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ABSTRACT
OF THE THESIS OF

HaidarHani Ezzeddine for Master ofScience
Major: Energy Studies

Title: TechneEconomicAssessment 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 importasamponentfor 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 dioxide2jC&nd nitrous oxide (pD).

This thesis assessthe 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
designed thoroughly. This takego consideration various design alternatives. First, the
location of the sités varied to account for four sites spread around Lebanon. Second, the
adopted renewable energy souvegiesbetween solar, wind, or hybrid of bothttwvithe

option of storage system if needed. Third, the type of electrolgyagranged between
AWE, PEM, andSOEC Fourth, storage and transportation methods for both hydrogen
and ammoniare discussed\s forthe energy generation methadthICE andfuel cells

are taken into consideration, through hydrogen or ammonia

The thesis assessand comparethe different design alternatives from an economical,
and environmental perspective in order to determine the feasibility of such project in
Lebanon. Finally, a risk assessmenttfegprojectin theLebanese scenaris performed

to determine the possibility of receiving such investment.

The thesis concluded thédur alternativelocationsare economic when implementing

ICE generation techniquat 0.4 $/kWhTheir acamulated NPV ranges betwee02B$
and2.57B$ with an initialinvestment ranging between 0.81B8d1.2B$. Thi s wasn
the case for fuel cell generation option wherethiemaccumulated NP\étayed negative

for all scenariosThe payback period of the project reached its minimum5S&y2ars,
whereas the lowest possible breakeven tariff reachésB G&kWh. Thethesis also
concluded that thentroduction of fuel cel over the life time of the projecbuld be
considered in some cases for higher electricity tariffs

It also concluded that a potential carbon credit scemaoiad significantly boosts the
project from a financi abasean econsrpicaldécisiare |, but
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CHAPTER |

INTRODUCTION

A. Motivation

The Lebanese economic crisis manifested itself back in 2019, when depositors
werestruggling to withdraw large dollar amounts fromithenks. Such incident was
unprecedented for the Lebanese banking sector; it has never occurrednmdfaren
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 sect@gurbhasing value
of theLBP decreased by more than 8096 in a period oft 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 seatatppted, are
classified as short term fixes with limited revenues generated which proved to be
ineffective and depleting to the econofiy. Alternatively, Lebanon should have been
focusing on sustainable progressive solutions that would increase-degetlidency
and generate | ong term revenues. Around t}
a debt of more than 150% of its national afphe debt was used to rebuild the country
after the civil waf1]. The debt continued to increase exponentially turning into a huge
burden on the countrydés economy. Lebanon f
to its high reliance on imports and low rate of exports, a bleeding government owned

public sectorsand most importantly corrupt decision makers and shareholders. All
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these aforementioned problems were also amplified and induced by the ©VID
pandemic.

Lebanonds reliance on imports continues:t
valuable and fluid exports remains human
billion in 2021, having increased by more than 20% in one year. Wheseaports are
only at $3.9 billion2]. Imports includeduels, pharmaceutit@roducts, equipment,
machinesAlthough, 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 turnetbwnnearly 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 thBDL have been bleeding for years; the solution
adopted by the government wascontinuously wastis yearlybudgetto uphold it,
instead of developing a strategy that woul
energy minister estimated that the electricity sector is generating $1.6 billion yearly
losses in public fundg]. 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 Lebanonds resourcesoleljon gener at
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 agritute 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 (H) and ammonia (NkJ are two chemical compounds that have the
potential to significantly contribute to an emissioee, sustainable future. Hydrogen is
considered a clean fuel that could be used in various applications which includes energy
generation and transportation.efbombustion of hydrogen emits only water with no
trace of carbon dioxide (G2 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 significani €@issions. According tb],

9.3 kg of CQ is emitted for every kg of hydrogen produced thro8§R method

(responsible for nearly 95% of hydrogen produced globally). For this reason, there is a
growing interest in developing fAiGreeno hyc
through renewable energy powered water electrolysis followedBogrocess for

ammonia. Following thagreen ammonia could be used to produce fertilizers, and both
products could helgenerate 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 teir 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, theassociated processes are introdudestussed, and modeled for the different
production methasl This part includes a detailed schematic of the three different
processes with a thorough overview over each model, and the associated component
modeling for ech 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 mulbbjective techneeconomic study through OSMOE
platform (developed by the Growp Industrial Process and Energy Systems
Engineering at Ecole Polytechnique Fédérale de Lausanne). Zhang et al. adopted two
objective functions for their optimizatior
efficiency, and th& COE of ammoniaThe productiorwas optimized with a yearly
fixed productiorrateof 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%. \&fieas from an economic perspective, the biomass to
ammoniacosts459/ t on with a 6 yearsd payback per.i
400%/ton, and the power to ammonia was considered uneconomicahairttent due
to the electricity market prices. It is noted that a traffeshould occur between the
production cost, and the &fiency of the system, since a higlediiciency couldbe
reached for a highgaroduction cos|6].

In [7], Ye et al. prepared an overviefthedifferentgreen ammonigroduction

technologiesThe authorglassifiedammonia andnethane as theealenergy storage
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for thelarge capacitieandlong durationgreachingl TWh for more than 1 yearye et

al. considered that green ammonia production is a key pillar for theereCQ

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
greenammonia a competitive advantage over the conventional production process.
Thirdly, amnonia is presenting a new clean and sustainable way to store high density
energy when compared to hydrogen, or batteries. Firtafly,considered that ammonia
haswell-established chain for transportation atorage purposes whisimplifies its
introduction into the energy mix.

In [8], Chehade anBincer 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 ammeaniChehade 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 impo#nce 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 b ignite in open space and rarely regarded as a fire hazard when
installed in an outdoor area. Chehade imter presented a detailed breakdown of the
production of ammonia for both conventional and green process. The authors also
discussed the various@jrations of ammonia as green fuel, which was divided into

ICE, gas turbines, chemical rockets, and finally gas furnaces. In addition to that, they

16



have introduced the possibility of using ammonia as a carrier for hydrogen, which
woul d be done through AAmmonia Crackingo t
Finally, Chehade and Dincer performed some teguumomic evaluations on green
ammonia productianThey considered five main issues for their evaluations. Which
where the capital expenditure, cost of renewable energy, cost of ammonia transport,
restriction in CQ emissions and finally taxes on @é@missions.

In [9], Guerra et al. developed an analysia gfreen ammonigroductionplant
in Chile; the ammonia wouldhenbe transported tdapan. The analysis covered the
technical and economic pillars of the project. The authors first starteceliking down
the process, andtroducing the main associatetképs. This includes the electrolysis
HB reaction,storage and transportatiorAfter that,the economic sensitivity analysis
was performe@nd simulatedThe associated NPV, IRR, and payback period were
simulatedd r a 25 vy ewvdhras8® inteindl mte of ratern. The sensitivity
analyses adopted two methods; the first one was to vary the main parameters at specific
point in time, whereas the second one call
aggregate the effect of the varieblmodified in thdirst method. After the associated
analyses were carried out, an optimization process for the variables was followed taking
into consideration various restrictions and considerations. The optimizatiesproc
resultedn an NPV of $77.4M, IRR of 17%, and 7.62 years for payback. The study also
deduced from its sensitivity analysis that the sizeBfprocesgplant, 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®alanshore wind, and

bateries for its energy generatiddawar et al. performedL&EA 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
scerarios under two supply chains which are the export oriented supply chain, and
domestic markebriented. The analysis took into consideration variable constraints that
were classified into physical, sogowlitical, economic, and conservation. Pawar et al.
revealed that India is capable of comfortatayerthe 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 anbatteries They also consider that in order for the greethodto
compete with the conventionaitocessan international carbon tax of around 2336
a/ t o nzemifted ¢h@uld be enforced on ammonia production.

In [11] Lee et al. simulated multiple economic analyses to select the most
suitable electrolyzer type fgreen ammoniarodudion. The analysisoveredAWE,
PEM, andSOECelectrolyzersThe economic analyses used various methods including
cost estimation taking into considerationisaproving experience rate, scenario
analysis, uncertainty analysis through Me@t&rlo method. Lee concluded that the
optimum choice of electrolyzer variestiwthe electricity price. ® one hand, theCOE
of ammonia was thiwestfor 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-§lexible
ammonia plantas part othe 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 afgepared global atlas map of LCOE
from ammonia in 2020, 2030, 2040, and 2050. Fasihi et al. concluded that the LCOE of
ammoniacoulddropfrom44®3 0 G/t i #®83D020tt o n3@RO50 in t
production sites globallylhey predictecthat 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 thateh i mpact coul d be n eemnmitedldyi zed w
2040. Finally Fasihi et al. added that the top nine major global regions for green
ammonia production differ by | ess than 50
that by 2040, the ammonia trading manketuld be well developed and limited to
intercontinental trading.

In [4] Smith andMurciano discussed the potential of green ammonia project in
Sierra Leone (SuBaharan Africa) through hydropower energy. The authors argued that
green ammonia projects are economically viable for developing countries, as it satisfies
the local demand fdertilizers from one hand, boosts the agriculture sector, produces
significant baseload power, and buffers the high fluctuations of renewable energy. The
fertilizer market isexpected to achieve an NPV280M$ in 30 years, which means a
165%ROI, and yearly savings of $5fillio. It also states that the use of green
ammonia buffers the seasonal fluctuations of hydro energy frénV®U to 50 MW,
andgenerates a 370 MW stablebase power.

In [13] Wang, Walsh, an®argaville conducted an economic evaluation on the
potential of green ammonia projects. The authors developed a $patmiral
economic potential study about this context for Australia. To dondd)R model

under the nAmemoAMBBEWRS devel oped. MI P wa ¢
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effect of the temporal operational flexibility of electrolyzer onltieprocess. The
results of wind energy, solar PV, and hybrid of wsudar 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 evop&te:
with conventionally produced ammomdnen theplants flexibility are optimizedThey
alsoclassifiedgreen ammoniasa costcompetitive investment if the pladesign
accommodted for thevolatility and variabilityof the renewable sources

In [14] NayakLuke, Banaref\lcantara andVilkinson studied the effect of
various parameters on th€OE of ammoniaThey presented a method of optimization
for the size of the ammonia production plagng withthe renewable energy supply.

The optimization model was simulated in MATLAB basedHisynthesis 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 th production cost. The authors concluded thapttoe of

electricity has the most impact on the OE ofammonia. 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/td ammonia.

In [15] Lee et al. presented a techaoonomic 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 adsleunting for a
positive learning curve in the field. A life cycle assessment was also carried to compare
the CQ emissions of the conventional process to the green process across the three

different electrolyzers typekee et al. simulated the besise, basease, and worse
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case scenarios. The paperods finding indiceé
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.

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 ammoniaroductionprocesssthroughAWE and PEM electrolyzers.

Nosherwani and Neto modeled the air separation unit, the SMR process, Higl the
process through DWSIM software which is a chemical process simulator used for
steadystate cases. They concluded that the currettiodenas 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 highetalagpsts 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 consumgtielectrolyzers.

In [17], Matute et al. presented a techemonomic assessment of green
hydrogen project supplied through solar PFNAs 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. Matuk ettroduced a sensitivity

analysis of the different public funding rates, and PPA prices doGR¥E of hydrogen.
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In addition to that, the Cemissionsavedfor the different PPA scenarios were
presented. The results prove ttiaintroduction of PPAncreasethe 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 alsoassessethe development of the industry, and its impact on the global energy
transition. The countries in discussioeludeAustralia, European countries, India,
Canada, USAetc Panchenko et al. predicted a widespread of hydrogen projects over
the upoming 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 coutttgearerich 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 sues, and hydrogen explosivendésnetheless, the alternative energy
carriersalsosuffer from the same limitations.

