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ABSTRACT 

OF THE THESIS OF 

 

Haidar Hani Ezzeddine  for  Master of Science 

                  Major: Energy Studies 

 

Title: Techno-Economic Assessment of Green Ammonia and Green Hydrogen 

Production Potential in Lebanon 

 

The continuous rise in Lebanon's reliance on imports has affected various sectors 

including the energy and agriculture sectors. One way to lift some of the pressure off of 

both these sectors is to tap into the green ammonia and green hydrogen production 

technologies. Ammonia is the most important component for fertilizer production. 

Hydrogen and ammonia carry the potential of becoming a flexible base power load that 

would eliminate the fluctuations of renewable energy resources.  

The traditional production of fertilizers contributes significantly to the global emissions 

of greenhouse gases (GHG), carbon dioxide (CO2), and nitrous oxide (N2O). 

This thesis assesses the feasibility and the potential of producing ammonia and hydrogen 

locally, through a green and emission free procedure, using renewable energy 

technologies. A green ammonia and hydrogen production project targeting Lebanon is 

designed thoroughly. This takes into consideration various design alternatives. First, the 

location of the site is varied to account for four sites spread around Lebanon. Second, the 

adopted renewable energy source varies between solar, wind, or hybrid of both with the 

option of storage system if needed. Third, the type of electrolyzer is changed between 

AWE, PEM, and SOEC. Fourth, storage and transportation methods for both hydrogen 

and ammonia are discussed. As for the energy generation method, both ICE and fuel cells 

are taken into consideration, through hydrogen or ammonia. 

The thesis assesses and compares the different design alternatives from an economical, 

and environmental perspective in order to determine the feasibility of such project in 

Lebanon. Finally, a risk assessment for the project in the Lebanese scenario is performed 

to determine the possibility of receiving such investment. 

The thesis concluded that four alternative locations are economic when implementing 

ICE generation technique, at 0.4 $/kWh. Their accumulated NPV ranges between 2.07B$ 

and 2.57B$ with an initial investment ranging between 0.81B$ and 1.2 B$. This wasnôt 

the case for fuel cell generation option where the the accumulated NPV stayed negative 

for all scenarios. The payback period of the project reached its minimum at 2.59 years, 

whereas the lowest possible breakeven tariff reached 0.158 $/kWh. The thesis also 

concluded that the introduction of fuel cells over the life time of the project could be 

considered in some cases for higher electricity tariffs. 

It also concluded that a potential carbon credit scenario would significantly boosts the 

project from a financial perspective, but isnôt reliable to base an economical decision on.  
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CHAPTER I 

 

INTRODUCTION 

 

 

A. Motivation  

The Lebanese economic crisis manifested itself back in 2019, when depositors 

were struggling to withdraw large dollar amounts from their banks. Such incident was 

unprecedented for the Lebanese banking sector; it has never occurred before, not even 

during the civil war. Not only that, the country used to pride itself for its solid banking 

sector that attracted foreign investment due to the high interest rates. After that, the 

economic crises unfolded and manifested itself in various sectors. The purchasing value 

of the LBP decreased by more than 6,000% in a period of 4 years. The government is 

deploying capital control policies to survive the economic crises. This collapse can be 

directly traced back to many key pillars and causes. Most strategies adopted, are 

classified as short term fixes with limited revenues generated which proved to be 

ineffective and depleting to the economy [1]. Alternatively, Lebanon should have been 

focusing on sustainable progressive solutions that would increase its self-dependency 

and generate long term revenues. Around the 1990ôs, Lebanon reached an accumulated 

a debt of more than 150% of its national output, the debt was used to rebuild the country 

after the civil war [1]. The debt continued to increase exponentially turning into a huge 

burden on the countryôs economy. Lebanon found itself helpless facing a rising debt due 

to its high reliance on imports and low rate of exports, a bleeding government owned 

public sectors, and most importantly corrupt decision makers and shareholders. All 
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these aforementioned problems were also amplified and induced by the COVID-19 

pandemic. 

Lebanonôs reliance on imports continues to increase yearly whereas its most 

valuable and fluid exports remains human capital. The countryôs imports reached $13.6 

billion in 2021, having increased by more than 20% in one year. Whereas its exports are 

only at $3.9 billion [2]. Imports includes fuels, pharmaceutical products, equipment, 

machines. Although, many chances presented and continues to present itself for 

Lebanon to increase its reliance on internal resources and lift some of its economic 

burden, the country turned down nearly all of them. Most of the progressive and 

sustainable projects keep on being rejected, aborted, or delayed for various political and 

regional reasons. In addition to that, EDL have been bleeding for years; the solution 

adopted by the government was to continuously waste its yearly budget to uphold it, 

instead of developing a strategy that would stop the bleeding. In May 2020, Lebanonôs 

energy minister estimated that the electricity sector is generating $1.6 billion yearly 

losses in public funds [3]. This could be avoided by generating a new updated billing 

scheme for the electricity in Lebanon, and by encouraging investments projects that 

make use of Lebanonôs resources to generate electricity instead of relying solely on 

imported fuels.  

According to [4], green ammonia and green hydrogen production projects are 

viable investments from an economic point of view on utility scale. On one hand, 

ammonia provides key ingredient for fertilizers production to enhance the local food 

security, modernize the agriculture field, and generate a solid revenue stream. On the 

other hand, green ammonia and green hydrogen could be both used to secure consistent 

reliable base power that would buffer the seasonal fluctuations of renewable energy. 
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Hydrogen (H2) and ammonia (NH3) are two chemical compounds that have the 

potential to significantly contribute to an emission-free, sustainable future. Hydrogen is 

considered a clean fuel that could be used in various applications which includes energy 

generation and transportation. The combustion of hydrogen emits only water with no 

trace of carbon dioxide (CO2). Ammonia is also an important chemical compound 

mainly used in fertilizers and industrial applications. It has also various applications as a 

clean energy carrier and green fuel. However, the traditional production method of 

hydrogen and ammonia is responsible for significant CO2 emissions. According to [5], 

9.3 kg of CO2 is emitted for every kg of hydrogen produced through SMR method 

(responsible for nearly 95% of hydrogen produced globally). For this reason, there is a 

growing interest in developing ñGreenò hydrogen and ammonia, which would be done 

through renewable energy powered water electrolysis followed by HB process for 

ammonia. Following that, green ammonia could be used to produce fertilizers, and both 

products could help generate base power load securing a consistent supply for a 

bleeding energy sector. 

 

B. Literature Review 

In recent years, various researches and publications tackled the potential of 

green ammonia and green hydrogen projects as a progressive investment for developed 

and developing countries. This review covers the latest studies in this domain, showing 

that their production through water electrolysis and HB process carries valuable 

economic benefits for the agriculture and energy sector. 

In [6], Zhang et al. investigated two relatively new processes of producing green 

ammonia and compared them to the conventional methane to ammonia process. The 
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newly introduced processes in this paper are power to ammonia, and biomass to 

ammonia. Zhang et al. adopted three key pillars for their comparison which are, 

efficiency of the system, production cost, and heat integration level of the system. 

Firstly, the associated processes are introduced, discussed, and modeled for the different 

production methods. This part includes a detailed schematic of the three different 

processes with a thorough overview over each model, and the associated component 

modeling for each phase. Secondly, the optimization model is defined and introduced 

with detailed breakdown of the adopted method. The method of choice for the 

optimization choice is a multi-objective techno-economic study through OSMOE 

platform (developed by the Group of Industrial Process and Energy Systems 

Engineering at École Polytechnique Fédérale de Lausanne). Zhang et al. adopted two 

objective functions for their optimization model, which were the systemôs energy 

efficiency, and the LCOE of ammonia. The production was optimized with a yearly 

fixed production rate of 50,000 tons of ammonia. To sum up, Zhang et al. concluded 

that with the optimal integration of steam cycles, power to ammonia process would 

achieve the highest efficiency of 74%, followed by methane to ammonia at 61% and 

biomass to ammonia with 44%. Whereas from an economic perspective, the biomass to 

ammonia costs 450 $/ton with a 6 yearsô payback period, the methane to ammonia costs 

400$/ton, and the power to ammonia was considered uneconomical at the moment due 

to the electricity market prices. It is noted that a trade-off should occur between the 

production cost, and the efficiency of the system, since a higher efficiency could be 

reached for a higher production cost [6]. 

In [7], Ye et al. prepared an overview of the different green ammonia production 

technologies. The authors classified ammonia and methane as the ideal energy storage 
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for the large capacities and long durations (reaching 1 TWh for more than 1 year). Ye et 

al. considered that green ammonia production is a key pillar for the net-zero CO2 

emissions goal and pointed out few of its advantages. Firstly, power to ammonia, and 

biomass to ammonia processes are performing relatively well in mild conditions. 

Secondly, the exponential decrease in price of renewable energy sources is granting 

green ammonia a competitive advantage over the conventional production process. 

Thirdly, ammonia is presenting a new clean and sustainable way to store high density 

energy when compared to hydrogen, or batteries. Finally, they considered that ammonia 

has well-established chain for transportation and storage purposes which simplifies its 

introduction into the energy mix. 

In [8], Chehade and Dincer tackled the opportunities, challenges and potential of 

green ammonia as clean and sustainable fuel of the future. The paper discusses recent 

solutions and advancements used to overcome challenges in the production, storage and 

usage of green ammonia. Chehade and Dincer presented green ammonia to be the key to 

decarbonizing the energy sector due to its high density when compared to green 

hydrogen. Many key aspects of the ammonia were discussed through the paper, which 

includes its importance in the agriculture field, the associated GHG emissions from its 

production, its chemical reactivity, and finally the storage and transportation of 

ammonia. It is noted that ammonia benefits from a slim range of flammability, which 

makes it difficult to ignite in open space and rarely regarded as a fire hazard when 

installed in an outdoor area. Chehade and Dincer presented a detailed breakdown of the 

production of ammonia for both conventional and green process. The authors also 

discussed the various applications of ammonia as green fuel, which was divided into 

ICE, gas turbines, chemical rockets, and finally gas furnaces. In addition to that, they 
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have introduced the possibility of using ammonia as a carrier for hydrogen, which 

would be done through ñAmmonia Crackingò to separate ammonia from hydrogen. 

Finally, Chehade and Dincer performed some techno-economic evaluations on green 

ammonia production. They considered five main issues for their evaluations. Which 

where the capital expenditure, cost of renewable energy, cost of ammonia transport, 

restriction in CO2 emissions and finally taxes on CO2 emissions. 

In [9], Guerra et al. developed an analysis of a green ammonia production plant 

in Chile; the ammonia would then be transported to Japan. The analysis covered the 

technical and economic pillars of the project. The authors first started by breaking down 

the process, and introducing the main associated steps. This includes the electrolysis, 

HB reaction, storage, and transportation. After that, the economic sensitivity analysis 

was performed and simulated. The associated NPV, IRR, and payback period were 

simulated for a 25 yearsô lifetime, with an 8% internal rate of return. The sensitivity 

analyses adopted two methods; the first one was to vary the main parameters at specific 

point in time, whereas the second one called ñOracle Crystal Ball Toolò was utilized to 

aggregate the effect of the variables modified in the first method. After the associated 

analyses were carried out, an optimization process for the variables was followed taking 

into consideration various restrictions and considerations. The optimization process 

resulted in an NPV of $77.4M, IRR of 17%, and 7.62 years for payback. The study also 

deduced from its sensitivity analysis that the size of HB process plant, and electricity 

prices are the main factors that impact the NPV. 

In [10], Pawar et al. assessed the potential of green ammonia in India from a 

technical and economic perspective. The project considers solar PV, onshore wind, and 

batteries for its energy generation. Pawar et al. performed a LEA to apply the renewable 
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energy sources placement method which determined the optimum site for renewable 

energy installation. LEA is used to assess the geological availability of areas for 

installments of renewable energy sources. After that, the analysis was divided into two 

scenarios under two supply chains which are the export oriented supply chain, and 

domestic market-oriented. The analysis took into consideration variable constraints that 

were classified into physical, socio-political, economic, and conservation. Pawar et al. 

revealed that India is capable of comfortably cover the global demand for ammonia 

through renewable energy resources. The paper concluded that the green ammonia 

produced through PV systems could become more competitive if coupled with an 

onshore wind and batteries. They also consider that in order for the green method to 

compete with the conventional process, an international carbon tax of around 224-335 

ú/ton of CO2 emitted should be enforced on ammonia production. 

In [11] Lee et al. simulated multiple economic analyses to select the most 

suitable electrolyzer type for green ammonia production. The analysis covered AWE, 

PEM, and SOEC electrolyzers. The economic analyses used various methods including 

cost estimation taking into consideration an improving experience rate, scenario 

analysis, uncertainty analysis through Monte-Carlo method. Lee concluded that the 

optimum choice of electrolyzer varies with the electricity price. On one hand, the LCOE 

of ammonia was the lowest for AWE at the lowest electricity price. On the other hand, 

SOEC would be the most economic for the highest electricity price. 

In [12] Fasihi et al. investigated the global potential application of semi-flexible 

ammonia plants as part of the green ammonia production process. A semi flexible plant 

stands for a synthesis unit for ammonia with less flexibility than the conventional one. 

Fasihi et al. implemented an optimized configuration for hybrid PV and wind power 
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plants to minimize the LCOE. The study also prepared a global atlas map of LCOE 

from ammonia in 2020, 2030, 2040, and 2050. Fasihi et al. concluded that the LCOE of 

ammonia could drop from 440-630 ú/t in 2020 to 300-330 ú/t in 2050 in the best 

production sites globally. They predicted that green ammonia would become cost 

competitive to conventional ammonia by 2030. The authors also added that the 

expected decline in the cost of natural gas could negatively affect the green ammonia 

market. They added that the impact could be neutralized with a 75ú/t of CO2 emitted by 

2040. Finally, Fasihi et al. added that the top nine major global regions for green 

ammonia production differ by less than 50 ú/t of ammonia. Which is why it is expected 

that by 2040, the ammonia trading market would be well developed and limited to 

intercontinental trading. 

In [4] Smith and Murciano discussed the potential of green ammonia project in 

Sierra Leone (Sub-Saharan Africa) through hydropower energy. The authors argued that 

green ammonia projects are economically viable for developing countries, as it satisfies 

the local demand for fertilizers from one hand, boosts the agriculture sector, produces 

significant baseload power, and buffers the high fluctuations of renewable energy. The 

fertilizer market is expected to achieve an NPV of 230 M$ in 30 years, which means a 

165% ROI, and yearly savings of $50 millio . It also states that the use of green 

ammonia buffers the seasonal fluctuations of hydro energy from 900 MW to 50 MW, 

and generates a 370 MW of stable base power. 

In [13] Wang, Walsh, and Dargaville conducted an economic evaluation on the 

potential of green ammonia projects. The authors developed a spatial-temporal 

economic potential study about this context for Australia. To do so, an MIP model 

under the name ñMUREIL-Ammoniaò was developed. MIP was used to simulate the 
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effect of the temporal operational flexibility of electrolyzer on the HB process. The 

results of wind energy, solar PV, and hybrid of wind-solar were all compared while 

varying the flexibility of HB process. Wang, Walsh and Dargaville concluded that all 

the aforementioned energy sources could produce green ammonia that would compete 

with conventionally produced ammonia when the plants flexibility are optimized. They 

also classified green ammonia as a cost-competitive investment if the plant design 

accommodated for the volatility and variability of the renewable sources. 

In [14] Nayak-Luke, Banares-Alcantara and Wilkinson studied the effect of 

various parameters on the LCOE of ammonia. They presented a method of optimization 

for the size of the ammonia production plant, along with the renewable energy supply. 

The optimization model was simulated in MATLAB based on HB synthesis process and 

a hydrogen buffer. The model is supplied with the associated renewable energy profile, 

in order to generate the optimal renewable energy mix and size of green ammonia plant 

that would minimize the production cost. The authors concluded that the price of 

electricity has the most impact on the LCOE of ammonia. Which means a £0.89/MWh 

variation in LCOE of electricity results in a variation of £10/ton of ammonia produced. 

