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Abstract 

With the expected impact of climate change and the projected population growth, the availability of sweet 

water and arable land will become increasingly scarce and the production from traditional agriculture 

processes will become insufficient to sustain the population. Controlled environmental agriculture (CEA) 

greenhouses represent a possible approach to deal with the challenges in the agricultural sector. The main 

advantages are the saving of water and the good production yield, even in inappropriate climatic 

conditions or arid regions. However, the production of agricultural greenhouse crops is an energy-

intensive process that mostly relies on conventional energy sources contributing to the environment 

degradation and global warming. Therefore, a sustainable and environmentally friendly way to power the 

agricultural sector is needed to optimize sustainability in food production.  

This thesis contributes to these challenges by providing a techno-economic analysis, using HOMER 

(Hybrid Optimization Model for Multiple Energy Resources), of a hybrid stand-alone system to power a 

LED-lighted Closed-loop Greenhouse (LCG) located in a farm in Morocco. An assessment of the 

available resources at the selected location has been performed, followed by a technology assessment. 

Then, a hybrid system configuration has been designed for a stand-alone system.  To observe the potential 

economic and technical impact, a comparison has been made between a fully stand-alone system and a 

similar system which has the option to sell excess electricity to the grid.  

The resulting hybrid system configuration in both analyses is composed of photovoltaics panels, batteries 

and a biogas engine, using locally produced biogas, as a backup. The stand-alone system has a Levelized 

Cost of Electricity (LCOE) of 0.203 €/ kWh. This price is higher than the current grid rate of 0.15 €/ 

kWh, which means it is not competitive if the grid is available. On the other hand, the system that can sell 

back the excess of electricity to the grid at an assumed price of 0.05 €/ kWh, the LCOE obtained is 0.126 

€/ kWh; which is lower than the current grid price and therefore competitive if the grid is available. 

Finally, this thesis provides a sustainability analysis focused into the economic, social and environmental 

dimensions. 
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Sammanfattning 

 

Med förväntade effekter av klimatförändringar och förväntad befolkningstillväxt, kommer tillgängligheten 

av sötvatten och odlingsbar mark bli allt knappare och produktionen med traditionella jordbruksprocesser 

kommer bli otillräcklig för att upprätthålla befolkningen. Växthus med noggrant kontrollerade 

miljöbetingelser - Controlled environmental agriculture (CEA) - utgör en möjlig strategi för att hantera 

utmaningarna inom jordbrukssektorn. De främsta fördelarna är minskad vattenåtgång och en bra 

avkastning, även under svåra förhållanden, t.ex. i torra områden. Produktionen av växthusgrödor är 

emellertid en energiintensiv process som ofta bygger på konventionella energikällor, vilka bidrar till 

miljöförstöring och global uppvärmning. Därför är ett hållbart och miljövänligt sätt att driva 

jordbrukssektorn nödvändigt för att optimera hållbarheten i livsmedelsproduktionen.  

Denna avhandling bidrar till att hantera dessa utmaningar genom att erbjuda en teknoekonomisk analys, 

med hjälp av HOMER (Hybrid Optimization Model for Multiple Energy Resources), av ett fristående 

hybrid-energisystem för att driva ett växthus med slutet kretslopp som är upplyst av LED-lampor – LED 

Closed-loop Greenhouse(LCG)beläget på en gård i Marocko. En bedömning av de tillgängliga resurserna 

på den valda platsen har utförts, följt av en utvärdering. Sedan har en konfiguration av hybrid-systemet 

genomförts för ett fristående system. För att observera de potentiella ekonomiska och tekniska 

konsekvenserna har en jämförelse gjorts med ett lokalt (stand-alone) system och liknande nätanslutet 

system, sodär det finns möjlighet att sälja överskottsel till elnätet.  

Den resulterande hybrida systemkonfigurationen i båda analyserna består av solcellspaneler, batterier och 

en biogasmotor som använder lokalt producerad biogas som backup till solenergin. Det fristående 

systemet har en Levelized Cost of Electricity (LCOE) på 0,203 €/ kWh. Detta pris är högre än den 

nuvarande nättariffen på 0,15 €/ kWh, vilket innebär att hybridsystemet inte är konkurrenskraftigt om 

man har tillgång till elnätet. Däremot så kan man i det nätanslutna systemet sälja t ett elöverskott av till 

elnätet till ett förmodat pris på 0,05 €/ kWh, och därmed erhålla en LCOE på 0,126 €/ kWh. Det är lägre 

än den aktuella kostnaden för el från elnätet och är därmed konkurrenskraftigt om elnätet är tillgängligt. 

Slutligen görs denna rapport en hållbarhetsanalys avseende de ekonomiska, sociala och miljömässiga 

dimensionerna.  
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Nomenclature 

Notations and Abbreviations that are used in this Master thesis are listed as below. 

Notations 

Symbol Description 
  

$ United States Dollar  

€ Euro  

€/kW Euro per Kilowatt 

gCO2/kWh Grams of Carbon dioxide per Kilowatt hour 

kWh/m2 Kilowatt hour per square meter 

m/s meter per second 

MAD Moroccan Dirham  

MAD/kWh Moroccan Dirham per Kilowatt hour 

MJ/kg Megajoules per kilogram 

USD/kWh United States Dollar per Kilowatt hour 

V Volts 

 

Abbreviations 

Abbreviations 
   

AC Alternating Current 

AWI Alfred-Wegener-Institut  

BLSS Bio-regenerative Life Support Systems  

CC Cycle Charging 

CE Concurrent Engineering 

CEA Controlled Environment Agriculture  

CEF Concurrent Engineering Facility 

CRF Capital Recovery Function 

DC Direct current 

DLR German Aerospace Center 

DLR-RY German Aerospace Center’s Institute of Space Systems 

DOD Depth of Discharge  

DUN Desertec University Network 

EDEN Evolution & Design of Environmentally-closed Nutrition-Sources 

EDEN ISS Evolution & Design of Environmentally-closed Nutrition-Sources International Space Station  

ESA European Space Agency 

FEG Future Exploration Greenhouse 

HOMER Hybrid Optimization Model for Multiple Energy Resources 

HTWD University of Applied Sciences Dresden 

IAV Institute for Agriculture and Veterinary Medicine of the Hassan II University 

IEA International Energy Agency 

IIASA International Institute for Applied Systems Analysis 

IRENA International Renewable Energy Agency 
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ISS International Space Station 

LA Lead-Acid  

LCG LED-lighted Closed-loop Greenhouse  

LCOE Levelized Cost of Energy 

LED Light-Emitting Diode 

LF Load Following 

LHV Lower Heating Value  

Li-Ion Lithium-Ion 

MAD Moroccan Dirham 

MENA Middle East and North Africa  

MTF Mobile Test Facility 

Mtoe Millions of tons of oil-equivalent  

NASA National Aeronautics and Space Administration 

NGO Non-Governmental Organization 

Ni-Cd Nickel-Cadmium 

Ni-MH Nickel-Metal Hydride 

NPC Net Present Cost 

O&M Operation and Maintenance cost  

ONEE Office National de l'Electricité et de l’Eau Potable 

PI Principle Investigator 

PV Photovoltaic 

PVGIS Photovoltaic Geographical Information System  

TPES Total Primary Energy Supply 

UIT University IBN ToFAIL  

UNDESA United Nations Department of Economic and Social Affairs 

WBS Work Breakdown Structure  

WPL Work Package Leader 

WPs Work Packages 
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1 Introduction and background 

 

 

Within the Institute for Space System's department System Analysis Space Segment, the EDEN team 

analyses and develops concepts and systems for bio-regenerative life support systems for future human 

space exploration and in particular technologies for plant cultivation in space. Concurrently, the EDEN 

team intends to actively promote the spin-off of such technologies into terrestrial applications.  

Controlled Environment Agriculture (CEA) technologies are utilized within the space sector to grow 

crops to supply astronauts with fresh food during missions to the Moon and Mars. These technologies can 

have significant potential for resource-efficient food production on Earth, particularly in harsh 

environments like arid regions (e.g. Morocco). With the projected population growth and the expected 

impact of climate change, the availability of sweet water and arable land will become increasingly scarce 

and the production from traditional agriculture processes (open field) will become insufficient to sustain 

the population. CEA technologies allow for year-round, climate-independent, high-density crop 

cultivation. Operating in a closed-loop system, these technologies enable the recycling of most resources, 

and vastly reduce water consumption. Furthermore, in a controlled environment, no pesticides and 

insecticides are needed to ensure plant health. With aeroponics1 and Light-emitting Diode (LED) lighting, 

optimal plant growth conditions can be achieved, permitting for higher yields than in traditional 

agriculture. Moreover, these regions can be seen as analogous to Mars and testing in such an environment 

could provide valuable knowledge for future missions to Mars. 

The EDEN team currently has two projects to design closed-loop greenhouses for use in arid regions, 

specifically Morocco and Egypt. This thesis work has been done within the scope of the German-

Moroccan bilateral cooperation project. Aligned with the whole project, this document focuses on Power 

Generation and Energy Storage concepts. It includes the determination of the local energy generation 

potential and technology assessment for the defined locations and the design of the power generation, 

storage and distribution system together with a techno-economic and sustainability analysis. It should be 

noted that, while eventually the technology application is foreseen for arid regions in particular, the 

current design case considers a location in a temperate region of Morocco. This was done to build on the 

existing network between the Moroccan partner and farmers in the North of Morocco, to push the 

implementation of new technologies in this region and to function as an intermediate step in the 

development and implementation pathway, by taking advance of better infrastructure and resource 

availability. 

An overview of the whole German-Moroccan bilateral cooperation project is presented first in this same 

section 1, giving an idea of the big picture and the needed background for the content in the subsequent 

sections where the scope of the thesis project work is discussed and developed (notice that from this point 

“project” refers to the whole project and “thesis project” refers to the work developed on this report 

inside the whole project. For extra clarification see Figure 5 in section 1.4.6). 

 

 

 

 

 

                                                      
1 Process of growing plants in an air or mist environment without the use of soil or an aggregate medium 



-12- 
 

1.1 Project description and background 

 

The project aims to investigate the potential applications of CEA technologies, combined with renewable 

energy production for cost- and resource-efficient crop cultivation in arid regions, with a view to future 

food security. The major aim is aims to provide the theoretical groundwork needed for the scientific and 

political community to decide if implementing a CEA-based greenhouse system within arid areas can be 

feasible (on technical, economic, environmental and socio-cultural level). 

The CEA-based greenhouse concept in the project builds on the Mobile Test Facility (MTF) design inside 

EDEN ISS; a European Union funded research project that was established within the Space Call of the 

Horizon 2020 first call announcement in 2014. The aim of EDEN ISS project is to design and test 

essential CEA technologies for potential testing on-board the International Space Station (ISS). 

The MTF is a mobile container-sized greenhouse system, containing cutting-edge CEA technologies, 

deployed in the harsh Antarctic environment of the highly-isolated Neumayer Station III in October 2017. 

This station is operated by the Alfred-Wegener-Institute and the location serves as an analogue 

environment for testing plant cultivation under extreme environmental and logistical conditions. The 

MTF consist of two 20 foot high cube containers, which have been placed on top of an external platform 

located approximately 400 m south of the Neumayer Station III as can be seen in Figure 1. The MTF can 

be subdivided into three distinct sections, as detailed in Figure 2. 

The container-sized greenhouse test facility has been designed to demonstrate and validate different key 

technologies and procedures necessary for safe food production within a (semi-)closed system and it will 

provide supplementary fresh food through the year for the Neumayer Station III crew. The EDEN ISS 

project features an advanced nutrient delivery system, a high performance LED lighting system and bio-

detection and decontamination system for ensuring food quality and safety. 

As mentioned above, the German-Moroccan bilateral cooperation project will adopt the MTF as a 

reference to design a closed-loop greenhouse for the arid region of Morocco. However, this project will 

include new technical aspects and one of them is the energy system; since the MTF is directly powered by 

the Neumayer Station III and therefore does not have a dedicated power generation system. 
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Figure 1 Drone picture of the EDEN ISS Mobile Test Facility (MTF) and Neumayer Station III. 

 

Figure 2 EDEN ISS Mobile Test Facility (MTF) sections detail 
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1.2 Project objectives 

 

To achieve the goal of adapting CEA technologies for terrestrial applications, the following objectives 

have been identified:  

 Objective 1 

Analyze the specific needs and available resources of arid regions (environmental, demographic, socio-

cultural) with respect to food production. 

The needs and available resources in the target regions determine the specific challenges and opportunities 

related to the LED-lighted Closed-loop Greenhouse (LCG) design. The ambient conditions and its 

variance throughout the year, for example, will impact the thermal management or energy system of the 

LCG. It is also important to know what type of infrastructure is in place (e.g. for (clean) power generation, 

storage, and transmission). Furthermore, analyzing and embedding different stakeholders (e.g. farmers, 

local authorities, local population and associations) at an early project stage is essential in order to prevent 

false perceptions or assumptions and designs which do not adequately fulfill the actual local requirements.  

 Objective 2 

Assess the available CEA technologies and their suitability for crop cultivation in arid regions. 

Similarities between space-based CEA and terrestrial cultivation applications, as well as a general desire for 

energy efficient and compact systems, allow for a spin-off from the space sector. However, the differences 

between the environment aboard a space station and on Earth have an impact on how suitable various 

CEA technologies are for use in the LCG. Based on local conditions, the optimal level of resource loop 

closure needs to be determined. A trade-off can be made between different available technologies, in 

order to determine which ones are most cost-effective for terrestrial applications. Key focus shall be set 

on energy efficient technologies for LED lighting, water recovery systems, and interaction of the LCG 

with the local terrestrial environment. 

 Objective 3 

Perform a preliminary design of an LCG and support infrastructure for crop cultivation in arid regions. 

To allow for an accurate assessment of the life-cycle costs, a technical feasibility design needs to be 

elaborated including support infrastructure, such as clean power generation systems (e.g. wind and solar). 

A dedicated design and feasibility study will take place to create a holistic investigation of LCGs. From the 

envisioned final design, a subset of technologies and equipment can be selected for a potential prototype 

or demonstrator design. 

 Objective 4 

Analyze the benefits and costs of the LCG design and developing cost reduction strategies.  

