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Abstract 
Morocco is a country of north-west Africa, that is constantly struggling with water scarcity issues. 

At the same time, Morocco has a very important potential for renewable energy in the form of 

wind and solar energy. One of the opportunities Morocco could use to tackle the problem of water 

scarcity would be to use renewable energies to power desalination plants. That way, freshwater is 

provided with the help of abundant renewable energy resources. To test this opportunity, a small-

scale pilot plant will be installed in Ouarzazate with concentrated photovoltaic panels as the energy 

source and a vanadium flow battery as storage media. In this master thesis, the pilot plant has been 

used as a base to understand the energy flows in the system and analyze the opportunity of 

desalination by renewable energies in Morocco, from an environmental as well as from an 

economic perspective. The concentrated photovoltaic station has been simulated in the software 

SAM and the energy flows have been simulated on Excel. From an economic perspective, the 

results show that powering the desalination station by renewable energy performs less well than 

powering the desalination plant by the grid, as it costs 50% more. However, from an environmental 

perspective, the carbon impact could be reduced by 81%. By applying a carbon tax on the 

desalination system, the desalination powered by renewable energies can potentially perform better 

from an economic perspective as well, depending on the price of the carbon tax. The same method 

has been applied to a real case on a mining desalination plant, and the results showed that the 

renewable energy system’s performance lowered, proving that the calculation method of this study 

can be reproduced, but the results have to be assessed on a case-by-case basis.   
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1) Introduction 

 

In the context of global climate change, Morocco is one of the countries that is expected to be 

affected heavily by the changes in the coming 100 years. One of the consequences will be higher 

levels of water scarcity because precipitations are expected to decrease by 10 to 20% in Morocco 

by 2050 (Schilling et al., 2012). At the same time, the population of Morocco is on the rise and is 

expected to reach 46M inhabitants in 2050 (World Population Review, 2019), which would be an 

increase of 11M compared to 2019. Following these trends, Morocco has to invest in reliable 

sources of water to compensate for the future lack of water to accommodate its population and 

its industries. The water consumption patterns and needs in Morocco are further explained in the 

background. One of the solutions to provide clean drinking water to the growing Moroccan 

population would be the technology of desalination.  

Desalination consists of removing the salt from seawater or brackish water in a desalination plant. 

For better understanding, the technical details about desalination are explained more thoroughly 

in the background of the thesis. The process of desalination is very energy-consuming, which is its 

most important drawback. Currently, most of the big scale desalination plants in the world are 

powered by fossil fuels (Ghaffour et al., 2015). Powering the desalination process by fossil fuel 

fuels will release important quantities of carbon dioxide and will, therefore, foster climate change. 

Here, it can be seen that desalination entails a transfer effect in which providing fresh water will 

increase the pressure on climate change. Morocco also has issues with energy security (Kousksou 

et al., 2015) because the country imports most of its fossil fuels from its neighboring countries 

(Energypedia, 2019). So, powering the desalination system by fossil fuels will further increase the 

reliance of Morocco on its neighboring countries. To solve this issue, one option could be to 

power the desalination process by renewable energies (Ghaffour et al., 2015). Morocco has an 

important potential for solar energy in the desert and could also use wind energy along both the 

Mediterranean and Atlantic coasts (Kousksou et al., 2015). 

Although using renewable energies would reduce the pressure on climate change, it comes with its 

inconvenience as well, which is the variability of the production output of renewable energies 

(Isaka, 2012). Indeed, solar irradiance and wind speeds are not uniform over a year at a given point, 

and therefore the energy production of solar and wind power plants cannot be uniform over a 

year. This issue is usually solved by adding a storage media to store the energy in times of excess 

production and return it in times of low production. There is a political wish in Morocco for the 

transition to renewable energies after the king Mohammed VI announced in 2009 the national 

strategy for renewable energy, with the goal of having 52% of the electricity powered by renewable 

energies by 2030. To lead this transition, the Moroccan Agency for Sustainable Energies (MASEN) 

has been created in 2009, and is currently working on desalination powered by renewable energies.  

 

Previous studies have confirmed that the technology of desalination powered by solar photovoltaic 

energy is a suitable technology to be applied in Morocco (Davidsson &Wågström, 2018).  To add 

to that, a 275000 m3/day desalination plant, mostly powered by wind energy is currently under 

development in Agadir (Abengoa, 2019). This project shows that there is an interest among 

Moroccan stakeholders for desalination projects powered by renewable energies. The biggest issue 

related to using renewable energies to power a desalination plant, as mentioned above, is that the 

energy production in the system is very variable (IRENA, 2012). Some previous studies have 
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assessed the need for storage to compensate the variability of the energy input by the renewable 

energies (Kim et al., 2013; Davidsson &Wågström, 2018). To summarize, the process of 

desalination has been assessed from a technical perspective looking at the feasibility of the 

combination as well as how to solve the technical issues related to the variability of the production. 

But to be applied in a real case industry, the combination of desalination powered by renewable 

energies also has to prove that it is viable from an economic and environmental perspective. 

There hasn’t been any study yet that has compared quantitatively the environmental impacts and 

economic benefits of desalination powered by renewable energy. In that sense, it would be also 

really interesting to know the ideal system size of the energy system from an economic and 

environmental perspective.  

To address this knowledge gap, this thesis asks how the energy system by renewable energies can 

be optimized for powering a reverse osmosis desalination plan. To answer this question, the master 

thesis aims at understanding the impact of the energy system size and the battery size on the 

economic and environmental performance of a desalination plant. The objectives of the study are 

to:  

● Create a model for the energy system and the desalination plant as it will be installed in 

Ouarzazate by MASEN.  

● Assess the economic and environmental performance of the system. 

● Conduct sensitivity analyses to assess the impact of the energy system size and the battery 

size on the environmental and economic performance of the whole system.  

 

In order to test the opportunity of desalinating water with the help of renewable energies, 

MASEN is constructing a desalination pilot plant in Ouarzazate. The pilot plant will have a 

production of 100m3/day, with a rated consumption of 20kW powered by a concentrated 

photovoltaics plant of 97.7kWp. All the calculation performed in this thesis have used this pilot 

plant as reference. The concentrated photovoltaics plant has been simulated on the software 

SAM to obtain the energy production per hour for one year, and the energy flows through the 

system have been simulated on Excel. The Excel model has also allowed to make all the 

environmental and economic calculations.  
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2) Background  

In the first part of the background, the reader will get an overview of the needs of water in 

Morocco, the opportunities brought by the environment and get an understanding of the political 

framework. Later, the technologies used in the project are described and assessed.  

2.1) Water consumption and quality in Morocco 

Morocco is a country of north-west Africa, that is structurally struggling with issues of water 
scarcity (Badraoui and Stitou, 2001). The main reason behind the water scarcity issue is that the 
territory of Morocco lies mostly in a semi-arid region, which means that precipitations are very 
limited with 346mm/year (Platko et al., 2015) and evaporation is very intense. Therefore 80% of 
the rainfall gets evaporated (Badraoui and Stitou, 2001). Hence, only 20% of the rainwater becomes 
surface water or infiltrates in aquifers, which can be used as conventional water sources. Moreover, 
Morocco is very dependent on direct precipitation as it is the most abundant supply of water in 
every region of Morocco (Schyns and Hoeskra, 2014). Despite a very low potential of freshwater 
supply, Morocco has developed a lot of water-intensive economic activities: 

• The agricultural sector is very strong in Morocco as it accounts for 15% of Moroccan GDP 
and it employs 40% of its workforce (Schilling et al., 2012). This means that any disruption 
in the agricultural sector will have major social consequences. Indeed, 68% of the land area 
is used for agricultural purposes (Trading economics, 2019) and about 30% of this area is 
irrigated (Duguédroit and Messaoudi, 1998). Irrigation has important consequences on 
these groundwater resources, for example, marine intrusion of seawater (Schyns and 
Hoekstra, 2014), secondary salinization (Agrimaroc, 2017),pollution of the water tables by 
nitrates if used in combination with fertilizers (Laftouhi et al., 2003; Tagma et al., 2009). 
This means that the massive use of irrigation jeopardizes the long-term availability of 
groundwater. To add to that, climate change is expected to decrease precipitation by about 
10-20% and increase evaporation over Morocco during the 21st century (Schilling et al., 
2012). This will reduce further the recharge of surface-water and groundwater resources. 
The reduction in precipitation will also limit the direct water supply by precipitation to 
which 70% of the agricultural land solely rely on.  

