the lack of commercial plant data, these comparisons were not 

meaningful at this early research and development (R&D stage). Instead, they 

should have compared the various configurations of solar desalination systems 

reported in previous studies. 

• Most studies did not address the policy implications, i.e., investigating ways to drive 

the costs down and improve the competitiveness of solar desalination at regional 

and global scales. 

Hence, in the present chapter, we developed an economic model for evaluating the LCOW 

for solar desalination using representative data from commercial thermal desalination 

plants and solar field cost data acquired from the industry. We derived the relationships for 

the solar field costs as a function of the plant scale and they were used in the model. 

Moreover, we investigated the variations in the LCOW estimates obtained in previous 

studies and the impacts of economies of scale on the feasibility of solar desalination 

systems. Market commercialization barriers and policy implications for solar desalination 

are also discussed based on the results of the economic analysis and a critical review of 

previous studies. Finally, we provide an economic perspective for policy makers and 

researchers regarding the future prospects for solar desalination. 

 

5.2 Economic Model for Calculating the LCOW for Solar Thermal Desalination 

The proposed economic model is based on the definition of the LCOW given in equation 

18, where a set of empirical relationships and cost assumptions from previous studies and 

industry-derived costs are applied in order to estimate the capital and operating costs of a 

solar desalination plant, to disaggregate the LCOW by plant subsystem, and to conduct a 

sensitivity analysis for the LCOW. The scope of the model is solar-driven thermal 

desalination and the model is used to compute the LCOW from the solar desalination plant 
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configuration shown in Figure 58. This plant uses low-pressure MED, which has a low 

pumping energy compared with the MSF process, where it can be powered by low grade 

heat and it has high tolerance of harsh sea water quality (i.e., levels of salinity and 

contaminants). The solar field is a LFC, which has greater potential for powering thermal 

desalination processes compared with other CSP collectors because of the following 

reasons (Haagen, 2012). 

• It has relatively low land use requirements. 

• The LFC uses flat mirrors, which are easier to manufacture and install compared 

with the curved mirrors in PTCs. 

• The LFC has a potentially lower specific capital cost than a PTC because it does 

not require high-pressure joints. 

• The operation and maintenance costs are lower because of easier access to the 

collector mirrors. 

In the following, we present the cost relationships for the solar field, the desalination plant, 

and the model inputs used for the reference case. 
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Figure 58: Proposed solar-driven desalination plant (reproduced with permission from the 
publisher; (Alhaj et al., 2018). Thermal energy is provided by utilizing a solar LFC with 
pressurized water as a heat transfer fluid. The MED chamber is a low-pressure parallel feed 
system comprising 10 effects with brine recirculation. An air-cooled condenser is utilized 
instead of the conventional water-cooled condenser. Excess water produced during the day 
is stored in the water storage tank. This configuration is a hybrid configuration because the 
thermal energy is provided by the solar collector and the electric pumping energy is taken 
from the grid. Therefore, this plant only operates during the daytime.  

 

5.2.1 Cost Relationships for the Solar Field 

The cost of the solar LFC comprises the annualized capital expenditure (Capexsolar) and 

operation and maintenance costs (O&Msolar). Capexsolar (in $) is the sum of the direct and 

indirect costs, and it can be expressed as: 

Capex;:84?´	(CCA;:84? +	CCLA;:84?)) × 	CRF      (19) 

CCA;:84?´	((CC;:84?	 + SI) × A) +	Cont;:84?      (20) 

where CCDsolar are the solar field’s direct capital costs ($), CCIDsolar are the indirect capital 

costs ($) (including the design and construction, land, and insurance costs; (Askari & 

Ameri, 2016), CRF is the capital recovery factor, CCsolar is the specific capital cost per m2 

of aperture area ($/m2), SI are the site improvement costs, A is the aperture area (m2), and 

Contsolar are the contingency costs. The key parameter is CCsolar , which must be estimated 

carefully using market data. Cost data for solar LFCs from Industrial Solar GmBH (a CSP 

project developer) at several solar field sizes were used to represent the CCsolar (in $/m2 of 
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aperture) as a function of the plant scale (MW of thermal power) and estimated aperture 

area under standard testing conditions (Industrial Solar thermal solutions GmbH, n.d.). 

These data are shown in Figure 59. The nonlinear profile presented in this figure shows 

that the specific solar field capital can be reduced by more than 50% at large thermal 

capacities. The specific cost of the solar field is based on the following assumptions given 

by the manufacturer. 

• Turn-key costs (including standard periphery). 

• Costs for major substructure or civil works are not included if beyond the standard. 

• Piping costs only include connections to the central interface in the collector field. 

• Customs, taxes, and transportation costs are not considered. 

• Insurance costs are not included. 

Using the manufacturer’s data, the specific cost of the LFC solar field and the required 

aperture area as a function of the plant capacity (Psolar in MW) can be approximated by the 

following relationships. 

CC;:84?´	547.606× P;:84?
ên.m~∞        (21) 

A = 	1800 × P;:84?         (22) 

The O&M costs for the solar field (O&Msolar) were assumed to be 2.5% of the total direct 

costs (Industrial Solar thermal solutions GmbH, 2018). In general, the O&M costs for solar 

LFC range from 1.25% to 2.5% of the direct costs. These costs include energy, labor, 

materials, and fixed maintenance costs.  



171 

 

Figure 59: Specific system capital costs for linear Fresnel collector solar fields as a 
function of the plant capacity (Industrial Solar thermal solutions GmbH, 2018).  

 

5.2.2 Cost Relationships for the Desalination Plant 

As shown in Figure 58, the desalination plant uses the MED technology and it incorporates 

an air-cooled condenser (which is not a standard in the industry). Similar to the solar field, 

the cost of the desalination plant is the sum of the direct and indirect costs, as shown in the 

following equations (Sommariva, 2012):  

CapexB>;486@476:@´	(CCAB>;486@476:@ +	CCLAB>;486@476:@)) × 	CRF   (23) 

CCAB>;486@476:@´	(C≤≥A + PTP + OSI +WTS + ERD)	× 	D	    (24) 

where CCDdesalination and CCIDdesalination are the direct and indirect costs of the MED 

desalination plant, respectively ($), CMED is the specific capital cost of the MED plant (in 

$/(m3/day) of productivity), PTP is the post treatment plant cost, OSI is the open seawater 

intake cost, WTS is the water transmission system cost, and ERD is the cost of the energy 

recovery device to the discharge pipeline. Accurately estimating CMED has a major 
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influence on the LCOW. In the present study, we used the relationship proposed by 

Kosmadakis et al. (Kosmadakis, Papapetrou, Ortega-Delgado, Cipollina, & Alarcón-

Padilla, 2018), which is an improvement version of the regression equation derived by 

Rahimi et al. (Rahimi, May, Christ, Regenauer-Lieb, & Chua, 2015), in order to estimate 

CMED. In addition, a factor (called Cacc) was added to the CMED relationship to model the 

predicted increase in the capital costs owing to the use of an air-cooled condenser 

(Palenzuela et al., 2013): 

C≤≥A = C499 × 6291 × Dên.m∞∑	[(1 − fF>M) + fF>M(
^

^Åb`
)m.rÄÄ × ªEÅb`

E
º
m.n�~

]  (25) 

where Cacc is the cost adjustment factor for integrating an air-cooled condenser, fhex is the 

cost fraction of the evaporator (estimated as 0.4), N is the number of effects, Nref is the 

number of effects for the reference plant (eight effects), T is the steam temperature in the 

first effect (°C), and Tref is the reference plant steam temperature (70°C). Cacc was estimated 

as 1.24 by comparing the power plant block capital cost increase for two PTC solar power 

plants (one using 100% wet cooling and the other using 100% dry cooling) given in a report 

by the National Renewable Energy Laboratory (NREL) (Turchi, Wagner, & Kutscher, 

2010). It was assumed that the cost difference between the two plants was equal to the 

capital cost of the dry-cooling system (i.e., the air-cooled condenser). The major 

assumptions and limitations of  equation 25 were given in previous studies (Kosmadakis et 

al., 2018; Rahimi et al., 2015). The annual operation and maintenance costs for the MED 

desalination plant were estimated as $1.21/m3, which are typical for MED plants in the 

Arabian Gulf region (Verdier, 2011). This estimate includes the costs of chemicals, energy, 

labor, and maintenance.  
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5.2.3 Summary of Economic Model Inputs 

A computer program was developed with the Engineering Equation Solver (EES) using 67 

equations, which were solved simultaneously to evaluate the LCOW. The specifications of 

the solar thermal desalination plant and the assumptions for the economic analysis are given 

in Table 38. The aperture area of the solar field was set as the same size as the largest 

operational LFC plant in the world, i.e., the 30-MW Puerto Errado 2 (PE2) plant in Spain.  

 

Table 38: Specifications of the solar thermal desalination plant and inputs used for 
evaluating the LCOW for the reference case. 

Parameter Value Reference 
Solar Thermal Desalination Plant Specifications 
Desalination process Multi-effect distillation  
Solar collector Linear Fresnel collector  
Plant productivity 13,422 m3/day  
Solar field aperture area 302,000 m2 (Novatec Solar, 

2012) 
Solar field thermal capacity 167.8 MW  
Plant capacity factor (or availability) 25% (Verdier, 2011) 
Specific thermal power 75 kWh/m3 (Alhaj et al., 

2018) 
Number of effects (N) 10  
Steam temperature (T) 70°C  
General Plant Cost Assumptions 
Plant lifetime 25  
Interest rate 8 (Rahimi et al., 

2015) 
Solar Field Cost Assumptions 
Direct Costs (CCDsolar) 
Site improvement (SI) $20/m2  (Askari & 

Ameri, 2016) 
Contingency (CONTsolar) 10% of total direct costs (Askari & 

Ameri, 2016) 
Indirect Costs (CCIDsolar) 
Design and construction (D&C) 15% of total direct costs (Askari & 

Ameri, 2016) 
Land $10/m2 (Askari & 

Ameri, 2016) 
Insurance costs 1% of total direct costs (Askari & 

Ameri, 2016) 
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Operation and maintenance (O&Msolar) 2.5% of total direct costs (Industrial Solar 
thermal 
solutions 
GmbH, 2018) 

Desalination Plant Cost Assumptions 
Direct Costs (CCDdesalination) 
Adjustment factor for air-cooled condenser 
(Cacc) 

1.24 Derived from 
the cost data in 
(Turchi et al., 
2010) 

Cost fraction for evaporator (fhex) 0.4 (Kosmadakis et 
al., 2018) 

Post treatment plant costs (PTP) $55/(m3/day) (Olwig et al., 
2012) 

Open sea water intake costs (OSI) $217/(m3/day) (Olwig et al., 
2012) 

Water transmission system (WTS) $292/(m3/day) (Olwig et al., 
2012) 

Energy recovery device (ERD) $29/(m3/day) (Olwig et al., 
2012) 

Indirect Costs (CCIDdesalination) 
Freight and insurance (F&I) 5% of total direct costs (Ettouney, El-

Dessouky, 
Faibish, & 
Gowin, 2002) 

Owner’s cost (OC) $0.0025/m3 (Loutatidou & 
Arafat, 2015; 
Verdier, 2011) 

Construction overhead (CO) 12.24% of total direct costs (Barak, 2012) 
Contingency (CONTdesalination)  10% of total direct costs (Ettouney et al., 

2002) 
Operation and maintenance (O&Mdesalination) $1.21/m3 (Verdier, 2011) 

 

5.3 Chapter Results and Discussion 

Two analyses were conducted using the proposed economic model: 

1. Calculating the LCOW and comparing it with values reported in previous studies; 

2. Sensitivity analysis based on the LCOW. 

The results of these and a critical assessment of relevant studies were then used to identify 

the key market commercialization barriers for solar thermal desalination and the best way 

forward from a policy perspective.  
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5.3.1 LCOW from Solar Desalination 

The LCOW from the solar desalination plant, the annualized capital and operation and 

maintenance costs, and the annual plant productivity are given in Table 39. The 

disaggregated LCOW is shown in Figure 60. These results show that that most of the 

LCOW was derived from the capex of the solar field ($1.81/m3), followed by the opex of 

the desalination plant ($1.21/m3), thereby indicating the key areas for cost optimization in 

solar desalination, which are discussed in greater depth in the market commercialization 

section of this study. The value of $4.31/m3 is slightly higher than the maximum LCOW 

found in previous studies for solar desalination (in studies that considered a commercial 

plant scale), but it is within the LCOW range of $2–32/m3 for desalination powered by 

renewable energy according to earlier reports (Moser et al., 2013; Michael Papapetrou et 

al., 2010). In general, we expected that the LCOW would be higher than previously 

reported values, mainly owing to the incorporation of the air-cooled condenser with a 

higher investment cost compared with the conventional water-cooled condenser. In 

addition, it should be noted that the plant’s availability was only 25% and there was no 

thermal energy storage or auxiliary fossil fuel boiler (in the reference case). When an 

auxiliary natural gas boiler (to allow nighttime operation) was included in the model, the 

LCOW decreased to $2.89/m3 because of the increased plant productivity with only a 

relatively small increase in the plant’s capital and operating costs.  

 

To consider our results in an appropriate context, the LCOW values obtained from several 

previous studies of solar desalination were mapped as functions of the plant productivity, 

where this map (Figure 61) compared studies that modeled commercial-scale solar-driven 

thermal desalination plants (MED or MSF), but excluded small-scale solar-desalination 
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units. According to Figure 61 , the LCOW varied from $0.94/m3 to $4.31/m3 and these 

different results may be explained by the following reasons. 

• Cost data assumptions: These assumptions are probably the most significant causes 

of variation in the estimates. In general, the capital cost estimates for desalination 

plants appear to be inconsistent. For example, Askari and Ameri (Askari & Ameri, 

2016) reported a value of $1700/(m3/day), Hamed et al. (Hamed et al., 2016) 

reported $2200/(m3/day), Palenzuela et al. (Palenzuela et al., 2015b) reported 

$1230/(m3/day), and using the relationship given by Kosmadakis et al. (Kosmadakis 

et al., 2018), we obtained a value of $2166/(m3/day) for MED. These estimates 

differ by up to 44%. The same trend is found in the solar field. By considering the 

solar LFC as an example, we found that Askari and Ameri (Askari & Ameri, 2016) 

assumed a system cost of $235/m2, Hamed et al. (Hamed et al., 2016) assumed 

$279/m2, and our economic model estimated a system cost of $214/m2. Estimating 

a more realistic value for the cost of solar desalination requires the use of regression 

equations derived from real desalination plants and CSP plants. Previous studies 

(Kosmadakis et al., 2018; Rahimi et al., 2015) of this issue should be considered, 

but further validation is still required for some of the cost correlations. The system 

boundaries defined in previous studies are another issue related to the cost 

assumptions. Several studies did not state the data included and excluded in their 

cost estimates, and qualitative or quantitative uncertainty analyses were not 

conducted. Given that research on solar desalination ultimately aims to inform 

policy makers, it is vital that some form of uncertainty analysis is conducted.  