In [19], Kim et al. conducted a comparative economic analysésgoéen
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 mixeateger programming tool through python. The
optimization study was conducted for four scenariors with different regiengths and
electrolyzersKim 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 rangéOE 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 annotorced
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 dgopted
developed countries like Japan, USA, and in Europe. After that, Chu et al. suggested
new updated policy for hydrogen in Korea which includes stratigisionssuch as
corporations wth 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 Pakistaand suggestealstrategy 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 ofnewable energy, and concluded that the use of Biomass is
most suitable for Pakistan, followed by solar PV.

In [22], Madi et al. presented a techroonomic assessment of possible
renewable energy systems for Eigeroya Island in Norway. The paper aimed to create a
selfreliable and sustainable energy system that could serve as a model for other similar
islands. In additio 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 solelyn clean and renewable energy. The paper relied on the
unpredictable nature of renewable energy that farapacityoversizing. The idea was
presented and discussed floe Jordanian case using various renewable energy sources.
The paper included a techvegonomic analysis for the different available renewable
energy sources. ABhussain et al. concluded that PV systems have the highest
demand/supply rat, 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 prodction processThe paper concluded that seBdlid state reaction

method is the best way to prepare molybdenum carbide, making use of high surface
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area, and small particle siz®la et al. stated that many alternative catalyzers are being
studied, and optimized with different catalytic activity, and preparation procedure.

In [25], PenaAlonso et alintroduced hydrid salts focusing on NaBlds a
practicalreservoir for PEM fuel cells. The paper focused on hydrogen generation
efficiency, reliability, and control. Pes@lonso et al indicated that these issues remain
widely open due to an incomplete basic understanding of hydrogen generation from
NaBH:. The paper concluded that the use of NaBsla 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 potentialgreen ammonia and green hydrogen
production project in Lebanon. The project aims to sufiylebanesdemand 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:

1 Introducetheammonia and hydrogdrom various key aspects which includes
their production processes (conventional & green), various applications and
uses, and finally chemical & physigaloperties.

1 Estimate and forecast the Lebanese demand for fertilizers and electricity, to
conclude the overall rated size of the projé&ctevaluate various design
alternatives applations for the Lebanese contetichincludes technologies
for the renewable energy sources, type of electrolyzers, location of the project,

storage and transportation options, etc.
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1 Simulate and model different potential design alternatives using appropriate
associated software {Byst, SAM, excel, etc.) and estimate the associate
produced ammonia and hydrogen generated for every case.

1 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 deisking policy for the Lebanese sector. Finally,
recommend the best desidteanatives that could potentially be applied for

Lebanon.
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CHAPTER Il

METHODOLOGY

A. Green Ammonia and Green Hydrogen Production Advancements

An extensive systematic reviewgrfeen 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 incltiiepotential uses of produced
ammonia and hydrogen in both the agriculture field as main compfandettilizers

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

B. Design Alternatives Identification

The different available design alternativesreidentified and assessed for the
development of green ammonia and green hydrogen production plant in Lebanon. This
includes plantlocation, renewable energy soure&ctrolyzertype, plant size and other
variables. The thesis considemrious renewable energy sources for the project, which
are PV panels coupled with batteries, PV panels and wind turbines hybrid system, and
finally standalonevind turbines The thesigonsides various locations and sitesrfthe
production plant, varying between coastal and-ocoastal, 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. Thisabas into account
theproximity to the grid ando themain industrialareas since from one hand, the
projectsupplieselectricity to the grid, and from the other hand the green amnsnia

transported to be processed into fertilizers.
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In addition to that, the thesis consisltrte 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 whiclehvoudte
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 IGE. On the other hand, green ammonia benefits from
better ad 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 restricticareintroduced for each and every
case, such as transportation distances, security risks, and other complications. These
drawbacksareaccounted for through added estimated expenses on the overall cost,

additional accommodations, and other associated factors.

C. SystemPerformanceModeling

The models built and simulated through various software. PVsyatsed for
the solar P\&imulations PVsyst is an internationally adopted software package used to
simulate, study, size, and data analyze PV systems. It could simulataktaedgrid
connected, water pumping, and other types of PV syq@#hsAs for the wind energy
simulations SAM is used to simulate and model the wind energy performance in
Lebanon. SAM is a techreconomic software largely used for decision making in the
renewable energy industry. It could simulate various types of renewable energy source
including PV systems, conceating solar power, marine energy, wind, fuel -¢8i-

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 modeils developed on Excel to predict the associated yearly
ammoniaand hydrogemutputfor each of the different designs. The model accoiaont
the losses associated with the water electrolifésprocess, and other miscellaneous

losses.

D. Environmental and Economic Evaluation of the Design Alternatives

The different design alternativasecompared from an economic,
environmental, and logistical perspective. To do that, the associated markets and
payback streams should be established. The demand and imports of fewdigzers
projected for 30 years to match the lifetime of the project. Its prasealsaaltered
based on trends, historical data and expectations. In addition to that, the Lebanese
demand for electricitys estimated based on the latest available reports and numbers.
This is done to estimathe size of the existing market of fertilizers, and the cirre
state of the energy sector. After thage economic analyst the project takemto
consideration appropriate discount rate and inflation rate to help identify the feasibility
of the project from an economic point of view. This inclidstimations for th&Ol,
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
usedto 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 afitskmn

an investment. Third, the LCOEused to compare the cost of energy between different
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designalternativesand with other energy sources. It takes the associated cost of
producing eergy leaving out the revenues.

In addition to that, an environmental assessnssarried out to accommodate
for the associated environmental benefits for each of the previously discussed
alternatives. Thisnainly relieson the carbon credit scenario and its effect on the design
alternative financial statu€ther factorarealsotaken 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
feasiblewereselectedThis wasfollowedby a risk assessment, and arid&ing 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 IlI

OVERVIEW OF GREEN AMMONIA
AND GREEN HYDROGEN

This part represents an inclusive overview of on varieaknicalaspects of
green ammonia and green hydrogen. FHingir chemical properties amgroducedand
compared,tis includes their chemical structure, associated chemical properties,
flammability and combustibility propertiealong withthe associated health effect and
dangers. Second, thgjreenproduction processesealso introduced, explained and
compared tahe SMR, which is the traditional most commonly usHurd, the
traditional appkationsassociateavith both hydrogen and ammoniaimtroduced
Finally, their recent implementation the energy sectavas also covered which

includedenergy generation throudBE or fuel cells.

A. Chemical Properties

1. Ammonia NHs

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 seeifrigurel. Ammonia has a density of 0.73 kg/m3 at

15°C, whereas the density reaches 689 kg/m3 in its liquid for88&4°C.

H

N
H/ \H

Figurel. Ammonia Chemical Structuf@7]
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Chemically, ammonia is observed as amphoteric comp@sid;ould play the
role of weak base and thatwéak acid28]. It is also classified as an alkaline with
corrosive properties, which makes it ableneutralize acids, and if diluted with water it
could gain hydrogen ions to form ammonium ions ¢§NHand hydroxide (HQ. 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 vessaigever, its corrosive nature
decreases whatiluted with watef29].

In its gas form, ammonia could be easily compressed to form a [BfjidHowever
once the pressure is released and the amngebéxposed to air, it quickly evaporates
backto gas. This happens due to its low evaporation temperate88@, and when
evaporated the volume expary 850 times from its liquid forrf81].

Ammonia isnb6t considered to be highly f
if exposed to high heat. When compared to the available alternatives, ammonia is
considered to beelatively safefrom flammability and combustibilitylt alsobenefits
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
atmosphereo 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
(1.47.6%), LPG (1.848.86%), and compressed natural gas-E%). 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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Eventhougha mmoni a i sndt whangompayedtbitsa mmabl e
alternatives, it carries sevdnealth effects. The severity of tefectdepends on the
exposure route, duration, and dafe¢he exposurenhaling low concentration of
ammonia would cause coughing, and irritation for the nose and throat. As the
concentration increases, the symptoms evolve to burning of throatandsges,
which could result in blindness, damage to the lungs, or in severe cases death.
Swallowing ammonia would cause baro throat, mouth and stomach which would

also evolve into more severe symptoms as the concentratiof36$es

2. Hydrogen (H)
Hydrogen, is also a colorless odorless and tastgiesss well.As seen in

Figure2, it is formed from two hgrogen elements bonded togethdydrogen 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 gakehaiy of

0.09 kg/m3 and 71.1 kg/m3 in its liquid forits evaporation temperature-Z53°C

H—H

Figure2. Hydrogen Chemical Structuf27]

Hydrogenis 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 estmrftial cells
applications.

Hydrogen is a highly flammable element, however, unlike traditional fuel, its
combustion is clean and releaseshing but waterlt is relatively easy to ignite due to
its high reactivity. lthas a flame speed of 3.51 m/s, an autoignition temperature of 571
°C and lower heating value of 120.1 MJ/kg.
Tablel summarizes the chemical properties of hydrogen and ammonia and compares it

to other fuel alternatives.

Tablel. Chemical properties of different fuel alternatiy82]

D c £ o o

© o 2 G
S efy & | EE| & | 88| 2% | ¢
E | :83 9 | &3 | 2 | g2 | S5 | ES
S S99 c S £ [ 58 = 2 7 ©

T <+ =
Unit - MJ/kg m/s °C kg/m® | MJ/m? °C $/Liter
Gasoline | CgHis 445 0.58 300 698.3 | 31,074 25 0.58
Diesel CioH23 43.5 0.87 230 838.8 | 36,403 25 0.65
LPG CsHs 45.7 0.83 470 505 86,487 25 0.72
CNG CH, 38.1 8.45 450 0.7 7,132 25 0.57

Hy?éo)ge” H, 120.1 | 351 571 009 | 2101 | 25 0.14

Hy‘zlr_‘)’ge” H, 1201 | 351 | 571 | 711 | 8539 | -253 | 0.8
Am(fg‘)-"”'a NHs 18.8 | 0.15 651 0.77 NA 25 -
Ammonia

NHs 18.8 0.15 651 602.8 | 11,333 -33 0.24

(L)
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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 undecdtegory of chemicanergystorage
systens. Under which natural gas and other similar optiaresalso classified/arious

other alternatives are availablédnet than chemical storage, suclbagieries that rely on
chemical reactions, flow batteries, thermechanical storages, pumped hydro storage,
flywheel storage, super capacitoesc The application of these alternatives varies
significantly, and rely mainly on the properties and the maturity of the technology.
Figure3 compares the different aforementioned storage technologies with respect to the
storage timepower capacity, maturity, and technology typ&]. Based on these
specifications, one could decide which technology fits foestvery project

requirement. Batteries have a powapacity that rangdsom few kWsup to 10 MW

with a storage timéhat range$rom few seconds up to days. Which justify the use of
chemical batteries such as Lithium ion, and lead acid on residential and small scale
projectsalong with commercial or utility scale in some cas®¥bereas super capacitors
have gpower capacity ranging between fé#wVs up to 200MW with a storage the of

under a minute. Hence, super capacitor is used for fast paced applications such as
elevators, or regenerative breaking in EVs. As for the chenoptienwhich 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 ofiethane, diesel, hydrogen and ammdaiaesidential and

utility scaleprojects Sincethis option grants thieighest flexibility forstorage timend

power capacity which is necessapecially orutility level
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Figure3. Comparison between different energy storage technol{®3¢s

B. Production Process

The currently adopted process of manufacturing ammonia and hydrogen
generates a huge amount of GHG. According to Science maga4]jnammonia
production consumes around 2% of the world energy, and generate 1%glokihie
emissions of C@ The most widely adopted ammomiad hydrogemroduction
methodss throughSMR to generate the hydrogen, followed by i processo

generate ammoni&5].
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Figure4. Block Diagram for SMR Ammonia Production Process

Figure4 shows the traditional state-the-art methane to ammonia and
hydrogen production process. It shows a basic breakffmvthe SMR procesi86].
The methane is first desulfurized, to get richnf/traces of sulfur. According 87],
the efficiency of the desulfurization process could reacB@2 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
steammethane reforming chemical reactiorsi®wnin Equationl.