CEA technologies will only be implemented on Earth, once they become sufficiently cost-effective or 

when they avoid unacceptable environmental damages. Once closed-loop cultivation of crop is price 

competitive with traditional agriculture (including its unpaid costs for environmental damages), it is likely 

to develop naturally as the preferred method of food cultivation, being more or less impervious to 

expected climate changes and requiring less water and land. As such, to stimulate the use of CEA 

technologies, an accurate estimation of the cost reduction potential as well as risks and benefits 

assessment need to be performed with respect to the LCG implementation strategies. 
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 Objective 5  

Initiate a sustainable platform for future collaborations between Germany and Morocco – and further 

countries - on innovative agriculture techniques with possible follow-on projects. 

One of the objectives of this project will be to focus on establishing collaborations between German and 

Moroccan scientists from the space sector and the agriculture sector. Within Morocco, the Institute for 

Agriculture and Veterinary Medicine of the Hassan II University (IAV) could be considered for potential 

collaboration. The IAV has extensive knowledge of plant cultivation and water management which could 

potentially be used to improve the project results. For the IAV this project offers the opportunity to gain 

new knowledge on aquaponics, water recovery and LED lighting.  

 

1.2.1 Scientific and technological intended results of the project 

 

From the scientific and technical perspective, the project will focus heavily on LED lighting, water 

recovery and the integration of greenhouses with renewable energy infrastructure.  

Therefore, the intended results of the project are: 

 

 The technical design of a closed-loop cultivation system, with integrated CEA technologies. 

Additionally, a design of a prototype greenhouse, which uses a subset of the technologies and 

equipment used within the closed-loop greenhouse, will be developed. The prototype design will 

be used to prepare a follow-up proposal to establish a test facility in Morocco. 

 

 The theoretical groundwork needed for the scientific and political community to decide if 

implementing a CEA-based greenhouse system within arid areas can be feasible (on technical, 

economic, environmental and social-cultural level). 

 

 A detailed economic analysis and an implementation plan for the greenhouse, including the use of 

regenerative energy sources in desert regions (goal in which the present document will be 

particularly focused). 

 

 The transfer and exchange of knowledge between Moroccan and German scientists (via e.g. 

workshops, personal exchange) as well as cross-sector knowledge transfer from space industry to 

the agricultural sector. A Middle East and North Africa (MENA) / European research network 

on innovative resource-efficient agriculture is envisioned. 

 

As mentioned, the project would be the first step in a development plan, which would eventually-

assuming further funding sources could be found- result in the construction of a prototype greenhouse 

test facility and, subsequently, full-scale greenhouse production. 
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1.3 Project collaborators 

In this section a brief description and main activities of the principal project collaborators is presented. 

 

1.3.1 The German Aerospace Center’s Institute of Space Systems 

The German Aerospace Center’s Institute of Space Systems (DLR-RY) has the aim to investigate and 

evaluate complex astronautic systems in the context of space research with consideration of technological, 

economical as well as socio-political aspects. The Evolution & Design of Environmentally-closed 

Nutrition-Sources (EDEN) group focuses on different design aspects of planetary greenhouse modules 

and investigates innovative higher plant cultivation processes. The EDEN research group manages several 

DLR internal projects as well as industry and European Space Agency (ESA) projects on Bio-regenerative 

Life Support Systems (BLSS). Since 2014, the EDEN group operates a plant cultivation laboratory, the 

Space Habitation Plant Laboratory or EDEN Laboratory, for hands-on testing and development of CEA 

hardware and cultivation strategies. Furthermore, DLR-RY’s Concurrent Engineering Facility (CEF) in 

Bremen is one of the latest design think tanks in Germany. 

The main driver for the Space Habitation Plant Laboratory (EDEN Laboratory) establishment of this 

research laboratory was the necessity to gather hands-on experience with the cultivation of higher plants 

in (semi) closed-loop environments. In Figure 3 the plant cultivation area of the EDEN Laboratory is 

shown. The laboratory offers a unique set of cultivation chambers for the performance of plant growth 

studies and the development of the necessary supporting technologies. In particular, numerous CEA 

technologies were developed and tested within the EDEN Laboratory. In close collaboration with 

industry (e.g. Airbus D&S, OSRAM, Sierra Nevada Corporation), Universities (e.g. University of Applied 

Sciences Dresden (HTWD), Wageningen University) and research institutes (e.g. National Aeronautics 

and Space Administration (NASA), ESA, Alfred-Wegener-Institut (AWI)), the EDEN team developed a 

unique set of plant cultivation systems in order to improve the performance and reliability. The major 

focus was set on soilless irrigation methods (e.g. aeroponics), high-performance water cooled LED-

systems, closed-loop air management systems, and plant health monitoring.  

 

Figure 3 EDEN laboratory plant cultivation area 
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The EDEN team also investigates potential terrestrial applications. Closed, or semi-closed, plant 

cultivation systems can enable agriculture in areas which are unsuited for traditional agriculture processes 

(e.g. arid regions). The most recent example of these terrestrial applications is the Mobile Test Facility 

(MTF) inside the EDEN ISS in the Antarctica detailed in the section 1.1. 

 

1.3.2 The University IBN ToFAIL 

 

The University IBN ToFAIL (UIT) in Morocco has significant experience on renewable energy and water 

desalination [1][2]. Among its projects is a collaborative effort with the International Institute for Applied 

Systems Analysis (IIASA), in the framework of the Austrian Climate Research Programme, which aims to 

adapt the Güssing model for a (nearly) 100% renewable energy infrastructure to the town of Tata in the 

south of the Ouarzazate region in Morocco. 

Furthermore, they are investigating so-called seawater greenhouses, as previously built and tested in 

Oman, for use in Morocco. The seawater greenhouse uses sea water evaporators to pre-treat the hot, dry 

air in arid regions, improving the climatic conditions within the greenhouse and significantly reducing the 

evapo-transpiration rate of the plants. Furthermore, by later on condensing the hot humid air it is also 

possible to obtain fresh water. 

The LCG is envisioned as a further improvement on traditional greenhouses, through the implementation 

of additional technologies. Within the ERANETMED Programme, the UIT is collaborating with 

European institutes, as well as a Tunisian university, in order to design desalination systems with a focus 

towards optimal usage of renewable energies. The abovementioned projects relate very well to the critical 

areas within the LCG project. 

1.3.3 Desertec University Network 

 

Desertec University Network (DUN) is an international academic research and innovation network of 

institutional and NGOs, aiming at putting into service for climate, energy, water and food security the 

energy of deserts, as conceived in the Desertec vision, by stimulating and facilitating international and 

interdisciplinary cooperation. Founded in 2010, it has facilitated the exchange of, and communication by, 

scientists in countries around the Mediterranean and on the Arabian peninsula, organized and supported 

efforts for education in renewable energy technologies, studies and workshops on the nexus between 

renewable energies, employment and socio-economic development, an international conference on 

renewable energies in agriculture, and political consultancy on the use and support of renewable energies. 
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1.4 Project Breakdown structure 

 

In line with the objectives defined for the project in the section 1.2, a number of Work Packages (WPs) 

have been defined and each of the partners will be responsible for specific work packages. These WPs can 

be seen in the Work Breakdown Structure (WBS) in the Figure 4, along with the primary responsible 

project partners. In addition, DLR is also in charge for the supervision of DUN tasks. 
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Figure 4 Work Breakdown Structure for the LCG project. 

 

1.4.1 WP 1: Project Management 

 To ensure that the project remains within budget and on schedule, many management tasks need to be 

addressed. These include, among others, risk assessment and mitigation, and financial management to 

handle the transfer of funds from DLR and UIT, the Principle Investigators (PIs), to additional partners. 

Furthermore, DLR is in charge of the supervision of DUN tasks. 

1.4.2 WP 2: System Analysis 

In line with objective 1, defined in section 1.2, this work package, led by UIT, focuses on crop selection 

for the LED-lighted Closed-loop Greenhouse LCG and develops the cultivation strategy (e.g. mono- vs. 

multi-crop, batched vs. continuous production). Additionally, environmental factors, the available 

infrastructure, and potential strategies to implement the LCG within this infrastructure will be investigated 
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by UIT. This includes also an initial analysis of the preferred LCG structure (performed by DLR as 

indicated in Figure 4). 

Dependent on the actual position and available infrastructure the design of the greenhouse will change. 

UIT, as Moroccan partner, has knowledge of the local stakeholders and the available infrastructure. 

Results of the work package will include, among other things, a ranking of optimal locations for a 

potential pilot-facility (based on, for example, environmental aspects, local energy infrastructure and 

available resources). Based on this ranking a location will be selected in order to account for the related 

specific requirements. 

1.4.3 WP 3: Technology Assessment 

In this work package, corresponding to objective 2 in section 1.2 , the CEA technologies will be evaluated 

to determine which technologies would be most beneficial for the LCG design. In parallel to the CEA 

technology evaluation (carried out by DLR), the technologies related to ‘green’ (e.g. solar, wind) power 

generation, storage and transmission will be analysed by DLR, and it forms one of the objectives of the 

present document. Depending on the location of the LCG, the local conditions and the available 

infrastructure, solar and wind energy in any combination will be considered. The analysis will consider 

power generation, storage and transmission. Furthermore, a cost-benefit analysis will be performed to 

compare the different technologies. These analyses will be used to determine the optimal energy strategy.  

LED and water recovery technology evaluation (WP 3.2 and WP 3.3) will be done by UIT with assistance 

from DLR, as these have been found to contribute substantially to the overall operating cost of CEA-

technology greenhouse modules. 

1.4.4 WP 4: Facility Design 

A Concurrent Engineering (CE) study at DLR’s Institute of Space Systems in Bremen within their 

Concurrent Engineering Facility (CEF) will be organized (by DLR) in order to design the different 

subsystems of the LCG, as per objective 3 in section 1.2. DLR’s experience with Concurrent Engineering 

studies has shown that having experts together, with the appropriate supporting technological 

infrastructure, allows for a far more efficient design process, with an increased number of design iterations 

and better results in a fraction of the time. For the LCG facility design the following domains, among 

others, will be investigated by the selected experts from DLR, UIT and DUN: electrical power and 

thermal management system, atmosphere management system (e.g. trace gases, CO2, humidity), grow 

accommodation, nutrient delivery system, data handling and control, local deployment strategies, 

renewable energy infrastructure, and building structure and configuration. 

The experts will consider resource flows, the system budgets (e.g. mass, volume), interfaces and the 

various other aspects of their domain. Work package 4 also includes the design of a ‘clean’ energy 

infrastructure, which would provide the required power for the LCG and it is also the domain of the 

present document. Additionally, in work package 4.3 a layout for a prototype / demonstrator greenhouse 

will be developed, which utilizes a subset of the technologies and equipment of the LCG design (to be 

used for further proposals within e.g. Horizon 2020), and also corresponds to objective 5 in section 1.2. 
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1.4.5 WP 5 – Cost & Market Analysis 

The cost estimation (related with objective 4 in section 1.2), performed by DLR, UIT and DUN, will 

consider local resource costs (e.g. water, power, labour and fertilizer), infrastructure cost, equipment cost 

and the amortization of the initial investment costs, among other factors.  

Furthermore, strategies to make the LCG more cost-effective and mitigation options for risks associated 

with the development of an LCG will be presented by UIT. Then, to optimally disseminate the results of 

the CE study and reach potential interested parties, as well as ensure the objectiveness, validity and 

completeness of the cost analysis, a workshop will be held in an arid region of Morocco such as 

Ouarzazate. Here experts from DLR, UIT and DUN, as well as external parties, will gather to discuss and 

assess the project and initiate follow-up development projects. They will also address the food security 

prospects of Morocco for the future (2030-2040). This workshop will also serve as project internal review 

periods, where the partners can discuss deliverables and open items.  

 

1.4.6 Milestone planning 

 

The planned cooperation, within the scope of the project, has been designed to cover about 18 months.  

In order to illustrate the whole project planning a project logic diagram has been created. Figure 5 shows 

the envisioned order of completion of the work packages, key events such as workshops and important 

project milestones.  

At this point, the whole project is already in the Work Package 3 (WP 3), and the present thesis project 

document is aligned and devoted to the accomplishment of the WP 3.4, WP 4.2 and WP 5.2; as it is 

highlighted in Figure 5 and detailed in the objectives for the thesis in the section 2 . 
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Figure 5  Whole project Logic Diagram including Work packages, key events and important milestones. Highlighted in 
red: Thesis project scope 
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2 Thesis Objectives 

In this section a detailed description of the objectives for the Thesis is presented as well as the alignment 

and link of those with the whole project. The delimitations of the document are also exposed in this same 

section. 

2.1 Objectives 

The following objectives have been identified and linked with the Project Objectives section 1.2 and 

Project Breakdown in the section 1.4:  

 Aligned with the objective 1, assess energy resources and ambient conditions for the selected 

location. This objective includes a field trip to visit the chosen location in Morocco with the aim 

of performing a better analysis of the place. 

 Based on the location resources, ambient conditions and literature review, conduct a Power 

Generation and Energy Storage technologies assessment. This objective comprises the Work 

Package 3.4 (Green power technologies analysis) and it is directly connected with the objective 2 

of the whole project.  

 Design the energy system based on the available resources and technology assessment. This 

objective comprises the Work Package 4.2 (Power infrastructure design) and it is directly related 

with the objective 3 of the whole project. 

 Conduct a Techno-Economic and Sustainability analysis for the considered system. This objective 

comprises the Work Package 5.2 (Power infrastructure cost estimation) and it is aligned with the 

objective 4 of the whole project. 

 

2.2 Limitations 

Since the Thesis is part of a bigger project, it is essential to make a good delimitation respect to the whole 

project. It is important that this Thesis and the work behind it form an independent block from the whole 

project but at the same time perfectly connected with it. In this way, since the design is an iterative 

process, the work performed can be robust against changes from other sections that can affect the input 

or desired outputs values in the final designed system.  

Another relevant limitation is that the technology assessment as well as the economic analysis has been 

conducted for the chosen location, which implies that the results, selected technologies and economic and 

sustainability analysis may be totally different in another location. Furthermore, only market available 

technologies are going to be considered for the energy system design. 