• System configuration: Several studies considered the desalination plant as part of a 

cogeneration system (e.g., see (Palenzuela et al., 2015b), which adds significant 

complexity to the design of the solar field, thereby affecting the final cost of 



177 

freshwater. The cogeneration of power and desalted water from a solar-powered 

plant is still a controversial problem according to previous studies (Alhaj, Hassan, 

et al., 2017; Pouyfaucon & García-Rodríguez, 2018). The inclusion (or exclusion) 

of other system components, such as auxiliary boilers, thermal energy storage, and 

heat pumps, will also affect the LCOW estimate. 

Table 39: Results of the economic analysis for the reference solar thermal desalination 
plant.  These results are representative of a desalination plant that uses low-pressure MED 
and solar linear Fresnel collectors, which operates at a capacity factor of 25%.  

Parameter Value 
LCOW $4.31/m3 
CAPEX (Solar Field) $8.83 million 
CAPEX (Desalination Plant) $4.42 million 
O&M (Solar Field) $1.97 million 
O&M (Desalination Plant) $5.93 million 
Specific Solar Field Capex $214.3/m2 of aperture 

Annual Productivity 4.89 million m3 
 

 

Figure 60: Disaggregated LCOW for the solar thermal desalination plant. 
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Figure 61: Mapping the LCOW estimations for solar-driven thermal desalination in 
previous studies. The studies mapped are: (Alsehli et al., 2017; Askari & Ameri, 2016; 
Hamed et al., 2016; Olwig et al., 2012; Palenzuela et al., 2015b; Sharaf, Nafey, & Garcia-
Rodriguez, 2011)). 

 

5.3.2 Sensitivity of the LCOW and Economies of Scale 

The LCOW for the solar thermal desalination plant was further investigated by considering 

its sensitivity to the plant productivity, plant lifetime, interest rate, O&Mdesalination, and 

O&Msolar. These parameters affect the entire cost breakdown of the LCOW, as shown in  

Figure 60, and as implied explicitly by equations 21 and 25. The upper and lower bounds 

for each variable are given in Table 40. The sensitivity analysis results are presented in the 

tornado chart in Figure 62, which shows that the LCOW was most sensitive to the plant 

productivity (i.e., scale), thereby highlighting the need to consider the concepts of 

economies of scale and learning curves in the context of solar thermal desalination.  
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The economies of scale concept refers to a reduction in the unit cost of a product owing to 

mass manufacturing. Since the 1930s, economists have observed that a doubling in the 

cumulative production volume results in an almost fixed percentage reduction in the unit 

cost, as first discussed by Wright in the context of the aviation industry (Wright, 1936). 

Economies of scale are studied based on technology log-linear learning curves, which 

describe the relationship between the cumulative production capacity and unit cost. Plotting 

a learning curve requires a large amount of historical data, which was beyond the scope of 

this study, so we conducted an assessment based on previous studies. The learning curve 

concept assumes that we accumulate more knowledge as the production volume increases, 

thereby identifying methods for optimizing the unit cost (Ferioli, Schoots, & van der 

Zwaan, 2009). 

 

The impact of economies of scale on the economic feasibility of solar-driven thermal 

desalination can be examined by studying the learning curves for both thermal desalination 

technologies and CSP technologies individually, and then deriving a conclusion regarding 

the future outlook. To the best of our knowledge, no previous studies have plotted learning 

curves for thermal desalination technologies such as MSF and MED. Clearly, equation 25 

suggests that as the plant scale increases, the specific capital cost reduces, but it is not 

possible to derive a learning curve and evaluate the progress of technological innovation 

without a plot of the historical cumulative capacity and annual average LCOW. This is can 

be explained by the high commercial maturity of thermal desalination, which has been in 

operation in the GCC region since the 1960s, and thus there has been little motivation to 

study the learning curves for this technology. In fact, many researchers consider that MSF 

has reached its peak maturity and that only small further improvements can be achieved 

(i.e., finding ways to increase the top brine temperature, thereby increasing the number of 
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stages to enhance the gain output ratio) (Mezher et al., 2011). Furthermore, R&D efforts 

into thermal desalination methods have been minor compared with RO because of the 

higher interest in energy-efficient RO systems. Historically, although it is highly energy 

intensive, thermal desalination was only suitable for the GCC region because of its 

abundant oil and gas reserves, and reliability for treating highly saline seawater. However, 

owing to the current reduction in oil prices and advances in RO membranes that can treat 

highly saline and contaminated seawater (Noreddine Ghaffour, Missimer, & Amy, 2013), 

we anticipate that the thermal desalination market will shrink (even in the GCC region). 

This conclusion was also emphasized in previous studies (Caldera & Breyer, 2017; 

Noreddine Ghaffour et al., 2013). The current capacities for desalination worldwide and in 

the GCC region by technology share are shown in Figure 63, which indicates that RO has 

almost the same share as MSF in the GCC market (42% vs 46%). The aforementioned 

conclusion is also supported by the decision of Saudi Arabia to build no more MSF plants 

after the Ras Al-Khair independent water and power production plant, which is the largest 

seawater desalination plant in the world with a capacity of 1 million m3/day (Caldera & 

Breyer, 2017). By contrast, the impact of economies of scale on RO desalination plants is 

rather optimistic. A plot of the capital expenditures learning curve for 4,237 RO plants 

worldwide indicated that the learning rate is 15% (Caldera & Breyer, 2017), so for every 

doubling of a RO plant’s capacity, the plant’s capital expenditure will be reduced by 15%. 

The previous study by Caldera and Breyer (2017) did not examine the LCOW (which 

depends on both the operating and capital expenditure), but its results support the 

hypothetical impact of economies of scale when applied to RO desalination plants, which 

is logical given the justifications outlined above.  
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In terms of the learning curves for CSP plants, a previous study (Platzer & Dinter, 2016) 

estimated a learning rate of 18% for PTC solar power plants without thermal storage based 

on capital expenditure data from 20 PTC plants in Spain. Thus, for every doubling of the 

thermal capacity (in MW), the solar field’s specific cost (in $/m2 of aperture) will be 

reduced by 18%. An assessment of the potential of CSP power plants in Africa and Europe 

(Viebahn, Lechon, & Trieb, 2011) estimated a learning rate of 12% for the solar collector 

field in solar thermal power plants. These previous studies had some limitations but they 

support the argument that the CSP industry is indeed learning by experience and there is 

still the potential to reduce capital expenditure by increasing the plant scale. However, these 

studies considered the application of CSP for power generation and not process heat 

applications. Hence, it can be concluded that there are major potential cost reductions for 

solar desalination systems that integrate a CSP power plant with a RO desalination plant. 

 

These previous studies of the economic feasibility and market outlook for solar-driven 

thermal desalination have two major implications, as follows. 

• Insufficient data are available to support the economies of scale argument for solar-

driven thermal desalination. In particular, when considering LFCs, few cost data 

are available for analysis (Morin, Dersch, Platzer, Eck, & Häberle, 2012). If we 

map previous studies of the economic feasibility of solar-driven thermal 

desalination and compare them with conventional desalination, there is a 

considerable gap, as shown by the plot in Figure 64. The maximum scale of 

computer modeling studies is less than 40,000 m3/day, whereas commercial scale 

thermal desalination capacities can reach 100,000 m3/day for one unit. There is a 

general trend toward a lower LCOW as the plant scale increases, as indicated in 

Figure 61. However, given the limited number of studies, it is difficult to make 
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conclusions about the impact of economies of scale on solar-driven thermal 

desalination. The market share for thermal desalination (even in the GCC) is 

expected to reduce owing to the construction of more RO plants and thus the market 

opportunity for commercial-scale solar-driven thermal desalination is very poor. In 

fact, a previous study (Pouyfaucon & García-Rodríguez, 2018) clearly rejected 

solar thermal desalination as a candidate technology for the solar desalination 

market. By contrast, the market potential for RO powered by photovoltaics is 

significant. Nevertheless, we still believe that there is a market potential for solar 

thermal desalination under certain boundary conditions.  

• The only markets where commercial scale solar-driven thermal desalination might 

possibly succeed are those where both the CSP capacity is growing rapidly and 

regions with relatively limited renewable water resources (thereby creating a 

considerable demand for desalination). These markets are primarily in the MENA 

region and to a lesser extent in Spain and the USA (the two largest CSP markets in 

terms of operational capacity according to the SolarPaces database; (SolarPaces, 

2018). In these markets, future thermal desalination plants can be designed for 

integration with existing CSP plants.  

 

Table 40: Values used for sensitivity analysis and rationale for selecting the lower and 
upper bounds. 

Variable Lower bound Base value Upper bound Comment 
Plant productivity 120 m3/day 13,422 m3/day 68,190 m3/day The lower bound is the 

capacity of the largest 
pilot solar-MED plant, 
i.e., the Abu Dhabi 
Solar Desalination 
Plant (Chaibi & El-
Nashar, 2009), and the 
upper bound is the 
capacity of the largest 
commercial MED 
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plant, i.e., the Yanbu 
Phase 2 MED plant in 
Saudi Arabia (Water-
technology.net, 2012). 

Plant lifetime 15 years 25 years 50 years Based on the range 
given by (Michael 
Papapetrou et al., 
2017). 

Interest rate 6.5% 8% 10% Based on the range 
given by (Michael 
Papapetrou et al., 
2017). 

O&Msolar 1.9%  2.5%  3.1%  Base value varied by 
±25%. 

O&Mdesalination $0.9/m3 $1.21/m3 $1.5/m3 Base value varied by 
±25%. 

 

 

Figure 62: Sensitivity of the LCOW to major cost parameters.  The base value is $4.31/m3. 
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Figure 63: Technology breakdown for the global and GCC desalination markets 
 (Shahzad, Burhan, & Ng, 2017); reproduced with permission from the publisher). 

 

Figure 64: Mapping the cost of solar-driven thermal desalination and conventional 
desalination.  The computer modeling studies are the same as those cited in Figure 75. The 
LCOW range and plant capacity for conventional thermal desalination (MSF and MED) 
were based on the values reported by (Wakil, Burhan, Ang, & Choon, 2017). The plant 
productivity is representative of a single unit (commercial plants comprise several units). 
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5.3.3 Market Commercialization Barriers 

Currently, only 0.0027% of the global desalination capacity is powered by solar thermal 

energy (Wakil et al., 2017). The results of our economic analysis and critical literature 

review indicate that several market commercialization barriers exist, which that can be 

overcome by research, as well as other barriers that simply impose limitations on the 

application of solar thermal desalination. In the following, we discuss the market 

commercialization barriers for thermal desalination powered by CSP collectors (and 

specifically LFCs). 

 

The capital expenditure for the solar field forms the main cost contribution to the LCOW, 

as shown in Figure 60, and thus the solar field costs should be optimized. In general, 40–

60% of the solar field total system costs (for LFCs) are owing to the collector itself, which 

mainly includes the frame and reflective mirrors (Industrial Solar thermal solutions GmbH, 

2018). Thus, reducing the material processing and manufacturing costs could have 

significant impacts. An assessment of the cost of the commercial SkyTrough PTC by NREL 

showed that the collector’s cost is sensitive to the cost of raw aluminum alloy and the cost 

of steel according to its source country (Kurup & Turchi, 2015). We expect that the LFCs 

would have similar cost sensitivities. The construction material costs for the largest 

operational LFC plant (the PE2 plant in Spain) compiled by (Aurélie et al., 2013) showed 

that steel (reinforcing steel and chromium steel) accounted for approximately 71% of the 

total mass of the solar field assembly (this percentage was calculated by summing the mass 

of steel in the collector, the receiver, and the air-cooled condenser, and dividing this sum 

by the total mass of all the components, excluding the materials in the power block and 

concrete). Thus, using tools such as Design for Manufacture and Assembly (DFMA) as 

well as tracking commodity prices could greatly facilitate cost optimization for the solar 
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field. The issue of cost uncertainty must also be considered. Indeed, given the limited 

amount of data available for LFCs and the high level of uncertainty regarding each 

manufacturer, it is not practical to make direct cost comparisons between PTCs and LFCs 

when coupled to thermal desalination (Industrial Solar thermal solutions GmbH, 2018).  

 

The system integration strategy for solar thermal desalination is another barrier to 

commercialization. As discussed earlier, there is a potential market for this technology if 

any future thermal desalination capacity is constructed alongside existing CSP plants. 

Several studies have suggested this cogeneration strategy as the potential future for solar 

thermal desalination (Mohamed Ali Darwish et al., 2012; Iaquaniello, Salladini, Mari, 

Mabrouk, & Fath, 2014; Palenzuela et al., 2015b). However, the main drawback is the 

misalignment of the optimal CSP location for power generation and thermal desalination 

plants. The most suitable sites for thermal desalination plants are near the feedwater source 

(i.e., near the coast), but the performance of CSP plants is negatively affected near the coast 

owing to salt air corrosion and the relatively lower solar radiation (Kraemer, 2018). Another 

problem is the competition for water resources between the CSP plant (which requires 

cooling water for the condenser and for collector mirror washing) and the desalination 

plant, which also requires excessive amounts of water for the end condenser (assuming the 

use of wet cooling). Advances in dry cooling technologies (especially evaporative dry 

cooling) can overcome this problem, thereby facilitating the integration of thermal 

desalination with CSP plants (Palenzuela et al., 2013). Another way to overcome this 

barrier is the hybridization of desalination plants with other desalination technologies (such 

as MED+RO), which can potentially reduce the operating expenditure component of the 

overall desalination block. In addition, the integration of the system can be improved by 

adding both a backup fossil fuel boiler and thermal energy storage. In general, the economic 
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feasibility of incorporating energy storage with renewable energy powered desalination 

depends on many factors, such as the location, desalination technology, and plant scale 

(Gude, 2015), thereby highlighting the need for optimization to achieve the lowest LCOW. 