• The mining sector is a crucial economic sector in Morocco and also an important water-
consuming sector. Indeed, water is needed first for the extraction of the ore from the 
ground. Then, the ore must be separated, with the valuable metals going into production 
and other materials being recirculated or discarded. Adler et al. (2007) have drawn a clear 
link between water use in the mining industry and impacts on the local populations. As 
Morocco produces 14% of the world’s phosphate production (Wikipedia, 2019) and has 
also major mines of various metals in the Anti-Atlas and High-Atlas, Morocco has an 
important water consumption for its mines.  

• The electricity production is a major consumer of water in Morocco. Indeed, 84% of the 
total electricity production in Morocco is made in thermal power plants (Coal, Oil, Gas 
and solar thermal) in 2016 (UN energy balances, 2016) (See annex 1). The production of 
electricity by thermal sources needs very important quantities of water to condense the 
steam after the turbine in a steam cycle (See annex 2). The production of electricity by 
thermal power plants has tripled in Morocco between 1990 and 2016, entailing that the 
need for cooling water has also tripled over the same period. The electricity production is 
expected to further double until 2040, which further jeopardizes the security of the water 
and energy supply in Morocco in the future.   
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Some of the consequences of the high water-consumption in Morocco are that groundwater levels 

are falling steadily (Platko et al., 2015; Bekkar et al., 2009). To add to that, groundwaters are 

increasingly contaminated with nitrates, making them unusable without secondary treatment in 

water treatment plants (Laftouhi et al., 2003; Tagma et al., 2009). The future previsions regarding 

water availability in Morocco indicate that decreases of the run-off up to 40% are expected in 

Morocco by 2080 (Taabni and El Jihad, 2012). In addition, because of economic development and 

an increasing population, the needs for water are expected to increase further in the future (Taabni 

and El-Jihad, 2012). 

To conclude on water issues, Morocco develops very water-intensive economic activities in an 

environment in which freshwater resources are limited. There are already consequences in the 

groundwater levels and quality, which are expected to worsen because of climate change. To be 

able to preserve a sustainable water consumption in Morocco, one solution would be to reduce 

the economic activities that consume a lot of water to preserve the water resource for drinking 

purposes. Another solution would be to make economic activities more efficient so that more 

economic value can be produced per m3 of water. A third solution would be to develop the non-

conventional sources of water, which are re-use of wastewater and desalination. The research in 

this thesis will focus on the aforementioned solution. 

2.2) Energy supply in Morocco 

The access to electricity is general in Morocco as 100% of the population is connected either to 

the national grid or to a local grid (Energypedia, 2019). The electricity infrastructure is well 

developed in urban areas as well as in rural areas. Regarding its energy supply, Morocco is a country 

that has very limited resources of fossil fuels. Indeed, more than 90% of its total primary energy 

consumption is made of imported fossil fuels in the form of coal, oil or natural gas (UN energy 

balances, 2016). Regarding electricity, 81% of the Moroccan electricity production was made of 

fossil fuels (Kousksou et al., 2015). Because of that, the average lifecycle carbon footprint of the 

electricity produced in Morocco is 758 g CO2/kWh electricity (Herbert et al., 2016). Whether this 

is a very high number can be compared to 30gCO2/kWh in Sweden. However, renewable energies 

are penetrating the grid at a fast pace, following governmental support for renewable energies. 

According to Morocco World News, the share of renewable energies had already increased to 35% 

of the grid electricity by 2018 (Bazza, 2019). Among the renewable technologies, wind and hydro 

are dominating but solar energy has the highest potential and the highest growth rate in the last 

decade (Zafar, 2019). 

2.3) Environmental opportunities in Morocco 

Morocco’s geographical situation, in a semi-arid region, comes with the opportunity that the solar 

resource is very important. According to MASEN solar atlas, most of Moroccan’s area lies in 

regions that have more than 1500kWh/m2/year of photovoltaic production potential. This 

potential can be harvested very efficiently with the right investments in solar energy projects. The 

geography of Morocco is made of vast areas of desert, which are only sparsely populated by 

humans as it is very difficult to practice agriculture and develop an economy. In these areas of 
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desert, insulation is very high, the clouds coverage is very low and there are no conflicts of land-

use. Hence these areas have a high potential for solar energy projects.  

The regions in Morocco which have the best potential, both in terms of solar potential and in 

terms of land occupation, are the regions located south-east of the Atlas Mountains and the 

occidental Sahara. Indeed, these regions have an average photovoltaic output over 

2000kWh/m2/year and a completely desertic land. 

2.4) Political framework  

The government of Morocco, led by King Mohammed VI, is conducting several political programs 

and laws to solve environmental issues and boost human development in Morocco. The main 

programs and laws are summarized below, with their content and some results. 

The “Plan Maroc Vert” is a program centered on agriculture launched in 2008. The goal of this 

program is to reduce the sensitivity of Moroccan agriculture to water scarcity. Some of the 

measures implemented in this context are subsidies for the installation of drip irrigation (up to 

100% for farms under 5ha), free fruit seeds given to farmers to convert their production from high 

water usage grain crops to fruit plantations (Platko et al., 2015). This program also includes 

subsidies for the installation of brackish water desalination systems to tackle water scarcity.  

Regarding governance of water, along with the Plan Maroc Vert, Morocco has passed several water 

laws to regulate the use of water resources. The main water law is the law no. 10–95 in 1995. This 

law introduces the decentralized management of the water resources per river basin. Consequently, 

water governance is independent of the regions and only goes through the 7 watershed agencies. 

Those agencies have the prerogative to plan the long-term strategies for water management and 

consultation of all actors that use water (Stratégie Nationale de l’eau). The principles of user-pays 

and polluter-pays are introduced and allow the watershed agencies to have their own financial 

resources. The water law No. 36-15 in 2015 adapted the legal framework to allow to increase access 

to drinking water sustainably. One of the main innovations of this law is the integration of non-

conventional water sources like desalination along with conventional water sources. 

In the energy sector, the Moroccan government has the intention to lead the African development 

of renewable energies (Ministère de l'énergie, des mines, de l'eau et de l'environnement, 2011). 

Indeed, the Moroccan Agency for Sustainable Energies, MASEN, has been created in 2009 by the 

law 57-09 to lead the transition to sustainable energies, to have a solar installed capacity of 2GW 

by 2020. The objectives announced by the king of Morocco in 2011 are to have 42% of the 

electricity produced by renewable energy by 2020 and 52% by 2030. These objectives include the 

fact that the consumption of electricity is expected to grow by 5% per year until 2030.  

The law 13-09 of 2010 establishes the rules for the construction of renewable energy installations 

in Morocco. This law states that renewable energy installations with a maximum capacity under 

20kW can be installed and operated freely. A declaration is needed for a higher capacity. To protect 

national production, the installation of a new renewable energy power plant must be done by a 

company that is headquartered in Morocco. Authorizations of installations are delivered for a 

length of 25 years, and the installations are the propriety of the state after that delay.  
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After the political decisions and programs taken by Morocco in the last 30 years, there is a solid 

institutional and legal framework in place in Morocco to develop desalination and renewable 

energy projects. 

2.5) The technologies used in the project 

After having analyzed the water and energy situation in Morocco and having gone through the 

political framework in place in Morocco to foster the development of water and renewable energies 

projects, the following part of the background will explain in detail the different technologies used 

in the project. 

