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Purpose: The research goal of the work is to determine the levels of profitability of hydrogen 

cells and their impact on the environment. The authors of the article answer the question under 

what boundary conditions there is an economic justification for the use of hydrogen cells in 

various branches of the economy while respecting environmental regulations and standardizing 

energy production by the principles of a sustainable economy. 

Design/methodology/approach: The research was carried out using economic measurement 

model methods. These methods allowed the authors to calculate the market value of the 

investment with the assumed boundary criteria and to determine the economic effectiveness of 

the analyzed research problem. Additionally, the authors analyzed the problems of the 

widespread use of hydrogen in terms of its storage in technical, technological and economic 

terms. 

Findings: Research has shown that it is possible to obtain up to 7% by weight. hydrogen 

relative to the mass of the metal. Carbon nanofibers may become the material of the future for 

making hydrogen tanks. The use of fuel cells brings many benefits: simple structure and 

operation, neutral impact on the environment, and low noise level. Moreover, hydrogen fuel 

cell technology allows for efficient operation for a long time and the possibility of high 

momentary overloads, which allows for considerable scalability and wide application with 

economic justification. 

Practical implications: The presented models have shown that the project of their 

implementation is fully economically justified and will allow investors to make a rational 

investment decision.  

Originality/value: The original contribution of this work is the implication of the data on real 

research models. This data allowed the authors to make calculations and indicate directions of 

improvement for the construction of innovative hydrogen cell solutions as part of the 

standardization of regulations on renewable energy sources in various sectors of the economy. 
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1. Introduction 

With the development of civilization and its accompanying technologies, the demand for 

energy increases. For decades, humanity has not thought about the size of deposits of natural 

raw materials from which energy is mainly obtained. Over the last few years, attention has been 

drawn to the possible problem of depletion of fossil fuel deposits. Government institutions and 

companies from the fuel and energy sector have started looking for a new energy source.  

This is not the only problem that exists. As deposits are depleted, the price of raw materials 

gradually increases, which translates into an increase in the price of final products. There may 

be concerns about a situation in which the population will not be able to use energy due to  

a lack of access to natural resources or for financial reasons. One of the most likely solutions is 

the introduction of hydrogen cell technology, which would replace current energy sources.  

This is due to its universality the occurrence of hydrogen in nature, which serves as fuel in 

hydrogen cells. This technology can be used in all segments that require power. Hydrogen cells 

are most widely used in the drive system of vehicles. The size of available cell types allows the 

technology to be tailored to the required application in such a way as to ensure the highest 

possible system efficiency. The first step to introducing hydrogen cell technology will be to 

find solutions for many technological and economic reasons. 

The work aims to present the power supply possibilities offered by hydrogen cell 

technology and the ecological and economic feasibility of its implementation and use. 

The article presents the reasons for searching for new energy sources and describes in detail 

the properties of hydrogen, methods of its acquisition and possibilities of its storage and 

transport. The research part determined the impact of the use of hydrogen in various 

applications on the environment and the economic benefits resulting from the use of the new 

power source. 

2. Review of the Research Problem 

2.1. The essence of the research problem 

Hydrogen is already widely called the "fuel of the future" and may be one of the alternatives 

to replacing fossil fuels. Hydrogen is an important industrial raw material, mainly used in the 

petrochemical and refining industries, and is also used in the synthesis of many products 

important for the economy and for the production of methanol, ammonia, urea, hydrochloric 

acid, ethers, and higher alcohols (Folentarska et al., 2016). Hydrogen is not a primary energy 

source but can be used, like electricity, as an exchange method to obtain energy where it is 

required. As a renewable and emission-free energy source, hydrogen can find many portable 



Impact of hydrogen cells… 307 

and stationary applications. As an energy carrier, hydrogen can increase energy diversification 

and security by reducing our dependence on hydrocarbon-based fuels. Hydrogen is different 

from other energy sources. Together with electricity, they complement each other and one can 

be transformed into the other. Together with energy electricity are complementary and one can 

be transformed into the other (Bioenergy International, 2020). It can be perceived as an energy 

source whose quality does not depend on the method in which it is produced or the source from 

which it comes. Hydrogen molecules produced during water electrolysis are identical to those 

produced from plant biomass, paper, coal gasification or natural gas. It is the basic chemical 

substrate in the production of gasoline, fuel oil, lubricants, fertilizers, plastics, paints, detergents 

and pharmaceutical products. Moreover, it is an excellent metal refining agent and an important 

preservative. 