Advances in the materials used for thermal energy storage and the available storage 

temperature range can also improve the reliability of solar thermal desalination.  

 

In addition to technological barriers, the regulatory enabling environment is the greatest 

market commercialization barrier for solar desalination. In particular, desalination is a 

highly conservative and risk adverse industry in the GCC region where 80% of the potable 

water in this region is obtained from desalination (Alhaj et al., 2018), and thus there is very 

little possibility of experimenting with new technology. For example, in Qatar, all of the 

power generation and desalination capacity is owned by the government (Qatar Electricity 

and Water Corporation) and fuel is supplied to the independent water and power production 

plants at the production cost or only slightly higher (M. Darwish et al., 2015). The realistic 

cost of desalted water in Qatar is $1.1/m3 from MSF and $0.63/m3 from RO, which is at 

least four times lower than the base LCOW calculated for solar-driven MED (see Figure 

61). This market ecosystem is partly justified given the critical nature of desalination, but 

it leaves little room for competition from renewable energy technology, and thus there is 

little incentive for GCC countries to adopt cleaner energy technology (as well as for 

desalination and power generation applications). Therefore, a shift in the market driven by 

government policies is required to allow commercial scale solar desalination to expand and 

compete with conventional desalination. Policy makers should encourage more private 

sector investment in CSP power generation through long-term power purchase agreements. 

In addition, the subsidies for desalted water when sold to the end consumer should be 

revised to reflect the true production cost. Implementing a tariff on desalted water from 
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clean energy sources could also be a useful strategy (Kraemer, 2018). Over the medium 

and long term, these strategies may facilitate higher penetration of solar desalination into 

the global desalination market. Regulators will also be encouraged to invest more in pilot 

plant testing for solar-powered hybrid desalination technologies. Moreover, the policies 

related to solar desalination must be aligned with existing regional energy and water 

security policies. Indeed, researchers can assist policy makers by highlighting the economic 

and environmental benefits of solar desalination. For the oil-rich GCC countries, the 

economic benefit of solar desalination is related to the fuel opportunity cost (which can be 

exported instead of being used locally). The environmental benefits in terms of reducing 

greenhouse gas emissions owing to the use of solar energy should be aligned with the 

climate change response commitments of GCC countries.  

 

5.4 Chapter Conclusion and Policy Implications 

In this chapter, we investigated the economic feasibility and market commercialization 

barriers for solar-driven thermal desalination in order to recommend suitable policies for 

implementing sustainable solar desalination systems. We developed an economic model 

for calculating the LCOW with EES software, which incorporates updated empirical 

relationships for the capital expenditure for the solar field (acquired from CSP 

manufacturers) and the MED desalination system. The model was used to compute the 

LCOW for low-pressure MED powered by a solar LFC. We assessed the impact of 

economies of scale on solar thermal desalination by critically analyzing previous studies. 

We also examined the major market commercialization barriers and method for 

overcoming them from policy and R&D perspectives. 
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Given the boundary conditions in the analysis, we found that the LCOW for solar thermal 

desalination (without any fossil fuel boiler) is $4.31/m3. The LCOW would be reduced to 

$2.89/m3 when a natural gas boiler is used to extend the plant’s operating period. Our 

survey of previous studies showed that the reported LCOW values for solar thermal 

desalination varied from $0.94/m3 to $4.31/m3. The LCOW is affected mainly by the capital 

expenditure for the solar field and the operating expenditure for the desalination plant. Our 

investigation of economies of scale showed that the learning rate for CSP plants (based on 

the PTC) is 18%, but no data were available for thermal desalination. These results suggest 

that the market potential for stand-alone solar thermal desalination is poor under current 

conditions. Data limitations regarding solar LFC plants and the potential cost reductions 

for thermal desalination plants make it difficult to forecast the market potential for solar 

thermal desalination. Hybridizing solar thermal desalination with RO systems could 

potentially be the optimum future strategy for this technology. Three major market 

commercialization barriers were identified and discussed: solar field capital costs, system 

integration strategies, and enabling policies. Government policies need to accelerate pilot 

plant testing for hybrid solar thermal desalination systems and to provide more financial 

incentives for clean energy-powered desalination systems.  

 

Several areas of solar thermal desalination research could be investigated further to enhance 

our understanding of the extent and limitations of this technology as a candidate sustainable 

solar desalination technology. 

• Forecasting the market share of thermal desalination in the GCC region is 

particularly important. Given the rapid development of RO systems (specifically 

membrane materials and feedwater pretreatment processes), an important question 

arises: are we approaching a phase of 100% RO in this region? Saudi Arabia and 
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Oman already have a higher share of RO in their desalination capacity than thermal 

desalination processes (Mohamed Ali Darwish, 2015). Hence, it is important to 

investigate the projected market for solar desalination and the learning curves for 

thermal desalination technologies. In addition, it will be interesting to forecast the 

growth in the desalination market as a reverse thinking process by forecasting the 

desalination technologies that will be suitable if the future primary energy supply 

sources are based 100% on renewable energy.  

• Calculations of the LCOW for solar thermal desalination require constant updating 

and the inclusion of industry data regarding solar field costs. However, this is a 

tedious task owing to the large amount of uncertainty and data confidentiality 

concerns. As an example from the present study, the total system costs for turn-key 

solutions for solar LFC have an uncertainty of up to 25% (Industrial Solar thermal 

solutions GmbH, 2018). In addition, it is important that the current business model 

for desalination plants is clearly understood when conducting economic 

assessments. For example, the cost of financing is a major component of the total 

project costs. Indeed, some markets in the GCC region (such as Dubai) have 

realized very low CSP project costs mainly owing to the low cost of financing. 

These factors must be considered when assessing the economic feasibility of solar 

desalination using the NPV method. 

 

5.5 Chapter Associated Content 

Appendix III includes the raw specific capital cost data for the solar LFCs from Industrial 

Solar GmBH and the entire EES program used for the LCOW calculations.  
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CHAPTER 6 CONCLUSION & FUTURE WORK 

 

Water security is a critical issue that affects millions of people around the world. 

Desalination technologies currently supply 80 Mm3 of freshwater daily to 300 million 

people. The dependency on desalination is even more in the water-stressed GCC region 

which has limited renewable water resources and high-water consumption rates. Given that 

desalination technologies are very energy-intensive and have an adverse impact on the 

environment, the urgency to adopt more sustainable desalination technologies is stressed. 

Globally, most water-stressed regions are also regions with high solar resources as shown 

in Figure 65, which is an indication of the great potential for solar desalination.  This 

research addressed the aforementioned problems through a study on solar-driven low-

pressure multi-effect distillation powered by solar linear Fresnel collectors. Solar-driven 

multi-effect distillation was investigated from technical, environmental, and economic 

perspectives. The conclusions of this research are representative of solar desalination in 

Qatar and countries with similar dependency on desalination and similar solar resources. 

 

The objectives of this research were to: investigate the technical feasibility of solar-driven 

multi-effect distillation through plant steady-state modelling and optimization, evaluate the 

potential life-cycle environmental impacts, and discuss the economic feasibility and market 

commercialization barriers. Ultimately, these three analyses provide a good foundation for 

informed policy-making on sustainable solar desalination systems. Figure 66 shows the 

three pillars of sustainable solar desalination. 
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Figure 65: Alignment of global solar insolation with potentially water stressed regions. a) 
Potentially water-stressed regions by 2040 under the “business-as-usual” scenario as 
projected by the World Resources Institute (image is published under the creative commons 
license) (Luo et al., 2015). b) Annual sum of solar global horizontal irradiation (image is 
published under the creative commons license) (SolarGIS © 2013 GeoModel Solar, 2013). 
Panels (a) and (b) show an alignment between water-stressed regions and solar radiation 
distributions. The most important regions are: 1) the west cost of the US and Mexico, 2) 
Midwest coast of Latin America, 3) North Africa and Southern Europe (especially Spain 
and Algeria), 4) South Africa, 5) the Middle East, and 6) Australia. 
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Figure 66: Sustainable Solar Desalination Pillars. A sustainable solar desalination process 
must be technically sound, have a significantly lower environmental impact (as compared 
to the conventional process), and must be economically feasible. 

 

The technical feasibility of solar-driven MED was investigated by developing a steady-

state model in the EES software for the entire plant and simulating the plant’s performance 

under Qatar’s climate. The schematic of the solar desalination plant is shown in Figure 67. 

The EES model was composed of more than 500 equations that include: 

• Empirical relations for the hourly solar radiation, dry bulb temperature, and 

humidity in Doha, Qatar for each month of the year. 

• Energy balance relations for a solar linear Fresnel collector with water as the HTF. 

• Energy, mass, and salt balance relations for a 10-effect parallel feed MED plant. 

• Energy balance relations for the thermal vapor compressor. 

• Energy balance relations for an air-cooled condenser. 

The model validation had a maximum absolute error of 8%. The EES model developed was 

also used to examine the impact of solar field collector defocusing on reducing the plant’s 
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pumping energy consumption. It was shown that by defocusing a specific number of 

collector rows each hour, the solar field’s electric pumping energy can be reduced by 40% 

as shown in Figure 68. This represents a great improvement from a plant operation view 

point. Simulations results showed that, under Qatar’s climate, 1 m2 of the solar field’s 

aperture produces 8.6 m3 of freshwater per year. By increasing the number of effects and 

calculating the respective gain-output ratio and thermal energy consumed, it was found that 

the optimal number of effects is 10 which results in an equivalent mechanical energy of 8 

kWh/m3 (this is 59% lower than MED with thermal vapor compression). Figure 69 

demonstrates the results of the optimization study. This optimized mechanical energy 

consumption rate also resulted in reducing the required solar field aperture by 25%. Further, 

an investigation of storage system integration showed that, for a given distillate capacity, 

using a water storage system results in reducing the total systems’ capital cost by 6% and 

16% as compared to sensible heat and latent heat storage systems as also shown in Figure 

70. The integration of an air-cooled condenser significantly reduces the plant’s cooling 

water consumption, although it’s performance is highly sensitive to dry bulb temperature 

and humidity.  

 

Figure 67:  Schematic of the proposed solar-driven multi-effect distillation plant. 
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Figure 68: Hourly pumping power with and without defocusing (April). 

 

 

Figure 69: Conventional and optimal design points for multi-effect distillation. 
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Figure 70:  Comparative total plant costs for three configurations of a solar-driven MED 
plant with a capacity of 13 m3/day. 

 

Solar-driven MED was also investigated from an environmental viewpoint using life-cycle 

assessment. Life cycle assessment (LCA) is a systematic methodology for assessing the 

environmental impacts of products and systems across several impact categories. The ISO 

14040 standard defines the four major phases of any LCA: goal and scope definition, 

inventory analysis, impact assessment, and results interpretation. There is a significant 

interest within the scientific community in LCA because it sheds light on the potential near-

term and long-terms impacts, it provides a scientific basis for evaluating several types of 

impacts, and it can assist in systems development and policy making. Given the crucial role 

of desalination, the applications of LCA in desalination are highly relevant. 

 

The system boundary and reference flows used in the LCA study are shown in Figure 71. 

GaBi software and its local databases were used to conduct the LCA based on the ReCiPe 

2016 impact assessment method. Energy flows into the system boundary were based on the 

results of the EES steady-state model, whereas material mass quantities and treatment 

chemicals were taken from literature sources (scientific papers and industry data). The 
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major finding from the LCA study is that the plant’s operation phase has the highest impact 

as can deduced from Figure 72. 80% of the climate change impact was due to the plant 

operation phase. Solar-driven MED can potentially reduce the climate change impact by 

10 kg of CO2 eq. for every 1 m3 of fresh water produced and reduce human toxicity impacts 

by three times as compared to conventional MED (powered by combined cycle natural gas 

turbines). Furthermore, the environmental impact of solar-driven MED in several water-

stressed cities around the world was investigated by considering the variations in solar 

intensity, water salinity and air conditions on the final LCA score. The results, shown in 

Figure 73, indicated that a higher solar intensity doesn’t necessarily mean lower CO2 

emissions for solar-desalination plants, since the environmental impact is also affected by 

other parameters like seawater temperature and salinity. The results of the environmental 

assessment highlight the need for developing a comprehensive LCA framework for 

evaluating solar-driven desalination technologies in light of the “solar-water nexus” as 

referred to by (Norwood & Kammen, 2012). Recommending water and energy resources 

management policies in light of the energy-water nexus is an approach followed by several 

researchers (Frumhoff et al., 2015; Grubert & Webber, 2015; Siddiqi & Anadon, 2011). 

This framework must consider the suitability of different solar technologies (PVs vs CSP) 

given the available solar resources (GHI vs DNI), which requires an interdisciplinary 

approach 
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Figure 71: LCA boundaries for a solar-driven desalination plant.  The solar field and MED 
plant construction phases show relative mass contribution of each material to the total bill 
of materials. 

	

Figure 72: Disaggregated contribution analysis of the solar-driven desalination plant. 
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Figure 73: Disaggregated climate change impact in all locations.  These results are 
representative of the construction and operation phases only.  

The economic feasibility of solar-driven MED (and solar thermal desalination in general) 

was also investigated in this research by calculating the levelized cost of water. The 

technological and regulatory market commercialization barriers were also discussed. An 

economic model was developed in the EES software using 67 equations. Data from a CSP 

project developer (Industrial Solar GmBH) was used to estimate the capital expenditure of 

the solar field (shown in Figure 74). Relations for the specific system cost of solar linear 

Fresnel collectors were also derived.  

 

The LCOW from a solar-driven MED plant with an air-cooled condenser and operating at 

25% availability was estimated at $4.31/m3. This cost is primarily due to the capital 

expenditure of the solar field and the operating costs of the desalination plant. The 

calculated LCOW was mapped in relation to the reported literature values in Figure 75. 

The differences in reported LCOWs is mainly due to cost assumptions for the solar field 

and the MED plant and variations in plant configurations. The impact of economies of scale 

on projected costs and market growth of solar thermal desalination was also examined by 
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critically analyzing the literature. There is insufficient data to support the economies of 

scale argument for solar-driven thermal desalination. When considering the LFC 

specifically, there is little cost data available to analyze (Morin et al., 2012). Given that the 

market share for thermal desalination (even in the GCC) is expected to reduce due to more 

construction of RO plants, the market opportunity for commercial-scale solar-driven 

thermal desalination is very slim. Conversely, the market potential for RO powered by PV 

is significant. Nevertheless, we still believe there is a market potential for solar thermal 

desalination under certain boundary conditions. The only markets where commercial scale 

solar-driven thermal desalination will possibly succeed are those where both CSP capacity 

is rapidly growing and the region has relatively limited renewable water resources (hence 

creating a considerable demand for desalination). This primarily refers to the Middle East 

and North Africa (MENA) region and to a lesser extend to Spain and the U.S. (being the 

two largest CSP markets in terms of operational capacity according to the SolarPaces 

database (SolarPaces, 2018)). In these markets, future thermal desalination plants can be 

designed to be integrated with existing CSP plants. 