2.5.1) Concentrated Photovoltaics (CPV) 

The principle of the photovoltaic (PV) technology is to convert sunlight directly into electricity 

through the PV effect. The PV effect was first used in the Bell laboratories in 1954 when scientists 

managed to create an electrical current from a flow of photon to a silicon cell (NREL, 2019). The 

PV cells were first used for space applications, but as the technology improved over time and the 

costs were reduced, the PV technology was used increasingly for electricity production for 

residential and utility-scale applications. Nowadays, various semiconductor materials are used to 

produce electricity and the efficiencies reach up to 40% (Perez-Higueras et al., 2011). The costs 

have also dropped significantly over-time, and can now reach 7$ cent/kWh in utility-scale 

applications (Kraemer, 2019). The most efficient solar cells existing currently are multi-junction 

solar cells, in which several layers of different semiconductor materials are superimposed to be 

able to harness the broadest possible spectrum of light photons and have the highest efficiency 

possible. To be able to use very efficient multi-junction solar cells (with efficiencies up to 44%), 

which are very expensive, researchers have concentrated the light onto very small solar cells 

through lenses. This way, the mass of multi-junction solar cells used is much lower and prices are 

driven down (Buljan et al., 2014). This technology is called concentrating photovoltaic (CPV).  

 
Figure 1: Schematic representation of a Concentrating photovoltaics system through a Fresnel lens. 
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In Figure 1, the pathway of sunrays through a Fresnel lens towards a multi-layered PV cell is 

illustrated. On the left side of the figure, the sun rays are parallel to each other, as the sun rays 

coming from the sun are. When passing through the lens, the sunrays converge and get 

concentrated onto the solar cell.  

The market for CPV is still in its infancy, which means that the Levelized costs of energy are still 

very high for this technology (Buljan et al., 2014). One of the reasons for very high costs comes 

from the solar trackers that have to be very precise to concentrate the sun rays on the very small 

cells. However, the industry is working towards reducing the production costs by using optimized 

optical designs and improving the efficiency of the multi-junction cells, which can reach 4 layers 

in laboratories (Buljan et al., 2014). The most commonly used concentration device is a Fresnel 

lens, which is a glass lens where, as shown in Figure 1, the center has been extruded to reduce the 

mass of glass needed and therefore the price. It has been extruded in concentric circles of 

increasing angles as the circles get bigger. In that way, the refraction angle increases the farther it 

is away from the center of the lens, which allows concentrating all the rays towards one single 

point. Concentration ratios reached today are up to 1000 (Languy et al., 2011). 

2.4.2.2) Vanadium Flow Battery (VFB) 

The VFB is the storage media used in the project, which is connected to the CPV panels to store 

the over-production. It is a new battery technology for stationary applications of electrical energy 

storage (Martins et al., 2012). The principle of a flow battery is that the electrolyte is stored in 2 

different electrolyte tanks, one for the oxidized form and one for the reduced form. In the charging 

mode, the electrolyte in reduced form from the first tank is pumped into the battery cell to be 

charged with electrons, pass the membrane and get to the tank with the ions in oxidized form. 

During the discharging phase, the contrary happens, and the ions liberate their electrons to create 

an electrical current. 
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Figure 2: Schematic representation of a flow battery (Adapted from Martins et al., 2012)  

In Figure 2, a working VFB is schematically represented. The blue and orange electrolyte tanks are 

the tanks for the electrolyte in reduced and oxidized form respectively. Each tank is attached to a 

pump that circulates the electrolyte to the cell to allow the charging or the discharging process.  

VFB are special types of flow batteries in which the electrolyte used is Vanadium ions. Vanadium 

ions have the particularity to exist in 4 different oxidation states (V2+, V3+, V4+ and V5+). This 

has the main advantage that Vanadium ions can be used in both electrolyte tanks in different 

oxidation stages and therefore it eliminates the risk of cross-contamination by ions permeating 

through the central ion exchange membrane. The battery doesn’t have to be fixed in the event of 

cross-contamination and therefore the potential lifetime of the battery is increased grandly. The 

VFB can decouple rated power output and storage capacity (Zimmerman, 2014). Thanks to that, 

the power provided and the energy stored become independent from each other. Indeed, as the 

electrolytes are separated from the main battery, the rated output doesn’t depend on the quantity 

of electrolytes available in one or the other tanks. Other advantages of the VFB include safety 

because it doesn’t catch fire as easily as Lithium-ion batteries.  

In the project, a CPV station is coupled with a VFB to power the desalination process, which is 

ultimately the system that will provide the freshwater supply needed in Morocco. 
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2.6) Desalination  

To address the issues of water scarcity in Morocco, the study will take a closer look at desalination. 

Desalination of water counts among the unconventional processes for water production, along 

with re-use of wastewater. In the case of desalination, the water resource has a high concentration 

of dissolved salts, which means that the treatment necessities are important and therefore the 

energy consumption too. The water used for desalination comes mainly from two sources, which 

are seawater and brackish water. Seawater has a salinity that is over 15000ppm and brackish water 

has a salinity inferior to 15000ppm. Brackish water can be mainly found in saline groundwater 

aquifers or in wastewater from industrial processes that are saline. Another advantage of 

desalination, on top of removing dissolved salts from water, is that it can reduce the concentration 

of other types of ions like nitrates for example. There are currently two main desalination methods, 

which are thermal processes and membrane processes. In this thesis, however, only the membrane 

processes by reverse osmosis will be analyzed. 

2.6.1) Reverse-osmosis 

The phenomenon of osmosis is the phenomenon by which, when mixing two water masses with 

different salinity, the water with lower salinity is going to move towards the water with higher 

salinity to equalize the osmotic pressures. In the case of reverse osmosis, the principle is to use 

pressure to reverse the osmosis phenomenon. More concretely, the pressure is applied to the 

saltwater side to make it permeate through a semipermeable membrane and recover the freshwater 

on the other side of the membrane. Semi-permeable membranes are membranes that have the 

specificity to let water molecules pass but retain the salts because of its very fine pores. 

 

Figure 3: Schematic representation of the osmosis phenomenon 

In Figure 3, the osmosis phenomenon is illustrated. Here, the left side of the semi-permeable 

membrane has water with high salinity and the right side has water with low salinity. The 

phenomenon of osmosis will make the water from the low salinity side move to the high salinity 

side to equalize the osmotic pressures. In the case of reverse osmosis, high pressure will be applied 
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on the left side of the membrane to allow water to permeate from the high salinity side to the low 

salinity side against the osmotic pressure difference. The pressure needed to allow the molecules 

to permeate from the concentrated side to the diluted side must be higher than the osmotic 

pressure.  

After this step, freshwater is usually sent to post-treatment to adjust the pH, alkalinity and calcium 

concentration for consumption and the brine is disposed of in an environmentally sound way. The 

main cost of the reverse osmosis plant is electricity consumption to power the pumps. Indeed, to 

desalt seawater, water has to be brought to a pressure of about 55 bar (Eltawil, 2009). Reverse 

osmosis is the main desalination technology installed today, and 60% of the currently working 

desalination plants work with Reverse Osmosis. 

2.6.2) Electro dialysis 

Electro-dialysis is another membrane desalination process used for the desalination of brackish 

water. In the electrodialysis process, an anode and a cathode are immersed in the solution of saline 

water. When an electrical current is applied, all the positive ions move to the cathode and all the 

negative ions move to the anode. To separate the diluted solution from the concentrated, the ions 

have to move through ion-exchange membranes, which lets only certain ions pass. There is an 

anion exchange membrane on the side of the cathode and a cation exchange membrane on the 

side of the anode. Electrodialysis will not be further investigated in this work. Although it is a 

commercially mature solution, the work of this thesis has chosen to focus on reverse osmosis as 

it is a more widely used solution. But the literature suggests that for solutions with a salinity under 

10000 ppm, the combination Photovoltaics-Electrodialysis could be a very promising alternative 

(Campione et al., 2018). 