60 OV 0Qwod 1 ¢©O Equationl

After that the carbon monoxide along with water are entered into a-gageshift
reactor where an exothermic reaction happens resulting in carbon dioxide and hydrogen.
The watergas shift reaction could be seerEquation2 [38].

00 O0°060 O "0OQ®O Equation2

The produced Hydrogen froEquationl andEquation2 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, thehydrogen and the nitrogen desl into theHB process to produce in
ammoniaHB process is a reaction that combines hydrogen and nitrogen to form
ammonia at high pressures and tempera{@fs The HB process reaction could be
seen inEquation3. Note that this reaction requires the addition of a heterogeneous
catalyst in order tprevent the reaction from beimgversible39].

5 GO ww <O Equation3

A gas turbine or othgrower source is normally used to power the steam
reformer, watelgas shift reactor, and HB process.
It could be noticed thpresence ofarbon dioxide emissions in the watgs shift
reaction of the process. According[4®], a typical SMR process emitsl® tons of
carbon dioxide per ton of ammonia produ¢€@]. Similarly, according t¢41], the
process emits around 9 tons of carbon dioxide per hydrogen ton produced.
So fromEquation3, it could be noticed that one mole of nitrogen)(&hd three moles
of hydrogen (H) 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. Heever, taking into account the nitrogen utilization factor for
HB process and other efficiencies, aron2 kg of hydrogen are needed for every kg of
ammonia produced

The process of producirggeen ammoniand green hydrogenelies on water,
air, and renewable energy in its procd3woughthis processhydrogen iproduced
from water (HO) through electrolysisGreen 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 hydidgefallowing
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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.

Figure5 shows a breakdown of the production process for green ampidhia
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Figureb. 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 iEquationd.

¢coOu O30 O Equation4

The hydrogen is then stored for futwses. 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 segration unit. Thenthe 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 shownEguation3. This way of processing ammonia has no
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operating carbon footprirsince itonly emitsoxygen andelieson renewable energy to
power all the processes

FromEquationd4, one could also conclude thaterneeds for every kgf hydrogen
produced. Note that 2 molestd$O are needed to produce 2 moleddof The molar
mass of water is 18 g/mol whereas the molar mass of hydrogen is Z42inol
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. Agcrdin
[43], most commercial electrolyzer today require 10 to 11 kg of water per kg of
hydrogen produced:he rate adopted for this simulation process is 11 kg of watsr, it

laterused inthe PRODUCTIONpart.

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 ga
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 applicaj@d]s
Similarly, hydrogen has also varioislustrialuses and applications. As previously
stated it is used to produce ammonia througtHiBerocess 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 lejdH]. It is also used in the steel and metal industries for

40



many processes such as brazing, powder coating, sintering, welding operations as the
hydrogen would help secure a protective atmosphere for these ope@bipisnally,
hydrogen is also used in the food industry to turn unsaturated fats into saturated oils and

fats such as butter spreads and vegetabl@4@i]s

D. Usage in theEnergy 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 applicatiosito 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 coitgered critical for the decarbation of the energy and shipping
sectos. 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 sectowerebe 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 woullrbeghiICE,
also known as gas turbines, whidnmsthe traditional power stations. Second method

is throughfuel 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 roonawihtrolledair

intake. The air gas ratimaintainedn 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 tygfeotary ICE. There is a cylindrical pressuring
combustion room in the gas turbines where air andsgamtinuously 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 throughgasa blend with natural gas, or even as pure hydrageome cases
Various power generation plants are using hydrogen, such as a petrochemical plant
located inDaesan South Korea (95% hydrogen), the Fusina hydrogen power station
located in Italy (100% hydrogen).avy plans areconverting to 100% hydrogesuch
asthe intermountain Power Agency plant located in Utah, and the Magnum plant
located in Netherlandg8].

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 chaacteristics. 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 turbie blades may need to be replae#ith othersthat are resistarno

hydrogen embrittiement. Whiah 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 niblasled due to its high corrosion
resistance at high temperatures, and its excellent mechanical projg@tids addition
to that the cooling system nextd 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 theaghine.

These mentioned alterations are required when the gas turbine is completely shifting
from natual gas to hydrogen. Howeverarding to[50], hydrogen share could reach
up to 25% in an SG®600 manufactured by ENGIE without alteration to the
performance nor to the machine hardware. Accordif§p 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 hrough a chemical reaction. Their operation tecisgmilar to that of batteries
with one key advantages, whichtigtthey can continuously and constantly produce
electricity with no need for recharging as long as the fuel is supplied successfully. Fuel
cells where inented back in 1839 by William @ve, a chemist physicist and lawyer,
however they didndét become commerci al unt i
various applicationfs2].
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 areA8&, PEM, andSOEC.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. Asideslextricity generation,
it could also be used in the transportation sector for hydrogen and ammonia running
cars, along with clearhgps and aircraft fuel as wdb4].
The overall efficiency of the process relies mainly on the efficiency of the electrolyzer
used, ICE, fuel cells, and storages. Accordingpf 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. Tlwverallcalculated 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 &tually usedo generate electricity. Although these
rates seem relatively lokhe numbers have been on the rise with the advancement of
this techmlogy 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 presesthe 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, thepotential installation areas for the projactoutlined and crosseferenced
with the renewable energy potential in Lebari®efore that, he topography of the
Lebanese land should be noted and taken into consideration before taking any decision,
in order to ensure that the selected adat, with nohigh slopeFigure6 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 Islopstevels as the
col or doesndt .Jdhesemrgas rosghlygspawer thedBagaa Malley
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, Batroumidbuyetc.). The four
resulted site potential locations are highlighted in red and tagged in béaekion A
and Location Bare on the northern and southern part of thetioasespectively,
wheread.ocation CandLocation Dare the northern and southern parts of the Begaa

Valley.
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Figure6. Lebanese topograptmgap with potential sites in r¢87]

After selecting the operation areas for the project installation, the natural ressmuaices

exact home locatiorshould beavoided when choosing the exact site location.
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First, Figure7 shows theDNI over the Lebanederritory. After crossreferencing it
with the previously selected sites, it could be easily noticed tettion Cand
Location Dbenefit from relatively high DNI rate of 6.4 to 7.2 daily kWh/m2 for, and
6.4 to 6.8 kWh/m2espectively Wheread ocation Ahas the lowest relate DNI rate

of 4.85.2 kWh/m2 ad Location Bhas a rate of 5:3.6 kWh/m2 daily DNI.
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Figure7. Direct Normal Irradiation Map of Leban¢b8]

47



Similarly, the power potential map is showrFigure8. Location CandLocation D
comes first with a rate of-5.4 kWh/kWp, followed by ocation Bat 4.6 kWh/kWp,

and finallyLocation Ais the lowest with 4.:2.6 kWh/kWp daily.
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Figure8. PV Power Potential of LebandB8]
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Figure9 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
wasnoét 100% completed, but the collected ¢
referencing this map with the previously introduced optibosation AandLocation
B, benefit from relatively high wind speed range &f.5 m/s and 4.5 m/s
respectivelyLocation CandLocation Don the other hand, has relatively less fruitful

resources, with a wind speed range of%m/s and 45.5 m/s respectively.

Legend
<= Country boundarics
N Water

38400004 Wind Speed at 80 m AGL [m/s]
[ Junder3s
[J35-40
[]40-45

3820000 T 4.5-5.0
[50-55
Bl 55-60
[ 60-65

38000001 I 6.5 - 7.0
J710-75
B 7.5-80
i s0-85

378000011 I 8.5 - 9.0

Eloo-95

Noething [m]

3740000

3720000

3700

366000

684000 TO4000 T24000 764000

Easting [m]

44000 TR4000 804000 R24000

Figure9. Wind Speed Map of Lebanon at 80m Heifif]
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Similarly, Figure10 below shows the power density potential on the Lebanese
territory. The power density fdrocation AandLocation Bvaries between 150 and 600

W/m. Whereas the power faocation Cvaries between 50 and 400 W/m.
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Table2 summarizes the power potential for the fbocationsover the solar and wind
resources.

Table2. Solar andVind Energy Potential over the foalternatives

Location A Location B Location C Location D
Location Southern Northern Southern Northern
Coastline Coastline Begaa Valley | BegaaValley
Direct Horizontal
Irradiation (KWh/nf) 4852 5.25.6 6.47.2 6.4-6.8
PV Power Potential
(KWh/KWp) 4.2-4.6 4.6 55.4 55.4
Average Wind Speed| ;¢ 465 3.55.5 45
(m/s)
Wind P("V‘\’/V/iz)POte”“a' 150600 150450 50-300 50-400

It could be noticed that thedternativesear the coast_fcation AandLocation
B) are more favorable for wind power than the ones located in the Begaa Valley
(Location CandLocation D. However, themumbersare reversed for solar powsince
in this casd.ocation CandLocation Dare more favorable thahocation Aand
Location B

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

located in the Begaa Valley, whereas if it was to favor wind power, it wolbetber to
have it located around the coa$his is just to provide a rough primitive expectation

and understanding of the available natural resources.

B. Plant Size

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

the amount of ammoniaeerded 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 thisroject thedemand foffertilizersand for electricity are needed to
estimate the plant size

According to[60], Lebanonds consumption for fertd.
hectare in 2020. This measures go@antity 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.

Arablelands defined by thd=AO aslands under temporary crops, lamdnder
market/kitchen garden, meadows for mowing or pasture, and fallowtemgorarily.
However lands abandoned as a result of cultivation svefteexcluded.
Accordingto[6l], Lebanondés ar abl e I|hecta@whicBis est i mat
considered significant when compared to ¢t}
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, accordiri§pit is expected for the fertilizer
industry to follow a 1.9% global annual increase. Thiswateadopted 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 thanhot all fertilizers have ammonia in their structure. There are
three main types of fertilizers that are commonly applied to corps. These are nitrogen

(N), phosphorugP), and potassiunk{.
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The nitrogen fertilizers include multiple types under which the ammonia content
would vary significantlyCAN has an average of 25 to 28% of nitrogen corj&3it
Ammonium nitrate fertilizers has a content of 33.5% nitrogen, which includes 50%
ammonia and 50% nitrate, which lead€s75%over ammoniaAmmonium 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 contdfd]. 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 differpreéviously mentioned types. On
averageevery kg of fertilizer producedequiresa rangebetweerD.9 to 2.2 kg of
ammonig64].

For the purpose of this thesis, the rate adojstéd 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 amonia by 2050. The project $szed 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 wakiBiprocess, 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 addition to that, the nitrogen separation for air
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requires 0.24 kWh, and the HBocess 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 energy6@8 GWh of energy.