 

Three market commercialization barriers for solar thermal desalination were identified: 

high capital expenditure of CSP technologies, uncertainty regarding best system integration 

strategy, and the conservative nature of the desalination industry. A shift in the market, 

driven by government policies, is required to allow commercial scale solar desalination to 

expand and compete with conventional desalination. Policymakers should encourage more 

private sector investments in CSP power generation through long-term power purchase 

agreements. In additions, subsidies on desalted water, sold to the end consumer, should be 

revised to reflect the true cost of production. Implementing a tariff on desalted water from 

clean energy sources could also be a useful strategy (Kraemer, 2018). Over the medium 
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and long terms, these strategies can pave the way for a higher penetration of solar 

desalination in the global desalination market. Regulators are also encouraged to invest 

more in pilot plant testing of solar-powered hybrid desalination technologies. Moreover, 

the policies relating to solar desalination must be aligned with existing regional energy and 

water security policies. On this matter, researchers can assist policymakers by highlighting 

the economic and environmental benefits of solar desalination. For the oil-rich GCC 

countries, the economic benefit of solar desalination is in the fuel opportunity cost (which 

can be exported instead of being used locally). The environmental benefits, which refers to 

reducing greenhouse gas emissions as a result of using solar energy, should be aligned with 

the climate change response commitments of GCC countries. 

 

 

Figure 74: Specific system capital costs of linear Fresnel collector solar fields as a function 
of plant capacity (Industrial Solar thermal solutions GmbH, 2018). 
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Figure 75: Mapping the LCOW estimations for solar-driven thermal desalination in the 
literature.  The studies mapped are: (Alsehli et al., 2017; Askari & Ameri, 2016; Hamed et 
al., 2016; Olwig et al., 2012; Palenzuela et al., 2015b; Sharaf, Nafey, & Garcia-Rodriguez, 
2011). 

 

There are several areas within the scope of this research (solar-driven thermal desalination) 

that can be further developed and explored. It is important, however, to recognize the goal 

and scope of any research work on solar desalination. Ultimately, researchers working on 

solar desalination are trying to develop commercial technologies that provide freshwater 

with minimal energy-associated impacts on the environment and at an economically 

competitive cost. These goals sometimes overlap with research on power generation using 

solar power at a centralized or decentralized scale as discussed in chapter 5.  

 

Future Work 

There are several research topics that can be investigated to further develop this work and 

advance research on solar desalination in general: 



203 

• On the technical analysis side, three improvements are suggested; a) incorporating 

dynamic modelling, b) a more detailed investigation of thermal storage systems, 

and c) applying systems level thinking. Solar desalination systems (and renewable 

energy driven systems in general) are prone to several dynamic variables and their 

operation is very sensitive to multiple parameters that change constantly such as 

global and direct solar radiation, soiling, seawater temperature and salinity, wet 

bulb temperature, and others. There is very little published literature on the dynamic 

performance of solar desalination systems (De La Calle et al., 2014), and hence 

research on this area is required. Dynamic modelling can help us develop a more 

realistic picture of how solar desalination plants may operate in real life and provide 

insights about their reliability. Thermal energy storage systems integration with 

solar desalination is an essential research area. Effectively, the only way to achieve 

maximum plant availability is by utilizing energy storage. In this regard, it is 

interesting to examine the feasibility of utilizing phase change materials for large-

scale energy storage. Further research is also required to develop thermal storage 

materials with a low specific cost, higher energy density, and minimal 

environmental impacts. In addition, it is suggested that future research in this area 

also considers solar desalination plants as part of a big water network which 

integrates several desalination systems. Applying systems level thinking means 

examining the operation of solar desalination with respect to the total network load 

and the possibility of load stabilization by producing more freshwater at peak hours.  

These factors can potentially improve the reliability of solar-driven thermal 

desalination.  

• Forecasting the market share of thermal desalination in the GCC region is an 

important future area of research. Given the rapid development of RO systems 
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(specifically membrane materials and feedwater pretreatment processes), an 

important question arises: are we approaching a phase of 100% RO in this region? 

Saudi Arabia and Oman already have a higher share of RO in their desalination 

capacity than thermal desalination processes (Darwish, 2015). Hence, it is 

important to investigate the projected market for solar desalination and the learning 

curves for thermal desalination technologies. In addition, it will be interesting to 

forecast the growth in the desalination market as a reverse thinking process by 

forecasting the desalination technologies that will be suitable if the future primary 

energy supply sources are based 100% on renewable energy.  

• Calculations of the LCOW for solar thermal desalination require constant updating 

and the inclusion of industry data regarding solar field costs. However, this is a 

tedious task owing to the large amount of uncertainty and data confidentiality 

concerns. As an example, from the present study, the total system costs for turn-key 

solutions for solar LFC have an uncertainty of up to 25% (Industrial Solar Thermal 

Solutions GmbH, 2018). In addition, it is important that the current business model 

for desalination plants is clearly understood when conducting economic 

assessments. For example, the cost of financing is a major component of the total 

project costs. Indeed, some markets in the GCC region (such as Dubai) have 

realized very low CSP project costs mainly owing to the low cost of financing. 

These factors must be considered when assessing the economic feasibility of solar 

desalination using the NPV method. Moreover, some economic incentives for solar 

desalination should assessed in a scientific way such mandating a premium tariff 

for freshwater produced from environmentally friendly desalination plants which 

was suggested by Diego-César Alarcón-Padilla, head of the Solar Desalination Unit 

at the Platforma Solar de Almeria (PSA) in Spain.  
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• From an environmental LCA viewpoint, there are some methodological issues that 

need to be addressed when conducting LCA for solar desalination systems. Among 

these issues is the definition of the functional unit and its relative value. As an 

example from this study, desalination systems produce freshwater which has 

variable value in different parts of the world (i.e. 1 m3 of freshwater in a water-

stressed country like Qatar has more value than 1 m3 in another country with 

multiple water supply alternatives). This issue emphasizes the need to weigh and 

rank the LCA impact scores accordingly when comparing multiple scenarios. 

Another externality we must consider is land. Our results in Figure 3 highlighted 

that a difference of up to 43% in solar field aperture area can occur due to the 

variation in solar intensity. This has direct land use impacts such as destruction of 

vegetation and damage to wildlife. However, in many of the desert-like arid 

environments in the Middle East region, these land use impacts are negligible. 

Additional research efforts in LCA are needed to address these issues and as a result 

better inform policy makers about the environmental rating of solar-desalination 

technologies. Furthermore, a quantitative uncertainty analysis must always be 

included to provide policy-makers with a sense of confidence about the outcomes 

of the LCA study. More guidance on “best practices” for conducting uncertainty 

analysis for desalination studies is required (Zhou et al. 2014).  

• The results of this research work indicate the need for developing decision-support 

tools for evaluating solar-driven desalination technologies in light of the “solar-

water nexus” as referred to by (Norwood and Kammen 2012). Such tools must 

consider the suitability of different solar technologies (PVs vs CSP) given the 

available solar resources (GHI vs DNI), which requires an interdisciplinary 

approach. As an example, if we want to consider PV-RO systems, then we have to 
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examine the GHI because the performance of PVs is more sensitive to the GHI than 

to the DNI as is the case with CSP collectors.  
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APPENDIX I 

This appendix corresponds to the technical analysis conducted in Chapter 3. 

Energy, mass, and salt balance equations input in the Engineering Equation Solver. 

The multi-effect distillation system and the thermal vapor compressor (which was used for 

validation) model was developed using energy, mass, and salt balance relations. This was 

followed by model validation by comparing results with data from the HIDDIII MED-TVC 

plant in Bahrain. This section shows a generic model which was adapted to the 

specifications of the HIDDIII plant for validation purposes. The model is composed of four 

major sections: the evaporators (or effects), the flash boxes, the preheaters and the TVC. 

The plant representing this model is shown in Figure 76. 

 

 

Figure 76: A conventional seven-effect parallel feed horizontal tube MED-TVC system. 
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Figure 77: The ith effect, preheater and jth flash box. 

 

Figure 77 shows the schematic for the ith effect, preheater and jth flash box. The index for 

the flash box starts from 2 because no flash box is used for the heating steam leaving the 

first effect. In Figure 77 the entrained vapor line is shown as dotted because it can be taken 

from any effect in this generic model. The equations describing this model are: 

 

Effects Mass Balance: 

 

F[i] + B[i-1] = D[i] + B[i]         ( 1 ) 

 

F is the feed (in kg/s), B is brine (in kg/s) and D is distillate (in kg/s). 

 

Flash Box Mass Balance: 

Figure 78 shows a schematic of a flash box. 
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Figure 78: Flash box j mass balance. 

 

Dh[i-1] + mc[i-1] = mf[i] + mc[i]        ( 2 ) 

 

Where Dh[i-1] is the total vapor leaving effect [i-1] (in kg/s), mc[i-1] is the distillate condensate 

(in kg/s) and mf[i] is the vapor generated by flashing in the jth flash box (in kg/s). Dh[i-1] is 

calculated from: 

Dh[i-1] = mv[i-1] + mvb[i-1]  + mf[i-1] – ment[i]      ( 3 ) 

Where mv[i-1] is the vapor generated by boiling (in kg/s), mvb[i-1] is the vapor generated by 

flashing of the circulated brine (in kg/s) and ment[i] is the entrained vapor taken from the ith 

effect (in kg/s). Dh[0] is the heating steam from the TVC. mf[1]  is zero.  

 

Effects Energy Balance: 

The energy balance in effect 1 is given by: 

 

msteam ´ (Dhsteam) = F1 ´ Cp1 ´ (Tb[1] –Tf[1]) +  mv[1] ´ hv[1]    ( 4 ) 

 

where msteam is the mass flow rate of the heating steam discharged from the TVC (in kg/s), 

(Dhsteam) is it’s enthalpy drop (in kJ/kg), Cp[1] is the specific heat capacity (in kJ/kg.C) of 
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the feed in effect 1, Tb[1] is the top brine temperature, TBT (in oC), Tf[1] is the feed 

temperature (C) and hv[1] is the enthalpy of the generated vapor in effect 1 (in kJ/kg). hsteam 

 is given by: 

 

æø¿¡¬√ = 	
(ƒ≈×æ√∆¿«»¡)<æ¡…¿

"<ƒ≈
        ( 5 ) 

 

Where MR is the TVC mixing ratio (√√∆¿«»¡

√¡…¿
) , hmotive is the enthalpy of the motive steam (in 

kJ/kg) and hent is the enthalpy of the entrained vapor (in kJ/kg). The motive steam is always 

superheated. 

 

For effects: 2-n, the energy balance is: 

 

Dh[i] ´ heh[i] = F[i] ´ Cp ´ (Tb[i] –Tf[i]) +  mv[i] ´ hv[i]     ( 6 ) 

 

Where heh[i] is the enthalpy of the heating steam after leaving the ith preheater (in kJ/kg), 

Tb[i] is the brine temperature (in oC), Tf[i] is the feed temperature (in oC) and hv[i] is the 

enthalpy of the generated vapor (in kJ/kg). The brine temperature is given by: 

 

Tb[i] = Tv[i] + BPE             ( 7 ) 

 

Where BPE is the boiling point elevation (0.7 oC) and Tv[i] is the vapor saturation 

temperature in the ith effect (in oC). 
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Flash Box 2-n Energy Balance: 

For the flash box 2, the energy balance is given by: 

 

mf[2] ´ hv[2] = Dh[1] ´ Cp ´ (Tv[1] – Tv[2]) + ment[i] ´ Cp ´ (Ts – Tv[2])   ( 8 ) 

 

Ts is the heating steam temperature in effect 1 (also known as top steam temperature, TST).  

 

The energy balance for flash boxes 3-n is given by: 

 

mf[i] ´ hv[i] = (Dh[i] + mc[i-1]) ´ Cp ´ (Tv[i-1] – Tv[i])     ( 9 ) 

 

Preheaters Energy Balance: 

The energy balance for the preheaters is: 

 

Fph[i] ´ Cp ´ (Tf[i] – Tf[i+1) = Y[i] ´ Dh[i] ´ hv[i]     ( 10 ) 

(1 – Y[i]) ´ hv[i] = heh[i]         ( 11 ) 

 

Where Fph[i] is the mass flow rate in the ith preheater (in kg/s) and Y[i] is fraction of latent 

heat transferred in the preheater. 

 

Salt Balance: 

The salt balance for the ith effect is given by: 

 

F[i] ´ X[sw] = B[i] ´ Xb[i]        ( 12 ) 
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Where X[sw] is the seawater salinity (in g/kg) and Xb[i] is brine salinity (g/kg).  

 

End Condenser Energy Balance: 

The end condenser energy balance is: 

 

Dh[n] ´ hv[n] = Msw ´ Cp ´ (Tf[n] – Tsw)      ( 13 ) 

 

Where Msw is the sea water intake (in kg/s) and Tsw is the sea water temperature (oC).  