As the project is ongoing and the design and requirements are still evolving, a number of assumptions 

were made to have sufficient inputs for a full system modelling. These assumptions are discussed in more 

detail in section 5. Throughout the remainder of the project, the power system design will need to be 

revised, as needed, according to changes to these underlying assumptions. This will be done by Desertec 

University Network e.V. as part of their project contribution, following from the work presented in this 

document. 
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3 Literature review 

 

Climate change is a reality and, together with the impact of the urbanization, desertification, salinization of 

irrigation areas and harmful human activities, is threatening the food production and security [3]. To 

satisfy the increasing food demand with less arable land and decreasing natural resources without 

compromising the natural assets is not an easy task to overcome [4]. These facts motivate the search of 

sustainable alternatives to the traditional agriculture (open field) strongly affected by weather variations 

and limited by the geography and climatology [5]. 

Controlled environmental agriculture (CEA) in greenhouse represents a possible approach to deal with the 

challenges in the agricultural sector. The main advantages are the saving of valuable resources such as 

water or land and the good conditions and production yield, even in inappropriate climatic conditions or 

arid regions[6] [7]. Greenhouse production seeks to grow plants with the best favourable conditions 

(Temperature [8], lighting [9], CO2 concentration [10] and relative humidity [11]) and at the same time 

minimize the production costs [12] [13]. 

However, as highlighted by many authors, the production of agricultural greenhouse crops is an energy-

intensive process [3] [14] [15] [16]. From this energy demand, heating and cooling are usually the most 

energy consuming services, especially in cold and warm climatic zones, where heating or cooling systems 

respectively are highly needed to increase or decrease the air temperature inside of the greenhouse to 

provide optimum growth conditions [17][18]. Furthermore, most of the greenhouses rely on conventional 

energy sources (fossil fuels and electricity from the grid produced with a huge percentage of fossil fuels as 

well) contributing to environment degradation and global warming [19] [20]. This problem is even greater 

in remote areas where access to electricity is difficult and one of the most popular solution is the use of 

diesel engines or similar technologies [21]. Although these systems are simple to control and install with a 

relatively low investment cost, the cost of the fuel, transportation, storage and adverse environmental 

impact (noise and air, water and soil pollution) makes it an unattractive long term option. Therefore, there 

is an urgent need for the use of renewable energies sources to achieve a sustainable development in the 

agriculture sector, with green energy production and sustainability in the production of food being two of 

the most important challenges of  this century [22].  

Numerous attempts to integrate renewable energy sources to greenhouses can be found in the literature. 

Reda Hassanien et al. [14] reviewed the state of the art of solar energy applications for greenhouses all 

over the world. The author concludes that solar energy is a suitable option for the generation of clean and 

cheap energy to meet the energy demand of greenhouses applications and energy related services (e.g. 

lighting, heating, cooling), especially for arid and remote areas. Although solar technologies have a high 

initial cost, they do not have a fuel cost, the environmental impact is minimum, they require relatively low 

maintenance and can increase the overall land productivity [23] [24]. ErdemCuce et al. [25] reviewed cost 

effective and  environmental friendly  technologies for greenhouses focusing on renewable power 

generation and storage and other energy saving approaches such as efficient lighting systems, innovative 

ventilation or better thermal insulation. The author concludes claiming that important energy savings (up 

to 80%) can be achieved compared to conventional greenhouses with a payback period between 4 to 8 

years depending on the crop type and the climate. 

However, renewable energies can be an unreliable source of energy by themselves due to its stochastic 

nature [26]. This drawbacks can be solved by integrating more than one energy source (e.g. wind and 

solar) together with a backup source (e.g. diesel generator) and/or an energy storage system [27]. With this 

configuration know as hybrid system, variabilities and intermittencies, both predictable and unpredictable, 

can be considered in the design increasing the reliability of the system and providing social, economic and 

environmental advantages [28]. Hybrid energy systems are the ones that are formed by more than one 

energy source to meet a determined electrical load that can be AC, DC or a combination of both. The 
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energy sources can be conventional (e.g. grid or diesel engine) or renewable (e.g. solar or wind). The 

energy systems can be stand-alone (i.e. not connected to the grid) or grid connected. In this last situation 

the system always tries to meet the demand and can have the grid as a backup energy source or may have 

the possibility to inject the excess of electricity to the grid or a combination of both. Also, the system can 

include energy storage systems to mitigate the stochasticity of the renewable energy sources and make use 

of the excess of electricity. Finally, the systems usually contain a control unit that dictates the control 

strategy (e.g. Load following or Cycle Charging). The control unit indicates from which source to obtain 

the energy or for example, in grid connected systems, keeps track of the grid price and evaluates if it is 

worth it to inject energy or just cover the demand. The same representation of the described architecture 

of the hybrid energy systems can be found in several papers in the literature and it is shown in Figure 6 

[29][30]. One important factor to take into account when designing a system with these characteristics is 

that renewable sources are likely to produce more electricity than the one demanded at some point. This 

excess of electricity must be handled for the security of the system and it is commonly dumped to a dump 

load. Of course, this waste of energy is far from ideal and finding an energy management strategy that 

takes advantage of this excess (e.g. covering other near loads, heat water, water pumping or purification) is 

desirable [31]. 

 

 

Figure 6 General Energy System Architecture [30] 

 

According to Nema et al. [32]  and Vikas Khare et al. [26] Hybrid Renewable Energy Systems(HRES) are 

expected to to grow. Vikas Khare et al. [26] also reinforces that the most important factor for the pre-

feasibility analysis for a HRES based on Photovoltaics(PV) and Wind is the climatic data and also a 

problematic one. The need for site to site data is a handicap for this kind of systems, since it is difficult to 

obtain for remote locations. In the paper the sizing and control of the system is also highlighted as areas 

to improve. 

Some examples of the above-mentioned hybrid systems applied to arid regions can be found in the 

literature. H. Mahmoudia et al. [33] proved the feasibility of an autonomous  wind and solar system to 

power a seawater greenhouse desalination unit in an arid coastal country (Oman) to produce fresh water 

without any conventional back up. M. Boussetta et al. [34] studied a PV and Wind Hybrid Microgrid 

System in different climatic regions of Morocco to meet the demand of electricity of some infrastructures 

of Moroccan cities. The results demonstrate that the Morocco climate is suitable for small and medium 
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scale Microgrid systems and that the combination of PV and wind energy is the optimal solution for all 

the studied regions except for the one in the east, where the wind conditions are worse than the ones in 

the other regions. The work also shows arguments in favour of the implementation of PV and Wind 

Hybrid Microgrid Systems in most of the Moroccan regions in parallel with the large photovoltaic and 

wind power plants. D.Saheb-Koussa  et al. [35] evaluated a grid-connected hybrid photovoltaic-wind 

power system in the arid region of Adrar (Algeria) noticing a reduction in the LCOE compared to the 

standard grid price and a reduction of the emissions.  
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4 Methodology 

To configure an optimal energy system is not trivial and different methodologies can be found in the 

literature [30][36][37]. Luna-Rubio et al. [30] performed a review of the sizing methodologies for the 

HRES  of the recent years. Tuba Tezer et al. [36] investigated and reviewed optimization techniques for 

the hybrid systems developed from past to present. Al-falahi et al. [37] also performed a review focused 

on the sizing optimization methodologies comparing different algorithms and software tools used for 

standalone solar and wind HRES. 

For the design of the energy system to power the greenhouse equipment the proposed methodology 

overview is shown in Figure 7. The chosen methodology is a logical approach that consists of gathering all 

the necessary inputs to conduct a Techno-Economic analysis with the goal of finally obtaining an 

optimized system based on the constraints, available resources and previous assumptions. The first steps 

consist in the identification of the conditions of the chosen location (e.g. geolocation and actual solutions 

and infrastructure) the demand profile that needs to be covered and the assessment of the available 

resources and primary energy sources (e.g. solar horizontal radiation and wind speed). Once this first step 

is completed, a technology assessment must be conducted including the selected technologies and 

components to be used based on the results obtained in the first step. These technologies combined with 

the life cycle costs (including capital costs, replacement costs, operating and maintenance costs, fuel 

costs…), the different values for the desired sensitivity variables, the chosen control strategy and the 

definition of the boundaries and constraints for the energy system are all inputs needed to perform the 

Techno-Economic Analysis. Based on this analysis, an optimal configuration can be found and then 

evaluated to determine how robust the system is against changes in the input variables with a sensitivity 

analysis. Finally, after considering all the results during the process and after it (e.g. carbon emissions) a 

final design is obtained including the sizing of each element. A more detailed description of the 

methodology steps illustrated in Figure 7 is presented in the system modelling in section 5. 
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Figure 7 Methodology flowchart for the design of the system. 

 

Similar methodologies as shown in Figure 7 can be found in the literature [38] [39][40][41]. Ghaem et al. 

[38] conducted a techno-economic analysis of a biogas engine as backup in a decentralized hybrid system 

(Solar, wind,batteries) in Kenya using an almost equal methodology to evaluate if it is a better backup 

solution than a diesel generator. Sen & Bhattacharyya [39] considered some energy sources (small-scale 

hydropower,  bio-diesel , wind and solar ) and tried to propose the best hybrid combination to satisfy the 

electrical needs of an off-grid remote village in India following a similar methodology as well including a 

business case and regulatory analysis after the techno-economic one. Chauhan & Saini [40]  also 

performed a techno-economic analysis study for the development of an integrated renewable energy 

system to meet the energy demands of a cluster of villages in India with similar steps as this project but 

specially focusing on the selection of a small wind turbine. Adaramola et al. [41] also followed most of the 

steps to evaluate the possibility of using a hybrid energy system in the Northern part of Nigeria. 
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5 System modelling 

In this section, the steps of the followed methodology presented in Figure 7 are described with detail. This 

constitutes all the input information needed to perform the design and techno economic analysis of the 

whole system. 

5.1 Location characteristics and conditions 

In Morocco, Agriculture is still one of the most important activities for the economy. By definition, 

Morocco is considered as a country with water scarcity with strong limitations in arable land. Morocco is 

under a lot a pressure due to the negative impacts of urbanization and demographic growth. Furthermore,  

studies related with global warming and climate change reflected that Morocco is one of the countries that 

are more likely to be affected by the climate change [42].  The negative impacts of these threats include 

soil degradation, decreasing precipitations and water quantities (and decreasing quality), air pollution, 

increasing temperatures and increasing of harmful wastes [43].  

Around 91 % of the energy supply in Morocco is imported, being a very energy dependent country. 

According to the International Energy Agency (IEA) [44] the Total primary energy supply (TPES) of the 

country was 18.8 million of tons of oil-equivalent (Mtoe) in 2012, representing an increase of the 58 % 

since 2002. Moreover, the country’s energy mix is strongly based on carbon fuels having a relatively 

elevated level of greenhouse gas emissions being the oil and coal the 67.6% and 16.1 % respectively of the 

TPES. Therefore, the greatest energy challenge for the country, as it happens in most of the countries, is 

how to obtain an affordable, secure and sustainable energy supply; in order to overcome the country’s 

energy burden that has a large negative impact on the budget, especially for the existence of subsidies in 

some energy forms [44]. 

Regarding to the potential in renewable energy sources, the country has a huge potential for solar and 

wind energy but also for bioenergy since the significant generation of waste coming from the agriculture, 

animals and urbanizations [45]. 

 

5.1.1 Chosen location 

The location chosen for the deployment of the project has the 33°39'32.0"N 5°32'59.4"W coordinates. 

The placement consists of terrain of 5 hectares at an elevation of 814 m in Morocco at 30 km from 

Meknes. A field trip to this location together with representatives from the DLR, UIT and DUN was held 

in April of 2018 to validate that the location fulfilled the requirements of the project and the opportunity 

was taken by the author of this document to gather more details about the assessment of the location. A 

capture of the location with respect of the rest of the country and a more detailed capture of the location 

is shown in Figure 8. 
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Figure 8 Geolocation of the selected place at country scale in the left and more detailed at the right  [46]. 

In the terrain there’s already one greenhouse of 300 square meters dedicated to the hydroponic cultivation 

of soy and potatoes equipped with irrigation, ventilation, cooling, illumination and control systems. The 

water needed for the daily activities is directly extracted from the ground and ultra-filtrated once or twice 

by an ultrafiltration unit depending on the purity needed by the crops. Another structure is in construction 

with the dimensions of 24 m *45 m that will house 66 cows that will arrive this same year and will become 

a potential source of biomass. There is also a small meteorological station capable of gather humidity, 

temperature and wind speed and direction data. Regarding the supply of energy, the current solution is the 

direct use of electricity from the grid as the only source of electricity. One of the main reasons behind the 

choice of this location is the will of the farmer to collaborate in a research project and his knowledge in 

advanced agricultural technologies. Apparently, it is not so easy to convince a farmer in the center and the 

north of Morocco to perform an academic project together. On the other hand, even though in the south 

of Morocco the farmers are more aware about the benefits of scientific research, that region is too far 

from the university being in conflict with the interests of one of the actors in the project. After the 

carefully exploration of the location and the explanations of the owner, the three parts concluded that the 

location was acceptable to fulfil the requirements of the project. In Figure 9 a picture of one part of the 

available land for the project is shown. 



-30- 
 

 

Figure 9 Selected location picture of one part of the terrain. 
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5.2 Primary energy resources and ambient conditions 

assessment 

In this sub-section the availability of resources in the selected location is obtained and analysed. 

5.2.1 Solar resource 

 

Morocco has a huge potential for solar radiation having an average of solar radiation of 5.3 kWh per m2 

and a total annual sunshine duration of 3,500 hours in the South and 2,700 hours in the North part. A 

map regarding the solar potential of Morocco is shown in Figure 10 [45]. 

  

Figure 10 Morocco solar potential [45] 

Regarding to the site solar potential, the solar global horizontal irradiance resource of the place is 

presented in Figure 11. The data is extracted from the NASA Surface meteorology and Solar Energy 

database and it uses monthly averaged values over a 22 years period from July 1983 to June 2005 [47]. It 

can be noticed that the annual average of the global horizontal irradiance is slightly lower than Morocco 

average taking the value of 5.19 kWh/m2/day. 
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Figure 11 Monthly average solar global horizontal irradiance data [47]. 