Hydrogen has the best energy-to-mass ratio, which is the justification for using it as a fuel 

in space vehicles. An important factor for assessing fuel quality is the fuel energy density, which 

provides information about the packing density of hydrogen atoms in the fuel. As the number 

of carbon atoms contained in a fuel molecule increases, the energy density decreases and, 

conversely, as the number of hydrogen atoms increases, the energy density increases. Based on 

these relationships, the superiority of hydrogen as a fuel over currently used fuels can be 

demonstrated. For example, a 500 dm3 tank containing 408 kg of diesel oil will contain the same 

amount of energy as a tank containing 8000 dm3 of hydrogen at a pressure of 25 MPa (Collins, 

2020). This means 16 times greater tank capacity with a hydrogen content of 150 kg. In the case 

of liquid hydrogen, the same amount of diesel oil will be equal to a hydrogen tank with  

a capacity of 2100 dm3, which in this case gives 4.2 times greater capacity (Ouyang et al., 2018). 

Hydrogen can be obtained from many sources because it occurs almost everywhere, from 

biological tissues and DNA to crude oil, gasoline, paper and water. Moreover, it can be 

produced in nuclear, solar, wind, hydroelectric power plants, thermal power plants or from 

plants (Li et al., 2019). What remains is to develop cost-competitive, efficient and fast methods 

of production, transport and storage. Currently, hydrogen is produced in the world from natural 

raw materials in the following percentages: natural gas - 48%, crude oil - 30%, coal - 18%,  

and water electrolysis - 4% (Niekurzak, 2021). Hydrogen is obtained through steam reforming 

of methane, gudron gasification, coal gasification and water electrolysis. The selected form of 

hydrogen storage must be appropriately matched to its applications. Table 1 shows an example 

of storing the amount of hydrogen (depending on its state) and methane, methanol and ethanol. 
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Table 1.  

Energy value and density for various types of hydrogen, methane and biofuel 

Form of storage Energy value Density 

kJ/kg MJ/dm3 kg/dm3 

Hydrogen (gas approx. 0.1 MPa) 120 000 0.001 0.00009 

Hydrogen (gas approx. 20 MPa) 120 000 1.9 0.015 

Hydrogen (gas approx. 30 MPa) 120 000 2.7 0.022 

Hydrogen (liquid) 120 000 8.7 0.072 

Methane (gas approx. 0.1 MPa) 56 000 0.0374 0.0007 

Methanol 21 000 17 0.0008 

Ethanol 28 000 22 0.0008 

Source: own based (Sørensen and Spazzafumo, 2018). 

Many commercially available technologies are used to store hydrogen. The most popular 

method is the use of high-pressure tanks available in various sizes and used in various pressure 

ranges. One such solution is large underground storage facilities, where hydrogen can be stored 

underground in caves, aquifers and spaces left after oil and gas extraction. In most cases, 

hydrogen is stored in pressure vessels. Currently, the best solution is ultra-light composite 

materials that can withstand pressures above 20 bar (Rogala, 2022). Additionally, hydrogen can 

be stored in liquid form in tanks. The technology of producing hydrogen in liquid form requires 

large energy inputs. The compressed hydrogen must be cooled to a very low temperature  

(20.28 K, -423.17 °F/−252.87 °C) (Sánchez, 2021). The main advantage of storing hydrogen in 

liquid form instead of gas is that it takes up much less space. When hydrogen is converted into 

a liquid state, it can be stored in special thermal high-pressure tanks. Hydrogen can also be 

stored as metal hydrides at moderate temperatures and pressures, which favours this technology 

over storing hydrogen as compressed or liquid gas. Therefore, storage in the form of metal 

hydrides is a good solution in vehicle construction. Research is still ongoing to find more 

efficient methods of storing hydrogen. One of the modern methods is to store hydrogen in 

carbon nanotubes (Sørensen, Spazzafumo, 2018). Carbon nanotubes are unique structures with 

amazing electrical and mechanical properties. One possibility is to create a super-strong 

composite material made from carbon nanotubes and polymers, which could be used in all kinds 

of new engineering structures (He et al., 2015). This would enable the construction of a tank 

that would withstand very high temperatures the pressure of stored hydrogen, used as fuel in 

fuel cells, the creation of super-bulletproof vests and indestructible clothing, and the 

construction of much more durable spacecraft. 