The end condenser surface area is found from: 

 

Dh[n] ´ hv[n] = Ucon ´ Acond ´ LMTDcond      ( 14 ) 

 

Where Ucond is the condenser’s overall coefficient of heat transfer (in kW/m2C), Acond is the 

condenser’s tubes’ total surface area (in m2) and LMTDcond is the log mean temperature 

difference across the condenser (in oC). Ucond is found from the relation by El-Dessouky 

and Ettouney (El-Dessouky & Ettouney, 2002): 

 

Ucond = 1.7194+(3.2063´10-3)´Tv[n]+(1.5971´10-5)´Tv[n]2 - (1.9918´10-7)´Tv[n]3  ( 15 ) 

 

Evaporators’ and preheaters surface areas: 

The surface area for all the evaporators and preheaters can be found from the following 

relations: 

 

F[i]´Cp[i] ´ (Tb[i] – Tf[i]) + (D[i] ´ hv[i] ) = Ue[i] ´ A[i] ´ DT[i]    ( 16 ) 

Y[i] ´ Dh[i] ´ hv[i] = Uph[i] ´ AP[i] ´ LMTDph[i]     ( 17 ) 
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Where A[i] and AP[i] are the surface areas of the evaporators’ tube and the preheaters’ tubes 

respectively (in m2). LMTDph[i] is the log mean temperature difference in preheater i (in 

oC). Ue[i] and Uph[i] are the overall coefficient of heat transfer (in kW/m2C) for the 

evaporators and the preheaters and are found from this relation (El-Dessouky & Ettouney, 

2002): 

 

Ue[i],ph[i] =1.9695+(1.2057´ 10-2)´Tb[i]-(8.5989´10-5)´Tb[i]2+(2.5651´ 10-7)´Tb[i]3   ( 18 ) 

 

DT[1] for the first effect is: 

 

DT[1] = TST – TBT            ( 19 ) 

 

For effects: 2-n,  DT[i] is: 

DT[i] = Tv[i-1] – Tb[i]            ( 20 )  

 

Thermal Vapor Compressor Model: 

The thermal vapor compressor (TVC) is a critical component in this plant. It increases the 

gain output ratio by recovering some of the vapor generated in the last effect and using it 

to increase the thermal energy of the heating steam entering the first effect. The design of 

the TVC requires deciding the pressure of the motive steam (Pmotive) and its mass flow rate 

(mmotive), the pressure of the entrained vapor (Pent) and its mass flow rate (ment), and the 

pressure of the discharge steam (Pent) and its mass flow rate (msteam). The above quantities 

are all related through the compression ratio (CR) and mixing ratio (MR). 
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CR =  À«øÃæ¬ÕŒ¡
 ¡…¿

                    ( 21 )  

MR = √√∆¿«»¡

√¡…¿
          ( 22 ) 

msteam = mmotive + ment        ( 23 ) 

Qreq = mmotive ´ Dhmotive        ( 24 ) 

 

In equation 24 , Dhmotive is the latent heat absorbed by the motive steam in the steam 

generator. The relations given by Hassan and Darwish (Hassan & Darwish, 2014) were 

used to calculate the mixing ratio (MR) given the three pressures (Pmotive , Pent , and Pdischarge)  

and mmotive.. As a result, ment can be found. MR is given by: 

 

MR = -3.20842210618164+3.93335312452389´CR+27.2360043794853/ER-

1.19206948677452´CR2 - 141.423288255019/ER2 - 

22.5455184193569´CR/ER+0.125812687624122´CR3 +348.506574704109/ER3 

+41.7960967174647´CR/ER2 +6.43992939366982´CR2/ER   ( 25 ) 

 

Where ER is the entrainment ratio (Pmotive/Pentrained). Equation 25 is only valid for 

100>ER>10. The remaining relations for MR (as a function of CR and ER at different ER 

ranges) can be found in (Hassan & Darwish, 2014). After calculating msteam, the enthalpy 

of the discharge steam is given by: 

æø¿¡¬√ = (ƒ≈	×	æ√∆¿«»¡<	æ¡…¿
"<ƒ≈

)        ( 26 ) 

 

where hmotive is the enthalpy of the motive steam assuming it is always superheated (in 

kJ/kg) and hent is the enthalpy of the entrained vapor (in kJ/kg).  
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Plant Performance Metrics: 

The main performance metrics for this system are: gain output ratio (GOR), specific power 

consumption (SPC), specific area (Aspec), specific thermal power (STP), productivity and 

capacity factor (Cf). The following relations define these parameters: 

 

œ–≈ = 	 —¿∆¿¬“
√√∆¿«»¡

                    ( 27 ) 

 

Dtotal is the sum of the distillate produced from each effect (in kg/s). This term is the same 

as productivity. 

 

” ‘ = 	
 ’÷√’
—¿∆¿¬“

          ( 28 ) 

 

Ppump is the electric power (in kW) consumed by the pumps and is given by: 

 

 ’÷√’ = 	
√◊	×	∆ 

ÿ	×	Ÿ
         ( 29 ) 

mx is the mass flow rate (in kg/s) in a given pump. In our system, there are four pumps: 

seawater, brine, product, and heating steam condensate pump. DP is the pressure drop in a 

given pump (in kPa), r is the fluid density (in kg/m3) and h is the pump’s efficiency 

(assumed 0.8). 

 

”⁄  = 	
€Õ¡‹
—¿∆¿¬“

          ( 30 ) 

 

When evaluating SPC and STP, the plant productivity is written in m3/h.  
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›ø’¡Ã = 	
›¿∆¿¬“
—¿∆¿¬“

          ( 31 ) 

 

Atotal is the sum of the areas of the evaporators and the preheaters.  

The plant’s capacity factor is given by: 

 

‘fi = 	
–’¡Õ¬¿«∆…“¬	æ∆÷Õø	’¡Õ	À¬fl

‡·	æ∆÷Õø
	× 	"##       ( 32 ) 

 

EES Program for a 10-effect solar-driven MED plant with an air-cooled condenser 

(final version for the optimized configuration explained in Chapter 3) 

Note: To run this program, the Professional version of EES is required and also the 

Seawater_ees.lib library.  

 

PROCEDURE ACC(omega,T_in, m_dot_air, Q_cond : W_dot_fan) 
Eta_fan = 0.9  
Rho_air=Density(AirH2O,T=T_in,r=omega,P=1 [bar]) 
V_dot_air = m_dot_air/Rho_air 
Rho_ref = 1.2 [kg/m^3] 
 
DELTAP = (Rho_air/Rho_ref) * 320.0451719 - 0.2975215484* V_dot_air + 6.351486 *(10^(-4)) * 
(V_dot_air^2) - 8.14*(10^(-7))* (V_dot_air^3)   
 
W_dot_fan = ((V_dot_air * DELTAP)/ Eta_fan)/1000 
 
Months$[1..12] = ['Jan','Feb','Mar','Apr','May','Jun','Jul','Aug','Sep','Oct','Nov','Dec'] 
Temp[1..12] = [17.4,18.6,21.8,26.4,31.9,34.4,35.3,34.9,32.8,29.6,24.6,19.6] 
Hum[1..12] = [0.74,0.71,0.63,0.55,0.45,0.45,0.50,0.61,0.62,0.65,0.68,0.74] 
 
end 
 
 
PROCEDURE Solar(month$,area,T_1,T_2,L :Q_solar,DNI_Avg,Q_field_[5..17])  
$Arrays ON 
T_avg=((T_1+T_2)/2) 
T_abs= T_avg + 10 
Q_loss= 8.56993*exp(0.00844872*T_abs) * L 
      t = 4 
         REPEAT 
             t = t+1 
if (month$='Jan') then 
 DNI_[t]= 12217.3814 - 8514.10858*t + 2297.42061*t^2 - 311.866292*t^3 + 23.0644121*t^4 - 
0.888232608*t^5 + 0.0139018071*t^6 
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 Eta_opt_[5..17] = [0,0,0.58,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.194,0] 
 Q_field_[t]=((DNI_[t] * Eta_opt_[t] * area) - Q_loss)/1000 
 //Q_avg = average(Q_field_[7..15]) 
 //Q_excess_[t]=Q_field_[t] - Q_avg 
endif 
if (month$='Feb') then 
 DNI_[t]=12409.0094 - 9587.69088*t + 2852.40021*t^2 - 420.344986*t^3 + 33.1705712*t^4 - 
1.34273036*t^5 + 0.021851301*t^6 
 Eta_opt_[5..17] = [0,0.04,0.65,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.42,0] 
 Q_field_[t]=((DNI_[t] * Eta_opt_[t] * area) - Q_loss)/1000 
 //Q_avg= average(Q_field_[7..15]) 
 //Q_excess_[t]=Q_field_[t] - Q_avg 
endif 
if (month$='Mar') then 
 DNI_[t]= 9409.05774 - 6716.99555*t + 1836.29094*t^2 - 248.401008*t^3 + 18.0939452*t^4 - 
0.681680806*t^5 + 0.0104052283*t^6 
 Eta_opt_[5..17] = [0,0.32,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.6,0] 
 Q_field_[t]=((DNI_[t] * Eta_opt_[t] * area) - Q_loss)/1000 
 //Q_avg= average(Q_field_[7..15]) 
 //Q_excess_[t]=Q_field_[t] - Q_avg 
endif 
if (month$='Apr') then 
 DNI_[t] = 6223.2918 - 4733.61858*t + 1351.49793*t^2 - 185.71443*t^3 + 13.4815364*t^4 - 
0.498939481*t^5 + 0.00739706172*t^6 
 Eta_opt_[5..17] = [0.04,0.62,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.09] 
 Q_field_[t]=((DNI_[t] * Eta_opt_[t] * area) - Q_loss)/1000 
 //Q_avg = average(Q_field_[7..15]) 
 //Q_excess_[t]=Q_field_[t] - Q_avg 
endif 
if (month$='May') then 
 DNI_[t]= 5552.55601 - 4355.9299*t + 1274.89851*t^2 - 178.286542*t^3 + 13.0909143*t^4 - 
0.487384726*t^5 + 0.00723690449*t^6 
 Eta_opt_[5..17] = [0.24,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.25] 
 Q_field_[t]=((DNI_[t] * Eta_opt_[t] * area) - Q_loss)/1000 
 //Q_avg = average(Q_field_[7..15]) 
 //Q_excess_[t]=Q_field_[t] - Q_req 
endif 
if (month$='Jun') then 
 DNI_[t]= 4192.04118 - 3286.84278*t + 951.780329*t^2 - 130.272717*t^3 + 9.34000856*t^4 - 
0.339312143*t^5 + 0.004905937*t^6 
 Eta_opt_[5..17] = [0.3,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.39] 
 Q_field_[t]=((DNI_[t] * Eta_opt_[t] * area) - Q_loss)/1000 
 //Q_avg= average(Q_field_[7..15]) 
 //Q_excess_[t]=Q_field_[t] - Q_avg 
endif 
if (month$='Jul') then 
 DNI_[t]= 1883.06851 - 1708.02461*t + 565.259578*t^2 - 87.5189525*t^3 + 7.18443027*t^4 - 
0.303417709*t^5 + 0.0051593206*t^6 
 Eta_opt_[5..17] = [0.2,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.4] 
 Q_field_[t]=((DNI_[t] * Eta_opt_[t] * area) - Q_loss)/1000 
 //Q_avg= average(Q_field_[7..15]) 
 //Q_excess_[t]=Q_field_[t] - Q_avg 
endif 
if (month$='Aug') then 
 DNI_[t]= 9321.2732 - 6861.41875*t + 1933.03804*t^2 - 268.147*t^3 + 19.8390925*t^4 - 
0.751465662*t^5 + 0.0114387339*t^6 
 Eta_opt_[5..17] = [0.04,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.2] 
 Q_field_[t]=((DNI_[t] * Eta_opt_[t] * area) - Q_loss)/1000 
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 //Q_avg= average(Q_field_[7..15]) 
 //Q_excess_[t]=Q_field_[t] - Q_avg 
endif 
if (month$='Sep') then 
 DNI_[t]= 9606.10807 - 7095.60823*t + 2002.73138*t^2 - 278.32216*t^3 + 20.7197621*t^4 - 
0.793744457*t^5 + 0.0122671589*t^6 
 Eta_opt_[5..17] = [0,0.56,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.53,0] 
 Q_field_[t]=((DNI_[t] * Eta_opt_[t] * area) - Q_loss)/1000 
 //Q_avg= average(Q_field_[7..15]) 
 //Q_excess_[t]=Q_field_[t] - Q_avg 
endif 
if (month$='Oct') then 
 DNI_[t]= 16992.0932 - 12554.1551*t + 3580.53915*t^2 - 507.813066*t^3 + 38.5823191*t^4 - 
1.50429034*t^5 + 0.0236137794*t^6 
 Eta_opt_[5..17] = [0,0.42,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.19,0] 
 Q_field_[t]=((DNI_[t] * Eta_opt_[t] * area) - Q_loss)/1000 
 //Q_avg= average(Q_field_[7..15]) 
 //Q_excess_[t]=Q_field_[t] - Q_avg 
endif 
if (month$='Nov') then 
 DNI_[t]= 12956.7821 - 9304.81971*t + 2585.45348*t^2 - 359.53574*t^3 + 27.020418*t^4 - 
1.05105447*t^5 + 0.01657172*t^6 
 Eta_opt_[5..17] = [0,0.22,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0,0] 
 Q_field_[t]=((DNI_[t] * Eta_opt_[t] * area) - Q_loss)/1000 
 //Q_avg= average(Q_field_[7..15]) 
 //Q_excess_[t]=Q_field_[t] - Q_avg 
endif 
if (month$='Dec') then 
 DNI_[t]= 11727.8234 - 8299.30398*t + 2279.3925*t^2 - 315.108278*t^3 + 23.677067*t^4 - 
0.924354335*t^5 + 0.0146516898*t^6 
 Eta_opt_[5..17] = [0,0.03,0.65,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.02,0] 
 Q_field_[t]=((DNI_[t] * Eta_opt_[t] * area) - Q_loss)/1000  
 //Q_avg= average(Q_field_[7..15]) 
 //Q_excess_[t]=Q_field_[t] - Q_avg 
endif 
 daytime_[t] = t 
        UNTIL (t = 17) 
        Q_solar = average(Q_field_[7..15]) 
        DNI_avg = average(DNI_[5..15]) 
X= sum(Q_field_[t],t=7,17) 
     END 
 
 
$arrays ON 
{PHYSICAL MODEL FOR PF MED with PH} 
 
{GENERAL INPUTS AND ASSUMPTIONS} 
n=10;    T_sw= 30 [C]; X_sw= 48.2 [g/kg] 
T_b[n] = 45 [C];  {Distillate = 1 [m^3/h]} ; F_total = Feed§/1000 {F_total is in m3/h} ; B_total = F_total - 
Distillate 
Feed§ = Feed * convert(kg/s,kg/h) ; Productivity = D_total * convert(kg/s,kg/h) ; {M_sw§ = M_sw * 
convert(kg/s,kg/h)} 
 
BPE = 0.7 [C] 
 
TBT = T_b[1] ; X_max = X_bt[1] 
 
T_f[n] = T_sw + DELTAT_ph  {Preheating required for feed by the reject brine in last effect} 
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DELTAT_ph = 10 [C]   {assumption} 
DELTAT_Plant= (T_steam - T_sw)/(n-1) 
 
