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Abstract  

Green Hydrogen has gained significant attention to achieving net zero emissions by 2050 scenario. 

This study performs an optimization of an Accurate photovoltaic for Green Hydrogen production 

under severe environment conditions including temperature, wind and dust accumulation effects 

on photovoltaic modules in the Sahel. Two different photovoltaic models were set up to optimize 

Green Hydrogen production using COMANDO energy systems modelling framework, an accurate 

photovoltaic model including the environmental factors mentioned above and a photovoltaic with 

water-cooling system model that limits the cells overheating and dust accumulation loss. The 

optimization results of photovoltaic with water-cooling based considering Reversible Solid Oxide 

Electrolysis Cells, wind turbines, batteries, ground-water suppliers, hydrogen storage, water 

storage, electricity grid fed in by the electricity excess and a hydrogen demand of 15.3 tons per day 

revealed better than the results of the accurate photovoltaic with respectively a total annualized 

investment costs of 88.58 million USD and 84.13 million USD. Similarly, the optimal design of 

the photovoltaic plant size decreases from 274.22 MWp to 259.78 saving a PV modules installation 

of 13.13 MWp and 7.5 hectares of land. These results are due to the improvement of photovoltaic 

operating efficiency by limiting the cells' overheating and dust accumulation through photovoltaic 

water-cooling. Investigation of the impact of the electrolyzers technologies and the hydrogen 

demand profile on the optimization results meeting the same daily hydrogen demand shows that 

hydrogen production using the alkaline electrolyzer with a base demand of 200 kg/h and a pick 

demand during the daytime up to 2422.6 kg/h gives the best optimization results. The total 

annualized investment costs dropped significantly from 84.13 million USD to 65.68 million USD 

led by a significant increase of the photovoltaic size up to 348.22 MWp and a significant decrease 

in wind turbines from 39.76 MW to 11.54 MW. It can be drawn that Hydrogen production in the 

Sahel with hybrid solar and wind without battery is more cost-effective in high production during 

the daytime due to the huge solar potential and lower production on the nights or cloudy days by 

the wind energy. Finally, it was found that 12,258 m3 is required for one cooling cycle of 348.22 

MWp of photovoltaic plant and this significant amount of water can be used in agriculture to 

improve food security. 

Keywords: Photovoltaic; Green Hydrogen; Optimization; Accurate photovoltaic; Photovoltaic 

with water-cooling  
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Résumé 

L'hydrogène vert a fait l'objet d'une attention particulière en vue d'atteindre un niveau d'émissions 

nettes nulles d'ici 2050. Cette étude réalise une optimisation d'un système photovoltaïque fiable 

pour la production d'hydrogène vert dans des conditions environnementales sévères, y compris les 

effets de la température, du vent et de l'accumulation de poussière sur les modules photovoltaïques 

dans le Sahel. Deux modèles photovoltaïques différents ont été mis en place pour optimiser la 

production d'hydrogène vert en utilisant le cadre de modélisation des systèmes énergétiques 

COMANDO, un modèle de photovoltaïque fiable incluant les facteurs environnementaux 

mentionnés ci-dessus et un modèle photovoltaïque avec système de refroidissement par eau qui 

limite la surchauffe des cellules et la perte due à l'accumulation de poussière. Les résultats de 

l'optimisation de l'énergie photovoltaïque avec refroidissement par eau basée sur des cellules 

d'électrolyse à oxyde solide réversible, des éoliennes, des batteries, des fournisseurs d'eau 

souterraine, un stockage d'hydrogène, un stockage d'eau, un réseau électrique alimenté par 

l'excédent d'électricité et une demande d'hydrogène de 15,3 tonnes par jour se sont révélés meilleurs 

que les résultats du modèle du photovoltaïque fiable avec un coût d'investissement total annualisé 

de 84,13 millions d'USD contre 88,58  millions d'USD. De même, la conception optimale de la 

taille de la centrale photovoltaïque diminue de 274,22 MWc à 259,78 en économisant une 

installation de modules PV de 13,13 MWc et 7,5 hectares de superficie du champ. Ces résultats 

sont dus à l'amélioration de l'efficacité de l'exploitation photovoltaïque en limitant la surchauffe 

des cellules et l'accumulation de poussière grâce au refroidissement par de l'eau des modules 

photovoltaïques. L'étude de l'impact de la technologie de l'électrolyseur et du profil de la demande 

d'hydrogène sur les résultats de l'optimisation répondant à la même demande quotidienne 

d'hydrogène montre que la production d'hydrogène en utilisant l'électrolyseur alcalin avec une 

demande de base de 200 kg/h et une demande de pointe pendant la journée jusqu'à 2422,6 kg/h, et 

en considérant 25 ans de durée de vie des modules donne les meilleurs résultats d'optimisation. Les 

coûts d'investissement totaux annualisés ont diminué de manière significative, passant de 84,13 

millions USD à 65,68 millions USD, grâce à une augmentation significative de la taille de la 

centrale photovoltaïque, qui atteint 348.22 MWc, et à une diminution significative des éoliennes 

de 39.76 MW à 11.54 MW. On peut en déduire que la production d'hydrogène dans le Sahel avec 

un système hybride solaire et éolien sans batterie est plus rentable avec une production élevée 

pendant la journée en raison de l'énorme potentiel solaire et une production plus faible pendant les 
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nuits ou les jours nuageux par l’éolien. Enfin, il a été constaté que 12 258 m3 sont nécessaires pour 

un cycle de refroidissement d’une centrale photovoltaïque de 348.22 MWc de taille et cette quantité 

importante d'eau peut être utilisée dans l'agriculture pour améliorer la sécurité alimentaire. 

Mots-clés : Photovoltaïque ; Hydrogène vert ; Optimisation ; Photovoltaïque fiable ; 

Photovoltaïque avec refroidissement par eau  
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ITCZ: Inter Tropical Convergence Zone  

kgCO2eq/kgH2:  Kilogram Of CO2 Equivalence Per Kilogram of H2 

km Kilometer 

km2: Square Kilometer 



   

 

viii 
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1. Introduction 

In recent years, the move towards zero net emissions worldwide has become widely 

recognized. The Intergovernmental Panel on Climate Change (IPCC) and the international 

community have shown that climate change is intrinsically linked to anthropogenic emissions, 

which have already led to a global temperature increase of 1.1°C compared to pre-industrial levels 

[1]. The energy system, being one of the main contributors to the climate crisis, is responsible for 

almost 90% of the total carbon dioxide (CO2) emissions and around 75% of the total greenhouse 

gas (GHG) [2]. Therefore, governments, executives, researchers, and other parties around the world 

are committed to accelerating the ongoing energy transition and aligning economies with the targets 

set out in the Paris Agreement to limit global warming to well below 2 °C [3].  

According to IEA (International Energy Agency), the net zero emissions will undoubtedly 

involve a five-fold increase in solar, wind, and other renewable energy sources, and a twofold 

increase in nuclear energy, thereby reducing the share of fossil-fuel energy from 80 % to 20 % the 

share of fossil fuels energy based as well [4]. To achieve these goals, hydrogen will be needed to 

decarbonize energy end uses where other options are less mature or more costly, such as heavy 

industry, long-haul transport, and seasonal energy storage. In this regard, hydrogen could contribute 

10% of the mitigation needed to achieve the IRENA 1.5°C Scenario and 12% of the final energy 

demand [5]. The growing significance of hydrogen is evident as only one country (Japan) had a 

national hydrogen strategy in 2017, whereas today, over 30 countries have already developed or 

are in the process of preparing hydrogen strategies, demonstrating an exponential interest in 

developing green hydrogen value chains. 

Africa is one of the most promising continents, with solar energy accounting for the bulk 

of its renewable resources. Moreover, its historical experience with earlier generations of 

electrolyzers dating back to the early 20th century has attracted the attention of international 

investors, who have now announced several green hydrogen projects. Thus, regions with 

significant renewable potential will lead as one of the major competitors and key sites for green 

industrialization [6]. 

However, despite the enormous solar energy potential and solar PV resources, there are still 

great challenges in Africa, especially for large-scale PV due to the widespread adoption of the 

technologies which are not at all due to a scarcity of resources [7]. Financial, human resource, 
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environmental, and technology challenges are all prevalent. As a result, energy system analysis and 

energy system optimization could play a key role in some of the challenges mentioned above.  

Problem statement 

Africa is a continent with a warm climate compared to the northern hemisphere climate. It 

receives more intense ultraviolet radiation, making it a potentially attractive continent for solar 

energy deployment.  

Indeed, desert countries are best suited to photovoltaic power generation due to the abundant 

availability of sunlight throughout the year. However, due to the high level of dust and heat 

conditions, the accumulation of dust particles on the surface of PV modules and the high ambient 

temperature will negatively affect the reliable performance of the PV array [8]. To overcome these 

obstacles, the idea of setting up vast solar arrays cooperating with green hydrogen production in 

Africa and exporting the power to other countries is being addressed. For instance, the Green 

Climate Fund has announced that it will provide US$150 million in funding to the Desert to Power 

initiative. This project, led by the African Development Bank and spanning several countries, aims 

to build 10 GW of PV generation capacity in various projects across the Sahel region to the south 

of the Sahara Desert[9]. Furthermore, “Power Africa” is an initiative that supports the expansion 

of Solar Power in West Africa [10]. Recently, the “Africa H2 Atlas” results for West Africa have 

revealed enormous potential for producing green hydrogen throughout the Sahelian countries 

displaying the most attractive potential for both PV and green hydrogen [11]. In 2020, a hydrogen 

partnership was performed between Germany and Niger. This partnership highlights the potential 

for Germany and other European countries to opt for the import of green hydrogen as a strategic 

choice in their efforts to decarbonize the domestic energy supply[12].  

All these factors show that numerous ongoing or future solar PV and green hydrogen 

projects are expected to be implemented. However, existing PV projects reveal that the average 

daily power loss from dust deposition on solar PV module surfaces is approximately 4.4% over a 

year. Moreover, there is a decrease in cell operating efficiency by 2% in energy production for 

every 1°C increase in cell temperature, as observed in an assessment of an installed off-grid PV 

system [13]. This means that it is crucial to address these issues for the reliable performance of 

solar PV modules. According to Al-Addous et al the financial losses due to dust accumulation can 

range between 4% and 7% in 2023 for existing solar PV projects [14]. Thus, for large-scale PV 

solar plants, it is important to employ an optimal workforce and machines to clean the PV panels 
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regularly. Implementing PV array cooling techniques can minimize the significant losses caused 

by dust accumulation and temperature variations. Failure to address these concerns may 

substantially impact the pay-back period and hinder the long-term sustainability of PV projects. 

Moreover, Al-Addous et al. reported in 2019 a 3%–4% reduction in global solar PV power 

generation even under an optimized cleaning strategy [14]. This reduction in power generation 

translates to a loss in revenue amounting to 3-5 billion euros, and it is projected to increase further, 

reaching 7 billion euros by 2023. These findings emphasize the critical need for efficient cleaning 

and cooling strategies to maintain the economic viability and sustainability of solar PV projects 

[15]. 

Currently, the effects of environmental factors on PV power generation, such as ambient 

temperature, dust accumulation, and wind, have been addressed in various studies worldwide.  

To the knowledge of the authors, only a few studies have focused on extreme conditions, and no 

study has been conducted to develop a model that accurately accounts for PV performance and PV 

arrays with water cooling systems, specifically considering the unique climate conditions of the 

Africa countries, such as the Sahel.  Such a model is crucial for optimizing green hydrogen 

production using PV power, especially when considering the practical realities on the ground. 

Hence, it is necessary to establish an accurate PV array model that incorporates these various losses 

and also includes a water-cooling system to counteract these effects. By doing so, we can minimize 

the negative impacts on PV power generation and maximize hydrogen production efficiency. This 

holistic approach will provide valuable insights into the viability and effectiveness of utilizing PV 

energy for green hydrogen production in the extreme climate context. 

Research questions 

Central research question 

How to optimize the production of green hydrogen from solar PV systems by considering 

environmental factors that affect solar PV performance in severe environments? 

