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ABSTRACT 

 

 

MODELLING, SIMULATION AND DESIGN OF A GREEN 

HYDROGEN-BASED HYBRID ENERGY SYSTEM 

 

Özkök, Duygu 

M.S., Department of Mechanical Engineering  

Supervisor: Prof. Dr. Yılser DEVRİM 

 

January 2022, 98 pages 

 

 

As global warming increases and fossil fuel sources are depleted, renewable energy 

sources gain importance. Clean energy sources such as sunlight, wind, geothermal 

energies, and hydro energies constitute renewable energy sources. The fact that the sun 

and wind are endless sources makes renewable energy more important day by day. In 

addition, reducing foreign dependency increases the importance of renewable energy 

sources even more. Turkey has a very productive position in terms of both solar 

radiation and wind potential. This makes electricity generation from solar and wind 

energy even more important. However, the current high initial costs and low energy 

conversion efficiencies of renewable energy sources reduce the availability of 

renewable energy. Failure to produce electricity from solar energy in the evening also 

leads to blackouts. Therefore, the integration of solar and wind energy systems is used 

as complementary systems. The use of two or more renewable energy sources together 

is called hybrid systems. Rather than using a single renewable energy source, the use 

of a hybrid system is more advantageous in terms of both cost and efficiency. The 

system established in solar-wind energy integration can solve the problem of 

intermittent electricity that may occur from the sources installed as a single system. 

 

The fact that the sun produces electricity during the daytime and the wind produces 
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electricity in the evening provides complementary features. Another problem that can 

be encountered in renewable energy sources is storage. As is known, batteries used in 

solar energy do not store seasonally. This shows that the electricity produced in excess 

cannot be used. Therefore, hydrogen energy comes into play as an alternative energy 

source. Storage of energy in the form of hydrogen (H2)   provides solutions for both 

daily and seasonal storage. With the help of the electrolyzer, water molecules are 

decomposed into hydrogen (H2)  and oxygen (O2)  and stored as H2 and O2 in high-

pressure tanks. Fuel cells are also a source that converts the chemical energy created 

by hydrogen into electrical energy in this system. Fuel cells integrated into the solar-

wind system are also an alternative solution in terms of increasing energy conversion. 

There are six types of fuel cells. Among them, the proton exchange membrane fuel 

cell (PEMFC) is the most attractive due to its quiet operation and lower corrosion, high 

power density, low local emissions, low operating temperatures. Therefore, they can 

be powered by a PEMFC for hybrid systems with photovoltaic panels and wind 

turbines. The most important process in the studies of renewable energy sources is the 

simulation steps. 

 

This thesis study was carried out to meet the 25 kW electricity needs of Ankara Atilim 

University from hybrid systems without being connected to the grid. To solve the 

system storage problem, hydrogen energy and, accordingly, the fuel cell were 

designed. The Proton Exchange Membrane Fuel cell design, which will operate for 5 

hours a day, was designed through the MATLAB program and integrated into the 

TRNSYS software program. System simulation was done using the TRNSYS 

program. The optimum number of panels was determined according to a fixed number 

of selected wind turbines for the operation of the electrolyzer. Finally, the leveled cost 

calculations were calculated, and the optimum system was selected. 

 

Keywords: Photovoltaic, Wind turbine, PEM Fuel cell, Hybrid energy systems, 

Techno-economic analysis 
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ÖZ 

 

 

YEŞİL HİDROJEN TEMELLİ HİBRİT ENERJİ SİSTEMİNİN 

MODELLENMESİ, SİMÜLASYONU VE TASARIMI 

 

Özkök, Duygu 

Yüksek Lisans, Makine Mühendisliği Bölümü 

Tez Yöneticisi : Prof. Dr. Yılser DEVRİM 

 

     Ocak 2022, 98 sayfa 

 

Küresel ısınma arttıkça ve fosil yakıt kaynakları tükendikçe yenilenebilir enerji 

kaynakları önem kazanmaktadır. Güneş ışığı, rüzgar, jeotermal enerjiler ve hidro enerji 

gibi temiz enerji kaynakları yenilenebilir enerji kaynaklarını oluşturur. Güneşin ve 

rüzgarın sonsuz kaynak olması yenilenebilir enerjiyi gün geçtikçe daha önemli hale 

getirmektedir. Ayrıca, dışa bağımlılığı azaltması da yenilenebilir enerji kaynaklarının 

önemini daha da arttırmaktadır. Ülkemiz gerek güneş ışınımı gerekse rüzgar 

potansiyeli yönünden oldukça verimli bir konuma sahiptir. Bu da güneş enerjisi ve 

rüzgar enerjisinden elektrik üretimini daha da önemli hale getirmektedir. Ancak 

,yenilenebilir enerji kaynaklarının mevcut yüksek başlangıç maliyetleri ve düşük 

enerji dönüşüm verimlilikleri yenilenebilir enerjinin kullanılabilirlik durumunu 

azaltmaktadır. Güneş enerjisinden elektrik üretiminin akşam saatlerinde yapılmaması 

da kesintilere yol açmaktadır. Bu yüzden birbirini tamamlayıcı sistemler olarak güneş  

ve rüzgar enerji sistemleri entegrasyonu kullanılmaktadır. İki ya da daha fazla 

yenilenebilir enerji kaynağının bir arada kullanılmasına hibrit sistemleri denir. Tek bir 

yenilenebilir enerji kaynağının kullanılmasından ziyade hibrit sisteminin kullanımı 

hem maliyet açısından daha avantajlı hem de verimlilik açısından daha avantajlıdır. 

Tek sistem olarak kurulu kaynaklardan oluşabilecek kesintili elektrik sorunu, güneş-

rüzgar enerjisi entegrasyonunda kurulan sistem çözebilir. Güneşin gündüz saatlerinde 

elektrik üretmesi ve rüzgarın akşam saatlerinde elektrik üretmesi birbirini tamamlayıcı 
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özellik sağlar.  Yenilenebilir enerji kaynaklarında karşılaşabilinecek diğer bir sorun ise 

depolamadır. Bilindiği gibi güneş enerjisinde kullanılan bataryalar mevsimsel 

depolama yapmamaktadır. Bu da fazla üretilen elektriğin  kullanılamayacağını 

gösterir. Bu yüzden alternatif enerji kaynağı olarak hidrojen enerjisi devreye girer. 

Enerjinin hidrojen şeklinde depolanması hem günlük hem de mevsimsel depolama için 

çözüm oluşturur. Elektrölizör yardımıyla su molekülleri hidrojen (H2) ve oksijene (O2) 

ayrıştırılır ve yüksek basınçlı tanklarda H2 ve O2 olarak depolanır. Yakıt hücreleri de 

bu sistemde hidrojenin oluşturduğu kimyasal enerjiyi elektrik enerjisine dönüştüren 

bir kaynaktır. Güneş-rüzgar sistemine entegre edilen yakıt hücreleri de enerji 

dönüşümünü yükseltmek açısından alternatif bir çözümdür. Yakıt hücresi türleri içinde  

proton değişim membranlı yakıt hücresi (PEMYH) sessiz çalışma ve daha düşük 

korozyon, yüksek güç yoğunluğu, düşük yerel emisyonlar, düşük çalışma sıcaklıkları 

gibi özelliklerinden dolayı en çekici olanıdır. Bu nedenle fotovoltaik paneller ve rüzgar 

türbinleri bulunan hibrit sistemler için PEMYH ile çalıştırılabilirler. Yenilenebilir 

enerji kaynaklarının çalışmalarındaki en önemli süreci simülasyon adımları 

oluşturmaktadır.  

 

Bu tez çalışması, Ankara Atılım Üniversitesinin 25 kW’lık elektrik ihtiyacını şebekeye 

bağlı olmadan, hibrit sistemlerden karşılamak için yapılmıştır. Sistem depolama 

sorunun çözmek için hidrojen enerjisi ve buna bağlı olarak yakıt hücresi tasarlanmıştır. 

Günde 5 saat çalışacak PEMYH tasarımı MATLAB program aracılığıyla tasarlanmış 

ve TRNSYS programına entegre edilmiştir. Sistem simülasyonu TRNSYS programı 

kullanılarak yapılmıştır. Elektrölizörün çalışması için sabit sayıda seçilen rüzgar 

türbinlerine göre optimum panel sayısı belirlenmiştir. Son olarak Seviyelendirilmiş 

maliyet hesaplamaları hesaplanarak ve optimum sistem belirlenmiştir. 

 

Anahtar Kelimeler: Hibrit Sistemler, Fotovoltaik, PEM Yakıt Hücresi, 

MATLAB/Simulink
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CHAPTER 1 

 

1. INTRODUCTION 

 

1.1. Energy Systems 

 

Energy is an important element of our country's economy. World states and 

international organizations compete to obtain energy resources (oil, natural gas, coal 

etc.). Energy is the infrastructure of industrialization and an indispensable element of 

daily life. Therefore, the need for energy has a very important place on the national 

and international agenda. Due to the exhaustion of energy resources, the existence of 

external dependency and environmental effects; today, producing safe, sufficient, 

cheap, and clean energy for countries are among the main problems of economic and 

social life. In our country, which is growing rapidly with its industry, economy and 

population, the need for energy is constantly increasing. For this reason, it is of great 

importance to use the produced energy with high efficiency and to evaluate the 

potential of alternative and renewable energy sources as well as existing energy 

sources. The energy required for meeting the needs of people and healthily maintaining 

the development is especially used in sectors such as industry, housing and 

transportation. While energy sources indispensable benefits in our life, it also causes 

environmental pollution to a large extent during production, cycle, transportation and 

consumption [1]. 

 

This phenomenon forces scientific circles to reevaluate energy conversion tools and to 

develop new methods to benefit more from existing limited energy resources. 

Depending on the political developments in the world, the constant increase in energy 

prices and the fact that fossil fuels will run out after a certain period make it necessary 

to determine alternative energy sources. For this reason, it is advantageous in all 

respects to turn to renewable energy sources with less environmental impact. 
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1.2. Renewables Energy Systems 

 

Renewable energy sources became important as global warming increased and fossil 

fuel resources are exhausted [2]. Clean energy sources such as sunlight, wind, 

geothermal energy, and hydro energy are renewable energy sources. The endless 

source of sun and wind make renewable energy more important day by day. In 

addition, the reduction in foreign dependency also increases the importance of 

renewable energy sources. Our country has a very efficient position in terms of both 

solar radiation and wind potential. This makes electricity production from solar energy 

and wind energy more important. However, the current high initial costs of renewable 

energy sources and low energy conversion efficiencies reduce the availability of 

renewable energy. Failure to produce electricity from solar energy in the evening also 

causes interruptions. Therefore, solar and wind energy systems integration are used as 

complementary systems. The combination of two or more renewable energy sources 

is called hybrid systems. Rather than using a single renewable energy source, the use 

of the hybrid system is both more advantageous in terms of cost and more 

advantageous in terms of efficiency. The intermittent electrical problem that may arise 

from the resources installed as a single system can solve the system established in 

solar-wind energy integration. The fact that the sun generates electricity during the day 

and the wind generates electricity during the evening provides complementary features 

[3]. Another problem that can be encountered in renewable energy sources is storage. 

As is known, the batteries used in solar energy do not make seasonal storage [4]. This 

indicates that over-produced electricity cannot be used. Therefore, hydrogen energy is 

activated as an alternative energy source. Storing energy in the form of hydrogen 

creates solutions for both daily and seasonal storage. With the help of the electrolyzer, 

water molecules are decomposed into H2 and O2 and stored in high-pressure tanks as 

hydrogen and oxygen. Fuel cells are also a source that converts the chemical energy 

generated by H2 into electrical energy in this system. Fuel cells integrated into the 

solar-wind system are also an alternative solution to increase energy conversion. There 

are six types of fuel cells. Among them, proton exchange membrane fuel cell (PEM) 

is the most attractive due to its quiet operation and lower corrosion, high power 

density, low local emissions, low operating temperatures [5]. Therefore, in this thesis, 

PEMFC and PEM electrolyzer, which are integrated with hybrid systems, are 
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preferred. 

 

 1.3. Literature Survey 

 

Ridha et al. investigated how the parameters and components of a stand-alone solar 

system affect the system. Depending on the system performance, hybrid systems have 

been developed. They also observed that factors such as temperature, dust, MPPT 

charge control significantly affect system performance [6]. Chandrika et al. analyzed 

the efficiency of the photovoltaic system installed in the building. The PV system of 

newly built buildings connected to the grid was installed and the performance of the 

system was optimized. PVsyst program was used to simulate the system. They found 

that the PV module would reduce the cost of the building while integrating the building 

structure [7]. Razmi et al. installed wind turbines at the Abhar and Kahah fields, two 

adjacent areas in Iran. It was aimed to produce uninterrupted electricity with clean 

energy sources without air pollution. When wind turbines are used alone, they may 

cause interruptions due to imbalances in power. This requires a storage system. At this 

point, they used the compressed air storage (CAES) system as a solution. CAES is an 

auxiliary storage system. Thus, they saw that the energy produced from the wind could 

be more efficient [8]. Diaf et al. analyzed the hybrid system consisting of PV and WT. 

First, they set up a system consisting of only PV and only WT. The cost analysis was 

calculated. Then the system was optimized and designed a hybrid system consisting of 

PV and WT. LCOE analysis was calculated according to the hybrid system. The PV 

and WT system was found as more costly than the hybrid system [9]. Samy et al. aimed 

to find solutions to power cuts in remote districts by making use of existing renewable 

energy sources. For this, they used a PV, WT hybrid system and fuel cell and 

electrolyzer for storage. The proposed system feeds the load of a tourism resort. The 

sale of excess electricity to the grid is also taken as a basis. Hybrid Firefly and 

Harmony Search optimization technique was used. The system has been optimized and 

80 PV, 2 WT, 20 FC, 41 electrolyzer and 118 hydrogen tanks are used for the operation 

of the system. The results also showed that the volume of shopping with the grid 

reached 4 GW of purchases and 3 GW of sales. The LCOE analysis of the proposed 

system was found to be $0.0628/kWh and the grid selling price was set to be less than 

0.1$/kWh [10]. Al-Bonsrulah et al. aimed to meet the electricity need with hybrid 
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systems by separating a grid-connected system from the grid. PV, WT, fuel cell and 

electrolyzer system was designed to meet the energy needs of the region, which needs 

1.5 mW of energy. Fuel cell was designed with a requirement of 570.96 Watts at 0.61 

volts and 1.04 A/Cm2. LCOE analysis was found to be 0.169 USD/kWh [11]. Ishak et 

al. designed a PV, WT system for hydrogen, urea, and power generation. Aspen Plus 

and the EES software program was used. The power was provided to feed the PEM 

electrolyzer in the system from the wind turbine. Then it was converted it into 

ammonia and then synthesized urea by capturing CO2. Thus, the power generation was 

increased. Solar PV was used to power the cryogenic air separation unit. The amount 

of electrical power produced by the system to be 2.14 MW was found. The designed 

system produced 518.4 kmol/d of hydrogen and synthesized 86.4 kmol/d of urea. The 

energy and exergy efficiencies of the designed system are 44.4% and 32.2%, 

respectively [12]. Al Riza aims to dimension and evaluates an independent 

photovoltaic system for the residential load. He wants to determine the photovoltaic 

panel and battery capacity, so he used to Peak Sun Hour method, and it did so via 

TRNSYS software. The results consist of a photovoltaic system requirement of 1.9 

kW-p photovoltaic panels and a 2200 Ah battery capacity for a 24V system for a 

typical Malaysian terrace house with an electrical charge of approximately 6 kWh per 

day [13]. Also, Al Riza did light work in the rural areas via TRNSYS Software. He 

determined the number of photovoltaic panels for a typical Malaysian terrace house. 

Comparing simulation results and experimental results, he observed the results are the 

same [14]. Özcan and Günerhan examined the energy interaction of the system 

installed on the roof of Ege University and the photovoltaic-assisted energy system 

with experimental and simulation studies. The power produced and consumed by the 

panels through the TRNSYS Software was found. The simulation and experimental 

results were compatible with each other [15]. Yildirim aimed to operate the fuel cell 

by producing hydrogen from the water electrolyzer through the excessive power 

obtained from the wind turbines. It used the fuel cell as a supporting generator. In his 

future studies, he aims to carry out experimental studies to support these systems [16]. 

Shapiro worked to see if hybrid systems and PEM electrolyzer were compatible. He 

aims to test general system feasibility, characterization of the electrolyzer performance 

including 1.0 A/cm2 at 2.0 V per cell, the performance of the electrolyzer as a 

compressor, and assessment of the system for direct-coupled use with a PV array. The 
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PEM electrolyzer and PV system can be compatible with each other was observed 

[17]. Kotowicz et al. aimed to establish a system integrated into the hybrid system with 

the hydrogen generator data obtained in the experimental environment. Presented the 

compatibility of a wind farm with a hydrogen generator characterized by different 

powers and different efficiencies [18].  

