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Abstract 

The world is moving forward, and its energy need is also increasing daily. Currently, a 

significant amount of this energy comes from a finite resource called fossil fuels. The 

biggest problem with this resource is the high amount of carbon emissions, which has 

an adverse impact on the environment in the form of global warming, greenhouse gases, 

ozone layer depletion, etc. This in turn could lead to dangerous consequences for the 

planet and the ecosystems. Governments across the globe are getting serious and taking 

big resolutions toward green energy, but the set targets are big and still far away. High 

motivation and strong will among the top leaders are necessary to achieve the target of 

using green energy for most of the world's energy demands. This must be met with 

prompt actions and a decisive approach. Hydrogen, the resource available abundantly 

in the atmosphere, can be the biggest hope towards this target. Studies have shown that 

hydrogen can take the green energy revolution a long way if produced on a large scale. 

A renewed and widespread hydrogen momentum is growing in the energy market. The 

last years have witnessed a substantial increase in demand for hydrogen, including 

several countries introducing and developing new hydrogen national strategies and 

many private companies leaning toward investing in hydrogen-related projects. Green 

hydrogen's environment-friendly and versatility will lead the world toward a hydrogen 

economy [1]. 

Though there are increased investments in the technological advancement in green 

hydrogen, there exist many unresolved issues related to technical and infrastructural 

challenges. Nevertheless, a clean and renewable hydrogen economy will not only fight 

climate change but also offers a comprehensive infrastructure for new opportunities in 

terms of jobs and employment. Hydrogen may play a crucial role in restructuring the 

international alliances and conflicts regarding global transformation and decarbonisation 

of the energy market. As mentioned in [1], by 2050, hydrogen can supply up to 24% of 

the world's energy needs 

This paper is inclined towards a quantitative assessment of the hybrid (with and without 

battery storage) green hydrogen production system in terms of working and financial 

feasibility. 
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1. Introduction 

The world has recently faced huge energy crises because of resource reduction and 

environmental problems. The increased use of fossil fuels across the newly developed 

energy infrastructure is said to be the largest source of CO2 emissions, which is known 

to be responsible for global warming and climate change. In addition, the fall in crude oil 

supplies, political instability in the parts of the world with ample oil reserves, and strict 

regulations against emissions are generating a need for alternative energy resources or, 

as it can be said, the ‘New fuel’. This new fuel must be technically feasible, readily 

available, environmentally acceptable, and economically competitive. Many such fuels 

have been proposed in the past years, e.g., biodiesel, natural gas, boron, LPG, 

methanol, and hydrogen. 

One of these suggestions, hydrogen’s specific energy content is the highest of all 

conventional fuels and is present in abundant amounts in the universe. Considering this, 

hydrogen could be the key contributor to sustainable development in future, as it can be 

produced in almost unlimited quantities using renewable energy. The biggest challenge 

to achieving this feat would be the future hydrogen cost, advancements in the 

technologies producing hydrogen from renewable energy sources, prices of competing 

energy systems, and the implication of stricter restrictions on greenhouse gases. 

Hydrogen, a carbon-less fuel, holds the potential of being a dream fuel of the future, 

bringing many environmental, economic, and social benefits. It has the credibility of 

reducing foreign oil dependency and lowering the transportation sector's carbon 

emissions. Hydrogen has a high calorific value of 122 kJ/g, which is 2.75 times more 

than other hydrocarbon fuels. This paper studies hydrogen production in Germany using 

photovoltaic energy and its economic aspects. This study will try to evaluate the future 

potential and economic feasibility of hydrogen production using photovoltaic energy. [2] 

The paper emphasizes the alternate ways of renewable electricity storage and its 

comparison with battery storage. It is now well known that battery storage is costly and 

cannot be used on a large scale. Also, it is impossible to store energy for a long time with 

battery storage technology. On the other hand, using excess electricity from renewable 

sources for hydrogen production and storing that hydrogen for long periods is possible. 

This stored hydrogen can be used anytime for electricity production using Fuel Cells. 

This study aims to evaluate the feasibility of this technology while comparing it with 

battery storage. In the following chapters, let's understand the processes and 

components involved in this technology.  
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2. Hydrogen as an atom 

According to the energy crisis and environmental concerns for power generation and 

high-valued chemical products, hydrogen has been said to be one of the most promising 

alternative energy carriers. Efficient technologies are necessary for hydrogen production 

to meet the requirements of global energy demands, which are continuously increasing 

every year [3]. 

Hydrogen has been widely used in many industrial processes such as petrochemical, 

steel, petroleum, and food. These days, hydrogen, also considered as a clean fuel, has 

recently been used as an alternative to fossil fuel usage, resulting in a dramatic increase 

in hydrogen demand, leading to less hydrogen supply because of restricted hydrogen 

sources. Conventionally, hydrogen is produced by steam reforming of natural gas or 

(LPG) liquified petroleum gas, which emits a high amount of gaseous carbon in the 

atmosphere causing environmental problems [3]. This resulted in the immediate 

requirement of alternative hydrogen resources, which must be environment friendly and 

available in abundant amounts. Green hydrogen made this possible while providing 

clean and pure hydrogen in large quantities without any carbon emissions.  

2.1. Importance and usage 

Hydrogen has many potential applications in the real world. To list a few, hydrogen is 

used in ammonia synthesis and other nitrogenated fertilizer synthesis, hydrogenation of 

hazardous wastes (dioxins, PCBs), alternative fuels synthesis by Fischer–Tropsch (FT) 

synthesis, refining and desulphurization (hydrogenation reactions, hydrodesulfurization), 

gas to liquid (GTL) synthesis technology, chemical plants, food preparation, IC engine 

fuel, rocket fuel, synthesis of methanol, ethanol, dimethyl ether (DME), and high-

temperature industrial furnaces fuel [4]. Ammonia (fertilizer) production itself consumes 

half of the total hydrogen produced today and is the primary chemical industry use of 

hydrogen. Table 1 shows the hydrogen consumption in the world by different usage [5]. 

Hydrogen is also being noticed and getting much attention as a fuel for transportation 

and stationary application as a technical and policy issue [6]. Hydrogen gas is also tested 

for use in IC engines and fuel cell electric vehicles. Fuel cells are in the process of being 

commercialized and can use hydrogen more efficiently. Many big car manufacturers in 

the world have already presented fuel cell vehicles and have even started to lease a 

small number of vehicles to selected customers. A hydrogen fuel cell vehicle is said to 
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be more advantageous over hydrogen-fueled IC engines or fuel cells powered by other 

fuels [7]. Hydrogen used in fuel cells can achieve high electric efficiency and even go 

above 90% if the heat generated from the electricity production process is used for 

heating purposes [8]. As explained in this paper, hydrogen and fuel cells are often 

considered the future key technology for sustainable energy supply. 

2.2. Methods of production and different shades 

Today the biggest resource for hydrogen production is natural gas [9]. Though there are 

many different technologies for hydrogen production, a wise way of hydrogen production 

should be selected which is economical and efficient to sustain the current market 

scenario and increasing demand. Most importantly, it should not have any carbon 

emissions [3]. 

That is why this paper emphasizes on electrolysis process, which is powered by 

electricity produced from the solar power plant. The electrolysis process has null direct 

carbon emissions. Hydrogen is named with different shades depending on its method of 

production. Some essential shades are Grey hydrogen, Blue hydrogen, Turquoise 

hydrogen, and Green hydrogen [10]. Similar to these shades, there are two more shades 

named as Pink hydrogen and Yellow hydrogen [11]. The following table shows the 

differentiation of these shades and the production methods.  

 

Table 1: Shades of hydrogen and production methods [11] 

SHADES METHOD RESOURCE 

GREY Steam methane reforming or gasification Methane or coal 

BLUE Steam methane reforming or gasification with 

carbon capture (85-95%) 

Methane or coal 

GREEN Electrolysis Renewable 

Energy 

PINK Electrolysis Nuclear Energy 

YELLOW Electrolysis Solar Energy 

TURQUOISE Pyrolysis Methane 
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3. Electrolyzers and their types 

It is well known that hydrogen is one of the most abundantly found elements in the 

universe, but it rarely exists as an independent molecule. Mostly, it is bound with other 

elements or molecules to form a compound like carbohydrates, water, nucleic acids and 

hydrocarbons. It is not easy to break the bonds connecting hydrogen and other elements 

and requires a certain amount of energy [15]. One fundamental process to split these 

particles is water electrolysis, which splits water into hydrogen and oxygen using 

electricity. 

The process of separating hydrogen and oxygen from water using electricity is known as 

water electrolysis. This is the process of converting electric energy into chemical energy. 

The water electrolysis process, in particular, is important industrially as it produces a 

pure quality of hydrogen and oxygen. [12] [9] [13] 

3.1. Functioning 

An electrolytic cell is a device where oxidation-reduction reactions, also known as redox 

reactions, occur to decompose chemical compounds with the help of electric energy. An 

electrolyte in the cell, which is present in the form of a base (a hydroxide like NaOH), an 

acid (like HCL), or a salt (like NaCl), reacts with the solvent, which is usually water and 

splits into different ions as positive and negative (H+, Na+, OH-, or Cl-). The process 

induces an electron flow through the external circuit by connecting two electrodes 

immersed in the electrolytic cell with the outer electric circuit, which is applied by an 

electromotive force and corresponded by an ion flow in the cell’s internal electrolyte 

solution [14]. The electrons enter the cell through the cathode electrode, where the 

reduction half-reaction occurs, while the electrons exit the cell through the anode 

electrode, where the other oxidation half-reaction happens. 

Industrial electrolyzers usually contain more electrolytic cells. To increase the 

productivity and distribute the voltage drop evenly, these electrolyzers are built with 

multiple cells connected in series and the metallic separator in between two cells works 

as a bipolar plate. It functions as the anode on one side and the cathode on the other. 

The efficiency of electrolyzers is calculated as the ratio between the chemical energy 

contained in the produced hydrogen to the electrical power required for the process [15]. 
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3.2. Technology 

3.2.1. Alkaline electrolyzers 

This type of electrolyzer occupies a large portion of the commercial electrolyzer market. 

They are constructed with the material resistant to the potassium hydroxide (KOH) attack 

and designed to prevent electrolyte leakage. The anode and cathode are made of nickel 

and nickel coated with platinum. They operate at around 70-85 °C, and the electric 

current density on electrodes is about 6-10 kA/m2 and has an efficiency of about 75%-

85%. 