Research sub-questions 

- How do solar irradiation, ambient temperature, wind, and dust accumulation influence the 

performance of solar PV modules? 

- What are the solutions to minimize the negative impact of dust accumulation and solar PV cells 

overheating on the PV array power output? 
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- How can we set up two different models where one supplies an accurate solar PV array power 

output and the second gives an efficient power output considering solar irradiation, 

temperature, wind, and dust effect? 

- What are the optimal cost and designed parameters for hydrogen production using the accurate 

PV array or the PV array with cooling and what is the best option considering the climate 

condition of Niger? 

- What is the influence of the type of electrolyzer, hydrogen demand profile and PV lifetime on 

the optimal cost and design parameters for hydrogen production with the cost-effective PV 

array model under Sahelian climate conditions? 

Research hypotheses 

- Improving PV array power production using a water-cooling system under Sahelian climate 

conditions could contribute to efficient green hydrogen production in the Sahel. 

- The electrolyzer cost and technology could impact the optimal design and cost of the hydrogen 

production energy system. 

Research objectives 

This study aims at: 

Optimizing of photovoltaic for green hydrogen production considering the environment factors 

affecting the PV’s performance in the Sahel. 

Specific objectives 

- Find a mathematical model of solar cell efficiency that includes the parameters of solar 

irradiation, ambient temperature, and wind; 

- Establish the accurate PV array model including the cell efficiency and dust accumulation 

parameters for getting the accurate operating power output for the installed PV array; 

- Set up the model of the solar PV array integrated with water cooling to get the operational PV 

array power output under cooling conditions; 

- Perform the optimization of the energy system for green hydrogen production using each model 

of solar PV array to draw the best system for green hydrogen;  

- Perform a sensitivity analysis with different technologies of electrolyzer, and system 

configuration. 
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Structure of the thesis 

This study is made up of three main chapters preceded by a general introduction and ends with a 

conclusion. It is organized as follows: The introduction supplies the necessary background or 

context for our research problem. Then, the first chapter is the literature review part which aims to 

retrieve the major findings, limitations, and directions for future research in the scope of our study. 

Afterward, the second chapter highlights the materials and methods used in this study while the 

last chapter presents the results and discussion. 
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Chapter 1 

2. Literature Review 

2.1. Impact of environmental factors on Solar PV Performance 

Solar radiation, ambient temperature, humidity, wind speed, and dust are the most 

prominent environmental factors affecting photovoltaic systems’ performance. Irradiation is the 

main indicator of solar PV potential, but the other parameters mentioned such as listed above have 

also a significant impact on the PV module output as PV technology and environmental parameters 

(wind, temperature, humidity) which allowed us to quantify with precision the amount of electricity 

produced by a PV system. The PV module manufacturers made the module based on standard 

conditions of 1000 W/m2 of irradiance, 25˚C of ambient temperature, air mass of 1.5, and 1 m/s 

wind speed [16]. These conditions are ideal conditions since during the operation it is subject to 

real environmental conditions which are dynamic and different from outdoor environmental 

conditions. 

2.2. Impact of solar irradiation 

Solar irradiance is the key parameter on a particular site allowing for quantification of the 

power density of light from the sun or total power from a radiant source reaching a unit area. The 

Earth receives a constant amount of irradiance through the atmosphere of 1370 W/m2 [17] while 

irradiation is the integral of this irradiance over time expressed in kWh/m2. The irradiation is 

therefore a principal factor in estimating how much energy is available on a site. The typical solar 

spectrum falling on the earth’s surface without cloud disturbance is approximately 1 kW/m2 [17]. 

It has been shown that when all parameters related to the module power output are kept constant 

the increase in irradiance induces an increase in the power output [18].  

Impact of Temperature and Wind 

Even though irradiation is the main parameter of PV potential, it is also necessary to 

consider secondary parameters that influence the PV output. One of the main challenges facing the 

operation of photovoltaic panels (PV) is the effect of temperature on PV cells since cells’ 

overheating due to excessive solar radiation and high ambient temperature reduces the cells’ 

efficiency [19]. Although the impact of the ambient temperature is not the same for all PV 

technologies, studies have proved that the impact is not negligible.  According to an experimental 
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investigation in Pakistan done by Perraki et al., it has been reported that, though monocrystalline 

silicon modules are more efficient than other modules they are more sensitive to temperature [17]. 

In this regard, a study about the performances of several photovoltaic modules with various 

technologies: crystalline silicon (c-Si), polycrystalline silicon (pc-Si), Cadmium Telluride (CdTe), 

and Copper Indium Diselenide (CIS) has been done [20]. He has found that for all c-Si, pc-Si, and 

CIS modules, the changes in efficiency when modules were running appear to be in the range of 

absolute 1–2% because of cells’ overheating temperature of 30 °C. Moreover, Andreev et al. have 

found through a calculation an increase in photocurrent with the temperature at 0.1%°C-1 due to 

the decreasing of the solar cell gap while the open-circuit voltage decreases at -2 mVC-1 within the 

range of 20°C-100 °C temperature which is not only due to a reduction of the gap but also due to 

the saturation current increase. It was drawn that these two effects cause a diminution of the 

maximum available power of 0.35% [21]. In addition to that, it has been shown that heat influences 

module degradation and long-term exposure to heat will cause the panel to age more rapidly, while 

some materials may not be able to withstand short peaks of exceedingly hot temperatures [22]. All 

these findings and the idea to set up a model for cell efficiency that considers the effect of cell 

temperature led to some models to express the cell temperature. In this regard, several authors have 

set up models defining cell temperature, some consider the wind parameter while the standard 

approach is the most known as Markvart’s model [23] which does not consider this parameter and 

just considers the Nominal Operating Cell Temperature (NOCT). Hence, Schwingshackl et al. has 

investigated the effect of wind on solar PV modules. He used five different cell temperature models 

that were confirmed with experimental results. Those models are the standard approach of 

Markvart which does not consider the wind and the models of Skoplaki, Koehl, Mattei and Kurtz. 

The results from this investigation have shown that the wind plays a relevant role in estimating the 

cell Temperature for most technologies of PV modules [24]. Therefore, the models that include 

wind as a parameter to estimate the cell temperature have more accuracy even if there is no general 

model for all the PV technologies. Furthermore, this investigation highlights that the accuracy of 

the wind data is one important thing that influences the prediction of the cell operating temperature 

because the results have shown the wind input data for the in-situ wind data performs with better 

results than wind data from the European Centre for Medium-Range Weather Forecast (ECMWF) 

model. This is an exceptionally good outcome for solar PV array power output prediction since the 
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proper model for a chosen technology could give cell temperature which is one of the important 

parameters predicting the PV module output.  

2.3. Impact of dust accumulation 

Furthermore, Studies have shown in addition to the PV cell overheating, dust accumulation 

and soiling phenomena are the most affecting PV performance. Hence, several research results 

discuss the performance of PV modules regarding dust accumulation on the surface. According to 

Shaharin et al., dust can induce a decrease in peak power by up to 18% for module exposure [25]. 

Another study [26], done in Egypt has shown 33.5% to 65.8% losses in performance within six 

months of module exposure. Moreover, Sulaiman et al. carried out an interesting study showing 

power loss due to dust depending on the kind of dust, he used mainly a clean solar module and a 

module covered with talcum, dust, sand, and moss; it has been noticed for light radiation of 

310W/m2 the power output of the module was reduced by 9%-31%, 60%-70%, and 77%-83% 

respectively for the modules covered with talcum, dust, sand, and moss [27]. Bonkaney et al. 

carried out dust impact on PV panels in Niamey, dust accumulation has a great impact on the power 

output of the module [28]. They registered that up to 10% reduction in power has been seen for 

only 23 days (about 3 and a half weeks). In the same area, Dajuma et al. in their study about dust 

accumulation impact on PV panels in the Sahel, recorded an amount up to 12.46% of power loss 

after 21 days (about 3 weeks) in September 2015 [29]. Going further, Ndiaye et al. investigated the 

impact of dust deposits on the performance of PV modules by studying the behavior of the open 

circuit voltage (Voc), short circuit current (Isc), fill factor (FF), maximum output current (Imax), 

maximum output voltage Vmax, I-V and P-V curves for monocrystalline silicon (mc-Si) and 

polycrystalline silicon (pc-Si) under one operation year in the Sahel, especially in Dakar. It has 

been found that dust has a significant impact on Imax, Isc, FF and therefore on the maximum power 

output (Pmax). The maximum power output loss ranges from 18% to 78% for respectively for 

polycrystalline PV and monocrystalline while the Imax loss varies from 23% to 80% for respectively 

for polycrystalline PV and monocrystalline and the fill factor decreases up to 2% and 17% 

respectively for polycrystalline PV and monocrystalline [30]. We can conclude that the impact on 

solar PV modules' performance depends on the module’s technology. In Sahel, the dust issue is 

crucial and must be considered while designing PV projects. For all these reasons, incorporating a 

cooling system into PV modules or PV arrays becomes more relevant for researchers to minimize 

the cells’ overheating phenomenon. 
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2.4. Solar PV array cleaning and cooling technologies 

• Solar PV cleaning technologies 

There are methods and techniques for the PV modules’ surface cleaning for dust effect 

mitigation on PV power production. However, some technologies like electrostatic cleaning and 

electrodynamic dust shield methods are not mature and still in development they are therefore not 

applicable to large-scale PV plants. In 2020, Sheila et al. used a conventional cleaning machine 

that requires water, soap as well and labor to clean a PV module in South Africa with the greatest 

number of cleanings per year which is the compromise between the cleaning cost and the power 

loss mitigation due to dust, efficiently to recover 17.7% more power compared with the non-PV 

array cleaning scenario [31]. Furthermore, In Mali, a Sahelian country, Sidiki et al. in 2018, study 

manually cleaned PV modules using water and soap, cloth, and squeegee to test how effective is 

this traditional method on PV module’s performance. Everyday cleaning was performed between 

the end of April and the start of June [32]. They recorded a 7% daily average PV power production 

compared with the no-cleaning case. Moreover, In Nigeria, Chanchangi et al., in 2020 experienced 

natural cleaning based on rainfall, wind, and gravitational forces due to the PV module/array tilt 

angle. This method was ineffective during the dry season they made use of manual cleaning which 

is cheaper after considering labor cost compared with other methods or compared with the power 

recovered by cleaning [33]. 

• Solar PV cooling technologies 

Diverse kinds of cooling systems have already been investigated, there are liquid-based, 

Air-based, heat pipe-based, and PCM-based (Phase change Materials). Even though the cooling 

technique depends on several factors such as the PV technology used, PV module geometries as 

well and climate conditions of the site at which the system is installed, they are classified into two 

different cooling techniques passive cooling system and active cooling system [34]. Cuce et al. has 

used passive cooling based on phase change materials (PCMs) and found the combination of solar 

panels and phase change material can allow keeping the panels’ temperature under 40 ◦C during 80 

min of constant exposure to a radiation of 1000 W/m2 [35]. Indartono et al. has found that the 

thickness of the PCM greatly affects the cooling efficiency 102 mm PCM thickness gives the best 
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output power and the efficiency of PV is up to 23.8% and 2.1%, respectively [36]. However, the 

water-cooling system has revealed better results according to Abdolzadeh et al., efficiency up to 

3.26%, 1.40% and 1.35%, respectively are achievable at 16 m head and a mean PV cell efficiency 

of 12.5% has been achieved during the test day [37]. Moreover, Moharram et al. used two new 

models, heating rate and cooling rate to optimize water-cooling energy consumption [38]. He found 

that the highest output energy is achieved if PV cooling starts when the temperature of the PV 

panels reaches a maximum allowable temperature (MAT) of 45 °C. The MAT is the optimized 

temperature concerning the cooling energy requirement. Therefore, applying optimization 

techniques in the cooling system will help in figuring out the flow rates at which water should be 

released to harvest its maximum efficiency simultaneously. Another technique is the micro heat 

pipe array PV cooling, as air cooling reduces the maximally by 4.7°C the temperature while the 

output power increases maximally by 8.4%, with an efficiency of 2.6% compared with natural 

cooling. Water cooling amplifies the cooling in 8°C maximum temperature reduction with an 

increase in output power up to 13.9% and the efficiency difference is 3%. The maximum efficiency 

achievable for this technology is 13.5%. After going through several studies in the literature, the 

water-cooling system is the most attractive to the researchers from a plethora of cooling systems 

due to the high efficiency and low-cost result that it gives as the optimization tool can help to 

minimize energy and water consumption for the system, its important added value is water cooling 

system is the most suitable for hot and dusty climate due to its high efficiency and the dust cleaning 

effect [39]. 