Delta_brine = (T_b[1] - T_b[n])/(n-1) {brine temp. difference depending on TBT and T_b[last 
effect]} 
 
duplicate i=2,n-1 
T_b[i] = T_b[i-1] - Delta_brine 
end 
 
duplicate i=1,n-1 
T_f[i] = T_v[i] - 3 
end 
 
duplicate j=1,n 
T_v[j]= T_b[j] - BPE 
end  
 
  
duplicate i=1,n 
P_v[i] = P_sat(Steam,T=T_v[i]) 
h_v[i]= Enthalpy_vaporization(Water,P=P_v[i]) {h_fg of generated vapor} 
end 
 
{Feed mass flow rates}  
{Assumed equal feed distribution in reference case} 
duplicate i=1,n 
F_[i]= Feed/n 
RR_[i]=D_[i]/F_[i] 
end 
 
duplicate i=1,n-1 
F_ph[i]=F_[i] + F_ph[i-1] 
end 
F_ph[0] = 0 
 
{Calculation of C_p for seawater} 
duplicate i=1,n 
Effect_[i]=i 
C_p[i] = SW_SpcHeat(T_f[i],X_sw)/1000  
C_px[i] = SW_SpcHeat(T_b[i],X_bt[i])/1000 {Used in the calculation of flashing brine in each 
effect} 
end 
C_p_sw= SW_SpcHeat(T_sw,X_sw)/1000 
 
{LFC SOLAR FIELD INPUTS AND EQUATIONS} 
A_ap= 226 [m^2]          
{Receiver Losses} 
Q_loss= (8.56993*exp(0.00844872*T_abs) * L_r)/1000 {From schott PTR70 datasheet. Units: W} 
duplicate i=5,17 
Q_loss[i] = Q_loss 
Q_req[i] = Q_req 
time_[i] = i 
end 
T_abs= T_avg + 10 
T_avg=((T_1+T_2)/2) 
L_r= 64.96 [m]    
T_1 = 175 [C] 
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T_2 = 165 [C] 
P_htf= 6 [bar]    
HTF$='Water'    {Pressurized water is the HTF. Single phase flow}  
eta_pump=0.8    {For evaluation of pumping energy}   
m_htf= Q_req/(Cp_htf * DELTAT) {Design HTF mass flow rate in the HX} 
DELTAT = T_1 - T_2 
Cp_htf=SpecHeat(HTF$,T=T_avg,P=P_htf) 
Rho_htf=Density(HTF$,T=T_avg,P=P_htf) 
W_dot_HTF = (P_x * m_htf)/(Rho_sw*eta_pump) 
 
Month$='May' 
Call SOLAR(month$,A_ap,T_1,T_2,L_r :Q_req,DNI,Q_field_[5..17]) 
 
{Seam Generator SG} 
A = (T_1 - T_steam) - (T_2 - T_steam)  
B =  (T_1 - T_steam)/(T_2 - T_steam)  
LMTD_sg= A / ln(B)   {LMTD in HX} 
Q_req = U_sg * A_sg * LMTD_sg {different U as compared to condensor}   
U_sg= h_sg/1000  
v_sg= m_htf/(1000*A_cs)   {velocity of HTF in SG. A_cs is cross sectional area} 
A_cs=pi*(0.0254^2)/4   {pipe diameter is 1 inch} 
Call External_Flow_Cylinder('water', T_1, T_cond,  P_htf*convert(bar,kPa), v_sg, 0.0254[m]: F_d\L, h_sg, 
C_d, Nusselt, Re) 
A_sg= ntsg * A_t   {ntsg is the number of tubes in SG before rounding up} 
n_sg= ceil(ntsg)    {Rounds up the number of tubes to an integer}  
    
 
T_steam = 70 [C] 
TBT = T_steam - 5 
Q_req = m_steam * h_steamx 
P_steam= 0.3 [bar] 
//T_steam= T_sat(Water,P=P_steam) 
h_steam = Enthalpy(Water, x=1, P=P_steam) 
T_cond=T_steam 
 
{EFFECT 1 ENERGY AND MASS BALANCE}  
F_[1]= D_[1] + B_[1] 
 
Q_steam = Q_req 
h_steamx = enthalpy_vaporization(water,P=P_steam) {Latent heat transferred in first effect} 
 
//h_cond§ = Enthalpy(Water, x=1, P=P_steam) 
E_thermal = h_steamx  {thermal energy consumption in kJ/kg. for PR calculations}  
 
Q_steam = F_[1]*C_p[1]*(T_b[1] - T_f[1]) + D_[1]*h_v[1]     {D_[1] is total distillate from E1 : formed 
only by boiling!} 
m_v[1] = D_[1] 
 
{Salt Balance for E 1} 
F_[1]*X_sw = B_[1]*X_bt[1] 
X_bt[1] = 70 [g/kg]   {Constraint for the first effect max salinity}    
    
X_bt[1]=X_b[1]; m_b[1]=B_[1] 
 
{Total heating source from each effect} 
duplicate j=1,n 
D_h[j]= D_[j] + m_f[j] 
end 
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{Preheaters from 1 n-1} 
duplicate k=1,n-1 
F_ph[k] * C_p[k]*(T_f[k] - T_f[k+1])= Y_[k]*D_h[k]*h_v[k]      {Y_[k] is the fraction of latent heat 
used in preheating. Found in the areas calculation} 
(1 - Y_[k]) * h_v[k] = h_eh[k] 
end 
 
{Effects 2 to n energy, mass and salt balance} 
duplicate i=2,n 
F_[i] + B_[i-1]= D_[i] + B_[i]            
F_[i]=m_v[i] + m_b[i]        
D_[i]=m_v[i] + m_vb[i]       
B_[i]=m_br[i] + m_b[i] 
 
D_h[i-1]*h_eh[i-1]=F_[i]*C_p[i]*(T_b[i] - T_f[i]) + m_v[i]*h_v[i] 
 
m_vb[i]= Beta_[i] * B_[i-1]  {m_vb[i] is the fraction of B_[i-1] that flashes in effect i} 
m_vb[i]= B_[i-1]*C_px[i-1]*(T_b[i-1] - T_b[i])/h_v[i] 
 
F_[i]*X_sw + B_[i-1]*X_bt[i-1] = m_br[i]*X_br[i] + m_b[i]*X_b[i]    {X_bt is the salinity of the total 
Brine leaving the effect, X_br is salinty for m_br which is the non-flashed brine} 
F_[i]*X_sw = m_b[i]*X_b[i] 
B_[i]*X_bt[i] = m_br[i]*X_br[i] + m_b[i]*X_b[i] 
end 
 
{FLASH BOX #2} 
D_[1] = m_c[2] + m_f[2] 
m_f[2]= ((D_[1])* C_p[1] * (T_v[1] - T_v[2]))/h_v[2] 
 
{FLASH BOX 3 to n} 
duplicate i=3,n 
D_h[i-1] + m_c[i-1] = m_c[i] + m_f[i] 
m_f[i]= ((D_h[i-1]+m_c[i-1])* C_p[i-1] * (T_v[i-1] - T_v[i]))/h_v[i] 
end 
m_f[1] = 0 [kg/s]      {No flash box 1 or 7} 
 
{MAIN RESULTS} 
D_total = sum(D_[i],i=1,n) 
D_total = Distillate/3.6   
GOR = D_total/m_steam 
RR = D_total/Feed 
h_ref = 2330 [kJ/kg]     {Specific enthalpy of steam at 71.2 C} 
PR= GOR*h_ref/(E_thermal) 
Th_specific = Q_req/Distillate    {Units kWh/m3} 
//Distillate= D_total * 3.6     {Distillate in m3/h} 
B_reject= B_[n] 
B_reject§= B_[n]*3.6     {Brine reject in m3/h}     
//Op_x = Hours      {Post sunset operation period in hours} 
 
{Effects and Preheaters Areas} 
{EFFECT 1- is a special case b/c of T_steam} 
F_[1]*C_p[1]*(T_b[1] - T_f[1]) + D_[1]*h_v[1]    = U_e_[1] * A_[1] * (T_steam - TBT) 
U_e_[1] = 1.9695 + (1.2057*10^(-2))*TBT - (8.5989*10^(-5))*(TBT^2) + (2.5651*10^(-7))*(TBT^3) 
A_[1]= nt_[1] * A_t 
n_[1]=ceil(nt_[1]) 
 
{EFFECT 2-n Areas} 
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duplicate i=2,n 
F_[i]*C_p[i]*(T_b[i] - T_f[i]) + m_v[i]*h_v[i] = U_e_[i] * A_[i] * LMTD_[i] 
LMTD_[i] = T_v[i-1] - T_b[i] 
U_e_[i]= 1.9695 + (1.2057*10^(-2))*T_b[i] - (8.5989*10^(-5))*(T_b[i])^2 + (2.5651*10^(-7))*(T_b[i])^3 
A_[i]= nt_[i] * A_t 
n_[i]=ceil(nt_[i]) 
end 
 
{Preheaters 1-n-1} 
duplicate i=1,n-1 
Y_[i] * D_h[i] * h_v[i] = U_ph_[i] * AP_[i] * LMTD§_[i] 
LMTD§_[i] = ((T_v[i]-T_f[i]) - (T_v[i]-T_f[i+1]))/ln((T_v[i]-T_f[i])/(T_v[i]-T_f[i+1])) 
U_ph_[i] = 1.7194 + (3.2063*10^(-3))*T_v[i] + (1.5971*10^(-5))*(T_v[i]^2) - (1.9918*10^(-
7))*(T_v[i]^3) 
Ap_[i]= ntp_[i] * A_t 
np_[i]=ceil(ntp_[i]) 
end 
 
A_t= pi*d_t*L_t 
d_t = 0.0254/3 [m] 
L_t = 0.5 [m] 
 
{Total system surface area and specific surface area} 
A_total= sum(A_[i],i=1,n) + sum(Ap_[i],i=1,n-1) 
D_total= Product 
Area_spec = A_total/Product 
 
B_[n] * 4200 * (T_b[n] - T_disposal) =  Feed * 4200 * (T_f[n] - T_sw) 
X_disposal = X_bt[n] 
C_f = X_disposal / X_sw 
 
 
{Pumping Power} 
W_dot_sw=(P_x * Feed)/(Rho_sw*eta_pump)   {Seawater/Feed pump} 
P_x = 400 [kPa] 
W_dot_br=(P_x * B_[n])/(Rho_sw*eta_pump)   {Brine disposal pump} 
W_dot_p=(P_x * D_total)/(Rho_p*eta_pump)   {Product} 
Rho_p=Density(Water,T=T_v[n],P=P_x) 
W_dot_c=(P_steam*convert(bar,kPa) * m_steam)/(Rho_steam§*eta_pump) {Condensate pump} 
Rho_steam§ = Density(Steam,T=T_cond,x=0) 
Rho_sw = SW_Density(T_sw,X_sw)  
 
W_dot_MED = (W_dot_sw + W_dot_br + W_dot_p + W_dot_c + W_dot_fan) 
         
SPC = (W_dot_sw + W_dot_br + W_dot_p+W_dot_c+W_dot_fan)/Distillate  {MED only SPC}  
 
 
{Air-cooled condensor} 
DELTAH= Enthalpy_vaporization(Water,T=T_v[n]) 
Q_cond = D_[n] * DELTAH  
T_o = T_v[n] - 3        
T_in = 31.9 [C]  
omega = 0.45  
Q_cond = m_dot_air * Cp_air * (T_o - T_in)    
Cp_air=Cp(AirH2O,T=T_in,r=omega,P=1[bar]) 
 
CALL ACC (omega,T_in, m_dot_air,Q_cond : W_dot_fan) 
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Q_cond = U_cond * A_cond * LMTD_cond   
U_cond = 0.71 [kW/m^2-C]     
LMTD_cond = ((T_v[n] - T_in) - (T_v[n] - T_o) )/ (ln((T_v[n] - T_in)/(T_v[n] - T_o))) 
 
 
 
{Calculation of Equivalent mechanical work} 
S= m_steam         {Heating steam or motive steam} 
P_turbine = 0.1 [bar] 
S_steam = Entropy(water,x=1,T=T_steam) 
X_turbine = Quality(water,P=P_turbine,S=S_steam) 
h_turbine = enthalpy(water,P=P_turbine,x=X_turbine) 
W_dot_eq= S * (h_steam - h_turbine)   {in kW} 
SPC_eq = W_dot_eq/Distillate 
W_dot_mech =  SPC_eq + SPC 
 
 
 
 
 
EES Program for Collector Defocusing Analysis: 
 
 
{Solar Field Charactertistics} 
P_htf= 6 [bar] 
DELTAP = 30 [kPa]     {average for June 2015 from 5-17 from STF data} 
DELTAT= 10 [C] 
A_ap= 176 [m^2]     {Aperture area of LFC from datasheet}  
L= 64.96 [m] 
HTF$='Water'     {Pressurized water is the HTF. Single phase flow}  
   
//Q_req      {Requirement by the MED section} 
eta_pump=0.8     {For evaluation of pumping energy}  
m_design= Q_req/(Cp_htf * DELTAT)   {Design HTF mass flow rate in the HX} 
 
 
duplicate i=5,17     {only positive m_bypass will be considered} 
m_bypass[i]= (Q_field[i] - Q_req)/(Cp_htf * DELTAT)  {Mass flow in the bypass} 
m_pump[i]= m_bypass[i] + m_design   {Total mass flow in pump; entering LFC} 
W_pump[i]= (m_pump[i] * DELTAP)/(eta_pump*Rho_htf) {Pumping power in kW}  
end 
  
 
h_fieldin= Enthalpy(HTF$, T=T_2,P=P_htf)   {HTF LFC inlet enthalpy} 
h_fieldout= Enthalpy(HTF$, T=T_1,P=P_htf)   {HTF LFC outlet enthalpy} 
 
Cp_htf=SpecHeat(HTF$,T=T_avg,P=P_htf) 
Rho_htf=Density(HTF$,T=T_avg,P=P_htf) 
 
E_pump = sum(W_pump[i] , i=7,14) 
 
