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ASSESSMENT OF GREEN HYDROGEN PRODUCTION AND HYBRID
RENEWABLE ENERGY SYSTEM FOR SEASONAL RESIDENTIAL AREA

SUMMARY

Global energy consumptions and environmental issues keep increasing with growing
population and technologic advancements; therefore, development of alternatives to
fossil fuels which have depleting resources as well as negative environmental impacts
becomes a necessity. Combining with the global economic and energy crises,
sustainable and emission free renewable energy sources such as wind and solar energy
has become important in this transition over the last decades. Moreover, rising
greenhouse gas emissions and reliance on fossil fuels are compelling arguments for
shifting to alternative sources and for motivating industrial actors to invest in different
technologies. One promising solution to reduce greenhouse gas emission is green
hydrogen, since it can be used as a replacement of fossil fuels in various industrial
applications along with heating and mobility sectors.

In this study, feasibility of green hydrogen production from an electrolyzer that is
supplied by off-grid hybrid wind and solar energy with battery storage is investigated.
Hybrid system will be used to meet electricity demand of a seasonal residential area
consisting 100 homes that is located in Foga, Izmir/Turkey. The area is suitable for
summer vacation mostly, therefore, electricity demand is much higher during summer
than winter. Accordingly, an off-grid hybrid system is designed based on the peak
demand and load profiles. Considering the seasonal variations and fluctuation of
energy generation from renewable sources, there will be excess energy throughout the
year, especially from fall to spring seasons. Among various technologies, the excess
energy will be supplied to the 250 kW proton exchange membrane (PEM) electrolyzer
for green hydrogen production in order to add value to overall system. Since Izmir has
a developed industry and ports, applications of the produced green hydrogen in several
industries such as steel, mobility and ammonia is examined while analysing the entire
supply chain from production to storage and transportation. Electricity generation and
hydrogen production simulations were performed in the HOMER Pro software.

Results of the study showed that most feasible configuration of the proposed off-grid
hybrid renewable energy system is determined as which consisting solar energy, wind
energy and battery storage with a levelized cost of electricity as 0.265 $/kWh. On the
other hand, considering the aim of this study, most feasible configuration with the
integration of an electrolyzer to an off-grid hybrid renewable energy system, which
includes 303 kW solar energy, 12 kW wind energy and 822 kWh battery storage
capacities, offers the levelized cost of electricity as 0.389 $/kWh with total of 5,946
kg hydrogen production and levelized cost of hydrogen as 4.5 $/kg. Examining the
application of hydrogen on different sectors, up to 35.2 tons of CO emission reduction
has been observed while the costs are increasing up to 8.28 $/kg. The findings can be
considered aligned comparing with literature and future targets. This study provides
an overview for evaluating implementation of an integrated system with hybrid
renewable energy sources and electrolyzer to meet energy demand of a region while

XiX



producing green hydrogen. Even though it is a sustainable approach, current costs of
green hydrogen applications are higher comparing to traditional methods. As green
hydrogen can become an unrivalled tool to replace fossil fuels, it is crucial to
implement suitable national strategies, policies, incentives, laws and taxes which
accounts for important part of developing a hydrogen market to achieve future energy

targets.
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MEVSIMLIK YERLESIM ALANI iCIiN YESIL HIDROJEN URETIMI VE
HiBRIiT YENILENEBILIR ENERJI SISTEMININ DEGERLENDIRILMESI

OZET

Diinyada artan niifus ve gelismekte olan teknolojiler ile birlikte ihtiya¢ duyulan
elektrik enerjisi ihtiyaci da artmaktadir. Bu ihtiyacin karsilanmasinda uzun yillardir
giivenilir ve kesintisiz enerji saglamasinin yani sira ¢evreye olumsuz etkileri olan fosil
yakitlt kaynaklar ise giderek tiikenmektedir. Bununla birlikte diinyada yasanmakta
olan kiiresel ekonomik ve enerji krizleri, enerji ihtiyacinin karsilanmasinda temiz ve
stirdiiriilebilir yontemlerin uygulanmasinin 6nemini pekistirmistir. Diinyada yasanan
cevresel sorunlarin oniine gegilebilmesi i¢in iilkelerin belirlemis olduklar1 hedefler
cer¢evesinde enerji verimliliklerinin arttirilarak, karbon emisyonlarinin azalimi igin
yeni politikalar ve stratejiler diizenlenmektedir. Enerji alaninda yasanan krizler ve
bunlarin neden oldugu aksakliklar, iilkelerin enerjide disa bagimlilig1 azaltmalar1 ve
enerji arz giivenligini saglamalar1 amaciyla, yenilenebilir enerji kaynak kapasitelerini
artiracak ve alternatif enerji kaynaklarinin kullanimina yonelecek sekilde hedeflerini
revize etmelerine neden olmustur.

Yenilenebilir enerji sistemleri, siirdiiriilebilir kaynaga sahip olmalari, enerjide disa
bagimlilig1 azaltmalari ve ayn1 zamanda karbon emisyonlarindan arindirilmis temiz bir
cevre sunmalariyla son yillarda enerji liretiminin en 6nemli parcgasi haline gelmislerdir.
flginin artmas1 ve teknolojik gelismelerle birlikte, rekabetin artmasi ve maliyetlerin
azalmasi saglanmistir. Birgok iilke, yukarida belirtilen nedenler de dikkate alinarak,
enerji iretimlerinde yenilenebilir enerjinin payini miimkiin oldugunca artirmaya
cabalamaktadir.

Dogalar1 geregi, yenilenebilir enerji sistemlerinin iiretimi glines 1s1n1 ve riizgar hizi
cevre kosullaria dogrudan baglidir. Bu sebeple, riizgar olmadig1 zamanlarda riizgar
tiirbinlerinin  enerji  iliretememesi ve aksam saatlerinde giines enerjisinden
yararlanilamamasi gibi engeller ortaya ¢ikmistir. Hibrit yenilenebilir enerji sistemleri,
bu noktada karsilagilan engellere ¢oziim olarak ortaya ¢ikmistir. En az iki veya daha
fazla farkli enerji kaynaginin birlikte bulundugu sistemler hibrit enerji sistemleri
olarak adlandirilmaktadir. Bu sistem sayesinde, giines enerjisi ve riizgar enerjisi
sistemleri birbirleriyle entegre calisarak, elektrik iiretiminde bir digerinin neden
olabilecegi eksiklikleri giderme avantaji saglamaktadir. Buna ek olarak, batarya
depolama sistemleri de ihtiyag fazlasi elektrik tiretilmesi durumunda kapasitesi kadar
enerjiyi depolayarak, gerektiginde kullanilmasini, bu sayede kesintisiz elektrik
tiiketiminin ve sebekede dengenin olugsmasina katki saglamaktadir.

Yenilenebilir enerji sistemleri sebekeye bagli ve sebekeden bagimsiz olarak iki farkl
sekilde uygulanabilirler. Sebekeye baglanmasi durumunda, sebekedeki yiik
dalgalanmalarinin dengelenmesine destek olurken, diisiik maliyetleri sayesinde
elektrik fiyatlarinda azalma olmasina da yardimci olmaktadir. Sebekeden bagimsiz
sistemler ise genellikle merkezi bolgelere uzak olan, sebeke baglantis1 kurulmasinin
zor oldugu yerlesim yerlerinde ve enerji ihtiyacinin kismen diisiik oldugu alanlarda
uygulanan bir yontemdir. Buna ek olarak, sebekeden bagimsiz olmalar1 sayesinde,
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sebekeden kaynakli yasanabilecek kesintilerden veya arizalardan
etkilenmemektedirler. Sebekeden bagimsiz sistemlerin ve merkeziyetsiz enerji iiretim
ve tiikketiminin yayginlagsmasi, buna benzer sorunlarin ortaya ¢ikmasina engel olma
potansiyeline sahiptir. Bu sistemler 6zellikle yiizolglimiine oranla niifusun az oldugu
ve ada benzeri bolgelerde kullanilmaya ¢ok uygundur.

Tim bu ¢oziimler, enerjide yasanan sorunlarin ve ¢evreyle ilgili sorunlarina ¢oziimii
icin tek basina yeterli olmamaktadir. Buradan yola ¢ikarak, alternatif enerji
kaynaklarina olan arayis hizlanmistir. Bu noktada hidrojen, ¢esitli sektorlerde farkli
amaglarla kullanilabilen bir kaynak olmasiyla 6n plana ¢ikmaktadir. Hidrojen dogada
en ¢ok bulunan ve en hafif element olmasinin yaninda, petrol ve dogalgaz gibi
yakitlardan yaklasik 2,5-3 kat daha fazla enerji yogunluguna sahiptir. Sahip oldugu
kullanim ¢esitliligi ve hali hazirda bir¢ok alanda yaygin kullaniliyor olmasiyla
hidrojen gelecegin enerjisi olarak adlandirilmaktadir.

Hidrojen, dogalgaz kaynakli iiretim, gazifikasyon gibi gelencksel yoOntemlerle
tiretilebilmektedir. Ancak bu yontemlerin sonucunda agiga karbondioksit ¢ikmasi
nedeniyle yenilik¢i teknolojiler gelistirilmeye devam etmektedir. Belirtilen
yontemlerin kullanilarak acgiga ¢ikan karbondioksitin yakalanmasi yontemleri iizerinde
calismalar devam etmekle birlikte, asil kalici ¢6ziimiin emisyon iiretimine neden
olmayan yenilik¢i yontemlerle saglanabilecegi diisliniilmektedir. Suyun elektrik
enerjisi kullanarak ayristirilmasi yontemi olarak adlandirilan elektrolizor, hidrojen
iretimi sirasinda sifir emisyona neden oldugundan, son yillarda arastirma gelistirme
calismalarinin yogunlastigi ve yatirimlarin, tesviklerin elektrolizor teknolojilerine
yapildig1 bir iretim yontemidir. Kullanilan elektrolit tipine gore 4 farkli iretim
yontemi bulunmaktadir. Hizli tepki siiresi, dinamik iiretim kapasitesi gibi
avantajlartyla, Proton Exchange Membran (PEM) elektrolizorler popiilerligini
artirmaktadir. Gelismis bir teknoloji olan Alkali elektrolizorlere kiyasla maliyetleri
yiiksek olsa da firmalarin ticarilesme siirecleri hizlandikga ve tilkeler hidrojen alaninda
yeni hedefler belirledik¢e maliyetleri diismektedir.

Hidrojen hafif ve son derece yanici bir gazdir. Bu nedenle iiretim sonrasinda
uygulanacak depolama ve tasima yontemleri onem arz etmektedir. Hidrojen
sikistirllmis gaz olarak, sivi halde, kimyasal ve fiziksel baglarla depolanabilmektedir.
En yaygin depolama yontemi sikistirilmis gaz yontemidir. Genellikle 350-700 bar
basing arasinda, farkli tip malzemelerle kaplanabilen ve buna gore siniflandirilan
tanklarda depolanabilmektedir. Sivilastirilarak depolanmasi ve taginmasi ¢ogunlukla
uzun mesafeye gidilecek durumlarda daha avantajli hale gelmektedir. Hidrojen
stvilagmasi igin -252 °C sicakliga diigiiriilmesi gerektiginden %40’lara varan enerji
kayiplarina neden olabilmektedir. Yaygin olarak bilinen bu ydntemlerin haricinde
amonyaga doniistiiriilerek depolanmasi ve tasinmasi da 6zellikle gilibre sektorii i¢in
son derece avantajli olabilmektedir. Siv1 organik tastyicilar ile kimyasal bag kurarak
depolanmasi ve taginmasi da gelismekte olan yontemler arasindadir. Dogalgaza gore
yanicilig1r yliksek bir gaz oldugundan, gerekli giivenlik tedbirlerinin saglanmasi
kosuluyla var olan boru hatlarinda taginmasi da miimkiindiir. Uretildigi yerde
tiiketilmesi, maliyet agisindan en avantajli olan durumdur.

Gelecek hidrojen ihtiyact projeksiyonlar1 ve f{ilkelerin belirledikleri hedefler
incelendiginde hem Avrupa Birligi tilkelerinin hem Asya tilkelerinin hem de Amerika
Birlesik Devletleri’nin yayinladiklar1 yeni paketlerle birlikte 6nce 2030 ardindan 2050
yillarina kadar net sifir emisyona ulagma konusunda bir numarali dncelik verdikleri
konular arasinda yenilenebilir enerji kaynaklarinin gesitlendirilerek arttirilmasi ve
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hidrojen teknolojilerinin gelistirilmesi gelmektedir. Avrupa Birligi 2030 yilinda kadar
40 GW toplam elektrolizér kurulu giliciine ulasmay1 hedeflerken bu deger Almanya
icin 5 GW’tir. Tiirkiye 2023 yili basinda yayinladigi hidrojen stratejilerini ifade eden
rapor ile 2030 yilina kadar 2 GW, 2053 yilina kadar ise 70 GW kapasite hedefi
belirlemistir. Benzer sekilde yapilan caligmalarda da goriilmektedir ki Tiirkiye
hidrojen iiretimi ve ihracat1 konusunda, sahip oldugu yenilenebilir enerji kaynaklari ile
onemli bir avantaja sahiptir. Bunlarla birlikte, 6-7 $/kg olan hidrojen maliyetlerinin,
2050 yilina kadar 1,5 $ seviyelerine diisecegi ongoriilmektedir.