2.7) Sustainability impacts of the used technologies 

After analyzing the different technologies from a technical perspective, a short environmental 

analysis of the technologies used will be conducted.  

 

2.7.1) Solar photovoltaics 

The environmental impacts of PV power production are existing but very limited compared to 

conventional power production technologies (Tsoutsos et al., 2005). The environmental impacts 

associated with PV power systems include high energy consumption during the production of the 

crystalline structure of the PV cells, aesthetic considerations to the landscape, etc. The impact of 

the production of the crystalline structure of the PV cells is however much lower with CPV as the 

cell area is much smaller and therefore needs less material. Hernandez et al., 2014, made an 

environmental assessment on the utility-scale solar systems, which are systems with a power 

superior to 1MW, and mentioned biodiversity and water use as significant environmental impacts 

as well. In this project, the carbon impact will be the only impact category considered during the 

life-cycle of the panels.  
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The positive environmental impacts of solar photovoltaic plants are that they can replace electricity 

production that has a high environmental impact, for example coming from fossil fuels, by 

electricity with a much lower environmental impact. This is called offsetting and is used in the 

calculations of this project. Regarding social impacts, solar photovoltaics have the highest potential 

for empowering small communities and allow them to develop economically by providing small-

scale off-grid electricity supply. 

 

2.7.2) Desalination technology 

The most important environmental impact coming from the desalination process is coming with 

energy production (Ghaffour et al., 2013), which is a part that has already been discussed in the 

paragraph above. Among the other impacts, the water intake is also of importance. Indeed, if the 

water is pumped in the open sea, there is entrainment of marine organisms (Missimer and Maliva, 

2018). This could eventually be solved by having subsurface intake systems, but some visual 

impacts appear here as the number of pumping wells has to be important and close to the shoreline 

(Missimer and Maliva, 2018). If the water is pumped in a water table, the dynamics of the water 

table risk to be modified. This can be the cause of marine intrusion of water if the pumping of 

water is done in near-coastal aquifers. In this case, desalination activates a vicious cycle because 

the pumping of slightly saline water would entail intrusion of saline water and make the aquifer 

more saline, increasing the need for desalination even further.  

There is also a major environmental impact where the output of the water lies. Indeed, after the 

separation of the water through the membrane, there is a very concentrated brine that has to be 

taken care of. Disposal in the open sea has important impacts on benthic wildlife as the brine is 

denser than seawater and therefore will sink and increases the salinity of the water in contact with 

the benthic organisms (Missimer and Maliva, 2018). If several desalination plants discharge on the 

same water body for long times, an increase of the salinity of the water body is also possible. For 

instance, the Mediterranean Sea is expected to experience a salinity increase of more than 1g/L by 

2050 due to desalination plants (Missimer and Maliva, 2018).  

The environmental impacts are however lower when using brackish water as primary source of 

water rather than seawater (Muñoz and Rodriguez, 2008), as in the case of our study. In their study, 

the researchers found that the life cycle energy consumption of a brackish water desalination plant 

is less than half the consumption of a seawater desalination plant with the same flow rate. The 

water salinity in the case of the study of Muñoz and Fernandez-Alba was 15300mg/L, which is 

much higher than in the case of our study, where the salinity is 6940mg/L. This means that the 

energy consumption can be assumed to be even further reduced in our study compared to seawater 

desalination. On the discharge side, as the brine is less concentrated, the environmental impacts 

on the discharge side are also lowered.  

Regarding social impact, desalination has a very strong power to empower small communities by 

giving them a stable and reliable source of water to develop. On a larger scale, it would also allow 

the Moroccan economy to rely on a stable and reliable source of water, however expensive, to 

create income for all Moroccans.   
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3) Methodology  

3.1) Scoping study 

The theoretical knowledge for the study has been gained through a scoping study of the literature 

within the field of desalination, renewable energies, Moroccan economy/policies and climate 

change in northern Africa. A scoping study is an overview of the existing literature in a certain 

research field, this review doesn’t have to be extensive but has to cover the main concepts of a 

research field (Arksey and O’Malley, 2005). It is also an iterative process because a deeper 

knowledge of a research field can help to find more specific literature. Scoping studies are known 

to be an efficient way to identify knowledge gaps. In this master thesis, the literature taken was 

only after 2000, because the work centers on tendencies and articles reporting on tendencies that 

are more than 20 years old are not relevant anymore for current debates. Articles in the French 

language have been included in the study as most of Morocco’s official communications are in 

French and the author is proficient in French. Literature was centered geographically on Morocco 

and the MENA area to have a strong local understanding and be more specific in the geographical 

context. Regarding the technology, however, literature from all over the world was considered. 

The researches were made semi-systematically in the database Google Scholar, with terms relating 

to the different parts of the study.  

3.2) Personal interviews 

During the field study in Morocco, the author has conducted several interviews with local 

stakeholders. The interviews were semi-directive, in which the author had prepared a set of 

questions to ask prior to every meeting. The author had conducted prior background research on 

the persons before every meeting, to ensure the questions were relevant and that the person had a 

possibility to answer the questions. Follow-up questions were also asked when needed to better 

understand the context. To avoid cultural clashes as much as possible, the author made 

background research on Moroccan culture and work habits. During the interviews, Kaoutar 

Esserbout, who is the local coordinator for IVL, was also present and helped to avoid cultural 

clashes. The interviews were held in the French language, which made it both easier for the locals 

as English is not as commonly spoken in Morocco as French is, and for the author as the author’s 

mother tongue is French. No sound recording was practiced during the interviews to allow the 

interviewees to talk more freely.  

3.3) The case  

The master thesis work is based on a pilot installation on MASENs Research & Development 

platform in Ouarzazate. The pilot installation is constituted of a concentrating photovoltaic 

installation with a VFB back-up and a reverse osmosis desalination unit. The systems are described 

in the following paragraphs.  
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3.3.1) Energy production 

In the study of the master thesis, the energy system used to power the desalination plant is 

constituted of concentrated photovoltaic panels combined with a VFB. This system is already 

installed on MASENs testing platform in Noor, Ouarzazate (30°59′40″N 6°51′48″W). This system 

is compared in our study to an alternative with 100% Moroccan grid electricity.  

 

Figure 4: Schematic representation of the CPV power system installed in Ouarzazate. 

 

Figure 4 illustrates the 3 solar trackers installed on MASEN’s Research and Development platform 

in Ouarzazate, which are connected to the inverter for the production of alternating current 

electricity. The photovoltaic system is composed of concentrated photovoltaic panels. The 

concentrators used are Fresnel lenses and the solar cells are multi-junction cells that capture a very 

large spectrum of wavelength. More in detail, the system is made of 3 solar trackers and each 

tracker has 200 concentrated photovoltaic panels of an individual area of L=837 W=612 

H=121mm. The concentration ratio between the Fresnel lenses and solar cells is 500. Each tracker 

has a power capacity of 27.7kWp, hence the total maximum capacity for the 3 trackers is 83.1kWp 

before the inverter. This means that the maximum output of the CPV system, under optimal 

conditions is 83,1kW in total. The optimal conditions are defined here by the following criteria: 

the panels are exactly aligned with the sun, the panels are totally clean, at 25°C. The inverter, that 

converts the direct current electricity coming from the photovoltaic system into alternating current, 

has an efficiency of 98.3%. These photovoltaic panels can power directly the reverse osmosis 

system during the day, and if there is a power overload, they can charge the VFB. In the system 

under study, the VFB has a total storage capacity of 500kWh and a rated output of 20kVA. 

 

 

https://tools.wmflabs.org/geohack/geohack.php?pagename=Ouarzazate_Solar_Power_Station&params=30.9944_N_6.8633_W_
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2.9.2) Desalination unit 

 

Figure 5: Schematic representation of the water flows in the desalination pilot plant 

Figure 5 illustrates the water flows as they would be on the desalination pilot plant in Ouarzazate. 