Finally, the last method that this study presents is passive cleaning (anti-soiling coatings) 

which was investigated in Algeria in 2017 by Fathi et al. [40], they used the effectiveness of 

hydrophobic nano-coating on the PV performance due to dust. The result showed an 8% loss in 

transmission coefficient because of dust accumulation over the coated glass. Another efficient anti-

soiling coating method was assessed in 2020 by Alamri et al. [41] in Egypt, the authors argued that 

the technology of cleaning is ineffective in semi-arid climate environments. Addressing all those 

challenges will impact positively green hydrogen production through water electrolysis technology.  

2.5. Green hydrogen production 

• Hydrogen production technologies 
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Indeed, several technologies already exist in the past decades before the deployment of 

modern technologies in distinct stages of development which mostly converge to making hydrogen 

production environmentally friendly. Based on the named color for each hydrogen-based 

technology, there is black and brown referring to the gasification of coal the most polluting 

technology with 20 kgCO2eq/kgH2 of emissions; and grey hydrogen which is also carbon-intensive 

and relies on natural gas reforming with associated emissions of 9 kgCO2eq/kgH2 while blue 

hydrogen is the grey hydrogen technology with an incorporation of carbon capture and storage with 

a residual emission in term of long-term plant run. The pink, blue, white, and green hydrogen are 

clean from CO2 emissions [42]. Green hydrogen can be produced using water through the 

electrolysis process, thermolysis, photocatalytic water splitting and thermochemical water splitting 

while supplying energy from renewable sources including wind, solar, hydro, geothermic and 

biomass [43].  

Indeed, hydrogen production via electrolysis uses renewable electricity and water as the 

main feedstock and solar and wind play a key role in terms of renewable resources for green 

hydrogen via electrolysis process because of their widespread and they are expected to drive the 

enhancement of large-scale green hydrogen production [44]. This technology is aligned with the 

net-zero emissions target and is known as the most promising and sustainable solution for hydrogen 

production. According to the IEA, Hydrogen production via electrolysis account currently for 2% 

of global hydrogen production but the actual water electrolysis hydrogen production momentum 

has shown a great future development since it is called to replace fossil-fuel-based hydrogen 

production and to play a key role in the energy transition n production plants mainly autonomous 

systems using solar energy or wind power, hybrid PV-wind-based systems and grid-connected 

systems to supply hydrogen for end uses [45]. However, the grid-connected hydrogen is seen as 

hybrid green and subjected to a constraint of a maximum amount of 4.4 kg CO2-eq. per kgH2 annual 

GHG emissions [46] for keeping its value of greenness according to the certification CertifHy. 

Thus, the electrolyzer is the main part of whatever system and configuration to get more 

understanding of the current electrolyzer technologies development. 

• Water electrolysis technologies 

The water electrolysis process is an electrochemical reaction that requires 237.2 kJ mol−1 

of electricity and 48.6 kJ mol−1 of heat to split 1 molecule of H2O into 2 molecules of hydrogen 

and 1 molecule of oxygen [47]. Four different water electrolysis technologies are mentioned in the 
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literature, alkaline water electrolysis, anion exchange membrane (AEM) water electrolysis, proton 

exchange membrane (PEM) water electrolysis and solid oxide water electrolysis. Indeed, the 

alkaline electrolyzer is well-established, mature, and commercialized up to the multi-megawatt 

scale and a global number are successfully deployed for industrial applications [48]. Its 

electrocatalyst is easily available and low cost with long-term stability for H2 production. However, 

it has limited current densities, low gas purity as well as a lower operating current density, cell 

efficiency, and crossover. Regarding AEM, it is the latest technology, that is to overcome the 

drawbacks of alka98line and PEM water electrolysis. It has metal-free electrocatalysts as well as 

low-concentrated (1M KOH) liquid electrolytes. However, its limited stability and low level of 

development hamper its deployment [48]. PEM water electrolysis gives several advantages over 

alkaline in terms of high operating current density, high purity of gases, higher outlet pressure, and 

smaller footprint while the major challenge is the cost of their components mainly its 

electrocatalysts. It is the second mature and commercially available technology that is scaling up 

to megawatt (MW) for industrial and transportation. Solid oxide water electrolysis technology is 

still developing while reaching the commercialization stage. The great advantage is the high 

efficiency achievable and the feverish temperature working principle (700-850°C). However, it has 

been noted that it has limited stability and a long starting time [48].  

2.6. Energy system optimization 

Energy system optimization is a tool used for achieving the best possible result under given 

conditions. In other words, the optimization problem is made up of three main parameters needed 

objective’s function, a set of unknowns or variables and the constraints. Many optimization 

techniques have been found in the past three decades to improve the operation and control of energy 

systems aiming at either minimizing efforts or maximizing profit [49].  

Currently, research in energy systems optimization is more focused on different energy 

systems within various integrated ranges. This optimization can be broken down into design, 

synthesis, and operation, as well as different static and dynamic problems followed by the solutions 

as detailed by Frangopoulos [50]. However, some parameters like energy demands, prices, weather, 

and other operational aspects can be strongly varying over time making therefore, their future 

values highly uncertain, which renders the design and operation of energy systems more 

challenging when decisions should be processed. Amer et al. [51]in 2013 from the study they 
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carried out proposed hybrid system optimization models of various renewable energy sources to 

minimize the total cost of Renewable energy systems.  

 

 

Chapter 2 

3. Materials and Methods  

3.1. Study area 

3.1.1. Description of the selected region:  

The region of our study is the Sahel precisely Niger which has a surface area of 1,267,000 square 

kilometers (km2), bordering Mali, Burkina Faso and Benin to the Western part, Nigeria to the 

Southern, Chad to the Eastern and Algeria and Libya to the Northern part. Niger is subdivided into 

eight regions with 36 provinces and 265 districts. It has a long river of 550 km (about the length of 

New York State) in length. Niger’s population is 16 million with an annual growth rate of 3.3% 

with a population density of 12 people per km2 according to the ‘’Institut National de la Statistique 

(INS), 2012’’ [52]. For this study of optimization, the climate input data concern a specific position 

located in Agadez with the geographical coordinates: Longitude 7.9628 and latitude 16.9522 

(Figure 1). 
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Figure 1: Sahel, Niger map and Agadez location 

 

3.1.2. Climate Characteristics of the study area 

Being one and even the central region of the Sahel, Niger’s climate is one of the hottest semi-arid 

climates within the Sahel specifically characterized by a single and short annual rainy season of 

about 3-4 months (June, July, August, and September) and dry season from October to May 

associated with the Northward movement of the Inter Tropical Convergence Zone (ITCZ). The 

Harmattan is a strong dry and dust wind characterized by the cold season which usually starts from 

November to the end of February. Niger has an untapped renewable energy potential especially 

solar and wind which provides opportunities for transforming urban and rural livelihoods and 

producing competitive hydrogen in the world. 

3.1.3. Solar and wind potential of the study area 

Niger enjoys high solar radiation conditions in all eight of its regions. Average solar radiation is 5-

7 kWh/m2 per day, and there are seven to ten hours of sunshine per day on average. April to August 

is the period of high insolation when the diurnal variation between minimum and maximum 

radiation values is small. The rainy season coincides with the high solar radiation summer months. 

Arlit and Agadez cities in the northern and central regions respectively and Niamey and Zinder in 

the southern solar data recorded confirm the enormous potential of PV more specifically in those 
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regions. Referring to the wind potential, the study concluded, that Niger has an average wind of 2-

6 m/s at the height of 10m while increasing in height amplifying the wind speed [52]. 

3.2. Materials 

The materials needed to perform the study of optimization model for green hydrogen production 

based on solar PV as the main electricity source and wind power as the second electricity source 

for the water electrolysis process are software with an energy system modeling framework since it 

is a simulation. 

 

 

3.2.1. Python software 

Python is an object-oriented programming language created by Guido Rossum in 1989. It is ideally 

designed for rapid prototyping of complex applications. It has interfaces to many OS system calls 

and libraries and is extensible to C or C++ with the possibility of embedding it with C/C++ 

programs to give 'scripting' capabilities for your program's users. Hence, it is the software within 

which the Energy System Modeling Framework is installed and also the software that was used to 

perform the PV accurate model and the PV with cooling model to get their respective outputs that 

constitute one of the key input data used for the optimization. 

3.2.2. COMANDO Energy Systems Modelling Framework 

 COMANDO is defined as Component-Oriented Modeling and Optimization for Nonlinear Design 

and Operation (COMANDO) open-source Python package (COMANDO Repository). It is a new 

tool that was developed in 2021 by Langiu et al. [53]  in Forschungszentrum Jülich and RWTH 

Aachen University and proposed to address the challenges of technical design and operation. 

COMANDO borrows a generic, nonlinear representation of mathematical expressions and features 

for algorithm development from AMLs (algebraic modeling languages), and the representation of 

differential equations and more general system model aggregation from differential-algebraic 

modeling frameworks (DAMFs) such as PROMS (Process Systems Enterprise, 1997-2019), 

MODELICA (Elmqvist and Mattsson, 1997), or DAE Tools (Nikolić, 2016). With this combination 

of features, COMANDO incorporates flexible nonlinear and dynamic modeling into the modularity 
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of an ESMF (energy system modeling framework). Additionally, COMANDO enables the 

simultaneous consideration of multiple operating scenarios through a two-stage stochastic 

programming formulation, allowing for rigorous optimization of energy system design and 

operation under uncertainty and/or variability of operating conditions. While the vast majority of 

existing ESMFs (energy system modeling frameworks) are implemented as a layer on top of an 

AML (algebraic modeling languages), COMANDO is based on the computer algebra system 

SymPy [54]. SymPy provides data structures for representing generic mathematical expressions 

and corresponding methods to analyze and manipulate expressions. These features facilitate the 

creation of automatic reformulation routines (e.g., automatic linearization), custom interfaces to 

AMLs or solvers, and user-defined solution algorithms. Finally, COMANDO is a tool that allows 

for flexible model creation regardless of the capabilities of existing MILP-based energy-system 

modeling tools by providing a wide range of options for problem formulation. Contrary to classical 

algebraic modeling frameworks, it allows for modular component and system representations and 

is dedicated to energy system design and operation. 

3.3. Methods 

The energy system models of this study are focused on hydrogen production by solar photovoltaic 

and wind turbines, the elements and components for different conversion processes. The renewable 

energy sources solar and wind are two different technologies of production of solar and wind 

primary energy sources into electricity within the energy system. Besides, three different storage 

mediums batteries, hydrogen storage tanks and water reservoirs intend to store the excess of 

electricity, hydrogen produced and water pumped respectively. An electrolyzer within the system 

produces hydrogen thanks to the electricity and water supply for the electrolysis process. Therefore, 

it is paramount to start the optimization model of this study which is highly relied on uncertain 

electricity availability due to the intermittency of the energy sources. Hence, after setting up all the 

components required for the energy system creating the energy system and the energy system 

components connections. The problem formulation is followed to get the optimized size of every 

design parameter and the system's objective costs via an optimization problem solver. Finally, the 

optimization model of this work aims to study the optimal schemes under extreme conditions that 

can make the most effective use of resources considering the investment costs of system 

components and the environmental factors affecting the PV power supply. This will help to achieve 

the best solution under the environmental constraints for any location in a severe climate 
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environment. This can subsequently help the stakeholders to make investment decisions for green 

hydrogen production.  