5.2.2 Wind resource  

The wind potential in Morocco is excellent in some of the regions of the country as it can be noticed in 

Figure 12. In particular in the North where the annual average wind speed oscillates between 8  m/s and 

11 m/s (particularly the coastal regions in the Atlantic) and in the South where an annual average wind 

between 7-8.5 m/s can be found [1]. 

 

 

Figure 12 Morocco Average wind speed map [45] 
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Regarding to the site wind resource potential, the monthly average wind speed data of the chosen location 

is presented in the Figure 13. The data is extracted from the NASA Surface meteorology and Solar Energy 

database and it uses monthly averaged values of wind speed at 50 m above the surface of the earth over a 

10 year period from July 1983 to June 1993 [47].  

 

  

Figure 13 Monthly average wind speed data. 

It can be noticed that for data being collected at 50 m above the earth surface the values are not really 

high. However, during the visit to the selected location, the farm manager assured us that the wind was 

exceptionally good in that location. Unfortunately, the meteorological station was (ironically) destroyed by 

a huge wind storm that also destroyed one of the greenhouses. So far, he has not been able to recover the 

wind data collected, but it seems that the data from the NASA Surface meteorology and Solar Energy 

database doesn’t represent the reality of the location. Wind speed data is not trivial to obtain and good 

assessment of wind is time consuming and expensive. Furthermore, average wind speed can be very 

different in short distances due to the terrain factor and it is suspected that this is the case in the chosen 

location. Now there is a new meteorological station collecting this data but there is not enough data yet to 

use it in the simulation and this fact must be taken into account in future analyses. In Figure 14 it can be 

seen the new meteorological station as well as the destroyed greenhouse in the background. 

 

 

0

1

2

3

4

5

6

Average Wind speed [m/s] 

Average Wind speed [m/s]



-34- 
 

 

Figure 14 Meteorological station and destroyed greenhouse in the background 

 

 

5.2.3 Biomass resource 

Morocco has a lot of biomass potential mainly due to its large generation of it in the animal and 

agricultural sector and also a huge generation of municipal waste. Regarding the agricultural biomass 

potential, Morocco has an agricultural area of 9 million of hectares and more than 500,000 farms housing 

7 million of large livestock units in total [45] . However, even though the existence of big biomass 

resources, it is estimated that only 1 % of the whole potential is being used due to the lack of familiarity 

and technical knowledge on the processes and techniques and the high initial investment those require 

[45]. 

Regarding the chosen location, during the field trip performed in April 2018 the owner explained that he 

already had a contract of purchase of 200 cows of which 66 are going to be held in the already in 

construction barn that can be seen in Figure 15 and the rest in another farm 5 kilometres away. Based on 

the experience of the farmer and the values found in the literature, a dairy cow produces on average 37 kg 

of manure per day [48]. Therefore, if only the 66 cows on the exact location are considered, this represents 

an available amount of manure of 2,442 kg per day. 
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Figure 15 Construction of the barn in the selected location. 
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5.3 Energy demand (Load Profile) 

The energy demand profile is adopted from the EDEN ISS Mobile Test Facility (MTF) in Antarctica 

introduced in the project background in the section 1.1. Of course, the conditions are not the same in the 

middle of Morocco as in the Antarctica. Even though the system inside the greenhouse is planned to be 

almost the same, some elements may differ as well as the size of the whole greenhouse that can have a 

direct impact on the demand profile. It is important to have this into account when designing the system 

and try to plan it in the most flexible and robust way. 

The overall energy consumption of the MTF as well as the consumption of each subsystem and selected 

components is measured during the deployment in the Antarctica. The goal of the energy measurement 

system is to get a better insight in the total electrical energy required to produce food in a closed 

environment. Furthermore, the measurement of each subsystem and selected components allows the 

identification of optimization potential with respect to energy efficiency. The typical day profile that can 

be seen in Figure 16 has been used as a load for the system. Since it represents a typical day profile, a 

variance of 15 % has been taken into account for the analysis in order to represent the uncertainty.  

 

 

Figure 16 Typical day demand profile of the EDEN ISS MTF 
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5.4 Technology assessment and costs 

In this section a detailed description of each considered technology and the reasons behind its selection 

are presented together with the costs, which is essential to run the techno-economic analysis. The prices 

of each technology have a significant impact on the design and the techno-economic analysis. However, to 

find precise information about the costs of each technology in a location is not easy and can be totally 

different from one place to another. For that reason and in order to use coherent values, the costs selected 

in this section have been chosen taking into account market surveys, literature review and similar works in 

similar locations and afterwards corroborated with the International Renewable Energy Agency (IRENA) 

outlook of prices for power generation [49]. 

5.4.1 PV technology 

Solar energy is, together with wind energy, one of the most popular renewable energy sources and one of 

the most important markets inside the renewable energy sector. In many energy related articles in the 

literature it is emphasized that the energy consumption is increasing worldwide and many authors suggest 

that PV solar technology is, inside the renewable energy technologies,  one of the most promising ones to 

meet the rising demand; mainly due to the recent growth installed capacity, large investments involved and 

favourable cost reduction predictions [50] [51] [52]. 

Among the advantages and disadvantages of the use of this kind of technology we can find the following 

ones in the literature [53][54]: 

 Advantages: Free energy source, clean energy, low cost of operation and maintenance, 

environmentally friendly, high availability, noiseless and can be located close to the point of 

consumption 

 Disadvantages: High initial investment, relatively large area is needed, dependent on geographical 

conditions and technology development.  

It is well accepted in the literature to categorize the different PV technologies in three different groups 

based on the raw material  and the commercial maturity level [55][56]: 

 First generation: It represents the fully commercial generation and includes the crystalline silicon 

technology in both mono-crystalline and poly-crystalline forms.  

 Second generation: This generation is composed of PV systems based on the thin film 

technology. This group is at the same time commonly divided in three sub-groups (amorphous 

silicon, cadmium telluride and copper indium selenide). 

 Third generation: This last generation comprises new concepts and technologies that are still on 

demonstration or with a low commercial maturity such as the organic PV technologies.  

In order to determine how competitive a solar technology is inside the market the cost, lifetime, efficiency 

and environmental impact are the main characteristics to take into account. Despite the fact that the 

crystal technology has been predominant, accounting for the 90% of the total market share [49], new 

kinds of technologies have been developed inside the second and the third generation that are able to 

compete by either reducing the production cost (thin film) or increasing significantly the efficiency (third 

generation compounds). Generally, the thin film technologies have a lower production cost but at the 

same time significantly less efficiency compared to the silicon ones ( 5 %-13 % versus 11% -20 % [53]). 

However, it must be noticed that the thin film technology is relatively new and therefore still has a lot of 

potential for technological improvement [55]. As a matter of fact,  a general agreement can be found in 

the literature about the second and third generation technologies being the ones that most likely are going 

to continue with the price reduction that the PV technology has experienced during those last decades 

[57]. 

After taking into account all the existent PV technologies, even though there is evidence of new promising 

technologies, finally the polycrystalline silicon technology has been selected mainly for its relation of price 
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versus quality and the suitability for the present application. It is a mature and well-known technology in 

Morocco and easy to obtain. 

The cost of the PV is related with the selected location, technology and the complexity of the system. 

According to M. Boussetta et al. [34] and his recent assessment of hybrid wind-PV systems in different 

regions of Morocco, the price of the PV system ranges between 1,500 €/KW to 2,000 €/KW. Several 

authors in the literature agree that the operation and maintenance cost (O&M) ranges between 1% and 

3% of the total investment cost [16][58]. Therefore, an investment cost of 1,800 €/KW and an O&M cost 

of 2 % of the total investment cost has been assumed for the calculations. 

It is not planned to install a tracking system and therefore fixed azimuth and slope angles have been 

calculated with the Photovoltaic Geographical Information System (PVGIS) web tool in order to obtain a 

yearly averaged optimum solar radiation [59]. The ground reflectance (i.e. the fraction of solar radiation 

incident on the ground that is reflected) is assumed to be 20 %, since this is a typical value used for grass 

covered areas. In order to reflect the possible losses due to losses in the wires, possible shading and aging 

of the modules a de-rating factor of 90 % has been also selected [60]. 

Finally, regarding the expected lifetime of the photovoltaic cells it is well accepted in the literature to be 

between 20 and 30 years. A PV module would have a longer or shorter lifetime depending on the degree 

of degradation it is exposed to; with the humidity, the solar radiation, the dust and temperature being the 

main agents involved in this degradation [61][62]. Most of the suppliers of polycrystalline panels indicate a 

lifetime of 25 years and therefore this has been the selected lifetime for the PV system of the project.  

5.4.2 Wind turbine 

Wind energy is nowadays one of the most competitive renewable energy sources due to its relatively low 

Levelized Cost of Energy (LCOE) and its potential to satisfy the increasing demand of electricity [63]. 

When a wind turbine has a lower rated power than 100 kW it is considered a small wind turbine. Small 

wind turbines account for only a little niche in the wind power sector. However, this market segment is 

growing a lot in the past years due to its interesting characteristics to power and bring economic and social 

benefits to remote off-grid areas such as refugee camps, remote villages or farms, other hybrid systems or 

mini and micro grids [64]. 

Regarding the technologies used in small wind turbines, although new advancements are currently being 

developed in order to improve the performance and reduce the cost (such as super-magnet generators or 

advanced airfoils) almost all the current models are composed of permanent magnet generators, with 

passive yaw control and direct drive configuration. Another important factor to this kind of wind turbines 

that has a lot of impact on the capital cost is the tower height. If the tower height is low, it will most likely 

have a worse capacity factor and also be exposed to more turbulence. On the other hand, if the height of 

the tower is increased to overcome these issues it also entails a significant price increase [64]. 

With respect to the price of this kind of wind turbines, as highlighted by M. Boussetta et al. [34], it is 

difficult to find an exact price per kW, particularly in Morocco. Of course, compared to the wind systems 

used at utility-scale, the capital price per kW is higher and the capacity factor achieved is lower. In utility 

scale systems the capital price of installation ranges between 1,700 USD/kWh and 2,450 USD/kWh while 

the small wind turbine price is comprised between 3,000 USD/kWh and 6,000 USD/kWh [64]. L.Ferrari 

et al. [65] based on his literature review and his own experience suggest that the value of 5000€/kW is 

accurate for wind turbines until 5 kW of nominal power for Italy, a value close to the upper range 

presented above. Accordingly with this information and after a market research, a 10,000 € generic wind 

turbine of 3 kW and 25 m of hub height with a lifetime of 25 years has been selected. The O&M cost has 

been assumed to be 50 € per year. 
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5.4.3 Biogas engine and digester  

Several publications of the literature have considered a biogas genset together with a digester as a feasible 

option to serve as a backup for hybrid energy systems, filling the same role as the classical diesel 

engines[66][67][68]. However, biogas gensets, unlike the diesel ones, do not run on fossil fuels, which are 

not environmentally friendly and usually involve high costs in fuel logistics and transportation and a high 

variability in the fuel price itself. Instead, biogas genset fuel can be obtained locally from a biomass source, 

such as animal manure, and a digester. Also, the digestate from the anaerobic digestion that is held in 

the digester can be used as fertilizer for the agriculture. 

The biogas system considered includes an anaerobic digester, storage for biogas and a biogas genset. The 

feedstock fuel for the anaerobic digester is considered to be mainly cow manure which has a carbon 

content of 15% [69]  a lower heating value (LHV) of 23.6 MJ/kg and a gasification ratio for anaerobic 

digestion of 0.09. The LHV was calculated from the LHV of natural gas by assuming a 60/40 ratio of 

methane to CO2 in the gas [70]. The gasification ratio was obtained in m³/kg using the FOV Biogas 

Calculator for 2,442 kg/day of cow manure and converted to kg/kg with the density of 0.667 kg/m³ [70] 

[71]. 

Regarding the price, based on the prices taken for Ghaem et al. [38] after conducting a market survey to 

prove the feasibility of a biogas engine, a capital cost of 1,500 € per kW and a replacement cost of 1,200 € 

per kW  has been assumed. This price also includes a tubular digester, which is considered relatively cheap 

and simple to install and maintain [72]. The O&M cost is assumed to be 0.1 €/h and it includes the 

operation of the digester, the biogas engine and the logistics related with the substrate collection and 

digester feeding and daily control. Finally the lifetime considered has been 15.000 hours [73]. 

 

5.4.4 Batteries 

 

Energy storage is one of the greatest challenges to overcome in the energy sector, and significant 

advancements in this field will be as important and meaningful as refrigeration has been for our food 

chain. More economic and efficient energy storage system would mean the potential to increase the 

production of energy from stochastic energy sources, decreasing in this way the reliance on fossil fuels 

and, consequently, emissions and environmental impact. Furthermore, the possibility of having energy 

reserves would also mean an improvement in the stability of the power system, the potential to shave the 

peak load production by moving production to off-peak hours allowing the power plants to run at more 

efficient and stable levels, thus reducing the costs, and it would contribute to (the feasibility of) distributed 

power generation systems. 

In a Hybrid Energy System the inclusion of an energy storage system helps to deal with the mismatch 

between the power provided by the hybrid energy system and the demanded power from the load. As it is 

well-known, the stochasticity of renewable energy sources such as wind or solar means that the power 

provided varies according to the weather conditions. The energy storage can provide the extra power 

needed to meet the power needed from the demand side during supply shortage, while at the same time it 

can deal with the excess of energy generated by storing it. Also, the energy storage system provides the 

system with an energy autonomy that can keep the system running for a period of time in case of 

emergency, failure or lack of energy resources; or at least maintain the power delivery to the considered 

critical load if existent. In the case of batteries, it can also prevent the harmful impact of large fluctuations 

of voltage.  If a battery is located between the generating system and the load this guarantees that the 

range of voltage provided to the load will be the one that the battery can handle and not greater. 