The study estimated that the optimized plant design should have a 90/10 wind to solar 

mix, and that it would achieve an LCOE of £588/ton of ammonia. 

In [15] Lee et al. presented a techno-economic study for large scale green 

ammonia production plants through solar energy, using AWE, PEM, and SOEC. The 

production costs of green ammonia were projected until 2050 while accounting for a 

positive learning curve in the field. A life cycle assessment was also carried to compare 

the CO2 emissions of the conventional process to the green process across the three 

different electrolyzers types. Lee et al. simulated the best-case, base-case, and worse-
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case scenarios. The paperôs finding indicated that green ammonia production presents 

itself as a clean competitive alternative for the conventional method, and that it would 

have a significantly better advantage in case of international carbon tax policy. In 

addition to that, they predicted that the SOEC type of electrolyzer is the ideal choice for 

large scale applications. 

In [16], Nosherwani and Neto, studied the technical and economic feasibility of 

producing green ammonia in Germany through onshore wind technologies. They 

compared the conventionally used technologies to produce ammonia in Germany with 

green ammonia production processes through AWE and PEM electrolyzers. 

Nosherwani and Neto modeled the air separation unit, the SMR process, and the HB 

process through DWSIM software which is a chemical process simulator used for 

steady-state cases. They concluded that the current method has a cost of $798/ton of 

ammonia in Germany, whereas the green ammonia through AWE would cost 917$/ton, 

and 1323 $/ton for PEM electrolyzers. Both of which are significantly higher due to a 

higher relative cost of electrolyzer modules, and higher capital costs of onshore wind. 

However, Nosherwani and Neto project a drop in the cost of ammonia to 819$/ton for 

AWE, and 635$/ton for PEM by 2030. The drop is due to the expected reduction in 

capital costs of electricity capacity, and the energy consumption of electrolyzers. 

In [17], Matute et al. presented a techno-economic assessment of green 

hydrogen project supplied through solar PV PPAs. The paper defines the techno-

economic model for the hydrogen production plant when coupled with PPAs. The paper 

considers necessary scenarios to validate the model which includes different funding 

structures, and available project stakeholders. Matute et al. introduced a sensitivity 

analysis of the different public funding rates, and PPA prices on the LCOE of hydrogen. 
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In addition to that, the CO2 emissions saved for the different PPA scenarios were 

presented. The results prove that the introduction of PPA increases the return of the 

project and boost the value of investment in hydrogen significantly. 

In [18], Panchenko et al. prepared a review covering different green hydrogen 

production prospects in various world leading countries in this field. The paper covered 

various planned and existing production plants of green hydrogen in different countries. 

It also assessed the development of the industry, and its impact on the global energy 

transition. The countries in discussion include Australia, European countries, India, 

Canada, USA, etc. Panchenko et al. predicted a widespread of hydrogen projects over 

the upcoming few years, as it is considered as the most promising green fuel. They 

expect that with the reduction of technology costs of the hydrogen plants, such projects 

are a viable investment for developing and developed countries that are rich in 

renewable energy sources. They also pointed out some disadvantages and difficulties 

that green hydrogen suffers from, such as limitations in the materials properties, 

transportation issues, and hydrogen explosiveness. Nonetheless, the alternative energy 

carriers also suffer from the same limitations. 

In [19], Kim et al. conducted a comparative economic analysis of a green 

hydrogen production plant powered by offshore wind farm. The project considered 

AWE, PEM, and SOEC electrolyzers as design alternatives, along with other variables 

such as sea depth, number of turbines, cable voltage, and so on. The paper optimized 

these variables making use of mixed-integer programming tool through python. The 

optimization study was conducted for four scenariors with different regions, lengths and 

electrolyzers. Kim et al. concluded that three out of the four cases are economically 

feasible. The cases differ mainly by cable installations strategies for the offshore farm. 
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The paper concluded the hydrogen production increases with the increase of offshore 

length, and with the decrease of wind speed. The range of LCOE fluctuates between 

1.64 $ to 4.46$ per kg of hydrogen depending on the case considered. 

In [20], Chu et al. evaluated and reviewed the hydrogen policy announced for 

South Korea. They analyzed it with respect to the renewable energy sources available in 

the country and to the goal of green hydrogen production set by the country. The paper 

compared between the announced hydrogen policy and the similar policies adopted by 

developed countries like Japan, USA, and in Europe. After that, Chu et al. suggested 

new updated policy for hydrogen in Korea which includes strategic decisions such as 

corporations with foreign countries, technological support for transportation, 

considering ammonia cracking, and other policies. 

In [21], Gondal et al. assessed the potential of producing green hydrogen 

through various renewable energy sources in Pakistan. Sources include solar, wind, 

geothermal, and biomass. The paper presented a breakdown for the renewable energy 

sources used in Pakistan, and suggested a strategy for hydrogen integration into that 

model. Gondal et al. made use of the hydrogen energy road map of various countries 

such as USA, Malaysia, Europe, in order to generate a road map for Pakistan. The study 

focused on the choice of renewable energy, and concluded that the use of Biomass is 

most suitable for Pakistan, followed by solar PV.  

In [22], Madi et al. presented a techno-economic assessment of possible 

renewable energy systems for Eigeroya Island in Norway. The paper aimed to create a 

self-reliable and sustainable energy system that could serve as a model for other similar 

islands. In addition to using the renewable energy for electricity generation, the project 

is set to use the excess energy to produce green hydrogen. The project assessed the 
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renewable energy sources available at the island, which includes Solar, Wind and 

Biomass. After that, a financial model was generated taking into consideration various 

economic and technical variables. The paper considered four different scenarios and 

compared them to the current situation, which are solar, wind, a combination of both, 

and biomass. The paper concluded that the most interesting and attractive scenarios for 

the islands are the ones that includes combination of technologies. As these options 

grants the highest synergy of energy profiles. The paper also considers biomass as a key 

source for the decarbonization of the industrial sector. 

In [23], Al -Ghussain et al., discussed the potential of using the leftover energy 

from a system relying solely on clean and renewable energy. The paper relied on the 

unpredictable nature of renewable energy that forces capacity oversizing. The idea was 

presented and discussed for the Jordanian case using various renewable energy sources. 

The paper included a techno-economic analysis for the different available renewable 

energy sources. Al-Ghussain et al. concluded that PV systems have the highest 

demand/supply ratio, whereas the wind farm is the most favorable from an economic 

perspective. It also concluded that a hybrid system shows moderate results when 

compared to the other two. The payback period of the systems fluctuates between 1.78 

and 4 years. 

In [24] Ma et al. highlighted the rising interest in catalyst applications for 

hydrogen production. The paper focused the latest progress on molybdenum carbide 

catalyst. They reviewed its preparation process, along with its direct application in the 

hydrogen production process. The paper concluded that solid-solid state reaction 

method is the best way to prepare molybdenum carbide, making use of high surface 
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area, and small particle size.  Ma et al. stated that many alternative catalyzers are being 

studied, and optimized with different catalytic activity, and preparation procedure.  

In [25], Pena-Alonso et al. introduced hydrid salts focusing on NaBH4, as a 

practical reservoir for PEM fuel cells. The paper focused on hydrogen generation 

efficiency, reliability, and control. Pena-Alonso et al indicated that these issues remain 

widely open due to an incomplete basic understanding of hydrogen generation from 

NaBH4. The paper concluded that the use of NaBH4 as a catalyst in fuel cell is 

promising, however for commercial production of hydrogen through this technic, 

further studies should be carried out first. 

 

C. Objective of Work 

This thesis aims to assess the potential of a green ammonia and green hydrogen 

production project in Lebanon. The project aims to supply the Lebanese demand for 

fertilizers, boost the agriculture sector, and introduce green stable baseload that 

neutralizes the seasonal fluctuations of renewable energy. This could be summarized in 

the following goals: 

¶ Introduce the ammonia and hydrogen from various key aspects which includes 

their production processes (conventional & green), various applications and 

uses, and finally chemical & physical properties. 

¶ Estimate and forecast the Lebanese demand for fertilizers and electricity, to 

conclude the overall rated size of the project. To evaluate various design 

alternatives applications for the Lebanese context which includes technologies 

for the renewable energy sources, type of electrolyzers, location of the project, 

storage and transportation options, etc. 
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¶ Simulate and model different potential design alternatives using appropriate 

associated software (PVsyst, SAM, excel, etc.) and estimate the associate 

produced ammonia and hydrogen generated for every case.  

¶ Evaluate and compare the financial, economic, and environmental status of the 

alternative suggested project parameters. Provide a risk assessment for such 

project followed by a de-risking policy for the Lebanese sector. Finally, 

recommend the best design alternatives that could potentially be applied for 

Lebanon. 

  



 

 27 

CHAPTER II 

 

METHODOLOGY 

 
 

 

A. Green Ammonia and Green Hydrogen Production Advancements 

An extensive systematic review of green ammonia and green hydrogen. This 

includes their chemical properties, the associated production process (traditional and 

green), and their applications. In addition to that, their associated worldwide 

applications have also been covered. This includes the potential uses of produced 

ammonia and hydrogen in both the agriculture field as main component for fertilizers 

and in the energy field as a stabilizer for the renewable energyôs seasonal fluctuations.  

 

B. Design Alternatives Identification 

The different available design alternatives were identified and assessed for the 

development of green ammonia and green hydrogen production plant in Lebanon. This 

includes plant location, renewable energy source, electrolyzer type, plant size, and other 

variables. The thesis considers various renewable energy sources for the project, which 

are PV panels coupled with batteries, PV panels and wind turbines hybrid system, and 

finally standalone wind turbines. The thesis considers various locations and sites for the 

production plant, varying between coastal and non-coastal, and between northern and 

southern areas. The locations selected depend on the associated solar and wind profiles 

in these locations, along with the topography of the lands. This part takes into account 

the proximity to the grid and to the main industrial areas; since from one hand, the 

project supplies electricity to the grid, and from the other hand the green ammonia is 

transported to be processed into fertilizers. 
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In addition to that, the thesis considers the possibility of making use of green 

hydrogen or green ammonia for the energy sector. Hydrogen on one hand, has various 

advantages over green ammonia due to the absence of nitrogen which would eliminate 

NOx emissions. It could also be directly used in fuel cells to generate electricity instead 

of cracking ammonia back to hydrogen. It also has better chemical properties which 

allows for a smooth usage in ICE. On the other hand, green ammonia benefits from 

better and more feasible storing and transportation properties. It could be stored as a 

liquid at more feasible temperatures when compared to hydrogen. It could also be 

transported in denser compounds which would save on expenditure cost.  

 Various economic, and logistical restrictions are introduced for each and every 

case, such as transportation distances, security risks, and other complications. These 

drawbacks are accounted for through added estimated expenses on the overall cost, 

additional accommodations, and other associated factors. 

 

 

C. System Performance Modeling 

The model is built and simulated through various software. PVsyst is used for 

the solar PV simulations. PVsyst is an internationally adopted software package used to 

simulate, study, size, and data analyze PV systems. It could simulate stand-alone, grid-

connected, water pumping, and other types of PV systems [26]. As for the wind energy 

simulations, SAM is used to simulate and model the wind energy performance in 

Lebanon. SAM is a techno-economic software largely used for decision making in the 

renewable energy industry. It could simulate various types of renewable energy source 

including PV systems, concentrating solar power, marine energy, wind, fuel cell-PV-

battery, geothermal, and other systems. From these simulations, we could predict and 
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estimate with high accuracy the available yearly, monthly, and daily energy in each of 

the design alternatives previously selected. 

After that, a model is developed on Excel to predict the associated yearly 

ammonia and hydrogen output for each of the different designs. The model accounts for 

the losses associated with the water electrolysis, HB process, and other miscellaneous 

losses. 

 

D. Environmental and Economic Evaluation of the Design Alternatives 

The different design alternatives are compared from an economic, 

environmental, and logistical perspective. To do that, the associated markets and 

payback streams should be established. The demand and imports of fertilizers was 

projected for 30 years to match the lifetime of the project. Its price was also altered 

based on trends, historical data and expectations. In addition to that, the Lebanese 

demand for electricity is estimated based on the latest available reports and numbers. 

This is done to estimate the size of the existing market of fertilizers, and the current 

state of the energy sector. After that, the economic analysis of the project takes into 

consideration appropriate discount rate and inflation rate to help identify the feasibility 

of the project from an economic point of view. This includes estimations for the ROI, 

LCOE, and payback period. First, the payback period is essential to determine whether 

the project is viable from an economic point of view. Second, the ROI is a financial tool 

used to estimate the expected return rate on investment. It is a universally applied factor 

that is valuable for investor to since it could be easily compared with other available 

investment alternatives. ROI only considers the tangible and direct costs and benefits of 

an investment. Third, the LCOE is used to compare the cost of energy between different 
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design alternatives, and with other energy sources. It takes the associated cost of 

producing energy leaving out the revenues. 

 In addition to that, an environmental assessment is carried out to accommodate 

for the associated environmental benefits for each of the previously discussed 

alternatives. This mainly relies on the carbon credit scenario and its effect on the design 

alternative financial status. Other factors are also taken into consideration between the 

different design alternatives, this includes proximity of the grid, maintenance factor, 

durability of the project, risk, and local acceptance. 

Finally, based on that, various alternatives that are deemed economic and 

feasible were selected. This was followed by a risk assessment, and a de-risking policy 

for the Lebanese case. This is essential and important in order to attract international 

investment into the Lebanese market. 
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CHAPTER III  
 

OVERVIEW OF GREEN AMMONIA  

AND GREEN HYDROGEN 
 

 

This part represents an inclusive overview of on various technical aspects of 

green ammonia and green hydrogen. First, their chemical properties are introduced and 

compared, this includes their chemical structure, associated chemical properties, 

flammability and combustibility properties, along with the associated health effect and 

dangers. Second, their green production processes are also introduced, explained and 

compared to the SMR, which is the traditional most commonly used. Third, the 

traditional applications associated with both hydrogen and ammonia is introduced. 

Finally, their recent implementation in the energy sector was also covered which 

included energy generation through ICE or fuel cells. 

 

A. Chemical Properties 

1. Ammonia NH3 

Ammonia is a colorless, and irritating gas with a pungent natural suffocating 

odor. The gas is composed from one atom of nitrogen (N), bonded with three hydrogen 

atoms. Its structure could be seen in Figure 1. Ammonia has a density of 0.73 kg/m3 at 

15°C, whereas the density reaches 689 kg/m3 in its liquid form at -33.34°C. 

 

Figure 1. Ammonia Chemical Structure [27] 
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Chemically, ammonia is observed as amphoteric compound, as it could play the 

role of weak base and that of weak acid [28]. It is also classified as an alkaline with 

corrosive properties, which makes it able to neutralize acids, and if diluted with water it 

could gain hydrogen ions to form ammonium ions (NH4
+), and hydroxide (HO-). Its 

corrosive nature means that when it interacts with unprotected steel, it causes cracks in 

the steel structure. This usually occurs when contaminated ammonia is in contact with 

steel, which happens around high pressure vessels. However, its corrosive nature 

decreases when diluted with water [29]. 

In its gas form, ammonia could be easily compressed to form a liquid [30]. However 

once the pressure is released and the ammonia get exposed to air, it quickly evaporates 

back to gas. This happens due to its low evaporation temperature of -33°C, and when 

evaporated the volume expands by 850 times from its liquid form [31].  