Figure 2 presents the flowchart of the optimization method. 
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Figure 2: Energy System Optimization flowchart 

3.3.1. Modelling 

• Component Models 

The components of the energy system are an Accurate PV array, a Cooling PV array (PVC), wind 

turbines; three different electrolysis technologies (Reversible Solid Oxide Electrolysis Cells, 

Alkaline electrolysis Cells and Proton Exchange Electrolysis Cells) to produce hydrogen, batteries 

for electricity storage and hydrogen storage to store hydrogen; ground water supplier, water 

storage, a wastewater collector from the PVC, electricity grid and hydrogen demand. Within the 
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COMANDO energy systems modeling framework, a class component should be imported before 

starting the development of the model of each component. 

• Solar accurate PV Model 

The solar-accurate PV model aims to represent almost a real PV power supplier within the energy 

system. This model contains a sub-model that includes the cell temperature, the wind and the dust, 

the most relevant factors affecting the theoretical or expected power output from a designed PV 

array. Those parameters mostly are neglected while designing PV solar plants by considering only 

the irradiation or using the PV factor from open-data sources (Renewable ninja) based on the 

western reality [55]. The accurate PV array (APV) model is made up of a main input parameter 

which is the PV power per square meter (kW/m2), this input data derives from the result of a 

mathematical model which requires solar irradiance, wind speed at 10 meters, ambient temperature, 

dust accumulation loss and the module’s efficiency. Then, follow a design parameter which is the 

size needed to be installed (km2), an operational variable that defines the operating PV power 

output with an output connector, the constraints and the cost expressions.  

• Accurate PV power output model 

The cell temperature expresses the operating temperature of the solar cell and is established by 

Sandia who considers the ambient temperature, wind speed and solar irradiance as parameters 

driving the cell temperature [55]. 

 

𝑇𝑐 = 𝜙[𝑒𝑎+𝑏∗𝑊𝑠] + 𝑇𝑎 +
𝜙

𝜙𝑜
∗ ∆𝑇 

    

3.1 

Where, 𝑇𝑐  is the cell operating temperature (°C), 𝑇𝑎  is the ambient temperature (°C), 𝜙  is solar 

irradiance incident on module surface, (W/m2), 𝑊𝑠 is wind speed (m/s) measured at standard 10m 

height, 𝑎  is an empirically-determined coefficient establishing the upper limit for module 

temperature at low wind speeds and high solar irradiance, 𝑏  is also an empirically-determined 

coefficient establishing the rate at which module temperature drops as wind speed increases, 𝜙𝑜 is 

the reference solar irradiance on module, (1000 W/m2) and ∆𝑇  is the temperature difference 

between the cell and the module back surface at an irradiance level of 1000 W/m2. This temperature 

difference is typically 2 to 3 °C for flat-plate modules in an open-rack mount.   
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The cell efficiency is then expressed based on the cell temperature and the efficiency of the module 

at the Standard Test Conditions (STC) [56]. 

 𝜂𝑜𝑝 = 𝜂𝑟[1 − 𝛽𝑟(𝑇𝑐 − 𝑇𝑟)] + 𝛾 Log  (𝜙) 3.2 

Where 𝜂𝑟 stands for the reference (STC) module efficiency, 𝛽 (%°C -1) and 𝛾 are respectively the 

solar irradiance and temperature coefficient for the PV module. The cell’s reference temperature 

𝑇𝑟  equals, 25°C  and the reference solar irradiance 𝜙  is 1000 𝑊𝑚−2  It has been noted that the 

parameters   𝑇𝑟 , 𝜂𝑟 , 𝛽 and 𝛾 are provided by the PV module manufacturer.     

PV power output at STC is the following equation [38]:  

𝑃𝑟 = 𝜂𝑟 ∗ 𝐴 ∗ 𝜙  
 

3.3 

 𝐴 is the unit area (m2) and 𝑃𝑟 the power peak at STC. 

The APV power output during operation at any instantaneous time can be obtained by substituting 

𝜂𝑟  by 𝜂𝑜𝑝  in equation 3.3. Then, the APV power output per square meter considering solar 

irradiance and wind is as follows: 

𝑃𝑜𝑝 = 𝜂𝑜𝑝 ∗ 𝐴 ∗ 𝜙 3.3 

Finally, the dust accumulation and soiling loss (𝜂𝑙𝑜𝑠𝑠) is introduced into equation 3.4 to get the final 

expression of the APV power output per unit area (W/m2) 

𝑃𝑜𝑝𝐴𝑃𝑉 = 𝜂𝑜𝑝 ∗ 𝐴 ∗ 𝜙 (1 − 𝜂𝑙𝑜𝑠𝑠) 3.4 

𝑃𝑜𝑝𝐴𝑃𝑉 is APV operating power output and 𝜂𝑙𝑜𝑠𝑠 is dust and soiling loss. 

 

• Component model constraint 

The constraints set in the APV model are as follows: 

𝐸𝑜𝑢𝑡 ≤  𝑃𝑜𝑝𝐴𝑃𝑉 ∗ 𝜉𝐴𝑃𝑉 3.5 

Where 𝐸𝑜𝑢𝑡 is the electricity per unit of time generated by the APV and 𝜉𝐴𝑃𝑉is the size need to be 

installed. 

• General cost functions for all the component models 

The cost functions are general for all the component models and their equations are as follows [57] 

: 
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𝑎𝑓 =
i *(1 + i)

n

(1 + i)
n − 1

 3.6 

n is the component lifetime, i: interest rate and 𝑎𝑓 is the annuity factor. 

Κ = 𝑎𝑓 ∗ 𝜓𝑢 ∗ 𝜉 3.7 

Κ is the capital expenditure, 𝜓𝑢 is the cost per unit of the component and 𝜉 is the installed size of 

the component. 

Ο = Κ ∗ δ 3.8 

Ο  is annual operational expenditure and δ  is the fraction of Κ  allocated for operation and 

maintenance. 

• Solar PV with cooling system Model 

Setting a PV array model with a water-cooling (PVC) system aims to improve the efficiency of the 

PV array power output by mitigating temperature and dust or soiling accumulation on PV module 

performance. Water-cooling was chosen because of the significant efficiency achievable with this 

technology, and the environmental conditions of the study area. Therefore, a water-cooling model 

is integrated into the PV array to maintain the module temperature at a maximum allowable 

temperature (MAT) of 40℃. The MAT is a compromise value between the cooling energy and 

water consumption giving the best performance the cooling can start. So, the cooling system made 

up of a water pumping system should start working and cool down the PV array till a certain 

temperature below the MAT before stopping. As this study is dealing with hourly time steps data, 

the cooling time is assumed to be based on hourly time steps.  

Indeed, our study area is an area of surface water scarcity but is rich in ground water. Its availability 

has been proved by a study financed by the Millennium Challenge Corporation (MCC) that found 

that Niger is the most groundwater-rich country in the Sahel region. So, tapping into its abundant 

groundwater resources, Niger can potentially increase its irrigation capacity across an area of over 

2 million hectares of arable land overlying these aquifer systems [58] and Agadez is part of the 

richest regions within the country. Hence, the idea is pumping water from the ground to cool down 

the PV array and then, collecting the wastewater from the PV array that will be channeled to supply 

water for agricultural purposes makes it relevant.  

Furthermore, an optimization of the power out from the PVC will be performed to ensure its 

effectiveness concerning the APV. This means that the cooling system working principle is not only 

based on the MAT but depends also on the PV power output gap between the PVC and APV, it 
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should be greater or equal to the energy requirement for the cooling system for the cooling 

activation. Therefore, the PVC will never produce energy less than the APV if it has been installed 

in place as the power output of the PV array is more valuable than the wastewater for Agriculture. 

The model configuration of PVC is similar to the APV except for the cooling system added. It is 

comprised of the solar power output per unit area as the main input data parameter which results 

from mathematical models of the cells operating efficiency in function of the cell temperature, solar 

irradiance, and the MAT. Then, the design variable is the size (km2 or MWp) followed by two 

operational variables, one is the operating power output having an output connector and the second 

is the wastewater flow after cooling which is connected to an output connector, the constraints and 

cost expressions (equations 3.6, 3.7 and 3.8).   

• Power output model 

Here, the MAT is assumed to be the module/array temperature and by replacing 𝑇𝑚 expression in 

equation 3.1 gives the cell temperature (𝑇𝑐𝑐 ) equation 3.9, afterwards the 𝑇𝑐𝑐  is introduce in 

equation 3.2 to get the cell operating efficiency (𝜂𝑜𝑝𝑐 ) and finally, the latter is introduced by 

substitution of  𝜂𝑟 by 𝜂𝑜𝑝𝑐 in equation 3.3 giving the power output of the PVC (𝑃𝑜𝑝𝑐). This leads 

to the following equations: 

𝑀𝐴𝑇 = 𝑇𝑚 = 𝜙[𝑒𝑎+𝑏∗𝑊𝑠] + 𝑇𝑎 3.9 

𝑇𝑐𝑐 = 𝑀𝐴𝑇 +
𝜙

𝜙𝑜
∗ ∆𝑇 3.10 

𝜂𝑜𝑝𝑐 = 𝜂𝑟[1 − 𝛽𝑟(𝑇𝑐𝑐 − 𝑇𝑟) + 𝛾 Log  (𝜙) 3.11 

𝑃𝑜𝑝𝑐 = 𝜂𝑜𝑝𝑐 ∗ 𝐴 ∗ 𝜙 3.12 

• Power output model optimization equation 

𝑃𝑝𝑢𝑚𝑝=𝜌∗𝑔∗𝑄∗𝑇𝐷𝐻/𝜂(𝑚𝑜𝑡𝑜𝑟-𝑝𝑢𝑚𝑝) 3.13 

 

𝑃𝐶(𝑥) = {
𝑃𝑜𝑝   ,                           Ppump − 𝑥 < 0

𝑃𝑜𝑝𝑐 − Ppump, Ppump − 𝑥 ≥ 0
 3.14 
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𝑃𝑝𝑢𝑚𝑝 is the pumping power; 𝜌 is the water density; 𝑄 is Water flow rate per hour for cooling 

1𝑚2 of PV array; TDH is the Total Dynamic Head of the pumping system and 𝜂(𝑚𝑜𝑡𝑜𝑟-𝑝𝑢𝑚𝑝) is 

the efficiency of the motor-pump; 𝑃𝑜𝑝𝑐 is the power output of PV during cooling times. 

𝑃𝐶(𝑥) is the optimized power output of the PVC, 𝑥 = 𝑃𝑜𝑝𝑐 − 𝑃𝑜𝑝 is power gap gained by cooling, 

Ppump is cooling power requirement and 𝑃𝑜𝑝 is the optimal power output when the power gap is 

less than 0. In another word, the PVC behaves like the APV and provides the APV’s power output 

for this particular time. 

• Cooling system parameters equation 

The mathematical model used to evaluate the cooling system includes the cooling rate (𝑄𝐶) and 

the heating rate (𝑄𝐻) of the module. Equations 3.15 and 3.18 express respectively the heating rate 

and the cooling rate [38]. 

Indeed, the cooling rate can be determined based on an energy balance equation 3.16, such that the 

heat energy gained by cooling water is equal to the heat energy dissipated from the PV panels by 

assimilating the PV module’s glass temperature as the module temperature the change in 

temperature of the modules is the change in temperature of the module’s glass.  