The water flows in the desalination plant start with the water intake of brackish water. The water 

intake can come either from slightly saline aquifers as in the case of agricultural desalination waters, 

or from closed-cycle industrial cooling waters in the case of cooling waters, or from the sea in the 

seawater reverse osmosis process.  

Once the water is in the station, pre-treatment is applied to protect the membranes, which are very 

sensitive to fouling and clogging. In the system under study, pre-treatment is made through a chain 

of filters with decreasing pore sizes. For the water to pass through the filters, the water is already 

pumped to the desired pressure before the first filter. An anti-scalant solution is also added to the 

water to avoid scale formation in the membrane because of calcium and magnesium ions. 

According to Zhu et al. (2010), reducing scaling and fouling of the membrane is the most efficient 

measure to reduce costs on a reverse osmosis process. After pre-treatment, the water passes 

through the reverse osmosis membranes, to separate the freshwater from the brine. The reverse 

osmosis set-up is an array of membranes Filtec Dow set in parallel, with each having a flow rate 

of 3.6m3/day. The freshwater can be post-treated, for example with pH adjustment or by adding 

calcium/magnesium for drinking purposes. In this system, there is no energy recovering device 

and therefore there is no possibility to recover the residual pressure from the brine to pressurize 

in incoming feed water. According to Zhu et al. (2010), without an energy recovery device, the 

best-normalized energy consumption is reached with 50% water recovery, which means the flow 

of the desalination unit is designed optimally. The total power consumption of the desalination 

system is 20kW. 
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3.4) Calculation methods 

3.4.1) Technical calculations 

The technical and economic calculations for the study were performed on the software SAM 

(System Advisor Model), which is a software that has been recommended by MASEN for solar 

production calculations. SAM is a free software developed by the National Renewable Energy 

Laboratory (NREL), which performs economic calculations for solar energy systems. The software 

SAM takes the local insulation as input for the calculations. As the weather data for Africa were 

not available as a default setting of the software, the weather data from Ouarzazate were 

downloaded from PV-GIS. The data used for the simulations were of the format typical 

meteorological year (TMY).  

The concept of TMY is a dataset of meteorological data over a span of 10 years. In this dataset, 

for each month of the year, the most typical month over the 10 years has been selected. For 

example, for January, the most typical January over the 10 years has been used. In the project, the 

meteorological data of Ouarzazate (Coordinate 30.92°N - 6.911°W) between 2007 and 2016 have 

been entered in SAM. All technical data entered in the SAM software regarding the CPV plant are 

mentioned in part 3.5.1.  

Then, the software SAM has given the energy output for every hour of the year. These data have 

been entered in Excel to make an energy flow analysis. There, for every hour during the year, all 

production of the CPV system up to 20kW went into the desalination system. On top of that, all 

production from 20kW to 43,75kW went into charging the battery. As the battery has a round-trip 

efficiency of 75%, there needs to be 23.75kW in input to output 20kW. All electricity on top of 

43.75kW was sold to the grid. When there was no electricity production from the panels. The 

electricity to power the desalination came on the first-hand from the battery. If the battery was 

empty, the electricity then was bought from the grid.  

3.4.2) Economic calculations 

The economic performance of the energy system has been calculated first through the software 

SAM with the method of Levelized Cost of Energy (LCOE). In this method, the life-cycle cost of 

the system is calculated, then it is divided by the life-cycle energy production and then adapted to 

every year with the method of actualization. The comparison has been made with the alternative 

of the desalination powered exclusively by the grid electricity.  

3.4.3) Environmental calculations 

The environmental performances have been assessed through a carbon footprint method. The 

choice of excluding all other impact categories than carbon has been taken to simplify the analysis. 

Indeed, a study including other impact categories in complete Life-Cycle Analysis (LCA) would 

have needed a thesis on its own. The emissions are taken over the whole life-cycle of the electricity 

production of the system and the impacts of the desalination are left out of the environmental 

analysis.  
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The two alternative systems under study are:  

● CPV system of 83,1kWp balanced by a VFB of 500kWh of storage, with a 75% round-trip 

efficiency. This is supplemented by the Moroccan grid during the times when the 

aforementioned system cannot provide sufficient energy.  

● The Moroccan grid provides 100% of the energy needed.  

The functional unit chosen was 20 years of operation of the solar and desalination system, as the 

lifetime of both the battery and the panels were both estimated at 20 years. During the 

environmental calculations, the method of offsetting has been applied. Offsetting is the principle 

that when a by-product of a process allows replacing a carbon-intensive product with a low carbon 

product, the difference of carbon impact between the by-product and the product it replaces is 

deducted from the main process. Offsetting is applied in this project when surplus electricity from 

the system under study is sold to the grid, and this electricity replaces carbon-intensive grid 

electricity with the electricity of the CPV panels. There, the difference of carbon impact between 

the surplus electricity from the CPV and the grid electricity it replaces is subtracted to the carbon 

impact of our energy production. Offsetting can be used when 2 conditions are fulfilled. The first 

condition is that selling electricity is not the primary purpose of the production of electricity, which 

is the case here as the primary purpose is to supply the desalination plant. The second condition 

is that increasing the electricity sold to the grid effectively entails a decrease in the high carbon 

electricity production. This hypothesis is very reasonable on the Moroccan market as ONEE 

always gives priority to the renewable energies on the grid. 

3.4.4) Sensitivity calculations 

A sensitivity analysis aims at understanding the impact of changing the input parameters on a 

system and assessing the impact on the output of that system. In the case of this study, it is very 

important to understand the impact of the variation of the energy system size and the battery size 

on the economic and environmental performance of the whole system. For that, the CPV system 

has been re-simulated in SAM by changing the number of panels by-40%, -20%, +20% and +40%. 

The same has been tried on the battery through the excel model by varying the storage capacity of 

the battery by the same percentages. Optimization has then been done based on the results of the 

sensitivity analysis. 

3.4.5) Application to another case 

The model of the energy system created to power the desalination plant has been replicated to 

power another desalination plant. This desalination plant is used to provide freshwater to one of 

the biggest mines in Morocco. The case and its calculations are presented in part 4.6.  
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3.5) Calculation assumptions:  

3.5.1 Technical assumptions 

For the technical calculations, the assumptions made in the project were the following:  

● The desalination plant with reverse osmosis functions with a steady power of 20kW.    

● Lifetime of the panels is estimated at 20 years, which is the same as the VFB.  

● Tracking of the sun with an efficiency of 94%. Misalignment is the parameter that 

introduces the most losses in CPV systems (Kim et al., 2012) 

● PV degradation rate of 0.5% per year (Jordan and Kurtz, 2011).  

● For CPV, reduction of efficiency by -0.35%/°C difference to 25°C. (Kurtz et al., 2014) 

● No subsidies from the state.  

● Maximum wind speed: 60km/hour (Mechatron, 2018).  

● The pre-filters do not reduce the salinity at all (Monsson, 2019).  

● Power consumption of the tracking system: 80kWh/y (Mechatron, 2018).  

● The Vanadium Flow Battery has a 75% round-trip efficiency (charge-discharge cycle). The 

depth of discharge is estimated at 100% (Oldacre, 2018).  

● The influence of the air mass has been approximated at AM1.5, which is the standard for 

Europe.  

● The water temperature in the desalination plant is assumed to be at 25°C or 298K.  

● The salinity of the water entering the desalination plant is given by MASEN at 6940mg/L.  

3.5.2 Economic assumptions 

The assumption for the economic performance were the following:  

● Grid cost of 0.154$/kWh, which is the electricity cost from the grid in Casablanca for 

industries that have a consumption superior to 500kWh/month (Client.lydec.ma, 2019).  