2. Demand on Electricity

Accordingto66]Lebanonds el ectricity generating
in 2016. It covered 112% of its annual energy consumption whiciw@66.5 GWh.
Out of which 97.82% came from fossil fuel resources mainly oil and natural gas.
This number is also validated 7], 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 demasupplydfor
electricity. The sector has been suffering from bankruptcy and mismanagement over the
lastfew years which made it impossible to keep tabs on these nur@mershould
keep in mind that thenergy supplylropped exponentiallgver the last couple of years.
In addition to that, the energy demand fluctuated significa@the should also note
that the aim of this project isnbdt to coVe
but to decrease.it.ebanon neexinultiple power plantdo cover its electricity demand.
The project aims tdecrease the gap electricity demaimhg with covering most ahe
countryoés needs for ammoni a
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. Tleers no clear breakdown of how the installed
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capacities are divided over the respective Lebanese regions. Fortufigfalg 11

shows the associated stépwn transformer stations ratings by governorate.

MVA

#
Mount Lebanon Transf
e Il @
Beirut @ / m
Beqa'a @ (410
North Lebanon @ @
-
/ South Lebanon
= . W) (500
s s

Figurell Production Plant by Governorate (EDOBB]

Table3. Summary of Transformer Station Rating and Estimated Energy Demand by

Governorate

: Estimated Energy

Governorate Tr??nast];ﬁrm((avs At\?tlon Share (%) Demand in 2020
g (GWh)
Mount Lebanon 1,714 36.2 % 5,688.0
Beirut 1,490 31.5% 4,944.6
Begaa 470 9.9 % 1,559.7
North Lebanon 560 11.8 % 1,858.4
South Lebanon 500 10.6 % 1,659.3
Total 4734 100 % 15,710

Table3 shows the estimated energy demand per governors2€20. It is
noted that since there is no souf@ethe exact breakdown of the energy demamel,
transformer station ratinig considered asreacceptabl@stimate for the energy

consumption.
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The governoratein question for this project are North Lebanon, South Lebanon, and
Begaa depending on the selected project location. From

Table3, the estimated energy demand is 1,858.4, 1,659.3, and 1,559.7 GWh
respectively. Note that this set to supplyart of the electricity demand, with no intent
of supplying the complete demand. The target electricity prodecssd 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 sewa rough initial yearly
energy target for the project. Further calculatiaretaken into consideration to

accommodate for other details.

C. Renewable Energy Source

In this partthe reasoning behind the selection of these specific optiasbe
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 consitiaee different renewable energy
alterratives. The alternatives aselar PV panels coupled with wind turbines, solar PV
panels coupled with batteries storage system, and wind tarbine

The selection of the alternatives has been naftéeconsidering the characteristic
of theelectrolyzers and green hydrogen and ammonia prodymtomessedt could be

noticed that alsuggested options would be operating in the day and aighsteady

continuousrate I n ot her words, such phighly ects ar el
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selective sourcesvhichiswhy solarPwa s ndét considered al one,
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
energ, the electrolyzeshouldbe sized in a way to accommodate for the peak yearly
energy which is around 2,500 kwWh which occurs on few occasions during the year,
otherwise the energy generated from the solar energy would be wasted and unused.
This wouldndot be an efficient solution nei
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
hdp spread the available energy over a longer amount of time, so the peak electricity
available decreas@and the electrolyzesize 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
usingelectricityfed from the grid, and the solar system would feed the grid the excess
power generated during the peak hosoghe electrolyzer would be better sized.
Nonet hel ess, this opti on,espeaalfduringthisstageb!l e f ¢
since there is no electricity during the majority of the day.

Hence, thehree different renewable energy sourttestareconsideredwhich are

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

standalone wind turbines. The optiamsredesigned and discussed in the design stage.
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D. Type of Electrolyzer

An electrolyzer isa 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 whichra PEM,AWE, andSOEC

The PEM electrolyzer technology is the most popular amahgsither
technologies. luses aproton exchange membrane as electrolyte which allows for the
hydrogen molecules to pass through but not oxygen. It is normally a thin selid ion
conducting membrane that is normally used instead of aqueous solution. PEM operates
at relatively low temperatas (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
compare to PEM and SOEC.

The SOEC usesolid 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 (760000°C), which makes them suitable for high pressure

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

As previously discussed green ammonia gregtnhydrogen have similar initial
production steps. Greeiommoniarequiresadditionalsteps to be produced, which is
mainlytheHBpr ocess. Al though this step i s need:
case to produce green fuel. Green hydrogen on one hand can either be used in a fuel cell
to generate or in a methahgdrogen 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.: BBE from ore 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 liesiia ease of storage and transportation. The density
of hydrogen aSTPis 0.089g/m3 whereas that of ammonsa0.769 g/m3. Which
means that in the same voluraepundlkg 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 throul?E. Whereas in the case of green
ammonia, the energy capacity of 1 kg of ammonia is roughly 13.5 kWh thiGegh
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 ne&dlume bigger b$.53 to store
the same energy content as green ammonia.

Although the combustion of green ammonia through an alt@€ds 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 refaison,

projectreliessolely ongreen hydrogefor electricity generationGreen ammoniaould
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be considered as a fuel carrier to transport the hydrogen before being separated back to

hydrogenin case there is long transportation distances

F. Fuel Cell or Internal Combustion Engine

As previously stated, green hydrogen caggaerate energyarough fuel ceB, or
ICE. On one hand fuel cells are clean and completely emission free alternative. On the
other hand|CEsare available in various power stations such as Baalbek and Sour.
However,running theturbinescompletely on hydrogewould require detailed
alterationdor 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 mixo e surpdds 20%. This option would reduce the
carbon footprint but not eliminate it. This option would be even more attrafctive
L e b a n o n 6sef exracting gagdresuccessful.

As for this thesis, both the fuel cell along with the 2@&6mix optionwere
considered and compared. In the case of adopting the @agadix, 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 se&éabiel, the lower heating
value of hydrogen is equal to 120.1 MJ/kg, whickdsivalento 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 generajg8], whereas the average efficiency of an

ICE ranges between 3hd 37%, especially for large sc@l®].

0¢ Qi0QE Q6 YaXAE & 0 £ 0'DQOO ! H6-Q Equation5
¢ TRAIFQQ
0& Qi GQcE Qo6 GYaXdE £ 0 ¢ L VRGO W H-Q Equation6
p & dQGFQQ

As seen irEquation5 andEquation6, the energy generation rate through fuel cells
would be 20 kWh/kg, whereas it is 13.33 kWhtkg 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 the case of ICEThisis 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
factorythrough weekly shipment$his meangshat the storage container for green
ammonia would be sized to accommodate for the weekly productions. Whereas the
transportation trucks would need to readhadeoff 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 Figure12, thefertilizer companiesare abundant and spread olkzebanon. A
production deal could bmadewith one company or more. The interestactory could
even receive the shipments from the power plants and transport it back to the company
themselveslit 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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Figurel2. Locations of Fertilizer Production Companjé4]

The transportatioand storageonditionsfor ammoniad o e s n 6t enf or c e
complications as the required pressure and temperature are convenient.
On the other handhydrogen requires more considerations for storage and

transportation. Itould be either consumed on site through fuel cell technology, or
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transported to the local gas turbifRggure13 shows the location of the different power
plants in Lebanon. In this scenario, the main interest wouldrlibe gas power plants
which are abundant and available in AlZahrani area south of Lebanon, and Baalbek
northeast of Lebanon. Which means, duth®&r proximity it is feasible to transport the

green hydrogen produced to either these locatiams the selected site location.

Legend
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Figurel3. Power Plants Distribution Across LebarG2]
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Table4 summarizes the alternatives previously introduced and discussed.

Table4. Summary of the Discussed Alternatives

Fuel for
Site Plant Renewable Type of the GEnergy Storage ar_ld
Location | Size Energy Electrolyzer| energy eneration Transportation
Source Method Strategies
sector
. Solar PV
Location A & batteries PEM . il
reen griculture:
Solar PV Ammonia| TUe! CelIS | Ammonia
Location B & Wind AWE Shipments
1200 | turbines .
GWh Energy:
. Consumed on
Location C Site (Fuel
wind Green Cells) or
Turbines SOEC Hydrogen ICEs Transported
Location D (ICE)

The above introducealternativegesult in 144 different design variations if
shuffled randomlyAs there is 4 site location, 3 renewable energy sources, 3 types of
electrolyzers, 2 options for energy generation faleti2 options for energy generation
method. However, some alternativegerebe eliminatedn the SIMULATION section,

as not all the combinations are compatible nor viable.
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CHAPTER V

SIMULATION

A. Simulation Setup

This partrepresents the simulation setup phase for the projectyk-irst
different software simulationgquired for theenergy yield and output of the projece
introduced Seconty, the data input and parametezguired bythe softwaravere

introduced andliscussed

1. Required Simulations

As previously stated, not alariationsare compatible, hence there is no need to
consider all the 144 different alternativ€®r instance, standalone wind turbiaes
only considered dtocation A since ithasby farthe bestwind resourcesSolar PV &
storage systens considered atocation CandLocation Das they both have relatively
high solar radiation levels. Finally, a hybrid of wind turbines and solar PV pamreels
considered atocation Bsince it is the only option with high wind speed and relatively
attractivesolar radiatiomrates
As for the type of electrolyzer, the three previously introduced electrolgzers
considered for each design configuration as there is not key advantage between the
types. It differs mainly from an efficiencgnd purity

Finally, for the fuel and energy generation methods, three different optiens
available First optionis to use green hydrogen and generate electricity through fuel
cells on siteWhen using the fuel cell option, there would be no need to use green

ammonia, as no transportation caatsrequired. 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 rasiey 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$tince as seen figurel3, 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 summarkigdreil4. Note
thatfour different energy yield simulations should be carried for these alternatives.
These variations are solar PV with wind turbinesadation B solar PV with batteries

atLocation C and Location [and finally wind turbines dtocation A
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Renewable Energy Source Site Location Electrolyzer Type Fuel Option Energy Generation
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The detailed breakdown of the different design alternatives could be also shown
in APPENDIXI.
2. PVgyst

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 simulatalstaad
grid-connected, water pumping, and other types of PV syq@shsThere arevarious
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 simthgesigning the

power plant. The thumb rultates 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 thig 8layVhich
means for the Lebanesase, the PV panels should facestath.

As for the angle of inclination, according to UNDPR], 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 ang[&5]. According to various local installer, the common practice is
to install the panels at a 30° to 32° from the horizontal surface. This simulatios adopt

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, andfiim panels. Monogystalline
technology is made fromure semiconducting material. These type of panels benefits
from thehighestenergy 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, tHitm panels are made from
variety of materials and metals. Thane flexibleandbenefit fromlower costs, but its
efficiency is only 11%, and its lifetime is also shofié]. This projecteliesmainly 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 aea#aiol
commercial in the region.

The selected panel is Jinko Solar JKM570RL4-V with a nominal power of 570

Wp and dimasions of 2.411 by 1.134 m. latasheet could be seenPARPENDIX II.
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c. Inverter
Similarly, there is also various types of inverters that could be used in such

applications. The two maitypes are string invert@ndcentral 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 fromultiple strings togethen order to be fed to the central
inverter. The main advantagetbkcentral inverter ovethe string inverteris the cost
per watt. According to Mr. Lezarjd@7], 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 makguse of ABB central inverter Ultra500 rated ;660 kW. The
associated datasheet of the inverter could be se®RRENDIX 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 deggle batteries are the traditional battery
types, most widely adopted in the solar PV industry. This type of batteries has been
used since the 1800 0 shighradiabibtyt and v castnteils gy . Du e
type of batteries is stilisedin 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 optimizedragatlyreached saturain. They can

also be recycled and easily disposed. On the other hand, Lead acid batteries require
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ventilation, and regular maintenance. They also suffer from low depth of discharge (~
50%) and relatively short lifespan of around 5 years. This makeswaddbatteries best
suitable for emergency backup storage in case of power outage, @yl cibla

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
duringt he | ast decade. On one hand, | ithium i
maintenanc@ndbenefit from longr life cycle of more than 10 years. They also benefit
from high depth of discharge (80%).0n the other hand, lithium ion batteries are the
most &pensive 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 alsoinsgiity and commercial scale as
their high cost becomes economical at large scale due to their long life cycle. Although
' ithium ion batteries havenodét rreagheciped t hei
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 tequirehi gh t e
complex battery management systems and are basically maintenance free alternative.
However, this type of batteries is extremely toxic; cadmiumsis bhnned in various
countries.