The alkaline electrolyzer comprises an electrolytic cell in which two electrodes are dipped 

in a water solution of (KOH) potassium hydroxide. The OH- ions move towards the anode 

to be oxidized (where it loses electrons) and release water, oxygen molecules and 

electrons, which enter the external circuit as per the following reaction [15]: 

2𝑂𝐻 →  𝑂2 + 𝐻2𝑂 + 2𝑒 (𝑎𝑛𝑜𝑑𝑒) 

3.2.2. Solid polymer (polymeric membrane) electrolyzers 

In Solid polymer electrolyzer (SPE), or Polymer Membrane electrolyzer (PME), the 

electrolyte consists of solid polymer, which helps make construction and maintenance 

easier and more convenient. When it is saturated with water, the polymer becomes acid 

and permeable to ions. The cells are made with very thin electrolytes and the toughness 

of the membrane helps cells to function at a pressure up to 4 Mpa and temperatures 

between 80-150 °C. 

The SPE gives good efficiency and high current density as they are made of rare and 

expensive materials (the cathode is built with porous carbon and the anode is built with 

porous titanium) [15] [14]. 

3.2.3. High-temperature electrolyzers 

High-temperature electrolysis (HTE) process, as its name says, requires high-

temperature heat (around 1000°C) and a very costly production process, but it 

guarantees good results with a solid and non-corrosive electrolyte (which is based on 

yttrium and zirconium oxides) capable of conducting oxygen ions. The cathode is made 

of nickel, and the anode can be made of lanthanum, nickel oxides and nickel. The current 

density at the electrodes is estimated to be around 3-5 kA/m2 and has a cell voltage in 

the range of 1-1.6 V, giving a hypothetically reachable efficiency of about 95% [15]. 
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4. Fuel cells and their types 

Fuel cells are the devices that convert chemical free energy in gaseous or liquid 

reactants electrochemically into electrical energy [13]. Because of the electrochemical 

process instead of the thermal process, fuel cells are the most energy-efficient devices 

to extract power from fuels. They can be used for extracting energy from a variety of 

fuels such as hydrogen, biogas, and natural gas. Fuel cells can provide clean power for 

various applications ranging from less than a watt to multiple megawatts. 

As fuel cells work on open flow systems, they scale well for longer- and larger-scale 

operation, unlike batteries. This helps them to be explored and commercialized in large-

scale energy conversion and electricity production, materials handling equipment, 

automotive and truck applications, and Auxiliary power units, to mention some of the 

applications [13].  

Fuel cells can play an important part in the future by providing an alternative to petroleum, 

which is currently used in cars and trucks with cleaner and lower-emission fuels like 

hydrogen or natural gas [16]. Stationary fuel cells can be used for a backup power (even 

at remote locations), cogeneration (where the excess released heat in the electricity 

generation process is used for other applications), and distributed power generation. 

They can be very advantageous in reducing greenhouse gas emissions by using 

inexpensive natural gas and low-carbon fuels like biogas rather than combustion-based 

power generators. Fuel cells can be used for almost every portable application, which 

typically uses batteries, from hand-held devices to portable generators.  

Though fuel cells are used with multiple fuel sources, this paper focuses on hydrogen 

fuel cell usage. Hydrogen is abundantly found in many forms on Earth. Though it is not 

readily found in its molecular form of H2, it can be extracted or reformed from 

hydrocarbon fuels, biological and fossil, or water by using the "electrolysis" process, 

which works on the principle of water splitting [13]. 

Fuel cells convert the chemical energy in the hydrogen directly into electricity. The 

byproducts of the process are pure water and heat. This released heat can be used for 

heating purposes as well. Hydrogen-powered fuel cells are pollution-free and have more 

than two times the efficiency of traditional combustion technologies. The typical 

generation efficiency of a conventional combustion-based power plant is 33-35%, 

whereas fuel cell systems can have a generation efficiency of up to 60% or higher with 

cogeneration [16]. 



7 | P a g e  
 

4.1. Functioning 

A single fuel cell is an electrolyte sandwiched between 2 electrodes, a cathode and an 

anode. The bipolar plates on both sides of the cell help distribute gases and serve as 

current collectors. In a Polymer Electrolyte Membrane (PEM) fuel cell, considered the 

most promising for light-duty transportation, hydrogen gas flows through channels 

towards the anode, where hydrogen molecules separate into protons and electrons due 

to catalyst. Here the membrane allows only protons to pass through it. When the protons 

pass through the membrane to the cell’s other side, the negatively charged electrons 

travel along the external circuit to the cathode. This flow of electrons is called electricity, 

which can be used for various purposes. 

Air reaches the cathode through the channels on the other side of the cell. When 

electrons return after completing the external circuit, they react with oxygen in the air and 

the protons at the cathode, resulting in water formation. This is the exothermic reaction 

which generates heat that can be used outside of the fuel cell. 

The power output of the fuel cell depends on various factors like fuel cell type, size, 

operating temperature, and the pressure at which gases are supplied [16]. The output of 

a single fuel cell is in the range of 0.5 to 1 volt, which is hardly enough voltage for even 

the smallest application. This voltage can be increased by connecting multiple fuel cells 

in series and forming a stack. Usually, the term fuel cell is used for the whole stack. The 

stack size of the fuel cell depends on the application. It can range from a few cells to 

hundreds of cells connected together. 
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Figure 1: PEM Fuel Cell 

(Source: [17]) 

4.2. Types of fuel cells 

Classification of fuel cells is done based on their electrolyte, which is greatly correlated 

to the operating temperature. Solid-oxide fuel cells (SOFCs) operate at a higher 

temperature scale. They operate on various gaseous, liquid fuels at around 700°C and 

above with ceramic materials and oxygen anion conducting species. Molten carbonate 

(carbonate anions) works at a little lower temperature and then the proton-conducting 

cells, including phosphoric acid cells, work at even lower temperatures. Finally, the 

polymer electrolyte fuel cells which operate at 100°C or lower temperatures. These cells 

typically operate on hydrogen because of this temperature requirement. However, they 

may work with denser carriers such as methanol [13]. 

The below tables shows the principle operation characteristics and physical properties 

of some of the fuel cells. 
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Table 2: Principle operation characteristics of some fuel cells [17] 

FUEL CELL TYPE MOBILE 

ION 

OPERATING 

TEMPERATURE 
°C 

APPLICATIONS 

PROTON EXCHANGE 

MEMBRANE, PEMFC, PEFC 

H+ 30 - 100 Vehicles, mobile equipment, low-

power CHP systems 

DIRECT METHANOL, DMFC H+ 20 - 90 Portable electronic systems with 

low power, long operating times 

PHOSPHORIC ACID (PAFC) H+ ~ 200 Large numbers of 200 kW CHP 

systems 

ALKALINE, AFC OH- 50 - 200  Space vehicles 

MOLTEN CARBONATE, 

MCFC 

CO3
2- ~ 650 Medium to large-scale CHP 

systems 

SOLID OXIDE, SOFC O2- 500 - 1000 All sizes of CHP systems 

 

 

Table 3: Physical properties of some fuel cells [17] 

FUEL CELL TYPE MATERIAL 
AND 
CATALYST 

OPERATING 

TEMPERATURE 
°C 

ELECTROLYTE EFFICIENCY 

PROTON EXCHANGE 
MEMBRANE, PEMFC, 
PEFC 

Carbon and 
Platinum 

30 - 100 Solid 

membrane, e.g., 
Nafion 

40 - 50 

 

DIRECT METHANOL, 
DMFC 

Platinum and 

Ruthenium 

20 - 90 Solid 

membrane 

20 - 50 

 

PHOSPHORIC ACID 
(PAFC) 

H+ ~ 200 Phosphoric acid 

 

40 - 50 

 

ALKALINE, AFC Carbon and 
Nickel 

 

50 - 200  Potassium 
hydroxide  

50 - 60 

 

MOLTEN CARBONATE, 
MCFC 

Stainless steel 
and Nickel 

~ 650 Carbonated metal > 60 

 

SOLID OXIDE, SOFC Ceramic and 

Perovskites 

500 - 1000 Ceramics, e.g., 
YSZ 

50 -60 
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4.2.1. Proton exchange membrane fuel cells (PEMFC) or polymer electrolyte 

fuel cells (PEFC) 

PEM fuel cell operates at relatively low temperatures, around 80°C. Their efficiency 

(conversion of hydrogen into electricity) is about 50-60%. In this type of fuel cell, the 

electrolyte is a solid polymer through which protons can penetrate. This type of fuel cell 

is being well promoted and is introduced as the power source for ground vehicles. These 

are small and compact in size and have good start-up behaviour. 

PEM fuel cells are also considered as the power source for mobile and big stationary 

power plants. Their advantage is the solid phase electrolyte in the form of a thin polymer 

membrane. The surrounding catalyst used is of platinum. This cell is susceptible to the 

purity of the hydrogen provided. PEM fuel cells were also used on the first human-crewed 

spacecraft [17]. Though the platinum catalyst is costly, the discovery of the nickel-tin 

catalyst has helped boost its usage. As a result, these fuel cells can be used as an 

alternative for batteries in spacecraft. 

4.2.2. Alkaline fuel cells (AFC) 

This type of fuel cell is used in space vehicles for electricity generation and drinkable 

water production for astronauts. It has an energy efficiency of about 70% and operates 

at a temperature of 150-200°C. Its electrolyte mainly consists of potassium hydroxide 

(KOH). Its significant advantage is that it does not depend upon platinum as the catalyst. 

The input fuels used are generally pure hydrogen and oxygen; if the air is used (instead 

of oxygen), it must be free from CO2 [17]. This fuel cell type was used in Apollo and 

Shuttle Orbiter craft.  

4.2.3. Phosphoric acid fuel cells (PAFC) 

Phosphoric acid fuel cells have been commercially in operation for a while now. It is used 

in hospitals, offices, schools, hotels, and airports. It has a conversion efficiency of 40-

50%, which is slightly lower than other fuel cells. It operates in the temperature range of 

150-200°C. Here the electrolyte is phosphor acid [17]. These fuel cells are usually big in 

size and heavy, but the technology used is considered as mature. 

4.2.4. Solid oxide fuel cells (SOFC) 

The electrolyte which is used in solid oxide fuel cells (SOFC) is zirconia compounds. It 

conducts oxygen ions formed at the positive electrode [18]. This fuel cell type is 

considered a good choice for big units, even in remote locations. Its operating 

temperature is on a higher scale which is around 1000°C. Because of the high-
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temperature range, high reaction rates can be attained without using expensive 

catalysts. Also, due to these high temperatures, gases, e.g., natural gas can be used 

directly or can be internally reformed without any separate reformer unit. It has an 

efficiency of up to 60% and can also be integrated with steam turbines to generate extra 

electricity. 