 

𝑄ℎ =
∆𝑇𝑚

∆𝑡
 

3.15 

𝑄𝑔𝑎𝑖𝑛𝑒𝑑 𝑏𝑦 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟 = 𝑄𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑃𝑉 𝑚𝑜𝑑𝑢𝑙𝑒𝑠 3.16 

𝑚̇𝑤 ∗ 𝑡𝑐 ∗ 𝐶𝑤 ∗ ∆𝑇𝑤 = 𝑚𝑔 ∗ 𝐶𝑔 ∗ ∆𝑇𝑔 3.17 

𝑄𝑐 =
𝜌𝑤𝑉̇𝑤 ∗ 𝐶𝑤 ∗ ∆𝑇𝑤

𝑡𝑐*𝜌𝑔 ∗ 𝐴𝑔 ∗ 𝑋𝑔 ∗ 𝐶𝑔
 3.18 

With 𝑚𝑔 = 𝜌𝑔 ∗ 𝐴𝑔 ∗ 𝑋𝑔 and 𝑚̇𝑤 =  𝜌𝑤 ∗ 𝑉̇𝑤 ; 𝜌𝑔 is the density of tempered glass, 𝜌𝑤𝑉̇𝑤 is mass 

flow rate of water, 𝐶𝑔is the heat capacity of glass, 𝐶𝑤is the specific heat capacity of water; ∆𝑇𝑔 is 

the glass temperature changes due to water cooling, ∆𝑇𝑤 is the water temperature rise, 𝐴𝑔 is the 

surface area of the PV module/Array, 𝑋𝑔 is  the thickness of the glass covering the PV panel and 

𝑡𝑐𝑜𝑜𝑙𝑖𝑛𝑔  is the time taken to cool the solar PV panel to a moderate optimally the modules’ 

temperature with respect to MAT, ∆𝑡 the heating time of the module and ∆𝑇𝑚 is the temperature 

increase with respect to ∆𝑡. The mass flow rate of water is set for a value of 7.2 liters per hour for 

considering 1𝑚2 of cooling area accordingly the study done by Basrawi et al [59] in 2020. 
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This study is most focused on the energy system optimization however the aforementioned- 

parameters will be calculated for a day to examine the performance of the cooling system. 

 

 

 

 

• Component model constraint 

𝐸𝑜𝑢𝑡𝑃𝑉𝐶 ≤  𝑃𝐶(𝑥) ∗ 𝜉𝑃𝑉𝐶 3.19 

Where 𝐸𝑜𝑢𝑡𝑃𝑉𝐶 is the electricity per unit of time generated by the PVC and 𝜉𝑃𝑉𝐶 is the size need to 

be installed. 

𝜔 = 𝜉 ∗ 𝑉̇ ∗ 𝑡𝑐 3.20 

𝜔 is the water collected after cooling, 𝑉̇ is the water flow rate and, 𝑡𝑐 is the cooling time, for one 

cycle cooling is equals to 1h. 

• Wind turbine power plant Model 

Wind power is the second energy source of the energy system that is intended to be set. Hybrid 

solar and wind give better optimization results than only PV energy systems if the area is a 

promising area for wind energy. Agadez is an area both windy and sunny. 

The wind turbine model is comprised of an input parameter which is the wind power factor, a 

design parameter that aims to provide the optimal size (MW) after optimization, an operational 

parameter which is the electricity output generated by the turbines which is linked to an output 

connector, the constraints and the cost expressions.  

• Component model equations 

𝐸𝑇𝑢𝑟 ≤  𝜏 ∗ 𝜉𝑇𝑢𝑟 3.21 

𝐸𝑇𝑢𝑟 is wind turbines electricity output, 𝜏 is the wind power factor and 𝜉𝑇𝑢𝑟 is the wind farm size. 

• Electrolyzer Models 

The electrolyzer is one of the key components of the energy system to be set up. Hence, after 

reviewing the technologies of electrolyzers available, this study intends to use the technologies of 

Solid Oxide Electrolysis Cells (SOECs) as baseline, followed the Alkaline Electrolysis Cells 
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(AECs) and lastly the Proton Exchange Membrane Electrolysis Cells (PEMECs) for the sensitivity 

analysis. 

 

 

 

• Reversible Solid Oxide Electrolysis Cells (RSOECs) 

SOECs are one of the most efficient water electrolysis technologies although it is still in the 

development process. Due to its reversibility working mode, the same stack of the RSOECs can 

run as a fuel cell or electrolyzer. This feature was included within the RSOECs model giving option 

of inputting electricity into the energy system. RSOECs’ model is made up of a design parameter 

that is the size or capacity needed to be installed (MW) while operating as an electrolyzer, it has an 

operational variable for the electricity input having an input connector, a second operational 

variable for the hydrogen output when performing as electrolyzer with an output connector, and 

the third operational variable which is the water input having an input connector. While running as 

a fuel cell, it has an operational variable for the hydrogen input with an input connector, a second 

operational variable controlling the electricity output with an output connector and the cost 

expressions (equations 3.6, 3.7 and 3.8). 

• RSOECs model equations 

Since the RSOECs perform whether as Solid Oxide Electrolysis Cells (SOECs) or Solid Oxide 

Fuel Cells (SOFCs) it is connected to three buses (Hydrogen bus, water bus, electricity bus) the 

node (bus) is always balanced between the commodity input and output so the RSOECs can never 

perform its two modes at the same time. The equations established in the model are: 

𝐸𝑆𝑂𝐸𝐶𝑠 ≤ 𝜉𝑅𝑆𝑂𝐸𝐶 3.22 

𝐻2𝑜𝑢𝑡 = (𝐸𝑆𝑂𝐸𝐶𝑠 ∗ 𝜂𝑅𝑆𝑂𝐸𝐶𝑠)/𝐿𝐻𝑉𝐻2
 3.23 

𝜔𝑖𝑛 = 0.0126 ∗ 𝐻2𝑜𝑢𝑡 3.24 

𝐸𝑆𝑂𝐹𝐶𝑠 = (𝐻2𝑖𝑛 ∗ 𝜂𝑅𝑆𝑂𝐸𝐶𝑠) ∗ 𝐿𝐻𝑉𝐻2
 3.25 

𝐻2𝑖𝑛 ≤ 𝜉𝑅𝑆𝑂𝐸𝐶𝑠/𝐿𝐻𝑉𝐻2
 3.26 
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𝐸𝑆𝑂𝐸𝐶𝑠 is the SOECs electricity input, 𝜉𝑅𝑆𝑂𝐸𝐶 is the RSOECs optimal the size need to installed, 

𝐻2𝑜𝑢𝑡 is the Hydrogen output of SOECs, 𝜔𝑖𝑛 is the water input to the SOECs, 12.6 kg of ground 

water is required to produce 1 kg of hydrogen [60], 𝐿𝐻𝑉𝐻2  is the low heating value of hydrogen, 

𝐸𝑆𝑂𝐹𝐶𝑠  is the electricity output of the SOFCs and 𝐻2𝑖𝑛  is the hydrogen input to the SOFCs. 

 

• Alkaline Electrolysis Cells (AECs) and Proton Exchange Membrane Electrolysis Cells 

(PEMECs) 

The AECs and PEMECs have the same model configuration. They differ from the input data (Cost, 

efficiency, and lifetime). Hence, the same constraints are applicable for both of them. This model 

is characterized by a design parameter which is the size of the electrolyzer (MW), an operational 

parameter for the electricity input (with input connector) and the second operational parameter for 

the hydrogen output (with output connector) and the third operational variable for water input (with 

input connector) as well as the cost expressions (equations 3.6, 3.7 and 3.8). 

• AECs/PEMECs model equations 

𝐸𝐸𝑙 ≤ 𝜉𝐸𝑙 3.27 

𝐻2𝐸𝑙𝑜𝑢𝑡 = (𝐸𝐸𝑙 ∗ 𝜂𝐸𝑙)/𝐿𝐻𝑉𝐻2
 3.28 

𝜔𝑖𝑛 = 0.0126 ∗ 𝐻2𝐸𝑙𝑜𝑢𝑡 3.29 

𝐸𝐸𝑙  is the electrolyzer (AECs or PEMECs) electricity input, 𝜉𝐸𝑙  is the optimal size of the 

electrolyzer, 𝜂𝐸𝑙  is the efficiency of the electrolyzer and 𝐻2𝐸𝑙𝑜𝑢𝑡  is the Hydrogen output of the 

electrolyzer. 

• Electrical Battery, Hydrogen storage and Water storage models 

The electrical battery, hydrogen storage medium and water storage are the three storage means of 

the energy system. Their models are quite similar apart from the fact that while the battery stores 

electricity from solar or wind, the hydrogen storage stores hydrogen (energy carrier) from the 

electrolyzer and the water storage stores water to supply it to the electrolyzer later. Hence, the 

battery has a design parameter which is the size of the battery pack (MW), an electricity input 

operational variable (with an input connector), an electricity output operational variable (with an 

output connector) and the battery state of charge operational variable. Similarly, the hydrogen 
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storage model disposes of a design parameter which is its optimal size (kg), a hydrogen input 

operational variable (with an input connector), a hydrogen output operational variable (with an 

output connector) and the hydrogen storage state of charge operational variable. For the water 

storage, it also follows the same model conjugation, the design parameter for the water storage size 

(m3), then, the operational variable for the water input (with input connector) and the operational 

variable for water output of water storage (with output connector). They all have the same cost 

expressions mentioned in equations 3.6, 3.7 and 3.8. 

• Battery, hydrogen storage and water storage model constraints 

Battery 

𝜍𝑑 = 𝜀𝑏𝑎𝑡 ∗ 𝜂𝑙𝑜𝑠𝑠 3.30 

𝜀𝑏𝑎𝑡 ≤ 𝜉𝑏𝑎𝑡 
3.31 

3.32 

𝜀𝑏𝑎𝑡 = 𝐸𝑖𝑛 ∗  𝜂𝑐ℎ𝑎𝑟 −  𝐸𝑜𝑢𝑡 ∗  𝜂𝑑𝑖𝑠 3.33 

 𝜍𝑑 is the battery self-discharge, 𝜀𝑏𝑎𝑡is the battery state of charge, 𝜂𝑙𝑜𝑠𝑠 is the capacity losses, 𝜉𝑏𝑎𝑡 

optimal size of the battery, 𝐸𝑖𝑛  is the electricity input and 𝐸𝑜𝑢𝑡  is the electricity output of the 

battery. 𝜂𝑐ℎ𝑎𝑟 is the charging efficiency and 𝜂𝑑𝑖𝑠 is the discharging efficiency. 

Hydrogen storage 

𝜍𝐻2
= 𝜀𝐻2

∗ 𝜂𝐻2
 3.34 

𝜀𝐻2
≤ 𝜉𝐻2

 3.35 

𝜀𝐻2
= 𝐻2𝑖𝑛

∗  𝜂𝑐ℎ𝑎𝑟𝐻2
−  𝐻2𝑜𝑢𝑡

∗  𝜂𝑑𝑖𝑠𝐻2
 3.36 

𝜍𝐻2
 is the hydrogen self-discharge, 𝜀𝐻2

is the hydrogen storage state of charge, 𝜂𝐻2
 is the capacity 

losses due to leakage, 𝜉𝐻2
 optimal size of hydrogen storage, 𝐻2𝑖𝑛

 is the hydrogen input and 𝐻2𝑜𝑢𝑡
 

is the hydrogen output of the hydrogen storage. 𝜂𝑐ℎ𝑎𝑟𝐻2
 is the charging efficiency and 𝜂𝑑𝑖𝑠𝐻2

 is the 

discharging efficiency. 

 

Water storage 

𝜀𝐻2𝑂 ≤ 𝜉𝐻2𝑂 3.37 



   

 

27 
 

𝜀𝐻2𝑂 = 𝐻2𝑂𝑖𝑛 ∗  𝜂𝑐ℎ𝑎𝑟𝐻2𝑂 −  𝐻2𝑂𝑜𝑢𝑡 ∗  𝜂𝑑𝑖𝑠𝐻2𝑂 3.38 

𝜀𝐻2𝑂is the water storage state of charge, 𝜉𝐻2𝑂 optimal size of water storage, 𝐻2𝑂𝑖𝑛 is the water 

input and 𝐻2𝑂𝑜𝑢𝑡 is the water output from the water storage. 𝜂𝑐ℎ𝑎𝑟𝐻2𝑂 is the charging efficiency 

and 𝜂𝑑𝑖𝑠𝐻2𝑂 is the discharging efficiency 𝜂𝑐ℎ𝑎𝑟𝐻2𝑂 and 𝜂𝑑𝑖𝑠𝐻2𝑂 is assumed to be 1. 