Ammonia isnôt considered to be highly flammable, however it still may explode 

if exposed to high heat. When compared to the available alternatives, ammonia is 

considered to be relatively safer from flammability and combustibility. It also benefits 

from the highest percentage of flammability limits of gas in air. Which means in case of 

ammonia leak, its share in the atmosphere should surpass 16.25% of the gas in the 

atmosphere to potentially cause an explosion (in the presence of a spark or an open 

flame). This number is significantly higher than all alternative fuels such as gasoline 

(1.4-7.6%), LPG (1.81-8.86%), and compressed natural gas (5%-15%). It also benefits 

from relatively lower flame speed equal to 0.15 m/s, when compared to 0.58 m/s for 

gasoline, 0.87 m/s for diesel, 0.83 m/s for LPG, and 8.45 m/s for CNG. Finally, its 

autoignition temperature is 651°C which is significantly higher than all its alternatives 

[32]. 
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 Even though ammonia isnôt highly flammable when compared to its 

alternatives, it carries severe health effects. The severity of the effect depends on the 

exposure route, duration, and dose of the exposure. Inhaling low concentration of 

ammonia would cause coughing, and irritation for the nose and throat. As the 

concentration increases, the symptoms evolve to burning of throat, nose, and eyes, 

which could result in blindness, damage to the lungs, or in severe cases death. 

Swallowing ammonia would cause burns to throat, mouth and stomach which would 

also evolve into more severe symptoms as the concentration rises [30]. 

 

2. Hydrogen (H2) 

Hydrogen, is also a colorless odorless and tasteless gas as well. As seen in 

Figure 2, it is formed from two hydrogen elements bonded together. Hydrogen is the 

most abundant element in the universe, it makes up to around 75% of the element mass 

in the universe. However, it is rarely found alone, rather in combination to other 

elements such as water, hydrocarbons and many others. Hydrogen gas has a density of 

0.09 kg/m3 and 71.1 kg/m3 in its liquid form, its evaporation temperature is -253°C.  

 

 

Figure 2. Hydrogen Chemical Structure [27] 

 

Hydrogen is a highly reactive element as it forms wide variety of compounds.  It 

plays the role of a reducing agent, so it donates electrons to other elements causing them 

to be reduced. It also has an acidic nature as it could also react with a base to form salt 
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and water. It is also classified as a polar molecule which makes it essential for fuel cells 

applications. 

Hydrogen is a highly flammable element, however, unlike traditional fuel, its 

combustion is clean and releases nothing but water. It is relatively easy to ignite due to 

its high reactivity. It has a flame speed of 3.51 m/s, an autoignition temperature of 571 

°C and lower heating value of 120.1 MJ/kg. 

Table 1 summarizes the chemical properties of hydrogen and ammonia and compares it 

to other fuel alternatives. 

 

Table 1. Chemical properties of different fuel alternatives [32] 
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Unit - MJ/kg m/s °C kg/m3 MJ/m3 °C $/Liter 

Gasoline C8H18 44.5 0.58 300 698.3 31,074 25 0.58 

Diesel C12H23 43.5 0.87 230 838.8 36,403 25 0.65 

LPG C3H8 45.7 0.83 470 505 86,487 25 0.72 

CNG CH4 38.1 8.45 450 0.7 7,132 25 0.57 

Hydrogen 

(G) 
H2 120.1 3.51 571 0.09 2,101 25 0.14 

Hydrogen 

(L) 
H2 120.1 3.51 571 71.1 8,539 -253 0.18 

Ammonia 

(G) 
NH3 18.8 0.15 651 0.77 NA 25 - 

Ammonia 

(L) 
NH3 18.8 0.15 651 602.8 11,333 -33 0.24 

 

 

 



 

 35 

After comparing green ammonia and hydrogen to other fuel alternatives, it is important 

to consider it as a storage system and compare it to its alternative options as well. 

Green hydrogen and green ammonia falls under the category of chemical energy storage 

systems. Under which natural gas and other similar options are also classified. Various 

other alternatives are available other than chemical storage, such as batteries that rely on 

chemical reactions, flow batteries, thermo-mechanical storages, pumped hydro storage, 

flywheel storage, super capacitors, etc. The application of these alternatives varies 

significantly, and rely mainly on the properties and the maturity of the technology. 

Figure 3 compares the different aforementioned storage technologies with respect to the 

storage time, power capacity, maturity, and technology type [33]. Based on these 

specifications, one could decide which technology fits best for every project 

requirement. Batteries have a power capacity that ranges from few kWs up to 10 MW 

with a storage time that ranges from few seconds up to days. Which justify the use of 

chemical batteries such as Lithium ion, and lead acid on residential and small scale 

projects along with commercial or utility scale in some cases. Whereas super capacitors 

have a power capacity ranging between few MWs up to 100 MW with a storage time of 

under a minute. Hence, super capacitor is used for fast paced applications such as 

elevators, or regenerative breaking in EVs. As for the chemicals option which includes 

hydrogen and ammonia, they benefit from a wide range of power capacity between 100 

kW and up to 1 GW, with a storage time ranging from hours and up to weeks. This 

explains the selection of methane, diesel, hydrogen and ammonia for residential and 

utility scale projects. Since this option grants the highest flexibility for storage time and 

power capacity which is necessary specially on utility level. 
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Figure 3. Comparison between different energy storage technologies [33] 

 

B. Production Process 

The currently adopted process of manufacturing ammonia and hydrogen 

generates a huge amount of GHG. According to Science magazine [34], ammonia 

production consumes around 2% of the world energy, and generate 1% of the global 

emissions of CO2. The most widely adopted ammonia and hydrogen production 

methods is through SMR to generate the hydrogen, followed by the HB process to 

generate ammonia [35]. 
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Figure 4. Block Diagram for SMR Ammonia Production Process 

 

Figure 4 shows the traditional state-of-the-art methane to ammonia and 

hydrogen production process. It shows a basic breakdown for the SMR process [36]. 

The methane is first desulfurized, to get rid of any traces of sulfur. According to [37], 

the efficiency of the desulfurization process could reach 92-97% through anoxic 

bioscrubber. After that there is the steam reformer for methane, which is a chemical 

endothermic reaction that separates methane into hydrogen and carbon monoxide. The 

steam-methane reforming chemical reaction is shown in Equation 1. 

ὅὌ Ὄὕ ὌὩὥὸOὅὕ σὌ  Equation 1 

After that the carbon monoxide along with water are entered into a water-gas shift 

reactor where an exothermic reaction happens resulting in carbon dioxide and hydrogen. 

The water-gas shift reaction could be seen in Equation 2 [38]. 

ὅὕ Ὄὕᴼὅὕ Ὄ ὌὩὥὸ Equation 2 

The produced Hydrogen from Equation 1 and Equation 2 can be combined and 

stored and later used for various purposes, one of them could be ammonia production. 

The required nitrogen is prepared in a parallel path where an air separation unit is used 

to generate nitrogen.  
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Finally, the hydrogen and the nitrogen are fed into the HB process to produce in 

ammonia. HB process is a reaction that combines hydrogen and nitrogen to form 

ammonia at high pressures and temperatures [35]. The HB process reaction could be 

seen in Equation 3. Note that this reaction requires the addition of a heterogeneous 

catalyst in order to prevent the reaction from being reversible [39]. 

ὔ σὌ ựựựự ςὔὌ  
Equation 3 

 

A gas turbine or other power source is normally used to power the steam 

reformer, water-gas shift reactor, and HB process. 

 It could be noticed the presence of carbon dioxide emissions in the water-gas shift 

reaction of the process. According to [40], a typical SMR process emits 9-10 tons of 

carbon dioxide per ton of ammonia produced [40]. Similarly, according to [41], the 

process emits around 9 tons of carbon dioxide per hydrogen ton produced. 

So from Equation 3, it could be noticed that one mole of nitrogen (N2) and three moles 

of hydrogen (H2) produce two moles of ammonia. Noting that their respective molar 

mass is 28 g/mol for nitrogen, 2 g/mol for hydrogen, and 17 g/mol for ammonia. It 

could be deduced that chemically 1 kg of ammonia requires 0.823 kg of nitrogen and 

0.176 kg of hydrogen. However, taking into account the nitrogen utilization factor for 

HB process and other efficiencies, around 0.2 kg of hydrogen are needed for every kg of 

ammonia produced. 

The process of producing green ammonia and green hydrogen relies on water, 

air, and renewable energy in its process. Through this process, hydrogen is produced 

from water (H2O) through electrolysis. Green and renewable electricity is used to 

separate oxygen from hydrogen in water. Renewable electricity is fed into an 

electrolyzer which performs the separation and produce green hydrogen. The following 
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steps are identical to the previous process. Nitrogen is extracted from the atmosphere, 

and combined with nitrogen to form ammonia through a BH process. 

Figure 5 shows a breakdown of the production process for green ammonia [14]. 

 

 

Figure 5. Block Diagram for Green Ammonia Production Process 

 

First the energy is acquired from renewable resources of choice, it could be solar, wind, 

hydro with potential batteries or other systems. The energy is then fed into the 

electrolyzer in order to produce hydrogen from water. The reaction happening in the 

electrolyzer is shown in Equation 4. 

ςὌὕ ᴼὕ ςὌ  Equation 4 
 

 

The hydrogen is then stored for future uses. From this point onwards, hydrogen 

could either be used to generate electricity, or fed into the HB process to produce 

ammonia. In parallel, just like for the conventional process, nitrogen is extracted from 

air through air separation unit. Then, the hydrogen and nitrogen are both fed into the 

HB process to produce green ammonia. The reaction happening in the HB process is the 

same as the one shown in Equation 3. This way of processing ammonia has no 



 

 40 

operating carbon footprint since it only emits oxygen and relies on renewable energy to 

power all the processes. 

From Equation 4, one could also conclude the water needs for every kg of hydrogen 

produced. Note that 2 moles of H2O are needed to produce 2 moles of H2. The molar 

mass of water is 18 g/mol whereas the molar mass of hydrogen is 2 g/mol [42]. 

Therefore, the ratio of the equation is 9 kg of water for every 1 kg of hydrogen 

produced. However, in practice, the amount of water needed is significantly higher due 

to electrolyzer efficiency, losses in the system, water impurities and so on. According to 

[43], most commercial electrolyzer today require 10 to 11 kg of water per kg of 

hydrogen produced. The rate adopted for this simulation process is 11 kg of water, it is 

later used in the PRODUCTION part. 

 

C. Common Applications 

Ammonia has many applications worldwide in various different fields. It is one of 

the highest produced chemicals in the United States. Around 80% of the total produced 

ammonia is used as fertilizers in the agriculture sector. It has also other uses like gas 

refrigeration, plastic manufacturing, water purifications, along with explosives, 

pesticides, textiles, and other chemicals. It is also found in cleaning solutions for 

households and industries. Cleaning solutions contain around 5 to 10% of ammonia for 

household applications, and up to 25% for industrial applications [30]. 

Similarly, hydrogen has also various industrial uses and applications. As previously 

stated it is used to produce ammonia through the HB process by adding nitrogen. It is 

also used in petroleum refineries to limit and eliminate the sulfur content in petrol in 

order to increase the purity level [44]. It is also used in the steel and metal industries for 
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many processes such as brazing, powder coating, sintering, welding operations as the 

hydrogen would help secure a protective atmosphere for these operations [45]. Finally, 

hydrogen is also used in the food industry to turn unsaturated fats into saturated oils and 

fats such as butter spreads and vegetable oils [46]. 

 

D. Usage in the Energy Sector 

In addition to their traditional uses, ammonia and hydrogen are considered one of 

the key pillars for the future of renewable energy. Various researches and studies are 

simulating applications to fully exploit and discover their full potential in decarbonizing 

this sector.  

Ammonia and hydrogen are being classified as a sustainable and green energy 

carrier and are considered critical for the decarbonization of the energy and shipping 

sectors. Ammonia is getting more attention in international trading and transportation 

fields [47]. In the next part, the common techniques of applying these fuels in the 

energy sector were be explored. 

There are various methods that ammonia and hydrogen can be used to generate 

energy. Some of these methods works for both ammonia and hydrogen, whereas others 

could be only applied for one not the other. The first method would be through ICE, 

also known as gas turbines, which forms the traditional power stations. Second method 

is through fuel cells which is a newly commercialized energy generation method. 

 

1. Internal Combustion Engines 

ICE are a complex machine that burns fuel in order to produce thermal energy, and 

generate it to a rotational energy. This energy is then transformed to electrical energy 
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through a generator. The fuel is burned in the combustion room with a controlled air 

intake. The air gas ratio maintained in the combustion room is determined based on the 

quality of the air and specific heating value of the gas, along with associated weather 

conditions. Gas turbines are a type of rotary ICE. There is a cylindrical pressuring 

combustion room in the gas turbines where air and gas is continuously combusted 

generating steam and energy.  

Normally, the natural gas used in such system is a mixture of different gases. The 

natural gas is normally altered and mixed with a variety of gases to match the optimal 

lower heating value, and autoignition temperature required for the machine. This is 

where the hydrogen could come into picture in such applications. Hydrogen can power 

ICE through gas a blend with natural gas, or even as pure hydrogen in some cases. 

Various power generation plants are using hydrogen, such as a petrochemical plant 

located in Daesan South Korea (95% hydrogen), the Fusina hydrogen power station 

located in Italy (100% hydrogen). Many plants are converting to 100% hydrogen such 

as the intermountain Power Agency plant located in Utah, and the Magnum plant 

located in Netherlands [48]. 

However, some alterations should be held in order to operate a gas turbine on 

hydrogen efficiently. First of all, some turbines require a fuel injection system with 

higher accuracy and control for hydrogen due to its higher flame speed and 

flammability characteristics. The combustion chamber should also be inspected as it 

needs to withstand higher temperatures. This is the case since hydrogen has a higher 

ignition temperature than the natural gas, so it would lead to higher temperature in 

general. The turbine blades may need to be replaced with others that are resistant to 

hydrogen embrittlement. Which is the process of deterioration of structural properties of 
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metals due to the concentrated presence of hydrogen. Some alloys are developed to 

resist this phenomenon such as alloy 718 nickel-based due to its high corrosion 

resistance at high temperatures, and its excellent mechanical properties [49]. In addition 

to that the cooling system needs to be reassessed and possibly developed further due to 

the higher combustion temperatures required when compared to the natural gas. Finally, 

the control system of the turbine would also need to be adjusted and updated to 

optimize the performance of the machine. 

These mentioned alterations are required when the gas turbine is completely shifting 

from natural gas to hydrogen. However, according to [50], hydrogen share could reach 

up to 25% in an SGT-600 manufactured by ENGIE without alteration to the 

performance nor to the machine hardware. According to [51], boilers that are currently 

in service can operate normally with a share of 20% hydrogen in the gas mix. 

 

2. Fuel Cells 

Fuel cells are a device that transform chemical energy from fuel into electrical 

energy through a chemical reaction. Their operation technic is similar to that of batteries 

with one key advantages, which is that they can continuously and constantly produce 

electricity with no need for recharging as long as the fuel is supplied successfully. Fuel 

cells where invented back in 1839 by William Grove, a chemist physicist and lawyer, 

however they didnôt become commercial until 2007 when they started to be used in 

various applications [52].  

Fuel cells are attracting attention in the energy field since they generate sustainable 

base load efficiently and in a clean emission free technic, with only water and heat as by 

product [53].  
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Just like electrolyzers, fuel cells also have several types based on the type of 

electrolyte. Some of the most common types are also AWE, PEM, and SOEC. The 

advantages and disadvantages of each of these types are similar to their associated 

electrolyzer type as well. 

From these two main energy generation methods, various applications could 

branch out that would help decarbonize many sectors. Aside from electricity generation, 

it could also be used in the transportation sector for hydrogen and ammonia running 

cars, along with clean ships and aircraft fuel as well [54]. 

The overall efficiency of the process relies mainly on the efficiency of the electrolyzer 

used, ICE, fuel cells, and storages. According to [55] it is approximately 30%, whereas 

in [56] it is mentioned that the efficiency ranges between 18% and 46%. However, these 

numbers are exponentially increasing with the advancement of the associated 

technologies used. The overall calculated efficiency in this project reaches 50% for fuel 

cells, and 30% for ICE. Which means for every 1 kWh of solar power used to generate 

hydrogen, only 0.3 to 0.5 kWh is actually used to generate electricity. Although these 

rates seem relatively low, the numbers have been on the rise with the advancement of 

this technology which is still one of the best available alternatives to store and use 

renewable energy. 
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CHAPTER IV 

 

DESIGN ALTERNATIVES 
 

 

This part presents the various design alternatives and decisions that were considered 

when designing this project. This includes site locations, plant size, renewable energy 

sources, electrolyzer type, and storage and transportation strategies. 