In the state of the art, there are several rechargeable battery types and the most common ones are the 

Lead-Acid (LA), Nickel-Iron, Nickel-Cadmium (Ni-Cd), Nickel-Metal Hydride (Ni-MH) and the Lithium-

Ion (Li-Ion) batteries. However, only LA and Ni-Cd, in specific circumstances, are used in relatively big 
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PV systems (not small power electronics for example). Nickle-Iron batteries are not used because the self-

discharge is too big for almost any application involving PV systems. Nickel-Cadmium price per kWh is 

way higher than the LA ones and only used in extreme conditions, either temperatures higher than 40 ºC 

or lower than -10ºC. Nickel-Metal Hydride cost is also much higher than LA and Ni-Mh batteries don’t 

withstand extreme conditions as Ni-Cd do, so it is a rarely used technology for this application. On the 

other hand, Li-Ion batteries have a higher weight energy density than the LA and have been proven 

successfully in portable electronic devices. However, the price is more than double compared to the LA 

ones and the advantage of higher density is usually not significant for stationary applications. Furthermore, 

Li-Ion batteries need special protections at the cell level that is not easy to implement without having 

repercussions on the charging efficiency [74]. Accordingly, Lead-Acid batteries have been selected for this 

application also taking into account their stability, reliability, low self-discharge rate and low-cost; desired 

characteristics in most hybrid systems; even if its lifetime is more limited than the other batteries[75] . 

Even though LA batteries have been finally selected among the most traditional batteries, flow batteries 

are also worth to mention. Flow batteries is an emerging technology with prediction of being very robust, 

scalable and attractive for large utility and long-duration applications; such as storing electricity from PV 

or wind turbines [76].Among the advantages of flow batteries the most characteristic ones are the 

scalability of their power and energy capacity and long-term storage of charge. Moreover, the expected 

lifetime of flow batteries systems is longer than conventional batteries, but it should still be verified in 

field tests [77]. With these advantages, the use of flow batteries can results in a lower LCOE even when 

the capital cost is greater [78]. Nonetheless, this technology is relatively new compared to the conventional 

batteries[79]. Therefore, further fundamental and applied research is still needed to achieve a wide 

acceptance and implementation [80]. So all in all, although it is a promising technology, lower capital and 

operational costs, longer lifetime and higher round-trip efficiency and safety should be achieved to be 

competitive in the actual market framework [77]. 

Kyle Bradbury [81] in his energy storage literature review work summarizes the values of important 

parameters such as the self-discharge, lifetime, the cost per kWh or the O&M cost for different types of 

batteries and other energy storage technologies. Although the range is done by using the maximum and 

minimum values that he finds in the literature and this is not ideal, it gives an idea of the ranges of each 

parameter and the values presented corroborate the argument of selection exposed above. Furthermore, it 

also presents the compilation of the ranges of each technology, which can provide a better insight about 

the values of each parameter and where they come from. 

Regarding the price of LA batteries the range of prices found in the literature review performed by Kyle 

Bradbury [81] is between 150 $ and 400 $ per kWh. The model of battery Surrette 6CS25P has been 

chosen from the HOMER data base. This battery has 6 V and 1,156 Ah of nominal capacity. The DC 

voltage needed for one array is 24 V and therefore, since the voltage is 6V for each battery, 4 batteries per 

string are needed [82]. The price finally considered has been 1,400 €  per unit, a replacement cost of 

1,200€ and a O&M cost of 15€ per year [38]. 

Finally, to predict the lifetime of a LA battery is complex and the range of years found in the literature, 

between 3 and 20 years, is wide [81]. There are a lot of factors affecting the life and performance of a 

battery but the most important problems to avoid are the stratification, freezing and sulfation. In order to 

avoid these problems and obtain the longest possible life for the battery, a full charge must be assured and 

the Depth of Discharge (DOD) should be restricted to a maximum value. For this, it is remarkably 

important to size correctly the energy storage system and pick the most suitable battery for its application 

in addition to having an adequate state of charge control method. The lifetime expected for this model 

according to the manufacturer and the used value is 10 years [83].   
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5.4.5 Converter  

Converters may operate in bidirectional mode and function as inverters to convert from Direct Current 

(DC) to Alternating Current (AC) and as rectifier to convert from AC to DC. In this case both are needed 

since the system planning contemplates an AC bus and a DC bus. Based on the literature, a price of 650 € 

per kW and a replacement cost of 600 € per kW has been assumed. Also the lifetime assumed has been of 

20 years with an efficiency of 90 % (both the rectifier and the inverter) and with no significant O&M cost 

[38][41][65].  

5.4.6 Grid  

Electricity generation is the energy activity that accounts for the largest share of emissions generated in 

Morocco, accounting for a total of 695.5 gCO2/kWh and 36.7% of all CO2 emissions in 2012 [44]. This is 

due to the sources generating this electricity. Coal accounts for 43.4 % of the generated electricity, oil for 

25.3 %, natural gas for 22.7 % and only 6 % coming from hydro and 2.7 % from wind [44].  

Regarding the possibility to sell back electricity to the grid, a law called 13-09 has been introduced in 

Morocco. This law brings the opportunity for anyone to generate electricity from renewable sources and 

supply it to the local market and even export it through the national grid. However, the application decree 

is still in process and therefore there is not any reference for the quotas to sell back the electricity price. 

Accordingly, for the economic analysis of the system a lower sell back price than the grid price will be 

assumed and compared to the actual scenario where no electricity can be sold back to the grid. 

The price rates for industry and agriculture are incremental; depending on the monthly consumption the 

price is higher or lower. The current rates can be found on the official website of the Office National de 

l'Electricité et de l’Eau Potable (ONEE) [84]. The current price expressed in Moroccan Dirhams (MAD) 

is 1.3639 MAD per kWh for a monthly consumption between 0 kWh and 100 kWh, 1.4663 MAD/kWh 

for a monthly consumption compressed between 101 kWh and 500 kWh and  1.6758 MAD per kWh for 

monthly consumptions greater than 500 kWh [84]. Therefore, since the consumption of the greenhouse is 

greater than 500 kWh per month, a reference price of power purchase from the grid of 0.15 €/kWh has 

been selected (1.6758 MAD ≈ 0.15 €). Finally, a sell back price of 0.5 €/kWh has been assumed to analyze 

which would be the economic impact of being able to sell to the grid and how this value would affect the 

system; both technically and economically.  
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5.5 Techno-Economic Analysis (HOMER) 

 

After a literature review of computer tools [85] [86], the software HOMER (Hybrid Optimization Model 

for Multiple Energy Resources) originally developed at the National Renewable Energy Laboratory [60] 

has been chosen to perform the techno-economic analysis. HOMER has been proven to be a powerful 

tool for economic and resource-sensitive analyses considering in detail the technologies involved [87]. 

Furthermore, it is user-friendly and extremely useful to evaluate the economic and technical feasibility for 

many technology options, while considering variations in technology costs and energy resource availability. 

HOMER allows the user to simulate and optimize stand-alone and grid-connected power systems with 

any combination of a wide range of renewable, conventional or storage technologies (e.g. PV arrays, wind 

turbines, batteries, hydrogen fuel cells, combustion engines) to meet an electrical or thermal demand (or 

both). Another characteristic aspect for the economic analysis is that HOMER includes all the costs 

except taxes and handling costs for the fuel. For the simulation, this software tool considers a one-year 

time-period with a minimum of 1-minute step, which means that a 1 year long time series of weather 

variables is needed (e.g. one year horizontal irradiation); this should be obtained in the resource 

assessment phase. Finally, the software also includes the possibility to perform sensibility analyses to 

evaluate the effects of uncertainty and assumptions in the input variables on the output and design of the 

system which brings the possibility to develop more robust designs [60].  

The final objective and the output provided by HOMER is the sizing of the system, with the lowest cost 

capable of meeting the specified demand with the maximum reliability, while fulfilling the imposed 

boundaries and conditions. To do so, HOMER compares the Net Present Cost (NPC) of all the possible 

and feasible configurations. The NPC of a system is, by definition, the present value of all the costs 

involved in the system during its lifetime minus the present value of all the revenues earned during this 

same system’s lifetime. In the lifetime costs, the replacement costs, O&M costs, initial capital costs, the 

emission penalties and the grid power and fuel costs (if any) are considered. On the other hand, possible 

grid sale revenues and salvage of the components at the end of the lifetime (if any) are included in the 

revenues. The way that HOMER calculates the NPC of a system is by performing a sum of the total 

discounted cash flows of each year during the whole project lifetime. The NPC is the principal economic 

output and the main criteria to rank the different feasible configurations. It also constitutes the basis for 

the calculation of the LCOE and the total annualized cost [88]. The calculation of the total annualized cost 

(Cann,total ) is presented in equation (1) where CNPC,total is the total net present cost and CRF is the function 

for the calculation of the capital recovery factor that depends on the annual real discount rate (“i”) and the 

project lifetime (Rporject). The calculation of the capital recovery function (CRF) is shown in equation (2) 

where “i” accounts for the real discount rate and “n” for the number of years. Finally, the Levelized Cost 

of Energy (LCOE), which represents the average cost per kWh (€/kWh) of the useful energy generated by 

the system, is calculated following equation (3). In that equation Eserved accounts for the total electrical load 

supplied in kWh/yr. 

 𝐶ann,total = 𝐶NPC,total ∙ 𝐶𝑅𝐹(𝑖, 𝑅𝑝𝑟𝑜𝑗𝑒𝑐𝑡) (1) 

 

 
CRF =

𝑖 ∙ (𝑖 + 1)𝑛

(𝑖 + 1)𝑛 − 1
 

(2) 

 

 
LCOE =

𝐶ann,total
𝐸𝑠𝑒𝑟𝑣𝑒𝑑

 
(3) 
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5.6 Control strategy 

Control strategies play an important role in the overall effectiveness of the system. HOMER Pro© allows 

the user to choose between four different control strategies: load following (LF), cycle charging (CC), 

generator order and combined dispatch. Additionally, custom control algorithms can be loaded through a 

link to MatLab. In the model, cycle charging and load following strategies have been considered. Cycle 

charging is a control strategy where whenever a generator operates; it will do so at its nameplate capacity. 

Any surplus generation that is not needed to meet the current electrical demand will be used to drive 

second-priority loads, such as charging the energy storage, operating water purifiers, etc. This has the 

advantage that certain generators will operate at a higher efficiency when close to their nameplate capacity, 

and that the full installed capacity is used whenever possible. Load following is a more demand-oriented 

strategy, where any generator is only running at a production level that is high enough to meet the current 

primary load. Charging of batteries and operation of other, secondary, loads is left to renewable excess 

generation. In the case of an existing grid connection, some generators may be ramped up above the 

primary demand to sell electricity to the grid. 

Particularly for stand-alone systems, the load following strategy is the most suitable one and the one that 

leads to a less costly configuration and operation. The number of starts of the biogas generators and 

battery bank charging cycles is lower in the LF configuration compared to the CC one, which improves 

the lifetime of these components, thus decreasing the whole system lifetime cost. Furthermore, battery 

charging in the LF strategy only occurs in situations where there is excess of production by the PV and 

wind system, and consequently, batteries serve the primary purpose of shifting some of the renewable 

electricity generated during sunlight and windy hours to the past-sunset peaks or hours without wind, 

allowing the biogas generator to keep being switched off for longer after the sun has set or the wind is not 

strong enough. 
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5.7 System boundaries and constraints 

A lifetime period of 20 years has been considered for the project. An inflation rate of 1.6 % has been 

considered according to the available data of Morocco in The World Bank [89]. A nominal discount rate 

of 2.25 % has been taken [90]. An operative reserve of 10 % as the percentage of the load at that time step 

has been chosen. The operating reserve is an extra of capacity that can instantly respond to a sudden 

increase in the electric load or a sudden decrease in the renewable power output.  This reserve provides a 

safety margin that procures more robustness to the system assuring the reliability of the electricity supply 

despite variability in the electric load and the renewable power supply variations. An annual capacity 

shortage of 3 % has been chosen for the system. The annual capacity shortage is a parameter in HOMER 

expressed in percentage that represents the power reliability of the system and it is calculated as the total 

power shortage divided by the total power demanded in one year of operation. The value of this 

parameter is really important for the system optimization, since the optimization is constrained by the 

maximum allowable capacity shortage and therefore this value has a direct impact in the size and 

economic analysis of the system. For that reason, it is common to perform a sensibility analysis with that 

parameter and consider if it is worthwhile to allow extra shortage in exchange for better economic 

conditions. 

Although there is the possibility to have the system connected to the grid, the base case considered is a 

stand-alone system designed to meet the requested demand considering the available technologies and 

resources of the location. The reason behind this is that the power from the grid comes mainly from fossil 

fuels and it has a high emission value (see section 5.4.6). This enters in conflict with the objectives of the 

project of having a “clean” energy power system. Furthermore, there is no interest from the EDEN team 

to have another grid connected module as the one in the Antarctica (see section 1.1), especially in 

consideration of the envisioned arid greenhouses which may be in areas where no grid connection is 

available. However, it is interesting to observe (especially at economic level) how the system would change 

if it has the possibility to be grid connected, even if the system is not allowed to buy energy from the grid 

but only to inject it. In this situation, the system would represent a decentralized generation system 

covering the demand and at the same time taking advantage of the excess of electricity to feed other loads 

and thereby benefit from it by decreasing dramatically the LCOE and finding an optimal solution for the, 

otherwise, problematic excess of electricity. Therefore, an analysis with the system connected to the grid 

would also be performed and compared to the stand alone one. 
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5.8 Sensitivity variables  

Since several assumptions are needed in the input values, a sensitivity analysis is needed to test how robust 

the system is in the presence of uncertainties in the input values and how these last ones affect the 

optimized system output and configuration. 

For the sensitivity analysis, first the baseline values for the stand-alone system and the grid connected one 

have been selected. Afterwards, some other values for specific variables have been considered in order to 

observe which economic impact and also changes in the size of the system would occur. 

For the base case scenario, an annual capacity shortage of 3 % has been considered. As mentioned in the 

section 5.7, annual capacity shortage has a direct influence on the Levelized Cost of Electricity (LCOE) 

and Net Present Cost (NPC) of the system; as well as the system sizing. For that reason, it has been 

considered a sensitive variable and it will be analysed which would be the impact in case of not allowing 

any annual capacity shortage (0% shortage, maximum reliability) and in case of allowing a greatest 

shortage. The values considered are presented in the Table 1. 