Hazirlanan bu tez ¢aligmasinda, sebekeden bagimsiz enerji sistemlerinin ve hidrojen
iiretim potansiyelinin degerlendirilmesi amaclanmistir. Giines ve rlizgar enerjisi
potansiyelinin yiiksek oldugu, ayn1 zamanda g¢evresinde potansiyel hidrojen tiiketicisi
olabilecek bir¢ok endiistri bulunmasi nedeniyle izmir’in Foca ilgesi bu ¢alisma icin
belirlenen konum olmustur. Bolgede yazlik kullanimin yaygin olmasi nedeniyle, enerji
tilketiminin yaz aylarinda ¢ok, kis aylarinda ise az olacagi sekilde yiik profili
tanimlanarak 100 konutlu bir bdlgenin enerji ihtiyaci belirlenmistir. Segilen bolgenin
enerji ihtiyacinin karsilanmasinda kullanilmasi planlanan sebekeden bagimsiz hibrit
yenilenebilir enerji sisteminin ve ihtiya¢ fazlasi elektrigin degerlendirilecegi
elektrolizoriin optimizasyonu HOMER Pro uygulamasi kullanilarak yapilmistir. Elde
edilen sonuglar gdstermistir ki giines, riizgar ve batarya depolamanin oldugu sistem
0,265 $/kWh ile en diisiik seviyelendirilmis enerji maliyetini sunmaktadir. Calismanin
ana amaglarindan biri olan yesil hidrojen iiretiminin degerlendirilmesi nedeniyle,
elektrolizoriin bulundugu en diisiik maliyetli sistem se¢ilmistir. Segilen sistem, 0,389
$/kWh seviyelendirilmis enerji maliyetine sahip, 303 kW giines enerjisi, 12 kW riizgar
enerjisi, 822 kWh batarya depolama ve 250 kW elektrolizor igermektedir. Bu sistem
ile y1llik toplamda 5.946 kg hidrojen iiretilebilmektedir. Hidrojen tiretim maliyeti, tim
sistem bilesenleri ele alindiginda 10,3 $/kg olarak hesaplanirken, elektrolizér maliyeti
ve sistem Omri olan 25 yil boyunca toplam hidrojen tiretimi dikkate alindiginda 4,5
$/kg maliyet ile kendini amorti edecegi hesaplanmistir. Elde edilen hidrojenin farkli
sektorlerde kullanimi degerlendirildiginde 35,2 tona kadar karbondioksit emisyonu
azaltim1 saglanabilecegi gibi hidrojen maliyetinin 8,28 $/kg’a kadar c¢ikabildigi
hesaplanmustir.

Bulunan sonuglar, sebekeden bagimsiz hibrit yenilenebilir enerji sisteminin, yesil
hidrojen iiretiminin de gergeklesecegi sekilde tasarlanmasiyla, mevsimsel yerlesim
bolgesinin  enerji  ihtiyacinin  karsilanmasinda ve  hidrojen  kullaniminin
yayginlastirilmasinda ¢evreci bir ¢6ziim oldugunu gostermektedir. Benzer sistem
uygulamalarinin artmasiyla birlikte diisikk maliyet ve daha fazla iiretime ulasilabilir.
Ulkelerin de bu konularda gerekli tesvikleri saglamasi ve buna uygun politikalar
belirleyerek tiretici ve tiiketicileri desteklemesi gerekmektedir.
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1. INTRODUCTION

In recent decades, global energy trends had substantial changes, driven by mounting
concerns over climate change, dwindling fossil fuel reserves, and the pursuit of
sustainable development. This paradigm shift has propelled the urgent need for a
transition from traditional energy sources, coal, oil, and natural gas as an example, to
renewable and alternative energy solutions. The emergence of renewable energy
technologies, along with the promising potential of green hydrogen, has sparked a

wave of optimism in achieving a more sustainable energy future.

The current global energy situation reflects a delicate balance between rising energy
demands, environmental concerns, and the need to mitigate greenhouse gas emissions.
Traditional energy sources, primarily fossil fuels, have been the backbone of the
world's energy supply for centuries. However, their adverse environmental impacts,
including air pollution, greenhouse gas emissions, and climate change, have forced
nations to reassess their energy portfolios and seek alternative solutions.

Renewable energy sources have emerged as viable alternatives that offer both
environmental and economic benefits. Technologies such as solar photovoltaic (PV),
wind turbines, hydropower, and geothermal energy have experienced significant
advancements, leading to increased deployment and cost reductions. These renewable
sources harness the power of natural elements to generate electricity and heat without
the harmful emissions associated with fossil fuels. As a result, renewable energy has
gained substantial momentum globally, contributing to the diversification of energy
portfolios and reducing dependence on fossil fuels.

Starting with Covid-19 pandemic in the beginning of 2020, global economy and social
lives has been directly affected mostly owing to the worldwide lockdowns. That led to
disruptions in global supply chains which caused significant changes and uncertainty
in all sectors [1-4]. Following this, urgency of the need of reaching reliable energy
sources has been better exposed [5]. Upon the recovery of the global challenges raised

by the pandemic, Russian-Ukraine war began in February 2022, harming global



economy by adding up to available and new issues. As being an important natural gas
partner, countries that decided to imply sanctions for trading with Russia, faced with
threat of securing energy supply to match energy demand has gone into risk [6]. In
addition, high inflation, rising poverty, shortages on fuels and record electricity prices
has created the first global energy crisis [7]. Consequently, combining with the climate
crisis, countries started to seek for alternative ways to replace their natural gas
consumption to decrease foreign dependency, setting new ambitious targets to increase
the mix of renewable energy in energy supply as well as looking for alternative energy
sources to deal with carbon dioxide (CO2) emissions in the parallel of Paris Climate
Agreement targets [8, 9].

One promising avenue for achieving a sustainable energy transition is the utilization
of green hydrogen. Because of its tremendous energy capacity and adaptability,
hydrogen (H2) has long been recognised as a possible clean energy carrier as being the
most abundant element. Green hydrogen refers to hydrogen produced through
electrolysis, using renewable energy sources like solar or wind power, resulting in a
zero-emission process. This green hydrogen can then be utilized across various sectors,
including transportation, industry, and power generation, as a low-carbon alternative

to conventional fuels [10, 11].

The transition to renewable energy and the integration of green hydrogen into the
energy system present numerous opportunities and challenges [12-15]. On one hand,
the deployment of renewable energy technologies can stimulate economic growth, job
creation, and energy access, particularly in developing nations. It can also foster
energy independence, reduce reliance on volatile fossil fuel markets, and enhance
energy security. On the other hand, the adoption of renewable energy sources requires
substantial investments in infrastructure, grid integration, and storage technologies to
overcome intermittency challenges. Furthermore, the widespread utilization of green
hydrogen necessitates the development of cost-effective electrolysis technologies,
infrastructure for production, storage, and transportation, as well as ensuring a steady

supply of renewable energy for its production.

As nations strive to address the global energy trilemma of energy security,
environmental sustainability, and affordability, the transition to renewable energy and
the exploration of alternative energy sources, such as green hydrogen, have become

imperative. This thesis aims to delve into the current global energy situation, examine



the progress made in renewable energy deployment, and explore the potential of green
hydrogen as a key enabler of the sustainable energy transition. By evaluating the
opportunities, challenges, and policy frameworks associated with this transition, this
research endeavours to contribute to the ongoing discourse on achieving a cleaner and

more sustainable energy future for our planet.






2. LITERATURE REVIEW

The literature review serves as a critical component of this thesis, providing a
comprehensive overview of the existing knowledge and research related to off-grid
hybrid energy systems and the integration of green hydrogen. This section aims to
explore and synthesize the scholarly works, studies, and advancements through an in-
depth examination of relevant literature to shed light on the practical applications and

benefits of these fields.

Advantage of off-grid hybrid systems lies in their versatility and adaptability. These
systems can be tailored to meet the specific energy needs of different locations and
communities. They can be scaled up or down depending on energy demand, making
them suitable for both rural and urban areas. Off-grid hybrid systems also offer the
flexibility to integrate energy storage technologies, such as batteries, allowing for the
storage of excess energy generated during peak production periods and its utilization
during low production periods. Furthermore, off-grid hybrid systems promote energy
resilience and independence in remote or underdeveloped regions. By providing access
to electricity in areas without grid connectivity, they improve the quality of life and
socioeconomic conditions of local communities. These systems enable the
electrification of schools, healthcare facilities, and businesses, facilitating education,

healthcare, and economic growth.

Although it is one of the first methods that comes to mind, there are practical and
economic difficulties in providing grid connection for the electrification of rural areas.
In these cases, the importance of off-grid systems emerges. J. M. Aberilla et al. [16]
emphasize the increased use of off-grid systems for electrification in remote
communities by providing overview of designs for 21 different systems. The results
showed that comparing with stand-alone PV systems, a hybrid system that is designed
by adding wind or a battery storage has up to 40% low environmental impact per kWh.
In addition, need of energy storage capacities can be lowered by 70% with a hybrid
implementation of PV and wind energy systems which also could lower costs

significantly.



Optimization is considered to be the most critical approach for almost every
application. With optimization, unnecessary costs and challenges can be deflated to
realize more development to cover necessities. On their study, O. E. Olabode et al.
[17] argue that the describing a proper and realistic load profile during the early stages
of project development is crucial to design a hybrid system to achieve economic
outputs. Through several researches weightiness of gathering reliable weather data and

sorting costs of system components has been emphasized.

Considering the intermittent character of renewable energy sources Mertens et al.
provided guidelines for designing such systems to match with energy demand and
reduce costs. By stating that highest energy generation from solar PV could be
achieved in summer and from wind for winter, three alternative hybrid supply profiles
are investigated based on mix ratios of wind to solar PV: peak energy demand to be in
winter months due to heating, a baseload profile and a cooling profile with high
monthly energy yield during the summer months. An analytical investigation of
average monthly energy generations, capacity factors and a dynamic energy supply
simulation has been made for Netherlands, Spain and Britain. Analysis showed that
the baseload profile in The Netherlands is demonstrated to be attained at respective
wind to solar energy yield and power ratios of Ew/Es=1.7 and Pw/Ps=0.6. The baseload
ratio of Spain and Britain is comparable due to seasonal weather trends that are similar,
hence, this baseload ratio is probably comparable for other European nations as well.
The study also showed that with right dimensioning, energy supply flaws and peaks
can be reduced for the short-term, beside seasonal advantages. An hourly energy yield
simulation further demonstrates that by adjusting the slope of solar panels, reduced but
more flatter yearly energy yield can be achieved that matches Netherlands’ demand

and grid capacity more effectively [18].

Following the guidelines that has been put through with scholar works, G. Fosso
Tajouo et al. [19] analysed the electrification of a rural area in Cameroon, using a
hybrid off-grid PVV/Wind/Battery storage system. Net present cost (NPC) and levelized
cost of electricity (LCOE) has been presented subsequent to optimizing the suggested
hybrid system that is estimated to cover the energy need of 152 consumers consisting
businesses, schools, hospitals and households. Results of the study indicated that solar
tracker systems improved energy yield by up to 31%, whereas increasing hub height

of a wind turbine from 17 meters to 150 meters has more than doubled wind



penetration, changing from 17% to 41%. Lowest NPC and LCOE achieved with dual-
axis solar tracker system, about 371,035 $ and 0.956 $ respectively.

Similar study has been conducted for a rural region of Punjab, India to cover the energy
demand of 770 residential houses. R. Kumar and H.K. Channi [20] designed an off-
grid hybrid renewable energy system consisting of 10 kW biomass and 1.11 kW PV
with a maximum capacity of 167 Ah Li-ion battery storage. For a project lifetime of a
25 years NPC revealed as 21,087 $ where the capital cost is 11,702 $, cost of operation
is 588.40 $/year. From the energy perspective, 4,223 kWh/year energy generation has
been found with levelized cost of 0.362$. Comparable cost of energy as 0.376 $/kWh
with a NPC of 471,993$ found for a village located in West Africa, Sierra Leone region
with a same system design [21]. J. Li et al. [22] extends the proposed system with
addition of wind energy to meet energy demand of a remote village in West China.
322,158 kWh/year energy generation reached with 104 kW PV modules, 3 wind
turbines of 10 kW, 50 kW biomass and 331 kWh battery storage. Cost of electricity
generation is calculated as 0.201 $/kWh which is relatively low comparing with other

studies.

Off-grid systems has to be designed to meet energy loads without an interruption.
Therefore, system capacities are defined based on peak energy loads. Since the peak
energy demand occurs only some portion of whole energy demand, unavoidable excess
energy arises. Excess energy may cause noteworthy effects on energy system such as
reliability and stability. There are alternative ways available to manage excess energy
like storage solution to increase efficiency of overall system. Another way of handling
excess energy is utilizing the energy for additional sources. According to M.A. Vaziri
Rad et al. ideally less than 5% of excess electricity needed for efficiency [23]. Some
other study conducted by A. Pensini et al. proved that by replacing heating systems
with heat pumps and using available excess electricity as a source, may reduce natural
gas usage to 3% [24].

As the world is on a transition to decarbonized and sustainable future, a promising
energy source, hydrogen, stands out as it is already being used and can be used in many
sectors as a fuel, heat source or feedstock. When produced with renewable energy
sources, hydrogen called as green hydrogen, since the whole process have zero CO>
emissions. Hydrogen has wide spread usage areas in steel production. While it may

replace fossil fuels that are the source of furnaces, it can be used for iron reduction in



a chemical process. Worth to note that, steel industry accounts for almost 7% of global
emissions [25]. Although hydrogen has great potential to reduce carbon emission in
steel industry, extensive research and development is required since conventional
methods of producing hydrogen like natural gas reforming is still much affordable
[26]. In addition, hydrogen is a requirement of various processes in petroleum
refineries to produce valuable products such as kerosene and diesel. Hydrogen is also
an important catalyst for ammonia production. Ammonia is produced with a process
called Haber-Bosch which includes hydrogen and nitrogen. Transforming produced
hydrogen to green may have significant impact on reducing carbon emissions. J.
Manna et al. [27] studied on a grid-connected PV system to operate an electrolyzer
installed in an ammonia/refinery facility in India. PVsyst software used to design the
system. Hydrogen is planned to be stored at a Type Il hydrogen tank where it will be
transported by pipelines to the facility. Alkaline electrolyzer with a capacity of 673,000
Nm?3/h green hydrogen production is considered to replace existing hydrogen produced
from conventional methods. Simulating for several locations and configurations,
levelized cost of hydrogen resulted as changing from 2.2 to 8.64 $/kg hydrogen which
can be considered as comparable to current methods. For comparison, making
hydrogen from natural gas costs around 1.5-2 $/kg hydrogen [28]. Proposed system
offers to prevent 4.76 million tons of CO. emission per annum. Transportation sector
is another alternative for hydrogen applications. Fuel cell electric vehicles are powered
by the hydrogen. J.C. Koj et al. provide extensive analysis on utilizing excess energy
to hydrogen production for transportation sector [29].