• Ground water supplier model 

Ground water supplier supplies water to the electrolyzer thanks to a water pumping system 

requiring electricity. The ground water supplier is comprised of a design parameter giving the size 

in m3/h of water. The operational variables are the electricity input (with input connector) for 

pumping and the water output (with output connector) though they are interlinked, the constraints 

and the cost expressions (equations 3.6, 3.7 and 3.8.). 

• Ground water supplier model constraints 

Egwin
≤ ξgw ∗ χ 3.39 

Wout = Egwin
/χ 3.40 

Egwin
 is the electricity input for water pumping, χ is the pumping power per m3 of water at 100m 

height (0.36kW/m3) [61] and ξgw is the size (m3/h) of the water pump. 

• Electricity external grid model 

The electricity external grid allows to injection of electricity into the national grid. It has a grid 

feed in an operational variable with an input connector and an electricity selling price as a 

parameter. As the purpose is to produce green hydrogen, the option to buy electricity from the grid 

is not considered. 

• Hydrogen demand model 

Hydrogen demand is the main load of the energy system. Its model considers it as a parameter with 

an input connector. 

• Wastewater collector 

The wastewater collector model intends to quantify the available wastewater for other uses after 

the PV module cooling process. The operational variable within this component is the wastewater 

output from the PV array with an input connect 
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3.3.2 Energy System model 

The energy system creation consists of using the component models and their connections, 

additional parameters, variables and states to set it up.  For this purpose, four different steps are to 

follow. After importing from the core of COMANDO the class System and proceeding to the 

initialization of the component models and creation of the energy system, the component models 

are then added and connected accordingly through a defined bus. Three typical superstructures are 

considered in this study to show the interconnections between component models within the energy 

system models. Hence, the first energy system model superstructure is characterized by an accurate 

PV component model and RSOECs which stands for both electrolyzer and fuel cell while in the 

second one, the APV is replaced by the PVC. The third one includes the PVC and whether Alkaline 

Electrolyzer (AE) or Proton Exchange Membrane Electrolyzer since they have the same component 

model apart from their input data. Figure 3, Figure 4, and Figure 5 show the details. 

The baseline of this study is focused on investigating the optimization results between APV and 

PVC using. 
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Figure 3: Energy system superstructure based on PVC and RSOECs 

 



   

 

29 
 

Wind Turbines Electricity Grid Battery

Ground water 

Supplier
Water Storage

Hydrogen Storage
S

O
E

C
/S

O
F

C
Hydrogen demand (Export)

Waste water bus

Water bus

Electricity bus

Hydrogen bus

Accurate PV

 

Figure 4: Energy system superstructure based on APV and RSOECs 
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Figure 5: Energy system superstructure based on PVC and AECs/PEMECs 
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3.3.3 Problem formulation 

An optimal energy system necessitates optimal decisions at both the design stage and 

operational stage. Hence, before formulating the optimization problem, the operational scenarios 

have been considered due to the variability (renewables intermittent and demand variability) 

coupled with other uncertainties to obtain a reliable design. This leads to a two-stage stochastic 

programming. We therefore used a cluster data function to determine the scenarios and weights. It 

allows for the simultaneous consideration of multiple operating scenarios. 

3.3.4 Data cluster  

Data clustering requires pre-work handling to match the format of the input data with the cluster 

data configuration. This follows two steps: PV data unstack (as PV is the main energy source with 

high intermittency) and unstack data normalization. Then, comes the clustering process subdivided 

into five stages: 

• Clustering the normalized data: a number (n) of typical days is set. Those days with the day of 

maximum and minimum PV output are the only days that can be visualized at the output of the 

clustering algorithm. By using the Silhouette method, the optimal typical days which 

correspond to the number having the maximum score have been found for the PV hourly power 

input data. 

• Identification and attribution of PV and demand days per cluster; 

• Grouping the days per typical days: Generation of PV scenarios but not yet sorted; 

• Sorting the index from smaller to higher and sorting the indices considering arguments; 

• Grouping the days per typical days; 

3.3.5 Weights 

The weights are calculated based on the cluster data; it comprises the frequency of each typical day 

based on 365 days of the year.  
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3.3.6 Design and operational problem formulation 

• Objective functions 

The two-stage structure of the problem distinguishes between design and operation-related 

variables, constraints, and objectives because the design decision and the operational decision are 

driven by two different vectors.  

Our study deals with only design objectives since our energy systems are not buying any 

commodity (electricity from the grid or hydrogen from another supplier). Therefore, the operational 

objective of our systems is 0. To define the objective terms, the System class provides the 

‘’aggregate_component_expressions’’ method that is used for the cost expressions which have the 

same identifier for all the component models (“Investment cost” and “Fixed cost”). Hence, it 

returns the sum of all expressions stored under that identifier in the individual components. The 

objective function is therefore established including the time steps, the scenarios, and the design 

objective.  

𝐶(𝑗) = Κ + Μ 3.41 

{

𝑡𝑠

Τ = 𝑚𝑖𝑛 ∑ 𝐶(𝑗)
𝑘

𝑗=1

 3.42 

𝑡𝑠 is the time steps which hour for our case study, Κ is the capital investment cost while Μ is the 

operational and maintenance cost of a given component 𝑗, 𝑘 is a number of components within the 

energy system and 𝐶(𝑗)  is the annualized investment cost of a given component 𝑗  and T is the 

minimized total annualized investment costs of the overall energy system  

• Problem creation 

COMANDO provides the Problem class, instances of which can be created by the 

‘’create_problem’’ method of the System class the optimization problem is based on the energy 

system set previously, the objective function, the scenarios and the time steps. To make more 

relevant our optimization problem for the long-term horizon, the seasonal storage constraints of all 

storage mediums have been included in the problem. 
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3.3.7 Solution 

To solve the optimization problem, the problem structure and input data are translated from the 

COMANDO representation to a new representation, matching the syntax of the target solver or 

AML. The solver Gurobi [62] is therefore used to perform the problem-solving and return the 

solution. 

3.4. Sensitivity analysis 

3.4.1 Case 1: Influence of electrolyzer technology  

The sensitivity analysis aims at examining in this case, the influence of the other technologies of 

electrolyzer which are mature and commercialized (Alkaline electrolyzer and PEM electrolyzer) 

on the results of design variables and the total annual investment costs. This will help to find out 

the best energy system producing green hydrogen with the option to feed electricity into the grid 

using the PV system that performs with the best baseline optimization results. 

3.4.2. Case 2: Hydrogen demand profile impact on the optimization results 

 This case aims to change the hydrogen demand within the energy system of case 2 while keeping 

the same daily hydrogen production (15.3 tons). Indeed, the H2 demand profile that is used so far 

has an hourly base production of 600 kg (during the night or cloudy times) and an hourly pick 

production of up to 790.37 kg during the daytime while the second H2 demand has an hourly base 

production of 200kg and an hourly pick production up to 2422.6 kg during the daytime. 

3.5 Data collection, processing and analysis 

The study used historical climate data to validate the optimization models mentioned previously. 

Hence, the base year of this study is 2019 as it is the most recent data available from the open-data 

sources used. Hourly data time steps were collected for better resolution.  

3.5.1 Meteorological data 

Considering the coordinates of the location mentioned in the study area description, open-data 

sources have been used to get the meteorological parameters input data related to this study. The 

solar irradiance, ambient temperature, wind speed at 10m of height, and wind power factor were 

imported from the open-source renewable ninja at the location with the coordinates 7.9628 at the 

longitude and 16.9522 at the latitude [64, 65]. 



   

 

33 
 

3.5.2 Economic and technical input data 

The economic and technical data are required to validate the model. The discount rate for the case 

study is assumed to be 5% according to International Monetary Fund (2021) [66]. The replacement 

cost of the components that their lifetimes do not last for 20 years is included in this study (Stack 

replacement for electrolyzer and cooling system replacement) as well as other technical parameters 

are summarized in Table 1. 

 

Table 1: Economical and technical data of each component model 

Component Specification 
Capital 

Expenditure 

Operational 

Expenditure 

Lifetime 

(Years) 

Maximum 

Capacity 
Ref. 

PV 
Mono-si 

 

205$/m2 

1,030$/kWp 
10$/ m2/year 25 

5 𝑘𝑚2 

995 

MWp 

[67,68]  

Wind 

Turbine 

Net capacity 

factor 42.3% 
1462$/kW 43$/kW/year 25 

300 MW 

 
[69] 

Water-

Cooling 

System 

Steady spray 

cooling 

Water storage 

12.30$/𝑚2 

 

70.2$/ m3 

-6.4$/m2/ 

year 

10 

 

30 

PV size 

 
[70,61]  

Solid Oxide 

Electrolyser 

 

Stacks: $1080 
2800$/kW 2% CAPEX 10.62 100 MW 

[71,72,73

] 

Alkaline 

Electrolyser 

 

Stacks: 270$ 
1512$/kW 2.5% CAPEX 13.7 100 MW [74,75] 

PEM 

Electrolyser 

 

Stacks: 400$ 
1944$/kW 2% 10.41 100 MW [74,75] 

Battery  1475$/kWh 2.5%CAPEX 20 1 GWh [76] 

Hydrogen 

Storage (160 

Bar) 

H2 at 160 bars 350$/kWh 1% CAPEX 20 8000 kg [75,77] 
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Ground 

Water 

Supplier 

At 100m 

depth 
1663$/m3/h 2% CAPEX 30 

10 /h 

 
[61]  

Water 

Storage 
concrete 70.2$/m3 2% CAPEX 30 50  [61]  

Electricity 

Grid 

Electricity 

selling price 

                        0.14 $/kWh 

 
[78]  

 

3.5.3 Dust and hydrogen demand data 

• Dust accumulation data assessment 

Based on the result of dust accumulation power loss recorded during 21 days (12.46%) in 

September 2015 [29], hourly dust deposit (0.0247%) has been derived. Afterward, a cleaning per 

30 days has been considered for 365 days of the years. As the month of September is part of the 

months of rainy season, therefore, month with the least dust accumulation within the Sahel, Niger. 

Hence, the constant monthly dust accumulation depicted by Figure 6 is the plot of annual dust data 

based on the scenario of least data accumulation loss throughout the year.  

• Hydrogen demand 1 (hourly base demand of 600 kg) 

A ratio 𝑥  of each hour irradiation over its total daily irradiation has been calculated. This step 

enables us to generate a same hourly profile of solar irradiation using based on the data frame of 

the ratio 𝑥 . Then, this ratio 𝑥  generated is input in the equation 3.43 to generate the hydrogen 

demand profile (𝜆1) of 15.3 tons H2 demand per day as depicted the Figure 12. 

𝜆1 = 600𝑥 + 600 3.43 

 

 

 

• Hydrogen demand 2 (hourly base demand of 200 kg) 

Similarly, the same daily hydrogen quantity of 15.3 tons per day is consider generating the second 

hydrogen (𝜆2 ) using the same ratio 𝑥  that is input in the equation 3.44. Figure 13 presents its 

profile. 

𝜆2 = 7005𝑥 + 200 3.44 
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3.5. Models’ assumption  

• Constant hourly power loss due to the dust accumulation generated from 21 power loss in 

Niamey was applied to Agadez, the location of study even if it is a dustier city than Niamey. 

• The water temperature to cool down the PV module is 32°C [79]  

• Inflation has not been considered for the input costs data and costs in Euro currency are 

converted into dollar US June 2023 (1 EURO =$ 1.08) based on the actual cost found from data 

sources. 

• One time cleaning cost in Italy is 2500 €/MW (2.5 €/kW) [68]  corresponds to one month 

cleaning cost is considered for 12 months of the years.    
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Chapter 3 

4. Results and Discussion 

4.1. Data generated results  

Several input data have been processed to perform the optimization model validation. The dust data 

which is input data for the accurate PV was processed based on an experimental result done in 

Niamey by Dajuma et al [29] since no dust study has been performed in Agadez, then following 

the accurate PV power output per m2 and the PV power with cooling output that are the main input 

data of the optimization problems. The cooling system's working power and finally, two hydrogen 

demands were simulated to provide hydrogen input data to the problems and pump power 

consumption respectively.  