4.2.5. Molten carbonate fuel cells (MCFC) 

Fuel cell types, such as PEMFC (proton exchange membrane fuel cell), PAFC 

(phosphoric acid fuel cell), and AFC (alkaline fuel cell), operate on H+ and OH- 

movements in the electrolyte. On the contrary, the SOFC (solid oxide fuel cell) and 

MCFCs (molten carbonate fuel cells) operate with carbonate ions CO3
2- and oxide ions 

O2-. [13] 

Molten carbonate fuel cells need molten carbonates at around 600°C, and the efforts to 

manage and control molten carbonates in fuel cell heating appliances are also very 

tough, but the process is technically feasible [19]. The electrolyte used in this fuel cell 

consists of carbonates of lithium, potassium, and sodium. It has a working efficiency of 

about 60% and requires carbon dioxide in the air to function. Like SOFC, it can also be 

integrated with steam turbines to produce extra electricity. 

4.2.6. Direct methanol fuel cells (DMFC) 

The direct methanol fuel cell (DMFC) is similar to the PEMFC, but instead of hydrogen, 

methanol is used as a fuel [13]. It has a working efficiency of 30-40% and operates in 

the temperature range of 50-100C. DMFC can be used in portable devices such as 

mobiles, computers, etc. [17]. The advantage of these fuel cells is their fuel. Methanol is 

readily available in cartridges which can be easily connected without particular skill or 

training, unlike compressed gas cylinders [19]. 

4.2.7. Reversible fuel cells 

A cell that can be used for both purposes, hydrogen generation by electrolysis and 

electricity production as a fuel cell is known as a reversible fuel cell [17]. Whenever there 

is extra electricity from solar or wind, the cell can operate as an electrolyzer and produce 

hydrogen by electrolysis process on water. In fuel cell mode, it will work reverse to 

produce electricity. 
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5. Green hydrogen 

The idea of CO2 emissions and global warming is not new; it was already said by 

Arrhenius a century ago that CO2 released from fossil fuel combustion could cause the 

temperature to rise on earth, making it warm as the infrared opacity of earth's 

atmosphere will continue to increase [14]. To maintain the earth's temperature and avoid 

excessive CO2 emissions, there is no alternative to using a clean and abundant energy 

source.  

As per energy crisis and environmental concerns, hydrogen is one of the most favourable 

alternative energy carriers for power generation and expensive chemical products. [3] 

Hydrogen production is possible in many renewables and non-renewable ways, which 

vary in their greenhouse gas emissions. For hydrogen to be the future low-carbon energy 

system, it is necessary to accept and scale hydrogen production with environment-

friendly methods, such as water electrolysis with the use of electricity produced from 

solar or wind generation systems. The hydrogen produced with this method is called 

"Green Hydrogen" [20]. 

Europe, particularly Germany, is one of the largest energy consumers. Its dependence 

on Russian gas is well known. Germany is focusing more on increasing its renewable 

energy generation capacity to become more energy independent. Though it is said that 

green hydrogen could be the best alternative for current fuel and greenhouse gas 

problems, it is also necessary to evaluate the actual potential of green hydrogen plants.  

This paper focuses on designing and evaluating a small green hydrogen production and 

storage system, which could be used for electricity production in the winter months when 

the actual electricity generation from the solar system is shallow. The study aims to 

design a self-sustainable building using green hydrogen, battery bank, electrolyzer, and 

fuel cell system. The following chapters will focus on system design, operation, financial 

compatibility of the system compared to orthodox energy production and storage 

methods, and future scope and challenges for the system.  
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6. Business case study 

Hydrogen and renewable energy sources share a strong synergy [21]. On one side, the 

benefits of hydrogen as a clean, efficient, and versatile fuel can only be realized if it is 

produced from renewable energy sources. On the other side, the energy produced from 

renewable sources needs storage. Hydrogen can be stored easily and for a long duration 

and hence could be a great source of energy storage for later use as a fuel for electricity 

production or transportation [22]. 

The business case to be studied here is one such effort to test the overall performance 

and feasibility of green hydrogen production and storage system with the help of 

electricity produced from an oversized photovoltaic system, an electrolyzer, fuel cell, and 

battery storage system as a backup. 

The system will further be compared with the combination of only photovoltaic and 

battery storage systems to find out which could be the best-optimized system both 

financially and performance-wise.  

6.1. Aim 

Hydrogen is one of the most abundant and simplest elements found on Earth. It can 

store and deliver useful energy effectively, but it does not exist in its true form in nature. 

It has to be produced or extracted from the compounds containing it, which requires 

diverse and domestic resources. Currently, a large portion of total hydrogen is produced 

from fossil fuels, especially natural gas. One more way to produce hydrogen includes 

electrolysis using electricity from the grid or renewable sources. The hydrogen produced 

from the electrolysis method using electricity from solar or wind is the cleanest form of 

hydrogen, and with the current technological advancement, this technology is becoming 

cheaper and cheaper [23]. 

Germany has ideally two seasons, summer and winter. Each season occupies six 

months approximately. This paper aims to evaluate the financial feasibility of green 

hydrogen production in summer to use for winter electricity production. In the summer 

season, when the electricity generated from the photovoltaic system is much higher than 

the actual energy requirement of the building, the extra electricity generated can be used 

for hydrogen production with the help of the electrolysis method and this hydrogen can 

be stored to use in the winter season for electricity production with the help of fuel cells. 
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An excel tool is created for the evaluation of the system. The results from the excel tool 

are later compared with the simulation results from "HOMER" software for the exact 

configuration of the system. Further, the system will be divided into two parts, i.e., with 

and without battery storage system, to compare and find the best solution. 

Before going further in the topic, it is very important to understand the energy flow in the 

system. There are more than four components in the system, and it is often very 

confusing to understand the exact flow of energy. The first and primary energy source in 

the system is the photovoltaic system. The electricity produced from the photovoltaic 

system travels throughout the system. The order of electricity flow is as shown below; 

going forward if it remains extra after every stage,  

 

 

Figure 2: Flow of electricity from the PV system 

The load first consumes the electricity from the photovoltaic system. If the electricity 

produced at that time is more than what loads require, it will be used for battery system 

charging. It will then be used for the electrolysis process in the electrolyzer if more energy 

is available after the battery charging stage. Lastly, the remaining electricity will be fed 

to the grid if it is still left. In the whole process, there is a certain amount of energy loss 

at every stage of energy conversion, e.g., the energy is converted from electric form to 

chemical while charging the batteries, or it is converted to gaseous form from electric in 

the electrolyzer. Every component has its efficiency, which cannot be changed. This 

energy loss must be considered when deciding the size of other components. The 

following chapters will explain the sizing method and its calculations for all the 

components in the system. 
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6.2. Available data 

The system is planned for a commercial building of approximately 2100 m2 area including 

warehouses and around 1120 m2 office area located in Neuss, a city in North-Rhine 

Westphalia in Germany. The building has two parts, one is a pitched roof facing northeast 

and southwest, and the other part is a flat roof, as seen in the image below. The 

photovoltaic system is installed on a pitched roof parallel to the roof. The system is sized 

much bigger than the actual energy requirement of the building. It is because of the cost-

effectiveness of solar energy and the provision of extra electricity for the electrolysis 

process. 

 

Figure 3: Office building 

The energy requirements are given by the respective authorities of the building, and 

the values are given for a year. The requirement is as follows, 
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Table 4: Energy requirement of the office building 

Annual final energy demand for 

heating 

= 37.4 kWh/m² 

x 1,120m² 

= 41,888 kWh 

Annual final energy demand for 

ventilation and cooling  

= 9.4 kWh/m² x 

1,120m² 

= 10,528 kWh 

Annual final energy demand for 

lighting and auxiliary power 

= 22.9 kWh/m² 

x 1,120m² 

= 25,648 kWh 

Warehouse (lighting/production)   = 15,000 kWh 

(estimated) 

Electromobility   = 100,000 kWh 

(estimated) 

 

The system needs to be sized according to the energy needs of the building so that 

energy generation should not be very less or very high than the requirement. 

Summarizing all the energy demands together, the final energy requirement of the 

building is as shown in the below table, 

 

Table 5: Total energy requirement of the office building 

Living area [m²]  1,120.00    

Number of persons in the building  25.00    

Electricity consumption [kWh / a]  51,199.05    

Heating requirements [kWh / a]  41,888.00    

Electromobility [kWh / a]  100,000.00    

Total energy consumption in KWh / a      193,087.05    
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6.3. Sizing guidelines 

The renewable energy sources such as wind and solar are totally dependent on the 

weather and often fluctuate in power output. Storage systems are broadly accepted as 

the potential solution to filter these fluctuations. It offers advantages like continuous 

power delivery, fast response capability, and geographical independence [24]. But the 

most important thing during the implementation of storage systems is to determine the 

optimum sizing. It is crucial as it determines the balancing between technical 

improvements brought by the storage system and overall extra cost. 

It is also necessary to optimize the other system components like storage systems. 

Proper sizing of the system not only increases system efficiency but also results in a low 

overall cost of energy. The following chapters will discuss some important principles to 

be considered while sizing different system components. 

6.3.1. Photovoltaic system 

 

A photovoltaic system is mainly installed in 4 different ways, first is to use the generated 

electricity for self-consumption and feed the remaining electricity to the grid; the second 

is to feed all the generated electricity to the grid; the third is self-consumption but in off-

grid mode, where the extra generated electricity will be stored in storage systems instead 

of feeding it into the grid; and the fourth is the hybrid mode, where in addition to the 

photovoltaic system, other renewable sources, e.g., wind or biomass are also connected. 

Every way of PV system installation has different sizing requirements to make it more 

beneficial, e.g., in the self-consumption system, if sized higher than the actual 

requirement, most of the produced electricity will go to the grid, which turns out to be 

non-profitable as the cost of energy per unit paid by the grid is often significantly less 

than the actual cost of electricity. Whereas, when the system is sized purely for feeding 

the grid, the higher sizing of the system will be beneficial. 

The PV plant used in this system is sized higher than the actual energy requirement. It 

is because the energy produced from the PV plant is not only self-consumed but also 

used for storage and hydrogen production purposes. In the first phase of the calculation, 

the PV plant size is determined by the available space on the rooftop. As PV is the 

primary energy source in this system, it is necessary to first decide its sizing as per the 

space availability, and later with the help of the designed tool, the optimized size of the 

PV plant can be found. 
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The below image shows the planned installation of the PV plant. 