2.2. Energy and climate strategies and hydrogen energy 

Hydrogen is one of the pillars of the EU Green Deal, paving the way to a climate-neutral 

economy by 2050 by eliminating fossil fuels from transport, but also from industries that are 

difficult to decarbonize, such as the steel and chemical industries (Hauenstein et al., 2020).  

In July 2020, a document titled "Building a hydrogen economy for a climate-neutral Europe", 

is a working version of the EU strategy. The European Commission announced that it will take 

action to ensure that hydrogen constitutes 12-14% of the Community's energy mix by 2050. 
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Currently, the main source of hydrogen in the world is a process called "natural gas steam 

reforming" (Graetz et al., 2017). However, the accompanying carbon dioxide emissions are 

slightly lower than in the case of an internal combustion engine. Therefore, hydrogen obtained 

this way is commonly called "grey". A slightly less environmentally harmful method, because 

it uses CO2 sequestration technology (capture and storage), is methane pyrolysis. Natural gas 

(hence the name: ("blue" hydrogen) is heated to high temperatures to separate hydrogen from 

carbon, which becomes solid and can be further used as a raw material. However, the real 

alternative to "grey" hydrogen is "green" hydrogen, obtained from surplus electricity from 

renewable sources and subjected to the electrolysis of water, i.e. decomposition into hydrogen 

and oxygen (Wang et al., 2019). Connecting wind turbines/solar panels to electrolyzers that 

split water into primary components would allow energy to be stored when there is excess 

production from renewable energy sources. 

The European Commission is focusing on the development of "green" hydrogen, which is 

still rare while allowing low-emission "blue" hydrogen (the emissions associated with it are 

eliminated using carbon capture and storage technology) and completely rejecting "grey" 

hydrogen. The authors of the EU hydrogen strategy made an optimistic assumption that 

approximately half of the current hydrogen production from fossil fuels can be converted into 

low-emission ("blue" hydrogen) (Meyer, 2021). The European Greens claim that these 

estimates are inflated due to the dictates of the gas lobby. In their opinion, this lobby influences 

the climate commissioner and vice-president of the European Commission, Franz 

Timmermans. The International Association of Oil and Gas Producers (IOGP) warns that the 

EU hydrogen strategy will be doomed to failure if it focuses solely on the production of 

hydrogen from renewable energy sources, ignoring other low-emission sources, such as nuclear 

and methane pyrolysis. 

One of the conditions for the success of the hydrogen revolution is to reduce the price of 

gas to 1-2 euros per kilogram (1 kg of hydrogen allows you to travel approximately 100 km) 

(Niekurzak et al., 2022). Brussels wants to achieve this goal by increasing the density of the 

electrolyzer network throughout the Community and increasing the installed capacity to at least 

40 GW over the next decade. The amount of investment in electrolysers is expected to amount 

to EUR 13-15 billion over the next 10 years (Jaworski et al., 2019). Additionally,  

EUR 50-150 billion is needed to invest in wind and solar energy for hydrogen production.  

In turn, the EU will spend EUR 120-130 billion on hydrogen transport, storage and refuelling 

stations (Mikulik, Niekurzak, 2023). The existing natural gas and LNG infrastructure will be 

reviewed to expand its application spectrum to include hydrogen to optimize costs.  

The total volume of investments in building adequate hydrogen production capacity by 2050 

may amount to nearly EUR 0.5 trillion (Takach et al., 2022). 