4.1.1. Dust data 

The result shows an increase in dust loss from 0.02% on the first hour after cleaning to 17.80% on 

the thirtieth day. 

Figure 6: Dust accumulation based on monthly PV modules cleaning 
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4.1.2. Cells’ temperature 

The cell overheating observed in Figure 7 goes up to 74.06° whereas the PV module gives the best 

performance at 25°. Combined with the dust loss decreases the maximum power output per square 

meter up to 0.177 kW (Figure 9) instead of 0.199 kW at the STC conditions while Figure 10 of 

the PVC shows a maximum power per square meter of 0.187 kW so 10 W of power gap. 

 

 

4.1.3. Accurate PV array power per m2 process 

Solar irradiance, wind speed at 10m, ambient temperature and dust accumulation data are input 

into the equations 3.1, 3.2, 3.3, 3.3 and 3.4 to get the power output of the APV. Figure 7 and Figure 

9  show respectively the results of the cell temperature and the power output of the APV. 

 

4.1.4. PV with cooling power per m2 process 

The cooling PV power output has been obtained following the equations 3.9, 3.10, 3.11, 3.12, 3.13 

and 3.14 thanks to the irradiance, the ambient temperature, and wind speed at 10m, the pump power 

consumption data. Figure 10 presents the power output of the PVC. 

Figure 7: Module cells' temperature cell 
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Figure 10: PV with cooling power output 

Figure 9: Accurate PV power output 
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• Cooling optimal activation 

The result of equation 3.13 gives an amount of 3.4W power requirement for pumping water at 100 

m height to cool down 1 m2 of PV modules. The power optimization of the PVC is done based on 

this data. Figure 11 shows the water-cooling activation profile for 24 hours.  

 

 

 

•  

 

 

 

 

 

 

4.1.5. Hydrogen demands 

 

Figure 11: Cooling activation condition 

Figure 12: Hydrogen demand 1 for baseline case 
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As shows the Figure 12 the minimum hydrogen production is 600 kg during the night or no cloudy 

day and the pick production occurs during the day driven by the PV while the second demand 

depicted by Figure 13 shows a base production of 200 kg with pick production during the daytime. 

 

4.1.6. Data cluster results 

Silhouette method was used to determine the optimal cluster number. It was found on two typical 

days. Figure 14 shows the result for the case of accurate PV power output per square meter. Four 

different typical days will be visualized at the output of the algorithm since the maximum and the 

minimum are added to the two typical days found, therefore, the optimization is based on these two 

different scenarios in addition to the two particular days as shown in Table 2.  

Figure 13: Hydrogen demand 2 
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Table 2: PV scenarios and weights 
 

Accurate PV PV with cooling 

Day (Scenario) Weight 
Day 

(Scenario) 
Weight 

60 1 106 1 

232 1 118 175 

255 178 232 1 

291 185 318 188 

Total 365 Total 365 

Figure 14: Optimal cluster number using Silhouette method 
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Figure 15: PV with cooling clustered data plot 

Figure 16: Accurate PV clustered data plot 
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Figure 16 and Figure 15 show the PV power output per square meter cluster data for 

respectively the APV and PVC. They are all characterized by two scenarios corresponding to two 

typical days. The scenario corresponding to day 255 with a frequency of 178 days represents the 

worse scenario in terms of power output while day 291 with a frequency of 185 days represents the 

best scenario for the APV. Regarding the PVC, the worst scenario matches with day 118 while the 

best scenario corresponds to day 318 with a frequency of 188 days. For both APV and PVC, the 

best scenarios have higher weights. 

4.2. Baseline optimization results 

As mentioned earlier, this section intends to show the results of the accurate PV and the PV with 

cooling. The optimization results provide the actual values for the decision variables (Design and 

Operation) therefore, the optimal design, the total annualized costs and the operating results as well 

are visualized. 

Table 3: APV and RSOECs optimization Results 

System component  Optimal size  Capital expenditure  

($ million)  

Operation 

expenditure 

($ million)  

Accurate PV  
1.38 𝑘𝑚2  

274.22 MWp  
20.04038  13.77795  

RSOEC  74.71 MW  22.46370  2.09197  

Wind power  38.76 MW  28.33660  1.66679  

H2 storage  6,241 kg  0.17528  0.02184  

Ground Water supplier  8.05 𝑚3/h  0.00087  0.00027  

Water storage  84.93 𝑚3  0.00039  0.00012  

Battery  0 kWh  0.00000  0.00000  

Grid fed in (GWh)  401.171    

Electricity sold to the grid  $56.164 million    

Actual H2 investment cost  $32.42 million    

Total annualized costs  $88.58 million    
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Table 4: PVC and RSOECs Optimization results 

System component Optimal size Capital expenditure 

($ million) 

Operation 

expenditure 

($ million) 

PV with cooling 
1.305 𝑘𝑚2 

259.78 MWp 
24.81667 4.69955 

RSOEC 71.93 MW 21.62701 2.01406 

Wind power 39.76 MW 29.06571 1.70967 

H2 storage 6,122 kg 0.17196 0.02184 

Ground Water supplier 8.05 𝑚3/h 0.00087 0.00027 

Water storage 83.43 𝑚3 0.00038 0.00012 

Battery 0 kWh 0.00000 0.00000 

Grid fed in (GWh) 372.323 

Electricity sold to the grid $52.13 million 

Actual H2 investment cost $32 million 

Total annualized costs $84.13 million 

 

The figures below show the optimal operating results of the energy of both energy systems. 

 

 

 

Figure 18: Accurate PV system electricity bus variables Figure 17: PVC system electricity bus variables 
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Optimization results of the two different energy systems namely Accurate PV in Table 3 and PV 

with cooling in  

System component  Optimal size  Capital expenditure  

($ million)  

Operation 

expenditure 

($ million)  

Accurate PV  
1.38 𝑘𝑚2  

274.22 MWp  
20.04038  13.77795  

RSOEC  74.71 MW  22.46370  2.09197  

Wind power  38.76 MW  28.33660  1.66679  

H2 storage  6,241 kg  0.17528  0.02184  

Ground Water supplier  8.05 𝑚3/h  0.00087  0.00027  

Water storage  84.93 𝑚3  0.00039  0.00012  

Battery  0 kWh  0.00000  0.00000  

Grid fed in (GWh)  401.171    

Electricity sold to the grid  $56.164 million    

Actual H2 investment cost  $32.42 million    

Total annualized costs  $88.58 million    

Table 4 show various results for system design and operation under the same conditions, solid 

oxide electrolysis for green hydrogen production with hybrid solar and wind as electricity 

generators with option to sell the surplus of electricity to the grid. For the system of Accurate PV, 

sizes of 274.22 MWp and 38.76 MW are required respectively for the PV size and wind farm size 

to meet 15.3 tons and 55.845 tons respectively for daily and yearly hydrogen production while 

feeding an amount of 401.171 GWh into the grid whereas sizes of 259.78 MWp and 39.76 MW is 

required respectively for the PV size and wind farm size to meet the same  
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hydrogen demand while feeding an amount of 372.323 GWh into the grid.  

It can be drawn that improving the efficiency of the PV modules through cooling by minimizing 

cell overheating and dust accumulation leads to minimizing (14.14 MWp reduction) the PV size 

while increasing the power production even if a slight increase in the size of wind size has been 

noticed (1 MW). This means that the installation of 13.13 MWp and 0.075 𝑘𝑚2 (7.5 hectare) PV 

plant has been saved. Therefore, the electricity excess fed to the grid is decreased from 401.171 to 

372.323 GWh. This optimization results look better since the main purpose is to meet the hydrogen 

demand. Figure 17: PVC system electricity bus variables and Figure 18: Accurate PV system electricity bus 

variables depict the operating results of the electricity flow for the two energy systems based on the 

4 typical days. For both, the electricity fed into the grid is mainly driven by the PV output for three 

typical days and slight feeding during the day of minimum PV electricity production, this is due to 

the large size of the PV concerning the wind turbines size as well as the intermittent production of 

Figure 22: Accurate PV water bus variables Figure 21: PVC water bus variables 

Figure 19: Accurate PV system hydrogen bus Figure 20: PVC system hydrogen bus 
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the PV. Moreover, wind electricity production is weak during the day and significant during the 

night giving a better option than battery storage. 

Figure 21 and Figure 22 show that the output of the electrolyzer is a bit discontinued for 

APV than the PVC this is due to the slight oversize of the electrolyzer for the APV system over the 

PVC system, while shutting down all the electricity is fed into the grid, one of the reasons why the 

electricity fed is greater for the APV system. Moreover, the RSOECs did not perform at all as fuel 

cells since the hydrogen input to the RSOECs is 0. This can be explained by the fact that it is not 

effective to use the hydrogen produced for electricity purposes while having two electricity sources 

and no electricity demand as a priority. 

Figure 19 and Figure 20 show that water is pumped full-time for both of the systems and the water 

supply to the electrolyzer follows its hydrogen output profile since electricity and water are the 

main feedstock for hydrogen production. 

Economically, the results show that the PV installation cost increases from $20.040 to $24.82 

million due to the additive cost for PV cooling system installation cost while the maintenance and 

operational cost decreases from $13.78 million to $4.70 million with a total annualized cost of 

$84.13 million against $88.58 million. Thus, $4.45 million is the saved cost but if the electricity 

sold amount is withdrawn from the total annualized costs, a slight difference of $0.42 million has 

been noticed for the actual cost of green hydrogen production considering the surplus electricity 

selling options. As the analysis is performed for the same lifetimes for both PV systems, the next 

analysis will examine how extending the lifetime of the PV by applying water cooling and the 

electrolyzer technologies and cost can affect the optimized sizes and the costs.  

4.3. Water-cooling system performance 

The water-cooling system integrated with the module operates as explained in section , The first 

condition is based on the saving energy gap, if this condition is satisfied and the cell temperature 

assimilates to the module’s temperature reaches the MAT, the cooling system can perform the 

cooling of the PV array. For the worse scenario characterized by the typical day 118 for the PVC, 

it is noticed that, at 7 am, the module temperature is at 40.93°C while the pumping activation in 

Table 5 is not allowable (cooling activation OFF=0) meaning that the power possible to save is 

less than 0 if the cooling operates. Then, at 8 a.m. this temperature increases up to 50.48 °C while 

the cooling activation is allowable (ON=10). Therefore, the first cooling was performed dropping 

the module temperature from 50.48 °C to 42.2°C. Since this value is beyond the MAT, the cooling 
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continues from 9 to 10 a.m. with a temperature drop up to 37.63 °C and stop but the heating rate 

raises the module temperature to 41.67°C at 11 a.m., therefore, the third cooling was performed 

from 11 to 12 p.m. cooling down the module at 37.34°C. A last cooling was done from 3 p.m. to 4 

p.m. dropping the temperature from 44.5°C to 35.5 to maintain the module operating temperature 

below the MAT.   

Finally, 4 cooling cycles are required to keep the PV modules working optimally at 8-9 a.m., 9-10 

a.m., 11 a.m.-12 p.m. and 3-4 p.m. respectively with cooling rates calculated according to 3.18 of 

8.3°C /h, 4.6°C/h, 4.3°C/h and 5.1°C/h while the heating rates calculated based on equation 3.15 

are respectively 7.5°C/h, 5.6°C/h, 1.94°C/h and -8.52°C/h. Table 5 highlights the overall results. 