Aforementioned studies show that off-grid hybrid energy systems are important
development for sustainable future. Integrating these systems with electrolyzers to
produce green hydrogen can significantly boost the outcomes on the way of reducing
carbon emissions. Also so-called systems have higher impact for a decentralized
energy generation and hydrogen use. Transportation is one of the crucial challenges as
of now for the deployment of electrolyzers. Therefore, with a locally produced and
consumed hydrogen, comparable costs of hydrogen can be achieved to ease

development of hydrogen economy.

D. Mazzeo et al. examined the effectiveness of a hybrid grid-connected photovoltaic
(PV) and wind turbine (WT) system for green hydrogen production. Load profile of

electrolyzer, energy supply from hybrid system and energy exchange from grid



comprised to create a methodology that could be applicable for systems with different
use and climate conditions for standardization. Three different configurations for a
nominal capacity of 100 MW are taken into consideration in this study as being only
PV, only WT and 50 MW for each WT and PV system. Alkaline water electrolyzer
unit of a 24 MW power is also a part of the systems for producing hydrogen. In
addition, various dimensionless indicators are defined to determine where and which
system, including reduction of the energy to be taken and transmitted to the grid,
produces hydrogen at the best efficiency. Satisfied Load Fraction (SLF) is the ratio of
energy generated by the WT and PV system supplied to the electrolyzer, whereas
Utilization Factor (UF) is the ratio of the energy supplied from the hybrid system to
the electrolyzer and the energy produced by the hybrid system. Moreover, Grid Energy
Interaction Factor (GEIF) quantifies how the hybrid system, the electrolyzer, and the
grid interact. Simulations are performed in 28 global location by using TRNSYS,
MatLab and Excel to evaluate green hydrogen production. The results indicated that
globally, in the various locales, the annual SLF for the hybrid system varies from 0.27
to 0.70, for the PV system between 0.22 and 0.40, and from 0.06 to 0.71 for WT
system. Instead, the UF ranges from 0.43 to 0.97 while the GEIF ranges from 0.63 to
1.21 when all system setups and locations are taken into account. The outcomes
demonstrate that a WT system yields both the highest and lowest hydrogen production
[30].

S. M. Tatar et al. developed a multi-period mix-integer linear programming model that
considers both design and management as well as operational phase for renewable
energy systems integration with green chemistry such as green hydrogen while taking
into account the variability of weather and unpredictable demand. Analysis showed
that green hydrogen concept is currently not advantageous for the selected location
unless there are tighter emission limits that would allow renewable energy resources

to be more economic [31].

A.H. Schrotenboer et al. investigated scenarios for integration of renewable energy
with hydrogen storage where the hydrogen to be used for electricity market interaction
and potentially to be sold as a gas. A model has developed as a Markov decision
process to maximize the profit. Findings indicate that 51% of operational yield

improvements, which equals to 126,000 € gain per 4.5 MW wind turbine per year, are



achievable by implementing hydrogen storage units and with competitive hydrogen
market-prices [32].

E.M. Barhoumi et al. mentioned in their study that green hydrogen is required to
decrease carbon dioxide emissions for many sectors and industrial applications.
Nonetheless, high production costs of green hydrogen prevent the rapid development
of hydrogen production projects along with renewable energy projects which makes
sizing and optimization necessary. Consequently, the study analyses three methods for
developing and implementing green hydrogen fuelling stations with PV systems in
Oman. PV systems are designed with Homer software and Levelized Hydrogen Costs
(LHC) are calculated by techno-economic models for the PV grid-connected system,
stand-alone PV system with batteries, and stand-alone PV system with fuel cells.
Results showed that for a 3 MWp grid-connected PV system, LHC is 5.5 €/kg and total
Net Profit Cost is 4,169,200 € with 58,615 kg green hydrogen production per year that
eliminates 8,209 kg CO2 emission per year. Whereas, LHC of stand-alone PV system
with batteries, and stand-alone PV system with fuel cells are 5.74 €/kg and 7.38 €/kg,
respectively [33].

Awaleh et al. investigated the feasibility of producing green hydrogen using water
electrolysis with wind and geothermal energy sources in the Asal-Ghoubbet Rift,
Republic of Djibouti which is located in Horn of Africa. The study analyses the price
per kilogramme of green hydrogen generated by alkaline water electrolyzer (AWE),
high temperature electrolyzer (HTE), and polymer electrolyte membrane electrolyzer
(PEME) in a single location using geothermal and wind energy. A multi-step
methodology approach was used to evaluate the viability of producing green hydrogen,
starting with the evaluation of wind and geothermal resources, selection of best wind
turbine and geothermal power plants, then analysing the levelized cost of electricity
and green hydrogen production with CO> savings. Accordingly, the Weibull
distribution was used to assess the potential for wind speed in the Asal-Ghoubbet rift
zone. In addition, performances of 42 wind turbines with 1-5 MW power range and
their unit costs of electricity generation are assessed. For this area, it was determined
that the Yinhe GX113-2.5 MW wind turbine produced the maximum energy (18,606.6
MWh/year) and had the lowest unit electricity cost (0.042 $/kWh). 124.04 tons
H2/MW/year and 159.48 tons Ho/MW/year are estimated for PEME and AWE with a
cost of 0.672 $/kg H> and 1.045 $/kg H: respectively, saving 2,061.6 tons
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CO2/MW/year. Similarly, the United States Geological Survey (USGS) volumetric
method at 67.18 MWe was used to assess the potential of geothermal resources. For
the purpose of producing energy from a geothermal resource, a single flash power
plant and a dry steam plant were chosen. The performance of these two geothermal
power plants was compared using thermodynamic and thermo-economic analysis in
order to determine best suitable geothermal site. The cost of electricity from a single
flash power plant is measured as 0.1253 $/kWh whereas the hydrogen production costs
are 4.78 $/kg H2 and 8.16 $/kg H2 with combination of HTE and PEME electrolyzers.
On the other hand, hydrogen production cost is estimated to be about 3.46 $/kg H2 and
5.80 $/kg H> where dry steam is combined with HTE and PEME electrolyzers,
respectively. Moreover, the results showed that dry steam and single flash power plants
may reduce carbon dioxide emissions by 2,183.9 and 2,184.8 tonnes per MW per year,
respectively [34].

Jovan and Dolanc examined the possibilities of producing green hydrogen in a case
study of a hydroelectric power plant (HPP) of the run-of-the-river and reservoir type
with 45 MW installed capacity, located in Slovenia. The aim of the research was to
evaluate effectiveness and eligibility of producing green hydrogen at HPP while
providing a summary of current hydrogen pricing and expenses for power-to-gas
(P2G) systems. By determining the cost of producing hydrogen, profitability of
hydrogen production over electricity has been investigated. Cost of electrolyzer with
1 MW nominal power and 300 Nm?®/h net production rate is estimated as 1,600,000 €.
Assuming that P2G system costs are 27.5 €/ MWh and electricity costs are 50 €/MWh,
it has been found that with a hydrogen selling price of 3.86 $/kgH2, which is equal to
measured expenses for hydrogen production, costs of P2G system and electric energy
are covered without extra profit. If hydrogen is produced from accessible excess
electric energy that cannot be sold on the market, the additional profit might possibly
be larger. Moreover, economic competitiveness of hydrogen in various industries is
examined. For industry, comparing with the production costs of hydrogen from mature
technologies such as steam methane reforming of natural gas which ranges from 2 to
3 €/kg, green hydrogen does not seem competitive, unless there are CO2 emission
taxes. Similarly, comparing with the heating fuel prices in Slovenia, green hydrogen
is not economically viable against fossil fuels. As for transportation and mobility

sector, comparing the current transport fuel prices in Slovenia showed that, beside
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environmental benefits of using green hydrogen instead of fossil fuels, it is already
competitive with price of 140 €MWh and with the advantage of having no
environmental taxes unlike fossil fuels. Additionally, the instance of green hydrogen
production in a HPP that is included in secondary control ancillary service. Comparing
several scenarios with different secondary control usage, it has been discovered that
combination of hydrogen production with secondary control can boost profit by 44%
specifically for this case, if secondary control is not engaged too frequently and
hydrogen is produced for the majority of time. Overall, the authors stated that taking
into account all prospects for green hydrogen production, the technology is worthwhile
investing in [35].

Di Micco et al. focused on the techno-economic analysis of an on-site hydrogen
refuelling station (HRS) whose green hydrogen generation is guaranteed by a grid-
connected PV plant that delivers power to an alkaline electrolyzer. In addition, a Li-
ion battery pack is defined to store surplus electricity in the system in order to develop
a management strategy to appropriately feed the electrolysis unit. The suggested on-
site HRS with hybrid PV-battery system is to be located at south of Italy. The size of
electrolyzer to produce green hydrogen is 2.1 MW with production rate at 450 kg
Ho/day. Produced hydrogen will be pre-compressed to 200 bar before entering the
storage unit where it will be compressed up to 900 bar. The components of hybrid
system that supplies the needed electricity to electrolyzer are 8 MWp PV plant with
3.5 MW Li-ion battery pack. According to developed management strategy, hydrogen
IS to be produced and stored when PV plant’s energy generation is in the range 25-
100% of the electrolyzer rated power. In the case of generated electricity is higher than
100%, excess electricity will be stored in the battery or will be given to the grid.
Besides, when the generated electricity is lower than 25%, needed electricity to
produce hydrogen will be taken from the grid. Results of the implemented
management strategy showed that daily minimum of 56 kg hydrogen production can
be achieved whereas the daily maximum of 450 kg from electrolyzer including 50 kg
of hydrogen production by excess energy stored in battery. In addition, 20.4 MWh
excess electricity has been supplied to the grid. In general, 123.1 tons annual hydrogen
production is achieved which is increased by 11% or 14 ton with usage of a battery.
On the economic feasibility side, expenses of the system have been evaluated. Costs
of PV, electrolyzer and Li-ion are estimated as 950 €/kW, 1.100 €/kW, and 800 €/kW,

12



respectively. Adding up the compressor, storage and other needed equipment costs,
total capital expenditure (CAPEX) is assumed as 14,341.8 k€, operational expenditure
(OPEX) is assumed as 313 k€, and replacement expenditure (REPLEX) is assumed as
3,675.4 k€. Based on these assumptions LCOH is evaluated which resulted as 10.71
€/kg H> [36].

Huang and Liu analysed the hydrogen production potential from solar and wind power
in China. 31 provinces of China are investigated by using slack-based model with
undesirable output to evaluate the efficiency and potential of green hydrogen
production taking into account both the resource indicator and efficiency indicator.
Calculations are made based on data that gathered in 2017 and comparison is made
with estimated values for 2030. Results showed that, in the same place and time period,
hydrogen production from wind energy is much more efficient than hydrogen
production from solar energy. As an example, in 2017, the national average cost of
producing green hydrogen from wind and solar energy was 38.49 Yuan/kg and 51.55
Yuan/kg, respectively. On the other hand, in 2030, the costs are reduced to 18.34
Yuan/kg and 24.07 Yuan/kg for producing green hydrogen with wind and solar energy,
respectively. These results also emphasize that cost of hydrogen production is directly
related to costs of new energy technologies and to achieve a decline in the cost of
hydrogen production, low cost power sources are needed. According to calculations,
the highest efficiency of hydrogen production from wind energy can be achieved in
Fujian and Yunnan regions while Hainan have the highest efficiency when hydrogen
is produced from solar energy. Because of the availability of energy sources Inner
Mongolia has the highest possibility of green hydrogen production whereas Beijing,
Chongging, and Tibet have lowest. Nevertheless, the overall potential is increases from
0.088 to 0.338, where 1 is being the highest, between 2017 and 2030. Also, rapid
expansion of offshore wind turbines promises significant increase in green hydrogen
production potential in coastal areas. From the regional perspective, North and
Northwest China have the greatest potential of green hydrogen production whereas

Central, South, and Southwest China have lesser and similar values [37].

As for most of the sectors, green hydrogen is becoming and important alternative with
its environmentally friendly offerings. Atilhan et al. studied the possibility of using
green hydrogen as an alternative to conventional fuels in shipping industry. The study

considers production routes, techno-economic performance, storage and safety of
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green hydrogen while evaluating to provide wider perspective. The results are
compared with current grey and blue hydrogen production routes that are especially
designated for shipping industry. Lifecycle assessment has been made to evaluate
carbon footprints of aforementioned type of hydrogens. As a result, grey hydrogen has
the highest carbon footprint with 120-155 gCO2eq/MJ contained energy, while blue
hydrogen has 40 to 90 gCO2eq/MJ, and the green hydrogen has 4.6 and 11.7
gCO2eq/MJ when it produced from wind and solar respectively. Accordingly, green
liquid hydrogen (LH>) has the potential of decreasing carbon emissions by 40% until
2030 and by 70% until 2050 relative to 2008 emissions. Production costs of LH; are
calculated considering alkaline water electrolyzer and proton exchange membrane
(PEM) electrolyzer. Analysing the present and future costs, it is found that LH>
productions costs are 3-4 times that of grey hydrogen. Moreover, the main challenges
for the supply chain are the need for cryogenic conditions for bulk storage as
liquefaction temperature of LH; is at -253 °C and the regulations for transporting
safely. While providing higher energy density, from the safety perspective, LH2 poses
higher fire and explosion risk [38].