It is estimated that by 2050, renewable energy sources could constitute a significant part of 

the European energy mix, in which the share of hydrogen could increase to 20%, in particular 

in terms of its use in transport and industry (Hydrogen Strategy…). According to sources from 
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the bodies of the European Parliament (Directorate-General for Communication) (Hydrogen 

Strategy...), the European Parliament currently expects, in addition to "encouragement to 

stimulate demand and the creation of a European hydrogen market and the rapid 

implementation of hydrogen infrastructure", also a certification system for all imports 

hydrogen, as well as "assessing the possibility of changing the purpose of existing gas pipelines 

for the transport and underground storage of hydrogen". In recent years, the role of hydrogen 

in energy policy has been increasing (Nguyen et al., 2020) and (Starobrat, 2020) and 

(Ministerstwo Klimatu i Środowiska, 2019). As in Poland, we are responsible for the production 

of approximately one megaton of hydrogen per year, which constitutes 14% of hydrogen 

demand in Europe. 

2.3. General characteristics of fuel cells 

A fuel cell uses the chemical energy of hydrogen or other fuels to produce electricity 

cleanly and efficiently. If the fuel is hydrogen, the only reaction products are electricity, water 

and heat (Romański, 2007). Fuel cells are unique in the variety of their potential applications, 

they can use a wide range of fuels and raw materials, and supply energy to systems as large as 

a municipal power plant and as small as a laptop. Hydrogen fuel cells can be used in a wide 

range of applications, providing power for applications in many sectors, including transport, 

industrial buildings, commercial buildings, residential buildings and long-term grid energy 

storage in reversible systems (Hemme, Van Berk, 2018). Hydrogen cells have several 

advantages over conventional fossil fuel technologies currently used in many power plants and 

vehicles. Fuel cells can operate at higher efficiency than internal combustion engines and 

convert energy chemicals in the fuel directly into electricity with an efficiency exceeding 60% 

(Castilla-Martinez et al., 2020). Fuel cells have lower or zero emissions compared to internal 

combustion engines. Hydrogen fuel cells only emit water, which addresses critical climate 

challenges because there are no carbon dioxide emissions. No air pollution causes smog and 

health problems at the place of operation. Cells are used to build batteries for portable devices, 

low- and medium-power generators, and stationary power plants. They are also widely used in 

transport, both in passenger cars and in public transport (Boateng, Chen, 2020). They are also 

expected to be used in heavy, air and sea transport. Which car drive will be the most effective 

and at the same time the cheapest? Battery or fuel cell using hydrogen? We can be sure of one 

thing - the drive of the future will be a vehicle with the most... lower emissions. The need to 

reduce dependence on fossil fuels and reduce CO2 emissions has become an impulse to search 

for new energy sources and develop electromobility (use of electric vehicles, i.e. EV) 

(Wijayanta et al., 2019). 

In fuel cells, the chemical energy of the fuel is directly converted into electrical energy. 

This type of conversion is an important advantage of cells because the efficiency of converting 

one form of energy into another is not subject to the limitations resulting from the theory of 

heat engines. Therefore, it is possible to achieve efficiency exceeding the efficiency of heat 
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conversion into mechanical energy at the currently controlled temperatures of heat supply to 

the circuit in which the heat engine (steam or gas turbine) operates. In the energy industry, fuel 

cells are considered to be used in small and medium-power units, including as distributed 

sources of heat and electricity (Wan et al., 2019). There are many criteria for classifying fuel 

cells. The basic division includes links for the direct use of a given fuel and the indirect use of 

its conversion (reforming) (Surygała, 2008). A typical representative of the first group is a cell 

powered by hydrogen and oxygen. The cell to which methane or biogas is supplied and oxidizer 

belongs to the second type of cell. An important division criterion here is the cell operating 

temperaturę (Niekurzak, Kubińska-Jabcoń, 2021). The application possibilities of hydrogen 

cells are very wide and promising. Depending on the type of application, the type of cell that 

will be best suited to perform the desired function changes (Han et al., 2008). The powers 

required by the market in which the cell will be used affect both its type and the costs of the 

entire installation. Therefore, this determines the purpose of different types of cells for different 

sectors. This division is presented in (Figure 1).  

 

PEMFC – proton cell with replaceable polymer membrane. 

SOFC – solid oxide cel. 