Finally, flow batteries are an emerging technology in the energy sector. Itis 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 dischadgeh is unmatched by any

ot her alternative. However, this technol oc
promising alternative for the future. They also benefit from the highest lifespan of 30

years, with minimal maintenance. Such type of batteries work$drdatge scale

installations.

This projectadoptdithium 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. Itis rated a 2.5 MWh container storage, available at 1000 V, and 1500V rated
voltage. Its datasheet is showrARPENDIX IV.

e. Site Location

PVsyst also requires the location of the site to be specified in order to simulate the
output accurately. As seenkigure?7 andFigure8, the solar irradiance could vary
significantly even in a small country like Lebanon. This is why it is important to import
the exactoordinate®f the site.

The latest solar irradiance data for the Lebanese case is provided by NASA SSE
Satellite Datd78]. NASA estimates that the RMS Error on the monthly provided values
ranges between 13 and 16%, whereas the mean bias error lies b&8tesmrd +0.7%

which is considered an acceptable error rate.

3. System Advisor Model

As previously introduced§AM 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 ¢&\l-battery, and other systems. SAd&s
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be used to predict and estimate with high accuracy the available yearly, monthly, and
daily energy from windtthe 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 ardAWT andVAWT. HAWT is the most common type of wind
turbines, their axis of rotation is parallel to the ground. HAWT is normally installed at
elevated heighti orderto 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 havenét been commercially successful
their main use has been for smalhke up until this poinfThis project adogtHAWT
turbines for its desigras it is the more commercial and efficient option, especially for
large scale farms.

Since the required load is considered relativedyh, a Turbine in the range of
f ew MWold beselectedFor this project, Vestas V150 4.2 Masused and
implemented for the simulation, its datasheet is showAPIRENDIX V. Vestas V150
has a 4.2 MW rated induction generator. Itsinigpeed ist3 m/s, the rotor diameter
is 150 m, whegas its hub height is 105 m. This turbiresbeen installed in various
sites across Europe.

Figurel5visualize 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 tadreaches its rated power of 4.2Wat 15 m/s

72



where it remains constant with the increase of wind spettenreaches its cut off

speed at 25 m/s where it shuts downs and the rated output power drops 0 kW.
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Figurel5. Vestas V150 4.2 MW Power Curve

b. Site Location

Unfortunately, unli ke solar power, the
been fully developed. Although there is a wind potential map already shdviguire9
andFigurel0, there is no available dataset file that could be simutatedigh

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 characteristiesrematched to the associated sites.

Firstly, Location Awhich 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 shownFigure9 andFigure10. 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 experiencdasteoh®nshore winds
particularly in the fall and winter months. Both regions have a cold climate with high
precipitation levels throughout the year. The topogragbgincludes 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 implenmsaed
this area in Lebanomvhichincludes Hawa Akkar.

SecondlylLocation Bwhich isthe northern coastline of Lebanon near Tyr,ditgs
an arexharacterized by strong wind through the year with an average speed of 4 to 6.5
m/s as shown ifrigure9 andFigurel0. 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 caastlvith hot summers and mild winters. The
topography of both regions includes low lying coastal plainieh generates wind

channels.

4. Fuel Cells and Internal Combustion Engines

As previously discussed, each design altern&tagthe option to generate
electricity through fuel <cells or through
additional equipment or costs added to the initial investment. Fuel cells on the other

handgenerate additional investment on the projébe fuel cells used for in this

74



application are DOOSAN PureCell M400 Hydrog8Aa]. It is a 400kW rated fuel cell
with a 48% electrical efficiency, and 297 Rimfuel consumption. The company
manufactures fuel cells running aatural gas, hydrogen, or both options. The fuel cells
datasheet is shown APPENDIX VI.
Although, both optionsvereconsidered in th&IMULATION andPRODUCTION
phase of this project, however the financial effect of fuel cell on the initial investment
wonot be i isthelcasesnde.the projanit considershe 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 costofv e st ment doesna

increase significantly and t he ROI of the project isnbo

B. Simulation Process

Foursimulationswerecarried out to estimate the required renewable energy
capacity needed to generate the energy yield in the different sites. These simulations are
standalone wind farn{Location A simulated via SAM, a hybrid of solar PV and wind
turbines(Location B simulated via PVsyst for solar, and SAM for wind. Finadlgd
finally, solar PV system coupled with backup battefiescation C & Location )
simulated via PVsyst. The results of these simulatieesintroduced 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 geerate a yearly amount of 1,207.4 GWh.

The monthly generated energy in k\igtshown inFigurel6. 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.
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Figure16. Monthly Energy Production fdrocation A
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Figurel7 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 wiliigure 16. It couldalsobe 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.

76



350000
315000
280000

245000
210000
175000
140000

105000
70000
35000
0

Hour of day

M “5'

|
L

Apr May Jun Jul Aug Sep Oct Mov Dec

’1
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Figurel8 shows the daily power generated through one operational year. It
could be noticed frorfigure16 andFigure18that although the generated power dips
during the summer months of the year, and dusorge hours of théay, the overall

power generation level remains stable without dropping significantly.
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Figurel8. Daily Energy Production fdrocation 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 alsdips unde50 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 considene@nergy
generation optionyhereas solar powa&eedde coupled with either batteries or wind
turbine. One could expect that the power generated byrsotains0 for around 50%
of the time, and peaks around noon. The size of electralyget to 300 MW, which

covers92% of the total energy generated. The rest could bledekinto the grid.
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2. Location B: Hybrid of Solar PV and Wind TurbingTyre)

This simulation useboth solar and wind farnotgenerate the demanded energy.
The wind turbine simulatiois done through SAM for the state of Texas due to its
similar topography and hence similar wind profile. Whereas the solar PV simugation
done through PVsyst at tlegact location

As we could recalLocation A Stand Alone Wind Farmequires95 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 turbimeseadopted 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.

Figurel19 shows the monthly energy production Emcation 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 sé&gyuire 16 for

Location A This could be traced back to the topography of the site and the weather.
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Figure19. Monthly Energy Production from Wind fduocation B

Similarly as seen ifigure20, 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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Finally, the daily power generated over the yeailfaration Bis shown in
Figure21. Just like inFigure18, it could be noticed that the power generated have also
a solid threshold under which it doesndt ¢

The power generated exceeds 150 MW around 11% of the times, and it drops under
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25,000MW around 27% of the times as well. Which means that the wind farm

generates a rated power between 25000 and 18000 for around 60% of the year.
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Figure2l. Daily EnergyProduction from Windor 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 WpAPPENDIX Il) along with 200 1560 kW ABB central inverters to
generate a yearly amount of 593.6 GWh. The pastelsld belivided over 35000
strings connected in parallel, with 16 panels connected in series per string. Which
means that 175 stringould be connected per inverter. The system overviewdbe

seen as block diagram kgure22.
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Figure22 Solar System Block Diagram faocation B

Figure23, 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 viceversa.
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Figure23. Monthly Energy Production from Solar fbocation B
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Figure24 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 electrolyzeraloiehi s i sndét the case for wi

previously noted.

2000

1500

1000 WH

500

Energy Generated (MWh)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure24. Daily Energy Production from Solar faocation B
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The compiled monthly energy output from both solar and wind turbines could be
visualized inFigure25. It could be noted that the gap between the seasonal energy

produced is significantly decreased.
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Figure25. Monthly Energy Production fdrocation B
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Similarly, the compiled daily energy produced from both solar and wind could

be seen irrigure26. It could be noted that the energy production gaps seenHigume
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24 are relatively eliminated which makes it a viable alternative to pawelectrolyzer

efficiently.
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Figure26. Daily Energy Production over farocation B

Similar to the previous section, after analyzing the hourly power generated through
one year fot.ocation 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%f the year, the energy generated is consistently
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between 50 MWh and 300 MWh. The size of electrolyzset 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 BatteriegNorthern Begaa Valley)

As for the final two simulations, the primary source of ené&gplar 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 &b70Wp and 435,1.56\WM ABB inverters. The
panelsshouldbe divided to 8@40 strings connected in parallel with 16 panels
connected in series per string. The striwgsild also be divided over 435 inverters,

with 184 string per inwger. The system overview could be seen as block diagram in

Figure27.
435 x Inverter (1,560 kW)
184 Strings
A DC
AC
16 x JKM570M-7RL4-V 16 x JKM570M-7TRL4-V
184 Strings
A DC
=
AC
Solar Power Output
16 x JAM570M-7RLA-V 16 x JKM570M-TRL4-V
184 Strings
DC
| %
16 x JKM570M-7RL4-Y 16 x JKM570M-TRL4-V

Figure27. Solar System Block Diagram ftuwocation C
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Figure28. Monthly Energy Production fdrocation C

Figure28 shows the monthly energy production for this option. It could be noted
that the battery system hasndt been introc
since ithasno effect onthe total energy produced nor on the monthly production.

Ratheron the hourly energy production and on the daily production for some cases. The

batterieswveresized to optimize the electrolyzer rating, by shaving the daily energy

peaks fluctuations.
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Figure29. Daily Energy Production over fawocation C

Figure29 shows the daily energy production curvelfocation C By
comparingFigure24 andFigure29 which are both only for solar power, one could
notice that the energy fluctuations have been amplifieddoation C This is the case
since the overall rated energy have significantly increased between the twdeases,
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 waayypicalwinterand summer dayare
visualizedseparately

Figure30 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 nooittjgda mu

occasions over the year.
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Figure30. Energy Generated on Typicabmmerand Winter Day foLocation C

A tradeoff between the size of the batteries andatieg of theelectrolyzelis made
According to[81], an electrolyzecosts betweet,400 to 2,100 $/kW rating depending
on its type and properties. On the other hand, lithium ion batteries costs around 132
$/kWh[82].

Figure31 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 normallyehititan that of the

batteries vich is why the quantity of batteries accommodatedsfdoubled.
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Figure31. Electrolyzer and Batteries Tradeoff Plot faycation C

Figure32 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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Figure32 Total Cost of Batteries and Electrolyzer with respect to Batteries Size for
Location C

The adopted sizis set a750 MWh for the batteries, and 475 MW rating for the

electrolyzer.
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Figure33. Energy Generated with Battery Systemlfocation C

Figure33 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 BatteriegSouthern Begaa Valley)

Location Dsimulation procedure is similar to thatlascation Cbut at a different
site. The site in question is located to the northawfation CatBeqaa Valley. The
same solar panel and inveriebe 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 tovith 16 PV panedconnected per string. The

block diggram for the solar system is showrHigure34.
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Figure34. Solar System Block Diagram faocation D
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Figure35 shows the monthly energy production Eaxcation D
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Figure36. Daily Energy Production over fdrocation D

Figure36 shows the daily energy production favcation D

Similar to the previous simulation, a typical day from summer and water
chosen in order to size the batteries and the electrolyzer accordingly. For data
consistency, the same dgy®viously selectetbr Location G areselectedor this

option as well. The respective summer and winter typical days are sh&iguie37.
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Figure37. Energy Generated on Typical Sunny and Winter Day.émation D

Figure38 shows the economical tradeoff between electrolyzer and batteries sizing.
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Figure38. Electrolyzer and Batteries Tradeoff Plot faycation D
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Figure39 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.
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Figure39. Total Cost of Batteries and Electrolyzer with respect to Batteries Size for
Location D

The adopted sizis set aB95 MWh for the batteries, and 450 MW rating for the

electrolyzer.
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Figure40. Energy Generated with Battery Systemlfocation D

Similarly, Figure40 shows the energy generated by the system with and without

batteries system.