 

A. Site Location 

First, the potential installation areas for the project are outlined and cross-referenced 

with the renewable energy potential in Lebanon. Before that, the topography of the 

Lebanese land should be noted and taken into consideration before taking any decision, 

in order to ensure that the selected area is flat, with no high slope. Figure 6 shows the 

Lebanese topology map that helps visualize the elevation levels over the country. We 

could notice the spaces colored in dark green benefit from the lowest slope levels, as the 

color doesnôt change significantly. These areas roughly span over the Beqaa Valley 

between the eastern and western Lebanese mountain trail, and along the Lebanese 

coastline with a total length of 225 km. One should also keep in mind that the project 

should avoid all cities on that coast (Beirut, Sidon, Batroun, Jounieh, etc.). The four 

resulted site potential locations are highlighted in red and tagged in black. Location A 

and Location B are on the northern and southern part of the coastline respectively, 

whereas Location C and Location D are the northern and southern parts of the Beqaa 

Valley. 
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Figure 6. Lebanese topography map with potential sites in red [57] 

After selecting the operation areas for the project installation, the natural resources and 

exact home locations should be avoided when choosing the exact site location. 
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First, Figure 7 shows the DNI over the Lebanese territory. After cross-referencing it 

with the previously selected sites, it could be easily noticed that Location C and 

Location D benefit from relatively high DNI rate of 6.4 to 7.2 daily kWh/m2 for, and 

6.4 to 6.8 kWh/m2 respectively. Whereas Location A has the lowest relative DNI rate 

of 4.8-5.2 kWh/m2 and Location B has a rate of 5.2-5.6 kWh/m2 daily DNI. 

 

Figure 7. Direct Normal Irradiation Map of Lebanon [58]   
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Similarly, the power potential map is shown in Figure 8. Location C and Location D 

comes first with a rate of 5-5.4 kWh/kWp, followed by Location B at 4.6 kWh/kWp, 

and finally Location A is the lowest with 4.2-4.6 kWh/kWp daily. 

 

 

Figure 8. PV Power Potential of Lebanon [58] 
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Figure 9 below shows the average wind speed at 80 m height, for the Lebanese 

territory; note that this is the most updated wind atlas map prepared for Lebanon. It 

wasnôt 100% completed, but the collected data is considered reliable. After cross 

referencing this map with the previously introduced options. Location A and Location 

B, benefit from relatively high wind speed range of 5-7.5 m/s and 4-6.5 m/s 

respectively. Location C and Location D on the other hand, has relatively less fruitful 

resources, with a wind speed range of 3.5-5.5 m/s and 4.5-5.5 m/s respectively. 

 

Figure 9. Wind Speed Map of Lebanon at 80m Height [59] 
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Similarly, Figure 10 below shows the power density potential on the Lebanese 

territory. The power density for Location A and Location B varies between 150 and 600 

W/m. Whereas the power for Location C varies between 50 and 400 W/m. 

 

 

Figure 10. Wind Power Density Map at 80m Height [59] 
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Table 2 summarizes the power potential for the four Locations over the solar and wind 

resources. 

 

 

Table 2. Solar and Wind Energy Potential over the four alternatives 

 Location A Location B Location C Location D 

Location 
Southern 

Coastline 

Northern 

Coastline 

Southern 

Beqaa Valley 

Northern 

Beqaa Valley 

Direct Horizontal 

Irradiation (kWh/m2) 
4.8-5.2 5.2-5.6 6.4-7.2 6.4-6.8 

PV Power Potential 

(kWh/kWp) 
4.2-4.6 4.6 5-5.4 5-5.4 

Average Wind Speed 

(m/s) 
5-7.5 4-6.5 3.5-5.5 4.5 

Wind Power Potential 

(W/m) 
150-600 150-450 50-300 50-400 

 

It could be noticed that the alternatives near the coast (Location A and Location 

B) are more favorable for wind power than the ones located in the Beqaa Valley 

(Location C and Location D). However, the numbers are reversed for solar power, since 

in this case Location C and Location D are more favorable than Location A and 

Location B. 

This means that if the project was to favor solar over wind power, it is best to be 

located in the Beqaa Valley, whereas if it was to favor wind power, it would be better to 

have it located around the coast. This is just to provide a rough primitive expectation 

and understanding of the available natural resources. 

 

B. Plant Size 

In this part, the project was sized according to the required yearly energy yield and 

the amount of ammonia needed for the agriculture field. 
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1. Demand on Fertilizers 

The project size is a key element to the design process. It is normally defined by 

various factors such as financial constraints, market and demand size, space constraints, 

and so on. For this project, the demand for fertilizers and for electricity are needed to 

estimate the plant size. 

According to [60], Lebanonôs consumption for fertilizers reached 248.8 kg per 

hectare in 2020. This measures the quantity of plant nutrients and fertilizers in 

kilograms used per unit of arable land. The estimate includes be phosphate, nitrogenous, 

or potash fertilizers, without accounting for traditional nutrients that are animal and 

plant based. 

Arable lands defined by the FAO as lands under temporary crops, lands under 

market/kitchen garden, meadows for mowing or pasture, and fallow lands temporarily. 

However, lands abandoned as a result of cultivation shift were excluded. 

According to [61], Lebanonôs arable land is estimated at 231, 000 hectares which is 

considered significant when compared to the countryôs small size. Which means that in 

2020 the Lebanese consumption for fertilizers reached 57,472.8 tons of fertilizers. 

This rate is following an increasing curve yearly due to the expenditure in the 

agriculture sector. Unfortunately, there is no valid estimations for the specific increase 

on the Lebanese case. However, according to [62] it is expected for the fertilizer 

industry to follow a 1.9% global annual increase. This rate was adopted for the 

Lebanese fertilizer market in order to predict the growth rate. So by 2050, the Lebanese 

yearly consumption for fertilizers is estimated to reach 101,085.3 tons. 

It is important to note that, not all fertilizers have ammonia in their structure. There are 

three main types of fertilizers that are commonly applied to corps. These are nitrogen 

(N), phosphorus (P), and potassium (K). 
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The nitrogen fertilizers include multiple types under which the ammonia content 

would vary significantly. CAN has an average of 25 to 28% of nitrogen content [63]. 

Ammonium nitrate fertilizers has a content of 33.5% nitrogen, which includes 50% 

ammonia and 50% nitrate, which leaves 16.75% over ammonia. Ammonium sulfate 

fertilizers has a 20.5% nitrogen content. Anhydrous ammonia fertilizers which is a 

liquid fertilizer and one of the most widely used ammonia based fertilizers. It has an 

outstanding 82% nitrogen content [64]. Ammonia is used directly to produce fertilizers, 

such as ammonium nitrate, and ammonium sulfate. It is also used to produce nitrogen 

that is also a main component of fertilizers. 

The amount of ammonia needed for every kg of fertilizers produced depends on 

the type of fertilizers and their ammonia/nitrogen content. As previously mentioned, 

this ratio varies significantly between the different previously mentioned types. On 

average, every kg of fertilizer produced, requires a range between 0.9 to 2.2 kg of 

ammonia [64]. 

For the purpose of this thesis, the rate adopted is 1.5 kg of ammonia for every 1 

kg of fertilizers used. Which means that Lebanon needs approximately 86,000 tons of 

ammonia to account for its 2020 consumption. This number is estimated to increase up 

to around 150,000 tons of ammonia by 2050. The project is sized and fixed at a 

production rate of 60,000 tons of ammonia produced yearly with the possibility of 

expanding the production over the lifetime of the project. This way the HB process, fuel 

cells, and nitrogen storages could be efficiently and accurately sized based on the 

consumption and production.  

According to [65], on average, 7.76 kWh of energy is needed in order to produce the 

hydrogen needed for 1 kg of ammonia. In addition to that, the nitrogen separation for air 
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requires 0.24 kWh, and the HB process requires 2.3 kWh. Which means, that the total 

electricity needed to generate green ammonia adds up to about 10.3 kWh per kg of 

ammonia produced. So in order to produce 60,000 tons of ammonia per year, the project 

should generate a yearly energy of 618 GWh of energy. 

 

2. Demand on Electricity 

According to [66] Lebanonôs electricity generating capacity reached 17,593.5 GWh 

in 2016. It covered 112% of its annual energy consumption which was 15,706.5 GWh. 

Out of which 97.82% came from fossil fuel resources mainly oil and natural gas. 

This number is also validated by [67], which stated that the energy production reached 

17,590 GWh in 2020, whereas the consumption was at 15,710 GWh. 

These are the latest available data on the Lebanese demand and supply for 

electricity. The sector has been suffering from bankruptcy and mismanagement over the 

last few years which made it impossible to keep tabs on these numbers. One should 

keep in mind that the energy supply dropped exponentially over the last couple of years. 

In addition to that, the energy demand fluctuated significantly. One should also note 

that the aim of this project isnôt to cover the gap between consumption and production 

but to decrease it. Lebanon needs multiple power plants to cover its electricity demand. 

The project aims to decrease the gap electricity demand along with covering most of the 

countryôs needs for ammonia. 

 According to [68], Lebanon has a total of 13 power plants spread around its 

land, accounting for 3,016 MW of total capacity. Thermal power plants operating on 

natural gas and imported fuels account for 2,764 MW, whereas the hydraulic power 

plants account for 252.6 MW. There is no clear breakdown of how the installed 
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capacities are divided over the respective Lebanese regions. Fortunately, Figure 11 

shows the associated step-down transformer stations ratings by governorate. 

 

 

Figure 11. Production Plant by Governorate (EDL) [68] 

 

Table 3. Summary of Transformer Station Rating and Estimated Energy Demand by 

Governorate 

Governorate 
Transformer Station 

Rating (MVA) 
Share (%) 

Estimated Energy 

Demand in 2020 

(GWh) 

Mount Lebanon 1,714 36.2 % 5,688.0 

Beirut 1,490 31.5 % 4,944.6 

Beqaa 470 9.9 % 1,559.7 

North Lebanon 560 11.8 % 1,858.4 

South Lebanon 500 10.6 % 1,659.3 

Total 4,734 100 % 15,710 

 

 

Table 3 shows the estimated energy demand per governorate for 2020. It is 

noted that since there is no source for the exact breakdown of the energy demand, the 

transformer station rating is considered as an acceptable estimate for the energy 

consumption. 
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The governorates in question for this project are North Lebanon, South Lebanon, and 

Beqaa depending on the selected project location. From  

Table 3, the estimated energy demand is 1,858.4, 1,659.3, and 1,559.7 GWh 

respectively. Note that this is set to supply part of the electricity demand, with no intent 

of supplying the complete demand. The target electricity produced is set initially at 582 

GWh of yearly electricity produced. This way the overall energy generated yearly 

would be at 1,200 GWh. 

The total estimated yearly energy demand from renewable energy source for this project 

adds up to 1,200 GWh per year. This number only serves as a rough initial yearly 

energy target for the project. Further calculations are taken into consideration to 

accommodate for other details. 

 

C. Renewable Energy Source 

In this part, the reasoning behind the selection of these specific options was be 

introduced and explained. Followed by the different advantages and disadvantages of 

one option over the other. 

The renewable energy could be solar, wind, hydro or a hybrid combination between 

them. As previously stated, this thesis considers three different renewable energy 

alternatives. The alternatives are solar PV panels coupled with wind turbines, solar PV 

panels coupled with batteries storage system, and wind turbines. 

The selection of the alternatives has been made after considering the characteristic 

of the electrolyzers and green hydrogen and ammonia production processes. It could be 

noticed that all suggested options would be operating in the day and night at a steady 

continuous rate. In other words, such projects arenôt very compatible with highly 
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selective sources, which is why solar PV wasnôt considered alone, but only with battery 

system. 

Solar power is strictly produced during the day hours and none during the night. 

Lebanon benefits from 8 to 9 daily hours of sunshine for around 300 sunny days per 

year. So to clarify things, if a solar PV system is producing around 5,000 MWh/year of 

energy, the electrolyzer should be sized in a way to accommodate for the peak yearly 

energy which is around 2,500 kWh which occurs on few occasions during the year, 

otherwise the energy generated from the solar energy would be wasted and unused.  

This wouldnôt be an efficient solution neither economically, nor environmentally, nor 

logistically. To solve this problem, a storage system is normally adopted along with 

solar for hydrogen production or wind turbines as previously suggested. This would 

help spread the available energy over a longer amount of time, so the peak electricity 

available decreases and the electrolyzer size is optimized.  

Another potential solution would be to make the solar system grid connected 

with a smart meter installed. This way the electrolyzer would operate during the night 

using electricity fed from the grid, and the solar system would feed the grid the excess 

power generated during the peak hours, so the electrolyzer would be better sized. 

Nonetheless, this option isnôt suitable for the Lebanese case, especially during this stage 

since there is no electricity during the majority of the day. 

Hence, the three different renewable energy sources that are considered, which are 

solar PV coupled with batteries, solar PV and wind turbines hybrid options, and 

standalone wind turbines. The options were designed and discussed in the design stage. 

 



 

 58 

D. Type of Electrolyzer 

An electrolyzer is a type of electrochemical energy cell that is used for water 

splitting. Which is the process of producing oxygen and hydrogen from water using an 

electrical current. As previously stated, there are three main types of technologies for 

electrolyzers which are PEM, AWE, and SOEC. 

The PEM electrolyzer technology is the most popular amongst the other 

technologies. It uses a proton exchange membrane as electrolyte which allows for the 

hydrogen molecules to pass through but not oxygen. It is normally a thin solid ion-

conducting membrane that is normally used instead of aqueous solution. PEM operates 

at relatively low temperatures (80°C) and pressures. The resulting hydrogen is of high 

purity with no traces of nitrogen or other elements. 

The AWE electrolyzer makes use of an alkaline solution as its electrolyte, which is 

typically potassium hydroxide (KOH). Other variations of the electrolyzer could rely on 

sulfuric acid, sodium chloride, or even sodium hydroxide for the electrolyte. The 

concentration of the electrolyzing solution varies between 20 to 30% weight which is 

optimized to ensure balance between corrosion resistance and ionic conductivity. AWE 

are relatively inexpensive but have a lower efficiency and shorter lifespan when 

compared to PEM and SOEC. 

The SOEC uses solid oxide material as its electrolyte which is typically made of 

ceramics that conducts electrons and oxygen ions. It also normally operates at relatively 

high temperatures (700-1000°C), which makes them suitable for high pressure 

application as they offer better conversion efficiency and long term stability. 
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E. Green Ammonia or Green Hydrogen 

As previously discussed green ammonia and green hydrogen have similar initial 

production steps. Green ammonia requires additional steps to be produced, which is 

mainly the HB process. Although this step is needed to produce fertilizers, it isnôt the 

case to produce green fuel. Green hydrogen on one hand can either be used in a fuel cell 

to generate or in a methane-hydrogen mix for gas turbines to generate electricity. On the 

other hand, green ammonia could only directly be used to generate electricity through 

an altered gas turbine (i.e.: an ICE from one hand), it could also be cracked back into 

hydrogen through an ammonia cracker and generate electricity just like before.  

The resulting hydrogen could be directly used to generate electricity. However, the 

importance of green nitrogen lies in its ease of storage and transportation. The density 

of hydrogen at STP is 0.089 g/m3 whereas that of ammonia is 0.769 g/m3. Which 

means that in the same volume, around 1kg of hydrogen, could be replace by 8.6kg of 

ammonia. Noting that on average, the energy capacity of 1 kg of hydrogen is roughly 

40-60 kWh through fuel cell, and 33 kWh through ICE. Whereas in the case of green 

ammonia, the energy capacity of 1 kg of ammonia is roughly 13.5 kWh through ICEs. 

So if we compare the energy density per cubic volume, green hydrogen would have 

0.002937 kWh/m3, and green ammonia would have an energy density of 0.0103815 

kWh/m3. Which means green hydrogen would need a volume bigger by 3.53 to store 

the same energy content as green ammonia. 