For the grid connected case, the sensitivity variable considered is the grid sell back price. Since the law 13-

09 (see section 5.4.4) is still in process and therefore there is not any reference for the quotas to sell back 

the electricity price, a base value of 0.05 €/kWh has been assumed. Also, different values (lower than the 

current grid price) have been considered in order to evaluate which would be the economic and technical 

impact on the system; including 0.00 €/kWh that would represent that the system is allowed to inject 

power into the grid but without generating any revenue from it. The values considered are presented in 

Table 1. 

 

Sensitivity 
variable  

Base case value  Other considered 
values  

Capacity shortage  3% 0%, 5 %. 7%, 9% 

Grid sell back price  0.05  € / kWh 0.00 € /kWh, 0.10 € 
/kWh, 0.15 € /kWh 

Table 1 Sensitivity variables, base case values and sensitive values considered 
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6 Results and discussion 

In this section the obtained results are presented and discussed. The stand-alone system and the grid 

connected one are analysed at the beginning. Afterward the impact, both technical and economical, of the 

change of value in the sensitivity variables is studied and discussed. The section ends with a sustainability 

analysis of the system. 

6.1 System configuration and design 

For the stand-alone case, the model takes into consideration the components represented in the 

configuration shown in Figure 17 consisting on one biogas engine, a wind turbine, PV panels, batteries, 

and a bidirectional converter linking the AC bus and the DC bus. This does not mean that the optimal 

configuration must use all the energy sources or components available, since those can be economically or 

technically unappealing; or there is simply a better option. For the grid connected case the configuration is 

the same but adding the grid component in the model as can be noticed in Figure 18. 

 

Figure 17 HOMER stand-alone hybrid system configuration 

 

Figure 18 HOMER grid connected hybrid system configuration. 
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6.2 Technical and economical results 

In this section the detailed results of the stand-alone system and the grid connected one without the 

possibility of purchasing power from the grid are presented.  

6.2.1 Stand-alone system 

For the stand-alone system the optimal sizing of the system is presented in Table 2. As can be seen in the 

sizing of the optimal system with the stand-alone conditions it does not consider the wind turbine. This is 

mainly due to the poor wind resource; see section 5.2.2 for a discussion about this topic.  

 

Component Name Size Unit 

Generator  Generic Biogas Genset 13.0 kW 

PV  Generic flat plate PV 51.7 kW 

Storage  Surrette 6 CS 25P 8 strings 

System 
converter 

Bidirectional system 
Converter 

19.8 kW 

Dispatch 
strategy 

HOMER Load 
Following 

    

Table 2 System sizing for the stand-alone configuration 

With this configuration, as it is presented in Table 3 and Figure 19, almost three-fourths of the total 

produced electricity comes from the PV accounting for a total of 98,607 kWh/yr. The rest is produced by 

the biogas genset, accounting for a total of 37,266 kWh/yr. As can be appreciated in Figure 19 in the 

summer months when the solar resource is higher, the contribution of the biogas genset is lower than the 

winter ones.  

 

Component Production (kWh/yr) Percent [%] 

Generic flat plate PV 98,607 72.6 

Generic Biogas Genset 37,266 27.4 

Total 135,873 100 

Table 3 Production summary of the stand-alone system 

 

Figure 19 Plot of the production summary of the stand-alone system 

 

Once the system has been designed and optimized, the performance of it has been analysed to check if it 

behaves in the desired way and to detect if there are any anomalies in the model. 
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In Figure 20 the behavior of the energy system during a normal day (19th of October in this case) can be 

observed. In this graph the Load power demanded, the Battery input power (negative if discharging), the 

excess of electricity, the outage and the Biogas and Solar power output are plotted during the whole day. 

It can be noticed that during night-time the power is delivered by the battery and the Biogas Genset. The 

batteries are charged with the extra solar energy and once this source of power is gone, the storage covers 

a part of the nightly demand. The rest of the nightly demand is covered by the biogas genset. During the 

sunny hours, almost 100 % of the power needed is usually covered by the Solar PV; and still generate 

enough energy to charge the batteries and even an excess of electricity. It can also be noticed that the 

power outage is 0 during this day. In the same graph the load following strategy can also be appreciated. 

The biogas generator is only running at a production level that is high enough to meet the current primary 

load and the charge of batteries is left to renewable excess generation. 

 

Figure 20 Display of the Load (Green) , Biogas Genset Power Output (Black) PV Output Power (Yellow), Battery Input 
Power (Purple),  excess of electricity (Blue) and power outage (Red) for the 19th of October for the stand alone system. 

 

In Figure 21 it can be seen that during most time of each day, the batteries are at their minimum allowed 

state of charge of 40%. After sunrise, the batteries are being charged until they start to provide electricity 

in the evening until they reach the minimum allowed state of charge again. There are also days, when the 

batteries are not being charged at all, those days appear more frequently during the winter season when 

the solar resource is lower than the rest of the year. 

 

 

Figure 21 Batteries’ State of Charge during the day throughout one year for the stand-alone system 
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In Figure 22 it can be seen how the biogas generator power output is usually maximum by midnight when 

the demand is high, the state of charge of the batteries low and there is no sun available. Although usually 

during sunlight hours the generator does not run, there are some days where the power backup from the 

generator is needed even during sunlight hours. In Figure 23 the PV power output is shown. Between 

Figure 21, Figure 22 and Figure 23 it can be noticed how the biogas genset complements the lack of 

sunlight together with the batteries; in accordance with the sample day shown in Figure 20 . 

 

Figure 22 Biogas generator power output during the day throughout one year for the stand-alone system 

 

Figure 23 PV power output during the day throughout one year for the stand-alone system  

As presented in Table 4, the system has an important excess of electricity accounting for a total of 24.747 

kWh per year. This excess must be handled for the security of the system and it is commonly dumped to a 

dump load. Of course, this waste of energy is far from ideal and finding an alternative use for it, that takes 

advantage of this excess, is more than desirable. For the studied location, this energy could be useful to 

feed the ultra-filtration system or other loads around such as water pumps or other greenhouses. 

Unfortunately, there is not enough data to analyze these possibilities and therefore it is just assumed that 

this energy is dumped. Regarding the capacity shortage, it is less than the maximum allowed (3%) 

accounting for 1.94 % as can also be seen in the in Table 4.  Only 1.27 % of the electric load is unmet. 

The difference between the unmet electric load and the capacity shortage is that the capacity shortage also 

takes into account the operating reserve, see section 5.7. 
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Quantity kWh/yr % 

Excess Electricity 24,747 18.2 

Unmet Electric Load 1,264 1.27 

Capacity Shortage 1,936 1.94 

Table 4 Excess of electricity, unmet load and capacity shortage summary for the stand-alone system 

 

In Figure 24 the behaviour of one of the worst days is presented. As can be noticed, the solar resource 

available for this day is considerably lower compared with the previous day explained. Furthermore, due 

to the variability imposed in the system, the load demanded at the night time is higher than usual in this 

particular day. This together with the low state of charge of the batteries (since the electricity generated by 

the sun has not been enough) and with the insufficient power from the biogas generator to cover the 

whole demand causes the system to have power outage that can be noticed in red in Figure 24 between 

21:00 and 00:00. It is important to be aware of the weaknesses of the system since it allows a better design 

of it. Furthermore, knowing that at some hours the system may have some problems, an actuation from 

the demand side could take place switching off some unnecessary equipment, for example. 

 

Figure 24 Display of the Load (Green) , Biogas Genset Power Output (Black) PV Output Power (Yellow), Battery Input 
Power (Purple),  excess of electricity (Blue) and power outage (Red) for the 27th of September for the stand alone 
system. 

 

Regarding the economic parameters, the system has a total Net Present Cost (NPC) of 372,988.40 € and a 

Levelized Cost of Energy (LCOE) of 0.203 €/kWh. This LCOE is 0.53 € more expensive than the current 

solution of purchasing electricity directly from the grid. This is not unusual, since the energy generated in 

stand-alone systems is usually more expensive compared to the one coming from the grid. In Table 5 a 

summary of the costs involved in the system for each component regarding capital, operation and 

maintenance, replacement and salvage is presented. With this information together with the cash flow 

sorted by component in Figure 25 and the cash flow sorted by capital, operation and maintenance, 

replacement and salvage in Figure 26; it can be noticed that PV and batteries are the most capital intensive 

technologies accounting respectively for 93.088 € and 44.800 € out of 170.280 € of the total capital cost of 

the system. With respect to operation and maintenance cost, the O&M cost from the Biogas generator is 

by far the greatest accounting for 96.065 € out of the 139.896 € of total O&M cost. This is because this 

cost includes the operation of the digester, the biogas engine and the logistics related with the substrate 

collection and digester feeding which requires labor. As seen in Figure 25 and Figure 26, the only 
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replacements are from the biogas engine (around every 5 years) and from the batteries (one-time 

replacement over the 20 year project lifecycle). Finally, the most important salvage at the end of the 

lifetime project comes from the PV, since the PV lifetime is higher than the lifetime of the project. 

Name Capital Operating Replacement Salvage Total 

Generic Biogas 
Genset 

19,500 € 96,065 € 43,887 € -714.06 € 158,738 € 

Generic flat plate PV 93,088 € 34,847 € 0.00 € -16,388 € 111,546 € 

Surrette 6 CS 25P 44,800 € 8,984 € 36,028 € 0.00 € 89,812 € 

System Converter 12,893 € 0.00 € 0.00 € 0.00 € 12,893 € 

System 170,280 € 139,896 € 79,915 € -17,102 € 372,988 € 

Table 5 Net present cost summary for the stand-alone system 

 

 

Figure 25 Cash flow of the stand-alone system by component 

 

 

Figure 26 Cash flow of the stand-alone system by capital, replacement, operating cost and replacement. 
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6.2.2 Grid connected system without purchasing energy from the grid 

 

Even though the system follows the configuration from Figure 18 and therefore it is connected to the 

grid, the system is not allowed to buy electricity from the grid since the price of purchase settled for that 

case is virtually infinite (see section 5.7 for more details). However, the system is allowed to inject the 

excess of power to the grid at the price of 0.05 €/kWh. As can be seen in the sizing in Table 6 the optimal 

system with these conditions does not consider the wind turbine. The reason is the same as in the stand-

alone system, due to the poor wind resource. See section 5.2.2 for a discussion about this topic.   

Component Name Size Unit 

Generator  
Generic 
Biogas 
Genset 

9 kW 

PV  
Generic flat 

plate PV 
70.7 kW 

Storage  
Surrette 6 

CS 25P 
9 strings 

System 
converter 

System 
Converter 

46.9 kW 

Grid Grid 999,999 kW 

Dispatch 
strategy 

HOMER 
Load 

Following 
    

Table 6 System sizing for the grid connected configuration 

Compared to the stand-alone system (Table 2), this configuration focuses more in the PV system 

increasing the capacity installed from 51.7 kW to 70.7 kW. To do so, the configuration also has to increase 

the capacity of the bidirectional converter from 19.8 kW to 46.9 kW in order to be able to transmit the 

energy from the DC bus to the AC one and sell the excess of electricity to the grid. In exchange, the 

system has a lower capacity of a biogas genset, 9 kW compared to the 13 kW of the stand-alone 

configuration. As seen in the stand-alone configuration, the operative cost of the biogas genset is high, 

and therefore the optimized system prefers to focus on the PV production to be able to charge the 

batteries and sell the excess of electricity to the grid generating revenues rather than having a bigger biogas 

genset. This can also be noticed in Table 7, showing the production summary, and in the production 

graph in Figure 27. Compared to the stand-alone system production (Table 3), the contribution of the 

biogas genset is significantly lower, accounting for 26,967 kWh per year (37,266 kWh per year in the 

stand-alone one). On the other hand, the PV production in this configuration is larger since now there is a 

profitable way to deal with the excess of electricity generated by this source, accounting for 134,783 kWh 

per year instead of the 98,607 kWh per year in the stand-alone configuration. 

 

Component 
Production 
(kWh/yr) 

Percent 
[%] 

Generic flat plate PV 134,783 83.3 

Generic Biogas 
Genset 

26,967 16.7 

Total 161,750 100 

Table 7 Production summary of the grid connected system 
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Figure 27 Plot of the production summary of the grid connected system 

Once the system has been designed and optimized, the performance of it has been analysed in order to 

check if it behaves in the desired way and to detect if there are any anomalies in the model. In Figure 28 

the behaviour of the energy system during a normal day (21st of September in this case) is presented. In 

this graph the Load power demanded, the Battery input power (negative if discharging), the electricity sell 

back to the grid, the outage and the Biogas and Solar power output are plotted during the whole day.  

The behaviour of the system is similar to the stand-alone one, since the system is not allowed to purchase 

power from the grid. The main difference is that in this case, instead of having an excess of electricity, the 

system sells back the excess. This happens during the sunny hours, when the electricity generated by the 

PV system is greater than the demanded load and the system is able to recharge the batteries and sell back 

electricity. In the same way as in the stand-alone system, it can be noticed that during the night time the 

power is delivered mainly by the battery and the Biogas Genset. The batteries are charged with the extra 

solar energy and once this source of power is gone, the storage covers a part of the nightly demand. The 

rest of the nightly demand is covered by the biogas genset. It also can be noticed that at some points in 

the night, a small outage occurs; this is mainly due to the lower power capacity of the biogas genset 

compared to the stand alone system. However, in this grid connected case, there’s always the possibility to 

import electricity from the grid to cover these outages if needed, even if that solution is not considered in 

the analysis. In the same graph the load following strategy can also be appreciated. The biogas generator is 

only running at a production level that is high enough to meet the current primary load and the charge of 

batteries is left to renewable excess generation. 

 

 

 

Figure 28 Display of the Load (Green) , Biogas Genset Power Output (Black), PV Output Power (Yellow), Battery 
Input Power (Purple),  electricity sold to the grid (Blue) and power outage (Red) for the 21st of September for the grid 

connected system. 
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In Figure 29 the state of charge of the batteries during the day thorough one year can be seen. It can also 

be noticed that after sunrise, the batteries are being charged until they start to provide electricity in the 

evening until they reach the minimum allowed state of charge again. There are also days, when the 

batteries are not being charged at all, those days appear more frequently during the winter season when 

the solar resource is lower than the rest of the year. 