98



CHAPTER VI

PRODUCTION

After establishing the yearlptal energy produced by each of ttkesign

alternatives (seen iRigure 14, theammonia and hydrogeroductionshould be

estimatedBut first, some essential variables should be introducedligndssed in

order to estimate the production correcilais includes the following:

1 Thevariation 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 siz#:for every design alternative accordingly. However, from a
production perspective, the three electrolyzeis rdiffdr significantly. The PEM,
AWE and SOEC electrolyzer produce-28, 2428, and 2128 kg of hydrogen per
MWh [83] [84] [85]. Sinceall theranges are relatively close and overlapping, the
unified production rate adopted for this projec25 kg of hydrogen per MWh.

1 The yearly production of ammonia by the projedixed at60,000tons per year.
Although the yearly energy productiamould be declining due to the degradation of
the equipment, this declingaccounted for from the hydrogen split of the energy
and not the ammonia in order to maintain the yearly demaawhimonia

1 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 alsorequirepercentage of the power. We could recall that 25 kg of hydrogen
takes 1 MWh to be produced. And accordingg8), it takes 35.5 kWh to

desalinate 1 cubic meter of water (1000 kg). So in term of power, the desalination of
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water takes 0.08250.15% of the total power fed into the electrolyzer. The adopted
percentagés set aD.15%.

The maximum daily water demand is reached at Location A on M&dhr@éached
1,815 ni of water. However, the average daily demand of water at location A is

only 670.4 m. On the other hand, Location C and D have a significantly lower peak
ranging between 1,100 and 1308, imwever both their average demands are

around 800 rh Finally, Location D, has a peak of 1,382 amd an average of 720

m? per day The water desalination station will be size®@®, 870, and 96th°/day

for location A, B, and both C and D respectively. This has been chosea 208
increase over thierespectiveaverage daily demand to provide an adequate buffer

for daily fluctuations.

It is important to consider the source of water as weltation AandLocation B
havedirectaccess t@eawater fe into the site. Weread ocation CandLocation 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. Accordirigieation3 one

molecule of nitrogen (B produces two ammonia (2NH Taking into consideration

the molar mass of both molecul@s32 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 Bprocess.

In addition to that, one should always account for the different type of losses in a

such project as it can be significant. T
electrical losses during the energy generation phaseeg®ere accounted for in

the previous simulations. It also doesno
electrolyzer, neither from thdB process as it is accounted forthe production

rateper MWh The lossearedivided into two subcategories. First, auxiliary losses,

which is the electricity needed to operate and maintain the site. AccordBig,to

this number ranges from 0.5% to 1%. For this project, this nuisiset atl%.

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 losseareaccounted for at 10%.
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TECHNICAL SPECIFICATIONS

Operating range
DC power consumption at stack

Systermn specific consumption®

Utilities required to
operate the plant

Rectifier specifications

Auxiliary installed power

Demineralized Water Consumption
and Recommended Water Cuality

Total footprint
(includiing maintenance area)

Installation environment

HyLYZER® - 4000

5-125%

40 to 50 kWh/kg, 48 at neminal lead
3.6 to 4.5 KWH/Nm?, 4.3 at nominal load)

< 51 kWh'kg

Electrical power, demineralized water, cooling water, HVAC,
instrument air, nitrogen for purge

4.1 to 30kV 50/60 Hz, 23 MVA

97% efficiency

150 KVA (estimated)

~0.8 L/Nm? of H, [9 L'kg of H,]

ASTM D1193 Type

Electrolyzer dimensions (estimated) = 10mx 15m (34 x 50 ft)
Rectifier dimensions (estimated) = 10 x 15 m (34 x 50 ft)

Indoors 5°C to 40°C / 41°F to 104°F

“System specific consumption considers: the standard scope of supply (refer to BOS table); 100% Load capacity; Beginning Of Life;
1% increase per annum (a1 =B500 hours operation); Range for indoor setup

STACK AND BALANCE-OF-STACK (BOS)

Outdoor  Indoor

Cell stacks and gas generation system ]

Power rectifiers L]

Control panel [

Water polishing system []
BALANCE-OF-PLANT (BOP) Sutdonr | indoce

Rectifier cooling . -

Gas cooling

Electrolysis cocling

Water purification system

Instrument air compressor

Hydrogen purification system - Optional

Codes and Pressure

Directive 2014/88EU, Low Voltage Directive 2014/35EL), Machinery Directive 2006/42/EC,

Equipment Electro-Magnetic Compatibilty
2014730/, ATEX Directive 2014B4EL, IEC 61511, IEC 61508, IEC B0079-10-1, NFPA 2, NFPA 407, National Electrical Cade [MEC), ANSUNFBA 70, ASME B31.3-2018, ASME Boder
and Pressune Vessel Code 2017, CSAC22.1 and C22.2, CSA B51 2019, CANENG 1784-000/2007, Other jurisdictions avalisble on réguesl,

The content of this docurnent may contain techrical inaccuracies or typographical emors. Cumming reserves the fight to make changes or updates at any fime without prior natice.
Copying or distributing in whole or in part of the content without consent of Cumming is not allowed.

cummins.com

<
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APPENDIX VIII summarizes the variables adopted during the production calculation
phase. It also summarizes thleecadyestablished equipment from previous sections.

Table5 summarizes the results of the production phase for each diffixent design

alternatives.

Table5. Production Calculation Results

Location A

Location B

Location C

Location D

Average Total Yearly Hydroger
Produced (Tons)

22,186

23,728

26,419

26,355

Average Yearly Hydrogen Use
for Electricity Production (Tons

10,186

11,728

14,419

14,355

Average Yearly Hydrogen Use
for AmmoniaProduction (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
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CHAPTER VII

ECONOMIC AND ENVIRONMENTAL EVALUATION

In this part, the projeds 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 whythey wereevaluatedn the same section
As previously mentioned, the economic assessment would rely on various economic
indices including theROI, the LCOE, theCBA and the payback period. Before diving
into each index separately, one should first establish some variables necessary for the
calculations.

1 The expenditures for the renewable energy sources could be divided into two parts,
CAPEX and OPEXCAPEX, on one handgepresents the initial price of the
equipment, along with the costs of their installation and transportattbe $de. In
ot her wor ds, snedleadtoanake the grogect ppaagdmendBEX
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 maintenase, 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 costsThe 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 werenot consi der edghguldoes t he <ch
government property to save on lahe cost.

According toa study from KAUST alarge scale SWRO CAPEX ranges between
900$ and 1,200%/fper day. Whereas a smaller plant reach 2,5008énday[91].

The latter value will be adopted for this project since the water desalination plants
are relatively smallLocation A and B willhave a 15% operational expenditure per
year for maintenance cosWhereas 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 diffiexdines Which

are conservative, moderate, and aggressive inflation ratendtethe inflation rate
decreaseghe more aggressive it would be considered.

As previously stated, each of the previously introduced locattoosnsidered for
energy generation through fuel cells, and throl@fEs The scenario undéCEs

adopts a 20/88plit ratiobetween hydrogen and natural géke price of the natural
gaswasaccountedor in the economic analysis as well. The price of natural gas was
usedfrom the international stock mark@2]. Although according to the prime

minister Najib Mikati, Lebanon got offered natural gas at a price 30% less than the
gl obal mar ket from Egypt. However, this
candt be r etheperdojoenc ttbos ag83Hoensosmi ¢ st at us
According to[94], the nitrogerLCOE from air separation unit is estimated to be

20%/ton This takes into consideration generating additional revenoies
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commercially selling oxygen and argon. Which meas the nitrogen production
will cost roughly 1.2M$ per year.

1 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 tf95] the CAPEX of ammonia productias 805,800 $/torof
ammoniadaily capacity(2,370 $/ton for 340 days a yeard a OPEX value of
448%/ton.

1 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 dealf96].

The summarized variables could be seeARPENDIXIX. After that, the different

economiandicesare 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 balid it, is to accumulate all theash flows discounted to their
present valueyver 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. t also accounts for the for the value of time in the calculation,whial®

referred to as discount rate.

3 6 SO £ 0 i
606 — 5~ 0t QWORG®I 0G0E 0 Equation?
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Equation7 shows the mathematical formula of the NPV. WhHE8eethe desired interest

rate by the project. It is the summation of the discount rate, along with the inflation.

And ois 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 woul dandt

the project would be uneconomigar].

B. Return on Investment

be ¢

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. ROl is used to

compare different investment opportunities to one another. Investors relys amdex

along with other important factors to choose between the investment opportunities.

Traditionally, ROI doesndét account for t he

i nvest ment period, however, for | ong
was ignored. For the sake of the project, an altered ROI vassioplementedo
accounffor the value of timeEquation8, shows the formula used to calculate the

discounted ROJ97].

v ,,O’O"Qi W¢ BEE'@WNQANI wEé B o) Equation8
VYT ol hewEsaee . P
When an ROI is positive, it means the opportunity is worth considering. However,

investment opportunities with higher ROl 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 buddehgperating
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thepower plant, per one unit of energy generated msdéfetime. It is also used to

calculate the minimum price at which the energy shoulsblsin order to make profit.

Equation9

d F|=ITB-_

Equation9 shows the formula of the LCOE. Whekg and! _are the
investment costeindO&M costs respectively during year[t4s the electrical energy
generateds is the expected lifetime of the system, a¥id the discount rate.
As previously mentioret the environmental assessmiakiss into consideration the
direct carbon footprint saved Ithe project over its lifetimerhis would alsde
reflectedinto 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 dividingnestment
amount bythe fixedcash 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 darkiole
taken out of the atmosphere. They can be traded and acquired by one individual, or by a

company to make up for its G@missions caused during industrial produdion
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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 createdahy Verr
a nonprofit group found in 2007. The standard is known as the Verified Carbon
Standard with 1,750 registered projects, and almosM&6arbon units (dn).

The importance of the carbon credit for this projethat it would represent an
additional solid income stream withcanyadded cost. This way the economic
feasibility of the project would increase further which makes it even more competitive.
However, the tricky part lies ipricing the carbon tax unit, since it is still a relativaly
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 onacboncredit The carbon credit pride fixed at 70$ per carbon unit
for this project.

According to[100], private generators in Lebanon emits an average 0.830 kg of
CO» 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 rateasadopted to estimate the @@missions saved.



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, @miaxsi
which would be based dhequantity 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 sip@&9, and many states in the
United State$101].
Carbon tax could be an important factor when assessing the economiofialue
project A potential carbon tax policy, could increase the price of fuel and natural gas
significantly, which allows for the hydr oc
match the market, while maintaining a competitive rate. However, carbon tax is
considereh f arfetched policy specially for Leb

considered for this project.
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CHAPTER VIII

DISCUSSION

As previously stated, 4 different site locations were considered wliffesent
renewable energy option for eaghe,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 econaral point of view, two scenarios were considered for
each design alternatives. One which is in the case of a PPA deal conductee@ with th
Lebanese government. This scenario has a relatively imnenrate 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 governmeould 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 consg®#ijye
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 variationafrom
economical point of view.