Although the combustion of green ammonia through an altered ICE is supposed to 

be harmless and green, there is always a risk of the impurity level of ammonia which 

would ultimately result in toxic emissions whenever combusted. For this reason, this 

project relies solely on green hydrogen for electricity generation. Green ammonia could 
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be considered as a fuel carrier to transport the hydrogen before being separated back to 

hydrogen in case there is long transportation distances. 

 

F. Fuel Cell or Internal Combustion Engine 

As previously stated, green hydrogen could generate energy through fuel cells, or 

ICE. On one hand fuel cells are clean and completely emission free alternative. On the 

other hand, ICEs are available in various power stations such as Baalbek and Sour. 

However, running the turbines completely on hydrogen would require detailed 

alterations for their internal system which would introduce some limitation specially 

with their ambiguous state in Lebanon. 

Luckily, as previously stated, the turbines would be able to maintain its current form 

if the share of hydrogen in the mix doesnôt surpass 20%. This option would reduce the 

carbon footprint but not eliminate it. This option would be even more attractive if  

Lebanonôs attempts of extracting gas were successful.  

As for this thesis, both the fuel cell along with the 20/80 gas mix option were 

considered and compared. In the case of adopting the 20/80 gas mix, the turbines could 

be also altered in the future in order to reach 100% energy from hydrogen. 

For this purpose, one should also note the production rate of both technologies, in order 

to estimate the produced electricity from the project. To do so, the energy content of the 

hydrogen should be established first. As previously seen in Table 1, the lower heating 

value of hydrogen is equal  to 120.1 MJ/kg, which is equivalent to 33.33 kWh/kg. The 

lower heating value considers the maximum energy released when water vapor from 

hydrogen combustion is condensed. The average efficiency of a fuel cells, could reach 
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up to 60% specially for large scale generation [69], whereas the average efficiency of an 

ICE ranges between 30 and 37%, especially for large scale [70]. 

ὉὲὩὶὫώ ὖὶέὨόὧὸὭέὲ ὙὥὸὩ  ὒέύὩὶ ὌὩὥὸὭὲὫ ὠὥὰόὩ–z  

ςπ ὯὡὬȾὯὫ 
Equation 5 

  

ὉὲὩὶὫώ ὖὶέὨόὧὸὭέὲ ὙὥὸὩ ὒέύὩὶ ὌὩὥὸὭὲὫ ὠὥὰόὩ–z
ρςȢσσ ὯὡὬȾὯὫ 

Equation 6 

  

As seen in Equation 5 and Equation 6, the energy generation rate through fuel cells 

would be 20 kWh/kg, whereas it is 13.33 kWh/kg for ICE. It is important to note that in 

the fuel cell option, the hydrogen is the sole fuel used to generate electricity. Whereas 

hydrogen is only 20% of the fuel mix in the case of ICE. This is taken into 

consideration in later stages. 

 

G. Storage and Transportation Strategies 

Green ammonia would need to be stored on site and transported into the fertilizer 

factory through weekly shipments. This means that the storage container for green 

ammonia would be sized to accommodate for the weekly productions. Whereas the 

transportation trucks would need to reach a trade-off between the number of required 

trips, and the size of the truck. It would be ideal if the green ammonia production plant 

was relatively close to the fertilizer production plant. Luckily as seen in the map shown 

in Figure 12, the fertilizer companies are abundant and spread over Lebanon. A 

production deal could be made with one company or more. The interested factory could 

even receive the shipments from the power plants and transport it back to the company 

themselves. It would also be recommended to sign deals with more than one company 

in order to cover larger share of the market.  
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Figure 12. Locations of Fertilizer Production Companies [71] 

 

The transportation and storage conditions for ammonia doesnôt enforce much 

complications as the required pressure and temperature are convenient. 

On the other hand, hydrogen requires more considerations for storage and 

transportation. It could be either consumed on site through fuel cell technology, or 
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transported to the local gas turbine. Figure 13 shows the location of the  different power 

plants in Lebanon. In this scenario, the main interest would be for the gas power plants 

which are abundant and available in AlZahrani area south of Lebanon, and Baalbek 

northeast of Lebanon. Which means, due to their proximity it is feasible to transport the 

green hydrogen produced to either these locations from the selected site location.

 

Figure 13. Power Plants Distribution Across Lebanon [72] 
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Table 4 summarizes the alternatives previously introduced and discussed. 

 

 

Table 4. Summary of the Discussed Alternatives 

Site 

Location 

Plant 

Size 

Renewable 

Energy 

Source 

Type of 

Electrolyzer 

Fuel for 

the 

energy 

sector 

Energy 

Generation 

Method 

Storage and 

Transportation 

Strategies 

Location A 

1,200 

GWh 

Solar PV 

& batteries 
PEM 

Green 

Ammonia 
Fuel Cells 

 

Agriculture: 

Ammonia 

Shipments 

 

Energy: 

Consumed on 

Site (Fuel 

Cells) or 

Transported 

(ICE) 

Location B 

Solar PV 

& Wind 

turbines 

AWE 

Location C 

Wind 

Turbines 
SOEC 

Green 

Hydrogen 
ICEs 

Location D 

 

The above introduced alternatives result in 144 different design variations if 

shuffled randomly. As there is 4 site location, 3 renewable energy sources, 3 types of 

electrolyzers, 2 options for energy generation fuel, and 2 options for energy generation 

methods. However, some alternatives were be eliminated in the SIMULATION section,  

as not all the combinations are compatible nor viable. 

  



 

 65 

CHAPTER V 

 

SIMULATION 
 

 

 

A. Simulation Setup 

This part represents the simulation setup phase for the project. Firstly, the 

different software simulations required for the energy yield and output of the project are 

introduced. Secondly, the data input and parameters required by the software were 

introduced and discussed. 

 

1. Required Simulations 

As previously stated, not all variations are compatible, hence there is no need to 

consider all the 144 different alternatives. For instance, standalone wind turbines are 

only considered at Location A, since it has by far the best wind resources. Solar PV & 

storage system is considered at Location C and Location D as they both have relatively 

high solar radiation levels. Finally, a hybrid of wind turbines and solar PV panels are 

considered at Location B since it is the only option with high wind speed and relatively 

attractive solar radiation rates. 

As for the type of electrolyzer, the three previously introduced electrolyzers are 

considered for each design configuration as there is not key advantage between the 

types. It differs mainly from an efficiency, and purity. 

Finally, for the fuel and energy generation methods, three different options are 

available. First option is to use green hydrogen and generate electricity through fuel 

cells on site. When using the fuel cell option, there would be no need to use green 

ammonia, as no transportation costs are required. Second option is to use green 
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hydrogen with the available gas turbines at an 80/20 gas mix ratio. This would require 

the green hydrogen to be transported to the appropriate nearby power plant. This would 

need additional transportation costs due to the low density of hydrogen. Third option is 

to use green ammonia to decrease the transportation costs, and transport the green 

ammonia to the associated gas turbines. However, this option would need the 

installment of ammonia cracker unit at the location of consumption in order to split the 

nitrogen from hydrogen before using it. Since as seen in Figure 13, there is at least one 

existing power plant installed at proximity from each location, it is feasible to transport 

the fuel as hydrogen and not ammonia. 

To sum up, this would result in 36 different design alternatives to compare and 

choose between. The different design alternatives can be summarized in Figure 14. Note 

that four different energy yield simulations should be carried for these alternatives. 

These variations are solar PV with wind turbines at Location B, solar PV with batteries 

at Location C and Location D, and finally wind turbines at Location A. 
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Figure 14. Summary of the Viable Design Alternatives 

 

The detailed breakdown of the different design alternatives could be also shown 

in APPENDIX I. 

2. PVsyst 

As previously introduced, PVsyst is a certified software package used to simulate, 

study, size, and predict the power output of a PV systems. It could simulate stand-alone, 

grid-connected, water pumping, and other types of PV systems [26]. There are various 

parameters that should be specified before simulating the parameters of the project. The 

associated parameters are as follows. 

a. Orientation 

The orientation of the solar panels is a key parameter in sizing and designing the 

power plant. The thumb rule states that solar panels should face the south when located 

in the northern hemisphere, and north when located in the southern hemisphere. This is 
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the case since panels would receive mostly direct light during the day [73]. Which 

means for the Lebanese case, the PV panels should face the south. 

As for the angle of inclination, according to UNDP [74], PV modules should be 

installed at an angle of 25° to 30° for the best power output. Other sources states that 

35° is the best angle [75]. According to various local installer, the common practice is 

to install the panels at a 30° to 32° from the horizontal surface. This simulation adopts a 

fixed elevation angle of 30° for its panels. 

 

b. PV Panels 

Various PV panels types and sizes are available for use at a competitive price. The 

types include monocrystalline, polycrystalline, and thin-film panels. Monocrystalline 

technology is made from pure semiconducting material. These type of panels benefits 

from the highest energy efficiency (more than 20%), and longest lifetime (25 years), 

however it is the most expensive. Polycrystalline are made from silicon fragments 

melted together. It is cheaper than the monocrystalline option but suffers from lower 

efficiency (15%-17%), and shorter lifespan. Finally, thin-film panels are made from 

variety of materials and metals. They are flexible and benefit from lower costs, but its 

efficiency is only 11%, and its lifetime is also shorter [76]. This project relies mainly on 

the monocrystalline technology for various reasons. First, it is the most developed 

technology between the available alternatives. Second, it is the most efficient option 

which makes the project require less space. Finally, it is highly available and 

commercial in the region. 

The selected panel is Jinko Solar JKM570M-7RL4-V with a nominal power of 570 

Wp and dimensions of 2.411 by 1.134 m. Its datasheet could be seen in APPENDIX II. 
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c. Inverter 

Similarly, there is also various types of inverters that could be used in such 

applications. The two main types are string inverter and central inverter. String inverter 

are small and converts significantly relatively small amount of power. Each inverter 

would have a string of panels connected to it. As for the central inverter, DC combiners 

is used to combine output from multiple strings together in order to be fed to the central 

inverter. The main advantage of the central inverter over the string inverter is the cost 

per watt. According to Mr. Lezana [77], for large utility scale project central inverter is 

likely to be better and more economical. Since for large scale project (larger than 10 

MW), the logistics of installing a large quantity of inverters is complicated. 

Since this project have a nominal PV power higher than 10 MW, central inverters 

would be recommended due to the various advantages previously mentioned. 

This project makes use of ABB central inverter Ultra-1500 rated 1,560 kW. The 

associated datasheet of the inverter could be seen in APPENDIX III. 

d. Batteries 

Several type of batteries are available and are normally coupled with solar systems. 

The most common types are lead acid batteries, lithium ion batteries, nickel cadmium 

batteries, and finally flow batteries.  

Lead acid batteries, also known as deep-cycle batteries are the traditional battery 

types, most widely adopted in the solar PV industry.  This type of batteries has been 

used since the 1800ôs to store energy. Due to their high reliability and low cost, this 

type of batteries is still used in modern solar installations. On one hand this type of 

batteries is the cheapest and most cost effective alternative. Since it is being used for a 

long time now, their design has been optimized and nearly reached saturation. They can 

also be recycled and easily disposed. On the other hand, Lead acid batteries require 



 

 70 

ventilation, and regular maintenance. They also suffer from low depth of discharge (~ 

50%) and relatively short lifespan of around 5 years. This makes lead-acid batteries best 

suitable for emergency backup storage in case of power outage, and off-grid solar 

systems in some cases. 

Lithium ion batteries gained exponential popularity over the last few years. Their 

breakthrough started when EV manufacturers realized their high potential as energy 

storage solution. The system was invented back in the 1900ôs but became commercial 

during the last decade. On one hand, lithium ion batteries donôt require any regular 

maintenance and benefit from longer life cycle of more than 10 years. They also benefit 

from high depth of discharge (80%).On the other hand, lithium ion batteries are the 

most expensive option among storage alternatives. Lithium ion batteries are a good 

option for residential solar installations since it eliminates the maintenance needs and 

could be stored in smaller spaces. They are also used in utility and commercial scale as 

their high cost becomes economical at large scale due to their long life cycle. Although 

lithium ion batteries havenôt reached their full maturity yet, but the progress reached up 

until this point makes them a great investment option. 

Nickel cadmium batteries is less widely used alternative specially in residential 

applications. Such type of batteries is widely used in the aircraft industry due to their 

durability, and the resistivity to high temperature. In addition to that, they donôt require 

complex battery management systems and are basically maintenance free alternative. 

However, this type of batteries is extremely toxic; cadmium is also banned in various 

countries. 

Finally, flow batteries are an emerging technology in the energy sector.  It is an 

expensive alternative and difficult to adapt for residential applications due to its large 
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size. Flow batteries benefit from 100% depth of discharge which is unmatched by any 

other alternative. However, this technology hasnôt fully matured yet but it is a 

promising alternative for the future. They also benefit from the highest lifespan of 30 

years, with minimal maintenance. Such type of batteries works best for large scale 

installations. 

This project adopts lithium ion batteries option as they represent an ideal tradeoff 

between price, reliability, lifespan, and maturity of the technology. The system adopted 

is be Intensium Max 20 high lithium ion energy storage by SAFT a company of Total 

Energies. It is rated a 2.5 MWh container storage, available at 1000 V, and 1500V rated 

voltage. Its datasheet is shown in APPENDIX IV. 

e. Site Location 

PVsyst also requires the location of the site to be specified in order to simulate the 

output accurately. As seen in Figure 7 and Figure 8, the solar irradiance could vary 

significantly even in a small country like Lebanon. This is why it is important to import 

the exact coordinates of the site. 

The latest solar irradiance data for the Lebanese case is provided by NASA SSE 

Satellite Data [78]. NASA estimates that the RMS Error on the monthly provided values 

ranges between 13 and 16%, whereas the mean bias error lies between -2% and +0.7% 

which is considered an acceptable error rate. 

 

3. System Advisor Model 

As previously introduced, SAM is a software used to take decisions in the 

renewable energy industry. It simulates various different types of renewable energy 

sources including PV systems, wind, fuel cell-PV-battery, and other systems. SAM was 
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be used to predict and estimate with high accuracy the available yearly, monthly, and 

daily energy from wind at the selected locations. 

Various data and assumptions should be taken in order to simulate accurately the 

performance of the wind turbines in Lebanon. 

a. Wind Turbines 

After establishing the adopted wind data, we should first select the wind turbine 

used. There are various types of wind turbines available in the market. The main two 

categorizations are HAWT and VAWT. HAWT is the most common type of wind 

turbines, their axis of rotation is parallel to the ground. HAWT is normally installed at 

elevated heights in order to capture higher wind speeds and to accommodate for the 

radius of the blades. VAWT on the other hand has an axis vertical to the ground. 

VAWT havenôt been commercially successful yet especially on large scale projects, 

their main use has been for small scale up until this point. This project adopts HAWT 

turbines for its design as it is the more commercial and efficient option, especially for 

large scale farms. 

Since the required load is considered relatively high, a Turbine in the range of 

few MWôs should be selected. For this project, Vestas V150 4.2 MW was used and 

implemented for the simulation, its datasheet is shown in APPENDIX V. Vestas V150 

has a 4.2 MW rated induction generator. Its cut-in speed is at 3 m/s, the rotor diameter 

is 150 m, whereas its hub height is 105 m. This turbine has been installed in various 

sites across Europe. 

Figure 15 visualize the wind turbine power curve for Vestas V20. The power 

output first cuts in at 3 m/s where it adopts a slightly exponential increasing rate with 

the increase of wind speed. The turbine reaches its rated power of 4.2 MW at 15 m/s 
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where it remains constant with the increase of wind speed. It then reaches its cut off 

speed at 25 m/s where it shuts downs and the rated output power drops 0 kW. 