The system is planned with Suntech STP405S-C54/Umh solar module. The module has 

a power output of 405W. Its dimensions are 1724x1134cx30 mm with a total weight of 

22.1 kg. All the other properties of the module can be seen in the appendix section in the 

attached datasheet. The total system size is 388.8 kWp with 1360 modules (480 facing 

south-west and 480 facing north-east). 

 

 

Figure 4: PV plant overview 

6.3.2. Battery system 

The energy storage system has been in use since the beginning itself. Germany used 

many local energy storages (batteries) in 1930 to stabilize and support the power system, 

specifically during nighttime. The energy storage system was a necessary part of the 

power system at that time as well. It was used for the continuous power supply at night, 

especially to overcome the problems of limited power supply from generators. The 

energy storage at that time comprised about 2% of total installed power (7GW) [25]. 

Energy storage systems are generally used to maintain power stability in case of power 

demand variations due to fluctuations of power flows produced from renewable energy 

sources and the dynamics of the necessary load profiles. [26] Cell voltage and 

impedance are the main factors determining the battery's power capability. The 

impedance of the battery can vary depending upon the current, time of charge/discharge, 

state of charge, and temperature. So it is essential to know the operating temperature, 

operating voltage range, and the duration of usage while sizing the battery system [27]. 
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For sizing the storage system, it is also necessary to evaluate the system on economics 

and power reliability factors [28]. In economic criteria, parameters such as levelized cost 

of energy (LCE), net present cost (NPC), the annualized cost of the system (ACS), 

internal rate of return (IRR), payback period (PBP), etc. are to be considered. Also, as 

the solar and wind systems are highly intermittent, it is important to evaluate the system's 

reliability as well. System reliability assessment will give helpful information about energy 

generation, such as whether it can balance the load demand or not for a given amount 

of time. 

There are many studies available to calculate the sizing of the battery bank. A Chauhan 

in [28] points out many approaches and methodologies reported in the literature. Also, L 

A Wong in [29] depicts some interesting techniques for sizing the optimum battery 

storage systems. One more attractive and easy way of sizing a battery system can be 

seen in [30] by Á A Bayod-Rújula. 

The actual and optimal sizing of the battery system used for the current system will be 

found out later with the help of a comparison between the results from the developed 

excel tool and a simulation software 'Homer'. The battery used in this system is a 48V 

nominal voltage, 3552 Wh capacity lithium-ion battery from BatterX (seen in the below 

image). The different life cycles proposed by the company can also be seen in the below 

graph. The detailed datasheet can be seen in the appendix.  

 

 

Figure 5: Single Battery Module 

(Source: https://www.batterx.io/wp-content/uploads/2018/11/batterX_Batterie-Lifepo-DE.pdf) 
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Figure 6: Battery Life Cycle 

(Source: https://www.batterx.io/wp-content/uploads/2018/11/batterX_Batterie-Lifepo-DE.pdf) 

6.3.3. Electrolyzer system 

O Atlam in [22] gives an electrolyzer sizing methodology depending on the relationship 

of MPP characteristic of a PV module and the I-V curve of the single PEM electrolyzer. 

T Maeda in [31] studies to find the best relationship between the control technique and 

the number of cells on the photovoltaic panel to attain the 0.48 Nm3/h hydrogen 

production rate with a power consumption of 2.25 kWe. J J Caparrós Mancera in [32] 

gives an overview of various studies carried out in the past for design and usage of PEM 

electrolyzers considering the balance of plants. 

The current project is designed with the AEM 2.1 electrolyzer from Enapter (seen in the 

image below). It has a production rate of approx. 0.5Nm3/h, and it consumes 4.8kWh of 

electricity per Nm3 hydrogen produced. Further parameters can be seen in the appendix. 

The total number of stacks required for the system will be find out at the end after 

comparing the results from the Homer simulation and excel tool. 
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Figure 7: Electrolyzer Single Module 

(Source: https://handbook.enapter.com/electrolyser/el40/downloads/Enapter_Datasheet_EL40_EN.pdf) 

6.3.4. Fuel cell system 

The power produced from the fuel cells should be distributed between the energy units 

in such a way that the fuel cell will supply constant average power (which will help in 

increasing the optimum efficiency of the fuel cell) and the storage system will provide the 

necessary peak power and continue to get recharged by fuel cells during the off-peak 

periods [33]. The combination of fuel cells with other storage types comes with many 

advantages. It helps in reducing the required battery power, resulting in longer battery 

life [34]. 

Using the fuel cell as the energy generator, batteries can act as an energy buffer, 

reducing the burden from every component in supplying power demands. This is mainly 

for the applications where load changes (peak power requirement) occur only at certain 

times. In such cases, this approach permits the components of the system to be 

downsized, reducing the overall system cost, and longer operating life cycles, low 

maintenance, and lower physical size, will result in higher system efficiency. 

The fuel cell to be used in this system is PM 400-48 stack module produced by Proton 

Motors (seen in the image below). The module used has an output power range of 2.1-

14.2 kW with an efficiency of about 50%. Further details are available in the appendix. 
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Figure 8: Fuel Cell Single Module 

(Source: https://www.batterx.io/wp-content/uploads/2018/11/batterX_Batterie-Lifepo-DE.pdf) 

6.3.5. Heat pump 

The required heating energy, though mentioned as 41,888 kWh/yr, is the energy in terms 

of heat. The system designed in this paper comprises an electric heat pump which will 

consume energy in terms of electricity and give output in the form of heat. Heat pumps 

usually have an efficiency of more than 300%, e.g., the heat pump used in this system 

can convert 1 kWh electricity into up to 5-6 kWh of heat energy. This conversion factor 

is known as the coefficient of performance (COP). 

The heat pump has to be chosen according to the hourly average heat requirement of 

the building, which in this case is an unknown factor. The only known factor is the total 

heat requirement for one year. A heating degree days (HDD) method is opted to convert 

an initial value into hourly usage. Though the final hourly values are not the exact ones, 

it gives the basic idea about the average hourly heating requirement over the whole year 

and will be used as a basis for heat pump selection. 

The heating degree day is a term used to calibrate the weather component in the user's 

heating load. In simple words, it is commonly used to evaluate the related energy 

consumption of the buildings for heating. Heating degree day is defined as a product of 

how much in degrees and the duration in days where the temperature outside the 

https://www.batterx.io/wp-content/uploads/2018/11/batterX_Batterie-Lifepo-DE.pdf
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building was below a certain level. The certain level mentioned here is known as 'Base 

Temperature', which is the outside temperature below which the building needs heating. 

For example, if the base temperature is considered to be 15.5°C, and the average 

outside temperature on a particular day is 13°C, then the heating degree day of that 

particular day is [35], 

= (15.5 - 13) degree x 1 day 

= 2 degree day 

The base temperature considered here as 15.5°C is taken from the [36]. 

The values used for the heating degree days are calculated with a tool developed by 

'degreedays.net'. The total heating degree days for the given location were calculated to 

be 1983.1 for the year 2021. The daily HDD values can be seen in the developed tool. 

These daily HDD values were later divided into 24 equal parts to get the hourly values. 

Though the final hourly value will not be the exact value, it can be used as an average 

reference value to choose the heat pump. After all the calculations, the average hourly 

heating load was found to be 4.78 kW, and the maximum hourly heating load was found 

to be 19.63 kW. 

After much research, the 'SmartHeat Classic 016 WWi (W10/W35)' (seen in the image 

below) heat pump was finalized for calculation purposes. It offers a COP in the range of 

5.93-6.52 for different ranges of power output between 3.36-16.62 kW. Further details 

are available in the datasheet attached in the appendix. 

The final electric energy required for heating was calculated to be 7448.75 kWh. So, 

the final energy requirement of the building will be, 

Table 6: Final energy consumption of the office building 

Electricity requirements in KWh per year  51,199.05    

Heating requirements (in the form of electricity) [kWh / a]  7448.75    

Electromobility [kWh / a]  100,000.00    

Total energy consumption in KWh / a  158,647.8    
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Figure 9: Heat Pump 

(Source: https://www.smartheat.de/fileadmin/media/downloads/SmartHeat_classic_2017_Auszug.pdf) 

6.4. Calculation process 

To evaluate the total system performance, it is important to observe the individual 

performances of all the components in the system. It can be very easy if a tool could 

calculate and present the final outcomes of the system and all component’s 

performances. This paper also explains the factors necessary while designing such a 

tool. This will help in the final comparison of the green hydrogen system when used with 

or without a battery storage system. It would be very easy and interesting to evaluate 

and compare with the help of actual numbers instead of mere approximations. 

While designing any tool, it is essential to have the reference sizing for every component 

of the system. This helps in going further with the calculations; to be more precise, it 

helps in framing the conditional sets for inserting actual operating parameters of the 

component in the tool. For example, while writing the conditions for the electrolyzer 

system, the electrolyzer must operate only if there is extra electricity from the PV system 

after supplying primary load and battery charging. Having reference values of primary 

load and battery system helps determine the quantity and occurrence of the remaining 

energy. For that purpose, all the components seen in the previous chapters were sized 

on a reference basis (except the PV system), and the optimum sizing will be found at 

the end with the help of the designed tool. The results from the tool will then be compared 

with simulation results from Homer to examine the correctness. 



25 | P a g e  
 

The following chapters will explain the designing process of the tool, which incurs 

multiple steps as follows. 

Step 1: Distribution and classification of load 

As mentioned in previous chapters, the total primary load is divided into three categories: 

electricity demand for complete lighting, heating demand in terms of electricity, and 

electromobility demand for charging electric vehicles. Four types of primary load profiles 

have been created to test the system's optimization with every kind of primary load. The 

first load profile has loads only from the lighting section. The load is distributed on an 

hourly basis over one year. This load profile is obtained from the facility authorities for 

the year 2021. The second load profile is the combination of the first load profile and 

heating demand. The third load profile is the combination of the first load profile and 

electromobility demand, and the fourth load profile is the combination of all the three 

categories. The total load requirement of all the load profiles is as shown in below table, 

Table 7: Four different load profiles for simulation 

LOAD PROFILES   

ONLY LIGHTING (KWH) 51.20 MWh 

LIGHTING AND ELECTROMOBILITY (KWH) 151.199 MWh 

LIGHTING AND HEATING (KWH) 58.65 MWh 

LIGHTING, ELECTROMOBILITY AND HEATING (KWH) 158.65 MWh 

 

It is important to know here that the electromobility load is an estimation based on the 

number of vehicles and their consumption. Also, this load, in particular, is distributed only 

on the working days (as there will be no charging on holidays) in the year from 8 A.M. to 

6 P.M. On the other hand, the heating demand is not distributed only on working days. 

Instead, it is calculated for all the days, as the heater will not be switched ON and OFF 

on a daily basis. 