 

Gorgun aims to develop a dynamic PEM electrolyzer model. He investigated with 

modeling subsystems via MATLAB/Simulink to measure the dynamic interactions of 

the PEM electrolyzer. Simulation studies have shown that the model can capture the 

transient dynamic behavior of the PEM electrolyzer [19]. Escobar et al. examined the 

effect of parameters such as temperature, voltage pressure on PEMFC and PEM 

electrolyzer. The simulation is made via the MATLAB/Simulink program. They tried 

the working temperature of the electrolyzer between 30°C and 70°C  and the pressure 

between 1-10 atm. The aim is to find the efficiency of the electrolyzer according to 

different parameters. The temperature increase affected the yield by 10% more was 

found [20]. Gomez et al. examined the effects of currency fluctuations in a PEM 

electrolyzer on system performance. For this, the cell voltage was determined 

according to the static and dynamic processes in the experimental environment. The 

electricity needs with renewable resources was met. The current fluctuations 

negatively affect cell performance was observed [21]. Ipsakis and Voutetakis aim to 

test stand-alone system including photovoltaic array and wind generators and store 

excessive energy via water electrolysis for future use in PEMFC in Greece. The several 

modes of operation for the PEM electrolyzer and the fuel cell such as minimum 

capacity level, fixed or variable power level was examined. Efficient power 

management strategies (PMSs) have been developed for the system [22]. Panayiotou 

et al. aim to compare the PV system and the PV-wind hybrid system. The simulation 

results for both systems was compared by using TRNSYS Software. The PV system 

was more efficient due to the weather conditions in Cyprus compared to France was 

found [23]. 
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CHAPTER 2 

 

1. OVERVIEW OF HYBRID POWER SYSTEM 

 

2.1.  Hybrid Power System 

 

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 more than one energy source is 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 [24]. 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, 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 [25]. 

 

2.1.2. Hydrogen Energy System Based Hybrid System 

 

PEMFC needs H2. H2 is not a primary energy source. It is also not a directly offered 

fuel. H2 can be obtained by many methods. H2 can be obtained by methods such as 

fossil fuels, water electrolysis, biomass. Electrolysis is the separation of water into its 

components using electrical energy. Hybrid systems can be used as an electricity 

source. Thanks to the electricity produced from the sun or wind, the electrolyzer 

systems work and separate the water into its components. Thus, the hybrid system can 

work in harmony with the electrolyzer and fuel cell [26]. 
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2.2.1.Solar Radiation Model 

 

The solar radiation model is generally examined in two classes as a parametric model 

and a decomposition model [27]. The parametric model requires more detailed 

information than the other. Meteorological data are used by some parametric models 

as predictors. The decomposition model is used to predict the beam and sky 

components. The decomposition model uses only global solar radiation data. Both 

models provide information on the geometry of extraterrestrial radiation and solar 

radiation. Therefore, the geometry of extraterrestrial radiation and solar radiation will 

be explained in the following section [28]. 

 

2.2.1.1. Extraterrestrial Radiation and Solar Radiation Geometry 

 

Radiation received from the Earth's atmosphere is extraterrestrial radiation. 

Extraterrestrial radiation changes due to earth-sun motion. The variation of 

extraterrestrial radiation due to the motion of the earth is shown in the equation below. 

 

𝐺0ℎ = 𝐺𝑠𝑐𝑟𝑠 ∗ 𝑠𝑖𝑛(𝑎)                                                                                               (2.1) 

 

Where G0h is the total radiation falling on the atmosphere on a horizontal surface 

(extraterrestrial radiation), Gsc is the solar constant, which is equal to 1367 W/m2, 𝑟𝑠  

is the vector of the solar radius, which is assumed as 1, a is altitude angle and which is 

calculated as below:  

 

𝑠𝑖𝑛(𝑎) =  𝑠𝑖𝑛(𝜙) 𝑠𝑖𝑛(𝜹) + 𝒄𝒐𝒔(𝝓) 𝒄𝒐𝒔(𝜹) 𝒄𝒐𝒔(𝝎)                                            (2.2)                         

 

𝜙 is the latitude of the location, 𝜹 is the declination angle of the sun, 𝝎 is the solar 

hour angle. 𝛅 and 𝛚 are calculated as follow:  

 

𝑠𝑖𝑛(𝜹) = 𝟎. 𝟑𝟗𝟕𝟗𝟓 𝒄𝒐𝒔(𝟎. 𝟗𝟖𝟓𝟔𝟑(𝑵𝒅 − 𝟏))                                                       (2.3)                                              

 

𝝎 = 𝟏𝟓(𝒉𝒄 − 𝟏𝟐)                                                                                                   (2.4)                                                                

Where 𝑵𝒅 is day of year, 𝒉𝒄 is current hour.  
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The total extraterrestrial radiation value is calculated as below: 

 

𝐺0ℎ𝑤′′
𝑤′ =  ∫ 𝐺𝑠𝑐𝐸(𝑠𝑖𝑛(𝜙)𝑠𝑖𝑛(𝛿) + 𝑐𝑜𝑠(𝜙)𝑐𝑜𝑠(𝛿)𝑐𝑜𝑠(𝜔))𝑑𝜔

𝑤′′

𝑤′
                         (2.5)            

   

2.2.1.2. Terrestrial Solar Radiation  

 

Solar radiation reaching the earth is terrestrial radiation. Terrestrial radiation measured 

on the horizontal surface is also called global horizontal solar radiation. This radiation 

received from the earth's surface is divided into three as direct, scattered and reflected 

radiation. Beam radiation is radiation that comes directly from the sun to the earth's 

surface. Diffuse radiation is radiation that is scattered or absorbed after the sun enters 

the atmosphere. Reflected radiation is the radiation coming from the ground or in the 

world by hitting any object such as a tree or building [29]. Total solar radiation of a 

horizontal surface on the earth is calculated with Equation 2.6: 

 

𝐺𝑡ℎ = 𝐺𝐵ℎ + 𝐺𝐷ℎ + 𝐺𝑅ℎ                                                                                         (2.6) 

 

𝐺𝑡ℎ is total radiation on a horizontal surface, 𝐺𝐵ℎ is beam radiation on a horizontal 

surface, 𝐺𝐷ℎ is diffuse radiation on horizontal surface and 𝐺𝑅ℎ is ground reflected on 

a horizontal surface.  

                                                                          

2.2.1.3. Solar Radiation on the Tilted Surface 

 

It is necessary to know the direct and diffuse radiation to calculate the solar radiation 

on the inclined surface. Hence if global horizontal solar radiation data is known, by 

using the decomposition model, the horizontal surface can be calculated. There are 

many methods in the literature for calculating solar radiation on an inclined surface. 

The TRNSYS software used the Perez model as it gave the most accurate result in 

terms of performance [30]. To calculate the total radiation on the tilted surface, direct, 

diffuse, and reflected radiation are considered. It is shown in Equation 2.7. 

 

𝐺𝑇𝑡 = 𝐺𝐵𝑡 + 𝐺𝐷𝑡 + 𝐺𝑅𝑡                                                                                           (2.7)                                                                          
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𝐺𝑇𝑡 = 𝐺𝐵ℎ𝑟𝑏 + 𝐺𝐷ℎ𝑟𝑑 + 𝐺𝑅ℎ𝑟𝑟                                                                               (2.8)                                                                    

 

𝑟𝑏 is calculated as below; 

 

𝑟𝑏 =
𝑐𝑜𝑠(𝜙)

𝑐𝑜𝑠(𝜃𝑧)
                                                                                                              (2.9)    

 

Where; 

 

𝑐𝑜𝑠(𝜃) = 𝑐𝑜𝑠(𝜃𝑧)𝑐𝑜𝑠(𝛽) + 𝑠𝑖𝑛(𝜃𝑧)𝑐𝑜𝑠(𝛾𝑠 − 𝛾)𝑠𝑖𝑛(𝛽)                                     (2.10)               

 

𝑐𝑜𝑠(𝜃𝑧) = 𝑠𝑖𝑛(𝜙)𝑠𝑖𝑛(𝛿) + 𝑐𝑜𝑠(𝜙)𝑐𝑜𝑠(𝛿)𝑠𝑖𝑛(𝜔)                                              (2.11)    

 

where 𝛾s and 𝛾 are solar azimuth angle and surface azimuth angle, respectively. 

 

rr is calculated as below ;  

 

rr =
𝜌𝑔𝑟(1−𝑐𝑜𝑠(𝛽))

2
                                                                                                   (2.12)        

 

𝜌𝑔𝑟 is ground reflectivity coefficient. There are many methods for calculating 𝑟𝑑. The 

Perez model, which is among these methods, is the method preferred by TRNSYS in 

terms of its accuracy and reliability [28]. 

 

As a result, TRNSYS calculated the total radiation value on the inclined surface with 

the following equation: 

 

𝐺𝑇𝑡 = 𝐺𝐵ℎ
𝑐𝑜𝑠(𝜃)

𝑐𝑜𝑠(𝜃𝑧)
 𝑟𝑑 𝐺𝐷ℎ +

𝐺𝑇ℎ 𝜌(1−𝑐𝑜𝑠(𝛿))

2
                                                            (2.13)        

 

In this thesis study, the received radiation values are the total value of direct, diffuse 

and reflected radiation determined in the inclined plane. TRNSYS program supports 

weather data in various formats such as TMY, TMY2, TM2. In this thesis, data is 

provided with a TM2 format data file containing inclined plane radiations taken from 

the Meteonorm program. In addition, the weather station placed at Atilim University 
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has been integrated into TRNSYS, considering the temperature, humidity, pressure 

and solar radiation values.       

                            

2.2.2. Photovoltaic Model 

 

Photovoltaic panels are devices that convert sunlight directly from the atmosphere into 

electricity without a heat engine or rotating equipment. Since it is not a movable part 

of PV equipment, it has a long life and low cost. It is a clean energy source as it 

generates electricity without emitting greenhouse or other gaseous emissions. The raw 

material of PV panels is based on the element Silicon obtained from quartz stone. The 

obtained silicon is heated in a quartz furnace at 1500 ºC to form ingots. Ingots are 

shaped into wafers [31]. When sunlight hits silicon, electrical charges are created and 

transmitted as direct current by these metal contacts. The electricity produced from a 

single cell is quite low so multiple cells are connected to form a module. These 

modules are called panels. The panels can be connected in series or parallel to produce 

electricity at the desired power. 

 

In the lower section, the electrical power characteristics of photovoltaic panels will be 

introduced. The model will be able to predict the output parameters of PV panels. In 

addition, different commercial performances in electricity generation can be 

determined by changing the input data provided by the generators.  

 

 2.2.2.1. Electrical Model 

 

A photovoltaic PV panel is essentially a combination of solar cells, connections, 

protective parts, and supports. As seen earlier, solar cells are made of semiconductor 

materials, usually silicon, and are specially processed to create an electric field that is 

positive on one side (backside) and negative on the other (front facing the sun). When 

solar energy (photons) hits the solar cell, electrons break away from atoms in the 

semiconductor material, forming electron-hole pairs. If electrical conductors are 

connected to the positive and negative sides, forming an electrical circuit, the electrons 

are captured in the form of an electric current called photocurrent, Iph [32]. As can be 

seen from this explanation, in the dark the solar cell is not active and works like a 
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diode, that is, a p-n junction that does not produce any current or voltage. However, if 

it is connected to a large voltage source, it produces a current called a diode or dark 

current. This is also called Id. The model is known as five parameters model [4]. 

 

As you have seen, to find the current (I) value, it is applied following equation ; 

 

𝐼 = 𝐼𝑝ℎ − 𝐼𝐷 − 𝐼𝑠ℎ                                                                                                 (2.14)                              

 

The model includes a current source Iph, which is called light current. Also called light 

current (IL). The IL current is produced by the photovoltaic effect.  

 

It is the output current of the cell. 

 

From Shockley’s diode equation; 

 

𝐼𝐷 = 𝐼0[exp (
𝑉+𝐼𝑅𝑆

𝑛𝑉𝑡
) − 1]                                                                                      (2.15) 

 

Where; 

 

𝑉𝑡 =
𝑘𝑡

𝑞
                                                                                                                   (2.16)                                                

   

According to Ohm’s Law; 

 

𝐼𝑆𝐻 =
𝑉+𝐼𝑅𝑆

𝑅𝑆𝐻
                                                                                                            (2.17) 

 

If the equations are arranged and substituted in equation 2.14, it becomes as follows; 

 

𝐼 = 𝐼𝑃𝐻 − 𝐼0 [exp (
𝑉+𝐼𝑅𝑆

𝐴𝑉𝑡
) − 1] −

𝑉+𝐼𝑅𝑆

𝑅𝑆𝐻
                                                               (2.18) 

 

Equation 2.18 is the general equation in the literature[3]. 
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This equation can also be written in the form below; 

 

𝐼 = 𝐼𝑃𝐻 − 𝐼0 [exp (
𝑒𝑉

𝑘𝑇𝐶
) − 1]                                                                                (2.19) 

 

Where k is Boltzmann’s gas constant, TC is the absolute temperature of the cell(K),e 

is the electronic charge, V is voltage imposed across the cell (V) and Io is dark 

saturation current, which depends strongly on temperature (A). 

 

Some parameters must be defined before the equation can be solved. Rsh, Rs, Iph, Io 

parameters are the parameters determined in the experimental environment specific to 

each PV. Measurements are made under Standard Test Conditions (STC). STC is the 

value taken in the AM 1.5 solar spectrum and 1000 W/m2 are reference values at 25 

ºC. In solar arrays supplied by manufacturers, the short-circuit current 𝐼𝑆𝐶  is the 

maximum current when the cell is short-circuited, and the voltage value is 0. The open-

circuit voltage Voc is the voltage measured when the current is 0 when the PV cell is 

not circuiting. In both cases, the power is 0 in an open circuit or short circuit. The 

current measured at the maximum power point is 𝐼𝑚𝑝𝑝𝑡, and the voltage value 

measured at the maximum power point is Vmppt. Equation 2.18 is the calculated value 

for a single PV cell. For a PV array consisting of ns of cells connected in series, the 

following equation is applied. 

 

𝐼 = 𝐼𝑃𝐻 − 𝐼0 [exp (
𝑉+𝐼𝑅𝑆

𝑛𝑆𝐴𝑉𝑡
) − 1] −

𝑉+𝐼𝑅𝑆

𝑅𝑆𝐻
                                                               (2.20)               

 

Equation 2.20 has equations with 5 unknowns and the manufacturer's catalogs provide 

cell voltage and current at 3 key points. 

 

At short-circuit current’s equation is as follows; 

𝐼𝑆𝐶 = 𝐼𝑃𝐻 − 𝐼0 [exp (
𝐼𝑆𝐶+𝑅𝑆

𝑛𝑆𝐴𝑉𝑡
) − 1] −

𝐼𝑆𝐶+𝑅𝑆

𝑅𝑆𝐻
                                                          (2.21)    

 

At Open-Circuit point’s equation is as follows; 
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𝐼𝑂𝐶 = 𝐼𝑃𝐻 − 𝐼0 [exp (
𝑉𝑂𝐶

𝑛𝑆𝐴𝑉𝑡
) − 1] −

𝑉𝑂𝐶

𝑅𝑆𝐶
                                                                (2.22) 

 

At Maximum Power Point the characteristic equation; 

 

𝐼𝑀𝑃𝑃 = 𝐼𝑃𝐻 − 𝐼0 [exp (
𝑉𝑀𝑃𝑃+𝐼𝑀𝑃𝑃𝑅𝑆

𝑛𝑆𝐴𝑉𝑡
) − 1] −

𝑉𝑀𝑃𝑃+𝐼𝑀𝑃𝑃𝑅𝑆

𝑅𝑆𝐶
                                   (2.23) 

 

If the derivative of the power with respect to the voltage at the maximum power point 

is taken; 

 

dP

dV
=

d(IV)

dV
=

𝑑{𝐼𝑀𝑃𝑃=𝐼𝑃𝐻−𝐼0[exp(
𝑉𝑀𝑃𝑃+𝐼𝑀𝑃𝑃𝑅𝑆

𝑛𝑆𝐴𝑉𝑡
)−1]−

𝑉𝑀𝑃𝑃+𝐼𝑀𝑃𝑃𝑅𝑆
𝑅𝑆𝐶

   } 

d
= 0                     (2.24) 

 

4 equations are written at 3 points. To solve the equation with 5 unknowns, 1 more 

equation must be written. Since the series resistance is relatively small compared to 

the shunt resistance, it is assumed to be equal according to Ulleberg [4]. 

 

𝐼𝐿 = 𝐼𝑆𝐶                                                                                                                   (2.25) 

 

When Equation (2.25) is substituted in the previous equations, the number of unknown 

parameters is reduced to 4. Newton-Raphson method is used to solve the equation with 

4 unknowns. In this method, derivatives of equations are taken, and nonlinear 

equations are linearized. These equations can also be solved using the Gaussian 

elimination method. It is reduced to the upper triangle matrix. The convergence 

process is performed until the best result is obtained. Parameters evaluated after these 

pre-emptive operations are valid for STC. Cell temperature also affects these 

parameters. The value read by the panel model from the meteorological data for a 

given location is the total solar radiation (Φ) on the PV surface. 