 

 

Figure 15. Vestas V150 4.2 MW Power Curve 

 

b. Site Location 

Unfortunately, unlike solar power, the wind dataset for the Lebanese case havenôt 

been fully developed. Although there is a wind potential map already shown in Figure 9 

and Figure 10, there is no available dataset file that could be simulated through 

software. SAM has abundant focus on the United States, and Canada for wind energy 

resources. For this reason, sites from different states in the United States, with similar 

climate and topography characteristics were matched to the associated sites. 

Firstly, Location A which is the northern coastline of Lebanon located near Tripoli 

and Akkar. The area near Tripoli experience strong to moderate average wind speed of 
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around 5 to 7.5 m/s as shown in Figure 9 and Figure 10. The American state with the 

most comparable topography and wind characteristics is Maine. It has a coastline 

known for its rugged terrains accompanied with strong wind from the Atlantic Ocean. 

Just like the northern Lebanese coast, Maine experiences consistent onshore winds 

particularly in the fall and winter months. Both regions have a cold climate with high 

precipitation levels throughout the year. The topography also includes rocky cliffs that 

creates wind channels along the coastline. Main is also known for several onshore and 

offshore wind projects including Bingham Wind Farm which includes 56 large turbines 

[79]. Similarly, many wind farm projects have been discussed to be implemented near 

this area in Lebanon, which includes Hawa Akkar. 

Secondly, Location B which is the northern coastline of Lebanon near Tyr city, has 

an area characterized by strong wind through the year with an average speed of 4 to 6.5 

m/s as shown in Figure 9 and Figure 10. In this case, Texas could be considered as a 

good match specifically near the coastal area. The state benefits from consistent onshore 

winds during summer months which blows from Gulf of Mexico. The climate is also 

similar to the southern Lebanese coastline with hot summers and mild winters. The 

topography of both regions includes low lying coastal plains which generates wind 

channels. 

 

4. Fuel Cells and Internal Combustion Engines 

As previously discussed, each design alternative has the option to generate 

electricity through fuel cells or through ICEs. On one hand, ICEs wouldnôt require 

additional equipment or costs added to the initial investment. Fuel cells on the other 

hand generate additional investment on the project. The fuel cells used for in this 
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application are DOOSAN PureCell M400 Hydrogen [80]. It is a 400kW rated fuel cell 

with a 48% electrical efficiency, and 297 Nm3/h fuel consumption. The company 

manufactures fuel cells running on natural gas, hydrogen, or both options. The fuel cells 

datasheet is shown in APPENDIX VI. 

Although, both options were considered in the SIMULATION and PRODUCTION 

phase of this project, however the financial effect of fuel cell on the initial investment 

wonôt be included. This is the case since the project only considers the strategy of 

introducing fuel cells progressively into the production mix over the lifetime of the 

project. When the revenue streams allow for it, the investor could consider reinvesting 

some of the revenues in fuel cells. This way the initial cost of investment doesnôt 

increase significantly, and the ROI of the project isnôt hindered. 

 

B. Simulation Process 

Four simulations were carried out to estimate the required renewable energy 

capacity needed to generate the energy yield in the different sites. These simulations are 

stand-alone wind farm (Location A) simulated via SAM, a hybrid of solar PV and wind 

turbines (Location B) simulated via PVsyst for solar, and SAM for wind. Finally, and 

finally, solar PV system coupled with backup batteries (Location C & Location D) 

simulated via PVsyst. The results of these simulations was introduced and discussed in 

this section. 

1. Location A: Stand Alone Wind Farm (Tripoli)  

This option relies on wind farm located in the North of Lebanon near Tripoli. As 

previously stated, the topography of this region is similar to that of Maine in the US, 

which is why its wind profile is expected to be similar as well. 
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This option relies solely on wind turbines to supply the required demand of around 

1,128.75 yearly GWh. After simulating it through SAM, the demand would require 95 

Vestas V150 wind turbines forming around 400 MW wind farm. The resulting wind 

farm would generate a yearly amount of 1,207.4 GWh.  

The monthly generated energy in kWh is shown in Figure 16. It could be noted that the 

peak energy generated is achieved between December and January. Whereas the 

minimum value is reached during the summer months of June, July and August. 

 

Figure 16. Monthly Energy Production for Location A 

 

Figure 17 shows the hourly energy production breakdown through the first year 

of operation. Notice that the energy produced is higher during the first and last part of 

the year which is consistent with Figure 16. It could also be noticed that the energy 

produced is higher between 7:00 pm and 5:00 am, whereas it is significantly lower 

during the rest of the day. 
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Figure 17. Daily Energy Generated per Hour for Location A 

 

Figure 18 shows the daily power generated through one operational year. It 

could be noticed from Figure 16 and Figure 18 that although the generated power dips 

during the summer months of the year, and during some hours of the day, the overall 

power generation level remains stable without dropping significantly. 
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Figure 18. Daily Energy Production for Location A 

 

After analyzing the hourly power generated through one year, one could 

conclude the following. The power generated drops to 0 kW for only 10% of the times 

during the year. It also dips under 50 MWh for around 30% of the times. Whereas it 

exceeds 300 MWh for around 8% of the times. This means that more than 50% of the 

year, the energy generated is consistently between 50 MWh and 250 MWh.  

This is an important factor in order to efficiently size the electrolyzer without 

wasting energy. For this reason, standalone wind turbines are considered as an energy 

generation option, whereas solar power needs be coupled with either batteries or wind 

turbine. One could expect that the power generated by solar remains 0 for around 50% 

of the time, and peaks around noon. The size of electrolyzer is set to 300 MW, which 

covers 92% of the total energy generated. The rest could be fed back into the grid. 
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2. Location B: Hybrid of Solar PV and Wind Turbine (Tyre) 

This simulation uses both solar and wind farm to generate the demanded energy. 

The wind turbine simulation is done through SAM for the state of Texas due to its 

similar topography and hence similar wind profile. Whereas the solar PV simulation is 

done through PVsyst at the exact location. 

As we could recall Location A: Stand Alone Wind Farm requires 95 Vestas V150 

wind turbine rated 4.2 MW each in order to match the yearly energy demand. As for the 

hybrid system, 45 of the same wind turbines were adopted and coupled with solar PV in 

order to match the required yearly energy demand. This would generate a total of 

around 618.9 GWh per year with a wind farm capacity of 189 MW. 

Figure 19 shows the monthly energy production for Location B. It could be noticed 

that for this site, the energy generated peaks later through the year during the months of 

March, April and May, instead of December and January as seen in Figure 16 for 

Location A. This could be traced back to the topography of the site and the weather. 
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Figure 19. Monthly Energy Production from Wind for Location B 

 

Similarly as seen in Figure 20, the energy generated shifts more towards the 

middle of the year whereas the low energy generation points are more concentrated 

towards the beginning  and the end of the year. 
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Figure 20. Daily Energy Generated per Hour for Location B 

 

Finally, the daily power generated over the year for Location B is shown in 

Figure 21. Just like in Figure 18, it could be noticed that the power generated have also 

a solid threshold under which it doesnôt drop with limited peaks over the whole year. 

The power generated exceeds 150 MW around 11% of the times, and it drops under 
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25,000 MW around 27% of the times as well. Which means that the wind farm 

generates a rated power between 25000 and 15000 MWh for around 60% of the year. 

 

 

Figure 21. Daily Energy Production from Wind for Location B 

 

The wind farms generated around 600 GWh per year, which leaves around 530 

GWh to be generated by solar PV.  

As for the solar system part, it would require 504,000 of Jinko Solar PV panels 

rated 570 Wp (APPENDIX II) along with 200 1560 kW ABB central inverters to 

generate a yearly amount of 593.6 GWh. The panels should be divided over 35000 

strings connected in parallel, with 16 panels connected in series per string. Which 

means that 175 string would be connected per inverter. The system overview could be 

seen as block diagram in Figure 22. 
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Figure 22 Solar System Block Diagram for Location B 

 

Figure 23, shows the monthly energy production from the solar system for 

Location B. It could be noticed how the energy generated peaks during the summer 

months. Which is why the coupling of solar and wind is considered complementary in 

such project as when the energy produced from the wind decreases, the solar increases 

and vice-versa. 

 

Figure 23. Monthly Energy Production from Solar for Location B 
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Figure 24 shows the daily energy generated from solar PV system through 

Location B. It could be noticed the significant power dips that makes it an inefficient 

alternative to run an electrolyzer alone. This isnôt the case for wind turbines as 

previously noted. 

 

 

Figure 24. Daily Energy Production from Solar for Location B 
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The compiled monthly energy output from both solar and wind turbines could be 

visualized in Figure 25. It could be noted that the gap between the seasonal energy 

produced is significantly decreased. 

 

 

Figure 25. Monthly Energy Production for Location B 

 

Similarly, the compiled daily energy produced from both solar and wind could 

be seen in Figure 26. It could be noted that the energy production gaps seen from Figure 
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24 are relatively eliminated which makes it a viable alternative to power an electrolyzer 

efficiently. 

 

 

Figure 26. Daily Energy Production over for Location B 

 

Similar to the previous section, after analyzing the hourly power generated through 

one year for Location B, one could conclude the following. The power generated drops 

to 0 kW less than 4% of the times during the year. It also decreases under 50 MWh for 

around 25% of the times. Whereas it exceeds 300 MWh for around 9% of the times. 

This means that more than 65% of the year, the energy generated is consistently 
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between 50 MWh and 300 MWh. The size of electrolyzer is set to 300 MW, which 

consumes 91% of the total energy generated. The rest could be fed into the grid. 

 

3. Location C: Solar PV and Batteries (Northern Beqaa Valley) 

As for the final two simulations, the primary source of energy is solar with backup 

batteries in order to flatten out the energy curve for more efficient electrolyzer 

operations. In order to match the energy demand, it would be needed to install 

1,280,640 PV modules of Jinko Solar 570Wp and 435,1.56 MW ABB inverters. The 

panels should be divided to 80,040 strings connected in parallel with 16 panels 

connected in series per string. The strings would also be divided over 435 inverters, 

with 184 string per inverter. The system overview could be seen as block diagram in 

Figure 27. 

 

 

Figure 27. Solar System Block Diagram for Location C 
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Figure 28. Monthly Energy Production for Location C 

 

Figure 28 shows the monthly energy production for this option. It could be noted 

that the battery system hasnôt been introduced into the equation yet. This is the case 

since it has no effect on the total energy produced nor on the monthly production. 

Rather on the hourly energy production and on the daily production for some cases. The 

batteries were sized to optimize the electrolyzer rating, by shaving the daily energy 

peaks fluctuations. 
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Figure 29. Daily Energy Production over for Location C 

 

Figure 29 shows the daily energy production curve for Location C. By 

comparing Figure 24 and Figure 29 which are both only for solar power, one could 

notice that the energy fluctuations have been amplified for Location C. This is the case 

since the overall rated energy have significantly increased between the two cases, hence 

the overall amplitudes of the energy drops are larger. 

Now in order to size the batteries efficiently, it is important to examine the hourly 

energy curve. However, it is hard to visualize effectively the energy curve for a 

complete operational year, which is why a typical winter and summer days are 

visualized separately. 

Figure 30 shows the solar energy produced on a typical sunny day and winter 

day. It could be noticed that although the solar energy reaches a peak of around 600 

MWh around noon, it maintains this rating for less than 10% of the day. It would be 
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inefficient to size the electrolyzer at 600 MW to match the energy peak, which is why 

the storage option have been introduced. The peaks occur around noon, on multiple 

occasions over the year. 

 

 

Figure 30. Energy Generated on Typical Summer and Winter Day for Location C 

 

A tradeoff between the size of the batteries and the rating of the electrolyzer is made. 

According to [81], an electrolyzer costs between 1,400 to 2,100 $/kW rating depending 

on its type and properties. On the other hand, lithium ion batteries costs around 132 

$/kWh [82]. 

Figure 31 shows the economical tradeoff between electrolyzer and batteries 

prices. Note that the batteries normally suffer from higher failure rate, and require 

additional measures. The lifetime of the electrolyzer is normally higher than that of the 

batteries which is why the quantity of batteries accommodated for is doubled. 
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Figure 31. Electrolyzer and Batteries Tradeoff Plot for Location C 

 

Figure 32 shows the combined cost of batteries and electrolyzer. The economically 

optimum point would be the minimum of the curve which occurs at 732 MWh batteries 

size. At this point the electrolyzer size is 475 MW rated.  
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Figure 32 Total Cost of Batteries and Electrolyzer with respect to Batteries Size for 

Location C 

The adopted size is set at 750 MWh for the batteries, and 475 MW rating for the 

electrolyzer. 
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Figure 33. Energy Generated with Battery System for Location C 

 

Figure 33 shows the energy generated by the system. It could be noticed how the 

daily energy generated spreads out during the day when adopting batteries in the 

system. This helps economically optimize the rating of the electrolyzer. 

 

4. Location D: Solar PV and Batteries (Southern Beqaa Valley) 

Location D simulation procedure is similar to that of Location C but at a different 

site. The site in question is located to the north of Location C at Beqaa Valley. The 

same solar panel and inverter is be adopted for this design procedure. This simulation 

would require 1,200,480 PV panels divided over 410 inverters. The overall plant size 

would be rated 684 MWp generating a yearly amount of 1,269.4 GWh. Each inverter 

would have 183 string connected to it with 16 PV panels connected per string. The 

block diagram for the solar system is shown in Figure 34. 



 

 94 

 

Figure 34. Solar System Block Diagram for Location D 

 

 

Figure 35. Monthly Energy Production for Location D 

 

Figure 35 shows the monthly energy production for Location D. 
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Figure 36. Daily Energy Production over for Location D 

 

Figure 36 shows the daily energy production for Location D. 

Similar to the previous simulation, a typical day from summer and winter is 

chosen in order to size the batteries and the electrolyzer accordingly. For data 

consistency, the same days previously selected for Location C, are selected for this 

option as well. The respective summer and winter typical days are shown in Figure 37. 
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Figure 37. Energy Generated on Typical Sunny and Winter Day for Location D 

 

Figure 38 shows the economical tradeoff between electrolyzer and batteries sizing. 

 

Figure 38. Electrolyzer and Batteries Tradeoff Plot for Location D 
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Figure 39 shows the combined cost of batteries and electrolyzer. The 

economically optimum point would be the minimum of the curve which occurs at 895 

MWh batteries size. At this point the electrolyzer size is 450 kW rated. 

 

 

 

Figure 39. Total Cost of Batteries and Electrolyzer with respect to Batteries Size for 

Location D 

 

The adopted size is set at 895 MWh for the batteries, and 450 MW rating for the 

electrolyzer. 
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Figure 40. Energy Generated with Battery System for Location D 

 

Similarly, Figure 40 shows the energy generated by the system with and without 

batteries system. 
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CHAPTER VI 

 

PRODUCTION 
 

 

After establishing the yearly total energy produced by each of the design 

alternatives (seen in Figure 14), the ammonia and hydrogen production should be 

estimated. But first, some essential variables should be introduced and discussed in 

order to estimate the production correctly. This includes the following: 

¶ The variation in electrolyzer type carries a direct effect on the efficiency of the 

production process, and the financial aspect. In addition to that, the electrolyzer 

should be sized for every design alternative accordingly. However, from a 

production perspective, the three electrolyzers donôt differ significantly. The PEM, 

AWE and SOEC electrolyzer produce 21-26, 24-28, and 21-28 kg of hydrogen per 

MWh [83] [84] [85]. Since all the ranges are relatively close and overlapping, the 

unified production rate adopted for this project is 25 kg of hydrogen per MWh. 

¶ The yearly production of ammonia by the project is fixed at 60,000 tons per year. 

Although the yearly energy production would be declining due to the degradation of 

the equipment, this decline is accounted for from the hydrogen split of the energy 

and not the ammonia in order to maintain the yearly demand in ammonia. 

¶ As previously mentioned, 11 kg of water is needed to produce 1 kg of hydrogen. 

The water should be desalinated in order to result in a pure hydrogen output, which 

would also require percentage of the power. We could recall that 25 kg of hydrogen 

takes 1 MWh to be produced. And according to [86], it takes 3-5.5 kWh to 

desalinate 1 cubic meter of water (1000 kg). So in term of power, the desalination of 
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water takes 0.0825 ï 0.15% of the total power fed into the electrolyzer. The adopted 

percentage is set at 0.15%. 