This distribution of loads makes it easier to find the remaining amount of primary energy 

coming from the PV system, which will be used for the following stages. In the next step, 

the extra energy from the primary source will be used for battery charging (if needed) 

and then supplied to the electrolyzer for hydrogen production. 
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Step 2: Battery system creation 

Designing a battery system is the most critical phase of tool creation. The battery is the 

section which acts as a mediator between all the components in the system. Multiple 

conditions need to be considered for the battery system. 

Condition 1: batteries will always prefer the PV energy in case of the charging phase. If 

it is not available, or not enough, in that case only it will use the energy from fuel cells. 

Condition 2: in case of discharging, energy from the batteries will only be used for 

supplying the primary load. It can never be used as a supply for electrolyzer. 

Condition 3: The battery should supply primary load only if the energy from the PV and 

fuel cell system is insufficient. 

Condition 4: if the PV energy is more than what is needed for battery charging, the 

remaining energy should go to the electrolyzer. 

Condition 5: for every charge/discharge cycle, the fluctuations in the battery state of 

charge should be visible. 

Condition 6: there should be a counter to count the energy supplied and consumed by 

the battery system. 

Condition 7: there should be a counter to count the number of battery cycles. 

 

Figure 10: Battery Bank Supply 
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Step 3: Electrolyzer system 

The electrolyzer keeps the system alive and serves the purpose by producing emission-

free hydrogen, and that too only when there is extra electricity generation from the PV 

plant. While designing an electrolyzer system, it is essential to track PV energy usage. 

The electricity remaining after the primary load supply and battery charging (if necessary) 

should be used for the electrolysis process. The steps included in designing are as 

follows, 

1. keeping track of remaining PV electricity every hour after primary load supply and 

battery charging 

2. usage of extra electricity for electrolysis purpose as per electrolyzer parameters 

3. counting the amount of hydrogen produced every hour 

4. counting the amount of extra electricity going to the grid after electrolysis. 

 

 

Figure 11: PV Energy flow into Electrolyzer 

 

Step 4: Fuel cell system 

Fuel cell working technology is based on the principle of converting the chemical energy 

of hydrogen into electrical energy. As mentioned in previous chapters, it is better for the 

fuel cell system to run without interruption. Therefore, there should be enough supply of 

hydrogen to keep the fuel cell running for the given period. There comes the optimum 

sizing of electrolyzer, hydrogen storage cylinders and fuel cell. Every component 
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depends on each other. If the electrolyzer is sized big without enough hydrogen storage 

cylinders, the system efficiency will reduce drastically, resulting in high overall system 

costs. With the help of this excel tool, it will be easy to find out the optimum sizing of 

every component just by comparing different size combinations and choosing the best 

combination by looking in the results tab, where it shows the overall system efficiency 

and Levelized cost of energy. 

The fuel cell system is planned to operate in the winter season when the PV production 

is comparatively less than in the summer season and requires additional support for 

primary load supply. For the first year (it is considered that the system is already installed 

and starts its operation on the first day of the year), the fuel cell will switch ON two times. 

The first phase will be from January to April, and the second phase will be from October 

to December. Overall, the fuel cell system will run for seven months in the year. 

The fuel cell system is responsible for supporting the PV system in winter times for 

primary load supply. The fuel cells can operate in different output ranges as per their 

technical specifications, e.g., a fuel cell model PM400-48 can operate in the output range 

of 2.1 kW to 14.2 kW (data sheet attached in the appendix). It means it can generate the 

power output in the range of 2.1-14.2 kW as per the load requirements. So, whenever 

there is no power requirement from the fuel cell, it will continue to operate on the lowest 

possible output. As soon as PV energy is insufficient to supply the load, fuel cells will 

increase their production maximum until its specified capacity. In case of extra potential, 

i.e., if the power requirement from the primary load is less than the fuel cell's maximum 

power output range, it can operate at full load with the remaining amount of power for 

battery charging. The flow of energy is as follows,  

 

Figure 12: Fuel Cell Energy Flow 
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The conditions to consider while designing a fuel cell system in the tool can be, 

Condition 1: it should operate only in the specified time period 

Condition 2: the hydrogen consumption per hour should not exceed the given range of 

quantity for a particular fuel cell 

Condition 3: there should be an indicator which shows the point at which hydrogen supply 

to the fuel cell system is stopped 

Condition 4: fuel cell system should operate as per the load requirement and that too 

within the technical specifications given by the manufacturer 

Condition 5: if there is no load on the fuel cell, it should continue to run at its lowest limit, 

and the energy generated will be supplied to the grid 

Condition 6: there should be a counter to count the exact amount of energy generated 

by the fuel cell and the amount of energy supplied to the primary load, battery system 

and grid 

Condition 7: there should be a counter to count the amount of hydrogen consumed. 

6.5. Simulations 

After considering all the conditions mentioned in the previous chapter, an excel program 

is designed to make all the calculations after inserting the component sizes in the input 

fields. The most important thing while designing the final product is that there should be 

a display where the performance of all the system components can be easily seen in one 

pane, making it easier for the user to understand. The simulation results can be seen in 

the following steps. 

Final simulations of the system are performed in the developed excel tool with 

combinations of different system components’ sizing. Some combination results are 

compared with the simulation results from "HOMER". Homer being a paid software, has 

limited access and could be used for some iterations. 

 

Case 1: 

The system is designed to generate the maximum power from the PV source. In the first 

case, the PV system is sized at its maximum possible value, that is 388.8 kWp. The 

PV system is designed and simulated with the "Helioscope" software, which gives the 

annual energy production forecast. The software also provides the annual hourly 
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production forecast, which is used for the excel tool calculations. The sizing for all the 

components to be considered for case 1 are as follows, 

PV System: 388.8 kWp 

Electrolyzer System: 48 kW 

Fuel Cell System: 14.2 kWp 

Battery Storage System: 520 kWh 

Hydrogen Storage Tank: 1000 kg 

The result of the above combination of component sizing is as shown below, 
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Figure 13: Case 1 Result
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As seen in the fig. 12, the final cost of energy (COE) (COE is calculated for the period of 

25 years. It is the ratio of the total expenditure of 25 years to the total electricity produced) 

with this combination of components sizes comes as 0.23 €/kWh. Though the COE looks 

pretty tempting for such a hybrid system, there are many factors to consider before 

coming to a conclusion. The first thing to note is the amount of hydrogen remaining at 

the year-end. The amount is very small, and the fuel cell system needs to run for four 

more months. The second thing is an error in the Fuel cell unit. The cell marked red in 

the fuel cell unit is the 'number of times fuel cell starts in a year'. As the calculation phase 

of the system starts in Jan 2021 and ends in Dec 2021, the fuel cell system should start 

and shut down two times a year because the fuel cell system is designed to run only in 

the winter months (Oct-Apr). But it can be seen that, the fuel cell system is starting six 

times, which means there is a shortage of hydrogen supply at some points in the current 

year. To be specific, the red box at the left bottom shows that the hydrogen tank is getting 

empty in both the phases of fuel cell operation. To rectify this error, the system needs 

sizing changes. 

It is natural to think that if there is a shortage of hydrogen, then there must be less 

hydrogen production by the electrolyzer system, and its size should be increased. The 

results after increasing the electrolyzer size are as shown in fig. 13. 

Even after increasing the electrolyzer size, there is not much improvement in the number 

of fuel cell starts. Also, no significant change in the stored hydrogen quantity can be 

observed at the year-end, and the increase in electrolyzer size has only resulted in an 

increase in final COE. This is because of the system limitation for hydrogen storage. The 

electrolyzer will stop working even if it is supplied with the electricity if the hydrogen tanks 

are full. The only positive result in this case is that the first phase of the fuel cell operation 

has no interruptions. Also, to store more hydrogen in summer, the storage tank has to 

be increased. 
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Figure 14: Case 1.2 

 

7.53 MWh

312.44 MWh 4889 hrs

98.13 MWh 2467.54 kg 30.83 %
14.02 MWh 39.43 MWh

78.38 MWh 22.74 MWh

121.91 MWh 4.00

1.75 MWh

45.23 MWh 123.66 MWh

14.93 MWh
29.92 MWh 31.41 %
29.79 MWh

56.92 Cycles 0.25 €/kWh
1000 kg

0.00 kg
1st phase 1308.17 kg

1528.00 hrs 1159.37 kg

78.38 MWh

2nd phase 1467.91 kg 1000.00 kg 312.44 MWh

158.78 kg
98.13 MWh

0.04 €/kWh
1,594,661.05 € 14.02 MWh

1,942,686.25 €

7810.99 MWh 78.38 MWh

121.91 MWh

Electricity produced in 25 years

Note : for accurate efficiency, set initial amount of H2 to "0"

(Note : for different load profile, change the values in 

column "J", sheet "Battery")

Total Load 158.65 MWh

Electrolyser

Operating hours

Electricity consumed

H2 produced

System Cost & Energy Production

System cost for 1st year

System cost for 25 years

Energy supplied by batteries

No. of Battery Cycles

(Note: FC size and data need to change in FC sheet 

as per the details in datasheet)

Total electricity produced

Hydrogen system efficiency

No. of Starts

Energy Supplied by FC to primary load

PV

Total PV Production
PV energy used directly to supply primary load

PV energy used for battery charging

PV energy used for Electrolyser

Unmet electricity load

PV -> Electrolyser -> Fuel Cell -> Electricity

Fuel Cell

Operating hours
H2 consumed

Extra PV Electricity going to GRID

8561

H2 Tank Size 1000 kg

Battery Bank

Energy consumed by batteries + initial capacity

Initial amount of 

H2
1000 kg

If turns RED, 

tank 

storage has 

reached 0%

A business case study of Green Hydrogen 

production using PV in Germany 

PV Plant Size

Battery Bank Size

Electrolyser Size

Fuel Cell Size

388.8

520

72

14.20

kW

kWh

kW

kW

Input

Excess Electricity to GRID

Heat produced

PV Energy Flow

Total PV Energy

Direct Consumption

Battery Charging

Hydrogen Tank

Initial amount of H2

Amount of H2 at year end

PV COE

Hydrogen used by FC in 1st phase

Hydrogen used by FC in 2nd phase

Hydrogen available before 2nd phase

Hydrogen produced in 2nd phase

Direct PV usage

Cost of Energy (COE)

Energy Supplied by FC to charge batteries

Extra FC Electricity going to GRID

Total Electricity going to GRID

Electrolyser Usage



34 | P a g e  
 

 

Fig. 14 shows the results after increasing hydrogen storage and reducing the electrolyzer value to its previous value of 48 kW. 