𝐼0 = 𝐼0𝑟𝑒𝑓(
𝑇𝑐𝑒𝑙𝑙

𝑇𝑐𝑒𝑙𝑙,𝑟𝑒𝑓
)3𝑒𝑥𝑝[

𝑞𝐸𝑔

𝑘𝐴
(

1

𝑇𝑐𝑒𝑙𝑙,𝑟𝑒𝑓
−

1

𝑇𝑐𝑒𝑙𝑙
)]                                                      (2.26) 

 

𝐼𝑃𝐻 = [𝐼𝑆𝐶,𝑟𝑒𝑓 + µ𝐼𝑠𝑐(𝑇𝑐𝑒𝑙𝑙 − 𝑇𝑐𝑒𝑙𝑙,𝑟𝑒𝑓]
Φ

1000
                                                           (2.27) 
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Rsh, Rs and A are temperature dependent and are given in the equations below; 

 

𝐴 = 𝐴𝑟𝑒𝑓
𝑇𝑝𝑣

𝑇𝑝𝑣,𝑟𝑒𝑓
                                                                                                     (2.28) 

 

𝑅𝑠ℎ = 𝑅𝑠ℎ,𝑟𝑒𝑓
Φ𝑝𝑣,𝑟𝑒𝑓

Φ𝑝𝑣
                                                                                              (2.29) 

 

𝑅𝑠 = 𝑅𝑠,𝑟𝑒𝑓                                                                                                            (2.30) 

 

2.2.2.2. Maximum Power Tracking System Model 

 

Maximum power point tracking is the algorithm that finds the optimum output voltage 

for the PV panel to produce maximum power. Its main purpose is to increase the 

efficiency of the PV panel. In the previous section characteristic equation (equation 

2.20) and is calculated unknown parameter. 

 

The goal is to find the optimum voltage that reaches maximum power. For this, 

dP/dV=0 must be resolved. The cell temperature must be found for a specific weather 

parameter before and should be changed accordingly. 

 

𝑑𝑃

𝑑𝑉
=

𝑑(𝑉𝐼)

𝑑𝑉
= 𝐼 + 𝑉

𝑑𝐼

𝑑𝑉
=0                                                                                      (2.31) 

 

For the TRNSYS Software, this algorithm is set in the FORTRAN code in the PV 

panel. Its formulation is available in the component itself [30]. MPPT feature, which 

is optionally given in the PV panel settings in TRNSYS, has been kept optional as 

mode 0 (off), mode 1 (on).  

 

2.2.3. Wind Turbine Model 

 

Wind energy is a form of solar energy. The sun's rays create different temperatures, 

pressures, and humidity on the earth. Wind energy occurs due to this formation. Wind 

turbines are systems that first convert kinetic energy in the wind to mechanical energy 

and from mechanical energy to electrical energy. A wind turbine consists of a tower, 
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propeller, body, high and low-speed shafts, gearbox, braking system, rotor, 

anemometer, automatic steering gear, yaw mechanism, and generator parts. Wind 

turbines may consist of different elements according to design and construction. 

However, each turbine has similar components that perform the same task, although 

their properties are different. Wind turbine equipment is shown in Figure 2.1. 

 

 

Figure 2. 1. Wind Turbine Equipment [33] 

 

The blades catch the wind and transfer their power to the rotor. The rotor is the 

outermost unit that sends the power via the shaft to the gearbox and then to the 

generator. The kinetic energy contained in the wind is converted into useful energy 

with the help of wind turbines. Achieving maximum energy production from a wind 

turbine depends on several factors. These are factors such as the height of the wind 

turbine, the swept area and aerodynamic structure of the wind turbine blade, air density 

and wind speed. One of the most important of these factors is the aerodynamic 

structure of the wind turbine blade [34]. 

 

The energy obtained from the wind is directly proportional to the cube of the wind 

speed. Therefore, the forces that may occur at high wind speeds can be estimated. A 

braking system is used to control these forces. Especially in stormy weather, it is 

necessary to make a small surface against the wind, and even to stop it completely if 
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the plant will not be used. Various systems are applied to achieve these results [35]. 

The shaft is the equipment that connects the hydraulic systems that can operate the 

aerodynamic brakes to the pipes [36]. To the left of the gearbox is the low-speed shaft. 

The high-speed shaft, which rotates approximately 50 times faster than the low-speed 

shaft, is to its right. The power obtained by the rotation of the rotor (propeller) of the 

wind turbine is transferred to the generator by the power unit consisting of the main 

shaft, gearbox, and high-speed shaft. The slow rotation speed and high torque from the 

wind turbine rotor are converted into high speed, low torque power used for the 

generator by gearbox [37]. The generator is the part required to convert mechanical 

energy into electrical energy in wind turbines [33]. 

 

2.2.4. Controller 

 

The controller regulates power imbalances in wind turbines or solar panels. It regulates 

fluctuations in current. It monitors the charge and discharge status of the system by 

constantly monitoring the battery bank. After the device input settings are made, it 

monitors the system voltage during operation and automatically activates the generator 

when the batteries go down to the set level. While the generator that is activated is 

feeding the load, it also charges the batteries [30]. 

 

2.2.5. Power Conditioner 

 

Power conditioning units are devices that act as electrical converters. It converts the 

direct or alternating current produced by wind turbines or photovoltaic panels to the 

desired current level. That is, it provides DC/DC, DC/AC or AC/DC conversion. 

 

2.2.6. Proton Exchange Membrane (PEM) Electrolyzer 

 

The electrolyzer is a method of obtaining hydrogen from water. In the electrolysis 

method of water, water is decomposed into hydrogen coming out from the cathode 

side and oxygen coming out from the anode side with the help of electric current. 

Electrolyzers according to the type of electrolyte used divided into varieties. 

Electrolyzers are classified according to whether the electrolyte used is solid or liquid. 
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Liquid electrolyte is commonly used in alkaline electrolyzers, solid electrolyte is 

generally used in PEM electrolyzers and solid oxide electrolyzers. Since PEM 

electrolyzers can operate at more variable current densities, it is easier to integrate 

them into renewable energy sources whose energy production level is constantly 

variable. In addition, the PEM electrolysis method has many advantages over 

traditional hydrogen production techniques such as high efficiency, high purity and 

pressure hydrogen production, and environmental friendliness of the reaction products 

[38].  

 

PEM water electrolyzer uses a polymer electrolyte membrane (or proton exchange 

membrane) as the ionic conductor. Water is oxidized at the anode and hydrogen and 

oxygen gases were produced anode and cathode, respectively [39]. The basic reactions 

for hydrogen and oxygen production in the water electrolyzer are given as follows; 

 

Anode:  2𝐻2𝑂 → 𝑂2 + 4𝐻+ + 4𝑒−                                                                        (2.32)      

 

Cathode: 4𝐻+ + 4𝑒− → 2𝐻2                                                                                                                                     (2.33)    

 

Total cell reaction: 2H2O (l) + electrical energy → 2H2(g) + O2(g)                (2.34) 

 

The working principle of the PEM Electrolyzer is shown in Fig. 2.7. Water is supplied 

to the PEM electrolyzer from the anode section. Water dissociates into oxygen gas, 

hydrogen ions and electrons of hydrogen in the anode catalyst layer. While the oxygen 

gas is taken out of the cell, hydrogen ions (H+) pass through the electrolyte to the 

cathode. Electrons pass through the external circuit to the cathode and combine with 

hydrogen ions in the cathode catalyst layer to form hydrogen gas. Thus, the electrolysis 

process is completed [1]. 
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Figure 2. 2. Working principle of PEM electrolyzer [40] 

 

In the electrolysis of water, the reversible cell potential V0, which expresses the 

minimum potential difference that must be applied between the two electrodes for the 

theoretical decomposition reaction to occur, is calculated as follows: 

 

𝑉0 =
∆𝐺

𝑛𝐹
= 1.229 𝑉                                                                                               (2.35) 

 

In this equation, ΔG represents the Gibbs free energy, n represents the number of 

electrons, and F represents the Faraday constant. Gibbs free energy refers to the portion 

of the fuel that can be used (or converted to useful work) regarding ambient 

temperature and is calculated as follows: 

 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆                                                                                                     (2.36)              

 

∆𝐺 = [(ℎ𝐻2 +
1

2
ℎ𝑂2) − ℎ𝐻2𝑂(𝑠)] − 𝑇[(𝑠𝐻2 +

1

2
𝑠𝑂2) − 𝑠𝐻2𝑂(𝑠)                            (2.37) 

 

In this equation, hH2O, hO2, hH2 represent the enthalpies of water, oxygen and hydrogen, 
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sH2O, sO2 and sH2 entropies, and T represents the temperature, respectively [41]. 

 

The value of 1.229 V is the minimum thermodynamic potential difference required for 

water to be separated into its components. However, due to irreversibility occurring in 

each system, electrolysis also starts at a higher potential [42]. In other words, since the 

system cannot receive heat from outside for the electrochemical process to take place, 

this energy is met by the extra potential difference applied to the cell. When 

irreversibility is considered, the minimum potential difference at which electrolysis 

occurs is called thermo-neutral voltage (Vthermo-neutral). Theoretical cell voltage under 

standard conditions: 

 

𝑉𝑡ℎ𝑒𝑟𝑚𝑜−𝑛𝑒𝑢𝑡𝑟𝑎𝑙 =
∆𝐻

𝑛𝐹
= 1.48 𝑉                                                                            (2.38)        

 

where ΔH is the minimum amount of energy (enthalpy) required to form or break 

molecular bonds. 

 

2.2.7. Proton Exchange Membrane Fuel Cell (PEMFC) 

 

The fuel cell is one of the most important renewable energy sources that does not emit 

carbon, that is, does not harm nature. The fuel cells are electrochemical converters. 

They convert chemical energy directly into electrical energy. They are clean energy 

sources because they do not have a combustion phase. PEMFC is one of the fuel cells 

types. Low operating temperature, high power density, fast operation and absence of 

noise pollution are among the advantages of PEMFC [43]. 

 

The main fuel of the PEMFC is hydrogen. Hydrogen reacts with air or O2. As a result 

of the reaction, heat, electricity, and pure water are produced. Since pure water is 

produced as waste, it does not harm the environment. PEMFC works in the reverse of 

the electrolyzer. H2 is supplied by the anode, while air or water is supplied by the 

cathode. H2 is separated into positive and negative ions by the anode. Positive ions 

only allow positive ions to pass through and reach the cathode side with the aid of the 

electrolyte. Electrons remaining at the anode end tend to flow to the cathode side. This 

electron in the external circuit produces electricity [44]. Electrons that pass to the 
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cathode side combine with positive ions and air and form pure water [45]. The working 

principle of the PEMFC is given in Figure 2.3 [46]. Anode, cathode, and total cell 

reactions are given in Equations 2.39, 2.40 and 2.41, respectively. 

 

 

Figure 2. 3. Schematic Operation Diagram of PEMFC 

 

Anode: 𝐻2 →  2𝐻+ +  2𝑒−                                                                         (2.39) 

 

Cathode : 
1

2
𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂                                                                (2.40) 

 

The total cell reaction: 𝐻2 +
1

2
𝑂2 → 𝐻2𝑂 + 𝐸𝑛𝑒𝑟𝑔𝑦                                     (2.41)   

 

The energy potential of PEMFC can be found with the Gibbs free energy; 
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𝐸 =
−∆𝐺

𝑛𝐹
                                                                                                           (2.42)    

 

At standard condition (T=25 ◦C, P=1 atm), the potential of PEMFC is theoretically 

equal to 1.23 V. However, due to some losses, this value is less than the theoretical 

potential. 

 

Cell voltage (Vcell) can be found in any case using equation 2.43. When a cell powers 

the load, the no-load voltage (E); Activation (Vact), called voltage drop, is reduced by 

ohmic (Vohm), and concentration (Vconc) over voltages [43]. 

 

Vcell = E − Vact − Vohm − Vconc                                                                           (2.43)      

                                                                       

2.3. Levelized Cost of Energy Analysis (LCOE) 

 

When it comes to energy production, different energy sources require different 

financial models. Analyzing the economy of a project is essential and various 

calculation methods can be used accordingly. For renewable energy sources, using the 

leveled cost calculation method can be chosen as an important part of reaching the 

right feasibility about the cost. Electric level electricity cost, also known as LCOE, is 

the net present value of the cost in the electricity generation unit over the life of the 

generator asset. Energy unit price is calculated by considering initial investment cost, 

operating and maintenance costs and fuel costs [47]. There is no cost in these systems 

as no fuel is used in the sun and wind. Since H2 and O2 tanks will be included in the 

system as full, fuel prices are calculated separately. The initial investment cost, 

replacement cost and maintenance cost of each component in the hybrid system are 

calculated according to the power of the component [48]. Thus, the minimum price at 

which energy must be sold can be calculated in order to avoid loss [49].  

 

LCOE is calculated according to Equation (2.44) as shown below [50]; 

 

𝐿𝐶𝑂𝐸 =
∑ [

𝐼𝑖+𝑂𝑖+𝐹𝑖−𝑇𝐶𝑖
(1+𝑟)𝑖 ]𝑁

𝑖=0

∑ [
𝐸𝑖

(1+𝑟)𝑖]𝑁
𝑖=0

                                                                                       (2.44)   
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where Ii, is the capital cost in year i, Oi, is the operation and maintenance costs (O&M) 

in year i, Fi is fuel cost in a year i, TCi is total tax credits in a year i. In this study, the 

total tax credits were ignored. Ei has generated electricity in year i, N lifetime of the 

system (20 years), r is the real discount rate (3 %) [51]. When the component's lifetime 

is less than the lifetime of the designed systems, then the new component must be 

purchased by using the replacement cost for the year that the component lifetime ends 

[52]. 

 

2.4. Motivation of Study 

 

In this thesis, a PV/wind/electrolyzer/PEMFC based hybrid energy system operating 

independently of the grid has been developed. The installation location of the proposed 

hybrid energy system has been determined as Atilim University Incek campus. Since 

meeting all the electricity needs of the university, independent of the network, requires 

a very large system, the design was based on a daily 25kWh fixed energy consumption.  

 

The proposed hybrid energy system is illustrated in Figure 2.4. The system simulation 

was performed through the Transient System Simulation (TRNSYS) software program 

with real meteorology data obtained from the metarulogy station in Atilim University 

[30]. The electrolyzer and PEMFC system models are developed according to the 

experimental data in MATLAB and integrated into a TRNSYS [54].   Different design 

scenarios were investigated with different combinations to find the most economical 

system. The different scenarios also enable us to make the optimal decision about the 

composition of WTs and PVs that will be used by the PV/WT/electrolyzer/PEMFC 

hybrid system. The results highlight the important role of the H2 chain in reducing the 

energy cost.  
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Figure 2. 4 Schematic diagram of the proposed hybrid energy system 
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CHAPTER 3 

 

3. METHODOLOGY 

 

3.1. Data Collection 

 

The installation location of the PV/WT/electrolysis/PEMFC based hybrid energy 

system examined within the scope of the thesis has been determined as Atılım 

University, İncek campus. The Atilim University (39.813°N, 32.726 °E) located in 

Ankara, Turkey was selected as the location of the hybrid system installation (Figure 

3.1).  

 

 

 

Figure 3. 1. Location of Atilim University Incek Campus (Ankara, Turkey) 

 

The daily energy need of Atilim University has been determined as 25 kWh and it is 

desired to provide from proposed hybrid systems. Additionally, the area where the 

hybrid system can be installed is determined as 250 m2. The system design was carried 

out both by using real solar radiation, temperature, wind speed, etc. data measured 
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from the meteorology station installed in Atilim University Incek campus, as well as  

using data obtained from the Meteonorm estimation program, which can work 

integrated with the TRNSYS program. 

 

3.1.1. Data Obtained from Meteonorm Program 

 

Meteonorm is a reliable data tool program that gets representative weather data for any 

place in the world. It allows data access based on day, month, year. The database 

consists of more than 8,000 weather stations, five geostationary satellites and a 

globally calibrated aerosol climatologs [57]. In this thesis study, 2020 Meteorology 

data was taken from the Meteonorm program, which is one of the data acquisition 

methods, by choosing the IPCC AR4 B1 scenario, which is the most optimistic design 

[58]. The requested data were taken in TMY2 format following the Type 16.2 

component in the subroutine of the TRNSYS program [59]. 

 

3.1.2. Data Obtained through Atilim University Meteorology Station Data  

 

The Meteorology Station was installed in Atilim University Incek Campus (Figure 3.2). The 

meteorology data such as solar radiation, temperature, wind speed, humidity and 

atmospheric pressure were obtained meteorology station. 
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Figure 3. 2. Atilim University Meteorology Data Station 

 

The collected data for 1 year is integrated into the TRNSYS Software with Type 16a 

component of the TRNSYS program. Type 16a component, which is in the subroutine 

of TRNSYS, provides the transfer of externally collected data to TRNSYS [60]. 