None of the simulations under scenari®D6 $/kWh)has a positive NPV by
the end of the project duration, which meec¢
initial andoperatioml costs. This leaves 48 different economic result to be analyzed and

compared.
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It is granted that the conservative inflation rate would lead to lower NPV when
compared to the moderate and bestueswould be lower than that of the aggressive
rate This is the casbecauseheinflation rate affects theosts and benefits but not the
initial investment cost. Sindée initial investment cost represents the lprtject cost
increasing the discount rate would lead to higher calcuNRds
For this reasarthere 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 vawétion
inflation rates.
Similarly, for the carbon credit scenario, the carbon credit would also increase
the NPV and boost the economic status of t
decision as it represents a specific scense
Lebanon to this stage. However, the scenatailld also be monitored for specific

design alternatives.

112



2000+

1000+

Net Present Value (million $)
<

=1000+

Location A - Fuel Cell Location B — Fuel Cell Location C - Fuel Cell Location D - Fuel Cel
— Location A - ICE — Location B - ICE Location C - ICE — Location D - ICE

Figure4l. Cumulative NPV for different design alternative (moderate)

Figure41shows the cumulative NPV for the 8 different design alternatvesthe
lifetime of the projectlt could be shown that 4 of the alternatiees positive and
significantly higher than thether 4alternativesThese options are the ones adopting
ICE in their design instead ddiel cells This is the case since fuel cells have lower rate
of electricity production when compared to the gas turkamelsit 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 theeplacement of the electrolyzer and invertersall the design

alternatives.

11¢c



Although the alternative of generating energy through fuel egisdeemed
uneconomical, however it is possible under higher electricity tariffs (higher than 0.4

$/kWh).
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Figure42. Payback Period and Break Even Tariffs for the 8 design alternatives
(moderate)

Figure42 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 Scenafiod2$/kwh) since all
alternatives in 8enario 1(0.06 $/kWh)have been deemed uneconomic and were
eliminated. It could be noticed, that the lowest breakeven tariff occutedation B
with ICE generation option is at 0.1%&Wh. Note that this tariff could go lower for

aggressive interest rates, or in the case of carbon credit scenarios. This shows that there
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is no need for the tariff to be set at 0.4 $/k\Wit, 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 t is recommended to keep tabs on the fuel cell technology for future
expansions. In case iheostdropsandtheir efficiency increases, it is possible to later
introduce fuel cells into the project.

If we compard-igure41 andFigure42, one could notice that the alternative
with the highest accumulated NPV Liscation DnotLocation B Although it has
relatively higher payback period and breakeven tariff. ke case due tbelarge
initial investment, and thiérst few years of project operatioris could be seen that
Location Dstarts from a larger initial investment but with slightly higher curve,
wheread.ocation Bhas a lower initil investment but smaller curvEhe presence of
wind power and absence of batteries makes the initial investment slightly lower for
Location Bbut increases the operating costs over time. So although it reaches the
payback period first, the accumulated NPV of the project is lowerlibeation 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, itwould rely mainly on logistical preferences of land and technology by the
government.

Next the results for both ICE and Fuel cell optawapresented separately. Focusing on

the effect of interest rate, and carbon credit on the economic status objdat.p

11¢



Location A - ICE Location B - ICE

&
c
L
= 4000
E
()
% 2000
>
g 0
@
&
o
T 2000
z 0 10 20 0 10 20
Years Years
— Agressive — Conservative Moderate — Agressive — Conservative Moderate
= Location C - ICE Location D — ICE
=
o
= 4000
£
()
% 2000
>
-
c
7] ]
@
<
o
$ ~2000
P 0 10 20 0 10 20
Years Years
— Agressive — Conservative Moderate — Agressive — Conservative Moderate

Figure43. Cumulative NPV with three different inflation rates for ICE

Figure43 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 hindefsetprofitability of the projectn all cases,

the NPVunder ICE generatioremains positive.
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Figure44. Carbon Credit Effect on the Net Present Value for ICE

Figure44 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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Figure46. Carbon Credit Effect on Breakeven Tariff for ICE
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Figure45 andFigure46 showthe payback period for the 4 design alternatives while

also differentiating between normal scenario and carbon credit scenario for the ICE

options.
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Figure47. Cumulative NPV with three different inflation rates for Fuel Cells

Figure47 shows the effect of different inflation rates on each of the design alternatives
through fuel cells. It could be noticed that the Nie¥Fuel Cell optiorare all negative
except for Location B under aggressive interest fidies is the case due to the lower

electricity generatiomates
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Figure48. Carbon Credit Effect on thdPV for Fuel Cells

Figure48 compares the estimated NPV at moderate interest rate for the 4 design
alternatives using fuel cells with and without carbon credit scerfsiseen irFigure
48 none of the options has a payback period except Location B under carbon credit

scenario (16 years).
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Figure49. Carbon Credit Effect on Breakeven Tariff for Fuel Cells

Figure49 shows théoreakeven tariffor the 4 design alternatives using fuel cells while

also differentiating between normal scenario and carbon credit scenario.
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Figure50. Yearly Emissions Saved for Eyebesign Alternative

Figure50 shows the yearly emissions of €€aved 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 thathat ofFuel Cells alternative. This is the case since ICE

generates more electricity using less hydrogen, as it is mixed with natural gas. The

footprint of thenatural gas is also taken into consideration in this calculdtiow 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
alternatves to be chosen. It shows tladlt4 locationsviable for generation through ICE.
It may bepossible to reinvest in fuel cellmder higher electricity prices
However, thedecision between thaternatives 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.
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CHAPTER IX

RISK ASSESSMENT

After establishing the potential investment opportunity in green hydrogen and
ammonia for Lebanon, one should also considemiestmentisk associated witht.
Investment risk is the possibility of an investmenproject carryinga result different
to what was anticipatedhis couldhapperbe by losing the investment, achievingan
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 buildinggriod 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, electrolyzevand turbinesor even batteries could vary
significantlyfromwhatwaspredus |l y cal cul at ed. Especially
replacement of the equipmeiithe project coulédlsohave some delay in the

construction phase which would resuldelayedrevenues and increased costs. The

salesfrom the project coulélsobe 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 beontrolledthrough the following steps:

1 Securing deals with suppliets stabilizethe 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 manufacturghiwv a safe margin.

1 Agreeing on a power purchase agreement with.éimnesgovernment that
bindit to purchase every kWh produced by the project so that the incestior
guarantee the continuous demand for electritmtyaddition to that, agreeing
with the local fertilizer manufactars on ammonia deals that suitgh parties.

Thisway the green ammonia produced could be altered to match this market.

B. Strategic Risks

Strategic riskgoverthe decision making process of the project during its
construction and operation phase. This includes the project management strategy and
planning, daily operations, investmenti@ewtechnologies 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 shobkloperated efficiently with proper
maintenancewr i ng t he operation phase so that
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 exetutevould be recommended
to hire also a sub consultantdeerseeand superviséhe progress of both
parties,in order to meet the investors demavithin the set period and budget.
The investor could also hire 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 withatfermance of the

project. These risks artkie 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:

T

M

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 howptlanson meeting these expectations.

A thorough market research should be held to understand all the key aspects
associated with this project. This includedetailed studfor the fertilizer

market in Lebanon, the electricity sector forecasted status, the green hydrogen
and green ammonia international prete

Predefning the KPIfor the hired companiesong with agreeing on a valid

progressiocumentation technic with thevestor
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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 severdycduntry
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 whitiight trigger negative reactionsor example, it
could hinder the demand on electricity from private generators in the area of the project.
Such incident previously occurredZiahlé when theEDZ promised 53,000 subscribers
uninterruptedgower supply at relatively lowrice by February 2015. Howevagon
after the announcememcal generator ownefaunched a movement bfocking roads
and burning tires. Soon aftdrat a serious attack on the power plant damalged
transformerandlowered the daily generation to 12 hours instead dfd#s per day
[102]. In addition to that, Lebanon have witnessed many incidents where the life of PV
panes where cut short due to stray bullets amid celebration of Brevet exams for
example or even weddin¢B03]. 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 equipnjed4]. 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 [@65¢s
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 isndét stabl

for the investor under the current status of the country.
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E. De-Risking Policies for Lebanon

In this part, a deisking policyis 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, angherformance risk. Howeveexternal 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:

1 The local currency in Lebanon is unstable and volatile. Investors should receive
guarantees that their ratesuld be paid fully inUS dollarsat the agreed initial
rate. Proving that would mean disclosing the incdlow rate of the Lebanese
government which would show its ability to sustain the agreed upon tariffs.

1 A strategy to deisk the energy sector should also be developed in order to
attract investments to this sector on its own. This could be done by distributing
andprivatizing the electricity market. EDL is currently responsible for
generation, transmission and distribution of the electricity in Lebanon. However,
the companyas been bankrufar 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 Anmrpawer 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, EDQiks$athe
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manpower and the budget 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.

1 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 strategyaid accountable those who
wereresponsible fosuchevents would significantly decrease such incidents.
This should be accompanidth training sessions for kids and adutis
introducethe danger of such actions and rituals along with its sever

conseguence, in an attempt to remove the prohiem 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.
Wh asttrigky 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 derisking 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 derisking step, and so on.



CHAPTER X

CONCLUSION

To sum upthis 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 codriteyproject
feasibility was introducedrom 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 alongtiv 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 whiarying 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&l7M$, the payback period at 3% inflation rate
(moderate) is achieved aftei83 yearsThe accumulated NPV reache88 by the end
of the project duration, and the breakeven tariff i8261kWh. As for Location B, the
initial investment iB08M$, the payback period B59years, the total NPV i8.55B$,
andthe breakevetariff is 0.158%/kWh. Location C has an initial investment cost &f 1
B$ with an accumulated NPV of 2.8%, payback period &.59years, and a break
even tariff of 0.96 $/kWh. Finally, Location D has an initial investmentlcf B$,
accumulated NPV of 3.3 B$, a payback perio8.dfyears, 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 onlggsible to introduce fuel cellsxder higher
electricity prices.

Finally, the risk associated with such investment in Lebanon was highlighted
and discussed. It was then followed by aidking 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.-idsking the external risks focused
neutralizing the Lebanese currency problems, the demand volatility, and the violen
incidents.

As for future work, first, it would be interesting to updtte results of this
thesis using a Lebanese datalfasevind. Second, &ensitivity analysis on the effect of
the various parameters on the project profitability and produatoanid 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.
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APPENDIX I
JINKO SOLAR PANEL DATASHEET

Solar

JiniO

www.jinkosolar.com

Your Trust

TR 78M Tiee Pro
555-575 Watt
Mono-facial

Tiling Ribbon (TR) Technology

Positive power tolerance of 0~+3%

(Draft)

KEY FEATURES

TR technology + Half Cell

TR technology with Half cell aims to eliminate the cell gap to
increase module efficiency (mono-facial up to 21.49%)

MBB instead of 5BB
MBB technology decreases the distance between bus bars and
finger grid line which is benefit to power increase.