Karayel et al. developed a concept to create a hydrogen map that considers renewable
energy sources for green hydrogen production, especially exploring the onshore and
offshore potentials of solar energy-based hydrogen production in Turkey. Total
convenient area for solar energy is evaluated by deducting agricultural areas, industrial
areas, urban areas, and forestry lands. 10% of total roof area is assumed as to have
commonly used roof-mounted solar panels. 80% of the derived total net useful area
are used to install solar energy systems. Keeping in mind that the limitation of
geographic factors, a topological coefficient is defined which varies from 0.65 to 0.90
for different regions based on the terrain. Due to the international border restrictions,
coastal line widths are calculated as to be 2 km wide. In the research, for onshore
applications monocrystalline solar panels are considered, whereas for offshore
applications bifacial monocrystalline panels are considered. To estimate the green
hydrogen production, three different types of electrolyzers are taken into account
which are Alkaline, PEM and Solid Oxide Electrolyzer (SOE). Several assumptions
are considered to calculate potential of the green hydrogen production from solar
energy for every city in Turkey. The solar energy produced from a 100 m? area for

mono PV arrays is taken into account in the analysis. Required energy to produce 1 kg
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of hydrogen is defined as 117,650 kJ. And the efficiencies of electrolyzers are
considered as 66.10%, 64.63%, and 67.95% for Alkaline, PEM, and SOE, respectively.
Solar irradiation data is taken from Ministry of Energy and Natural Resources of
Turkey. Furthermore, annual energy consumption of each city is taken from Energy
Market Regulatory Authority in Turkey and expressed as Equivalent Hydrogen Energy
by converting where 1 Mt of hydrogen is approximately equal to 46,686.5 GWh
energy. The findings of the study showed that annual electricity consumption of
Turkey is 3,945 Mt hydrogen. Hydrogen production potentials before deducting the
electricity consumption of cities are estimated as 419.42 Mt, 410.09 Mt, and 431.16
Mt for Alkaline, PEM, and SOE electrolyzers, respectively. Highest hydrogen
production potential is achieved by using SOE electrolyzer with solar energy which is
406.69 Mt hydrogen for onshore and 20.53 Mt hydrogen for offshore applications.
Konya, Erzurum, Van and Sivas have the greatest potential for producing hydrogen
with a total of 21.69, 21.57, 19.99 and 19.86 Mt, respectively. Expectedly, potential
on the less developed cities are much higher than the developed ones due to the energy
consumption related to industrial and residential uses as well as less land space usage.
After all, the study proved that with appropriate selection of electrolyzer and solar
panel units combined with smart land usage, Turkey has a great potential for producing

green hydrogen from solar energy to invest in [39].

In conclusion, this thesis has provided an in-depth exploration of off-grid hybrid
energy systems and the integration of green hydrogen within renewable energy
frameworks. The literature review has examined and synthesized existing research,
filling knowledge gaps and identifying areas for further investigation. Through the
analysis of off-grid hybrid energy systems, the research has highlighted the technical
and economic considerations involved in optimizing renewable sources and meeting
energy demands in remote or decentralized settings. Additionally, the integration of
green hydrogen has been emphasized as a vital solution for energy storage,
decarbonization, and expanding the utilization of renewable resources. By contributing
to the understanding of these topics, this thesis aims to support the development and
implementation of sustainable energy systems that leverage both off-grid hybrid
technologies and green hydrogen production.
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3. ENERGY SYSTEMS

Energy systems are the backbone of modern society, powering our homes, industries,
and transportation. These complex systems encompass a diverse array of sources and
technologies that harness energy from various natural resources. Major drivers of
global energy generation have depended on conventional energy systems that use
fossil fuels such as natural gas, coal and oil for decades. These non-renewable
resources have provided abundant and affordable energy, but their extensive use has

led to significant environmental challenges.

Fossil fuel combustion emits greenhouse gases into the atmosphere, leading to climate
change. Additionally, the extraction and transportation of these fuels can have
detrimental impacts on ecosystems and local communities. The finite nature of fossil
fuel reserves also raises concerns about future energy security and price volatility.
Consequently, there is an urgent need to transition towards more sustainable and
renewable energy systems that can meet our growing energy demands while

minimizing environmental harm.

3.1 Renewable Energy Systems

Renewable energy systems harness energy from naturally replenishing sources such
as sunlight, wind, water, and geothermal heat. Solar energy, for example, can be
captured through photovoltaic panels or concentrated solar power systems, converting
sunlight directly into electricity. Wind turbines convert the kinetic energy of the wind
into electrical power, while hydropower systems harness the force of flowing or falling
water. Geothermal power taps into the Earth's internal heat, utilizing steam or hot water

reservoirs to generate electricity or provide heating.

Renewable energy systems have several advantages over conventional energy sources.
First and foremost, they produce little to no greenhouse gas emissions during
operation, helping to mitigate climate change. They also offer abundant and widely
distributed resources, reducing dependence on specific geographic locations for
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energy production. Moreover, renewable energy technologies have experienced
remarkable advancements in recent years, resulting in cost reductions and improved
efficiency. As a result, renewable energy is becoming increasingly competitive with
fossil fuels, driving its adoption worldwide. The transition to renewable energy is not
only vital for mitigating climate change but also offers economic opportunities, energy
security, and improved quality of life for future generations.

Hybrid energy system that consists solar and wind energy with battery energy storage

system is considered within the scope of this thesis.

3.2 Hybrid Energy Systems

The electricity production of photovoltaic solar panels and wind turbines varies
according to climatic conditions. Therefore, they are not a very rich source of energy
on their own. Combining systems is more effective in generating electricity. Hybrid
systems are systems where multiple types of energy sources and/or storage are used.
Solar energy provides half a day's energy. It is not suitable for production all day long.
In summer, when the sun's rays are at their highest, the wind speed may be insufficient.
In this way, a system design that complements each other will provide more efficient
and uninterrupted electricity production. Hybrid applications are especially applied in
systems where there is a summer-winter energy requirement, and no interruption
should be allowed or the installed solar or wind energy system should be supported.
In hybrid applications, it is possible to use solar, wind and diesel energy sources,
battery storage, fuel cell as double or triple. The system is the same as the working
system of solar energy or wind energy. It is only added as an additional component to

the system.

3.3 Battery Energy Storage Systems

The definition of a battery energy storage system (BESS) is a sophisticated technology
solution that permits energy storage in a variety of methods for later usage. Given the
possibility of changes in an energy supply owing to weather, blackouts, or geopolitical
causes, battery systems are critical for utilities, companies, and houses to maintain a
continuous power flow. Energy storage is essential for decarbonizing the electricity

grid and lowering greenhouse gas emissions. It is also critical to construct durable,
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dependable, and economical electrical networks capable of handling the fluctuating
nature of renewable energy sources. There are several energy storage alternatives
available today, but lithium-ion batteries are the preferred technology due to their low
cost and excellent efficiency. Consisting of one or more batteries, BESS can be used

to improve grid stability, provide backup power and balance the electric grid.
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4, HYDROGEN

Hydrogen is the smallest, lightest and most abundant element in the universe,
constituting approximately 75% of its elemental mass, and stands with the atomic
number one at the beginning of the periodic system. It occurs very frequently in nature
and is a component of many molecules, most prominently in water (H20) and
hydrocarbons (CxHy). It is a colourless, odourless, and highly flammable gas that exists
in its simplest form as individual atoms. Due to its simplicity, hydrogen plays a
fundamental role in numerous chemical reactions and is often considered the building
block of the universe. It holds great promise as a versatile and sustainable energy
carrier, offering potential solutions to challenges such as climate change and energy
sustainability. Hydrogen exhibits unique properties and applications across various
industries, including fuel cells, aerospace, and metallurgy, making it a key element in

the realms of science, technology, and energy.

Hydrogen is extensively used in energy production. Hydrogen fuel can be derived from
various sources, including natural gas, biomass, and electrolysis of water. It can be
utilized as a fuel for power generation, either by burning it in combustion engines or
by employing it in fuel cells. Fuel cells, which convert the chemical energy of
hydrogen into electricity, offer high efficiency and zero emissions. Type of fuel cells
depend on electrolyte material, temperature ranges and application focuses. Notably,
hydrogen fuel cells are commonly employed in vehicles, including cars, buses, and
even trains, as they offer a clean and efficient alternative to traditional fossil fuel

engines.

Moreover, hydrogen plays a pivotal role in chemical manufacturing. It serves as a
crucial ingredient in the production of many chemicals, such as ammonia, methanol,
and hydrogen peroxide. Ammonia, produced through the Haber-Bosch process, is
primarily used as a fertilizer for agriculture. Ammonia also serves as a raw material
for the production of various chemicals, including nitric acid, amines, and polymers.
Besides, ammonia has wide usage area such as industrial refrigeration systems and air

conditioning units, cleaning agents and household products, water treatment,
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pharmaceuticals, metallurgy, food processing and more. Methanol, a versatile
chemical, serves as a precursor to various products, including plastics and solvents.
Hydrogen peroxide, a powerful oxidizing agent, is widely used in bleaching,
disinfection, and wastewater treatment processes. In these chemical manufacturing
processes, hydrogen acts as a reactant or feedstock, enabling the synthesis of valuable

products and facilitating numerous industrial processes.

Additionally, hydrogen is indispensable in the refining of fossil fuels. It is extensively
used in hydrocracking and hydrotreating processes to remove impurities and enhance
the quality of fuels such as gasoline, diesel, and jet fuel. Hydrocracking involves the
breaking down of large hydrocarbon molecules into smaller ones, while hydrotreating
removes sulphur, nitrogen, and other contaminants to meet environmental regulations.
By using hydrogen as a reactant, these processes improve the efficiency and
cleanliness of fuel production, ensuring the production of cleaner-burning fuels and

reducing harmful emissions.

Furthermore, hydrogen finds application in metal production. It aids in the production
of metals like steel and facilitates the reduction of metal ores. In the iron and steel
industry, hydrogen is used in processes such as direct reduction, where it reacts with
iron ore to produce direct-reduced iron (DRI), a key feedstock in steelmaking.
Additionally, hydrogen can be used as a protective atmosphere during heat treatment
processes to prevent oxidation and maintain the quality of metal products. By
eliminating impurities and enhancing process efficiency, hydrogen contributes to the
improvement of the final product and reduces the environmental impact of metal

production.

In the food industry, hydrogen is employed for food processing purposes. It is
commonly used in the hydrogenation process, which transforms liquid oils into solid
fats. Hydrogenation involves the addition of hydrogen to unsaturated fatty acids,
resulting in the formation of saturated fats. This technique is widely utilized in the
production of margarine and vegetable shortening, where solid fats are desired for
texture, shelf life, and stability. However, the hydrogenation process can also lead to
the formation of trans fats, which are associated with negative health effects. As a
result, there has been a shift towards alternative processes and healthier fats in the food

industry.
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Moreover, hydrogen serves as an excellent means of energy storage. Excess electricity
generated from renewable sources, such as solar or wind power, can be utilized for
electrolysis, the process of producing hydrogen. Electrolysis involves splitting water
molecules into hydrogen and oxygen using an electric current. The stored hydrogen
can then be utilized to generate electricity or fulfil other energy needs during periods
when renewable energy sources are not readily available. This enables the integration
of renewable energy into the existing grid, as excess energy can be stored and used
when demand is high or renewable energy generation is low. Furthermore, hydrogen
can be stored in various forms, including compressed gas or liquid, and can be
transported through pipelines or in specialized tanks.

Hydrogen also finds application in aerospace industries. It has been used as a rocket
fuel for space exploration due to its high energy-to-weight ratio. Liquid hydrogen is
employed as a propellant in hydrogen-fuelled rockets, combining with liquid oxygen
in the combustion process to generate thrust. The use of hydrogen as a rocket fuel
allows for higher specific impulse and greater payload capacity compared to
conventional fuels. This has been crucial for missions that require long-range travel

and heavy cargo, such as satellite launches and deep space exploration.

Additionally, hydrogen plays a role in the semiconductor industry. It is used in
processes such as cleaning and etching silicon wafers, which are used as the base
material for manufacturing electronic components. Hydrogen-based plasma etching is
employed to remove layers of materials from the surface of the wafer, enabling the
precise patterning required for the production of microchips. Hydrogen also serves as
a cleaning agent to remove organic and inorganic contaminants from the wafer surface
before further processing. These processes contribute to the manufacturing of high-
quality semiconductors and help ensure the reliability and performance of electronic

devices.

These examples highlight the diverse applications of hydrogen across various
industries. As research and technology continue to advance, it is likely that we will
discover new and innovative uses for hydrogen in the future, further expanding its role

in a sustainable and clean energy economy.
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4.1 Hydrogen Production

Hydrogen, often hailed as the "fuel of the future” has gained significant attention as a
versatile and clean energy carrier. As the world seeks to transition towards more
sustainable and low-carbon energy sources, hydrogen has emerged as a promising
solution. Its high energy density, ability to be stored and transported efficiently, and
its potential for zero-emission operation make it an attractive option for various
sectors, including transportation, industry, and power generation. Hydrogen can be
produced through various methods, encompassing both conventional and innovative
technologies. Conventional methods, such as steam methane reforming (SMR) and
coal gasification, have been widely used for large-scale hydrogen production. SMR is
a natural gas-to-steam reaction that produces hydrogen and carbon dioxide, while coal
gasification converts coal into a combination of carbon monoxide, hydrogen, and other
gases, with subsequent purification to obtain pure hydrogen. Although these methods
have been effective in meeting the current demand for hydrogen, they rely on fossil

fuel feedstock and result in greenhouse gas emissions.

In recent years, new methods for hydrogen production have gained prominence,
aiming to enhance sustainability and reduce environmental impacts. Electrolysis is one
of these developing methods, splitting hydrogen and oxygen from water molecules
using electricity. Sourced by the renewable energy systems, such as solar or wind,
electrolysis lead to the production of green hydrogen with zero greenhouse gas
emissions. Another emerging approach is biomass gasification, which involves
transforming materials into synthesis gas (syngas), a combination of carbon monoxide,

hydrogen, and other gases, which can then be separated to obtain hydrogen.