 
{DECEMBER ITERATIONS} 
 
duplicate t=5,17 
daytime_[t]= t 
DNI_D[t] = 11727.8234 - 8299.30398*t + 2279.3925*t^2 - 315.108278*t^3 + 23.677067*t^4 - 0.924354335*t^5 + 0.0146516898*t^6 
end 
Eta_opt_D[5..17] = [0,0.03,0.65,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.66,0.02,0] 
 
duplicate t=5,17 
Q_field_D_f7[t]=((DNI_D[t] * Eta_opt_D[t] * A_ap*r_foc[7]) - Q_loss)/1000 
m_bypass_D_f7[t]= (Q_field_D_f7[t] - Q_req)/(Cp_htf * DELTAT)    
m_pump_D_f7[t]= m_bypass_D_f7[t] + m_design       
W_pump_D_f7[t]= (m_pump_D_f7[t] * DELTAP)/(eta_pump*Rho_htf)  
end 
duplicate t=5,17 
Q_field_D_f8[t]=((DNI_D[t] * Eta_opt_D[t] * A_ap*r_foc[8]) - Q_loss)/1000 
m_bypass_D_f8[t]= (Q_field_D_f8[t] - Q_req)/(Cp_htf * DELTAT)    
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m_pump_D_f8[t]= m_bypass_D_f8[t] + m_design       
W_pump_D_f8[t]= (m_pump_D_f8[t] * DELTAP)/(eta_pump*Rho_htf)  
end 
 
duplicate t=5,17 
Q_field_D_f9[t]=((DNI_D[t] * Eta_opt_D[t] * A_ap*r_foc[9]) - Q_loss)/1000 
m_bypass_D_f9[t]= (Q_field_D_f9[t] - Q_req)/(Cp_htf * DELTAT)    
m_pump_D_f9[t]= m_bypass_D_f9[t] + m_design       
W_pump_D_f9[t]= (m_pump_D_f9[t] * DELTAP)/(eta_pump*Rho_htf)  
end 
 
duplicate t=5,17 
Q_field_D_f10[t]=((DNI_D[t] * Eta_opt_D[t] * A_ap*r_foc[10]) - Q_loss)/1000 
m_bypass_D_f10[t]= (Q_field_D_f10[t] - Q_req)/(Cp_htf * DELTAT)    
m_pump_D_f10[t]= m_bypass_D_f10[t] + m_design       
W_pump_D_f10[t]= (m_pump_D_f10[t] * DELTAP)/(eta_pump*Rho_htf)  
end 
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APPENDIX II 

This appendix corresponds to the environmental analysis conducted in Chapter 4. 

LCA impact scores for solar-driven MED used to create the results in Figure 52 in Chapter 4: 

Table 41: LCA impact scores for solar-driven MED coupled to a solar linear Fresnel collector. 

Climate Change Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 2.04E+04 0.36 kg CO2 eq./m3 13.14 
Solar Field Operation 5.67E+04 1.00 kg CO2 eq./m3 36.53 
MED Construction 4.10E+03 0.07 kg CO2 eq./m3 2.64 
MED Operation 7.16E+04 1.27 kg CO2 eq./m3 46.13 
Pretreatment 2.33E+03 0.04 kg CO2 eq./m3 1.50 
Post treatment 8.90E+01 0.00 kg CO2 eq./m3 0.06 
Total 1.55E+05 2.75 kg CO2 eq./m3   
     
Ozone Depletion Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 5.65E-07 1.00E-11 kg CFC-11 eq./m3 15.41 
Solar Field Operation 1.15E-08 2.03E-13 kg CFC-11 eq./m3 0.31 
MED Construction 7.50E-08 1.33E-12 kg CFC-11 eq./m3 2.05 
MED Operation 8.69E-11 1.54E-15 kg CFC-11 eq./m3 0.00 
Pretreatment 3.00E-06 5.31E-11 kg CFC-11 eq./m3 81.82 
Post-treatment 1.48E-08 2.62E-13 kg CFC-11 eq./m3 0.40 
Total 3.67E-06 6.49E-11 kg CFC-11 eq./m3   
Pretreatment Breakdown:   kg CFC-11 eq./m3 Contribution (%) 
Anti-foaming agent 2.51E-06  kg CFC-11 eq./m3 83.67 
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Sodium hypochlorite 4.85E-07  kg CFC-11 eq./m3 16.17 
Sodium Hydrogen Sulphite (from NaOH and SO2) 1.28E-08   kg CFC-11 eq./m3 0.43 
     
Water Depletion Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 4.23E+02 0.007 m3/m3 1.57 
Solar Field Operation 1.15E+04 0.203 m3/m3 42.80 
MED Construction 5.45E+01 0.001 m3/m3 0.20 
MED Operation 1.45E+04 0.257 m3/m3 53.96 
Pretreatment 3.91E+02 0.007 m3/m3 1.46 
Post treatment 1.83E+00 0.000 m3/m3 0.01 
Total 2.69E+04 0.475 m3/m3   

     
Fossil Depletion Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 5.62E+03 0.099 kg oil eq./m3 8.54 
Solar Field Operation 2.57E+04 0.455 kg oil eq./m3 39.06 
MED Construction 1.12E+03 0.020 kg oil eq./m3 1.70 
MED Operation 3.25E+04 0.575 kg oil eq./m3 49.40 
Pretreatment 8.25E+02 0.015 kg oil eq./m3 1.25 
Post treatment 2.51E+01 0.000 kg oil eq./m3 0.04 
Total 6.58E+04 1.164 kg oil eq./m3   
      
Human Toxicity Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 4.28E+03 0.076 kg 1,4 DB eq./m3 84.33 
Solar Field Operation 1.46E+02 0.003 kg 1,4 DB eq./m3 2.88 
MED Construction 4.49E+02 0.008 kg 1,4 DB eq./m3 8.85 
MED Operation 1.52E+02 0.003 kg 1,4 DB eq./m3 2.99 
Pretreatment 4.60E+01 0.001 kg 1,4 DB eq./m3 0.91 
Post treatment 2.25E+00 0.000 kg 1,4 DB eq./m3 0.04 
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Total 5.08E+03 0.090 kg 1,4 DB eq./m3   
 

LCA impact scores for the operation phase of conventional MED (combined cycle natural gas) used to create Figure 53a. These results 

were derived by running the simulations in GaBi with the thermal energy consumption flow coming from a natural gas turbine (and not 

from solar thermal energy as is the case with the results in Table 41): 

 

Table 42: LCA impact scores for the operation phase for combined cycle natural gas-powered MED plants in Qatar. 

 Impact category LCA score Units 
Climate Change 12.69 kg CO2 eq./m3 
Ozone Depletion 6.03E-11 kg CFC-11 eq./m3 

Water Depletion 0.31 m3/m3 

Fossil Depletion 5.47 kg oil eq./m3 

Human Toxicity 0.03 kg 1,4 DB eq./m3 
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LCA impact scores used to compare the LFC and PTC when coupled to the MED plant. These results were used to create Figure 53b in 

the manuscript: 

 

Table 43: LCA impact scores showing the comparison between the LFC and PTC when coupled to a MED plant with a capacity of 1 m3/h. 

 Impact category LFC PTC Units 
Climate Change 2.75 2.76 kg CO2 eq./m3 

Metal Depletion 4.03 5.34 kg Fe eq./m3 

Fossil Depletion 1.164 1.17 kg oil eq./m3 

Land Area 0.05 0.08 ha 
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Table 44: Regional electricity grid mix for the selected cities.  Local GaBi databases were used to model the grid (Thinkstep, 2018). 
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Table 45: LCA Results for Kuwait City, Kuwait. 

Climate Change Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 1.30E+04 0.23 kg CO eq/m3 2.61 
Solar Field Operation 9.67E+04 1.71 kg CO eq/m3 19.45 
MED Construction 4.10E+03 0.07 kg CO eq/m3 0.82 
MED Operation 3.81E+05 6.74 kg CO eq/m3 76.62 
Pretreatment 2.33E+03 0.04 kg CO eq/m3 0.47 
Post treatment 9.89E+01 0.00 kg CO eq/m3 0.02 
Total 4.97E+05 8.80 kg CO eq/m3   
     
Water Depletion Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 2.64E+02 0.00 m3/m3 0.62 
Solar Field Operation 9.40E+03 0.17 m3/m3 22.09 
MED Construction 5.45E+01 0.00 m3/m3 0.13 
MED Operation 3.24E+04 0.57 m3/m3 76.13 
Pretreatment 4.41E+02 0.01 m3/m3 1.04 
Post treatment 2.00E+00 0.00 m3/m3 0.00 
Total 4.26E+04 0.75 m3/m3   
     
Fossil Depletion Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 3.60E+03 0.06 kg oil eq/m3 2.14 
Solar Field Operation 3.65E+04 0.65 kg oil eq/m3 21.72 
MED Construction 1.12E+03 0.02 kg oil eq/m3 0.67 
MED Operation 1.26E+05 2.23 kg oil eq/m3 74.97 
Pretreatment 825 0.01 kg oil eq/m3 0.49 
Post treatment 27.9 0.00 kg oil eq/m3 0.02 
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Total 1.68E+05 2.97 kg oil eq/m3   
      
Human Toxicity Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 3.14E+03 0.06 kg 1,4 DB eq/m3 4.31 
Solar Field Operation 1.56E+04 0.28 kg 1,4 DB eq/m3 21.39 
MED Construction 449 0.01 kg 1,4 DB eq/m3 0.62 
MED Operation 5.37E+04 0.95 kg 1,4 DB eq/m3 73.62 
Pretreatment 46 0.00 kg 1,4 DB eq/m3 0.06 
Post treatment 2.5 0.00 kg 1,4 DB eq/m3 0.00 
Total 7.29E+04 1.29 kg 1,4 DB eq/m3   

 

Table 46: LCA Results for Algeria, Algeria. 

Climate Change Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 1.07E+04 0.19 kg CO2 eq/m3 2.77 
Solar Field Operation 7.55E+04 1.34 kg CO2 eq/m3 19.57 
MED Construction 4.10E+03 0.07 kg CO2 eq/m3 1.06 
MED Operation 2.93E+05 5.18 kg CO2 eq/m3 75.95 
Pretreatment 2.33E+03 0.04 kg CO2 eq/m3 0.60 
Post treatment 1.64E+02 0.00 kg CO2 eq/m3 0.04 
Total 3.86E+05 6.83 kg CO2 eq/m3   
     
Water Depletion Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 2.15E+02 0.00 m3/m3 0.37 
Solar Field Operation 8.66E+03 0.15 m3/m3 14.91 
MED Construction 5.45E+01 0.00 m3/m3 0.09 
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MED Operation 4.86E+04 0.86 m3/m3 83.65 
Pretreatment 5.67E+02 0.01 m3/m3 0.98 
Post treatment 3.37E+00 0.00 m3/m3 0.01 
Total 5.81E+04 1.03 m3/m3   
     
Fossil Depletion Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 2.97E+03 0.05 kg oil eq/m3 1.44 
Solar Field Operation 3.04E+04 0.54 kg oil eq/m3 14.73 
MED Construction 1.12E+03 0.02 kg oil eq/m3 0.54 
MED Operation 1.71E+05 3.03 kg oil eq/m3 82.86 
Pretreatment 825 0.01 kg oil eq/m3 0.40 
Post treatment 46.1 0.00 kg oil eq/m3 0.02 
Total 2.06E+05 3.65 kg oil eq/m3   
     
Human Toxicity Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 2.78E+03 0.05 kg 1,4 DB eq/m3 15.44 
Solar Field Operation 2.23E+03 0.04 kg 1,4 DB eq/m3 12.38 
MED Construction 449 0.01 kg 1,4 DB eq/m3 2.49 
MED Operation 1.25E+04 0.22 kg 1,4 DB eq/m3 69.41 
Pretreatment 46 0.00 kg 1,4 DB eq/m3 0.26 
Post treatment 4.14 0.00 kg 1,4 DB eq/m3 0.02 
Total 18009.14 0.32 kg 1,4 DB eq/m3   
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Table 47: LCA Results for Abu Dhabi, UAE. 

Climate Change Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 1.25E+04 0.22 kg CO2 eq/m3 4.64 
Solar Field Operation 6.31E+04 1.12 kg CO2 eq/m3 23.45 
MED Construction 4.10E+03 0.07 kg CO2 eq/m3 1.52 
MED Operation 1.87E+05 3.31 kg CO2 eq/m3 69.48 
Pretreatment 2.33E+03 0.04 kg CO2 eq/m3 0.87 
Post treatment 9.56E+01 0.00 kg CO2 eq/m3 0.04 
Total 2.69E+05 4.76 kg CO2 eq/m3   
   

 
 

Water Depletion Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 2.53E+02 0.00 m3/m3 0.49 
Solar Field Operation 1.27E+04 0.22 m3/m3 24.83 
MED Construction 5.45E+01 0.00 m3/m3 0.11 
MED Operation 3.77E+04 0.67 m3/m3 73.70 
Pretreatment 4.41E+02 0.01 m3/m3 0.86 
Post treatment 1.97E+00 0.00 m3/m3 0.00 
Total 5.12E+04 0.90 m3/m3   
     
Fossil Depletion Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 3.46E+03 0.06 kg oil eq/m3 2.90 
Solar Field Operation 2.86E+04 0.51 kg oil eq/m3 24.01 
MED Construction 1.12E+03 0.02 kg oil eq/m3 0.94 
MED Operation 8.51E+04 1.51 kg oil eq/m3 71.43 
Pretreatment 825 0.01 kg oil eq/m3 0.69 
Post treatment 27 0.00 kg oil eq/m3 0.02 
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Total 119132 2.11 kg oil eq/m3   

     
Human Toxicity Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 3.06E+03 0.05 kg 1,4 DB eq/m3 55.96 
Solar Field Operation 4.91E+02 0.01 kg 1,4 DB eq/m3 8.98 
MED Construction 449 0.01 kg 1,4 DB eq/m3 8.21 
MED Operation 1.42E+03 0.03 kg 1,4 DB eq/m3 25.97 
Pretreatment 46 0.00 kg 1,4 DB eq/m3 0.84 
Post treatment 2.42 0.00 kg 1,4 DB eq/m3 0.04 
Total 5468.42 0.10 kg 1,4 DB eq/m3   

 

Table 48: LCA Results for Torrevieja, Spain. 