 

3.2.Design of Proposed Hybrid Energy System 

 

The proposed hybrid system was designed to meet the uninterrupted daily 25 kWh 

energy requirement of the load completely independent of the grid. In the proposed 

off-grid system a battery bank is used for backup energy storage and the hydrogen tank 

with the associated PEM type electrolyzer and PEMFC is used for seasonal 

storage. Therefore, the design parameter of the PEMFC was determined to meet the 

H2 and O2 requirements of PEMFC throughout the year. The PEMFC was selected to 

supply load demand of 25 kWh. The system has a PEM-type electrolyzer to produce 

H2 and O2 that PEMFC needs [56]. The power requirement of the electrolyzer is 

supplied from PV and WT. The total power generated from WT and PV was delivered 

to the electrolyzer to produce H2 and O2 gas. Produced excess energy can be converted 

to H2 using the PEM electrolyzer to obtain long-term interrupted energy storage [61]. 
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The designed hybrid system was simulated in the TRNSYS Software [55]. PEMFC 

and PEM electrolyzer are not included in the subroutine of TRNSYS Software. 

Therefore, the codes of these components were designed in the MATLAB program 

[54]. 

 

PEMFCs can operate with both air and oxygen supply. Therefore the hybrid energy 

system was modeled using H2/O2 and H2/air based PEMFCs and the effects of both 

designs on system performance and economic optimization were investigated. It was 

aimed to find out which of the two systems is more advantageous in terms of cost and 

performance. Figures 3.3 and 3.4 show hybrid systems design with H2/O2 and H2/air 

based PEMFCs, respectively. 
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Figure 3.3. TRNSYS Model O2 inlet hybrid system 
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Figure 3.4. TRNSYS Model Air inlet hybrid system 
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3.2.1. Hybrid Energy System with H2/O2 PEMFC 

 

In this system, O2 separated from water with the help of an electrolyzer is stored in the 

O2 tank. The stored O2, which is under pressure, is used by the pressure regulator to 

reduce the pressure coming into the fuel cell. Since excess O2 must carry products from 

the cell; 20-30% more O2, should be provided stoichiometrically. Excess O2 can be 

vented at the fuel cell outlet. However, most practical systems operate in a closed-loop 

configuration where excess O2, is returned to the stack inlet. It is needed an active 

(pump) or passive (ejector) device to bring the low-pressure gas at the flue outlet to a 

higher pressure at the flue inlet. Through a simple water/gas separator, the liquid water 

in the exhaust can be separated and mixed with a dry gas from the tank to achieve the 

desired humidity [26].  

 

3.2.2. Hybrid Energy System with H2/Air PEMFC 

 

In H2/air systems, the air is provided via a fan or a blower (for low-pressure systems) 

or by an air compressor (for pressurized systems). In the first case, when exhaust exits 

PEMFC it opens directly to the environment, while in a pressurized system, the 

pressure is maintained by a pressure regulator. In all cases, a fan, blower, or 

compressor is driven by an electric motor, which requires electrical power. An electric 

motor is an equipment that represents power loss or parasitic load. Compression can 

be isothermal or adiabatic. The former allows for temperature equilibrium with the 

environment and implies an infinitely slow process. The second one expresses the 

opposite process. That is, it is such a fast process that there is no heat exchange with 

the environment during compression. This process is closer to real-life [26]. 

 

3.3. Modeling of the Hybrid System with TRNSYS 

 

This thesis has been simulated with the TRNSYS program. TRNSYS is the preferred 

design of energy systems with many components. In addition, it allows importing the 

codes and files created in programs such as EXCEL and MATLAB. The data received 

from the Meteonorm program were transferred using the Type 15.6 component, which 

is a component of TRNSYS. The data collected by the station placed at Atilim 
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University was transferred to the hybrid system using Type 16a. Type 103b is used for 

photovoltaic panels which is using the 4 parameters model. Type 103 has to properties 

of Monocrystalline. Type 90 is used for wind turbines [62]. In the system, Type 100a 

which is called Controller is used for power imbalances caused by the panel and the 

turbine. The Type 175, power conditioning component, converts direct current to 

alternating current and vice versa. The PEM electrolyzer component used in the 

designed system was integrated into TRNSYS through the Type 155 component by 

creating a code in MATLAB. The H2 and O2 gases produced from the electrolyzer 

separating the water into its components are transmitted to the H2 and O2 tanks through 

the H2 and O2 compressors (Type 164b) [63]. Since the PEMFC is not included in the 

TRNSYS subroutine, it was designed in MATLAB and integrated into TRNSYS with 

Type 155. In H2/air PEMFC system, an air compressor was used (Type 629) to provide 

an oxidant to PEMFC. The compressor controller was designed in MATLAB and 

integrated into TRNSYS [64]. TRNSYS contains a component that takes the function 

of the printer in its subroutine (Type 25). The printer component is used to output (or 

print) selected system variables at specified intervals of time [65].  

 

3.4.Optimal Design Strategy of Proposed System 

 

The power management strategies of the hybrid power system with H2/O2 PEMFC and 

H2/Air PEMFC are illustrated in Figure 3.5 and Figure 3.6, respectively. The design 

parameter was determined to meet the H2 and O2 requirement of PEMFC for 5 h daily 

operation throughout the year. Therefore, the optimum numbers of PV and WT were 

determined for the uninterrupted operation of the proposed hybrid system throughout 

the year.  
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Figure 3.5. Power and gas management strategy of the hybrid power system with 

H2/O2 PEMFC 

 



33  

 

 

Figure 3.6. Power and gas management strategy of the hybrid power system with 

H2/Air PEMFC 
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The control of the energy management is shown below. 

 

If (Phybrid) > (Pelectrolyzer+ Pcompressors), 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑧𝑒𝑟 𝑂𝑁    

 

If (Phybrid) < (Pelectrolyzer+Pcompressors), 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑧𝑒𝑟 𝑜𝑓𝑓 , 𝑒𝑥𝑐𝑒𝑠𝑠  𝑝𝑜𝑤𝑒𝑟 𝑓𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝐵𝑎𝑐𝑘𝑢𝑝 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 

 

Where Phybrid is the power produced by the hybrid system, Pcompressor is the power 

consumed by the compressor, Pelectrolyzer is the power consumed by the electrolyzer.  

 

If the power generated by the hybrid system meets the needs of both the electrolyzer 

and the compressors, the electrolyzer works. For the O2 system, the H2 and O2 gases 

produced via the electrolyzer are stored in the tanks. For the air system, the air is 

supplied through an air compressor. Moreover, the excess power is fed to the load and 

auxiliary components (BOP) of the PEMFC. 

 

When the total power produced (Phybrid) is adequate for the electrolyzer but not 

adequate for the power requirement of the compressors, the gases which are generated 

cannot be compressed and stored in tanks. Hence, if the generated power is not 

sufficient to start the compressors, the electrolyzer does not work and the power 

produced by PV and WT is fed to the load. In this case, the H2 need of PEMFC was 

met from the storage tanks. 

 

When there is not as much gas as PEMFC needs in the gas storage tanks, the simulation 

is repeated by changing the PV and WT numbers used in the design. A different 

number of scenarios are tried to find optimum system design. For both systems, LCOE 

values are also calculated. 

 

3.5.Design Calculations 

 

The design calculations of the proposed PV/WT/PEM Electrolyzer/PEMFC system 

are explained in the following sections. 
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3.5.1. Solar Calculation 

 

Solar radiation measurements were taken according to the Atilim University Incek 

Campus (39.813 N, 32.726 E). The system installation area was selected as 250 m2. 

The solar radiation data obtained from the Meteonorm program, and the Atilim 

University meteorology station are shown in Figure 3.7. The characteristics of the PV 

panel used are given in Table 3.1. 

 

Table 3. 1. Properties of PV Panel 

 

Name Value Unit 

SunPower X-22 Series Nominal Power 370 W 

MPPT Mode 0 or 1 

 
Modules short-circuit current at reference conditions (Isc) 6.66 A 

Module open-circuit voltage at reference conditions (Voc) 69.5 V 

Reference cell temperature 25 ºC 

Reference insolation 1000 W/m2 

Rated voltage (VMPP) 59.1 V 

Rated Current (IMPP) 6.26 A 

Temperature coefficient of Isc (ref. cond) 0.0029 A/K 

Temperature coefficient of Voc (ref. cond) -0.1674 V/K 

Panel Efficiency 22.7 % 

Module temperature at NOCT 40 ºC 

Panel efficiency 22.7 % 
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Figure 3. 7. Hourly Global Solar Radiation data received from a) Meteonorm 

program, b) Atilim University meteorology station  

 

The maximum power of the photovoltaic panel can be found from the current and 
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voltage values.  

 

The maximum power value is found as follows: 

 

𝑃𝑚𝑎𝑥 = 𝐼𝑚𝑝𝑝𝑉𝑚𝑝𝑝                                                                                                    (3.1)       

 

Where 𝐼𝑠𝑐 is short circuit current, 𝑉𝑜𝑐 is open-circuit voltage and FF is filled factor. 

 

The power of the PV array can be calculated according to Tebibel [66]. 

 

𝑃𝑃𝑉 = 𝑁𝑃𝑉
𝐺𝐼

𝐺𝐼𝑟𝑒𝑓

[𝑃𝑃𝑉,𝑚𝑎𝑥 + µ𝑃(𝑇𝑐𝑒𝑙𝑙 − 𝑇𝑐,𝑟𝑒𝑓)]                                                      (3.2) 

  

𝑁𝑃𝑉 is the number of  PV arrays, 𝐺𝐼 and 𝐺𝐼𝑟𝑒𝑓
 are solar irradiance and the reference 

solar irradiation of PV, respectively, µ𝑃 is the power thermal coefficient. 𝑇𝑐,𝑟𝑒𝑓 is the 

cell temperature at the reference temperature and it is 25 ºC. 𝑇𝑐𝑒𝑙𝑙 is cell temperature 

can be calculated as follows: 

 

𝑇𝑐𝑒𝑙𝑙 = 𝑇𝑎 + 𝐺𝐼
𝑁𝑂𝐶𝑇−20

800
                                                                                          (3.3)                     

  

𝑇𝑎 is ambient temperature, NOCT is nominal operating cell temperature which is equal 

to 45 ºC. 

 

The panel layout is important in photovoltaic systems. Sun angles are required for this. 

The angle that the sun's rays make with the horizontal plane is the solar altitude angle, 

𝛼. The angle between the longitude of the place under consideration and the line 

connecting the sun to the center of the earth is the hour angle, 𝜔. These values may 

change according to the time of day or the number of days in the year [67]. The 

calculation of the sun elevation angle and the hour angle is shown in the previous 

section. The azimuth angle can be calculated as follows: 

 

𝑠𝑖𝑛(𝛾𝑠) =  
cos(𝛿) sin(𝜔)

cos (𝛼)
                                                                                             (3.4)           
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𝛾𝑠 is solar azimuth angle, 𝛿 is declination angle, 𝜔 is hour angle and 𝛼 is solar altitude 

angle. The declination angle can be found with the selected days for each month and 

the Cooper equation is used: 

 

𝛿 = 23.45𝑠𝑖𝑛 [
360

365
(𝑁 + 284)]                                                                               (3.5)       

 

Time hour can be calculated as follows:  

 

𝜔 = (𝑆𝑇 − 12) × 15                                                                                              (3.6)  

 

ST is solar time. Solar time changes according to the angular movement of the sun in 

the sky. Solar time is calculated as follows: 

 

𝑆𝑇 = 𝐿𝑇 + 𝐸𝑇 − 4(𝑆𝐿 − 𝐿𝐿 − 𝐷𝑆)                                                                       (3.7)         

 

Where LT is local standard time (14.00), ET is time correction, SL is the standard 

meridian (45), LL is the local meridian (32.44), and DS is the daylight-saving time 

application and varies between 0 and 60 minutes. In this thesis study, the hour with the 

highest radiation value (14.00) was used. 

 

The orbital velocity of the earth changes throughout the year due to the variables 

caused by the earth's orbit around the sun. For this reason, the ST differs from the time 

measured by a clock used on earth, operating at a uniform speed. This difference is 

called the equation of time (ET) and can be calculated by Equation 3.8. Throughout 

the year, the average length of a day was assumed to be 24 hours; however, the length 

of a day depends on the earth's orbit and the tilt of the earth's axis [27]. 

 

𝐸𝑇 = 9.87 sin(2𝐵) − 7.53 cos(𝐵) − 1.5 sin(𝐵)                                                   (3.8)      

              

B can be calculated as follows:  

 

𝐵 = (𝑁 − 1)
360

365
                                                                                                      (3.9)     
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The monthly angle values of the selected location are given in Table 3.2. 

 

Table 3. 2. Monthly angle values of the selected location 

Month 
Day of the 

year 

The declination 

angle 

Hour 

angle 

Solar 

Altitude 

angle 

Solar 

azimuth 

angle 

January 17 -20.92 15.00 47.85 22.68 

February 48 -12.95 0.00 50.29 0.00 

March 79 -2.42 15.00 48.18 22.84 

April 105 9.41 15.00 48.35 22.92 

May 135 18.79 15.00 48.51 23.00 

June 162 23.09 15.00 48.58 23.03 

July 198 21.18 15.00 48.55 23.02 

August 228 13.45 15.00 48.42 22.95 

September 258 2.22 15.00 48.23 22.87 

October 288 -9.60 15.00 48.04 22.77 

November 318 -18.91 15.00 47.88 22.70 

December 344 -23.05 15.00 47.81 22.67 

 

𝐷𝑠 is the shadow length, which can be measured as the difference between the 

bottom/front edge of a row and the maximum height using the module vertical 

projection in Figure 3.8, 𝐷𝑟  is the spacing between the two rows in the south direction 

and can be calculated with Equation 3.12 and Equation 3.13 [1]. Primarily the lengths 

and heights of the panels were calculated with Equations 3.10 and 3.11, depending on 

the inclination angles (β) of the panels to calculate these dimensions. In this study, the 

optimum panel slope was determined by Koçer et al. selected from his work [68].  
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Figure 3. 8. Side view of PV arrays 

 

𝑋 = 𝐿𝑚𝑐𝑜𝑠(𝛽)                                                                                                      (3.10)        

   

𝐿𝑚 is module length. 

 

𝑌 = 𝐿𝑚𝑠𝑖𝑛(𝛽)                                                                                                       (3.11) 

 

𝐷𝑠 =
𝑌

𝑡𝑎𝑛∝
                                                                                                               (3.12)   

 

𝐷𝑟 = 𝐷𝑠 × cos(𝑧)                                                                                                  (3.13)                        

 

The smallest azimuth angle value of 0 degrees was taken for the panel placement to be 

suitable for all months. The total length and width of the panels must be calculated to 

calculate the total area where the panels are installed with Equation 3.14 [67].  

     

𝐴𝑡 =  𝑊𝑡 × 𝐿𝑡                                                                                                        (3.14)        

 

𝑊𝑡 is total width and 𝐿𝑡 is the total length. The total width is the number of PV panels 

connected in series and the width of one PV panel. 

  

𝑊𝑡 = 𝑛𝑚 × 𝑊𝑚                                                                                                     (3.15)    

 

Where 𝑛𝑚 is the number of PV modules connected in series in a row, 𝑊𝑚 is the width 
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of a PV module. 

 

𝐿𝑡 = 𝑛𝑟 × 𝑋 +  (𝑛𝑟 − 1) × 𝐷𝑟                                                                              (3.16)          

 

Where 𝑛𝑟 is the number of PV modules connected in parallel. Thus, the total area can 

be calculated as follows: 

 

𝐴𝐿 = (𝑛𝑚 × 𝑊𝑚) × (𝑛𝑟 × 𝑋 +  (𝑛𝑟 − 1) × 𝐷𝑟 )                                                 (3.17)       

 

3.5.2. Wind Calculation 

 

In this thesis, E70 Pro wind turbine is used. Wind turbine properties are given in Table 

3.3 [69]. The data were prepared in the form of data files by the TRNSYS Software 

and integrated into TRNSYS Software [70]. 

 

Table 3. 3. Properties of WT 

 

Properties  Value Unit 

EnAir 70 Pro Power 5500 W 

Rated Power 4000 W 

Diameter 4.30 m 

Swept Area 14.5 m2 

Wind to start 2 m/s 

Rated Speed 11 m/s 

Speed regulation of pitch 12 m/s 

Survival Speed 60 V 

 

The wind speed data obtained from the Meteonorm program and Atilim University 

meteorology station are shown in Figure 3.9 and Figure 3.10, respectively. 
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Figure 3. 9. Wind data obtained from the Meteonorm program 

 

 

Figure 3. 10. Wind speed data obtained from Atilim University meteorology station 
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Figure 3. 11. Power & Wind Speed curve of WT 

 

The power generation of the wind turbine can be determined from Equation 3.18. 

 

𝑃𝑊𝑇 =
1

2
× 𝜌𝑎𝑖𝑟 × 𝑐𝑝 × 𝐴𝑟 × 𝑣3                                                                            (3.18)    

 

𝑐𝑝 was taken as 0.14 to characterize ideal boundary layer conditions, the wind shear 

exponent. 𝜌𝑎𝑖𝑟 is air density and it is taken 1.124 kg/m3, 𝑣 is the wind speed at turbine 

height and 𝐴𝑟 is rotor swept area. 