 

 

 

Figure 29 Batteries’ State of Charge during the day throughout one year for the grid connected system 

In Figure 30 it can be seen how the biogas generator power output is usually maximum between midnight 

until the sun rises, a period when the demand is high, the state of charge of the batteries low and there is 

no sun available. Unlike in the stand-alone system where the power output of the biogas changed during 

the day (Figure 22), the biogas generator in this configuration works virtually always at the nameplate 

capacity. This is highly beneficial for the biogas generator since this way it can work at its maximum 

efficiency. However, this will mean that the system will struggle covering peak demands created by the 

variation of the load, particularly between midnight until the sunrise. In this case it can also be noticed that 

since the PV power installed is higher, the biogas generator only works during the sunlight hours in 

several specific days. In the same way as in the stand alone system, Figure 29, Figure 30 and the PV output 

power in Figure 31 show how the biogas genset complements the lack of sunlight together with the 

batteries; in accordance with the sample day previoulsy shown in Figure 28. 

 

 

 

Figure 30 Biogas generator power output during the day throughout one year for the grid connected system 
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Figure 31 PV power output during the day throughout one year for the grid connected system 

 

In Table 8 and in the graph of Figure 32, the amount of energy sold to the grid throughout one year is 

presented. It can be noticed that the amount sold during the summer months is greater than in the winter 

months, where the sun resource is not as high. Also, as it was expected from the behavior of the system, 

the injection of power to the grid only happens during sunlight hours; when the excess of electricity is 

produced. 

 

Month 
Energy 
Purchased 
(kWh) 

Energy 
Sold 
(kWh) 

Net 
Energy 
Purchased 
(kWh) 

Energy 
Charge 

January 0 3,201 -3,201 -160.03 € 

February 0 3,209 -3,209 -160.43 € 

March 0 3,901 -3,901 -195.05 € 

April 0 3,782 -3,782 -189.10 € 

May 0 3,971 -3,971 -198.55 € 

June 0 3,961 -3,961 -198.05 € 

July 0 4,280 -4,280 -213.98 € 

August 0 3,933 -3,933 -196.66 € 

September 0 4,067 -4,067 -203.34 € 

October 0 3,181 -3,181 -159.07 € 

November 0 2,885 -2,885 -144.25 € 

December 0 2,724 -2,724 -136.18 € 

Annual 0 43,094 -43,094 -2,155 € 

Table 8 Energy purchased and sold to the grid during the year 
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Figure 32 Energy sold to the grid during the day throughout one year for the grid connected system 

Unlike the stand-alone system, now with the possibility to sell power to the grid the system has a perfect 

way to deal with the excess of electricity. For that reason, the excess of electricity accounts only for the 

1.22 % as it can be seen in Table 9. This excess is produced because sometimes the bidirectional converter 

is not capable of translating all the electricity from the DC bus to the AC one. For this excess of 

electricity, it is just assumed to be dumped.  

Quantity kWh/yr % 

Excess 
Electricity 

1,966 1.22 

Unmet 
Electric 

Load 
3,082 3.09 

Capacity 
Shortage 

3,082 3.09 

Table 9 Excess of electricity, unmet load and capacity shortage summary for the grid connected system 

Regarding the capacity shortage, in this configuration as it can be seen in Table 9 is greater than in the 

stand-alone system with a capacity shortage of 3.09 %. This is mainly due to the fact that the biogas 

generator has a lower capacity. When a day has peak variations in the load and a poor solar resource as it 

happens in the sample day (29th of January in this case) displayed in Figure 33, the state of charge of the 

battery is low after the sunlight hours and the biogas genset cannot deal with the peaks in the load by 

itself; here is where the shortage occurs as it can be appreciated at the end of the day of Figure 33. 

 

 

Figure 33 Display of the Load (Green) , Biogas Genset Power Output (Black), PV Output Power (Yellow), Battery 
Input Power (Purple),  electricity sold to the grid (Blue) and power outage (Red) for the 29th of January for the grid 
connected system. 
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As mentioned for the stand-alone system, it is important to be aware of when this shortage may occur. In 

this way, a better design can be obtained or even act in the demand side by switching off some 

unnecessary equipment or deferring some loads to other hours for example. 

Finally, regarding the economic parameters, the system has a total Net Present Cost (NPC) of 330.594,70 

€ and a Levelized Cost of Energy (LCOE) of 0,126 €/kWh. This LCOE is 0,024 € lower than the current 

rate for purchasing electricity directly from the grid. This means that, unlike the stand-alone system 

(LCOE = 0,203 €), the grid connected system would be more economically desirable than getting all 

electricity from the grid even without taking into account the external cost of the high pollutant energy 

coming from the grid. Of course, this is without taking into account the large amount of initial capital 

required at the beginning and assuming that it would be possible to sell back the electricity at 0,05 €/kWh. 

In Table 10 a summary of the costs involved in the system for each component regarding capital, 

operation and maintenance, replacement and salvage is presented. With this information, together with the 

cash flow sorted by component in Figure 34, and the cash flow sorted by capital, operation and 

maintenance, replacement and salvage in Figure 35; it can be noticed that PV and batteries are the most 

capital intensive technologies accounting respectively for 127.238 € and 50.400 € out of 221.614 € of the 

total capital cost of the system. The capital cost is significantly greater than the stand-alone one (170.280 

€) mainly due to the extra capacity installed of PV. With respect to operation and maintenance cost, the 

O&M cost from the Biogas generator is still the greatest, accounting for 52.171 €, but far from the 96.065 

€ in the stand-alone system. The total O&M cost for the grid connected system is lower than the stand-

alone one because the revenue from selling electricity back to the grid is accounted for in that section 

reducing the total cost of O&M by 40.330 €. As seen in Figure 34 and Figure 35, the only replacements 

are from the biogas engine (now around every 7 years) and from the batteries (one-time replacement). 

Finally, the most important salvage at the end of the lifetime project comes from the PV, since the PV 

lifetime is higher than the lifetime of the project. 

 

 

Name Capital Operating Replacement Salvage Total 

Generic Biogas 
Genset 

13,500 € 52,171 € 29,855 € -8,585 € 86,941 € 

Generic flat plate 
PV 

127,238 € 47,631 € 0.00 € -22,400 € 152,469 € 

Grid 0.00 € -40,330 € 0.00 € 0.00 € -40,330 € 

Surrette 6 CS 25P 50,400 € 10,107 € 40,531 € 0.00 € 101,038 € 

System Converter 30,476 € 0.00 € 0.00 € 0.00 € 30,476 € 

System 221,614 € 69,579 € 70,386 € -30,985 € 330,595 € 

Table 10 Net present cost summary and breakdown for the grid connected system 
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Figure 34 Cash flow of the grid connected system by component 

 

Figure 35 Cash flow of the grid connected system by capital, replacement, operating cost and replacement. 
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6.3 Sensitivity analysis 

In this section a sensitivity analysis for the capacity shortage for the stand-alone system and for the grid 

sell back price for the grid connected system is presented. A discussion of how the change of these values 

affects the system is also included. 

6.3.1 Capacity shortage analysis of the stand-alone system 

As explained in section 5.8 the objective of this sensitivity analysis is to evaluate the impact of the 

maximum allowed capacity shortage on the system both economically and technically. To do so, the 

influence on the Levelized Cost of Electricity (LCOE), the Net Present Cost (NPC) of the system and the 

system sizing has been observed. 

In Table 11 the sizing of the system in stand-alone configuration for each of the maximum capacity 

shortage values taken into account is presented. It can be noticed that when maximum reliability is 

imposed (0% capacity shortage) the system becomes quite different to the other cases. In the 0 % case all 

the components, except the system converter, are significantly bigger than the other taken values. This is 

mainly because since no shortage is allowed, the system has to be prepared to cover all the peaks in the 

load and this causes most components to be oversized. 

 

Component Name 0% 3% 5% 7% 9% Unit 

Generator  
Generic Biogas 

Genset 
15 13 9 9 9 kW 

PV  
Generic flat plate 

PV 
72.3 51.7 54.5 53.7 49.3 kW 

Storage  Surrette 6 CS 25P 17 8 10 9 9 strings 

System 
converter 

System Converter 19.2 19.8 17.3 18.8 18.7 kW 

Dispatch 
strategy 

HOMER Load 
Following 

            

Table 11 System sizing for each maximum allowed capacity shortage in the stand-alone configuration 

 

As seen in Table 12, the excess of electricity is slightly greater in the 0% case, since as mentioned above, 

the system is sized to cover all the peak loads and therefore bigger than the other configurations; which 

causes a greater overproduction compared to the other systems. In the table it can also be observed the 

values of unmet load and the capacity shortage that has finally been taken for the optimal system in each 

case. 

Quantity 
System 

0% [%] 

System  3% 

[%] 

System 

5% [%] 

System 

7% [%] 

System 

9% [%] 

Excess 
Electricity 

19.8 18.2 16.9 18 14.1 

Unmet 
Electric Load 

0.0774 1.27 2.94 3.49 4.78 

Capacity 

Shortage 
0.0989 1.94 5.09 5.92 7.89 

Table 12 Excess of electricity expressed in percentage over the produced energy. Unmet load and capacity shortage 
expressed in percentage over the energy demanded 
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Regarding the economic impact, in Table 13 the total capital cost, O&M cost, replacement cost and 

salvage of each value considered are presented. It can be noticed that once more, the system with 0% is 

remarkably different compared to the others. The fact that the sizing of the components is bigger than the 

other cases involves a larger capital cost and replacement. The operating cost is slightly lower because 

more energy is provided by the PV and battery system; technologies with less operating cost than the 

Biogas engine set. 

 

System Capital Operating Replacement Salvage 

0% 260,339 106,417 92,964 -32,816 

3% 170,280 139,896 79,915 -17,102 

5% 178,852 115,879 84,975 -26,475 

7% 172,791 116,816 80,586 -24,742 

9% 164,772 116,841 80,709 -21,652 

Table 13 Cost summary for each maximum allowed capacity shortage value in the stand-alone configuration 

The sum of all the costs presented in Table 13 is equal to the NPC. Both the LCOE and NPC can be seen 

in Table 14 and displayed in the line plot of Figure 36 for each shortage value considered. 

 

System  LCOE [€/kWh] NPC [€] 

0% 0.229 426,904 

3% 0.203 372,988 

5% 0.195 353,231 

7% 0.192 345,451.7 

9% 0.192 340,670 

Table 14 LOCE and NPC for each maximum allowed capacity shortage value in the stand-alone configuration 

 

Both in Table 14 and in Figure 36 it can be noticed that there is a remarkably difference in LCOE 

between the 0% and the 3%. On the other hand, the differences between the other systems in terms of 

LCOE and NPC are not significant. These results reflect that, if some shortage can be allowed as it is the 

case in the project; to relax the maximum allowed capacity shortage from 0 % to 3 % provides better 

economic conditions. On the other hand, it is not advisable to allow the shortage to be greater than 3 %. 

Although this would mean slightly better economic conditions, that would come at a price. The greater 

the allowed maximum capacity shortage is, the less reliable the system would be. 
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Figure 36 Plot of the LCOE and NPC for different capacity shortage values 
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6.3.2 Grid sell back price of the grid connected system 

As explained in section 5.8 the objective of this sensitivity analysis is to evaluate the impact of the 

variation of the sell back rates both economically and technically; particularly because the law 13-09 that 

allows the injection of electricity into the grid is still in process and therefore, there is not any reference 

for the quotas to sell back the electricity price. To do so, the influence on the Levelized Cost of Electricity 

(LCOE), the Net Present Cost (NPC) of the system and the system sizing has been observed. The prices 

evaluated are the ones in Table 1. The price of 0.00 €/kWh means that no revenues are generated for 

injecting power to the grid (see section 5.8). Therefore, the role of the grid in that case is mainly to deal 

with the excess of electricity allowing the system to inject this excess but without having any revenue in 

exchange. To do so, the influence on the Levelized Cost of Electricity (LCOE), the Net Present Cost 

(NPC) of the system and the system sizing has been observed. 

In Table 15 the sizing of the system in the grid connected configuration for each of the sell back rates is 

presented. It can be noticed a clear trend of increasing capacity of PV and converter when the sellback 

rate increases. The higher the sell back price is, the more electricity the optimal system tries to produce 

and to inject into the grid. However, the capacity of the biogas genset remains almost the same, since the 

backup provided by it is still needed in the hours without sunlight.  

 

Component Name 
0.00 

€/kWh 
0.05 

€/kWh 
0.10 

€/kWh 
0.15 

€/kWh 
Unit 

Generator  Generic Biogas Genset  10 9 9 9 kW 

PV  Generic flat plate PV 49 70.7 135 157 kW 

Storage  Surrette 6 CS 25P 9 9 5 5 strings 

System 
converter 

System Converter 14.8 46.9 87 87 kW 

Grid Grid 999,999 999,999 999,999 999,999 kW 

Dispatch 
strategy 

HOMER Load Following           

Table 15 System sizing for each sell back rate in the grid connected configuration 

On the other hand, as seen in the results of the section 6.2, a large PV system requires a large amount of 

initial capital. This is reflected in Table 16, the greater the sell back rate is, the greater the PV system and 

therefore the capital cost involved. On the other hand, the greater the sell back price and the PV system 

install, the greater the revenues are and therefore, the operating cost (that includes the revenues from 

injecting back electricity to the grid) decreases dramatically becoming negative. The replacement cost is 

not really affected by the sell back price since all the systems have a similar biogas genset and for this cost 

only the generator and batteries have a significant impact. Finally, the greater the PV system installed in 

that configuration is, the more salvage is obtained at the end of the lifetime of the project; since the PV 

system has a lifetime greater than the lifetime of the project. 