Furthermore, advancements in technologies like photobiological and
photoelectrochemical processes offer promising prospects for hydrogen production.
Photobiological processes involve using photosynthetic microorganisms to produce
hydrogen through biological reactions, while photoelectrochemical processes use
specialized materials to directly convert solar energy into hydrogen. These innovative
methods have the potential to further enhance the sustainability and efficiency of

hydrogen production, paving the way for a cleaner energy future.

Steam methane reforming (SMR) process is extensively employed for the production

of hydrogen on a large scale. In this process, steam reacts with natural gas (methane)
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in the presence of a catalyst, resulting in the production of hydrogen and carbon
dioxide. SMR is known for its high efficiency, cost-effectiveness, and established
infrastructure, making it the dominant method for hydrogen production worldwide.
The reaction takes place at elevated temperatures, typically around 700-1000 °C, and
the catalyst helps facilitate the reactions and improve the conversion rate. However,
one drawback of SMR is its associated greenhouse gas emissions due to the production
of carbon dioxide. Researchers are actively exploring methods to capture and utilize
the carbon dioxide produced during SMR to minimize its environmental impact. SMR
plays a critical role in the current hydrogen economy, supplying hydrogen for various
applications such as refining, chemical production, and fuel cells.

Gasification is a method employed for hydrogen production that involves the
conversion of carbonaceous materials, such as biomass or coal, into syngas. This
process is achieved by subjecting the feedstock to high temperatures and a controlled
oxygen supply, resulting in the partial oxidation or thermal decomposition of the
material. The produced syngas can then be further processed through water-gas shift
reactions to enhance the hydrogen content. Gasification offers several advantages,
including the ability to utilize a wide range of feedstock and the potential for carbon
capture and utilization. However, challenges such as tar formation and the need for
efficient gas cleaning and conditioning remain areas of active research. Numerous
studies investigate gasification technologies and explore methods to improve the
overall efficiency, syngas quality, and hydrogen yield. Gasification holds promise as
a versatile and sustainable approach for hydrogen production, contributing to the

development of clean energy systems.

Electrolysis is a highly versatile and efficient method for producing hydrogen through
the splitting of water molecules using an electric current. This process, known as water
electrolysis, involves two electrodes immersed in water—an anode and a cathode—
separated by an electrolyte. When an electric current is passed through the water, the
electrolyte helps facilitate the migration of ions, leading to the separation of water into
hydrogen gas (at the cathode) and oxygen gas (at the anode), where the basic

schematics of water electrolysis is given in Fig. 4.1.
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Figure 4.1 : Basic schematics of a water electrolysis system [40].

Electrolysis offers several advantages for hydrogen production, including its ability to
utilize water as a readily available and abundant resource, its potential for integration
with renewable energy sources, and its capacity for on-demand hydrogen generation.
There are several types of electrolysis, each with its own unique characteristics and

applications.

1. Proton Exchange Membrane (PEM) Electrolysis: PEM electrolysis utilizes a
solid polymer electrolyte membrane that selectively allows protons to pass
through. It operates at relatively low temperatures (typically below 100 °C) and
has fast response times, making it suitable for intermittent and decentralized
hydrogen production. PEM electrolysis offers high efficiency and can be scaled
down for various applications, such as small-scale hydrogen refuelling stations

or integration with renewable energy systems.

2. Alkaline Electrolysis: Alkaline electrolysis employs an alkaline solution,
typically potassium hydroxide (KOH), as the electrolyte. This type of
electrolysis operates at higher temperatures (around 60-90 °C) and requires the
use of electrodes made of nickel or nickel-plated materials. Alkaline
electrolysis is well-established and widely used, offering high efficiency and
low investment costs. It is often employed for large-scale hydrogen production
and can be integrated with renewable energy sources or excess electricity from
the grid.
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3. Solid Oxide Electrolysis Cell (SOEC): SOEC operates at high temperatures
(typically above 800 °C) and employs a solid oxide ceramic electrolyte. This
type of electrolysis is capable of operating in two modes, electrolysis and fuel
cell, enabling the production of hydrogen or the conversion of hydrogen back
into electricity. SOEC offers high conversion efficiency and can utilize a wide
range of fuels, including natural gas or biogas, as a source of hydrogen.

4. Anion Exchange Membrane (AEM) Electrolysis: AEM electrolysis is a novel
technology for hydrogen production that utilizes an anion exchange membrane
as the electrolyte. AEM electrolyzers operate at moderate temperatures and do
not require the use of precious metals as catalysts, unlike other electrolysis
methods. The use of anion exchange membranes allows for the transportation
of negatively charged hydroxide ions, enabling the separation of hydrogen and

oxygen at the respective electrodes. AEM electrolysis offers several

advantages, including high efficiency, reduced energy consumption.

Various characteristics of different electrolysis technologies is given on Table 4.1.

Table 4.1 : Technical characteristics of electrolysis technologies [41].

PEM Alkaline SOEC AEM
Gas Diffusion Titanium Nickel mesh Nickel Nickel
Layer mesh/carbon mesh/foam foam/carbon
cloth cloth
Bipolar Plates Platinum/Gold-  Stainless Cobalt Stainless
coated Titanium steel/Nickel coated steel/Nickel
or Titanium coated stainless stainless coated
steel steel stainless steel
Operating 50-80 °C 70-90 °C 700-850 40-60 °C
Temperature °C
Cell Pressure <70 bar <30 bar 1 bar <35 bar
H2 Purity 09.9-99.9999%  99.5-99.9998%  99.9% 99.9-
99.9999%
Efficiency 50%-83% 50%-78% 89% 57%-59%
Lifetime (stack) 50,000-80,000 h 60,000 h 20,000 h > 30,000 h
Development Commercialized Mature R&D R&D
Status
Capital Costs 700-1,400 500-1,000 Unknown  Unknown
USD/kW USD/kW
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Each electrolysis method has its own advantages and considerations regarding cost,
efficiency, and scalability. Ongoing research and development efforts aim to improve
electrolysis technologies, optimize electrode materials, enhance system integration,
and reduce overall costs. These advancements are crucial for advancing the
deployment of electrolysis as a sustainable and efficient method for hydrogen
production, enabling the transition to a clean energy future.

Another promising avenue for hydrogen production is photoelectrochemical (PEC)
processes which represent utilizing solar energy to drive the electrolysis of water. In
PEC systems, a semiconductor material acts as a photocathode and a photoanode,
facilitating the absorption of photons and generating electron-hole pairs. The photons
absorbed by the photocathode induce the reduction of water into hydrogen gas, while
the photoanode oxidizes water to produce oxygen gas. The separation of charges at the
semiconductor-electrolyte interface enables the efficient conversion of sunlight into
chemical energy. Researchers have made significant progress in developing efficient
and stable photoelectrode materials, such as metal oxides, metal sulfides, and hybrid
structures, to enhance the performance of PEC systems. However, challenges remain,
including improving the efficiency and stability of photoelectrodes, as well as
developing effective catalysts to promote the desired electrochemical reactions.
Despite these challenges, PEC processes hold great promise for sustainable hydrogen
production by utilizing abundant and renewable solar energy resources. Ongoing
research efforts are focused on advancing the understanding of PEC mechanisms and
materials to overcome existing limitations and pave the way for practical and scalable

applications in the future.

Biological processes for hydrogen production harness the metabolic capabilities of
certain microorganisms to generate hydrogen gas. One such process is called dark
fermentation, where anaerobic bacteria break down organic matter, such as sugars,
starches, or wastewater, through a series of enzymatic reactions. This metabolic
pathway produces hydrogen as a by-product. Another biological process is known as
photofermentation, which combines the utilization of light and microorganisms to
convert organic compounds into hydrogen. During photofermentation, specific
photosynthetic bacteria utilize light energy to drive the conversion of organic
substrates into hydrogen gas. These biological processes offer several advantages,

including the use of renewable feedstock, mild operating conditions, and the potential
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for simultaneous waste treatment. However, challenges exist in terms of low hydrogen
yields, the need for optimized reactor design, and the development of robust microbial
strains. Ongoing research in this field focuses on enhancing the efficiency of biological
hydrogen production, exploring genetic engineering techniques, and utilizing various
substrates to improve the overall performance and scalability of these processes.
Biological hydrogen production holds promise as a sustainable method for generating
hydrogen fuel.

While hydrogen gas itself is colourless, some colour terms are associated with it
depending on the specific production methods and energy sources used in hydrogen
production. Black or brown hydrogen is produced from coal through a process known
as coal gasification. It is an older and less common method, characterized by high
carbon emissions. Brown hydrogen is considered the least environmentally friendly
among the hydrogen production methods. Grey hydrogen refers to hydrogen produced
from natural gas through the steam methane reforming (SMR) process. It is termed
"grey" because this method produces carbon dioxide (CO.) as a by-product, which is
released into the atmosphere. Grey hydrogen is the most common method of hydrogen
production today but is considered less environmentally friendly due to its CO>
emissions. Blue hydrogen is produced using a similar process as grey hydrogen, but
with an additional step called carbon capture and storage (CCS). The CO2 produced
during hydrogen production is captured and stored underground instead of being
released into the atmosphere. This method aims to reduce greenhouse gas emissions
associated with hydrogen production. Turquoise hydrogen is produced through a
methane pyrolysis. Pink hydrogen refers to hydrogen produced through the process of
high-temperature electrolysis (HTE) using nuclear heat. This method utilizes the
excess heat generated by nuclear reactors to drive the electrolysis of water, splitting it
into hydrogen and oxygen. The term pink hydrogen is derived from the pink colour
associated with the radiation symbol and the connection to nuclear power. Hydrogen
can be produced without direct greenhouse gas emission by providing the required the
energy to the electrolysis process with nuclear energy. The nuclear heat can be used as
a low-carbon energy input, similar to renewable energy sources, for hydrogen
production. Finally, green hydrogen is produced through electrolysis, where the

electricity used in the process comes from renewable energy sources like solar, wind,
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or hydroelectric power. Green hydrogen is considered the most sustainable form of
hydrogen production, as it has no direct emissions of greenhouse gases.

In conclusion, hydrogen production methods encompass both conventional approaches
and emerging technologies. While conventional methods have been prevalent, they
often rely on fossil fuel feedstock and contribute to greenhouse gas emissions. The
development and adoption of new methods, such as electrolysis, biomass gasification,
and novel photobiological and photoelectrochemical processes, present opportunities
for sustainable and low-carbon hydrogen production. By harnessing these methods and
integrating renewable energy sources, we can unlock the full potential of hydrogen as
a clean and versatile energy carrier, driving the transition towards a more sustainable

and decarbonized energy system.

4.2 Hydrogen Storage

Paving the way through to create future hydrogen economy, hydrogen storage proved
to be a critical enabler for the growth of hydrogen technologies. Although having the
highest energy per mass comparing to the other fuels, hydrogen has low volumetric
energy density due to its exceptionally low density under regular pressure and
temperature conditions. On account of this, further development of efficient, economic
and advanced storage methods are required.

Hydrogen can either be stored in both gas and liquid forms physically or it can be
stored within or on the surfaces of solids. There are various methods that are available
and being developed for storing hydrogen, such as compressed hydrogen, liquefied
hydrogen, cryo-compressed hydrogen, physically adsorbed hydrogen, metal hydrides,
complex hydrides, liquid organic hydrogen carriers (LOHC) or liquid organic hydrides
[42].

The most often used technique for storing hydrogen is a compressed gas storage
system. Compression of hydrogen is a mature technology providing filling and release
at high rates. Typically, high-pressure tanks that have pressures of 350-700 bar are
required to store hydrogen as a gas. Compressed hydrogen at 350 and 700 bar, has the
volumetric density of 24 g/L and 40 g/L respectively, at room temperature [43].
Whereas, it can also be stored in underground caverns. Furthermore, selection of

materials is one of the most important parameters to prevent hydrogen diffusion.
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Accordingly, compressed H> can be stored by four types of vessels which are identified
as Type |, Type II, Type Il and Type 1V [44]. Fig. 4.2 provides and overview for
classification of storage vessels. Among these classifications, Type | vessels are the
most cost-effective solution and can store H> at 200-300 bar. Being made of all-metal
materials, these are the heaviest type, hence typically used as stationary storage for
industrial usage. Composite materials that weigh around 40% lighter than Type | are
applied to cover Type Il vessels’ metal cylindrical walls, increasing the cost by 50%.
In terms of vehicle applications, due to their weighs, hydrogen embrittlement
challenges and low hydrogen storage densities, Type | and Type Il vessels considered
to be not suitable. Type Il vessels comprised of aluminium and carbon fibre
composition with metal liner that acts as hydrogen permeation barrier. Demonstrated
to be reliable for pressures of 450 bar and up to 700 bar, while providing up to 75% of
mass gain compared to previous types, Type Il vessels are more suitable for vehicle
application with extra cost. The difference of Type IV vessels from Type Il is
replacement of metal liner with plastic liner, wrapped with a composite that is made
of carbon fibre, making it the lightest among the other pressure vessels and the most
suitable for the vehicle applications as they can endure up to 1,000 bar. On the other
hand, because of the cost of carbon fibres, Type IV is the most expensive. The
standardized use of fuel cell vehicle industry requires hydrogen to be pressurized to
350-700 bar. Therefore, Types Il and 1V vessels are employed, such as in the Toyota
Mirai, Hyundai Tucson, and Honda Clarity [45].
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\_;
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Figure 4.2 : Classification of compressed gas tanks.