 

 

Figure 15: Case 1.3
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The results show a significant improvement in the fuel cell running and even resulted in 

a slight lift in the hydrogen quantity remaining at year-end. But this increase in hydrogen 

storage is still insufficient as the remaining hydrogen at the year-end is inadequate for 

the fuel cell to keep running for the next four months. There is no doubt that in the 

upcoming months, the electrolyzer will also keep generating hydrogen, but due to the 

winter season, there will not be much electricity supply from PV to produce enough 

hydrogen. 

Overall, the final COE and hydrogen quantity at the year-end does not only depends 

upon the electrolyzer and hydrogen storage tanks; it is affected by all the other system 

components as well. So, trying multiple combinations is necessary to find the optimum 

solution. Before going further with the different iterations, it would be good to provide all 

the information to the simulation software HOMER and see what optimum results the 

software gives. These results can later be used to find the optimum solution with the 

developed excel tool. This procedure can help in reducing the number of iterations. 

Case 2: HOMER results 

HOMER software is used to run simulations to find out the best possible system 

combination. The HOMER software is an excellent tool with plenty of options to work 

with. It is therefore essential to feed the necessary information at the correct place. 

Before using the software, it is important to know the software better and use only those 

parts of the software which are required for the project, e.g., for this system, the inputs 

needed for the HOMER will be load profile, PV plant details, battery system details, 

electrolyzer details, fuel cell system details, and hydrogen tank storage sizes. It would 

be possible to explain the usage of HOMER software in detail, but this paper focuses on 

the different system, and HOMER is just a small part of it, so it will not be possible to 

explain the software in detail here, but still, following steps will explain the overall idea. 

The input method for the parameters discussed is as follows, 

1. Load profile: HOMER provides the option to create a new load profile itself in the tool 

or a readymade excel load profile can be uploaded. The current project’s load profile, 

which includes electricity, heating, and e-mobility, is uploaded. 

2. PV System creation: PV system can be created by giving all the details of the plant 

such as solar module manufacturer, inverter manufacturer, inclination and azimuth of the 

modules, location of the solar plant, etc. HOMER also provides an option to upload the 

simulated project from Helioscope. It automatically detects all the information from 

Helioscope and uses it for further calculations. A Helioscope simulation with a 388.8 kWp 

solar power plant is uploaded to the HOMER for this project. 
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3. Battery System: HOMER contains all types of battery storage units. It is therefore easy 

to choose the required battery system, and if the required battery system is not present 

in the software database, a new battery system can also be added. 

4. Electrolyzer: HOMER also gives the solution to add an electrolyzer. The electrolyzer 

can be added with all its properties given in the datasheet by the manufacturer. 

5. Fuel Cell: HOMER does not provide a special option to add a fuel cell system. It can 

be added as a generator operating on hydrogen as a fuel instead of fossil fuels. The 

properties of the fuel cell can then be added as provided by the manufacturer in the 

datasheet. 

6. Hydrogen Storage Tank: Hydrogen storage tank option is also available and can be 

added.  

To find the optimum solution at the end of the simulation, HOMER allows providing 

different sizing and pricing options for every component. It will calculate the number of 

iterations by considering all the possible combinations of the given size and price values. 

It focuses more on the final COE for the best result and provides the results with the best 

COE to evaluate and select. But all the other iterations performed in the background can 

also be accessed if required. After giving multiple sizing options for every component of 

the system, a couple of the best results from the software are as follows, 

Result 1: 

Table 8: HOMER Result 1 

COMPONENT SIZE UNIT COE (€) 

PV SYSTEM 388.8 kWh 

0.30 

BATTERY SYSTEM 67.2 kWh 

ELECTROLYZER 24 kW 

FUEL CELL 14.2 kW 

HYDROGEN STORAGE TANK 1000 kg 
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Result 2: 

Table 9: HOMER Result 2 

COMPONENT SIZE UNIT COE (€) 

PV SYSTEM 388.8 kWh 

0.37 

BATTERY SYSTEM 336 kWh 

ELECTROLYZER 24 kW 

FUEL CELL 14.2 kW 

HYDROGEN STORAGE TANK 1000 kg 

 

Both the results above have only one difference, and that is the battery size. But the 

increase in battery sizing has resulted only in the increase of system COE. The result 

considers the inflation rate of 2% every year. Also, the battery system used while doing 

the simulations in HOMER was a Tesvolt HV-70 lithium-ion battery set consisting of 

14 modules, each of 4.8 kWh. The performance details of the system are shown in the 

image below. 

 

 

Figure 16: Homer Result 1 Summary 
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Figure 17: Homer Result 2 Summary 

The pricing of the system components is as shown in below table, 

 

Table 10: Costs of the system components used in HOMER simulation 

COMPONENT INITIAL COST (€) REPLACEMENT COST (%) 

PV SYSTEM 330480 0 

BATTERY SYSTEM 72000 21213.69 

ELECTROLYZER 85000 40430 

FUEL CELL 42600 38144.61 

HYDROGEN STORAGE TANK 650000 0 

 

It would be nice to check the same system configuration with the excel tool. The 

difference between both tools is the battery manufacturer and its cost, and the excel tool 

does not consider the inflation rate. The prices for all the components used in the system 

are, 
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Table 11: Costs of the system components used in developed excel tool simulation 

COMPONENT INITIAL COST (€) REPLACEMENT COST (%) 

PV SYSTEM 330480 0 

BATTERY SYSTEM 40320 32256 

ELECTROLYZER 85000 68000 

FUEL CELL 42600 34080 

HYDROGEN STORAGE TANK 650000 0 

 

 INITIAL 25 YEARS 

MAINTENANCE COST (€) 3000 75000 

 

Fig. 17 and 18 show the results from the excel tool simulation. 
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Figure 18: Excel Tool Result 1 Summary
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Figure 19: Excel Tool Result 2 Summary
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The COE is calculated as the ratio of total system cost incurred to the amount of 

electricity produced from the PV system over 25 years. While looking at the results, 

though there is not a significant change in COE for both the combinations, it is seen that 

when the battery system size is increased, there is a substantial increase in the 

occurrences of hydrogen tank getting emptied and fuel cell switching ON and OFF, which 

means that according to the excel tool, the second result does not satisfy the system 

requirement. Even after taking a close look at HOMER results, it can be observed that 

the hydrogen tank is getting emptied at the year-end for both the results, which is not 

good according to the requirement. There must be enough hydrogen gas in the gas tank 

at year-end to keep the fuel cell running for the next four winter months. 

The next thing to be noted in HOMER and excel tool results is the difference between 

COE. This difference is mainly due to variable battery system prices and inflation rates. 

In both the systems, whenever the battery storage is sized small, it reaches its maximum 

life cycle in around 15 years and needs to be replaced, but when sized big, it doesn’t 

need replacement. For example, in the excel tool result 1, 201 battery cycles were used 

in a year. For a depth of discharge (DOD) of 90%, as shown in the battery data sheet, it 

offers approximately 3000 cycles. So, the first battery set will reach its maximum life 

cycle in 15 years and has to be replaced. On the other hand, for result 2, the number of 

cycles used were 74, which means it can last long for more than 25 years if used in the 

same manner as the first year. 

To conclude both the results, according to the quantity of hydrogen gas remaining in the 

hydrogen tank, the system is insufficient for the purpose and needs a little change. It 

would be good to try some more combinations and find out the optimum solution. The 

tool can be used distinctively for finding the best results and this paper is just an 

introduction to the tool usage. The final results can therefore be debated. The images in 

the following section will show the results of some more simulations done by using 

different combinations and users can choose the best results at their convenience. While 

trying the various combinations, it is very important to remember that the storage 

systems are usually expensive and should be sized considering the actual requirement 

and its effect on overall COE. 

As many combinations are possible, it would be better to see the pattern while changing 

the sizes of different components. The resultant factor can be set as minimum COE with 

a minimum amount of hydrogen remaining at the end of the first year that can be enough 

for next year's first winter phase (i.e., from January to April). The last best-seen result 

was found with result 1, where everything works well except the hydrogen amount 

remaining at the end of the year. Some of the best combinations can be seen in the next 

chapter to rectify the issue. The PV system size will be kept constant as it is the cheapest 
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energy source for the system. Also, the fuel cell size will be kept constant as it will 

continue to run once it starts till the end of the defined period even if there is no 

requirement for electricity; in that case, if the size of the fuel cell is bigger, high amount 

of hydrogen will be used unnecessarily for the electricity production which will directly go 

to the grid. So, it is always better to keep the fuel cell size at the lowest possible value, 

which is 2.1-14.2 kW in this case. 

6.6. Results 

This chapter will evaluate some of the different combinations tried with the excel tool. 

The below images show the overall summary of the simulations. It is found that the first 

phase of the fuel cell consumes a maximum of 1255.54 kg of hydrogen in the first year. 

Assuming the same scenario for subsequent years, the minimum amount of hydrogen 

remaining in the hydrogen tank at the end of the year should be a minimum of 1255.54 

kg. Also, the fuel cell size is kept constant as explained in the previous chapter. The size 

of other components is varied to see the final outcome. 

It would be a good approach to focus on one component at a time to examine its effects 

on the system and determine its optimum value as per the final COE outcome. To begin 

with, the first component to consider can be taken as 'Electrolyzer'. Electrolyzer size can 

be varied to see its effect on COE. 

Electrolyzer size variation result 1.1 

In this scenario, the electrolyzer size is changed to a minimum value of 12 kW, while all 

the other components were kept constant with the sizing in the previous result. The below 

image shows the final output of the simulation.
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Figure 20: Electrolyzer Size Variation Result 1.1
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As it can be seen in fig. 19, the considered combination does not satisfy any of the 

system’s requirements. The storage tank status at the below left of the image goes red, 

showing that the hydrogen tank is getting emptied during both phases of usage. Because 

of this, the fuel cell restarts multiple times a year, surpassing its permissible value of 2 

times for the first year. The amount of hydrogen at year-end is almost '0', which is 

nowhere close to the estimated minimum amount of 1255.54 kg. Overall, the 

electrolyzer's small size does not help the system run as per the requirements and has 

to be changed. 

Electrolyzer size variation result 1.2 

For the next case, the electrolyzer size is increased with the next multiple of the previous 

minimum value, i.e. (12 x 2), which is equal to 24 kW. 