Higher lifetime Power Yield

2% first year degradation,
0.55% linear degradation

Best Warranty
12 year product warranty,
25 year linear power warranty

Strengthened Mechanical Support
5400 Pa snow load, 2400 Pa wind load

.,v@m s CE LINEAR PERFORMANCE WARRANTY

12 Year Product Warranty « 25 Year Linear Power Warranty
0.55% Annual Degradation Over 25 years

@

Olay g
ling,
ar y,

certified factory ﬂ,,amy

SOSTVE QUALFTY Mgggg‘l?L o o W linear performance warranty
Comtiuous Guatty Assrance : 08% Atia,,, Standard performance warranty
2 Onay valy,
% © fropy, Jiny
1SO9001:2015, 1SO14001:2015, 1ISO45001:2018 S oom £

IEC61215, IEC61730 certified product

84.8%

ears
25 y
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Engineering Drawings

Length £2mm
Width 2mm

Height 1mm

Row Pitchx 2mm

Electrical Performance & Temperature Dependence
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Voltage (V) Cell Temperature('C)

Mechanical Characteristics

Packaging Configuration

( Two pallets = One stack )

Cell Type P type Mono-crystalline

No.of cells 156 (2x78)

Dimensions 2385x1122x35mm (93.90x44.17x1.38 inch)
Front Glass 3.2mm,Anti-Reflection Coating,

= High Transmission, Low Iron, Tempered Glass
Frame Anodized Aluminium Alloy
Junction Box P67 Rated

Module Type JKM555M-7RL4-V JKM560M-7RL4-V  JKM565M-7RL4-V JKM570M-7RL4-V JKM575M-7RL4-V
STC NocT STC NocT STC NocT STC NOCT S1C NoOCT

Maximum Power (Pmax) 555Wp  413Wp 560Wp 417Wp 565Wp  420Wp 570Wp  424Wp 575Wp  428Wp

Maximum Power Voltage (Vmp) 4419V 4055V 4431V 4063V 4443V 4072V 4455V 40.80V 4467V 40.83V

Maximum Power Current (Imp) 12.56A  10.18A 12.64A  10.25A 1272A  10.32A 1280A 10.39A 12.88A 10.46A

Open-circuit Voltage (Voc) 52.80V 49.84V 5290V 49.93V 53.00V  50.03V 5310V 5012V 5320V 50.21v

Short-circuit Current (Isc) 13.42A 10.84A 13.50A 10.90A 13.58A 10.97A 1366A 11.03A 1374A 11.10A

Module Efficiency STC (%) 20.74% 20.93% 2111% 21.30% 21.49%

Operating Temperature(°C) -40°C~+85°C

Maximum system voltage 1500VDC (IEC)

Maximum series fuse rating 25A

Power tolerance 0~+3%

Temperature coefficients of Pmax -0.35%°C

Temperature coefficients of Voc -0.28%/°C

Temperature coefficients of Isc 0.048%/°C

inal operating cell (NOCT) 45:2°C
5 “ Irradiance 1000W/m? Cell Temperature 25°C {,-a AM=1.5
Irradiance 800W/m? @l Ambient Temperature 20°c @7 AM=15 T Wind Speed 1m/s

* Power measurement tolerance: + 3%

©2020 Jinko Solar Co., Ltd. All rights reserved.

Specifications included in this datasheet are subject to change without notice.
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APPENDIX I

ABB INVERTER DATASHEET

Solar inverters

ULTRA-750/1100/1500
750kW to 1560kW

ABB'’s utility-scale ULTRA inverters
combine high efficiency with a wide
input-voltage range and multiple
maximum power point trackers
(MPPT).

The inverters can be configured with
up to four independent, high-speed
MPPT.

Each precise MPPT accommodates one
of the widest input-voltage ranges in
the market (470 to 900Vdc) to generate
more energy and maximize the return
on investment.

The ULTRA inverter is a flexible and
efficient platform.

Modular design increases uptime and
reduces service and maintenance
costs. The low cost of ownership,
higher energy production and ease
of maintenance combine to make the
ULTRA inverter the ideal choice for
utility-scale solar projects.

ULTRA inverters are rugged.

The liquid-cooled, corrosion-resistant
ULTRA inverters are certified by CSA
to ULSOE type 4X (meets NEMA 4X)
and ideally suited for any environmental
condition.

ULTRA inverters are durable for long
life.

ABB ULTRA inverters utilize an
advanced closed-loop liquid cooling
system that limits both component
temperatures and temperature cycling.
ULTRA inverter film capacitors have
longer life expectancy than traditional
electrolytic capacitors. Generous
component derating guidelines are
followed. The combination of design
and ABB commitment to service
ensures the inverter will provide a long-
term return on investment.

13¢

Power and productivity

Highlights:

— The ULTRA inverter operates at high
efficiency (98.4 percent peak, up to
98 percent CEC)

— The wide input voltage range
maximizes energy production

— Liquid cooling increases reliability of
critical components

- ULTRA inverters are compatible with
all types of PV technologies

- The enclosure is certified to UL50E
type 4X (NEMA 4X)

— The inverter output is 690 Vac, three-
phase, DELTA configuration

— The ULTRA inverter operates with up
to four MPPT connections

- ULTRA inverters are certified by CSA
toUL 1741

AL D HD
rpmw

for a better world



Technical data and types

Type code ULTRA-750-TL-OUTD-X-US-690

ULTRA-1100-TL-OUTD-X-US-690

ULTRA-1500-TL-OUTD-X-US-690

X =

-1 2 -3 -4

780kW 750kW | 780kW 750kW

1170kW | 1000kW | 1170kW | 1000kW

1560kW | 1500kW | 1560kW | 1500kW

Rated output power (apparent) 780kVA

1170
KVA

1115
KkVA

1170
KVA

1115
KVA

1560kVA

Input side (DC)

Absolute maximum voltage

1000Vde

MPPT voltage range

470-900Vdc

MPPT range at full power

(89°F/ 30°0, 585-850Vdo

585-850Vdc

MPPT range at Uil power
(120°F/50°C)

650-850Vdc

Maximum current per 390kW
€

700A

Maximum combined current 1400A

2100A

2800A

Number of independent MPPT Py

3

4

(fused input version
Num lent MPPT 1
_(master-slave)

1

1

Maximum number of DC inputs

20

DC connections (Cu or Al)

10 15
Cu; 1 x1000 MCM or 2 x 300 MCM, max. Al; 1 x 1000 MCM

or 2 x 400 MCM, max.

Array grounding

Negative or positive

DC cable entry

Bottom

Inverter output side (AC)

Rated voltage

B690Vac (3 Phase / 3 Wire)

Operating range!

807-759Vac (3 Phase / 3 Wire)

Grid frequency
(adjustment range)

59.3-60.5Hz (57-63Hz)

Maximum output current B655A

983A 1 932A 932A

1310A

Power factor control range

1.0 Nomi

Total harmonic distortion

Up to 6 cables per phase (maximum 1000 MCM), 90°C terminals, 3/8* threaded stud

'AC busbar (option) Side entry
Input protection devices

Reverse polarity protection e YOS
Overvoltage protection type SPD (Class I)

DC switch per 380kW inverter
module (fused input option
only)

1000A / 1000V

‘Fuse size on each input (fused

(125-400A) / 1000V

400A / 1000V

PV array isolation control

According to NEC

Output ion d

Anti-islanding protection _|EEE 1547
Overvoltage protection SPD (Class II)
AC fuse per 390kW inverter Yes
cuit breaker (adjustable) 800 1200 1600
e disconnect Automatic

1. The active / reactive power output varies as a function of output voltage

2 ABB solar inverters | Product flyer for ULTRA-750/1100/1500
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Block diagram of ULTRA-1500-TL-OUTD with DC circuit breakers
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Technical data and types

Type code ULTRA-750-TL-OUTD-X-US-690 ULTRA-1100-TL-OUTD-X-US-690 ULTRA-1500-TL-OUTD-X-US-690
X= i 1 | =2 { -3 [ -4 i 4 | -2 [ -3 | -4 i 4 | -2 [ -3 I -4
Efficiency

CEC efficiency :97.5% i 97.5% : 98.0% i 98.0% : 97.5% i 97.5% : 98.0% : 98.0% : 97.5% i 97.5% : 98.0% : 98.0%
Maximum efficiency

Operating performance

Stand-by consumption/nighttime power loss i 302W | 302W @ 347W @ 347W @ 329W : 329W @ 382W : 382W : 374W i 374W i 430W : 430W
power supply connection type 690Vac / 3 Phase

internal power consumption <0.50% <0.40% <0.50%

E tal
Ambient air operating temperature range -4°F to 140°F (-20°C to 60°C) with derating above 122°F (50°C)
Noise emission level at 1m (EN62109) <78dBA
Maximum operating altitude without derating 6560ft (2000m)
Relative humidity 0-100%, condensing
C
Communication protocol RS-485, Modbus RTU, Modbus TCP (optional), Ethernet IP (optional)
User interface 5.7” touchscreen LCD
Monitoring system Ausaﬁ&g?g\?gal.
Mechanical specifications
Environmental protection rating UL50E Type 4X (NEMA 4X)
ismi IBC 2012 ( ASCE 7-10), Sds = 2.0g, Risk Category | and Il
Cooling Liquid cooled wi board h hi
. . 115i i 4 1
Dimension Hx W x D (2912;;\1 LR 70mm)_ (291 ey T%Es%%xxs? a70mm)._ | (291 s TIAI)E?;\%XXS?X‘?Q[@[\;})W
Approximate unit weight 9000Ib (4100kg) 10500Ib (4800kg) 12000Ib (5500kg)
iv;:lﬁ%aw:i Sr?tOkW power conversion >1211b (55kg)
Safety
Marking <CSA
ety and EMC standards UL1741
y interconnect standards IEEE 1547, IEEE1547.1, NERC PRC-024-1, WECC, BDEW
Warranty
lard warranty 5 years

“Extended warranty

H 5 years
1. The active / reactive power output varies as a function of output voltage

Product flyer for ULTRA-750/1100/1500 | ABB solar inverters 3



Block diagram of ULTRA-1500-TL-OUTD with DC circuit breakers
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Type code ULTRA-750-TL-OUTD-X-US-690 ULTRA-1100-TL-OUTD-X-US-690 ULTRA-1500-TL-OUTD-X-US-690
X= i 1 | =2 { -3 [ -4 i 4 | -2 [ -3 | -4 i 4 | -2 [ -3 I -4
Efficiency

CEC efficiency :97.5% i 97.5% : 98.0% i 98.0% : 97.5% i 97.5% : 98.0% : 98.0% : 97.5% i 97.5% : 98.0% : 98.0%
Maximum efficiency

Operating performance

Stand-by consumption/nighttime power loss i 302W | 302W @ 347W @ 347W @ 329W : 329W @ 382W : 382W : 374W i 374W i 430W : 430W
power supply connection type 690Vac / 3 Phase

internal power consumption <0.50% <0.40% <0.50%

E tal
Ambient air operating temperature range -4°F to 140°F (-20°C to 60°C) with derating above 122°F (50°C)
Noise emission level at 1m (EN62109) <78dBA
Maximum operating altitude without derating 6560ft (2000m)
Relative humidity 0-100%, condensing
C
Communication protocol RS-485, Modbus RTU, Modbus TCP (optional), Ethernet IP (optional)
User interface 5.7” touchscreen LCD
Monitoring system Ausaﬁ&g?g\?gal.
Mechanical specifications
Environmental protection rating UL50E Type 4X (NEMA 4X)
ismi IBC 2012 ( ASCE 7-10), Sds = 2.0g, Risk Category | and Il
Cooling Liquid cooled wi board h hi
. . 115i i 4 1
Dimension Hx W x D (2912;;\1 LR 70mm)_ (291 ey T%Es%%xxs? a70mm)._ | (291 s TIAI)E?;\%XXS?X‘?Q[@[\;})W
Approximate unit weight 9000Ib (4100kg) 10500Ib (4800kg) 12000Ib (5500kg)
iv;:lﬁ%aw:i Sr?tOkW power conversion >1211b (55kg)
Safety
Marking <CSA
ety and EMC standards UL1741
y interconnect standards IEEE 1547, IEEE1547.1, NERC PRC-024-1, WECC, BDEW
Warranty
lard warranty 5 years

“Extended warranty

H 5 years
1. The active / reactive power output varies as a function of output voltage
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