Aside from compressed hydrogen storage, hydrogen can be physically stored in liquid
or cryogenic form. Cryogenic hydrogen storage provides safer and compact solution
which makes is preferable against compressed gas storage. Liquid hydrogen has much

higher volumetric energy density with 70 g/L at the atmospheric pressure and boiling
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point of hydrogen (-253 °C). The primary downside of employing liquid storage
solutions is the need of energy-intensive cooling process for the hydrogen liquefaction
which can cause up to 40% energy losses [46, 47]. In addition to that, several thermal
insulation measures have to be taken to prevent heat losses and keep cryogenic
temperatures. Boil-off losses, however, are unavoidable due to heat transfer from the
environment to the LH, and thermal conduction via other components. BMW have
developed a limited production of a test vehicle, BMW Hydrogen 7, which uses
hydrogen as a fuel in internal combustion engine. But, because of the costs,
unavoidable boil-off losses and the necessity of extreme low temperatures, potential
of using liquid hydrogen on-board applications is limited.

Cryo-compressed storage is the combination that has aspects both from compressed
and cryogenic storage. Cryo-compressed storage alleviates aforementioned issues of
previous methods which are the need of high pressure and larger volumes for
compressed storage whereas the unavoidable boil-off losses for cryogenic storage. In
this method, hydrogen is pressurized to 250-350 bar at cryogenic temperatures and
stored in insulated vessel with much lower boil-off losses, providing roughly 10 g/L
higher volumetric energy density as 80 g/L comparing to the liquefied hydrogen. A
dormancy period of more than 7 days without hydrogen loss while filling the cryo-
compressed hydrogen vessel to 85% capacity has been observed [48]. Nonetheless,

viability of this method is limited by the cost and availability of the infrastructure.

Hydrogen can be chemically stored with atomic hydrogen being bind to the structure
of a substance. Chemisorption may provide relatively large hydrogen storage
capacities, but the hydrogen uptake and release kinetics can be slow; the release of
hydrogen generally necessitates high temperatures, with such materials exhibiting
irreversible hydrogen uptake due to the high activation energy required. Metal
hydrides are formed from the interaction of hydrogen and various metal and alloys at
different pressures and temperatures. Metal hydrides are compact and safer storage
option as their volumetric capacities are higher and hydrogen can be stored at moderate
conditions compared to the conventional compressed and LH> storage methods. Metal
hydrides, in contrast, have the disadvantage of having poor sorption and desorption
kinetics, a high hydrogen release temperature, and the generation of unwanted gases
during hydrogen discharge. Furthermore, the exothermic heat must be regulated at the

refuelling station, and hence thermal management may be an issue for this type of
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hydride. Another downside of this procedure is that the by-product must be
regenerated on a suitable site with chemical treatment [49]. Possibility of using various

type of materials allow further researches to analyse and improve this storage method.

Over the search for alternative hydrogen storage and transportation methods liquid
organic hydrogen carriers (LOHC) got popularity. Hydrogen is chemically stored in a
liquid organic hydrogen carrier or liquid organic hydride by interacting with a
hydrogen deficient organic molecule. In the reactor, the organic hydride is
dehydrogenated, and the required hydrogen is released for power generation in either
a stationary power plant or an on-vehicle application. At the filling station, the
dehydrogenated product is withdrawn and the organic hydride is replenished. The
dehydrogenated organic hydride is transferred to an off-site hydrogenation plant,
where it is hydrogenated before being delivered to the filling station. The carbon atom
remains in the cycle throughout and does not escape into the atmosphere. The
hydrogenation and dehydrogenation reaction conditions are heavily influenced by the
LOHC molecule's characteristics and the catalyst utilised where dehydrogenation even
can be under 200 °C temperatures [50]. Moreover, the hydrogenated LOHC may be
held for lengthy periods of time under typical circumstances (ambient temperature and
pressure) without self-discharge, which could allow for seasonal energy storage. As a
result, LOHCs can play a major role in the storage, transportation, and exchange of

energy from various sources.

One of the leading alternatives for storing hydrogen chemically beside other well-
developed methods is ammonia. Using the Haber-Bosch process that has been invented
over a century ago, ammonia synthesis can be achieved with the combination of
hydrogen and the nitrogen that has been separated from air. Although this process may
emit CO> based on the type of hydrogen production, renewable energy sources can be
used to decarbonize the process and make green ammonia with introducing green
hydrogen to the system. At temperature of 20 °C, ammonia supports a hydrogen
density of 108.5 kg/m?, and liquefies at a pressure of 8.6 bar. With this storage method,
ammonia that has been synthesised using hydrogen can be directly use in several
industries especially in fertilizer sector, or it can act as a low-cost storage and carrier
for the hydrogen. The combination of these future end-use prospects, as well as the
ease of renewable ammonia production using green hydrogen, and the expansion of

existing ammonia distribution and storage infrastructure, supports the potential of
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using ammonia as the primary chemical alternative to green hydrogen in the coming

decades.

Lastly, in physical adsorption method, hydrogen can be stored by bounding to the
pores of materials following van der Waals interactions. Metal organic frameworks,
microporous carbon structures, and zeolites are among the materials that might be used
for hydrogen storage by physical adsorption. The method provides high rates of
loading and unloading. Unfortunately, for achieving higher capacities, high pressures
or cryogenics conditions are needed. Therefore, physical adsorption method is

considered to have no potential in the future.

As the hydrogen economy is developed, hydrogen is planned to be used both for on-
board and stationary applications. The storage of hydrogen in a stationary use is
significantly less difficult than in an on-board application. Storage system weight or
gravimetric hydrogen density, is less important in stationary applications than the
storage system volume, or volumetric hydrogen density. On-board applications, on the
other hand, require both gravimetric and volumetric densities, albeit volumetric energy
density is less significant for a large-sized vehicle. A sufficient amount of hydrogen is
necessary for on-board storage in order to go a respectable distance without refuelling
the vehicle. As a result, a storage technique with a high gravimetric energy density as

well as a high volumetric energy density is required.

Overall, all available storage techniques have their own advantages, challenges and
limits. Consequently, infrastructure, safety and costs are the crucial elements
determining which option is most suitable depending on the purpose of hydrogen

usage.

4.3 Hydrogen Transportation

As hydrogen continues to emerge as a critical component of a sustainable energy
future, efficient and reliable methods for its storage and transportation are essential.
While advancements in hydrogen storage technologies have allowed for greater
capacity and improved safety, the successful integration of hydrogen into various
sectors requires robust transportation infrastructure. Effective hydrogen transportation
systems are vital for enabling the distribution of hydrogen from production facilities

to end-users, including industries, power plants, and transportation sectors. Therefore,
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the development of reliable and cost-effective hydrogen transportation methods is
crucial to unlock the full potential of hydrogen as a clean energy carrier. In this section
different methods and technologies employed for hydrogen transportation are
investigated, exploring their advantages, challenges, and implications in building a
hydrogen-based economy. Hydrogen transportation methods can be classified into
various categories, including compressed gas, liquid hydrogen, ammonia, and pipeline

networks.

To transport huge volumes of hydrogen, it must first be pressurised and supplied as a
compressed gas, or it must be liquefied. Compressing hydrogen gas is a common
method of transportation. The gas is compressed to high pressures, typically between
350 and 700 bar, in specially designed storage tanks or cylinders. Compressed
hydrogen gas can be transported via trucks or trailers equipped with high-pressure
storage systems. While this method is widely used, it requires robust storage
infrastructure, and the energy required for compression can be significant.
Additionally, due to the low energy density of compressed gas, large storage volumes

are needed to transport significant amounts of hydrogen.

Liquid hydrogen is another method for transporting hydrogen. At cryogenic
temperatures (below -252.87 °C), hydrogen gas can be liquefied and stored in
specialized cryogenic tanks. Liquid hydrogen offers a higher energy density compared
to compressed gas, allowing for more efficient storage and transportation. However,
maintaining the extremely low temperatures required for liquefaction is challenging,
and there is a risk of boil-off during transportation. Cryogenic trucks or tankers are
typically used for transporting liquid hydrogen, but they require careful insulation and

safety measures.

Ammonia, a compound composed of nitrogen and hydrogen, has gained attention as a
potential hydrogen carrier. Ammonia is already produced and transported in large
quantities for various industrial applications. It can be synthesized using renewable
energy sources by utilizing the Haber-Bosch process. Ammonia has a high hydrogen
content and can be easily liquefied, enabling efficient storage and transportation.
Moreover, it has an established infrastructure and can be converted back into hydrogen
when needed. However, there are challenges related to safety, as ammonia is toxic and

requires appropriate handling and storage measures.
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The use of existing pipeline networks for hydrogen transportation is an attractive
option, especially for long-distance transportation. Hydrogen pipelines function
similarly to natural gas pipelines, with hydrogen being pressurized and transported in
dedicated pipelines. This method offers high transportation efficiency and reliability.
Nevertheless, hydrogen pipelines require specific materials that can withstand
hydrogen embrittlement and leakage concerns. Moreover, dedicated infrastructure is
needed, and retrofitting existing natural gas pipelines for hydrogen transportation

requires careful considerations and safety evaluations.

Beside the aforementioned transportation methods, current best and economic option
Is consumption of the hydrogen where it’s produced. Local production of hydrogen
offers numerous benefits, such as reducing the logistical challenges and costs
associated with long-distance transportation. By establishing hydrogen production
facilities near the areas of high demand, the need for extensive transportation
infrastructure can be minimized, allowing for more efficient and localized distribution
networks. This approach also helps to mitigate energy losses that may occur during
long-distance transportation, ensuring a higher overall efficiency in the hydrogen
supply chain. Moreover, local production promotes regional economic development,
creating job opportunities and stimulating local industries. However, it is crucial to
strike a balance between local production and transportation to ensure that the
hydrogen supply can meet demand while maintaining cost-effectiveness and
environmental sustainability. Efficient hydrogen transportation systems, whether
through pipelines, compressed gas, liquid hydrogen, or other methods, are vital to
enable the seamless delivery of locally produced hydrogen to end-users, supporting

the growth and utilization of this clean energy resource within local communities.

Each hydrogen transportation method has its own advantages, challenges, and
considerations. The choice of method depends on factors such as transportation
distance, volume, existing infrastructure availability, safety requirements, and energy
efficiency. As the hydrogen industry continues to evolve, a combination of these
methods may be employed to create a comprehensive hydrogen transportation network
capable of meeting diverse needs and supporting the transition to a hydrogen-based

economy.
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4.4 Potential of the Hydrogen and Future Projections

The future of hydrogen is promising due to its potential to decarbonize various sectors,
including transportation, industry, and power generation. International Renewable
Energy Agency (IRENA) reported that hydrogen to be responsible for 12% of global
energy demand by 2050 while reducing CO> emissions by 10% [51]. Green hydrogen,
produced through electrolysis powered by renewable energy sources, has been a focal
point for many countries aiming to reduce greenhouse gas emissions and transition to
a more sustainable energy system. Several countries have set targets and strategies for

the development and deployment of green hydrogen.

Reported by the European Commission, production of hydrogen with natural gas
accounted for 96% of total hydrogen production in European Union (EU). The EU has
been actively promoting hydrogen in its long-term decarbonization strategy.
Implementation of new policies such as Carbon Border Adjustment Mechanism
accelerated the phasing to alternative energy sources. The European Commission's
Hydrogen Strategy, released in July 2020, aims to develop renewable hydrogen
production capacity of up to 40 gigawatts (GW) by 2030, and to deploy it across
various sectors, including industry, transport, and heating. Several new packages
introduced by EU Commission for boosting researches and implementation of clean
hydrogen. Responding to rising energy security crisis caused by Russian-Ukraine war,
EU revised previously set targets to achieve higher decarbonized and increased
renewable energy integrated energy mix to prevent its dependency on foreign sources
while securing its energy supply with sustainable solutions. As in terms of hydrogen,
10 million tons of hydrogen production and 10 million tons of hydrogen import by
2030 has been proposed [52, 53].

Germany has set ambitious targets for hydrogen. As part of its National Hydrogen
Strategy announced in June 2020, Germany aims to have installed electrolyzer
capacity of up to 5 GW by 2030. The strategy revised as to have 10 GW capacity by
2030 in accordance with aforementioned targets of EU. It also plans to establish

international partnerships for the import of green hydrogen.

Australia has significant potential for renewable energy generation and has set a goal
to become a major global player in hydrogen production and export. The Australian

Government has launched the National Hydrogen Strategy, with the aim of developing
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a domestic hydrogen industry and becoming one of the world's leading hydrogen

exporters.

Japan has been actively pursuing hydrogen as an energy source. The country released
its Basic Hydrogen Strategy in 2017, setting a target to reduce the cost of hydrogen to
be competitive with other forms of energy by 2030. Japan has also been exploring the
use of hydrogen for transportation, power generation, and as a feedstock for industrial

processes.

South Korea has set a goal to become a global leader in the hydrogen economy. The
country's Hydrogen Economy Roadmap aims to deploy 6.2 million fuel cell vehicles
and establish 1,200 hydrogen refuelling stations by 2040. South Korea also plans
production of 5.26 million tons of hydrogen and develop a significant export market

for hydrogen-related technologies.

Turkey has announced its Hydrogen Technologies Strategy and Roadmap which aims
to increase electrolyzer installed capacity to 2 GW by 2030, 5 GW by 2035 and 70
GW by 2053. Turkey also has a great export potential as being an important trade
partner with Europe and Asia. Report published by Shura emphasize the potential of
hydrogen in Turkey [54]. They found out that, by 2050, up to 3.4 Mt of green hydrogen
can be produced per year with utilization of excess energy from solar and wind energy
sources. Evaluating the demand and production rates of hydrogen, export potential of
Turkey has found to be up to 1.9 Mt green hydrogen per year. In respect of most
suitable locations for scaling hydrogen projects, Izmir found to be the most suitable as
there are many sectors that demand hydrogen, and available ports.
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5. CASE STUDY

5.1 Methodology

The methodology employed in this thesis focuses on investigating the production of
green hydrogen through the design of an off-grid hybrid renewable energy system.
Accordingly, extensive research has been conducted to gather relevant information on
green hydrogen production technologies, renewable energy systems, and potential
applications of hydrogen in different industries. To accomplish this study, simulations
are conducted using the HOMER (Hybrid Optimization Model for Electric
Renewables) software, a renowned tool for modelling, analysing and optimizing
energy systems. The primary objective of these simulations is to assess the feasibility
and efficiency of utilizing renewable energy sources to cover the energy demand of a
selected area, in combination with other technologies to produce green hydrogen in an

environmentally friendly manner.