Climate Change Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 1.29E+04 0.23 kg CO2 eq/m3 10.92 
Solar Field Operation 2.93E+04 0.52 kg CO2 eq/m3 24.81 
MED Construction 4.10E+03 0.07 kg CO2 eq/m3 3.47 
MED Operation 6.93E+04 1.23 kg CO2 eq/m3 58.68 
Pretreatment 2.33E+03 0.04 kg CO2 eq/m3 1.97 
Post treatment 1.63E+02 0.00 kg CO2 eq/m3 0.14 
Total 1.18E+05 2.09 kg CO2 eq/m3   
     
Water Depletion Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 2.62E+02 0.00 m3/m3 7.29 
Solar Field Operation 8.85E+02 0.02 m3/m3 24.64 
MED Construction 5.45E+01 0.00 m3/m3 1.52 
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MED Operation 1.82E+03 0.03 m3/m3 50.67 
Pretreatment 5.67E+02 0.01 m3/m3 15.79 
Post treatment 3.35E+00 0.00 m3/m3 0.09 
Total 3.59E+03 0.06 m3/m3   
     
Fossil Depletion Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 3.57E+03 0.06 kg oil eq/m3 10.28 
Solar Field Operation 8.68E+03 0.15 kg oil eq/m3 24.98 
MED Construction 1.12E+03 0.02 kg oil eq/m3 3.22 
MED Operation 2.05E+04 0.36 kg oil eq/m3 59.01 
Pretreatment 825 0.01 kg oil eq/m3 2.37 
Post treatment 45.9 0.00 kg oil eq/m3 0.13 
Total 34740.9 0.61 kg oil eq/m3   
      
Human Toxicity Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 3.12E+03 0.06 kg 1,4 DB eq/m3 55.96 
Solar Field Operation 5.86E+02 0.01 kg 1,4 DB eq/m3 10.51 
MED Construction 449 0.01 kg 1,4 DB eq/m3 8.05 
MED Operation 1.37E+03 0.02 kg 1,4 DB eq/m3 24.57 
Pretreatment 46 0.00 kg 1,4 DB eq/m3 0.83 
Post treatment 4.12 0.00 kg 1,4 DB eq/m3 0.07 
Total 5575.12 0.10 kg 1,4 DB eq/m3   
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Table 49: LCA Results for Carlsbad San Diego CA, U.S. 

Climate Change Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 1.22E+04 0.22 kg CO2 eq/m3 11.50 
Solar Field Operation 3.20E+04 0.57 kg CO2 eq/m3 30.18 
MED Construction 4.10E+03 0.07 kg CO2 eq/m3 3.87 
MED Operation 5.52E+04 0.98 kg CO2 eq/m3 52.06 
Pretreatment 2.33E+03 0.04 kg CO2 eq/m3 2.20 
Post treatment 2.11E+02 0.00 kg CO2 eq/m3 0.20 
Total 1.06E+05 1.88 kg CO2 eq/m3   
     
Water Depletion Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 2.47E+02 0.00 m3/m3 7.71 
Solar Field Operation 8.15E+02 0.01 m3/m3 25.43 
MED Construction 5.45E+01 0.00 m3/m3 1.70 
MED Operation 1.39E+03 0.02 m3/m3 43.37 
Pretreatment 6.94E+02 0.01 m3/m3 21.65 
Post treatment 4.35E+00 0.00 m3/m3 0.14 
Total 3.20E+03 0.06 m3/m3   
      
Fossil Depletion Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 3.38E+03 0.06 kg oil eq/m3 11.10 
Solar Field Operation 3.87E+03 0.07 kg oil eq/m3 12.71 
MED Construction 1.12E+03 0.02 kg oil eq/m3 3.68 
MED Operation 2.12E+04 0.38 kg oil eq/m3 69.61 
Pretreatment 825 0.01 kg oil eq/m3 2.71 
Post treatment 59.6 0.00 kg oil eq/m3 0.20 
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Total 30454.6 0.54 kg oil eq/m3   

     
Human Toxicity Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 3.01E+03 0.05 kg 1,4 DB eq/m3 64.38 
Solar Field Operation 3.55E+02 0.01 kg 1,4 DB eq/m3 7.59 
MED Construction 449 0.01 kg 1,4 DB eq/m3 9.60 
MED Operation 8.10E+02 0.01 kg 1,4 DB eq/m3 17.32 
Pretreatment 46 0.00 kg 1,4 DB eq/m3 0.98 
Post treatment 5.35 0.00 kg 1,4 DB eq/m3 0.11 
Total 4675.35 0.08 kg 1,4 DB eq/m3   

 

Table 50: LCA Results for Sydney, Australia. 

Climate Change Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 1.38E+04 0.24 kg CO2 eq/m3 6.00 
Solar Field Operation 9.17E+04 1.62 kg CO2 eq/m3 39.84 
MED Construction 4.10E+03 0.07 kg CO2 eq/m3 1.78 
MED Operation 1.18E+05 2.09 kg CO2 eq/m3 51.27 
Pretreatment 2.33E+03 0.04 kg CO2 eq/m3 1.01 
Post treatment 2.12E+02 0.00 kg CO2 eq/m3 0.09 
Total 2.30E+05 4.07 kg CO2 eq/m3   
      
Water Depletion Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 2.83E+02 0.01 m3/m3 10.84 
Solar Field Operation 6.88E+02 0.01 m3/m3 26.36 
MED Construction 5.45E+01 0.00 m3/m3 2.09 
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MED Operation 8.86E+02 0.02 m3/m3 33.95 
Pretreatment 6.94E+02 0.01 m3/m3 26.59 
Post treatment 4.36E+00 0.00 m3/m3 0.17 
Total 2.61E+03 0.05 m3/m3   
     
Fossil Depletion Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 3.84E+03 0.07 kg oil eq/m3 6.12 
Solar Field Operation 2.49E+04 0.44 kg oil eq/m3 39.68 
MED Construction 1.12E+03 0.02 kg oil eq/m3 1.79 
MED Operation 3.20E+04 0.57 kg oil eq/m3 51.00 
Pretreatment 825 0.01 kg oil eq/m3 1.31 
Post treatment 59.7 0.00 kg oil eq/m3 0.10 
Total 62744.7 1.11 kg oil eq/m3   

     
Human Toxicity Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 3.27E+03 0.06 kg 1,4 DB eq/m3 35.93 
Solar Field Operation 2.33E+03 0.04 kg 1,4 DB eq/m3 25.60 
MED Construction 449 0.01 kg 1,4 DB eq/m3 4.93 
MED Operation 3.00E+03 0.05 kg 1,4 DB eq/m3 32.97 
Pretreatment 46 0.00 kg 1,4 DB eq/m3 0.51 
Post treatment 5.36 0.00 kg 1,4 DB eq/m3 0.06 
Total 9.10E+03 0.16 kg 1,4 DB eq/m3   
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Table 51: LCA Results for Escandida, Chile. 

Climate Change Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 1.02E+04 0.18 kg CO2 eq/m3 9.99 
Solar Field Operation 1.83E+04 0.32 kg CO2 eq/m3 17.92 
MED Construction 4.10E+03 0.07 kg CO2 eq/m3 4.01 
MED Operation 6.70E+04 1.19 kg CO2 eq/m3 65.59 
Pretreatment 2.33E+03 0.04 kg CO2 eq/m3 2.28 
Post treatment 2.12E+02 0.00 kg CO2 eq/m3 0.21 
Total 1.02E+05 1.81 kg CO2 eq/m3   
     
Water Depletion Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 2.05E+02 0.00 m3/m3 7.81 
Solar Field Operation 4.26E+02 0.01 m3/m3 16.24 
MED Construction 5.45E+01 0.00 m3/m3 2.08 
MED Operation 1.24E+03 0.02 m3/m3 47.26 
Pretreatment 6.94E+02 0.01 m3/m3 26.45 
Post treatment 4.36E+00 0.00 m3/m3 0.17 
Total 2.62E+03 0.05 m3/m3   
     
Fossil Depletion Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 2.85E+03 0.05 kg oil eq/m3 9.78 
Solar Field Operation 5.20E+03 0.09 kg oil eq/m3 17.84 
MED Construction 1.12E+03 0.02 kg oil eq/m3 3.84 
MED Operation 1.91E+04 0.34 kg oil eq/m3 65.51 
Pretreatment 825 0.01 kg oil eq/m3 2.83 
Post treatment 59.8 0.00 kg oil eq/m3 0.21 
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Total 29154.8 0.52 kg oil eq/m3   
      
Human Toxicity Impact Impact per m3 Units Contribution (%) 
Solar Field Construction 2.72E+03 0.05 kg 1,4 DB eq/m3 28.07 
Solar Field Operation 1.37E+03 0.02 kg 1,4 DB eq/m3 14.14 
MED Construction 449 0.01 kg 1,4 DB eq/m3 4.63 
MED Operation 5.10E+03 0.09 kg 1,4 DB eq/m3 52.63 
Pretreatment 46 0.00 kg 1,4 DB eq/m3 0.47 
Post treatment 5.36 0.00 kg 1,4 DB eq/m3 0.06 
Total 9690.36 0.17 kg 1,4 DB eq/m3   
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APPENDIX III 

This appendix corresponds to the economic analysis conducted in Chapter 5. 

Projected system capital costs for solar linear Fresnel collectors: 

Table 52: System capital costs for solar linear Fresnel collectors. 

Comments on cost data in Table 52: 

• Turn-key costs (including standard periphery). 

• Costs for major substructure or civil works is not included if beyond standard. 

• Piping costs only include connections to central interface at collector field. 

• Customs, taxes, and transportation costs are not considered. 

• Insurance costs are not included. 

• The thermal capacity is rated at standard testing conditions which are: DNI = 900 W/m2, ambient temperature is 30oC, azimuth angle is 

90oC, zenith angle is 30oC, and HTF inflow and outflow temperatures are 160oC and 180oC respectively.  

Capacity (MWth) Rough aperture area (m2) Costs (€) Specific costs (€/m2) Specific costs ($/m2) 
0.5 900 450,000  500  573.70 
1 1,800 850,000  472  541.83 
5 9,000 3,500,000  389 446.21 
10 18,000 6,250,000  347 398.40 
50 90,000 20,000,000  222  254.98 
100 180,000 35,000,000  194 223.11 
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EES program developed for the LCOW calculation: 

LCOW = ((Capex_MED + Op_MED) + (Capex_LFC + Op_LFC))/D_annual  {Capex costs are annualized, Op is annualized O&M costs and D_annual is annual 
productivity} 
 
{MED CAPEX & OPEX} 
Capex_MED = (TCC_MED_D + TCC_MED_ID) * CRF   {These are the annualized direct and indirect costs} 
CRF = (j*(1 + j)^N) / ((1 + j)^N -1 )     {Capital recovery factor} 
j = 0.08  ; N= 25         {j is interest rate and N is plant lifetime} 
D_annual = 2*D * 365       {multiply by 2 for “solar+NG” mode” where D is doubled} 
TCC_MED_D = TCC_MED + PTP + OSI + WTS + ERD  
TCC_MED = C_MED * D      {Subtotal MED capital cost-- this is NOT an annualized cost} 
C_MED = C_acc * 6291 * D^(-0.135) * ( (1 - f_hex) + f_hex*((N/N_ref)^(1/277) * (T_ref/T_steam)^(1.048)))    {MED Specific Capital Cost}  
 
{Plant Details} 
N_effects= 10 ;  T_steam= 70 [C]  ;  N_ref= 8  ; T_ref= 70 [C]   ; f_hex= 0.4 
C_acc= 1.24         {Cost increase due to ACC} 
 
PTP = 55 * D        {Post-treatment plant costs. D is productivity in m^3/day} 
OSI = 217 * D        {Open seawater intake costs} 
WTS = 292 * D        {Water transmission system to inland location} 
ERD = 29 * D        {Energy recovery device for discharge pipeline} 
   
TCC_MED_ID = F&I + OC + Cont_MED + CO    {In direct MED capital costs}  
F&I = 0.05 * TCC_MED_D      {Freight and insurance rate during construction} 
OC = 0.1 * (0.025*D_annual)      {Owner's cost rate} 
Cont_MED = 0.1 * TCC_MED_D      {Contingency rate} 
CO = 0.1224 * TCC_MED_D      {Construction overhead} 
 
OP_MED = OPx * D_annual      {Annual O&M costs. Includes chemicals, energy, maintenance, and labor}  
OPx = 1.21 
 
{LFC CAPEX & OPEX} 
Capex_LFC = (TCC_LFC_D + TCC_LFC_ID + Capex_aux) * CRF 
TCC_LFC_D = TCC_LFC + SI + Cont_LFC 
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SI = 20 * A_LFC         {Site improvement} 
Cont_LFC = 0.1 * TCC_LFC_D      {Contingency rate} 
 
TCC_LFC_ID = D&C + Land + IN      {Indirect LFC capital costs} 
D&C = 0.15 * TCC_LFC_D      {Design and construction} 
Land = C_land * A_LFC        {Land costs} 
C_land = 10 [$/m^2]        
IN = 0.01 * TCC_LFC_D       {Insurance costs} 
 
Op_LFC= 0.025 * TCC_LFC_D + Opex_aux    {O&M costs are 2.5% of direct LFC capex} 
 
H= 2190 [hours]  ; Th_specific= 75 [kWh/m^3] ; Capacity = H/8760 
 
A_LFC = 1800 * P_LFC       {LFC Aperture area in m2} 
A_LFC= 302000 [m^2]       {Aperture area of the PE2 plant} 
C_LFC = 547.605582*P_LFC^(-0.18312576)    {Specific LFC system cost in $/m^2 of aperture. This is not Collector cost!} 
 
Q_LFC = P_LFC * H * 1000       {Thermal energy by LFC in kWh/year. This will define the plant productivity} 
D = (Q_LFC/Th_specific)/365      {Productivity in m^3/day} 
TCC_LFC = C_LFC * A_LFC 
 
D = (Q_boiler/Th_specific)/365 
Q_boiler = P_boiler * (8760 - H) * 1000     {Auxiliary boiler Capex thermal energy} 
 
{NG Aux Boiler Costs} 
Capex_aux = 60 * P_boiler * 1000      {Auxiliary boiler Capex= $60/kW} 
Fuel = 0.095 * Q_boiler       {NG consumption rate = 0.095 m^3/kWh-thermal} 
Opex_aux = 0.027 * Fuel       {NG price = $0.027/m^3}  
 
{Results comparison with literature} 
LCOW_x[1..8] = [LCOW_solar , LCOW , 3.32 , 0.94 , 0.94 , 2.84 , 1.32 , 2.72] 
Capacity[1..8] = [D, 2*D ,  9000 , 35607 , 24000 , 4546 , 4544 , 2678]    {in m^3/day} 
 
LCOW_solar = 4.31[$/m^3]       {LCOW at solar only mode with 25% capacity (calculated by running the program in solar 
only mode with no NG boiler)} 