As seen in the fig. 20, though there is a good improvement in the number of times the 

hydrogen tank gets empty and the number of starts for the fuel cell, the system needs 

an even bigger electrolyzer to match the requirements. But the amount of hydrogen at 

year-end still stays the same. The COE does not have a significant improvement even 

after increasing the electrolyzer size twice its initial value. It has increased only by 0.01 

€. It would be interesting to see the result in the next step after increasing the electrolyzer 

size three times the initial value. 
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Figure 21: Electrolyzer Size Variation Result 1.2
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Electrolyzer size variation result 1.3 

The result, in this case, has some improvements compared to the last two cases. As 

seen in the fig. 21, now the system has enough amount of hydrogen for the first phase 

and the number of fuel cell starts has reduced to 4 times which is not very far from the 

required value of 2 times. Though the amount of hydrogen at the year-end stays the 

same, it can be easily concluded that to increase the amount of stored hydrogen, it is 

necessary to increase the hydrogen storage tank size. The COE again has increased by 

0.01, which is still a good value considering the actual cost of electricity from the grid, 

which is approx. 0.25€/kWh. Also, this case gives the exact amount of hydrogen required 

in the first phase as well. As the first phase has enough hydrogen needed to run the fuel 

cell continuously, the system is running smoothly, giving the maximum amount of 

hydrogen it can consume in the first phase, which is 1255.54 kg. The electrolyzer size 

should be increased as the system’s second phase still does not have enough hydrogen 

to run the fuel cell uninterrupted. 

The results obtained by trying the different sizes of electrolyzer can be seen in fig. 22, 

23 and 24. As it can be seen, even after increasing the electrolyzer size by many times 

the initial size, the quantity of hydrogen available at the year-end is not increasing much. 

It can be easily observed that the amount of hydrogen produced by the electrolyzer in 

the second phase is not enough for the system to store the extra hydrogen. Clearly, there 

is not enough PV energy to supply to the electrolyzer. This means that the hydrogen 

needs to be stored in the summer months when there is a high amount of PV energy. 

For that, the storage tank size must be increased. 

Different sizing options should be tried to determine the optimum sizing of the hydrogen 

storage tank, while the other system component sizes can be kept constant. As seen in 

the previous cases, the electrolyzer size can be kept constant at 36 kW.  
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Figure 22: Electrolyzer Size Variation Result 1.3
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Figure 23: Electrolyzer Size Variation Result 1.4
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Figure 24: Electrolyzer Size Variation Result 1.5 
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Figure 25: Electrolyzer Size Variation Result 1.6
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Hydrogen Tank Size Variation Result 1.7 

The increased size of the hydrogen tank definitely helps the system to run continuously, 

and it increases the hydrogen storage at year-end as well. Fig. 25 shows the 

improvement in the system. Compared to case 1.5, the system has now both phases 

running without interruption and has even started accumulating more hydrogen for next 

year's first phase. As can be seen in the tool, the remaining amount of hydrogen at year-

end is 70.52 kg, which is 1185.02 kg less than the required amount of hydrogen. 

The hydrogen storage capacity needs a huge increase which will also increase the final 

COE. According to the simulation results, the minimum size required for hydrogen 

storage is 2400 kg, which comes with the final COE of 0.323 €/kWh as shown in fig. 26. 
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Figure 26: Hydrogen Tank Size Variation Result 1.7 
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Figure 27: Hydrogen Tank Size Variation Result 1.8
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Battery unit size variation 1.9 

Further variations could be to try changing the battery storage sizing. The battery storage 

consumes 11.88 MWh of PV energy to charge itself. Some amount of this energy can be 

used by an electrolyzer if there is no battery storage unit. As seen in the fig. 27, when 

the battery unit is removed (or in this case, reduced to its minimum value), there are 

significant changes in the system. First, the COE value reduces drastically from 0.323 

€/kWh to 0.231 €/kWh. The difference is huge. Also, the hydrogen consumption of the 

fuel cell for the first phase has reduced to 828.14 kg, which is 427.4 kg less than in the 

last case, which resulted in a smaller hydrogen storage tank size. The hydrogen storage 

tank size required after removing battery storage is 1500 kg, which reduces overall costs. 

Also, the electrolyzer size can be reduced due to less hydrogen requirements. 

The only negative impact of the battery unit removal on the system performance is the 

increase in grid energy usage. With the battery system included, the total electricity 

imported from the grid was 10.08 MWh; without the battery unit, it is 36.25 MWh. But the 

overall COE is still less because the comprehensive COE from the battery system is 

greater than the COE from the grid. But the usage of the battery unit is strictly optional 

and depends upon the critical load. The battery system should be sized as per the critical 

load requirement. So, the system can be designed with or without a battery unit 

depending on the user’s requirements. 

After studying all the above cases, it can be deduced that case 1.9 becomes the optimum 

case result if there is no critical load. In the presence of critical load, the necessary 

battery system should be used with the best possible combination of sizes for other 

system components. The tool can be used with more variations, such as changing the 

PV plant and fuel cell size. Also, the load profile can be changed. All the changes should 

be made as per the requirement, and an optimum solution should be found using the 

different steps used in all the cases seen before. 

The final COE of 0.231 €/kWh is a great value, and one must stay informed that this 

value is without considering any government subsidy on such a huge renewable project. 

If considered, the results will be astonishing. 
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Figure 28: Battery Unit Size Variation Result 1.9
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6.7. Calculating the cost of energy 

To create a future hydrogen energy economy, the amount of sustainable hydrogen 

production needs to be increased widely, which will result in cheap hydrogen production 

[2]. The production costs of hydrogen by using sustainable energy will reduce only if 

there is a huge boost in renewable hydrogen production. The method to calculate the 

Levelized Cost of energy in this business case is used from the [37]. 

The LCE is defined as the ratio of total costs incurred for the system over its lifetime to 

the total energy generated by the system [37]. It can be calculated with the help of 

following expression, 

𝐿𝐶𝐸 =  𝑇𝐴𝐶/𝐸𝑡𝑜𝑡 

where, 

LCE - levelized cost of energy 

TAC - total accrued cost 

Etot - total energy generated. 

Applying this formula to case 1.9, 

𝐿𝐶𝐸 =  1801540.85/7810990 

 =  0.231 €/𝑘𝑊ℎ  
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7. Storage 

Hydrogen storage is one of the most discussed issues affecting the future hydrogen 

economy. The traditional storage systems for hydrogen, both for steady and mobile 

applications, are very complicated because of its low density in both forms as a gas at 

0.09 kg/NAm3 (kilogram per normal cubic meter) and a liquid at 70.9 kg/NAm3 and the 

low boiling point at 20.2 K [2]. Hydrogen is the lightest, simplest and most abundant in 

nature. To store it physically, it is necessary to change its state conditions like 

temperature, pressure, phase, and it can also be stored chemically in various solid and 

liquid compounds such as methane, methanol, alanates, light hydrocarbons, 

borohydrides, carbon nanostructures, metal hydrides [38]. 

The hydrogen can be stored in three forms which are liquid, gaseous and solid-state. 

The most established storage system for hydrogen is the physical storage system which 

uses pressurized hydrogen gas [39]. The physical hydrogen storage methodology is 

primarily based on the compression and cooling or liquefaction of hydrogen and also on 

sorption methods which include mainly adsorption or sorption-like methods such as 

clathrate hydrates, and molecular inclusion of hydrogen on nanostructured carbon. The 

primary method compressed and liquefaction of hydrogen requires its corresponding 

infrastructure, such as cryogenics for liquefaction and a compressor system for 

pressurization [40]. 

The hydrogen storage system used in this study is from Wystrach GmbH. The unit comes 

with a 20 ft. container which can occupy 104 cylinders of 200 or 300 bar pressure which 

is approx. 241 or 312 kg of hydrogen respectively, and all the other components required 

for installation of the system, including cross fabricated side walls for the container, 

making it easier for transportation if necessary or even for stationary purposes. Complete 

assembly costs approx. 180,000 € for 200 bar variant and 200,000 € for 300 bar variant. 

In the calculation tool, a 300-bar variant is used. 

Hydrogen storage can be differentiated in terms of its application. The two types of 

applications are stationary and mobile. Fixed storage methods are used generally at the 

point of on-site generation, storage, and use. Mobile application includes the 

transportation of stored hydrogen at a point of another storage or use, and in vehicles 

[41]. 



59 | P a g e  
 

 

Figure 29: Hydrogen storage applications [41] 

 



60 | P a g e  
 

8. Transportation 

To develop a hydrogen economy, a stable and high-quality hydrogen delivery 

infrastructure is required for transporting the hydrogen from its production point to the 

user, which can be a refuelling station or stationary power facility, etc. [2]. Hydrogen gas 

has low volumetric energy density at standard temperatures and pressures. If compared 

to gasoline, it is over three orders of magnitude lesser. That is why hydrogen needs to 

be stored with high volumetric energy density to make it available for practical use and 

transportation. This requirement makes it expensive and includes higher energy 

requirements for it to be used as an energy carrier. Some of the methods used to improve 

hydrogen's volumetric energy density are transporting it as a compressed gas, as a 

chemical compound, such as metal hydride, or a cryogenic liquid [42]. 

Usually, two types of hydrogen delivery systems are considered; the first is hydrogen 

transmission which can be from a central production plant to a single point of use, and 

the second is hydrogen distribution which is from a central production unit to a distributed 

network of refuelling stations with a city or a region. There are three types of delivery 

modes; 1. Compressed-gas trucks, 2. cryogenic liquid trucks, and 3. compressed gas 

pipelines [42]. 

The characteristics of hydrogen gas transmission technologies can be seen in the table 

12 [43]. 

 

The important factors affecting the hydrogen delivery cost are, 

1. Scale (flow rate of hydrogen into the city): For liquid hydrogen delivery systems, scale 

is very important because liquefiers have strong scale economies. The pipeline system 

is also scale-oriented as pipeline capital cost distribution depends strongly on the scale. 

The scale economies for the compressed gas trucks are mild in nature. 

2. Number of stations: This is mainly related to the extent of pipeline infrastructure 

needed for the connections between stations (higher distances for pipelines can cause 

higher costs). 