 

Backwater and wind shadow should be considered when placing wind turbines. The 

total WT installation area is obtained as in the equation below: 

 

𝑁𝑇𝑅 =
𝐿𝑅

𝑆𝑅
+ 1 → 𝐿𝑅 = (𝑁𝑇𝑅 − 1) × 𝑆𝑅                                                                (3.19)       

 

where NTR is the number of turbines in a row, LR is row length and SR is row spacing. 

The distance to the roadside of the turbines was not considered while calculating the 

area. Turbulence is formed by the rotation of more than one wind turbine installed in 

0

1000

2000

3000

4000

5000

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

T
u
rb

in
e 

P
o
w

er
 (

W
)

Wind speed (m/s)



44  

a wind farm [71]. Distances should be maintained between wind turbines to minimize 

the effect of turbulence. While this distance is at least 4 rotor diameters in series 

connected turbines, it should be at least 10 rotor diameters in parallel connected wind 

turbines. WT placement is shown in Figure 3.12 [56]. 

 

 

Figure 3. 12. Wind farm layout 

 

3.5.3. PEM Electrolyzer Calculation 

 

The electrolyzer is designed according to the PEMFC, which consumes 5 kW of 

power. For this, the minimum power required for the operation of the electrolyzer is 

calculated. This value is obtained according to the number of moles consumed by the 

PEMFC. The design was made by writing code in the MATLAB program and 

integrated into the TRNSYS Software [72]. 
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Table 3. 4. Properties of Electrolyzer 

 

Properties Value Unit 

Electrolyzer current density 1.0 A/cm2 

Electrolyzer active area  625 cm2 

Electrolyzer cell voltage 1.55 V 

Electrolyzer consumed power 18406.25 W 

Faraday constant 96485 A.s/mol 

The molecular weight of H2 2.0158 g/mol 

The molecular weight of O2 31.998 g/mol 

Operation temperature 80 ºC 

Operation pressure 1 atm 

Electrolyzer efficiency 0.88 - 

 

The current of the PEM electrolyzer is found to calculate the performance of the 

electrolyzer: 

 

𝐼𝑠𝑡𝑎𝑐𝑘 = 𝑖𝑐𝑒𝑙𝑙 × 𝐴                                                                                                   (3.20) 

 

𝑖𝑐𝑒𝑙𝑙 is electrolyzer current density, A is electrolyzer active area. 

 

To find the number of moles produced by the PEM electrolyzer: 

 

𝑛H2,produced
=

𝑖𝑐𝑒𝑙𝑙×𝐴𝑒𝑙𝑒×𝜂ele×ncell

2F
                                                                           (3.21)           

                                                                                                                                              

The voltage of the stack is the product of the number of stacks and the cell voltage of 

the PEM electrolyzer: 

 

𝑉𝑠𝑡𝑎𝑐𝑘 = 𝑛𝑐𝑒𝑙𝑙 × 𝑉𝑐𝑒𝑙𝑙                                                                                             (3.22)      

 

The mass flow rate is found by the following equations and the unit is; 

𝑚𝐻2
=

Istack×ncell×𝑚𝑤𝐻2×𝜂

2𝐹
                                                                                    (3.23)                                                   
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𝜂 is electrolyzer efficiency and it is given in Table 3, F is Faraday constant, 𝑚𝑤𝐻2
 is 

molecular weight oh H2, 𝑚𝑤O2
 is the molecular weight of O2. 

 

If the same equation is applied for the mass flow rate of O2: 

 

𝑚O2
=

Istack×ncell×𝑚𝑤O2×𝜂

4𝐹
                                                                                    (3.24) 

 

The volumetric flow rate can be passed from the ideal gas equation: 

 

VH2
=

mH2×R×Tele

𝑚𝑤𝐻2×P
                                                                                                  (3.25) 

 

VO2
=

mO2×R×Tele

mwO2×P
                                                                                                  (3.26) 

 

Where P is the operating pressure of the electrolyzer, R is the ideal gas constant, T is 

the operating temperature of the electrolyzer. 

 

In this study, a PEM electrolyzer was designed. The parameters were selected in the 

value ranges where the PEM electrolyzer is more efficient. The design details of the 

electrolyzer, whose code is written in MATLAB, are given in Appendix A. 

 

3.5.4. PEMFC Calculation 

 

While designing PEMFC, the gas amounts on the anode and cathode sides are 

calculated. The flow rates of O2 gas entering the cathode and hydrogen gas entering 

the anode are found [73]. PEMFC design was prepared in MATLAB according to the 

equations below and calculations were made in MATLAB according to the constants 

in Table 3.5. 
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Table 3. 5. Properties of PEMFC 

Properties Value Unit 

PEMFC density for O2 inlet 1.0 A/cm2 

PEMFC density for air inlet 0.6 A/cm2 

PEMFC active area for O2 inlet system 225 cm2 

PEMFC active area for air inlet system 375 cm2 

Stoichiometry of H2 for O2 inlet system 1.2 - 

Stoichiometry of O2 for O2 inlet system 1.5 - 

Stoichiometry of H2 for air inlet system 1.2 - 

Stoichiometry of O2 for air inlet system 2.5 W/m2 

Working time 5 h 

The inlet temperature of H2 25 ºC 

The inlet temperature of O2 25 ºC 

The inlet temperature of the air 25 ºC 

Anode pressure 1 atm 

Cathode pressure 1 atm 

P 0.2 atm 

Parasitic loss 0 - 

Humidity rate 0.8 - 

 

The flow rate of reactants at the inlet of PEMFC must be equal to or greater than the 

rate at which these reactants are consumed in the cell [74].  

 

The rates at which H2 and O2 are consumed and water is produced are determined by 

Faraday's law: 

 

𝑁𝐻2 =
𝐼×𝐴×𝛿𝐻2×𝑁𝑐𝑒𝑙𝑙

2𝐹
                                                                                              (3.27)                          

 

𝑁𝑂2 =
𝐼×𝐴×𝛿𝑂2×𝑁𝑐𝑒𝑙𝑙

4𝐹
                                                                                              (3.28)       

      

𝑁𝐻2𝑂 =
𝐼

2𝐹
                                                                                                              (3.29) 
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Where N is consumption rate, I is current, F is the Faraday constant of PEMFC. 

 

The current value is expressed as the product of the current density and the active area 

in PEMFC: 

 

𝐼 = 𝑖 × 𝐴                                                                                                               (3.30)                                                                                                                                                                  

 

The mass flow rate is found by the following equations and the unit is g/s. 

 

𝑚𝐻2
= 𝑁𝐻2 × 𝑚𝑤𝐻2

                                                                                              (3.31)         

 

𝑚𝑂2
= 𝑁𝑂2 × 𝑚𝑤𝑂2

                                                                                              (3.32)    

 

𝑚𝐻2𝑂 =
𝐼

2𝐹
× 𝑚𝑤𝐻2𝑂                                                                                             (3.33)  

 

The volumetric transition of the reactants can be obtained from the ideal gas equation: 

 

𝑃𝑉 = 𝑁𝑅𝑇                                                                                                             (3.34)     

 

Where P is pressure, N is the number of moles, R is the ideal gas constant and T is the 

temperature.                                     

 

Volumetric flow rates: 

 

𝑉𝐻2
=

N×𝑅×𝑡𝑓𝑐×3600

𝑃
                                                                                               (3.35) 

 

𝑉𝑂2
=

N×𝑅×𝑡𝑓𝑐×3600

𝑃
                                                                                               (3.36) 

 

𝑉𝐻2𝑂 =
N×𝑅×𝑡𝑓𝑐×3600

𝑃
                                                                                             (3.37) 

 

Here, 𝑡𝑓𝑐 is working time of fuel cell. 
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The cell number of PEMFC can be found through the power of PEMFC: 

 

𝑁𝑐𝑒𝑙𝑙 =
W

𝐼𝑠𝑡𝑎𝑐𝑘×𝑉𝑐𝑒𝑙𝑙
                                                                                                  (3.38) 

 

𝑊𝑒𝑙𝑒 is the power of the electrolyzer. 

    

The relative humidity is the water vapor partial pressure, which is the maximum 

amount of water vapor that can be found in the gas under certain conditions.       

                                

Saturation pressure values can be found in thermodynamic tables. Saturation pressure 

for any given temperature between 0 ºC and 100 ºC. 

 

𝑃𝑣𝑠 = 𝑒
𝑎

𝑇⁄ +𝑏+𝑐𝑇+𝑑𝑇2+𝑒𝑇3+𝑓𝑙𝑛(𝑇)                                                                          (3.39) 

 

a, b, c, d, e, and f values are -5800.2206, 1.3914993, -0.048640239, 

0.41764768010−4, −0.1445209310−7, and 6.5459673, respectively. 

 

The dew point temperature at the anode outlet depends on the molar gas flow rates.  

 

The molar flow of hydrogen leaving the cell; 

 

𝑁𝐻2_𝑜𝑢𝑡 = (𝑆𝐻2
− 1) × 𝑁𝐻2_𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛                                                               (3.40) 

 

𝑆H2
 is the stoichiometric ratio of H2 and 𝑁𝐻2_𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 is the number of moles of 

consumed H2. The net drag coefficient, rd, defined as the molar flow rate of the water 

leaving the cell is : 

 

𝑟𝑑 =
𝑁𝐻2𝑂_𝑖𝑛_𝐻2_𝑖𝑛−𝑁𝐻2𝑂_𝑖𝑛_𝐻2_𝑜𝑢𝑡

𝐼
𝐹⁄

                                                                              (3.41) 

 

𝑁𝐻2𝑂_𝑖𝑛_𝐻2_𝑖𝑛 is the amount of water at the H2 inlet, 𝑁𝐻2𝑂_𝑖𝑛_𝐻2_𝑜𝑢𝑡 is the amount of 

water at the H2 outlet. 

For dry H2 input: 
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𝑁𝐻2𝑂_𝑖𝑛_𝐻2_𝑜𝑢𝑡 = −𝑟𝑑 × 𝐼
𝐹⁄                                                                                   (3.42) 

 

The molar flow rate of depleted air at the cathode; 

 

𝑁𝑎𝑖𝑟_𝑜𝑢𝑡 = 𝑁𝑎𝑖𝑟_𝑖𝑛 − 𝑁𝑂2_𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛                                                                   (3.43) 

 

𝑁𝑎𝑖𝑟_𝑖𝑛 is the molar flow rate of the incoming air and 𝑁𝑂2_𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 is the molar flow 

rate of consumed O2. 

 

In this equation, it is assumed that dry air contains 79% N2 and 21% O2. Assuming the 

air is dry at the inlet, the molar stream of water vapor exiting the cathode side; 

 

𝑁𝐻2𝑂_𝑖𝑛_𝑎𝑖𝑟_𝑜𝑢𝑡 = 𝑁𝐻2𝑂_𝑔𝑒𝑛 − 𝑁𝐻2𝑂_𝑖𝑛_𝐻2_𝑜𝑢𝑡                                                        (3.44)      

 

The consumption of reactants in PEMFC is proportional to the current and the number 

of cells. The stoichiometric ratio is the ratio of the actual reactant flow at the PEMFC 

inlet to its theoretical progenitor. Therefore, all flow rates of reactants and components 

at the inlet are also proportional to the current and the number of cells. Since cell power 

output is the consumption of reactants in PEMFC, it is proportional to the current and 

the number of cells [26]. Cell power output; 

 

𝑊𝑒𝑙 = 𝑛𝑐𝑒𝑙𝑙 × 𝐼 × 𝑉𝑐𝑒𝑙𝑙                                                                                          (3.45) 

 

The mass flow rate of H2 (g/s); 

 

𝑚𝐻2_𝑖𝑛 = 𝑆𝐻2 × 𝑚𝐻2,𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
= 𝑆𝐻2

×
𝑚𝐻2

2𝐹
× 𝐼 × 𝑛𝑐𝑒𝑙𝑙                                   (3.46) 

 

The mass flow rate of O2 (g/s): 

𝑚𝑂2_𝑖𝑛 = 𝑆𝑂2
× 𝑚𝑂2𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

= 𝑆𝑂2
×

𝑚𝑂2

4𝐹
× 𝐼 × 𝑛𝑐𝑒𝑙𝑙                                      (3.47)  

The mass flow rate of air (g/s) : 
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𝑚𝐴𝑖𝑟_𝑖𝑛 =
𝑆𝑂2

𝑟𝑂2

×
𝑚𝑎𝑖𝑟

4𝐹
× 𝐼 × 𝑛𝑐𝑒𝑙𝑙                                                                           (3.48) 

 

The mass flow rate of nitrogen in the air: 

 

𝑚𝑁2_𝑖𝑛=𝑆𝑂2
×

𝑚𝑁2

4𝐹
×

1−𝑟𝑂2_𝑖𝑛

𝑟𝑂2_𝑖𝑛

× 𝐼 × 𝑛𝑐𝑒𝑙𝑙                                                              (3.49)          

 

Water vapor in the H2 inlet with relative humidity (g/s): 

 

𝑚𝐻2𝑂_𝑖𝑛_𝐻2_𝑖𝑛 = 𝑆𝐻2
×

𝑚𝐻2𝑂

2𝐹
×

𝑃ℎ𝑖𝑎𝑛𝑜𝑡×𝑃𝑣𝑠(𝑇𝑎𝑛_𝑖𝑛)

𝑃𝑎𝑛−𝑃ℎ𝑖𝑎𝑛𝑜𝑡∗𝑃𝑣𝑠(𝑇𝑎𝑛_𝑖𝑛)
                                            (3.50) 

 

If air is used as the oxidant, the amount of water vapor in the air inlet; 

 

𝑚𝐻2𝑂_𝑖𝑛_𝑎𝑖𝑟_𝑖𝑛 =
𝑆𝑂2

𝑟𝑂2
×

𝑚𝐻2𝑂

4𝐹
×

𝑃ℎ𝑖𝑐𝑎𝑡×𝑃𝑣𝑠(𝑇𝑐𝑎𝑡_𝑖𝑛)

𝑃𝑐𝑎𝑡−𝑃ℎ𝑖𝑐𝑎𝑡×𝑃𝑣𝑠(𝑇𝑐𝑎𝑡_𝑖𝑛)
                                           (3.51) 

 

The equations for mass flow rates at the outlet must consider the consumption of 

reactants, water production, and net water transport through the membrane. The flow 

rate of H2 at the outlet: 

 

𝑚𝐻2𝑂_𝑜𝑢𝑡 = (𝑆𝐻2
− 1)

𝑚𝐻2

2𝐹
 ×I×𝑛𝑐𝑒𝑙𝑙                                                                      (3.52) 

 

Water balance on the cathode side; 

 

𝑚𝐻2𝑂_𝑖𝑛_𝐻2_𝑜𝑢𝑡 = 𝑚𝐻2𝑂_𝑖𝑛_𝐻2_𝑖𝑛 − 𝑚𝐻2𝑂𝐸𝐷
− 𝑚𝐻𝐻2𝑂𝐵𝐷

                                        (3.53) 

 

Water balance on the cathode side; Electroosmotic drag is proportional to current, just 

like any other flow entering or leaving the fuel cell. ED=1, called the electroosmotic 

resistance coefficient, refers to the number of water molecules per proton. 