● Grid reselling price at 0.15$/kWh, which is the price at which MASEN resells electricity 

from solar plants to the grid operator ONEE.  

● The cost of capital of a CPV installation is 3$/Wp (Mokri and Emziane, 2011).  

● Price of the Vanadium Flow Battery at 300 $/kWh storage capacity. (Bloomberg, 2018). 
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3.5.3) Environmental assumptions 

The assumptions for the environmental calculations were the following:  

● The Moroccan grid has an average carbon impact of 758gCO2/kWh electricity (Herbert et 

al., 2016).  

● Following the study done my Fthenakis et al. (2008) of a CPV installation with comparable 

features, the life-cycle carbon impact of the production of a concentrated photovoltaics 

system is 26-27g CO2/kWh.  

● According to Rydh (1999), a VFB has a life cycle impact of 7.7g CO2/kWh discharged.  

● The environmental impact of the VFB varies proportionally to the storage capacity and 

the rated output of the battery.  

4) Results  

4.1) Technical results 

4.1.1) Structure of the energy production 

For the calculations of the structure of the energy production, the TMY file has been entered into 

the software SAM. Then, the software has calculated, based on the system specifications, the rated 

system output of energy following the incoming insulation to the energy system.  

 

 

Figure 6: The power produced by the concentrated solar power system for every month 

Figure 6 illustrates the energy produced every month by the concentrated photovoltaic system 

modeled under the software SAM. According to Figure 6, the power output per month is quite 

stable, with the winter months of November, December, January, and March providing the highest 

energy outputs. This is counter-intuitive because Ouarzazate lies at 30°north, and therefore those 

are the month for which the zenith angle of the sun rays is the highest. But one hypothesis is that 
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the temperature of the PV cells is higher in summer, and photovoltaic cells have a lowering 

efficiency as the temperature goes over 25°C. One other hypothesis advanced by MASEN is that 

the cloud coverage, more important in summer, blocks more direct sun rays in summer. After 

having looked at the production for every month, the research goes more in detail to analyze the 

structure of energy production on a particular day. 

 

Figure 7: Electricity production of the energy system on the 3rd of January of the typical meteorological year 2007-
2016. 

Figure 7 illustrates the energy production of the concentrated photovoltaic system over one single 

day. The day has been chosen randomly to be the 3rd of January. On the chart, the electricity 

production is concentrated between 9 am in the morning and 4 pm in the afternoon. This means 

that the desalination can be powered directly by the panels only for 8 hours per day. To add, the 

production is lower on the first and last hour, at 9 am and 4 pm, which is probably because the 

zenith angle of the sunrays is higher. A small drop of production has also been found at noon, 

which could be explained by a cloud coverage on that specific day. At the hours between 5 pm 

and 7 pm, there is some negative production, which can be hypothesized as being the consequence 

of the heating of the PV cells, which may consume electricity during the cooling process. 

4.1.2) Vanadium Flow Battery (VFB) 

The desalination process needs to run continuously throughout the year at a rated input of 20kW. 

Therefore, a balance of the system is needed to provide a sustainable source of electricity for as 

long as possible to the desalination system. The balance, as described previously, is provided by a 

VFB. The battery gets charged for normal days during the hours between 9 am and 4 pm and 

discharged the rest of the time. The battery is able to store up to 500kWh of charge, which is 

enough to supply the system for 25 hours.  
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Figure 8: Charge of the battery on the 3rd of January of the typical meteorological year 2007-2016. 

Figure 8 illustrates the charge of the battery per hour during the 3rd of January of the TMY. 

According to Figure 8, the charge of the battery goes up on the times of energy production, 

between 9 am and 4 pm, and decreases then. The decrease of charge is generally the same speed 

as the increase, which means that the desalination process could be powered without the need of 

the grid for potentially double the time of the panel production thanks to the VFB. During the day 

illustrated in Figure 8, there are 10 hours during which the energy system in place cannot supply 

energy to the desalination process as the battery is empty and the concentrated photovoltaic system 

doesn’t produce energy. There, the grid needs to be used to compensate. The battery has a total 

storage capacity of 500kWh. However, during the day illustrated in Figure 8, the maximum charge 

only reached 160 kWh. When looking at the annual data, the maximum charge was found to be 

242kWh. Therefore, it can be concluded that this system has a battery that is over-dimensioned in 

terms of storage capacity.  
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Figure 9: Charge of the battery per hour over the month of January of the Typical Meteorological Year 2007-2016. 

Figure 9 illustrates the charge of the battery seen over the whole month of January. It can be seen 

in Figure 9 that every day, the battery charges during the day and discharges during the evening 

and is empty during the night. This has advantages from a grid management perspective because 

it means that the desalination station doesn’t need to buy electricity from the grid during the hours 

of high consumption in the evening, and buys electricity only during the night, during which the 

electricity consumption is much lower. It can also be seen that the number of hours during which 

the battery is empty varies from day to day depending on the amount of sunlight during the day.  

Regarding one whole year of production, the CPV system can directly power the desalination 

station during 3288 hours per year, which corresponds to 37.4% of the annual working time. The 

battery supplies energy to the desalination system during 2540 hours per year, which corresponds 

to 29% of the annual working time. This shows that the battery allows to almost double the time 

during which the desalination system can work without grid electricity. Furthermore, the Excel 

model shows that the battery is empty during 2932 hours per year or 33.5% of the annual working 

time. This means that there is a need for grid supplementation during 2932 hours per year. As the 

power need for grid supplementation for the desalination process is 20kW, the total grid 

consumption per year would be 58640kWh. 

4.1.3) Desalination plant 

In the desalination station, the incoming energy in the form of electricity is first transformed into 

pressure in the pumps and then transformed into osmotic pressure to overcome the semi-

permeable membrane. The salinity of the water tapped is given by MASEN as 6940mg/L. The 

formula of the osmotic pressure is the following:  
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π=C*R*T 

In this formula: 

π=Osmotic pressure in bar 

C=Molar concentration of the solution in mol/L 

R=Constant of perfect gases (0.08314 L.bar/mol.T) 

T=Absolute temperature in Kelvin (K) 

Based on this formula, the difference of osmotic pressure between the water entering the 

desalination plant and freshwater is 6.8atm. As the desalination plant has a production capacity of 

100m3/day, there needs 6989kWh/year to overcome the osmotic pressure. 

4.1.4) Global energy Flows 

The energy flows in the system have been summarized in Figure 10.  

 

  

Figure 10: Energy flows in the desalination system per year 

Figure 10 illustrates all the energy flows between the different components of the desalination 

system. The annual energy going from the CPV system to the desalination and from the CPV to 

the battery are quasi-equal at around 65MWh/year. As the rated output of the battery and the 

power of the desalination are both 20kW, this result is not surprising. Indeed, during full 
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production, the energy consumption of the desalination plant and the battery rated output are 

equal. However, this result hides 2 major differences between the patterns of those 2 energy flows:  

● The measure of the rated output of the battery is 20kW as stated before, but as the battery 

has a round-trip efficiency of only 75%, the input energy has to be 25% higher to output 

20kW and therefore the maximum rated input to the battery is around 23.75kW.  

● The priority of the energy is given to the desalination station. That means that when the 

output of the CPV system is under 43.75kW and therefore not sufficient to aliment both 

the desalination and the battery at full capacity, the desalination has the priority.  

The 2 characteristics of the 2 energy flows have opposite effects, and therefore cancel each other 

out, making the 2 energy flows quasi-equal on a yearly average. On the desalination side, the 

efficiency is very low, with only 4% of the incoming energy transformed into osmotic energy. 

Here, the functioning of the desalination system could be re-questioned to increase its efficiency.  

One of the hypotheses would be to look at the pump efficiencies, which are important consumers 

of energy. Another hypothesis could be to look at the non-process electricity consumptions.  

 

 

Figure 11: Flows of electrical energy in the energy system per hour on the 3rd of January of the typical meteorological 
year 2007-2016. 
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Figure 11 illustrates the energy flows in the energy system for every hour of the day under study. 