¶ The maximum daily water demand is reached at Location A on March 9th, it reached 

1,815 m3 of water. However, the average daily demand of water at location A is 

only 670.4 m3. On the other hand, Location C and D have a significantly lower peak 

ranging between 1,100 and 1300 m3, however both their average demands are 

around 800 m3. Finally, Location D, has a peak of 1,382 m3 and an average of 720 

m3 per day. The water desalination station will be sized to 800, 870, and 960 m3/day 

for location A, B, and both C and D respectively. This has been chosen with a 20% 

increase over their respective average daily demand to provide an adequate buffer 

for daily fluctuations.  

¶ It is important to consider the source of water as well. Location A and Location B 

have direct access to seawater fed into the site. Whereas Location C and Location D 

could rely on underground water, or on stream water, or seawater transported to the 

site. Seawater will be transported to location C and D and desalinated on site due to 

the scarcity of underground or stream water. The transportation costs will be 

considered as part of the operational costs of the desalination plant. 

¶ As previously mentioned, the air separation unit is used to extract nitrogen from air. 

The sizing of the air separation unit depends on the demand for ammonia which is 

60,000 tons per year, and averages out to 165 tons per day. The air separation unit 

will  be sized to 200 tons of ammonia per day. According to Equation 3 one 

molecule of nitrogen (N2) produces two ammonia (2NH3). Taking into consideration 

the molar mass of both molecules, 0.82 kg of nitrogen is needed to produce 1 kg of 
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ammonia. This means that the air separation unit will be sized to produce 165 tons 

of nitrogen per day.  

¶ The four different locations have an average of 165 tons of ammonia produced 

daily. This number will be increased by 20% to 200 tons of ammonia produced per 

day in order to size the BH-process. 

¶ In addition to that, one should always account for the different type of losses in a 

such project as it can be significant. The losses in question doesnôt include the 

electrical losses during the energy generation phase, as they were accounted for in 

the previous simulations. It also doesnôt include the electrical losses from the 

electrolyzer, neither from the HB process as it is accounted for in the production 

rate per MWh. The losses are divided into two subcategories. First, auxiliary losses, 

which is the electricity needed to operate and maintain the site. According to [87], 

this number ranges from 0.5% to 1%. For this project, this number is set at 1%. 

Second type of losses is labeled as other operating losses. This includes storage 

losses due to leakages and diffusion of hydrogen, transmission losses, and so on. 

These losses are accounted for at 10%. 
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APPENDIX VIII summarizes the variables adopted during the production calculation 

phase. It also summarizes the already established equipment from previous sections. 

Table 5 summarizes the results of the production phase for each of the different design 

alternatives. 

 

Table 5. Production Calculation Results 

 Location A Location B Location C Location D 

Average Total Yearly Hydrogen 

Produced (Tons) 
22,186 23,728 26,419 26,355 

Average Yearly Hydrogen Used 

for Electricity Production (Tons) 
10,186 11,728 14,419 14,355 

Average Yearly Hydrogen Used 

for Ammonia Production (Tons) 
12,000 

Average Yearly Ammonia 

Produced (Tons) 
60,000 

% of Hydrogen Used for 

Ammonia 
54.94 % 50.91% 45.51% 45.62% 

Average Yearly Water 

Requirement (m3) 
244,046 261,011 290,611 289,912 

Yearly Production of Fertilizers 

(Tons) 
90,000 

Average Energy Produced 

Through Fuel Cells (GWh) 
203.72 234.56 288.38 287.11 

Average Energy Produced 

Through ICE (GWh) 
627.97 723.05 888.94 885.03 

 

  



 

 104 

CHAPTER VII 

 

ECONOMIC AND ENVIRONMENTAL EVALUATION 
  

 

 

In this part, the project is evaluated and assessed from an economic and 

environmental perspective. This would represent a crucial part in determining the 

feasibility of the project. These assessments could be interconnected in various cases 

which is why they were evaluated in the same section. 

 As previously mentioned, the economic assessment would rely on various economic 

indices, including the ROI, the LCOE, the CBA and the payback period. Before diving 

into each index separately, one should first establish some variables necessary for the 

calculations.  

¶ The expenditures for the renewable energy sources could be divided into two parts, 

CAPEX and OPEX. CAPEX, on one hand, represents the initial price of the 

equipment, along with the costs of their installation and transportation to the site. In 

other words, itôs all the payments needed to make the project up and running. OPEX 

on the other hand, are the costs needed to maintain the site and ensure efficient and 

smooth operations. It is accounted for as yearly payments, and it includes operations 

and maintenance, security costs, insurance, etc. For this project, the price of PV 

panels, inverter, and the wind turbines have been taken similar to sites in the region 

[88] [89] [90]. This includes the Noor Abu Dhabi solar PV project in Sweihan, and 

a wind energy assessment report for NEOM city, in Saudi Arabia. The projects were 

chosen from the MENA region due to the proximity to the Lebanese case, hence 

similar costs. The capex of PV system and the inverters is set at 725,000 $/MWp, 
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whereas its OPEX is 12,000 $/MWp. Similarly, the CAPEX of wind turbines 

reaches 1,000,000 $/MWp, and its OPEX is set at 41,000 $/MWp. 

¶ Land costs werenôt considered, as the chosen location for the project should be 

government property to save on land the cost. 

¶ According to a study from KAUST, a large scale SWRO CAPEX ranges between 

900$ and 1,200$/m3 per day. Whereas a smaller plant reach 2,500$/m3 per day [91]. 

The latter value will be adopted for this project since the water desalination plants 

are relatively small. Location A and B will have a 15% operational expenditure per 

year for maintenance costs. Whereas Location C and D will have a 20% operational 

expenditure for transportation along with maintenance costs as well. 

¶ Three inflation rates were adopted and calculated for the different indices. Which 

are conservative, moderate, and aggressive inflation rate. The more the inflation rate 

decreases, the more aggressive it would be considered. 

¶ As previously stated, each of the previously introduced locations is considered for 

energy generation through fuel cells, and through ICEs. The scenario under ICEs 

adopts a 20/80 split ratio between hydrogen and natural gas. The price of the natural 

gas was accounted for in the economic analysis as well. The price of natural gas was 

used from the international stock market [92]. Although according to the prime 

minister Najib Mikati, Lebanon got offered natural gas at a price 30% less than the 

global market from Egypt. However, this price isnôt sustainable on the long run, and 

canôt be relied on to assess the projectôs economic status [93]. 

¶ According to [94], the nitrogen LCOE from air separation unit is estimated to be 

20$/ton. This takes into consideration generating additional revenues from 
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commercially selling oxygen and argon. Which means that the nitrogen production 

will cost roughly 1.2M$ per year. 

¶ As for the cost of ammonia production unit. This would include compressors, heat 

exchangers, catalyst beds, cooling systems, and so on to carry an efficient HB 

process. According to [95] the CAPEX of ammonia production is 805,800 $/ton of 

ammonia daily capacity (2,370 $/ton for 340 days a year) and a OPEX value of 

448$/ton. 

¶ In addition to that, two possible price rates are considered per kWh injected into the 

grid, the first one is 0.4$/kWh which is close to the current rate paid per kWh for 

distributed generation. The second one is 0.06 $/kWh as per a study conducted by 

AUB for normal PPA deals [96]. 

The summarized variables could be seen in APPENDIX IX. After that, the different 

economic indices are introduced and explained before showcasing the associated 

results. 

 

A. Net Present Value 

NPV is a financial metric used to estimate the accumulated value of an investment 

opportunity. The idea behind it, is to accumulate all the cash flows, discounted to their 

present value, over the entire life of the project. NPV helps determine the overall worth 

of a project, or investment opportunity. It takes into account the capital costs, and 

expenses (cash outflow), along with the revenues (cash inflows) associated with the 

project. It also accounts for the for the value of time in the calculation, which is also 

referred to as discount rate. 

ὔὖὠ
ὅὥίὬ Ὂὰέύ

ρ Ὥ
ὍὲὭὸὭὥὰ ὍὲὺὩίὸάὩὲὸ Equation 7 
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Equation 7 shows the mathematical formula of the NPV. Where Ὥ is the desired interest 

rate by the project. It is the summation of the discount rate, along with the inflation. 

And ὸ is the period of time. If the NPV is positive, the investment would achieve higher 

rate of return than what is desired, and the project is deemed economical. If the NPV 

was negative, the investment wouldnôt be able to generate the desired rate of return, and 

the project would be uneconomical [97]. 

 

B. Return on Investment 

ROI, is a key index that measures the profit from an investment. In simple terms, it 

is a ratio of the gain or loss of an investment, relative to its initial cost. ROI is used to 

compare different investment opportunities to one another. Investors rely on this index 

along with other important factors to choose between the investment opportunities. 

Traditionally, ROI doesnôt account for the value of time. This could work fine for short 

investment period, however, for long periods it wouldnôt be valuable if the value of time 

was ignored. For the sake of the project, an altered ROI version is implemented to 

account for the value of time. Equation 8, shows the formula used to calculate the 

discounted ROI [97]. 

ὙὕὍ
ὈὭίὧέόὲὸὩὨ ὄὩὲὩὪὭὸίὈὭίὧέόὲὸὩὨ ὅέίὸί

ὈὭίὧέόὲὸὩὨ ὅέίὸί
ρzππ 

Equation 8 

When an ROI is positive, it means the opportunity is worth considering. However, 

investment opportunities with higher ROI are more attractive for investors. 

 

C. Levelized Cost of Energy 

LCOE is a measurement specific for the energy sector. It is used to compare 

different energy production alternatives. It is the average cost of building and operating 



 

 108 

the power plant, per one unit of energy generated over its lifetime. It is also used to 

calculate the minimum price at which the energy should be sold in order to make profit. 

╛╒╞╔
В╬▫▼◄▼ ▫○▄► ■░█▄◄░□▄

В▄▪▄►▌◐ ▬►▫▀◊╬▄▀ ▫○▄► ■░█▄◄░□▄

В
╘◄ ╜◄

►◄
▪
◄

В
╔◄
►◄

▪
◄

 Equation 9 

Equation 9 shows the formula of the LCOE. Where ╘◄, and ╜◄ are the 

investment costs, and O&M costs respectively during year t. ╔◄ is the electrical energy 

generated, ▪ is the expected lifetime of the system, and ► is the discount rate. 

As previously mentioned, the environmental assessment takes into consideration the 

direct carbon footprint saved by the project over its lifetime. This would also be 

reflected into the economic assessment when considering the scenario of a carbon credit 

or carbon tax. 

 

D. Payback Period  

Payback period is the duration it takes for a project to recover its cost and reach a 

breakeven point. In general, the shorter the payback period the more the project is 

desirable. If the cash flow rate is fixed, it is calculated by dividing the investment 

amount by the fixed cash flow. If not, it would be calculated by monitoring the 

accumulated NPV of the project. The payback period is when the NPV reaches 0. Cash 

flows could also be discounted to account for the discount rate.  

 

E. Carbon Credit  

Carbon credits are a type of permit that represents a fixed amount of carbon dioxide 

taken out of the atmosphere. They can be traded and acquired by one individual, or by a 

company to make up for its CO2 emissions caused during industrial productions. 
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According to NBC news, the carbon credit market is on track to be worth $1 billion in 

2021 [98]. 

Many countries worldwide have adopted various strategies to incentivize the trading 

of carbon credit and other emission reducing policies, especially after the 2015 Paris 

Agreement. The most widely used standard to validate carbon credit is created by Verra, 

a nonprofit group found in 2007. The standard is known as the Verified Carbon 

Standard with 1,750 registered projects, and almost 796 M$ carbon units (Ton). 

The importance of the carbon credit for this project is that it would represent an 

additional solid income stream without any added cost. This way the economic 

feasibility of the project would increase further which makes it even more competitive. 

However, the tricky part lies in pricing the carbon tax unit, since it is still a relatively a 

new policy especially in the middle east. 

According to [99], the carbon unit was priced at $12.70 in 2021. This number 

reached a range between $40 and 80$ in 2023. Since the carbon market is a free trading 

space with minimal external control, the price increase is a direct result of the increase 

in the demand on carbon credit. The carbon credit price is fixed at 70$ per carbon unit 

for this project.  

According to [100], private generators in Lebanon emits an average 0.830 kg of 

CO2 for every kWh of electricity produced in Lebanon. Whereas this rate is 0.802 kg 

per kWh for EDL. Since the main source of residential energy in Lebanon are private 

generators, the first rate was adopted to estimate the CO2 emissions saved. 
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F. Carbon Tax 

Carbon tax is also a policy applied in developed countries in order to reduce carbon 

emissions. As its name suggests, the government defines a pricing strategy for every ton 

of carbon dioxide emitted. It is generally classified under two categories, emission tax 

which would be based on the quantity directly emitted, or tax on goods and services that 

are an intensive GHG emitter.  

By 2021, 35 carbon tax programs have been implemented internationally. This 

includes British Columbia since 2008, South Africa since 2019, and many states in the 

United States [101].  

Carbon tax could be an important factor when assessing the economic value of a 

project. A potential carbon tax policy, could increase the price of fuel and natural gas 

significantly, which allows for the hydrogenôs price to increase as well in order to 

match the market, while maintaining a competitive rate. However, carbon tax is 

considered a farfetched policy specially for Lebanon which is why it wonôt be 

considered for this project. 
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CHAPTER VIII 

 

DISCUSSION 
 

 

 

As previously stated, 4 different site locations were considered with a different 

renewable energy option for each one, based on the topographical properties of the 

location. Each of the options has two different energy generation scenarios considered 

which is through fuel cells or gas turbines. This results in 8 different design alternatives 

for the project. From an economical point of view, two scenarios were considered for 

each design alternatives. One which is in the case of a PPA deal conducted with the 

Lebanese government. This scenario has a relatively lower return rate which is 0.06 

$/kWh. The second scenario is FiT where the investor directly sells electricity to the 

end consumer without the government interference which is 0.4 $/kWh. Note that the 

tariff is normally negotiated between the investor and the government. It could be set at 

a middle ground that suits both parties. In addition to that, three different inflation rates 

have been considered during the economic analysis which are conservative (5%), 

moderate (3%), and aggressive (1%). Finally, a carbon credit scenario has been applied 

for all the simulations as well which adds up to 96 different economical result for 8 

design alternative. Each design alternative has 12 different variations from an 

economical point of view. 

None of the simulations under scenario 1 (0.06 $/kWh) has a positive NPV by 

the end of the project duration, which means that the project doesnôt cover its own 

initial and operational costs. This leaves 48 different economic result to be analyzed and 

compared. 



 

 112 

It is granted that the conservative inflation rate would lead to lower NPV when 

compared to the moderate and both values would be lower than that of the aggressive 

rate. This is the case because the inflation rate affects the costs and benefits but not the 

initial investment cost. Since the initial investment cost represents the bulk project cost, 

increasing the discount rate would lead to higher calculated NPVs. 

For this reason, there would be no use to compare the moderate, to conservative, 

and aggressive at the same time. It would suffice to compare the moderate scenarios for 

all cases, then when selecting an option, we would investigate the variation with 

inflation rates. 

Similarly, for the carbon credit scenario, the carbon credit would also increase 

the NPV and boost the economic status of the project. But it shouldnôt affect the initial 

decision as it represents a specific scenario that hasnôt yet been implemented in 

Lebanon to this stage. However, the scenario would also be monitored for specific 

design alternatives. 
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Figure 41. Cumulative NPV for different design alternative (moderate) 

 

Figure 41 shows the cumulative NPV for the 8 different design alternatives over the 

lifetime of the project. It could be shown that 4 of the alternatives are positive and 

significantly higher than the other 4 alternatives. These options are the ones adopting 

ICE in their design instead of fuel cells. This is the case since fuel cells have lower rate 

of electricity production when compared to the gas turbines and it introduces additional 

costs. However, the price of natural gas is volatile, and may increase along the lifetime 

of the project. Which could make the fuel cell option more attractive. 