 

Table 5: Water-cooling system performance results 

Hour Module 

temperature 

without 

cooling 

Cooling 

activation 

The heat removed 

by cooling 

Heating 

rate 

Module 

temperature 

with cooling 

0 25.99 0 0.00 -0.64 25.99 

1 25.35 0 0.00 -0.54 25.35 

2 24.81 0 0.00 -0.46 24.81 

3 24.36 0 0.00 -0.45 24.36 

4 23.90 0 0.00 1.11 23.90 

5 25.02 0 0.00 7.19 25.02 

6 32.21 0 0.00 8.72 32.21 

7 40.93 0 0.00 9.56 40.93 

8 50.48 10 8.28 7.51 42.20 

9 57.99 10 4.57 5.62 37.63 

10 63.61 10 0.00 4.04 41.67 

11 67.65 10 4.33 1.94 37.34 

12 69.59 10 0.00 -2.65 33.01 

13 66.93 10 0.00 -6.09 26.92 

14 60.84 10 0.00 -7.97 34.89 

15 52.88 10 5.11 -8.53 43.42 

16 44.35 0 0.00 -8.33 38.31 
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17 36.02 0 0.00 -3.04 36.02 

18 32.98 0 0.00 -1.31 32.98 

19 31.68 0 0.00 -1.27 31.68 

20 30.41 0 0.00 -1.18 30.41 

21 29.23 0 0.00 -1.06 29.23 

22 28.17 0 0.00 -0.98 28.17 

23 27.19 0 0.00 -1.20 27.19 

 

 

 

Figure 23: Module temperature, heating rate, cooling module temperature and cooling activation results 

4.4. Sensitivity analysis results 

4.4.1. Results of case 1 

The energy system of the PVC performing with the most mature electrolyzer (alkaline electrolyzer) 

shows a result of an increase of the PVC, wind turbines, alkaline electrolyzer and even the hydrogen 

storage compared to the baseline case. This increase in size is more significant with the system of 

using the PEMECs. Comparing Table 6 and Table 7, the total annualized cost of the AECs is less 

than PEMEs with a difference of $14.62 million. The design results confirmed this difference in 

cost investment because the sizes of PVC, wind turbines, PEMECs the mains and costly 

components of the PEMECs’ system require additional sizes respectively of 33.98 MWp, 5.37MW, 

1.42 MW for the alkaline system. This oversize led to a significant amount of the electrical grid 
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feeding for the PEMECs’ system (76.66 MWh). Though this energy is sold to the grid the alkaline 

system performs with a minimized actual hydrogen investment cost which is the cost left from the 

total annualized cost if the electricity selling revenue is considered. Two factors explain why 

alkaline gives the best results in this study, PEMEC CAPEX (1944$/kW against 1512$/kW) is 

greater than the alkaline one while alkaline efficiency is greater than the PEMECs one (68.1% 

against 61.1%). Hence, an alkaline electrolyzer of an option for green hydrogen production even 

though this technology has the drawback of limited current density and low hydrogen outlet 

pressure and low H2 gas purity.  

Table 6: Alkaline electrolyzer and PVC results 

System component Optimal size Capital 

expenditure 

($ million) 

Operation 

expenditure 

($ million) 

PV with cooling 
1.45 𝑘𝑚2 

289.85 MWp 
27.55 5.22 

AECs 97.74 MW 10.02 3.69 

Wind power 47.32 MW 34.59 2.03 

H2 storage 6,173.7 kg 0.173 0.02 

Ground Water supplier 8.05 𝑚3/h 0.00087 0.00027 

Water storage 84.08 𝑚3 0.00038 0.00012 

Battery 0 kWh 0.00000 0.00000 

Grid fed in (GWh) 403.40 

Electricity sold to the 

grid 
$56.48 million 

Actual H2 investment 

cost 
26.84$ million 

Total annualized costs $83.33 million 

 

Table 7: Optimization results of PVC and PEM electrolyzer 

System component Optimal size Capital expenditure 

($ million) 

Operation 

expenditure 
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($ million) 

PV with cooling 
1.68 𝑘𝑚2 

335.98 MWp 
31.96 6.05 

PEMECs 99.16 MW 15.10 3.85 

Wind power 52.69 MW 38.52 2.26 

H2 storage 6,143.6 kg 0.173 0.02 

Ground Water supplier 8.05 𝑚3/h 0.00087 0.00027 

Water storage 83.7 𝑚3 0.00038 0.00012 

Battery 0 kWh 0.00000 0.00000 

Grid fed in (GWh) 480.06 

Electricity sold to the grid $67.20 million 

Actual H2 investment cost $30.73 million 

Total annualized costs $97.95 million 

 

4.4.2. Results of case 2 

The load profile is a key factor inflicting the optimization results. Since hydrogen is the only 

demand of the system, this study aims to look at the impact of the hydrogen profile on the design 

and optimized cost of 15.3 tons daily hydrogen production with the system of PVC (25 years 

lifetimes) and the alkaline electrolyzer. Using the second hydrogen demand which requires 200 kg 

per hour at sunset and maximizes the production during the daytime to meet the 15.3 tons per day 

the total annualized costs drop from $83.33 million (Table 6) to $ 65.68 million (Table 8) meaning 

$17.65 million of saving. The design variables’ results show a significant increase in PVC size 

348.22 MWp against 289.85 MWp mainly 58.37 MWp difference while the wind turbine size drops 

from 47.32 MW to 15.78 MW meaning 31.54 MW left. Moreover, the hydrogen storage drops as 

well from 6,173.2 kg to 1,985 kg whereas the electrolyzer reaches its maximum of 100 MW against 

97.73 MW. It can be drawn that the hydrogen demand profile is a key factor in giving the best 

optimal design and total investment cost for a hydrogen production project if it is based on hybrid 

solar and wind energy. The profile should follow the renewable having the best potential. Wind 

turbines are more expensive than PV. However, adding wind to PV is more cost-effective than 

using a battery according to these results. Electricity storage option is still expensive and hybrid 
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systems are cost cost-effective than solar with electricity storage. Improving the PV performance 

through water-cooling renders PV technology more effective within the Sahel.  

Table 8: Optimization results PVC, AECs and hydrogen demand 2 energy system 

System component Optimal size Capital expenditure 

($ million) 

Operation 

expenditure 

($ million) 

PV with cooling 
1.74 𝑘𝑚2 

348.22 MWp 
33.11 6.27 

AECs 100 MW 10.25 3.78 

Wind power 15.78 MW 11.54 0.68 

H2 storage 1,985 kg 0.056 0.0069 

Ground Water supplier 8.27 𝑚3/h 0.0009 0.00028 

Water storage 98.51 𝑚3 0.00045 0.00014 

Battery 0 kWh 0.00000 0.00000 

Grid fed in (GWh) 431.81 

Electricity sold to the grid $60.45 million 

Actual H2 investment cost $3.22 million 

Total annualized costs $65.68 million 

4.5. Water requirement for cooling PV for the energy system of case 3  

The PVC cooling requires water to cool to keep the module at the MAT considering the best 

optimization results which are the results of section 4.3. Hence, the study intends to determine the 

number of cooling cycles of PV array cooling required per typical day and the water consumption 

needed to meet this goal Figure 24, Figure 26 and Figure 25 show the profile of module during 

the each typical day and it can be noticed that the cooling enables to maintenance of the module 

temperature around the MAT (40°C). Table 9 summarizes the number of cooling cycles and the 

water consumption. The results show that the typical day 232 does not require any cooling whereas 

day 106 requires the same number of cooling cycles (4) as the day 118 while day 316 performs 

with 3 cooling cycles. The amount of water needed for 1.74 km2 of PV array size (348.13 MWp) 
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is 12,258 m3 per cooling cycle and an amount of 49,032 m3 is required for both days 106 and 118 

whereas 36.774 m3 is required for day 318.  

 

 

 

 

 

 

 

 

 

Figure 24: cooling profile for typical day 106 
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Table 9: Cooling cycle and water requirement per typical day 

 

Figure 25: Module temperature profile of typical day 232 

Figure 26: Cooling profile for typical day 318 
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Typical day 106 118 232 318 

Number of the cooling cycle 4 4 0 3 

Water requirement per cycle 12,258 m3 

Water requirement per typical 

day 
49,032 m3 49,032 m3 0 m3 36.774 m3 
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5. Conclusion and recommendation 

This study was carried out with the help of the COMANDO energy system model 

framework, to identify the optimal type of PV to utilize for cost-effective green hydrogen 

production. Two PV models were examined, an accurate PV including the module’s temperature, 

wind and dust accumulation on the PV array to give a PV power output close to the PV array output 

in severe environment. The second model integrated a water-cooling system into a PV array with 

the optimization of the power requirement for cooling to improve the performance of the accurate 

PV array. Both APV and PVC were used for the optimization of green hydrogen production under 

several energy system models. This optimization aims at meeting a daily hydrogen production of 

15.3 tons per day and about 5,600 tons per year. RSOECs were the baseline of this study. To supply 

this hydrogen demand, the system configuration of APV and RSOECs, the sizes of 274.22 MWp, 

38.76 MW and 74.71 MW for APV, Wind turbines, and RSOECs were respectively found. For the 

system of PVC, better results are found. The PV size decreases from 274.22 MWp to 259.78 saving 

a PV module installation of 13.13 MWp and 7.5 hectares of land requirement. However, the wind 

turbine size increases by one unit from 38.78 to 39.76 MW while the electrolyzer size decreases 

from 74.71 to 71.93 MW. These results are due to the operating efficiency of the PV improved 

thanks to the water-cooling system which limits the PV cell overheating to the MAT (40°C) and 

the dust accumulation loss as well. Therefore, this affects directly both the design and investment 

cost decisions. Economically, the total annualized investment cost drops from $88.58 million to 

$84.13 million for the PVC. However, it has been found that the oversize of the APV leads to a 

high production electricity surplus that is sold to the grid (401.17GWh for APV and 372.32 GWh 

for PVC), and if the electricity sold revenue is considered for 0.14$/kWh, the difference becomes 

tight ($0.42 million).  

Further analysis of systems configuration using AECs and PEMECs with the PVC to 

investigate how the electrolyzer technologies can influence the optimization results showed that 

AECs performed with better results than the PEMECs and the RSOECs with a total annualized 

investment cost of $83.33 million while PEMECs and RSOECs give respectively $97.95 million 

and $84.13 million. It can be drawn that the cost of an electrolyzer is a key factor while performing 

an optimization problem because PEMECs are expensive. Nevertheless, RSOECs which are the 

most expensive electrolyzers and are still in the development process total annualized investment 

cost competes with the AECs' cost because of the high efficiency of this technology. Therefore, 
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improving the electrolyzer's efficiency and reducing its cost will definitively promise better 

optimization results.  

Finally, the hydrogen demand was changed in the alkaline based system, this hydrogen 

demand shows a profile of high peak production during the daytime (up to 2422.6 kg) a low hourly 

production (200kg as hourly minimum production). The results show a significant impact on both 

the optimal design and costs. The cost drops from $83.33 million to $65.68 million led by a 

significant increase in the PV size from 289.85 MWp to 348.22 MWp and the wind turbine size 

drop 39.76 MW to 11.54 MW. For Hydrogen production in the Sahel with hybrid solar and wind, 

it will be profitable to produce more hydrogen with solar and use wind for the minimum production 

since the results of all the configurations did not choose the battery storage option.  

 The added value of the PVC energy system is the wastewater that can be reused in the agriculture 

sector which is facing surface water scarcity for food production in drought season without 

investing in solar water pumping system. Hence, this study is a typical energy system making the 

nexus energy-water-food security as large-scale PVC will supply more water to improve food 

security in Niger and Africa in general. 

During this work, there were topics found unanswered or left for future work. Future work can 

focus on the following recommendations: 

- A study on dust loss assessment throughout the year  and the impact of dust accumulation et 

cells overheating on the PV module could improve the results of the APV versus PVC. 

- Perform a qualitative and quantitative analysis on the impact of the wastewater collected after 

PV array cooling on agricultural production to enhance food security in the Sahel; 

- Perform a study on the impact of water requirement for cooling on the groundwater reservoir 

and sensitivity analysis on the cooling system to optimize water consumption for PV array 

cooling in the study area; 

- Perform a literature review on Green Hydrogen production system components costs to 

highlight the accurate cost of components to perform an accurate economic analysis because 

there is too much inconsistency in the cost of components in the literature.   
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