The direct charge of the desalination system happens only between 9 am and 4pm. After that, the 

battery supplements until 11 pm, when the battery is empty and the grid supplements for 10 hours 

on that day. The flow from the CPV system to the battery is limited at 20kW plus roundtrip losses, 

which is in practice 23.75kW. One more feature that can be seen is that the area under the grey 

curve representing the flow coming out of the battery is about 75% of the area under the orange 

curve representing the input to the battery. This is logical since the battery has a 75% round-trip 

efficiency. All the electricity that is produced on top of what is provided to the desalination plant 

and the battery is sold to the grid.  

4.2) Economic analysis 

4.2.1) Capital analysis 

Regarding the CPV system costs, the costs of the system under study were secret, and therefore 

data from the literature had to be taken for reference. As mentioned above, the cost of capital of 

a CPV installation is 3$/Wp. This includes everything from the cells, the Fresnel lenses, the panel 

structure, the tracking system and the civil engineering work, the permits, the grid connection. 

After cost calculations through the software SAM, the LCOE is 17.74 cents $/kWh. This cost is 

higher than the Moroccan grid, which costs around 15.4 cents $/kWh for industrial installations. 

According to Bloomberg, the market of Vanadium Flow Batteries lies at around 300 dollars per 

kWh storage capacity. The currently used battery has a capacity of 500kWh of storage. This means 

that the global cost of the VFB would be 150000$. 

4.2.2) Comparison with the “All-grid” alternative 

For the price of electricity sold to the grid, the reference price of 0.150$/kWh has been used, 

which is the price to which MASEN sells electricity from solar energy to the grid operator ONEE. 

In the following table, the production cost of the CPV system is compared to buying all the 

electricity needed from the grid for one year.  

Table 1: Cost comparison between the CPV system energy production and the “All-grid” alternative 

 Costs 
 CPV system All grid 

Production 29125 0 
Storage 15000 0 
Grid buy 9044 26885 
Grid sold 5217 0 

Total 47952$/year 26885$/year 

 

Looking at Table 1, producing energy through the CPV system costs 21067$/year more than "All-

grid alternative". This represents 74% more than the “All-grid alternative”. From an economic 

perspective, it can be concluded that it is not worth to install a CPV system with VFB backup. 
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4.3) Environmental analysis 

The environmental analysis is only centered on the emission of carbon dioxide during energy 

production, as mentioned earlier. Indeed, the goal is to assess if the energy production system is 

better from a carbon dioxide perspective than supplying the station with the Moroccan grid. The 

emissions are taken over the whole life-cycle of the electricity production of the system. The 

desalination system is left out of the environmental analysis because almost all the carbon impact 

of the desalination plant comes from the energy supply. Following the assumptions made in the 

part 3.2.2, the carbon footprint of the CPV system and the “All-grid” alternatives are given in the 

following table.  

Table 2: Comparison of the carbon impact between the CPV system and the “All-grid” alternative. 

 Carbon footprint 
Process Impact CPV system Impact “All-grid” 

CPV production 4 281 0 
Vanadium Flow Battery 391 0 
Grid 44 449 132 756 
Offsetting -25 679 0 
   

Total 23 442 kgCO2/year 132 756kgCO2/year 

 

In Table 2, it can be seen that thanks to the CPV panels and the VFB, the CO2 impact after 

offsetting has been reduced by 82% compared to the alternative of grid supply only. Here, it can 

be concluded that from an environmental perspective, the CPV energy system backed-up by a 

VFB is very advantageous.  

4.4) Economic calculation with a carbon tax 

At this point, the economic analysis is in favor of the “All grid” alternative and the environmental 

analysis is in favor of the CPV system. But how to weight the environmental impact against the 

economic cost. For that, a carbon tax could be added on top of the economic cost to account for 

the carbon impact. The problem is that Morocco doesn’t have a carbon tax in place yet and 

therefore these emissions do not have an economic value. To solve this, 2 scenarios have been 

formulated:  

• Applying a carbon tax at Swedish prices, which amounts 130$/ton CO2 to these emissions,  

• Applying a carbon tax of 50$/ton CO2, which is according to one of the interviewees in 

the thesis the price to which the Moroccan government is thinking to apply a future carbon 

tax.  
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Table 3: The price of the energy supply to desalination including carbon taxes at 50$/year and 130$/year 

 Energy price with a carbon tax 
Scenario CPV system All -grid 

Without carbon tax 47952$/year 26885$/year 
Carbon tax 50$/ton 49124$/year 33552$/year 
Carbon tax 130$/ton 50999$/year 44143$/year 

 

Table 3 illustrates the prices of the energy supply to the desalination plant depending on the 

different carbon taxes. From Table 3, it can be seen that even with a high carbon tax like in Sweden, 

the “All-grid” alternative remains more interesting. However, the gap of price between the CPV 

system and the “All-grid” alternative closes with a higher carbon tax. Indeed, the total cost 

difference drops 21067$/year to 6856$/year between the total price without carbon tax and the 

price with a Swedish a carbon tax.   

4.5) Sensibility analyses 

4.5.1) Impact of the battery size  

From the Excel model, it has been found that the battery never gets charged with more than 

242kWh during the year with the base energy system. This means that more than 50% of the 

charging capacity of the battery never gets used. The author of the thesis has therefore decided to 

set the ideal battery size at a charging capacity of 242kWh. This is why a sensitivity analysis with 

varying the battery size by +20%, +40%, -20% and -40% hasn’t been conducted.  

4.5.2) Impact of the CPV size 

For analyzing the sensitivity of the system to the CPV Size, the variable “Size of trackers” is the 

variable that has been modified in the software SAM. The base system has 200 panels per trackers. 

Therefore, to analyze the sensitivity, different models were run on SAM with -40%, -20%, +20% 

and +40% panels on each tracker. Then, the economic performance and environmental 

performance were assessed for each of the system sizes and plotted in the following graph.  
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Figure 12: Sensitivity of the CPV system size on system cost and carbon impact 

Figure 12 illustrates the influence of the CPV system size on the system cost and the carbon impact. 

The value for the carbon tax of the green curve is 130$/kWh. It can be seen in Figure 12 that the 

carbon impact is dropping very fast with an increasing CPV system size. For a CPV system size 

that is 20% bigger than the original system, negative emissions are reached. This is due to the very 

low carbon impact of the production of the system and the offsetting of the emissions by replacing 

the electricity with high carbon impact from the grid with electricity with low carbon impact from 

the system under study. The system cost is increasing slightly with the increase of the CPV system 

size, but this increase is very low compared to the decrease in carbon emissions. And as can be 

seen with the curve of the system with a carbon tax, when an economic value is given to the carbon 

emissions, the total costs are decreasing with an increasing CPV system size.  

4.5.3) Optimal dimensions for the desalination system powered by renewable energies 

From the sensitivity analysis above, the system size for which the system becomes carbon neutral 

is having a CPV system that is 17% bigger than the actual system, which means a CPV system with 

peak production of 97.2kWp. This is the CPV system size that has been chosen as the ideal system 

size. From the Excel model, it has been found that the battery never gets charged with more than 

242kWh during the year with the base energy system. Therefore, a battery that has a maximum 

charging capacity of 242kWh has been chosen as the optimal size of the battery.  

Table 4: Economic and environmental performance of the optimal size of the system 

 Result 

Economic cost 31433$/year 

Carbon footprint 0 TCO2/year 

Table 4 presents the economic cost and carbon impact of the ideal sized energy supply system 

deducted from the sensitivity analyses. It can be seen that the economic cost of 31433$/year is 
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higher than the 26885$/year with the “all-grid” alternative. However, when adding a carbon tax, 

the price of the optimal dimensions alternative doesn’t change as the system is carbon neutral. But 

with a carbon tax of only 50$/TCO2, the concentrated photovoltaics alternative becomes more 

interesting from an economic perspective as the “all-grid” price increases to 33552$/year.   