In order to carry out this study, a multi-step approach has been followed starting with
consulting various scientific databases, research papers, industry reports, and reputable
online sources, including the HOMER software simulations, to gather the necessary
data and information for the system components. The collected data has been used as
a guide to design the system taking into account the reliable and referable assumptions
obtained. Research data and results then be carefully organized and examined to
support the findings and conclusions of this thesis. By incorporating both simulation
data and comprehensive research, this study aims to provide a robust and well-
informed analysis of green hydrogen production considering its potential uses and

applicability in various sectors within an off-grid hybrid renewable energy framework.

5.2 Study Area

Study area has been selected as Foga (38.68° N, 26.70° E), a district located in the west
of Turkey within Izmir province. Several reasons have been taking into account for the
selection of study area. Foca is renowned for being a touristic location with its climate

and natural beauty, and offers a preferable residence for a summer vacation as well as
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for throughout the year. In addition to that, Foca has high potential for wind and solar
energy which is given is Fig. 5.1. Moreover, the area’s proximity to various industries
such as steel and refinery and its proximity to ports, makes it an ideal location for this

study.
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Figure 5.1 : Wind and solar energy potential of Foca [55,56].
5.3 Weather Data

Weather in Foga is under the influence of Csa class according to Koppen-Geiger
climate classification [57, 58]. Csa class represent Mediterranean climate which has
the characteristics of warm winter where the coldest months’ average temperatures are
above 0 °C with hot and dry summers that the average temperatures reach up to 26 °C
[59]. These climate conditions offer the advantage of utilizing renewable energy
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system such as solar energy effectively [60], which is boosted by the available wind
potential. The weather data to be assigned for the optimization of the hybrid system
has been gathered from the database of National Aeronautics and Space
Administration (NASA) through HOMER. Annual average solar global horizontal
irradiance is 5.08 kWh/m?/day, while the annual average wind speed is 6.38 m/s.
Monthly solar irradiance, clear index and wind speed changes of the area is given in
Fig. 5.2.
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Figure 5.2 : Solar irradiation and average wind speed of Foga.

5.4 Load Profile

Based on the monthly energy consumption of a single residential house, assuming 300
kWh/month, an average sized settlement consisting of 100 houses are taken into
account as electricity load. Accordingly, community profile option has been selected
on the HOMER software and hourly consumptions has been adjusted to have 1,000

kWh/day average energy consumption which theoretically represent energy
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consumption of 100 houses. Monthly consumptions are decreased to 20% from
October to March as residency rate would be significantly dropped due to ending of
summer season. Similarly, energy consumptions are decreased by 33% for April, May
and September to make a staged transition, while keeping the peak consumption at
summer season where the occupancy rate would be highest. After making the
arrangements energy load determined as to have average energy consumption of
573.54 kWh/day and 139.29 kW peak load. Distribution of daily, seasonal and yearly
load profile is given in Fig. 5.3.
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Figure 5.3 : Daily, seasonal and yearly load profiles.
5.5 System Description

In this study, a hypothetical off-grid hybrid renewable energy system that contains
solar energy, wind energy and battery energy storage system to match the demand of
a seasonal residential area is designed. Due to the volatile energy generation of
renewable energy systems and energy consumption difference between seasonal
changes, excess electricity would arise. Excess electricity is planned to be used as a
source for electrolyzer to produce green hydrogen, evaluating the possibility of
achieving valuable return. This section gives an overview of the selected component
whereas total rated capacities to be calculated after optimizing with software.

Schematics of the overall system given in Fig. 5.4.
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Figure 5.4 : Schematics of hybrid system.

Prior to optimization, as a first step in system designing, components are identified.
Browsing through the complete catalogue of PV panels that are integrated into
HOMER database, Canadian Solar MaxPower CS6U-330P polycrystalline model
panels with nominal max power of 330 W and 72 polycrystalline cells has taken into
account. Technical properties of the model are given in Table 5.1. Considering site
specific conditions, 88% of derating factor is assumed, which can be described as the
factors that deviates solar panel’s power output from the predicted value such as
increased temperature, losses due to dust and wire losses [61]. Panel slope fixed as

38.67% without having a tracking system.

Table 5.1 : Technical properties of the PV panel.

Model Canadian Solar MaxPower
CS6U-330P
Panel Type Polycrystalline
Temperature Coefficient -0.41
Operating Temperature (°C) 45
Efficiency (%) 16.97

Similar to PV panels, wind turbine model selected as G3, generic 3 blade upwind type
with 3 kW rated capacity. Hub heights of the turbines are set as 17 m and lifetime of

turbines defined as 25 years equalling with project lifetime.
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In order to provide uninterrupted energy, energy stability and to use the system in the
most efficient way, battery energy storage system, which is an integral part of
renewable energy systems with fluctuating production such as solar and wind energy,
has been added to the system. ABB PS-BatME2 model Li-ion batteries are considered
to be used. Minimum state of charge is set as 10%. Related technical properties of the

battery is given in Table 5.2.

Table 5.2 : Technical properties of the battery storage.

Model ABB PS-BatME2

Nominal Voltage (V) 3.68

Nominal Capacity (kWh) 0.346
Nominal Capacity (Ah) 94
Roundtrip efficiency 95
Maximum Charge Current (A) 47
Maximum Discharge Current (A) 47

Throughput (kWh) 2,767

Converters are vital components in hybrid renewable energy systems as they enable
compatibility, control, and optimization of power flow between different energy
sources and energy storage systems. They ensure efficient and reliable operation,
maximizing the utilization of renewable energy and facilitating the integration of these
systems into existing power infrastructure. In this study, a generic system converter of
HOMER software has been selected with 95% efficiency.

Lastly, among different hydrogen production technologies a PEM electrolyzer has
been integrated into the system with total installed capacity of 250 kW which is found
out to be the ideal for utilizing excess energy for green hydrogen production. In
accordance with available commercialized PEM electrolyzers and literature review,
70% of efficiency is taken into account. Output pressure of hydrogen is 30 bar and
hydrogen purity is 99.999% which allows hydrogen to be used in mobility sector. Also,
water treatment and compression units are considered to be included. Additionally,
lifetime of an electrolyzer is defined by hours of operation. Since PEM electrolyzer
stacks has up to 80,000 hours of lifetime, 25 years of lifetime has been defined,
evaluating the optimization results which provided approximately 3,000 hours of

operation per year.
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Cost parameters of proposed system are estimated based on literature review, several
studies [62-65], and pre-defined values on HOMER software. Assumptions for cost

parameters are given in Table 5.3.

Table 5.3 : Cost assumptions of the hybrid system.

Component Capital Replacement O&M
PV Panel 1,300 $/kW 1,300 $/kW 13 $/year
Wind Turbine 4,800 $/unit 4,800 $/unit 80 $/year
Battery Storage 155.66 $/unit 15.56 $/unit 2.37 $lyear
Electrolyzer 1,250 $/kW 1,250 $/kW 40 $/year
Converter 300 $/kW 300 $/kW 0 $/year

As for general project assumptions, maximum annual capacity shortage is set as 0% to
eliminate any unmet load, project lifetime is set as 25 years, and real discount rate is
defined as 2%.
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6. RESULTS & DISCUSSION

In this section, results of simulations that are performed with HOMER software to
evaluate potential of green hydrogen production within the scope of selected location
and identified parameters. HOMER compares different scenarios by taking into
account the Net Present Cost (NPC) and Levelized Cost of Electricity (LCOE) for the
overall system. NPC represents the present value of all the costs and revenues of a

component over the project timeline. Equation (6.1) is used to calculate NPC.

Cann,to t

C =
NPC™ CRF(i, Ryroj)

(6.1)

where Cann,tot IS total annualized cost ($/year), CRF is capital recovery factor, i is real

interest rate (%) and Rproj IS project lifetime (year).

Optimization results are given in Table 6.1.

Table 6.1 : Optimization results of different configurations of the hybrid system.

. . PV  Wind Battery Electrolyzer Converter NPC LCOE
Configuration

kW) (W) (#) (kW) (kW) $)  (SKWh)
PV / Wind /
attory 303 12 2,376 i 146 $1.09M  $0.265
PV/Battery 302 - 2,574 i 153 $L1IM  $0.270
PV / Wind /
Battery / 303 12 2,376 250 146 $1.60M  $0.389
Electrolyzer
PV/Battery/ 45, 9574 250 153 $1.62M  $0.394
Electrolyzer
Wind/Battery - 399 8514 i 218 $2.83M  $0.689
Wind/Battery/ 499 g514 250 218 $3.34M  $0.813

Electrolyzer
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Optimization results indicate that the most feasible configuration consist of PV, wind
and battery storage with an NPC of $1.09 M and LCOE of 0.265 $/kWh. Categorizing
the system configurations as with ones including electrolyzers and others not, both
scenarios resulted as most feasible where PV and wind energy integrated together. On
the other hand, due to the aim of this study, most feasible configuration that includes
an electrolyzer is investigated. Therefore, the general system components can be
identified as following; 303 kW total capacity of PV, 12 kW total capacity of wind,
822 kWh total capacity of battery storage, 250 kW installed capacity of PEM
electrolyzer with 146 kW capacity of converter. It can be easily seen that, integration
of an electrolyzer increased NPC to $1.60 M and LCOE to 0.389 $/kWh. Cost

summary of system components is given in Table 6.2.

Table 6.2 : Cost summary of each component of the proposed hybrid system.

Replacement O&M Salvage

Component  Capital (3$) Total ($)

$) (%) (%)
PV $394,054 - $77,288 - $471,342
Wind Turbine  $19,200 - $6,276 - $25,476

Battery $369,857 $55,517 $110,446 -$11,376  $524,446

Electrolyzer ~ $312,500 - $196,136 - $508,636

Converter $43,870 $32,784 - -$8,999 $67,655

System $1,139,482 $88,302 $390,147 -$20,375 $1,597,556

Cost of the overall system is seen to be almost evenly distributed by PV, battery and
electrolyzer with around 500,000 $ total cost for each. Owing to being relatively new
developed technologies, cost of battery and electrolyzer is significantly high
considering the outcomes. Salvage column in the table represents the revenue at the
end of corresponding component. Battery had to be replaced twice considering its
throughput that can be named as the lifetime of battery, and system converter once,
whereas no replacement required for other components. Changes in the cash flow is

provided in Fig. 6.1.
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Figure 6.1 : Cash flow for project lifetime.

Total of 561,779 kWh/year electricity is produced where the PV system makes up for
94.4% with production of 530,488 kWh/year, while wind energy accounts for only
5.6% owing to available installed capacity. On consumption side, 544,379 kWh/year
electricity has been consumed where 209,333 kWh/year, or 38.5% as a percentage, of
it used to cover the energy demand of the selected residential area. On the other hand,
majority of produced electricity, 335,046 kWh/year or 61.5%, has been consumed by
electrolyzer to produce green hydrogen. Monthly contributions of PV and wind energy

systems are given in Fig. 6.2.
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Figure 6.2 : Monthly electric output of proposed system.

PV system operated at a 20% capacity factor with 4,388 hours of operation per year.
Mean output of 60.6 kW achieved with a 303 kW total installed capacity. PV energy

system power output for throughout the year is demonstrated at Fig. 6.3.
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Figure 6.3 : Annual PV power output.

In the optimized design, wind energy acted as a backup power to PV and battery
storage combination. Operating for 7,514 hours per year, 29.8% capacity factor is
obtained as well as 3.57 kW mean output. Similar to PV, yearly power output of wind

turbine is provided in Fig. 6.4.
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Figure 6.4 : Annual wind turbine power output.

Battery storage system stored 91,716 kWh energy per year and provided 86,458 kWh
per year back. Difference in between, 4,568 kWh/year, is lost due to conversion losses.
Fig. 6.5. shows that the state of charge of battery has decreased down to as low as

10.47% in June where the energy demand is significantly increased.
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Figure 6.5 : Annual and monthly state of charge of battery.

Unlike the other components of the designed hybrid energy system, electrolyzer
capacity is selected as 250 kW after evaluating several scenarios to utilize all excess
energy. Obtaining 2,967 hours of operation per year for hydrogen production, lifetime
of stacks is decided as 25 years, considering lifetime of the stacks range from 60,000
to 80,000 hours. Regarding available hybrid energy system, 15.3% capacity factor and
mean output of 0.679 kgH>/hour is achieved. As expected, maximum hydrogen output
is occurred during out of vacation season. Oxygen output of the electrolyzer has not
been evaluated on this study. Annual power input for electrolyzer is given in Fig. 6.6

and monthly distribution of green hydrogen production is given in Fig. 6.7.
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Figure 6.6 : Annual electrolyzer input power distribution.
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Electrolyzer Output Monthly Averages
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Figure 6.7 : Monthly hydrogen output.

Overall, the proposed system proved to reach 5,946 kg green hydrogen production per
year, or 16.3 kg hydrogen per day, with 56.3 kWh/kg hydrogen specific consumption.
HOMER software also calculates levelized cost of hydrogen (LCOH) with equation
(6.2).

C — Veree (Eprimac + Eprimpc + Eaer + Egri
LCOH = ann,tot elec( prim,AC prim,DC def grld,sales) (6.2)

M hydrogen

where Cann ot is the total annualized cost, Velec is the value of electricity, Eprim iS the
primary electrical load, Eqef is the deferrable load, Egrid;sales i the total energy sold to
the grid, and Mhydrogen IS the total hydrogen production. Since there is no grid
connection, Egridsales IS considered to be zero, and the velec has defined as 0.10 $/kWh
based on average electricity market prices in Turkey. Consequently, LCOH is found
out to be 10.3 $/kg hydrogen, which represents the production cost of hydrogen

considering that the whole system designed for producing hydrogen.