3. Distance: It mainly affects the compressed gas trucks and pipeline delivery system. 

Liquid hydrogen delivery is less affected. [44] 
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Table 12: The characteristics of hydrogen gas transmission technologies [43] 

 

 PIPELINE LIQUID 

(ROAD) 

LIQUID 

(SHIP) 

GAS 

TRUCKS 

ADVANTAGES - high 

efficiency 

- large volumes 

- low variable 

cost 

- provides 

storage and 

buffering 

– High 

efficiency 

– Higher 

volumes than 

compressed 

gas 

 

– Very high 

volumes 

– Could allow 

international 

transport 

– Can be 

deployed at 

small 

scales 

DISADVANTAGES - needs high 

volumes of 

hydrogen to 

validate the 

pipeline costs 

- capital 

intensive 

- required 

volume 

increase with 

distance 

– Increases 

road traffic 

– Boil-off 

losses 

– Expense 

and 

inefficiency of 

the 

liquefaction 

process 

– Not feasible 

until large 

supply and 

demand 

exists 

– No 

experience of 

LH2 shipment 

– Boil-off 

losses are 

more 

significant 

than road 

– Energy 

inefficient 

– Small 

deliveries 

per truck 

– Increases 

traffic 

– Can’t 

handle 

large 

capacities 

SUITABLE FOR – Where 

pipeline 

storage is used 

– Large and 

very large 

quantities of 

gas 

– Where liquid 

storage is 

used 

– Large 

quantities of 

gas 

– International 

transport 

– Very large 

quantities of 

gas 

– Small 

distances 

– Small 

quantities 

of gas    

CAPACITY – Up to 100 

000 kg/h (3.9 

GW) 

– Up to 4000 

kg per truck 

– Potentially 

10 million kg 

per shipment 

– Up to 400 

kg 

(delivered) 

per truck 

ENERGY 

REQUIRED 

Pipeline 

compressors 

Transport fuel Transport fuel Transport 

fuel 

EFFICIENCY – 99.2% per 

100 km 

– 99% per 

100 km for 

transport 

– 75% 

efficiency of 

liquefaction 

– fuel use 

unknown 

– boil-off 0.3% 

per day 

– 94% per 

100 km 
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8.1. Advantages and disadvantages of hydrogen as a 

transport fuel 

Hydrogen as a transportation fuel has both advantages as well disadvantages. Some of 

the key advantages and disadvantages are listed below. 

Advantages: 

1. Direct usage of hydrogen as a fuel in the internal combustion engine. It is almost 

similar to the engines used with gasoline. [45] 

2. Hydrogen and ethyl alcohol can be blended together to be used as an alternative 

renewable fuel in a carbureted spark-ignition engine. [46] 

3. Because of its unchanged state (gaseous) even in extreme winters, hydrogen 

engines are very easy to start in winters, even at a temperature as low as -253°C. 

[47] 

4. Hydrogen has a clean combustion product which contains water and a small 

portion of NOx. It is believed that the NOx portion can be reduced with proper 

measurements to the extent as low as 1/200th fraction of diesel engines. [47] 

Some of the drawbacks are mentioned below. 

Drawbacks: 

1. The most significant disadvantage of hydrogen as a transportation fuel is its low 

density which causes the usage of huge on-board storage tanks necessary. [2] 

2. Hydrogen needs four times of volume to store the same amount of energy as 

compared to gasoline. [48] 



63 | P a g e  
 

9. Future scope 

Hydrogen is highly considered to be the next potential cost-efficient fuel for the future 

economy. The consideration is based on the facts that it is [39], 

1. the most abundant element which can be found in the universe (almost more than 

90% of the atoms contain hydrogen) 

2. the lightest element with a molecular weight of 2.106 having the highest energy 

content compared to any other fuel 

3. sustainable 

4. non-toxic 

5. when compared to fossil fuels such as petroleum, natural gas or coal, hydrogen is 

very pleasant to the environment and clean with the water as the only exhaust product 

while converting energy. 

There needs a lot of changes before hydrogen becomes a vital part of day-to-day life, 

e.g., using hydrogen as a fuel source for transportation or as a new energy source. It 

requires more than changing to fuel cell cars. To change even the car type, it needs a 

vast infrastructure of hydrogen refuelling stations, enough hydrogen production plants 

and delivery systems for the supply of hydrogen to these refuelling stations. Also, safe 

hydrogen storage tanks will be needed to store the hydrogen in liquid form and the 

provision to convert it back into a gaseous state for refuelling [23]. 

There should be a considerable growth in hydrogen production using renewable energy, 

which will reduce the production costs and can even be used for electricity production if 

stored in large quantities. According to Renewable Energy Directive in the EU, the 

'EU Hydrogen Strategy' emphasizes on the increased use of hydrogen and addresses 

on how to transform this potential into reality through regulation, investments, market 

creation and research and innovation. 

The commission has planned the phased approach [49], 

• Period: 2020 to 2024, at least 6 GW of renewable hydrogen electrolyzer systems 

installation will be supported, which could produce up to 1 million tonnes of 

renewable hydrogen 

• Period: 2025 to 2030, hydrogen has to be the intrinsic part of the integrated 

energy system, with further improvement in renewable hydrogen electrolyzers to 

at least 40 GW and 10 million tonnes of green hydrogen production 
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• Period: 2030 to 2050, renewable hydrogen technologies should reach maturity 

and be used significantly across all the hard-to-decarbonize sectors. 

To help deliver this strategy, the commission has launched the 'European Clean 

Hydrogen Alliance' with industry leaders, national and regional ministers, civil society, 

and European Investment Bank. The Alliance will work together to build up an investment 

pipeline throughout all the phases to scale up renewable hydrogen production and 

increase and support the demand for clean hydrogen in the EU [49]. 

Looking at Europe's strategic plan towards increasing renewable hydrogen production 

and creating a clean hydrogen economy till 2050, the hydrogen industry can itself feel 

the push. Acting towards these resolutions, a German firm named Fraunhofer ISE in 

Freiburg (south of Germany) has even built a filling station and is operating it. The 

hydrogen used here is produced with the PEM-electrolyzer working with the electricity 

produced from wind and solar power plants. The electrolyzer capacity is 13 kilograms of 

hydrogen per day with a purity of 99.9995%. The filling station is funded by the Federal 

State of Baden-Württemberg. Also, companies like Siemens (8.75 MW), Lhyfe (10 MW), 

HH2E in collaboration with MET Group and many more have started building the green 

hydrogen plants in Germany and around 30 small-scale companies in the Germany are 

using renewable energy to produce hydrogen. 
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10. Conclusion 

As discussed in the business case in this paper, it gives excellent results when the green 

hydrogen plant is implied in SMEs or even industries with mid-ranged electricity 

consumption and enough space for such a plant to install. Though the initial investment 

in such cases looks enormous, it will give significant returns over a period of time. As 

seen in fig. 29, the COE over the period of 25 years, differs significantly when the system 

is used with the batteries. Inclusion of battery storage results into higher hydrogen 

consumption and bigger hydrogen tank and electrolyzer size, which significantly 

contributes to system’s higher costs. 

 

Figure 30: COE Comparison 

As seen in chapter 8, hydrogen storage is the biggest question being studied right now. 

There are different methodologies including liquid and gaseous hydrogen storage 

systems which have their own advantages and disadvantages such as liquid hydrogen 

storage has high costs because the liquefaction process is costly and gaseous storage 

where on one hand offers simplicity in design and use, it also comes with the 

disadvantage of high pressure and big volume requirement. 

The fuel cell has to be chosen with minimal capacity to utilize the hydrogen more 

efficiently, so that the electricity produced from hydrogen is mostly used for load supply 

and less energy should go back to the grid. Also, the fuel cell efficiency can be increased 

even more by utilizing the waste heat in the process. The waste heat can be used with 

the help of CHP for heat supply in the building reducing the heat pump size requirement. 

388.8
1 24 14.2

1500

388.8 336
36 14.2

2400

388.8 500
36 14.2

2500

P
V

 P
la

n
t 

Si
ze

B
a

tt
e

ry
 B

a
n

k 
Si

ze

E
le

ct
ro

ly
ze

r 
Si

ze

Fu
e

l 
C

e
ll

 S
iz

e

H
2

 T
a

n
k 

Si
ze

P
V

 P
la

n
t 

Si
ze

B
a

tt
e

ry
 B

a
n

k 
Si

ze

E
le

ct
ro

ly
ze

r 
Si

ze

Fu
e

l 
C

e
ll

 S
iz

e

H
2

 T
a

n
k 

Si
ze

P
V

 P
la

n
t 

Si
ze

B
a

tt
e

ry
 B

a
n

k 
Si

ze

E
le

ct
ro

ly
ze

r 
Si

ze

Fu
e

l 
C

e
ll

 S
iz

e

H
2

 T
a

n
k 

Si
ze

0.23 0.32 0.34

COE 1 COE 2 COE 3

COE COMPARISON 



66 | P a g e  
 

The most important factor in the whole system is PV plant. As it can be seen in the tool 

results, the electricity generated from PV plant is the cheapest source of energy and the 

bigger the PV plant is, the smaller will be the COE. 

Overall, the important factor in heading towards a hydrogen economy is to focus more 

on renewable hydrogen production and its transport and storage infrastructure. The more 

significant the investment and approach, the renewable hydrogen becomes cheaper, 

making it the preferable alternative over other fuels. 

As the globe is moving towards sustainable and clean alternatives to tackle the energy 

crisis and reduce the impact on the environment due to carbon emissions, green 

hydrogen is the perfect solution to this. Green hydrogen, a carbon-neutral fuel, is a step 

closer to a sustainable future. 
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12. Appendix 

12.1. Battery Datasheet 

(Source: https://www.batterx.io/wp-content/uploads/2018/11/batterX_Batterie-Lifepo-DE.pdf) 

 

 

Figure 31: Battery datasheet 
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12.2. UPS Datasheet 

(Source: http://www.batterx.io/wp-content/uploads/2019/05/batterx-Business-Series-EN.pdf) 

 

Figure 32: UPS datasheet 
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12.3. Electrolyzer Datasheet 

(Source: https://handbook.enapter.com/electrolyser/el40/downloads/Enapter_Datasheet_EL40_EN.pdf 

 

Figure 33: Electrolyzer datasheet 
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12.4. Fuel Cell Datasheet 

(Source: https://www.batterx.io/wp-content/uploads/2018/11/batterX_Batterie-Lifepo-DE.pdf) 

 

Figure 34: Fuel cell datasheet 
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12.5. Heat Pump Datasheet 

(Source: https://www.smartheat.de/fileadmin/media/downloads/SmartHeat_classic_2017_Auszug.pdf) 
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12.6. Solar Module Datasheet 

(Source: https://de.suntech-power.com/wp-content/uploads/download/product-
specification/DE_Ultra_V_mini_STP410S_C54_Umh.pdf) 

 

Figure 35: Solar module datasheet 
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12.7. Helioscope Simulation Results 

 

Figure 36: Helioscope simulation results 
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12.8. Hydrogen Storage Tank Datasheet 

(Source: Wystrach GmbH) 

 

Figure 37: Hydrogen tank datasheet 

 

 