4.6) Application to another case study:  

The model for the energy system under study has been replicated to power a desalination plant 

owned by a mining company. For that, a case study of a real desalination plant has been used, 

which is a desalination plant providing freshwater to one of the biggest mines in Morocco. The 

desalination plant has a consumption power of 10416kW. To be able to power the system, the 

number of trackers has been multiplied by 520, because the power consumption of the desalination 

plant is 520 times higher. The insulation data have been used for the site of the desalination plant 

in El-Jadida.  

The main findings are the following: 

● The number of hours of grid supplementation is much higher than in the original system: 

3805 hours.  

● The LCOE of the global system cost have been found to be 0.260$/kWh, which is higher 

than the 0.174$/kWh found for the first system.   

As can be seen here, the number of hours of grid supplementation is higher in the case of the mine 

than in the case of the pilot plant. There could be two explanations to this fact:  

● There are important losses in the system, due to the fact that there is a multiplication of 

the panels, there are many more losses in the system, needing to design a bigger system to 

have the same power output.  

● The weather data have been located in another weather location, in El Jadida, and therefore 

there could be differences in both the amount of sun rays and the wind received. As El 

Jadida is along the coast, the wind speeds are higher, bringing more tracking errors.  
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Figure 13: Energy flows in the desalination by powered by CPV system in the case of the mining industry. 

Figure 13 describes all the energy flows in the energy system modeled for the case of this mining 

industry. The first comment that can be made is that the energy flows, in this case, are not 

proportional to the energy flows in the first model. This means that the behavior of the models is 

quite different, despite being the same system architecture. The desalination system can be seen as 

very efficient, with a 24.8% desalination efficiency, which can be compared to the 4% efficiency 

found in the pilot plant from Monsson. 

Table 5: Economical and environmental performance of the energy system at the mining desalination plant 

 Renewable energy 
system 

All grid system 

Annual cost 32.706.376 $/year 14.051.600 $/year 
Carbon impact 24 042 TCO2/year 69 163 TCO2/year 
Annual cost including 
carbon tax (50$/ton) 

33 956 640 $/year 17 488 960 $/year 

Annual cost including 
carbon tax (130$/ton) 

35 880 000 $/year 23 022 000 $/year 

 

From the numbers in Table 5, it can be concluded that from an economic perspective, the system 

under study is not viable, but from an environmental perspective, it managed to divide the carbon 

impact by almost 3. When adding a carbon tax of 130$/Ton CO2, the gap between the economic 

costs of the 2 systems has been partly bridged, but the All-grid system has still a lower global cost.  



33 
 

5) Discussion 

The study of this master thesis has confirmed that the daily variations of solar energy are a very 

important challenge for powering desalination plants. The thesis has also found that from an 

economic perspective, it is not interesting to replace the grid supply of a desalination plant by 

renewable energies, but it is interesting from an environmental perspective. At this point, the 

question was how to weight the economic costs against the environmental benefits. The method 

chosen has been to add the carbon price to the economic cost. And with this method and 

optimized design of the renewable energy system, the renewable energy system became more 

interesting than sourcing from the grid with a carbon price of 50$/Ton CO2.  

This result means that when carbon taxes will be implemented at a price of over 50$/Ton CO2, 

desalination will have the possibility to be implemented with renewable energies on a larger scale 

as they would become economically viable. As the Moroccan government has several policies in 

place for promoting renewable energies, some subsidies could help renewable energies to become 

economically viable to bridge the gap until a carbon tax to be implemented. This will allow us to 

increase the production of these plants and therefore drive down the prices of the technologies 

used in the project.  

The environmental calculations should, however, be seen in the future from a consequential 

perspective. Indeed, renewable energies are developing at a fast pace in Morocco, which means 

that the carbon footprint of the grid will be reduced fast in the coming years. The price for the 

CPV system has been based on the literature and not on the real plant installed in Ouarzazate. This 

is because the costs and performances of the plant were confidential. So, the price calculation isn’t 

specific to the panels used or the tracker used either. The Vanadium Flow Battery price has been 

based on a study made by Bloomberg in 2018 regarding the price of different battery categories. 

This makes that the price of the Vanadium is also imprecise and could be replaced in the future 

with the real price of the battery once this data becomes public. And as the Vanadium Flow battery 

is yet a new and expensive technology, the Lithium-ion batteries would still be cheaper in most 

cases in 2019.  

The results of this study can be used to underpin the choice of the energy sources for future 

desalination plants in Morocco as well as in the rest of the MENA regions. The calculation 

methods followed can be also reproduced for other places, other dimensions and other 

technologies to be more specific. Following the application for the desalination plant for mining, 

the calculations for another place and another dimension have yielded quite different results. 

Hence it would be more relevant to follow the calculation method rather than the calculation 

results for future installations.   

5.1 Need for further research  

One of the discoveries of this master thesis has been that the desalination plant understudy has a 

very low efficiency, which is about 4%. There hasn’t been any explanation found to this. Further 

research could be targeted more specifically at the desalination plant to find the reason for this 

very low efficiency. From the comparison between the pilot plant and the virtual plant designed 
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for the mining industry, it has been discovered that the behavior of the energy system changes 

when scaling up the size of the system, despite the design remaining the same. It would be 

interesting to look into why this phenomenon happens and if there could be a way to predict the 

change of behavior with scaling up the system. Wind energy hasn’t been studied in this study. But 

there is some literature suggesting that the combination of solar and wind has the potential to 

flatten the energy supply of the energy system because wind and solar often have opposite patterns. 

Therefore, a combination of wind and solar could be researched for the region of Tangier and 

occidental Sahara because these regions have good wind speed. Electrodialysis hasn’t been 

analyzed as a desalination technology in this study. But there is literature suggesting that for 

brackish water, electrodialysis is a more energy-efficient technology than reverse osmosis. 

Therefore, it could be interesting to analyze the energy use of electrodialysis in this case. The prices 

of the technologies used in the project are dropping very fast. And the prices used in this project 

are the prices as of 2018. It could be therefore relevant to repeat the same calculations in 5 or 10 

years to see how the economic performance evolves. 

6) Conclusion 

The study of this master thesis has been able to create a model of the desalination system powered 

by renewable energies as installed by MASEN in Ouarzazate. This system, under the software 

SAM, has allowed making all the calculations for the economic and environmental performance. 

The calculations have shown that powering the reverse osmosis by CPV and VFB, which are 2 

emergent technologies, is very advantageous from an environmental point of view. From an 

economic point of view, the prices were found to be higher by using the renewable energy system 

compared with using the grid. When including a carbon tax and optimizing the system size, the 

renewable energy system has been found to be even advantageous from an economic perspective.  

From the sensitivity analyses, a bigger CPV system would be recommended, as it has a much lower 

carbon intensity. The ideal system size for the energy system would be to have it with a peak power 

that would be 17% bigger than the current system. A battery with a higher rated output and a lower 

storage capacity would be also recommended. However, no sensitivity analyses have been 

conducted on the battery as the current dimensioning of the battery has been found to be very 

different from the needs.  

To add to the conclusions, the energy flow charts have shown that the highest improvement 

possibilities lie on the desalination side and not on the energy supply side. Indeed, the losses are 

limited on the energy supply side and are mostly concentrated on the desalination side.  

For the case of the mining industry, both environmental performance and economic performance 

are lower than for the pilot plant. Hence, the CPV system with the Vanadium Flow battery is not 

recommended for this case.  
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The methods used in this master thesis could help decision makers as well as project leaders to 

build desalination systems that are free from fossil fuels. This would brake the vicious cycle in 

which desalination is trapped now, where CO2 is emitted to produce freshwater. By allowing to 

provide a reliable and low-carbon freshwater source, all the coastal regions in the MENA regions 

could safely develop economically and socially.   
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