In addition to that, it could be noticed a dip in NPV over the years 10 and 20 

which could be traced back to the replacement of many of the equipment in the project. 

This includes the replacement of the electrolyzer and inverters for all the design 

alternatives. 



 

 114 

Although the alternative of generating energy through fuel cells was deemed 

uneconomical, however it is possible under higher electricity tariffs (higher than 0.4 

$/kWh). 

 

 

Figure 42. Payback Period and Break Even Tariffs for the 8 design alternatives 

(moderate) 

 

Figure 42 shows the payback period and breakeven tariffs for the previously 

shown design alternatives. The lower the payback period is, the more attractive a project 

would be. The payback period is calculated for Scenario 2 (0.4 $/kWh), since all 

alternatives in Scenario 1 (0.06 $/kWh) have been deemed uneconomic and were 

eliminated. It could be noticed, that the lowest breakeven tariff occurs for Location B 

with ICE generation option is at 0.158 $/kWh. Note that this tariff could go lower for 

aggressive interest rates, or in the case of carbon credit scenarios. This shows that there 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

Location A FCLocation A ICELocation B  FCLocation B
ICE

Location C  FCLocation C
ICE

Location D  FCLocation D
ICE

B
re

a
k
e
ve

n
 T

a
rr

if 
(k

W
h

)

P
a

y
b

a
ck

 P
e

ri
o

d
 (

Y
e
a

rs
)

Payback Period Break Even Tariff



 

 115 

is no need for the tariff to be set at 0.4 $/kWh, but it could be discussed and agreed 

upon before launching the project. Similarly, the Payback period is lowest for for this 

option at around 2 years.  

Notice that the lowest breakeven tariff under fuel cell generation option is at 

0.43 $/kWh. Which means that fuel cells could be considered for higher return rates. 

Which is why it is recommended to keep tabs on the fuel cell technology for future 

expansions. In case their cost drops and their efficiency increases, it is possible to later 

introduce fuel cells into the project. 

If we compare Figure 41 and Figure 42, one could notice that the alternative 

with the highest accumulated NPV, is Location D not Location B. Although it has 

relatively higher payback period and breakeven tariff. This is the case due to the large 

initial investment, and the first few years of project operations. It could be seen that 

Location D starts from a larger initial investment but with slightly higher curve, 

whereas Location B has a lower initial investment but smaller curve. The presence of 

wind power and absence of batteries makes the initial investment slightly lower for 

Location B but increases the operating costs over time. So although it reaches the 

payback period first, the accumulated NPV of the project is lower than Location D. 

None of the above mentioned results is enough to make a decision between the 

design alternatives. The 4 aforementioned option are all viable through ICE energy 

generation as all of them results in a positive NPV. In order to select between the 

options, it would rely mainly on logistical preferences of land and technology by the 

government. 

Next the results for both ICE and Fuel cell option are presented separately. Focusing on 

the effect of interest rate, and carbon credit on the economic status of the project. 
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Figure 43. Cumulative NPV with three different inflation rates for ICE 

 

Figure 43 shows the effect of different inflation rates on each of the design alternatives 

through ICE available for this project. Note that the selected rate for calculation affects 

the NPV but not to the point where it hinders the profitability of the project. In all cases, 

the NPV under ICE generation remains positive. 
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Figure 44. Carbon Credit Effect on the Net Present Value for ICE 

 

Figure 44 compares the estimated NPV at moderate interest rate for the 4 design 

alternatives using ICE with and without carbon credit scenario. 
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Figure 45. Carbon Credit Effect on Payback Period for ICE 

 

Figure 46. Carbon Credit Effect on Breakeven Tariff for ICE 
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Figure 45 and Figure 46 show the payback period for the 4 design alternatives while 

also differentiating between normal scenario and carbon credit scenario for the ICE 

options. 

 

 
Figure 47. Cumulative NPV with three different inflation rates for Fuel Cells 

Figure 47 shows the effect of different inflation rates on each of the design alternatives 

through fuel cells. It could be noticed that the NPV for Fuel Cell option are all negative 

except for Location B under aggressive interest rate. This is the case due to the lower 

electricity generation rates.  
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Figure 48. Carbon Credit Effect on the NPV for Fuel Cells 

 

Figure 48 compares the estimated NPV at moderate interest rate for the 4 design 

alternatives using fuel cells with and without carbon credit scenario. As seen in Figure 

48 none of the options has a payback period except Location B under carbon credit 

scenario (16 years). 
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Figure 49. Carbon Credit Effect on Breakeven Tariff for Fuel Cells 

 

Figure 49 shows the breakeven tariff for the 4 design alternatives using fuel cells while 

also differentiating between normal scenario and carbon credit scenario. 
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Figure 50. Yearly Emissions Saved for Every Design Alternative 

 

Figure 50 shows the yearly emissions of CO2 saved by the project operations. 

The savings are caused by replacing fossil fuels for energy generation with a green 

alternative emission free alternative. It could be noticed that the option with ICE saves 

significantly more than that of Fuel Cells alternative. This is the case since ICE 

generates more electricity using less hydrogen, as it is mixed with natural gas. The 

footprint of the natural gas is also taken into consideration in this calculation. Note that 

due to equipment depreciation, the amount carbon emission decreases towards the end 

of the project period, as the energy produced also decreases significantly. 

To sum up, this part helps visualize the economic and environmental status of 

the different suggested design alternatives. It also helps pinpoint the different 

advantages and disadvantages of these alternatives. Aside from identifying the 
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economically viable options, these result canôt solely provide a decision concerning the 

alternatives to be chosen. It shows that all 4 locations viable for generation through ICE. 

It may be possible to reinvest in fuel cells under higher electricity prices. 

However, the decision between the alternatives should be made based on the 

logistical properties and characteristics of the location. This includes land availability, 

region politics, transportations, accessibility, security, and so on.  

  



 

 124 

CHAPTER IX 

 

RISK ASSESSMENT 
 

 

 

After establishing the potential investment opportunity in green hydrogen and 

ammonia for Lebanon, one should also consider the investment risk associated with it. 

Investment risk is the possibility of an investment or project carrying a result different 

to what was anticipated. This could happen be by losing the investment, or achieving an 

IRR lower than anticipated. 

There are four types of project level risks that should be considered before investing 

in a specific project. The types are financial risks, strategic risks, performance risks, and 

external risks.  

 

A. Financial Risks 

Financial risks include the monetary factors associated with the project. This could 

represent a rise in the cost of materials and equipment, an unrealistic budget constraint, 

longer than expected building period or more labor intensive project. It could even 

include lower than expected sales number, or failing in securing the needed funding. 

This type of risks could easily be reflected on the project discussed in this paper. 

The price of panels, electrolyzers, wind turbines or even batteries could vary 

significantly from what was previously calculated. Especially, when itôs time for the 

replacement of the equipment. The project could also have some delay in the 

construction phase which would result in delayed revenues and increased costs. The 

sales from the project could also be lower than expected. Although the current 
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electricity sector is in need for more utility scale plant generations, however this 

situation may change over the period of the project. 

These risks could be controlled through the following steps: 

¶  Securing deals with suppliers to stabilize the equipment price and set an upper 

limit for their prices over the length of the project. The upper limit would be 

calculated to protect the margin of profit for the investor in case of market 

fluctuations while maintaining benefit of the manufacturer within a safe margin. 

¶ Agreeing on a power purchase agreement with the Lebanese government that 

bind it to purchase every kWh produced by the project so that the investor could 

guarantee the continuous demand for electricity. In addition to that, agreeing 

with the local fertilizer manufacturers on ammonia deals that suits both parties. 

This way the green ammonia produced could be altered to match this market. 

 

B. Strategic Risks 

Strategic risks cover the decision making process of the project during its 

construction and operation phase. This includes the project management strategy and 

planning, daily operations, investment in new technologies and so on. The project has 

many associated risks during the construction phase which would rely on the strategies 

followed by the contractor to complete the construction within the set budget and 

period. In addition to that, the project should be operated efficiently with proper 

maintenance during the operation phase so that the performance and efficiency doesnôt 

decrease with time. 

These risks could be avoided through the following steps: 
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¶ Hiring a consultant company to design the project with a professional well 

experienced contractor on the other end to execute it. It would be recommended 

to hire also a sub consultant to oversee and supervise the progress of both 

parties, in order to meet the investors demand within the set period and budget. 

¶  The investor could also hire an asset management company specialized in 

renewable energy projects. The company would help supervise, control, and 

optimize the project performance in order to maintain efficient and safe 

operations. 

 

C. Performance Risks 

Performance risks are the overall risk associated with the performance of the 

project. These risks are due to unclear or vague expectations for deliverables, outdated 

market research, underperforming equipment, and undefined KPI. 

These risks could be avoided and eliminated through the following steps: 

¶ Setting and agreeing beforehand on the expectations of the investor to the 

contractor, consultant, and operator of the project. All parties should provide a 

clear detailed plan on how it plans on meeting these expectations. 

¶ A thorough market research should be held to understand all the key aspects 

associated with this project. This includes a detailed study for the fertilizer 

market in Lebanon, the electricity sector forecasted status, the green hydrogen 

and green ammonia international price etc. 

¶ Predefining the KPI for the hired companies along with agreeing on a valid 

progress documentation technic with the investor.  
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D. External Risks 

External risks normally are associated with less predictable sources of risk and are 

more related to the location, country, and project specifications. These risks could affect 

the performance and profitability of the project depending on their severity. In a country 

like Lebanon, these risks are endless and play a major role when assessing the project. 

For example, it is expected that such project affects negatively various stakeholders 

around the area of the project which might trigger negative reactions. For example, it 

could hinder the demand on electricity from private generators in the area of the project. 

Such incident previously occurred in Zahlé when the EDZ promised 53,000 subscribers 

uninterrupted power supply at relatively low price by February 2015. However, soon 

after the announcement, local generator owners launched a movement of blocking roads 

and burning tires. Soon after that, a serious attack on the power plant damaged 4 

transformers and lowered the daily generation to 12 hours instead of 24 hours per day 

[102]. In addition to that, Lebanon have witnessed many incidents where the life of PV 

panels where cut short due to stray bullets amid celebration of Brevet exams for 

example or even weddings [103]. Other than that there is the risk of theft and robbery of 

equipment on site. Many incidents occurred recently of similar type such as the theft of 

water pumps, cables, and other equipment [104]. Finally, there is the phenomenon of 

stealing electricity through illegal, and unauthorized hookups. It is estimated that half 

the power supplied by EDL is stolen which generates enormous losses [105]. 

Finally, there is always the risk of corruption, shortcomings, and failing to pay up the 

investor by the Lebanese government and consumer side. Since the economic and 

political status of Lebanon isnôt stable nor guaranteed, it is hard to provide guarantees 

for the investor under the current status of the country. 
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E. De-Risking Policies for Lebanon 

In this part, a de-risking policy is developed for Lebanon that would help increase 

foreign project investment in the country. The previously introduced policies and 

strategies are general strategies that are normally implemented to eliminate financial, 

strategic, and performance risk. However, external risks are case specific for the 

Lebanese scenario, which makes it more complicated. 

Lebanon is currently facing an economic crisis that is affecting the whole country, 

including the flow of investments. The risks could be eliminated or decreased through 

implementing various steps such as: 

¶ The local currency in Lebanon is unstable and volatile. Investors should receive 

guarantees that their rates would be paid fully in US dollars at the agreed initial 

rate. Proving that would mean disclosing the income flow rate of the Lebanese 

government which would show its ability to sustain the agreed upon tariffs. 

¶ A strategy to de-risk the energy sector should also be developed in order to 

attract investments to this sector on its own. This could be done by distributing 

and privatizing the electricity market. EDL is currently responsible for 

generation, transmission and distribution of the electricity in Lebanon. However, 

the company has been bankrupt for few years now without hope of blooming 

back. The Lebanese power plants are shutting down due to lack of maintenance. 

This includes that 220 kW Zahrani and Deir Ammar power plants who have 

both faced shutdown back in 2022, due to lack of maintenance and lack of fuel 

[106]. The low voltage distribution requires supervision and protection to 

eliminate electricity theft and illegal hook ups. Unfortunately, EDL lacks the 
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manpower and the budget to perform these critical operations. Which is why its 

responsibilities should be distributed over private companies with a clear 

revenue stream. This would help eliminate various risks associated with 

investments in this field. 

¶ Incidents involving violence and stray bullets are considered slightly trickier to 

contain and control in Lebanon.  It resulted in various casualties, injuries, and 

deaths through the years. An overall strategy to hold accountable those who 

were responsible for such events would significantly decrease such incidents. 

This should be accompanied with training sessions for kids and adults to 

introduce the danger of such actions and rituals along with its sever 

consequence, in an attempt to remove the problem from its roots. 

De-risking Lebanon is the main challenge that is preventing the country from 

receiving funds and investments in various sectors. Since Lebanon is considered a high 

risk country for investments, it is making it hard to bloom and progress economically. 

Whatôs tricky about that, is that the lack of economical funding and investments 

worsens the state of the country, which increases the associated local risk as well. 

Which means that Lebanon is stuck in a loop that is hard to break out of. However, 

small de-risking positive steps could be taken over time to help decrease and eliminate 

the risk. Once such step is taken, it could attract a small investment, which would lead 

to further de-risking step, and so on. 
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CHAPTER X 

 

CONCLUSION 
 

 

 

To sum up, this thesis presented a potential investment opportunity in a green 

ammonia and green hydrogen project to help supply the Lebanese demands for 

fertilizers, and boost the electricity generation capacity of the country. The project 

feasibility was introduced from a technical and economic perspectives. A literature 

review covering the green ammonia and green hydrogen chemical properties, 

applications and production process was prepared and discussed thoroughly. After that, 

4 different project locations along with varying project parameters were simulated, this 

includes renewable energy source, electrolyzer type, and energy generation option were 

introduced. The design alternatives were compared and analyzed from an economic, and 

environmental perspective while varying the interest rate, and the tariff.  

The thesis concluded that all the 4 design alternatives are viable from an 

economical and technical point of view, under the ICE generation option. The initial 

cost of the project at Location A is 847 M$, the payback period at 3% inflation rate 

(moderate) is achieved after 2.83 years. The accumulated NPV reaches 2 B$ by the end 

of the project duration, and the breakeven tariff is 0.182$/kWh. As for Location B, the 

initial investment is 808 M$, the payback period is 2.59 years, the total NPV is 2.55 B$, 

and the breakeven tariff is 0.158$/kWh. Location C has an initial investment cost of 1.2 

B$ with an accumulated NPV of 2.57 B$, payback period of 3.59 years, and a break 

even tariff of 0.196 $/kWh. Finally, Location D has an initial investment of 1.1 B$, 

accumulated NPV of 3.3 B$, a payback period of 3.4 years, and break even tariff of 

0.185 $/kWh. However, choosing between the different design alternative would rely on 
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the various logistical preferences which depends on the site, proximity, grid state, and 

other factors. It is noted that, it is only possible to introduce fuel cells under higher 

electricity prices. 

Finally, the risk associated with such investment in Lebanon was highlighted 

and discussed. It was then followed by a de-risking policy for Lebanon that would help 

the country attract more investments, specifically in the renewable energy field. The de-

risking policy discussed general policies for financial, strategic, and performance risks, 

along with external risks specific for Lebanon. De-risking the external risks focused 

neutralizing the Lebanese currency problems, the demand volatility, and the violent 

incidents.  

As for future work, first, it would be interesting to update the results of this 

thesis using a Lebanese database for wind. Second, a sensitivity analysis on the effect of 

the various parameters on the project profitability and production would be interesting. 

Third, conducting a logistical study on each of the design alternative that discusses the 

water scarcity, political complications, and land availability would be of significant 

value. 

  



 

 132 

APPENDIX I 

DESIGN ALTERNATIVES BREAKDOWN 
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APPENDIX II 

JINKO SOLAR PANEL DATASHEET 
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APPENDIX III 

ABB INVERTER DATASHEET 
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