 

𝑚𝐻2𝑂𝐸𝐷
= 𝐸𝐷 ×

𝑚𝐻2𝑂

𝐹
× 𝐼 × 𝑛𝑐𝑒𝑙𝑙                                                                         (3.54)             
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The back diffusion of water depends on the water concentration on both sides of the 

membrane, the water diffusion from the membrane, and the thickness of the 

membrane: 

 

𝑚𝐻2𝑂𝐵𝐷
= 𝐵𝐷 × 𝑚𝐻2𝑂𝐸𝐷

                                                                                      (3.55)     

                                                                                                                

Depending on the hydrogen flow rate, i.e., stoichiometry, and the conditions at the 

outlet (T, P), the water in the H2 exhaust may only exist as steam. The water vapor 

content at the anode outlet is the smaller of the total water flow at the anode outlet and 

the maximum amount the gas can carry: 

 

𝑚𝐻2𝑂_𝑖𝑛_𝐻2_𝑜𝑢𝑡_𝑣 = min[(𝑆𝐻2
− 1)

𝑚𝐻2𝑂

2𝐹
×

𝑃𝑣𝑠(𝑇𝑜𝑢𝑡_𝑎𝑛)

𝑃𝑎𝑛−∆𝑃𝑎𝑛−𝑃𝑣𝑠(𝑇𝑜𝑢𝑡_𝑎𝑛)
 𝐼 ×

𝑛𝑐𝑒𝑙𝑙, 𝑚𝐻2𝑂_𝑖𝑛_𝐻2_𝑜𝑢𝑡                                                                                              (3.56)    

 

∆Pan refers to the pressure drop across the anode. If liquid water vapor is present, it is 

the difference between the total amount of water present and the water vapor: 

 

𝑚𝐻2𝑂_𝑖𝑛_𝐻2_𝑜𝑢𝑡_𝑙 = 𝑚𝐻2𝑂_𝑖𝑛_𝐻2_𝑜𝑢𝑡 − 𝑚𝐻2𝑂_𝑖𝑛_𝐻2_𝑜𝑢𝑡_𝑣                                          (3.57)    

  

Similar equations can be applied to the cathode. The flow rate of O2 at the outlet; 

 

𝑚𝑂2𝑜𝑢𝑡
= (𝑆𝑂2

− 1)
𝑚𝑂2

4𝐹
× 𝐼 × 𝑛ℎü𝑐𝑟𝑒                                                                   (3.58)   

 

The air flow rate consumed is the sum of the flow rates of O2 and N2: 

 

𝑚𝑎𝑖𝑟_𝑜𝑢𝑡 = [(𝑆𝑂2
− 1)𝑚𝑂2

+
1−𝑟𝑂2𝑖𝑛

𝑟𝑂2𝑖𝑛

𝑚𝑁2
]

𝐼×𝑛ℎü𝑐𝑟𝑒

4𝐹
                                              (3.59)    

 

Water entering with air at the cathode: 

 

𝑚𝐻2𝑂_𝑖𝑛_𝑎𝑖𝑟_𝑜𝑢𝑡 = 𝑚𝐻2𝑂_𝑖𝑛_𝐻2_𝑖𝑛 + 𝑚𝐻2𝑂_𝑔𝑒𝑛 + 𝑚𝐻2𝑂_𝐸𝐷 − 𝑚𝐻2𝑂_𝐵𝐷                  (3.60)  
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The water vapor output in the air at the cathode is the smaller of the total water flux at 

the cathode exit and the maximum amount that the exhaust gas can carry: 

 

𝑚𝐻2𝑂_𝑖𝑛_𝑎𝑖𝑟_𝑜𝑢𝑡_𝑣 = min [
𝑆𝑂2−𝑟𝑂2_𝑖𝑛)

𝑟𝑂2𝑖𝑛

𝑚𝐻2𝑂

4𝐹

𝑃𝑣𝑠(𝑇𝑜𝑢𝑡_𝑐𝑎𝑡)

𝑃𝑐𝑎𝑡−∆𝑃𝑐𝑎𝑡−𝑃𝑣𝑠(𝑇𝑜𝑢𝑡_𝑐𝑎𝑡)
× 𝐼 ×

𝑛𝑐𝑒𝑙𝑙, 𝑚𝐻2𝑂_𝑖𝑛_𝑎𝑖𝑟_𝑜𝑢𝑡]                                                                                            (3.61)   

 

∆Pcat is the pressure drop on the cathode side. The amount of liquid water entering with 

air : 

 

𝑚𝐻2𝑂_𝑖𝑛_𝑎𝑖𝑟_𝑜𝑢𝑡_𝑙 = 𝑚𝐻2𝑂_𝑖𝑛_𝑎𝑖𝑟_𝑜𝑢𝑡 − 𝑚𝐻2O_𝑖𝑛_𝑎𝑖𝑟_𝑜𝑢𝑡_𝑣                                       (3.62) 

 

In this study, the PEMFC design was made using the MATLAB program. The 

designed PEMFC was integrated into the TRNSYS Software with the Type 155 

component in the TRNSYS program [75]. Details of the design code are given in 

Appendix B and Appendix C. 

 

3.5.5. H2 Storage Calculation 

 

H2 and O2 gases are stored in the compressed gas tank. The real gas model calculated 

the pressure in the tank according to the van der Waals equations. The pressure of the 

tank can be calculated as follows [76]. 

 

𝑃 =
𝑛×𝑅×𝑇

𝑉𝑆𝑇−𝑛𝑏
− 𝑎 ×

𝑛2

𝑉𝑆𝑇
2                                                                                          (3.63) 

 

Where P is the pressure of the tank, n is mol number of gas, R is the ideal gas constant, 

VST is the volume of the compressed gas storage tank, T is the temperature of the gas, 

a is the constant value. 

 

3.5.6. Economic Optimization and Levelized Cost of Energy (LCOE) 

 

The capital recovery factor is used to account for the present value of equipment: 
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𝐶𝑅𝐹 =
𝑖 (1+𝑖)𝑁

(1+𝑖)𝑁−1
                                                                                                     (3.64) 

 

CRF is the capital recovery factor, I is the interest rate, N is the period [77]. LCOE is 

calculated according to Equation (3.64) as shown below [78]; 

 

𝐿𝐶𝑂𝐸 =
∑ [

𝐼𝑖+𝑂𝑖+𝐹𝑖−𝑇𝐶𝑖
(1+𝑟)𝑖 ]𝑁

𝑖=0

∑ [
𝐸𝑖

(1+𝑟)𝑖]𝑁
𝑖=0

                                                                                       (3.65)  

 

where Ii, is the capital cost in year i, Oi, is the operation and maintenance costs (O&M) 

in year i, Fi is fuel cost in the year i, TCi is total tax credits in the year i. In this study, 

the total tax credits were ignored. Ei is generated electricity in year i, N lifetime of the 

system, r is the real discount rate (3 %) [51]. When the component's lifetime is less 

than the lifetime of the designed system, then the new component must be purchased 

by using the replacement cost for the year that the component lifetime ends [79]. 

Economic parameters of hybrid system components are shown in Table 3.6. 
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Table 3. 6. Parameters to LCOE calculation 

Component Parameter Price Unit 

PV[80][53] 

Investment cost  3490.00 $/kW 

Replacement cost 0.00 $/kW 

O&M cost 104.70 $/kW year 

Lifetime 25.00 year 

WT[70] 

Investment cost  2978.25 $/kW 

Replacement cost 0.00 $/kW 

O&M cost 44.67 $/kW year 

Lifetime 20.00 year 

MPPT and 

Inverter[53] 

MPPT investment cost 347.08 $/kW 

Inverter investment cost 456.00 $/kW 

Inverter replacement cost 456.00 $/kW 

MPPT O&M cost 10.41 $/kW year 

Inverter O&M cost  13.68 $/kW year 

MPPT lifetime  20.00 year 

Inverter lifetime 12.00 year 

Compressor[79] 

Investment cost  798.00 $/kW 

Replacement cost 798.00 $/kW 

O&M cost 23.94 $/kW year 

H2 compressor power 2.20 kW 

O2 compressor power 1.08 kW 

Lifetime 10.00 year 

Electrolyzer[53][81] 

Investment cost  5700.00 $/kW 

Replacement cost 855.00 $/kW 

O&M cost 171.00 $/kW year 

Electrolyzer power  18.406 kW 

Lifetime  10.00 year 

Compressed storage 

tank[79] 

H2 tank investment cost 51.30 $/m3 

O2 tank investment cost 3.51 $/m3 

H2 tank replacement cost 0.00 $/m3 

O2 tank replacement cost 0.00 $/m3 

H2 tank O&M cost 1.54 $/m3 year 

O2 tank O&M cost 0.11 $/m3 year 

Lifetime 20.00 year 

PEMFC system[79] 

Investment cost  1699 $/kW 

Replacement cost 900.00 $/kW 

O&M cost 90.00 $/kW year 

Power 5.00 kW 

Lifetime 10.00 year 
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CHAPTER 4 

 

4. RESULTS AND DISCUSSION 

 

4.1. Hybrid System Design Results 

 

The simulations were executed for the uninterrupted operation of the hybrid system 

throughout the year, and the system LCOE values were calculated by determining the 

required PV and WT numbers. The simulation results of the proposed hybrid energy 

system containing H2/O2 PEMFC with the data taken from Meteonorm and Atilim 

University meteorology station are compared in Table 4.1.  

 

The uninterrupted operation of the hybrid system throughout the year was investigated 

using PV, WT and PV/WT based hybrid systems when the H2 gas tank was initially 

empty. In the simulations, WT numbers were selected as 0, 1, 2, 5, 10 and the PV 

numbers required for the optimum hybrid energy system design were determined. 

When the results obtained by the TRNSYS simulation using the Meteonorm 

forecasting program are compared with the simulation results made with the data of 

Atilim University meteorology station, it has been determined that more PV is needed 

for Meteonorm forecasting program data simulation. This is because the solar radiation 

and wind speed data obtained with the Meteonorm forecast program are lower than the 

actual data obtained from the meteorological station. Due to the use of more PV, the 

initial investment cost of the hybrid system is higher. This means additional cost and 

is undesirable in the commercial area. In this context, it has been seen that the results 

obtained because of one-year observation are much more advantageous than the results 

obtained from the estimation program. For uninterrupted hybrid system operation, 

there must be sufficient H2 supply for PEMFC. As a result of the analysis, it was 

determined that many PV and WT are required to ensure sufficient H2 production from 

electrolyzer, especially in months when solar and wind data are low.  
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Table 4.1. Design results of the hybrid system with H2/O2 PEMFC for different 

operating scenarios 

Data Source  WT 

(n1) 

PV 

(n2) 

Installation cost  

($1K) 

Eserved 
*
 

(MWh) 

LCOE 

($/kWh) 

 

 

 

Meteonorm Program 

0 295 585 131.40 0.4486 

1 286 584 130.50 0.4501 

2 279 586 130.56 0.4506 

5 244 540 123.50 0.4610 

10 194 561 113.57 0.4831 

52 0 830 179.27 0.4223 

 

 

 

Meteorology Station  

0 156 364 82.69 0.4464 

1 153 373 82.52 0.4566 

2 150 382 82.51 0.4660 

5 134 398 78.68 0.5054 

10 115 436 74.55 0.5754 

76 0 1160 123.34 0.8627 

*Total Generated Energy 

 

To examine the effect of the initial H2 tank level on simulation, the initial H2 tank level 

was examined as approximately 5, 10 and 15 m3. Table 4.2 illustrates the simulation 

results of the proposed hybrid system with different initial H2 tank volumes using the 

Meteonorm program data.  
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Table 4.2. Design results of the hybrid system with Meteonorm program data 

according to different initial H2 tank volume 

Initial H2 

tank volume 

(m3) 

WT 

(n1) 

PV 

(n2) 

Installation cost  

($1K) 

Eserved  

(MWh) 

LCOE 

($/kWh) 

 

 

 

 

 

5 

0 138 336 52.02 0.67313 

1 133 346 53.83 0.65857 

2 130 350 56.25 0.64356 

3 126 358 58.17 0.63253 

25 0 460 77.48 0.56368 

5 119 374 62.32 0.61180 

0 128 320 48.81 0.68727 

1 125 329 51.03 0.67183 

2 122 337 53.39 0.65612 

5 112 363 60.02 0.61848 

23 0 433 72.06 0.57444 

 

 

 

10 

0 108 289 42.82 0.71699 

1 107 300 45.68 0.69464 

1 106 299 45.54 0.69381 

1 105 298 45.36 0.69353 

1 104 297 45.24 0.69599 

2 102 306 47.93 0.67230 

5 93 333 55.89 0.61775 

20 0 391 64.65 0.58846 

 

 

 

 

15 

 

0 99 274 41.61 0.70985 

1 98 286 44.45 0.68764 

1 97 285 44.13 0.68932 

1 96 283 43.96 0.68901 

1 95 282 43.79 0.68844 

2 93 292 46.70 0.66505 

5 84 319 55.02 0.61686 

18 0 364 59.64 0.60064 
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When 5 m3 of initial H2 gas is used in the tank, a decrease has been observed in the 

number of PV and WT that should be used when the tank is empty to meet the 

electricity requirement of the load. Therefore, the initial setup cost of the system has 

decreased, but the LCOE value has increased due to the decrease in the total power 

produced. It has been determined that when more than 15 m3 H2 gas is filled in the 

tank at the beginning, the number of PV and WT used in the hybrid system decreases. 

However, it has been observed that the electrolyzer does not need to work too much 

throughout the year as the gas tank required for PEMFC is sufficiently full. In this 

case, LCOE increases as the number of PV and WT used is less. Therefore, further 

increasing the initial amount of the H2 gas has not been studied.  

 

4.2. Hybrid System Optimization Studies 

 

In the studies carried out within the scope of the project, the optimization problem is 

to determine the optimal values of the number of WTs and PVs. Various constrained 

optimization problems can be created depending on the needs and goals of the 

decision-makers. In any setup of the optimization problem, the decision variables at 

hand are the number of WTs (n1) and the number of PVs (n2). For this hybrid system 

design, it is appropriate to minimize the LCOE, subject to a certain set of constraints. 

For example, if the aim is to minimize the LCOE according to a certain area of the 

facility planned to be established, a suitable optimization problem for a system that 

provides uninterrupted power to the load is formulated with the equation given in 

Equation 4.2. For the given A0, optimum n1, n2 values that minimize the LCOE are 

determined. 

 

                                                                                                                      (4.2)                                                                                           

 

where Area (n1, n2) is the total area of the plant consisting of n1 WT and n2 PV and A0 

is the possible installation site area. We aim to find the optimum n1, n2 values that 

minimize the LCOE with given A0. For this purpose, LCOE values were calculated for 
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different n1, n2 values. The pair (n1*, n2*)  that minimizes LCOE and provides Area 

(n1, n2) ≤A0 is chosen as the optimal solution. 

 

In Table 4.3, when the area where the hybrid system can be installed is determined as 

A0=250 m2, all possible (n1, n2) values that provide Area (n1, n2) ≤A0 are given as a 

result of the simulations. For all cases given in Table 4, when the system is supplied 

with uninterrupted power to the load, the pair (n1*, n2*) that minimizes the LCOE 

value is chosen as the optimum configuration. According to the results given in Table 

5, the LCOE value is minimized when n1*= 1 and n2* = 95. This configuration needs 

an area of 210 m2 and the corresponding LCOE is 0.6884. 

 

Table 4.3. Satisfying the condition in Equation 4.1. (n1, n2) (when A0=250 m2) 

 

WT 

(n1) 

PV 

(n2) 

AT 

(m2) 

LCOE 

($/kWh) 

0 108 221 0.7170 

1 107 163 0.6946 

1 105 235 0.6935 

1 104 235 0.6960 

0 99 207 0.7099 

1 98 221 0.6876 

1 97 150 0.6893 

1 96 218 0.6890 

1 95 210 0.6884 

2 93 270 0.6651 

 

Using the data obtained from the Meteonorm program, it was determined that the most 

optimal design was the design using 1 wind turbine and 95 solar panels, with a 15 m3 

H2 tank occupancy rate. In Table 4.4, the comparison of the results obtained from the 

data measured from the Atilim University meteorology station in the simulation of the 

hybrid energy system and the forecast data of the Meteonorm program is given. 
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According to the results obtained, in the design made with real wind and solar radiation 

data, both the produced energy was obtained more and the LCOE value of the system 

was calculated lower. 

 

Table 4.4. Comparison of the results obtained with Atilim University meteorology 

station data and Meteonorm program data in hybrid energy system simulation 

 

Data Source WT 

(n1) 

PV 

(n2) 

AT 

(m2) 

APV 

(m2) 

Eserved  

(MWh) 

LCOE 

($/kWh) 

Meteonorm Program 1 95 210 192 43.80 0.6884 

Meteorology Station 1 95 210 192 46.46 0.6342 

 

In Figures 4.1 and 4.2, the time-dependent power generation determined from 

TRNSYS simulation using the Meteonorm program and Atilim University 

meteorology station data in optimum hybrid system design, respectively, is given. 

Since the actual solar and wind data are higher than the estimated values, 46.46 MW 

more energy is produced at the same number of solar panels and wind turbines and the 

same gas occupancy rates. 
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Figure 4.1. Time-dependent power generation of the hybrid system (PV=95 and 

WT=1) with Meteonorm program data 

 

 

Figure 4.2. Time-dependent power generation of the hybrid system design (PV=95 

and WT=1) using weather station data 
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Figure 4.3. Comparison of the one-year H2 gas storage of the hybrid system (PV=95 

and WT=1) for meteorology station and Meteonorm program data  

 

H2 produced in the proposed hybrid energy system was stored at 200 bar in high-

pressure cylinders, which is the most common storage method. Long-term storage 

increases system reliability on cloudy days without sunlight and when wind speed is 

not sufficient. Figure 4.3 shows the comparison of the stored H2 gas in the storage tank 

during a one-year simulation for the optimum hybrid system design (PV=95 and 

WT=1) with the meteorology station and Meteonorm program data. According to the 

obtained results, there is more H2 production depending on the power generation with 

the meteorology station. According to the forecast data of the Meteonorm program, 

the tanks in the hybrid energy system must be refilled every year for the system to 

operate uninterruptedly, while according to the data obtained with the meteorology 

station, the tanks need to be filled only during the first installation of the system. 
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Figure 4.4. Comparison of the electrolyzer operating time of the hybrid system 

(PV=95 and WT=1) for meteorology station and Meteonorm program data   

 

When the data obtained from the meteorology station were examined, while the 

optimum PV number was 95 with the Meteonorm program, 72 PV was sufficient in 

the meteorology station. According to the meteorology station, when 95 PV was used, 

more electricity was produced. For this reason, the design that will provide 

uninterrupted power generation and reduce the installation cost with the data obtained 

from the meteorology station has been examined. 
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Figure 4.5. Comparison of the stored H2 gas during one-year simulation for the 

hybrid system design for the meteorology station (PV=95, WT=1) and Meteonorm 

program (WT=1 PV=72) data  

 

In Figure 4.5, the effect of using 95 PVs and 1 WT and 72 PVs and 1 WT on the 

amount of H2 stored in the system is compared according to the data obtained with the 

Meteorology station. In the use of 72 PVs and 1 WT, the H2 gas stored in the system 

runs out at the end of 1 year and the tanks in the hybrid energy system must be refilled 

at a certain level every year for the system to operate uninterruptedly. However, it has 

been determined that the hybrid energy system is a more suitable system due to its 

uninterrupted operation and lower initial installation cost. 