However, the overall system is mainly designed to cover energy demand of the
selected area, regardless of the presence of electrolyzer. Therefore, to calculate LCOH,
it would be a better approach to compare the costs of two systems with and without an
electrolyzer that resulted best, according to optimization results. When the most
feasible configurations with and without electrolyzer are compared, it is seen that the
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NPC of PV/Wind/Battery/Electrolyzer is 0.51 million $ higher than that of
PV/Wind/Battery (Table 6.1). The proposed system produces 148,650 kg of hydrogen
(5,946 kglyear) within the system lifetime of 25 years. Therefore, the revenue from the
sale of 148,650 kg of hydrogen must exceed 0.51 million $ to make the system with
electrolyzer feasible.

The NPC from selling green hydrogen is calculated using equation (6.3).

N
CF

where CF is the revenue in the first year, DR is the real discount rate, n is the year, and
N is the system lifetime. Fig. 6.8 shows the cumulative cash flow from selling

hydrogen for different green hydrogen prices.
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Figure 6.8 : Cumulative cash flow for different hydrogen prices.

It is seen that producing and selling green hydrogen from the off-grid
PV/Wind/Battery/Electrolyzer system becomes more feasible that PV/Wind/Battery
system when hydrogen prices exceed 4.5 $/kg. Table 6.3 shows the total NPC of the

system including revenue from selling green hydrogen. Considering that current green
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hydrogen prices are around 6-7 $/kg today [66, 67], selling green hydrogen is already
feasible for the off-grid vacation homes with an NPC around 0.77 — 0.89 million $
which is lower than the NPC of the system without electrolyzer (1.09 million $).
Accordingly, cost of hydrogen can be considered as 4.5 $/kg which is the closest to

break-even point.

Table 6.3 : NPC of the system for different hydrogen prices.

Configuration Hydrogen Hydrogen revenue NPC
price %) $)

PV/Wind/Battery - - 1.09 M
PV/Wind/Battery/Electrolyzer - - 1.60 M
PV/Wind/Battery/Electrolyzer 2 $/kg 0.24 M 136 M
PV/Wind/Battery/Electrolyzer 2.5 $/kg 0.30 M 1.30 M
PV/Wind/Battery/Electrolyzer 3 $/kg 0.36 M 1.24 M
PV/Wind/Battery/Electrolyzer 3.5 %/kg 041 M 1.19M
PV/Wind/Battery/Electrolyzer 4 $/kg 047 M 1.13 M
PV/Wind/Battery/Electrolyzer 4.5 $/kg 0.53 M 1.07M
PV/Wind/Battery/Electrolyzer 5 $/kg 0.59 M 1.01 M
PV/Wind/Battery/Electrolyzer 5.5 $/kg 0.65 M 0.95 M
PV/Wind/Battery/Electrolyzer 6 $/kg 0.71 M 0.89 M
PV/Wind/Battery/Electrolyzer 6.5 $/kg 0.77 M 0.83 M
PV/Wind/Battery/Electrolyzer 7 $/kg 0.83M 0.77M

First step of this study is to be designing an optimized off-grid hybrid energy system
with the integration of an electrolyzer to create more value and possible increase
overall output and efficiency of the system. Second step is to provide an overview and
a guideline for the utilization of the produced green hydrogen in various sectors. For
this purpose, several industries are investigated to better understand the value and

potential of obtained green hydrogen.

Foremost, hydrogen needs to be stored in a case where direct usage after production is
not available. As explained in fourth chapter, there are different ways of storing
hydrogen. Different storage and transportation methods may be more advantageous
depending on the application area and amount. Generally, liquefaction and shipping
are considered to be more suitable for long distances, however, additional investments
might be needed for transporting compressed hydrogen with trucks to adjust required
mass and pressure to be transported. For a notably small amount of hydrogen
production per day, 16.3 kg, storage or transportation options for large scale
applications will not be feasible. Therefore, compressed storage and transportation
methods would be the most beneficial choice. Accordingly, Type I classification of
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hydrogen storage tanks and pressure vessels are taken into account. From literature
and contacting with several companies, estimated costs for storage and transportation
analysed. A storage tank with 75 kg hydrogen capacity is estimated to cost as 50,000
$. A pressure vessel that can carry up to 300 kg of hydrogen with a pressure of 200-

250 bar costs around 250,000 $. Annualized cost can be achieved using equation (6.4).

AP * DR

EAC= a—"a+op™

(6.4)

where EAC is the equivalent annual cost, AP is the asset price, DR is the discount rate,
n is the number of periods. Assuming 25 years of lifetime, hence the impact of capital
cost of pressure vessel to LCOH can be calculated using equation 6.2, which result as
0.13 $/kg hydrogen. Additionally, International Energy Agency (IEA) suggest
operation cost of 0.5 $/kg hydrogen on average for distances up to 100 km [68].

Selected study area is within the close range of major steel production facilities. Green
hydrogen is considered to be a key element on decarbonization steel industry.
Approximately 60 kg of hydrogen is required for the production of one ton of steel
[69]. Current hydrogen production methods mostly use natural gas as a source which
increases carbon emissions. Every ton of steel produced in 2018 emitted on average
1.85 tons of carbon dioxide, equating to about 8 percent of global carbon dioxide
emissions. In steel industry, injection of green hydrogen into blast furnaces has a
potential to reduce carbon emissions by up to 20% [70]. Therefore, with the annual
green hydrogen production of 5,946 kg, 36.7 kg CO- saving can be achieved. On the
other hand, combining costs for production and transporation, LCOH is found to be
5.13 $/kg for steel industry usage, which is expensive comparing with current methods
where hydrogen can be produced for only 1.5-2 $/kg using natural gas [71]. However,
implementation of carbon taxes would pave a way for green hydrogen to be more
competitive against conventional hydrogen production methods with emissions.

Alternatively, implementation of an on-site hydrogen refuelling station (HRS) has
been assessed within the scope of this study. Having a daily 16.3 kg of hydrogen
production, 16 kg/day HRS can be defined. In general, fuel cell electric vehicles have
tank capacity of 5.5 kg which means up to 3 passenger cars can be refilled with
proposed system. However, a fuel cell bus has a tank storage of 35 kg that the system

may fall on short to meet daily demand of a hydrogen bus. Carbon dioxide emission
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of a passenger car accounts for 4.6 t per year [72]. Therefore, HRS has a potential to
reduce 13.8 t CO, emissions. Similar to previous assumptions, reference cost values
taken into account. Accordingly, budget price of a HRS for 16 kg/day is estimated as
300,000 $ including additional need of different pressure storage tanks for filling.
Also, a filling system that can operate up to 450 bar is added with cost of 140,000 $.
Applying the findings to the annualized cost equation and adding the costs to LCOH
equation, LCOH increases by 3.78 $/kg, reaching to 8.28 $/kg hydrogen even without
transportation costs. As of May 2023, gasoline prices in Turkey is equal to around 1
$/litre. Assuming that an average passenger has a tank storage capacity of 55 litres,
fully refueling costs around 55 $. Comparing to that, a hydrogen car with a tank storage
capacity of 5.5 kg may be refueled by 45.5 $. It is worth to note that, a gasoline car
and a hydrogen car has different ranges as around 800 km and 400-600 km
respectively. Reduction of costs and new policies from governments to incentify are
needed for hydrogen to be more competitive in mobility sector.

Hydrogen is a crucial element to produce ammonia for fertilizer industry which is the
largest consumer of ammonia, accounting for approximately 80% to 85% of the global
ammonia production. Ammonia can also be used in chemical industry as explained in
chapter four. Theoratically, 177 kg of hydrogen is needed to produce 1 ton of ammonia
[73]. Daily hydrogen production of the system in this study is 16.3 kg/day, may lead
to production of approximately 2.75 tons of ammonia per month and 33.5 tons of
ammonia per year. The amount of ammonia required to produce fertilizer depends on
the specific type of fertilizer such as ammonium nitrate, urea and ammonium
phosphate. Therefore, further chemical conversion studies and investigation is needed

to assess hydrogen usage on this topic.

As a heat source, hydrogen yields 2.5 times more energy compared to burning same
amount of natural gas due to hydrogen’s energy density. Blending hydrogen with
existing natural gas infrastructure provides huge potential for transition to
decarbonization, eliminated high costs for additional equipments and transportation.
However, hydrogen is a highly flammable gas. Consequently, materials of existing
pipelines require changes in order to be integrated fully with hydrogen. Current
infrastructure, allows up to 20% of hydrogen blending with natural gas, without
creating safety issues [74,75]. This allows using hydrogen as a heating source in

household applications. A report published by Central Statistics Office suggests that
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mean natural gas consumption in 2020 is 11,483 kWh per year for semi-detached
houses [76], which equals to approximately 1,300 m3. Another report specifies the
natural gas consumption per house on province basis in Turkey. In accordance to that,
Izmir has average natural gas consumption of 906 m?® per year for a residential house
in 2022 [77]. Considering that only 20% of the mix can be hydrogen, 181.2 m? of
natural gas can be replaced each year with the proposed system for a single house.
Consumption of natural gas emits an average of 1.94 kg CO. emissions [78,79]. That
being the case, total of 35.2 t of CO2 emissions can be eliminated. However, even
neglecting any additional investment for blending hydrogen with natural gas, the cost
increases. Average price of natural gas in Turkey in 2022 is around 3 TL which is
equal to around 0.18 $/m? while hydrogen cost of the proposed system is 0.40 $/m?,

S0 it costs to replace 20% of natural gas as 3,986 $/year.

Overall, study results emphasize that hybrid systems consisting of PV ,wind and
battery results as the most feasible configuration. Besides, hydrogen offers wide range
of application areas on decarbonization, however, costs are high to be competitive as
for the selected area and an off-grid system. In case of a multiple usage of the similar
systems in the study area, the amount of green hydrogen to be obtained can be
increased which provides the benefits for creating a hydrogen ecosystem with reducing
costs, increasing the integration of green hydrogen into sectors and preventing

environmental and energy problems that world is facing.
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7. CONCLUSIONS

In conclusion, this thesis focused on the design of an off-grid hybrid renewable energy
system to effectively meet the energy demand of a seasonal residential area consisting
of 100 houses throughout the year. Study location is chosen as Foga, Izmir, Turkey as
the region has high potential of solar and wind energy as well as being one of the
popular vacation destinations. By considering seasonal variation of energy demand,
excess electricity is planned to be used in green hydrogen production. Load profile of
the hypothetical settlement is adjusted, keeping the peak load in vacation season,
summer, and decreasing for remaining months. Integration of solar energy, wind
energy, battery storage system and an electrolyzer has taken into account. Simulations
are performed by HOMER software for optimization and finding most feasible
solution. The proposed system not only offers a cleaner alternative to traditional
energy sources but also ensures uninterrupted power supply, even during periods of
low renewable energy generation. Through the integration of energy storage systems,
excess electricity generated during peak production periods can be efficiently stored
and utilized during times of low generation, thereby minimizing any potential energy

shortages and enhancing the overall system reliability.

Furthermore, the potential of green hydrogen production examined as a means to
utilize excess electricity from the renewable energy system. By employing
electrolysis, the surplus electrical energy can be converted into hydrogen gas, a
versatile and clean energy carrier. The production of green hydrogen offers additional
benefits, such as energy storage, fuel for transportation, and the potential to integrate
with existing infrastructure, thereby contributing to the overall sustainability and

decarbonization efforts of the residential areas and industries.

Simulation results indicated that lowest NPC and LCOE, $1.09M and 0.265 $/kWh
respectively, can be achieved with the configuration of PV, wind and battery storage
system. However, contributing to the aim of this study, most feasible solution that
consist of an electrolyzer has been analysed. Proposed system includes PV with 303
kW, wind energy with 12 kW, battery storage with 822 kWh and electrolyzer with 250
kW capacities. NPC and LCOE resulted as $1.60M and 0.389 $/kWh respectively.
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Over the total electricity production of 561,779 kWh/year, 38.5% consumed by the
energy demand of the residential houses, whereas 61.5% of the produced electricity
consumed by electrolyzer to produce green hydrogen. That being the case, 5,946 kg of
hydrogen production is achieved per year with a LCOH 10.3 $/kg, where the cost is
calculated by the software as if the whole system designed only to produce hydrogen.
Focusing only on the cost of electrolyzers and total hydrogen production throughout
the project lifetime, hydrogen price that makes the system feasible, hence cost of
hydrogen production, is determined as 4.5 $/kg, which found to be aligned with
literature and future targets of countries.

In addition to that, various possible application of green hydrogen is investigated as to
benefit in a best possible way for whole system. Utilization of green hydrogen has
been examined for steel, mobility, ammonia industries and as a replacement for natural
gas in heating. In steel and mobility sectors, LCOH increased to 5.13 $/kg and to 8.28
$/kg respectively, while causing 3,986 $/year cost for blending with natural gas.
Potential annual CO> savings for each scenario is estimated as 36.7 kg for steel, 13.8
ton for mobility, and 35.2 ton for blending with natural gas. On the other hand,
approximately 33.5 tons of ammonia production per year could be achieved which to
be used for production of fertilizer or other chemical components.

In conclusion, the design of an off-grid hybrid renewable energy system, coupled with
the evaluation of green hydrogen production, provides a comprehensive and
innovative solution to address the energy needs of a seasonal residential area while
helping to decarbonization goals. This research contributes to the advancement of
sustainable energy systems and demonstrates the potential for a cleaner, more resilient,
and self-sufficient energy future. Increasing the numbers of such systems, reduces
greenhouse gas emissions, enhancing energy independence, and paves the way

towards a more sustainable and environmentally conscious society.
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