Sell back price 
[€/kWh] 

Capital Operating Replacement Salvage Total 

0.00 163,293 119,761 84,961 -25,121 342,894 

0.05 221,614 € 69,579 70,386 -30,985 330,595 

0.10 341,463 -123,059 74,522 -59,072 233,853 

0.15 381,405 € -305,867 74,527 -66,193 83,871 

Table 16 Cost summary for each sell back price considered in the grid connected system 
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As evidenced in Table 17 and the line plot in Figure 37, the LCOE and the NPC decreases when the sell 

back rate increases. This is mainly because if the sell back is high, the revenues from selling the excess of 

electricity generated at the sunny hours is greater, decreasing the LCOE and NPC. On the other hand, to 

sell more electricity to the grid implies more initial capital cost for larger PV systems, something that can 

be an obstacle in a lot of situations. Notice also that all the systems except the one with sell back price of 

0.00 €/kWh have a LCOE below the 0.15 € of the current price from the grid. 

 

Sell back price 
[€/kWh] 

LCOE [€/kWh] NPC [€] 

0.00 0.182 342,894 

0.05 0.126 330,595 

0.10 0.0503 233,853 

0.15 0.0167 83,871.17 

Table 17 LCOE and NPC for each sell back price considered in the grid connected system 

 

 

Figure 37 Plot of the LCOE and NPC for different Sell back rates in the grid connected system. 
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6.4 Sustainability analysis 

Sustainable development as defined by the United Nations is the “development that meets the needs of 

the present without compromising the ability of future generations to meet their own needs” [91]. In this 

broad definition sustainability has various dimensions, the most prominent of which are environmental 

sustainability, social sustainability and economic sustainability. The sustainability of an energy system 

depends on its specific design and actual implementation. This also means the same design might have 

very different effects on sustainable development when implemented in different locations under different 

circumstances. When assessing the overall sustainability of such a system it is therefore important to look 

at the interplay between the technology and the society for which it is installed. All before mentioned 

dimensions have to be taken into account. In order to systematically analyse the energy system designed 

for the CEA greenhouse in Morocco, the United Nations’ framework shall be used as a guideline. Figure 

38 visualises the main dimensions and adds themes for each dimension. The social dimension needs to 

include themes ranging from equity to health to education, housing, security and population. The 

environmental dimension includes the themes atmosphere, land, water and biodiversity. The economic 

dimension consists of the general economic structure and consumption-production patterns. The 

institutional dimension is out of the scope of this report and shall be neglected. 

 

Figure 38 Framework of sustainable development indicators [92]. 
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The proper assessment of sustainable development requires the evaluation of certain indicators. In the 

best case, these indicators are quantifiable which makes objective comparisons across regions and projects 

possible. However, in some cases only soft indicators can be used to support the analysis. The precise 

definition and selection of indicators depends on the type of project and the place where it is realised; the 

most important decision criterions being relevance for the assessment of the specific project and 

availability of data for quantification. Figure 39 shows a matrix to support the selection of indicators. The 

best indicators are the ones which are most relevant and supported by available data. If indicators are 

relevant, but data availability is uncertain, efforts should be undertaken to collect the missing data. 

Indicators which are not relevant or based on data which is definitely not available can be removed from 

the sustainability assessment. 

 

Figure 39 Selection of specific indicators for sustainability assessment [93] 

 

Different types of projects require different types of sustainability indicators: Projects dealing with the 

establishment of democratic institutions will be evaluated based on other indicators than projects which 

aim to provide micro-finance. The same holds true for energy related projects. Vera and Langlois [94] 

developed a collection of specific indicators within each theme from the United Nations Department of 

Economic and Social Affairs (UN DESA) framework customized for energy related projects. The most 

applicable indicators for the underlying energy project have been selected according to the decision matrix 

presented above. Some indicators have been chosen even though there is no sufficient data available. The 

reason is that these indicators were considered important for sustainability in relation to energy projects 

and their qualitative evaluation is therefore of academic interest. The final selection is summarized in 

Table 18. 
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Dimension Theme Indicator 

Environment 

Atmosphere GHG emissions 

Land 

Soil quality 

Deforestation rate 

Waste generation and disposal 

Water Potable water availability 

Social Health Safety (number of accidents) 

Economic 

Consumption and 
production patterns 

Energy use per capita 

Supply efficiency (losses during 
transmission) 

Productivity (energy use per unit GDP) 

End use (use in diff. sectors) 

Diversification (shares in fuel mix) 

Security 
Dependency (imports and strategic 

fuel stocks) 

Table 18 Selected indicators for sustainability assessment 

Although the sustainability assessment aims at providing a picture as complete as possible there remain 

certain limitations. First and foremost, the availability of data limits the choice of indicators as explained 

before. Further research in the field would have to be done in order to find the respective numbers. 

However, this is out of the scope of this report.  

In the following sections the three main dimensions of sustainability will be assessed with the help of the 

above described indicators. The reference scenario to which the new solution in the stand alone 

configuration is to be compared is the electrification with power from the grid. 

6.4.1 Environmental sustainable assessment 

The first dimension is environmental sustainability. All human activity applies some degree of pressure on 

the environment. Although this is inevitable, one should always try to minimize negative impacts on the 

environment in order to ensure the long-term survival of the local population. This dimension includes 

global aspects such as atmosphere. Even though the effects on the atmosphere might not be immediately 

visible at the location where the system is in place, the atmospheric well-being is crucial for all life on 

earth. Emissions contribute to climate change which in turn alters rain fall patterns and intensifies 

droughts. Both of which can have devastating effects on the agriculture. The best suited indicator to 

evaluate the impact on the atmosphere is CO2-emission. In the coming years of Morocco, the 
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consumption at industrial as well as residential level is likely to go up in accordance with economic 

development. Therefore, it is wise to invest in less emitting technologies for electricity generation. When 

looking at the current means of generation (energy from the grid with an emission factor of 695.5 

gCO2/kWh  [44]) it is obvious that the new proposed system based on PV and biogas with an emission 

factor of 11 gCO2e/kWh [38] would reduce the local pollution. 

The themes water and land are closely related as both bodies merge into one another in nature. Water 

today is already readily coming from the underground and treated thorough an ultrafiltration system that 

could be powered with the excess of electricity generated with the new system. The source of water is 

shown in Figure 40. 

 

Figure 40 Water source of the selected location 

Closely related to clean water issues is the quality of soil. Both are affected by waste management. 

Depending on waste treatment there could be a risk of soil and fresh water contamination with pollutants. 

Another activity negatively influencing soil quality is the excessive disposal of manure on the fields. When 

penetrating into the soil, manure can poison the aquifers in the ground and degrade potable water quality 

to a level where it becomes unpotable. The bio gas digester offers an alternative disposal which could 

protect the soil. Again, the real impact depends on the amount of manure brought out on the fields.  

The deforestation rate is another indicator which cannot be quantified in this project work. The farm is 

located at a major road which makes it easy to deliver all the components for the new system. No new 

routes have to be built through the forest.  

While the environmental impact of the system under operation is certainly of utmost importance, it is 

equally important to consider the impact over the full lifetime of the implemented technology. It could in 

fact be possible, that for example PV panels and batteries have almost zero impact during their operation 

while having huge negative impact during their production and upon their decommissioning. The most 

important considerations for PV life cycle emission analysis are the technology, the location of the 

installed panels (as the impact per produced unit of electricity is relevant) and the end-of-life management 

[95][96]. The environmental impact of batteries is mainly determined during production and disposal/ 

recycling as hazardous chemicals need to be handled with care [97]. A complete assessment of the life 

cycle environmental impact of PV and battery systems is clearly out of scope of this report. Nevertheless, 

these are important considerations which cannot be omitted in an environmental sustainability analysis. 
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6.4.2 Social Sustainability Assessment 

All energy systems implemented in the real world are always situated within a society which uses them to 

their advantage. They do not act in a vacuum, but interact with the society around them. This includes the 

very local village society as a well as the national society. 

As explained in the location description in section 5.1.1 it is not so easy to convince a farmer in the centre 

and the north of Morocco to perform an academic project together. This project could change the 

perception of other farmer about the benefits of scientific research and help other collaborative projects 

to be held. 

Additionally, when the prototype greenhouse is built, as intended, UIT would be able to get hands-on 

experience with operating such systems. Furthermore, the prototype greenhouse would be an invaluable 

tool for students and scientists to learn and experiment in the field of Controlled Environment 

Agriculture and renewable energy among other topics. 

 

6.4.3 Economic Sustainability Assessment 

First of all, the project could lead to the creation of new jobs during and after the implementation. The 

system needs to be operated, and in particular the operation of the digester, the biogas engine and the 

logistics related with the substrate collection and digester feeding and daily control needs labour.  

As presented in the results and sensitivity analysis for the grid connected system, the introduction of the 

law called 13-09, that brings the opportunity for anyone to generate electricity from renewable sources and 

supply it to the local market, is essential. This law would allow local farmers and residents to generate 

electricity under the high current price of 0.15 €/kWh and even make profit by selling the excess of it to 

the grid. 

When looking at transmission and distribution losses it can reasonably be assumed that an energy system 

integrated in the same farm or small micro-grid is able to minimize transmission and distribution losses 

due to short lines.   

As seen in this report, around 91 % of the energy supply in Morocco is imported, being a very energy 

dependent country. Switching to higher share of renewable energies and producing bio fuels locally 

minimizes the risk of supply shortage and makes the farm independent from price fluctuations. 

Finally, when talking about the long run it can already be foreseen that at one point in time the constant 

development of Morocco’s economy will lead to the growth of the service sector, a shrink of the 

agricultural sector and a trend towards digitalization as it is already happening in most countries in the 

world. A secure and reliable electricity supply will help the farm to take advantage of these developments 

from the very beginning and offer great potential for economic development and increase in the farm’s 

welfare. 
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7 Conclusions and future work 

 

Within the scope of a German-Moroccan cooperation project aimed at the development of sustainable, 

resource-efficient food cultivation, this thesis focused on the design and analysis of a hybrid renewable 

energy system to power a CEA greenhouse. 

Aligned with the overall thesis goal, a complete assessment of the energy resources for the selected 

location has been performed. Based on this location, a literature review of existing HRES for similar 

applications has been completed, along with a technology assessment (also including a literature review).  

Following industry-standard methodology, with the output from the initial review, a Techno-Economic 

analysis and sizing of a stand-alone energy system configuration has been performed and a sustainability 

analysis focused on the economic, social and environmental dimensions has been carried out.  

The stand-alone system configuration, based on a load profile taken from the EDEN ISS project, foresees 

the use of 51.7 kW of PV installed. To account for the stochastic nature of solar power, 8 strings of 4 

Lead Acid batteries and a 13kW biogas generator are implemented to act as a system backup and limit the 

amount of power shortage; which has been taken as a maximum of 3 % for the system design. A 

sensitivity analysis of the maximum power outage has been also performed to analyse the impact of this 

parameter in the system sizing and LCOE. As a comparison case, a similar configuration has been 

assessed in which the HRES could be connected to the local grid in order to dump excess electricity, at 

various assumed sell prices.  In this situation, the system represents a decentralized generation system 

covering the demand and at the same time taking advantage of the excess of electricity to feed other loads 

and benefit from it decreasing dramatically the LCOE and finding an optimal solution for the, otherwise, 

problematic excess of electricity. 

Regarding the results, the LCOE obtained for the stand-alone system is 0.203 €/ kWh, which is not 

competitive compared to the current rate of the grid price of 0.15 €/ kWh without taking into account the 

external costs of using energy from the grid with a high emission factor (695.5 gCO2/kWh). However, the 

reduction in emissions is undeniable, since the only emitting source in the stand alone system is the biogas 

generator with an emission factor of 11 g CO2/kWh and it only produces one quarter of the total kWh 

production. On the other hand, for the grid connected system, where it was assumed that power could not 

be purchased from the grid but the excess of electricity could be sold at an assumed price of 0.05 €/ kWh, 

the LCOE obtained is 0.126 €/ kWh. This LCOE is competitive by itself to the current grid rate of 0.15 

€/ kWh, even without taking into account the external cost of using the grid power. Furthermore, the 

emissions from this system are even lower than the stand alone one, since the biogas engine only provides 

around 17 % of the total electricity generated. This reveals how important the introduction of the law 

called 13-09 in Morocco is, since it provides the opportunity for anyone to generate electricity from 

renewable sources and supply it to the local market. Since Morocco has favourable conditions for the 

installation of decentralised hybrid energy systems with renewable energy sources, the introduction of this 

law is essential for the development and evolution of those.  

From the work performed inside the project, the following insights and considerations have been 

extracted and are recommended to be taken into account for the successful continuation of it. 

During the pre-feasibility analysis of the system, the most important factor, and also a problematic one, 

has been to obtain reliable climatic data. The need for site to site data is a handicap for this kind of 

systems, since is difficult to obtain it for remote locations; particularly the wind related data. The data 

from the geographical information system revealed that the wind resource was poor in the selected 

location. However, during the visit to the field trip to the place, it was discovered that this information 

was far from reality and that a local wind assessment is needed instead. This also revealed the importance 

of visiting the place and communicate with the stakeholders of the location of the project, since most of 

the times the available information of a place with those characteristics is limited or far from reality. In 
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fact, important insight for this problem has come from the field trip to the location, such as the available 

biomass resource or the economic activities performed around.  

Another source of uncertainty regarding the techno-economic analysis is the price of the components. 

The prices of each technology have a significant impact on the design and the techno-economic analysis. 

To find precise information about the costs of each technology in a location is not easy and can differ 

completely from one place to another. Making market surveys and a literature review can help to reduce 

the uncertainty, but still is something that has to be taken into account.  

Another important insight is that a good prediction of the load can bring large benefits to the system. If 

the load is predicted correctly, it would help the system design to be more reliable and to adapt the system 

backup exactly for the needs of the system. Otherwise unexpected peaks in the load can arise causing 

shortage or fails in the system. 

Also a brief sustainability analysis of the thesis project has been included in the report. The main insights 

from it are that the project can help reduce the emissions, diversify the energy production and provide 

more independence to the energy system. Furthermore, this project could change the perception of other 

farmers in the centre and North of Morocco about the benefits of scientific research and help to establish 

other collaborative projects. Additionally, the prototype greenhouse would be an invaluable tool for 

students and scientists to learn and experiment in the field of Controlled Environment Agriculture and 

renewable energy, among other topics. 

Finally, this work will be the basis for the work of a PhD student Ghada Chibani from the Desertec 

University Network (DUN). Ghada will continue the work in the same topic supported by the insights of 

this report to assure a successful accomplishment of the project objectives. 
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