 

In Table 4.5, the results of the hybrid energy system simulation using the data 

measured from the Atilim University meteorology station are given. In the study, it 

was determined that a minimum of 72 panels could be used for the uninterrupted 

operation of the hybrid energy system at the determined load. With the data measured 

from the Atilim University meteorology station, both the number of solar panels to be 

used and the initial installation cost are reduced. 
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Table 4.5. Comparison of the LCOE values of the hybrid system design for the 

meteorology station (PV=95, WT=1) and Meteonorm program data (WT=1 PV=72)   

 

WT 

(n1) 

PV 

(n2) 

AT 

(m2) 

APV 

(m2) 

Eserved  

(MWh) 

LCOE 

($/kWh) 

1 95 210 192 46.46 0.6342 

1 72 161 142 39.82 0.6627 

 

4.3. Comparison of Hybrid System with H2/O2 and H2/Air supplied PEMFC 

Systems 

 

For the O2 inlet and air inlet system, the optimum value of the PV number was found 

by keeping the WT numbers constant in 1,5 and 15 m3 initial H2 tank volume. The 

hybrid system simulation with H2/O2 PEMFC and H2/Air PEMFC for the data of 

Atilim University meteorology station are shown in Table 4.6 and Table 4.7, 

respectively. When the PV/Electrolyzer/PEMFC and the WT/Electrolyzer/PEMFC 

systems are compared using both H2/O2 and H2/air PEMFC, it has been determined 

that the installation cost of the PV-based hybrid energy system is lower than the WT-

based hybrid system. Since the wind speed is not sufficient in the studied region, more 

WT is needed to obtain uninterrupted power. Therefore, the installation cost of the 

WT-based hybrid system is higher. For this reason, the optimum hybrid system design 

has been examined for the case where only 1 WT can be used and the minimum 

required PV number has been determined. When the H2/O2 PEMFC based hybrid 

energy system is compared with the H2/air PEMFC based hybrid energy system, it has 

been determined that the installation cost of the H2/air PEMFC based system is lower. 

In the system where O2 is used, it is necessary to ensure uninterrupted O2 production 

together with H2, and more PV should be used in the system. Additionally, it was 

mentioned in the previous sections that the gases are stored in the H2 and O2 tanks in 

the hybrid system with O2-supplied PEMFC. When the H2 and O2 tanks of the hybrid 

system were initially filled, the fuel costs were added to the LCOE calculations. 

Therefore, the system installation cost is higher in the H2/O2 PEMFC based hybrid 

energy system. However, the LCOE value of the H2/O2 PEMFC based hybrid energy 
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system is still low due to more energy produced than needed.  

 

Table 4.6. Design results of the hybrid system with H2/O2 PEMFC for Atilim 

University meteorology station data  

 

Initial H2 tank level 

(m3) 

WT 

(n1) 

PV 

(n2) 

Installation cost  

($1K) 

Eserved  

(MWh) 

LCOE 

($/kWh) 

 

 

1 

 

 

 

0 156 364 82.69 0.4464 

1 153 373 82.52 0.4566 

2 150 382 82.51 0.4660 

5 134 398 78.68 0.5054 

10 115 436 74.55 0.5754 

76 0 1160 123.34 0.8627 

 

 

5 

0 101 276 47.46 0.6124 

1 100 288 48.78 0.6179 

2 99 301 50.04 0.6240 

5 93 332 51.58 0.6587 

10 85 388 55.63 0.6991 

63 0 981 96.87 0.9387 

 

 

15 

 

 

0 73 233 38.17 0.6625 

1 72 245 39.815 0.6629 

2 71 257 41.158 0.6677 

5 68 293 45.001 0.6827 

10 63 354 51.447 0.7023 

42 0 619 67.985 0.8583 
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Table 4.7. Design results of the hybrid system with H2/air PEMFC for Atilim 

University meteorology station data  

 

Initial H2 tank 

level (m3) 

WT 

(n1) 

PV 

(n2) 

Installation cost  

($1K) 

Eserved,  

(MWh) 

LCOE 

($/kWh) 

 

 

1 

 

 

 

0 143 343 73.61 0.4749 

1 138 348 72.26 0.4901 

2 134 357 71.78 0.5033 

5 126 385 73.94 0.5209 

10 109 426 70.84 0.5921 

62 0 855 100.85 0.7806 

 

 

 

5 

0 86 253 41.32 0.6491 

1 85 265 42.35 0.6588 

2 84 277 43.67 0.6638 

5 80 312 46.66 0.6873 

10 71 366 49.88 0.7381 

55 0 871 86.89 0.9343 

 

 

 

15 

 

0 70 227 37.43 0.6629 

1 69 240 38.43 0.6738 

2 68 252 39.71 0.6794 

5 66 290 43.46 0.6980 

10 61 350 49.87 0.7169 

40 0 595 64.78 0.8680 
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Figure 4.6. Time-dependent power generation of the hybrid system with H2/O2 

PEMFC (PV= 72 and WT= 1) using meteorology station data  

 

 

Figure 4.7. Time-dependent power generation of the hybrid system with H2/air 

PEMFC (PV= 69 and WT= 1) using meteorology station data  
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In Figures 4.6 and 4.7, the annual power generation from the sun and wind of the 

optimum system design determined according to the data of Atilim University for the 

O2 and air inlet system are given. TRNSYS analysis results are shown in APPENDIX 

E and APPENDIX F, respectively.  

 

Figure 4.8 illustrates the change of the H2 storage tank volume throughout the year. 

Since there is no energy production at the beginning, PEMFC uses H2 in the tanks and 

the energy produced from the hybrid systems throughout the year provides 

uninterrupted electricity. In the air inlet system, the H2 tank filling rate is lower 

compared to the O2 inlet system.  

 

 

Figure 4.8. Comparison of the stored H2 gas during one-year simulation for the 

hybrid system with H2/O2 PEMFC (PV= 72 and WT=1) and H2/air PEMFC (PV= 69 

and WT= 1) for the data of meteorology station 

 

Figure 4.9 shows the electrolyzer operating times of the hybrid power system with the 

H2/O2 PEMFC (PV= 72 and WT= 1) and H2/air PEMFC (PV= 69 and WT= 1) for the 

data of the meteorology station. It has been observed that the electrolyzer operating 

times are nearly the same in the two systems. 
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Figure 4.9. Comparison of electrolyzer operating times of hybrid system with H2/O2 

PEMFC (PV= 72 and WT= 1) and H2/air PEMFC (PV= 69 and WT=1) for the data 

of meteorology station 
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CHAPTER 5 

 

5. CONCLUSION 

 

Renewable energy sources are becoming more and more important every day in terms 

of the absence of greenhouse gas emissions and are a clean energy source. However, 

as it is known, the biggest problem in renewable energy sources is energy storage. 

With existing hybrid systems, only daily storage is possible, so long-term energy 

storage is not yet ready for use, even if hybrid sources produce more energy. 

 

In this thesis, it is aimed to provide uninterrupted energy needs determined 

independently from the grid with the PV/WT/PEM electrolyzer/PEMFC hybrid energy 

system and to store the excess energy produced in the system as H2. For this purpose, 

various hybrid system designs with different PV and WT were examined using 

TRNSYS software and MATLAB program and the systems were compared 

economically. In the system design, both the data obtained from the Meteonorm 

forecast program and the measured data from the Atilim University meteorology 

station were used and both systems were compared. Within the scope of the thesis, the 

economic evaluation of the hybrid energy system was also carried out and optimization 

was made according to this parameter. When the LCOE values of the proposed hybrid 

energy system based H2/O2 PEMFC are examined, the lowest LCOE values were 

obtained for 0.4501 (PV=286, WT=1) and 0.4566 (PV=153, WT=1) for the designs 

made using Meteonorm and weather station data, respectively.  

 

In the hybrid system design, the energy required for H2 production from the 

electrolyzer was provided from PV and WTs, and the continuous energy needed for 

the load was provided from PEMFC. For this purpose, both H2/O2 and H2/air fed 

PEMFC were used and the effect of using H2/O2 and H2/air fed PEMFC in the 

proposed hybrid energy system was investigated. When hybrid energy systems using 

H2/O2 and H2/air based PEMFC are compared, it is determined that the system using 

H2/O2 based PEMFC is more costly due to the additional O2 compressor and an O2 

tank used in the system. For H2/O2 based PEMFC, it is necessary to produce sufficient 
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O2 as well as H2. Therefore, extra power is spent to produce enough O2 required for 

PEMFC operation, and accordingly, the number of PV panels used in the system 

increases. When evaluated in general, it has been observed that the system using 

H2/air-based PEMFC is more advantageous than the H2/O2 system. Additionally, since 

the wind data of the location where the hybrid energy system is examined are not 

sufficient, the optimum number of turbines that can be used in the 

PV/WT/electrolyzer/PEMFC system was determined as one. When the 

PV/WT/electrolyzer/PEMFC system is compared with the PV/electrolyzer/PEMFC 

systems, it has been determined that the PV/electrolyzer/PEMFC system is more 

optimal. 

 

Although renewable energy based green H2 production technologies are not available 

today with reasonable efficiency and cost, they are of great importance for sustainable 

energy and clean environment in the future. This thesis will be an exemplary study for 

PV/WT/ electrolyzer/PEMFC based energy systems and green H2 production, and it 

shows that the storage of excess energy produced in hybrid energy systems as H2 can 

be considered as an alternative to energy storage in the future. 
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APPENDIX A 

 

FORTRAN CODE OF PEM ELECTROLYZER MODEL 

 

% --- Process Inputs  

Ppv= trnInputs(1); 

Pelmin=trnInputs(2); 

icell= trnInputs(3); 

Vcell= trnInputs(4); 

A_elec=trnInputs(5); 

eff=trnInputs(6); 

Pres_el=trnInputs(7); 

Temp_el=trnInputs(8); 

 

% --- Calculate electrolyzer performance --- 

Istack= icell*A_elec; %Electrolyzer current 

ncell_eqn= Pelmin/(icell*Vcell*A_elec); 

ncell=ceil(ncell_eqn); 

Vstack= ncell*Vcell; 

Pres_el_Pa=Pres_el*101325; 

Temp_el_K= Temp_el+273.15 

if (Ppv < Pelmin) 

Pelmin=0; 

mH2= 0; 

VH2=0; 

mO2=0; 

VO2=0; 

CS_H2_comp=0; 

CS_O2_comp=0; 

else 

    twel= Ppv/Pelmin; 

if  twel>=1  
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twel=1; 

Pelmin=Pelmin; 

mH2= (Istack*ncell*twel*MWH2*eff*3600)/(2*F); 

VH2= (mH2*R*Temp_el_K)/(MWH2*Pres_el_Pa); 

mO2= (Istack*ncell*twel*MWO2*eff*3600)/(4*F); 

VO2= (mO2*8.314*Temp_el_K)/(MWO2*Pres_el_Pa); 

CS_H2_comp=1; 

CS_O2_comp=1; 

else 

Pelmin=0; 

mH2= 0; 

VH2=0; 

mO2=0; 

VO2=0; 

CS_H2_comp=0; 

CS_O2_comp=0; 

end 

end 

% --- Set outputs --- 

 

trnOutputs(1) = twel; 

trnOutputs(2) = mH2; 

trnOutputs(3) = mO2; 

trnOutputs(4) = Vstack; 

trnOutputs(5) = Pelmin; 

trnOutputs(6) = VH2; 

trnOutputs(7) = VO2; 

trnOutputs(8) = CS_H2_comp; 

trnOutputs(9) = CS_O2_comp; 

trnOutputs(10) = Pres_el; 

trnOutputs(11) = Temp_el; 
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APPENDIX B 

 

FORTRAN CODE OF PEMFC MODEL FOR O2 INLET SYSTEM 

 

% --- Process Inputs  

Pfc=trnInputs(1); 

Ploss=trnInputs(2); % 

Vcell_fc=trnInputs(3); %V 

icell_fc=trnInputs(4); % A/cm^2 

A_act=trnInputs(5); %15x15 cm 

T_opt=trnInputs(6); %C 

T_H2= trnInputs(7); %C 

T_O2= trnInputs(8); %C 

Panode= trnInputs(9); %atm 

Pcathode=trnInputs(10); %atm 

S_H2= trnInputs(11); 

S_O2=trnInputs(12); 

phi_cat=trnInputs(13); 

 

%CALCULATION 

daynumber=fix(trnTime/24); 

x=daynumber*24 

z=19+x; 

z1=20+x; 

z2=21+x; 

z3=22+x; 

z4=23+x; 

if  trnTime==z  

    CS=1; 

elseif trnTime==z1 

    CS=1; 

elseif trnTime==z2 
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CS=1; 

elseif trnTime==z3 

     CS=1; 

elseif trnTime==z4 

     CS=1; 

else 

    CS=0; 

end 

    % Calculate the required stack current 

T_opt_k = T_opt + 273.15; %Operation temperature 

T_H2_ink = T_H2 + 273.15; % Hydrogen inlet temperature 

T_air_ink = T_O2 + 273.15; % Air inlet temperature 

Panode_kPa= Panode * 101.325;         %Unit Conversions 

Pcathode_kPa = Pcathode * 101.325;     %Unit Conversions 

t_fc= 60; % fuel cell working time (min) 

Pdesign=((Pfc+(Pfc*(Ploss/100)))*CS); 

I_stack_fc = icell_fc*A_act; %Fuelcell stack current 

V_stack_fc2= Pdesign/I_stack_fc; 

ncell_fc=ceil(V_stack_fc2/Vcell_fc); % 

V_stack_fc=ncell_fc*Vcell_fc; 

Pdesign=V_stack_fc*I_stack_fc; 

Pdensity=icell_fc*Vcell_fc; 

t_fc_s = t_fc*60;     

% The total number of moles of hydrogen 

N_H2_cons = (I_stack_fc *ncell_fc*CS)/(n_anode * F);    

N_H2_act= S_H2*N_H2_cons; 

N_H2_act_tot= N_H2_act* t_fc_s; % Total amount of electricity produced 

m_H2_in = MW_H2 * N_H2_act_tot; 

VH2_fc = (R * T_H2_ink * N_H2_act_tot)/(Panode*101325);   % Convert molar flow 

rate to volumetric flow rate 

VH2_sl= VH2_fc*1000; 

% Water vapor in the hydrogen inlet  

Pvs_amb = Pvs(T_H2_ink);    % Saturation pressure of air 
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m_H2O_H2_in= N_H2_act_tot*MW_H2O* phi_an * Pvs_amb/(Panode_kPa - phi_an 

* Pvs_amb); 

N_H2_out= (S_H2-1)*N_H2_cons; 

N_H2_totout= N_H2_out*t_fc_s; 

m_H2_out= N_H2_totout* MW_H2; 

VH2_out = (R * T_opt_k * N_H2_totout)/(Panode*101325); 

VH2_sl_out= VH2_out*1000; 

DeltaP = 28.028; 

Pvs_op = Pvs(T_opt_k); 

m_H2O_eo= (C_eo*I_stack_fc*ncell_fc*MW_H2O*t_fc_s*CS)/F; 

m_H2O_bd= m_H2O_eo; 

m_H2O_H2_out=m_H2O_H2_in+m_H2O_bd-m_H2O_eo; 

m_H2O_H2_out_v2= ((S_H2-1)*MW_H2O* phi_an * 

Pvs_amb*t_fc_s*CS)/(Panode_kPa - DeltaP - Pvs_amb); 

m_H2O_H2_out_vpr= min(m_H2O_H2_out,m_H2O_H2_out_v2); 

m_H2O_H2_out_lqd=m_H2O_H2_out-m_H2O_H2_out_vpr; 

% Calculate the higher heating value of hydrogen 

h_HHV_0 = HHV_25 - (cp_H2 + 0.5 * cp_O2 * MW_O2 / MW_H2 - MW_H2O * 

cp_H2O_l/ MW_H2 ) * T_H2; 

h_H2_in = (m_H2_in/t_fc_s) * (cp_H2 * T_H2 + h_HHV_0); 

h_H2_out = (m_H2_out/t_fc_s) * (cp_H2 * T_opt + h_HHV_0); 

% Energy flow for water in O2 in 

h_H2O_H2_in_v = (m_H2O_H2_in/t_fc_s) * (cp_H2O_v * T_H2 + h_fg); 

%Water vapor in O2 out 

h_H2O_H2_out_v = ( m_H2O_H2_out_vpr/t_fc_s) * (cp_H2O_v * T_opt + h_fg); 

% Energy flow for water in O2 out 

h_H2O_H2_out_l = (m_H2O_H2_out_lqd/t_fc_s) * cp_H2O_l * T_opt; 

 % The oxygen flow rate at the cell inlet 

    % The oxygen flow rate at the cell inlet 

    N_O2_cons = (I_stack_fc*ncell_fc*CS) /(n_cathode * F); 

    N_O2_act= S_O2 * N_O2_cons; 

    N_O2_act_tot=N_O2_act*t_fc_s; 

    m_O2_in=N_O2_act*t_fc_s*MW_O2; 
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    VO2_in_fc= (R * T_air_ink * N_O2_act_tot)/(Pcathode*101325);   % Convert 

molar flow rate to volumetric flow rate 

    VO2_sl= VO2_in_fc*1000; 

    N_O2_totout= (S_O2-1)*N_O2_cons*t_fc_s; 

    m_O2_out= N_O2_totout*MW_O2; 

    VO2_out_fc = (R * T_opt_k * N_O2_totout)/(Pcathode*101325); 

    VO2_out_sl= VO2_out_fc*1000; 

    % The saturation pressure at the operating temperature 

Pvs_op = Pvs(T_opt_k); 

% Mole fraction of water in air 

x_s_op = (MW_H2O/MW_O2) * Pvs_op*phi_cat/(Pcathode_kPa - phi_cat * Pvs_op); 

% Amount of water needed for the humidification of air 

m_h2o_in_O2 = x_s_op * m_O2_in* t_fc_s; 

% Saturation pressure of air 

Pvs_amb = Pvs(T_air_ink); 

% Mole fraction of water in ambient O2 

x_s_amb = (MW_H2O/MW_O2) * phi_air * Pvs_amb/(Pcathode_kPa - phi_air * 

Pvs_amb); 

% Mass of water in ambient O2 

m_h2o_in_amb_O2 = x_s_amb * m_O2_in* t_fc_s; 

% Amount of water needed for humidification of air 

m_h2o_needed = m_h2o_in_O2 - m_h2o_in_amb_O2; 

Pvs_in = Pvs(T_air_ink); % Calculate the saturation pressure at T_H2_in 

% Calculate the amount of water in O2 

m_h2o_O2_in = (S_O2 * MW_H2O* phi_cat * Pvs_in * I_stack_fc * 

ncell_fc*t_fc_s*CS)/ (n_cathode* F * (Pcathode_kPa - (phi_cat * Pvs_in))); 

% Calculate the water generated 

m_h2o_gen = (I_stack_fc *ncell_fc* MW_H2O*t_fc_s*CS)/(n_anode * F); 

% Calculate the saturation pressure at T_air_out 

Pvs_out = Pvs(T_opt_k); 

% Calculate the water vapor in the O2 outlet 

m_H2O_O2_out = m_h2o_O2_in + m_h2o_gen - m_H2O_bd + m_H2O_eo; 

m_H2O_O2_out_v2= ((S_O2-1)* MW_H2O* I_stack_fc *ncell_fc* 
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Pvs_out*t_fc_s*CS) /((n_cathode * F) *(Pcathode_kPa - DeltaP - Pvs_out)); 

m_H2O_O2_out_vpr= min(m_H2O_O2_out,m_H2O_O2_out_v2); 

m_H2O_O2_out_lqd= m_H2O_O2_out - m_H2O_O2_out_vpr; 

% Energy flow for O2 in 

h_O2_in = (m_O2_in/t_fc_s)* cp_O2 * T_O2; 

% Energy flow for O2 out 

h_O2_out =  (m_O2_out/t_fc_s)* cp_O2 * T_opt; 

% Energy flow for water in O2 in 

h_H2O_O2_in_v = (m_h2o_O2_in/t_fc_s) * (cp_H2O_v * T_O2 + h_fg); 

%Water vapor in O2 out 

h_H2O_O2_out_v = (m_H2O_O2_out_vpr/t_fc_s) * (cp_H2O_v * T_opt + h_fg); 

% Energy flow for water in O2 out 

h_H2O_O2_out_l = (m_H2O_O2_out_lqd/t_fc_s) * cp_H2O_l * T_opt; 

% From the energy balance, energy flow for air in 

Q = h_H2_in+ h_H2O_H2_in_v+ h_O2_in + h_H2O_O2_in_v - h_H2_out - 

h_H2O_H2_out_v -h_H2O_H2_out_l- h_O2_out - h_H2O_O2_out_v - 

h_H2O_O2_out_l - Pdesign; 

 

% --- Set outputs --- 

trnOutputs(1) = (Pfc*CS); 

trnOutputs(2) = Pdesign; 

trnOutputs(3) = V_stack_fc; 

trnOutputs(4) = I_stack_fc; 

trnOutputs(5) = N_H2_act; 

trnOutputs(6) = N_O2_act; 

trnOutputs(7) = Q; 

trnOutputs(8) = VH2_fc; 

trnOutputs(9) = VO2_in_fc; 

trnOutputs(10) =m_H2_in;   

trnOutputs(11) = m_O2_in; 

trnOutputs(12) =Panode;   

trnOutputs(13) = T_H2; 

trnOutputs(14) = T_opt; 
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mFileErrorCode = 0; % Tell TRNSYS that we reached the end of the m-file without 

errors 

function result = Pvs(T) 

a = -5800.2206; 

b = 1.3914993; 

c = -0.048640239; 

d = 0.000041764768; 

e = -0.000000014452093; 

f = 6.5459673; 

result = exp(a/T + b + c * T + d * T * T + e * T * T * T + f * log(T))/1000; 

end 
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APPENDIX C 

 

FORTRAN CODE OF PEMFC MODEL FOR AIR INLET SYSTEM 

 

% --- Process Inputs  

Pfc=trnInputs(1) 

Ploss=trnInputs(2); % 

Vcell_fc=trnInputs(3); %V 

icell_fc=trnInputs(4); % A/cm^2 

A_act=trnInputs(5); %15x15 cm 

T_opt=trnInputs(6); %C 

T_H2= trnInputs(7); %C 

T_O2= trnInputs(8); %C 

Panode= trnInputs(9); %atm 

Pcathode=trnInputs(10); %atm 

S_H2= trnInputs(11); 

S_O2=trnInputs(12); 

phi_cat=trnInputs(13); 

m_air_in_kg= trnInputs(14); 

 

daynumber=fix(trnTime/24); 

x=daynumber*24 

z=19+x; 

z1=20+x; 

z2=21+x; 

z3=22+x; 

z4=23+x; 

 

if  trnTime==z  

    CS=1; 

elseif trnTime==z1 

    CS=1; 
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elseif trnTime==z2 

     CS=1; 

elseif trnTime==z3 

     CS=1; 

elseif trnTime==z4 

     CS=1; 

else 

    CS=0; 

end 

 

% Calculate the required stack current 

T_opt_k = T_opt + 273.15; %Operation temperature 

T_H2_ink = T_H2 + 273.15; % Hydrogen inlet temperature 

T_air_ink = T_O2 + 273.15; % Air inlet temperature 

Panode_kPa= Panode * 101.325;         %Unit Conversions 

Pcathode_kPa = Pcathode * 101.325;     %Unit Conversions 

t_fc= 60; % fuel cell working time (min) 

Pdesign=((Pfc+(Pfc*(Ploss/100)))*CS); 

I_stack_fc = icell_fc*A_act; %Fuelcell stack current 

V_stack_fc2= Pdesign/I_stack_fc; 

ncell_fc=ceil(V_stack_fc2/Vcell_fc); % 

V_stack_fc=ncell_fc*Vcell_fc; 

Pdesign=V_stack_fc*I_stack_fc; 

Pdensity=icell_fc*Vcell_fc; 

t_fc_s = t_fc*60; 

 

%  The total number of moles of hydrogen 

N_H2_cons = (I_stack_fc *ncell_fc*CS)/(n_anode * F);    

N_H2_act= S_H2*N_H2_cons; 

N_H2_act_tot= N_H2_act* t_fc_s; % Total amount of electricity produced 

m_H2_in = MW_H2 * N_H2_act_tot; 

VH2_fc = (R * T_H2_ink * N_H2_act_tot)/(Panode*101325);   % Convert molar flow 

rate to volumetric flow rate 
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VH2_sl= VH2_fc*1000; 

% Water vapor in the hydrogen inlet  

Pvs_amb = Pvs(T_H2_ink);    % Saturation pressure of air 

m_H2O_H2_in= N_H2_act_tot*MW_H2O* phi_an * Pvs_amb/(Panode_kPa - 

phi_an * Pvs_amb); 

N_H2_out= (S_H2-1)*N_H2_cons; 

N_H2_totout= N_H2_out*t_fc_s; 

m_H2_out= N_H2_totout* MW_H2; 

VH2_out = (R * T_opt_k * N_H2_totout)/(Panode*101325); 

VH2_sl_out= VH2_out*1000; 

DeltaP = 28.028; 

Pvs_op = Pvs(T_opt_k); 

m_H2O_eo= (C_eo*I_stack_fc*ncell_fc*MW_H2O*t_fc_s*CS)/F; 

m_H2O_bd= m_H2O_eo; 

m_H2O_H2_out=m_H2O_H2_in+m_H2O_bd-m_H2O_eo; 

m_H2O_H2_out_v2= ((S_H2-1)*MW_H2O* phi_an * 

Pvs_amb*t_fc_s*CS)/(Panode_kPa - DeltaP - Pvs_amb); 

m_H2O_H2_out_vpr= min(m_H2O_H2_out,m_H2O_H2_out_v2); 

m_H2O_H2_out_lqd=m_H2O_H2_out-m_H2O_H2_out_vpr; 

% Calculate the higher heating value of hydrogen 

h_HHV_0 = HHV_25 - (cp_H2 + 0.5 * cp_O2 * MW_O2 / MW_H2 - MW_H2O * 

cp_H2O_l/ MW_H2 ) * T_H2; 

h_H2_in = (m_H2_in/t_fc_s) * (cp_H2 * T_H2 + h_HHV_0); 

h_H2_out = (m_H2_out/t_fc_s) * (cp_H2 * T_opt + h_HHV_0); 

% Energy flow for water in O2 in 

h_H2O_H2_in_v = (m_H2O_H2_in/t_fc_s) * (cp_H2O_v * T_H2 + h_fg); 

%Water vapor in O2 out 

h_H2O_H2_out_v = ( m_H2O_H2_out_vpr/t_fc_s) * (cp_H2O_v * T_opt + h_fg); 

% Energy flow for water in O2 out 

h_H2O_H2_out_l = (m_H2O_H2_out_lqd/t_fc_s) * cp_H2O_l * T_opt; 

 % The oxygen flow rate at the cell inlet 

    m_air_in = m_air_in_kg*1000*CS; 

    N_air_tot= m_air_in/ MW_Air; 
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    N_air= N_air_tot/t_fc_s; 

    N_O2_act= N_air*r_O2in; 

    N_O2_cons= N_O2_act/S_O2; 

    m_O2_in=N_O2_act*t_fc_s*MW_O2 

    N_N2_cons = (N_O2_act* (1-r_O2in)*CS)/r_O2in; 

    N_N2_tot= N_N2_cons*t_fc_s; 

    m_N2_in= MW_N2*N_N2_tot; 

    Vair = (R * T_air_ink * N_air_tot*CS)/(Pcathode*101325); 

    Vair_sl= Vair*1000; 

    N_O2_totout= (S_O2-1)*N_O2_cons*t_fc_s; 

    m_O2_out=N_O2_totout*MW_O2; 

    N_N2_out=N_N2_tot; 

    N_air_out= N_N2_out+ N_O2_totout; 

    m_N2_out=N_N2_out*MW_N2; 

    Vair_out = (R * T_opt_k * N_air_out)/(Pcathode*101325); 

    Vair_out_sl=Vair_out*1000; 

% The saturation pressure at the operating temperature 

Pvs_op = Pvs(T_opt_k); 

% Mole fraction of water in air 

x_s_op = (MW_H2O/MW_Air) *phi_cat * Pvs_op/(Pcathode_kPa -  phi_cat 

*Pvs_op); 

% Amount of water needed for the humidification of air 

m_h2o_in_air = x_s_op * m_air_in *t_fc_s; 

% Saturation pressure of air 

Pvs_amb = Pvs(T_air_ink); 

% Mole fraction of water in ambient air 

x_s_amb = (MW_H2O/MW_Air) * phi_air * Pvs_amb/(Pcathode_kPa - phi_air * 

Pvs_amb); 

% Mass of water in ambient air 

m_h2o_in_amb_air = x_s_amb * m_air_in*t_fc_s; 

% Amount of water needed for humidification of air 

m_h2o_needed = m_h2o_in_air - m_h2o_in_amb_air; 

%Water Injection Flow Rate 
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Pvs_in = Pvs(T_air_ink); % Calculate the saturation pressure at T_H2_in 

% Calculate the amount of water in air 

m_h2o_air_in = (S_O2 * phi_cat * MW_H2O * Pvs_in * I_stack_fc * 

ncell_fc*t_fc_s*CS)/ (r_O2in * n_cathode * F * (Pcathode_kPa -phi_cat * Pvs_in)); 

n_anode = 2; 

% Calculate the water generated 

m_h2o_gen = I_stack_fc *ncell_fc* MW_H2O*t_fc_s/(n_anode * F); 

% Calculate the saturation pressure at T_air_out 

Pvs_out = Pvs(T_opt_k); 

% Calculate the water vapor in the O2 outlet 

m_h2o_in_air_out = m_h2o_air_in + m_h2o_gen - m_H2O_bd + m_H2O_eo; 

m_h2o_in_air_out_v2= (S_O2-r_O2in)* MW_H2O* I_stack_fc * ncell_fc* 

Pvs_out*t_fc_s /r_O2in*(4 * F) *(Pcathode_kPa - DeltaP - Pvs_out) ; 

m_H2O_air_out_vpr=min(m_h2o_in_air_out_v2, m_h2o_in_air_out); 

 

m_H2O_air_out_lqd=m_h2o_in_air_out-m_H2O_air_out_vpr; 

 

%Water vapor in O2 out 

h_H2O_air_out_v = (m_H2O_air_out_vpr/t_fc_s) * (cp_H2O_v * T_opt + h_fg) 

% Energy flow for water in O2 out 

h_H2O_air_out_l = (m_H2O_air_out_lqd/t_fc_s) * cp_H2O_l * T_opt  

% From the energy balance, energy flow for air in 

Q = h_H2_in +  h_H2O_H2_in_v+ h_H2O_air_in_v + h_Air_in - h_H2_out -

h_H2O_H2_out_v -h_H2O_H2_out_l- h_Air_out - h_H2O_air_out_v -

h_H2O_air_out_l - Pdesign 

% --- Set outputs --- 

trnOutputs(1) = (Pfc*CS); 

trnOutputs(2) = Pdesign; 

trnOutputs(3) = V_stack_fc; 

trnOutputs(4) = I_stack_fc; 

trnOutputs(5) = N_H2_act; 

trnOutputs(6) = N_air; 

trnOutputs(7) = Q; 
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trnOutputs(8) = VH2_fc; 

trnOutputs(9) = Vair; 

trnOutputs(10) = VH2_sl; 

trnOutputs(11) = Vair_sl; 

trnOutputs(12) = m_H2_in; 

trnOutputs(13) = m_air_in; 

trnOutputs(14) = CS; 

         function result = Pvs(T) 

a = -5800.2206; 

b = 1.3914993; 

c = -0.048640239; 

d = 0.000041764768; 

e = -0.000000014452093; 

f = 6.5459673; 

result = exp(a/T + b + c * T + d * T * T + e * T * T * T + f * log(T))/1000; 

end 
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APPENDIX D 

 

FORTRAN CODE OF AIR COMPRESSOR CONTROLLER FOR AIR INLET 

SYSTEM 

 

daynumber_comp=fix(trnTime/24); 

x_comp=daynumber*24 

z_comp=19+x_comp; 

z1_comp=20+x_comp; 

z2_comp=21+x_comp; 

z3_comp=22+x_comp; 

z4_comp=23+x_comp; 

if  trnTime==z_comp  

    CS=1; 

elseif trnTime==z1_comp 

    CS=1; 

elseif trnTime==z2_comp 

     CS=1; 

elseif trnTime==z3_comp 

     CS=1; 

elseif trnTime==z4_comp 

     CS=1; 

else 

    CS=0; 

End 
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APPENDIX E 

 

TRNSYS SCREENSHOT OF O2 INLET OPTIMUM SYSTEM RESULTS 
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APPENDIX F 

 

TRNSYS SCREENSHOT OF AIR INLET OPTIMUM SYSTEM RESULTS 

 

 