MCFC – ogniwo ze stopionymi węglanami. 

PAFC – ogniwo z kwasem fosforowym jako elektrolit. 

SOFC-GT – solid oxide cell with gas turbine. 

Figure 1. Market sectors for fuel cells. 

Source: own. 

The basic idea of using hydrogen cells is to use them to power passenger cars, buses and 

trucks, ships, trains and planes. In addition, they are used as stationary energy generators, 

integrated home systems to power portable devices or hydrogen highways. 
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3. Materials and Methods 

3.1. Efficiency of hydrogen cells 

The thermal efficiency of an energy conversion device is defined as the ratio of the amount 

of useful energy produced to the change in chemical energy contained in the fuel, called thermal 

energy. Useful energy is obtained during the reaction of fuel and oxygen, it is also called non-

volume work. This relationship is given by the formula: 

η =
useful work

ΔH
  (1) 

where: 

Δ𝐻 - the total caloric value of the reaction (including combustion reaction), 

𝜂 - thermal efficiency of the device. 

 

Typically, chemical energy from fuel is first converted into heat, which is then converted 

into mechanical energy, which in turn can be converted into electrical energy. A heat engine is 

used to convert thermal energy into mechanical energy (Brückner, et al., 2014). In a fuel cell, 

chemical energy is directly converted into electrical energy. 

∆G = ∆H − T∆S  (2) 

where: 

∆𝐺 – the maximum amount of work that can be obtained during a chemical change, 

Δ𝐻 - the total caloric value of the reaction (including combustion reaction). 

 

It follows that the theoretical efficiency of the reaction (assuming its ideal conditions) is 

determined by the relationship: 

η =
∆G

∆H
=

∆H−T∆S

∆H
  (3) 

In the case of chemical reactions, as in thermodynamic processes, the maximum work of 

an isothermal-isobaric reaction can be considered, which is determined by the relationship: 

Lmax
′ =  G1 − G2 = nFE  (4) 

where:  

𝐿𝑚𝑎𝑥
′  – maximum work of the isothermal-isobaric reaction, 

𝐺1 − 𝐺2 – free enthalpy change, 

𝑛 – number of electrons transferred during the reaction, 

𝐹 – Faraday's constant (determines the number of units of electric charge - coulombs -  

per 1 mol of reaction),  

𝐸 – is the electromotive force of the cell. 
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The most commonly used fuel cell efficiency is based on the change in the free enthalpy 

of the reaction that occurs in the cell: 

H2 +
1

2
O2 = H2O  (5) 

resulting from: 

∆Gr
° = GH2O(ℓ)

° − GH2

° −
1

2
GO2

°   (6) 

in which water is created in the form of liquid. Under standard conditions of 298 K and  

a pressure of 0.1 MPa, the chemical energy for the hydrogen/oxygen reaction is 285.8 kJ/mol, 

while the achieved free work energy for useful energy is 237.1 kJ/mol (Fellay et al., 2008). 

Based on this, it follows that the thermal efficiency for an ideal cell operating in a reversible 

process on pure hydrogen and smouldering under normal conditions would be: 

ηideal =
237,1

285,8
= 0,83  (7) 

The efficiency of currently existing fuel cells is defined as the ratio of voltages in real and 

ideal states. For a fuel cell using the reversible conversion of hydrogen and oxygen at a pressure 

of 0.1 MPa, the ideal voltage at a temperature of 298 K is 1.229 V. The thermodynamic 

efficiency of a fuel cell operating at voltage 𝑉𝑟𝑒𝑎𝑙, based on the higher calorific value of 

hydrogen, is described by the relationship: 

𝜂 = 0,83 ×
𝑉𝑟𝑒𝑎𝑙

𝑉𝑖𝑑𝑒𝑎𝑙
= 0,83 ×

𝑉𝑟𝑒𝑎𝑙

1,229
= 0,675 × 𝑉𝑟𝑒𝑎𝑙  (8) 

The efficiency of a fuel cell is determined by the voltage, which in turn corresponds to the 

current density. The cell can operate at different current density values, which are expressed  

as 
𝑚𝐴

𝑐𝑚2. As the current density decreases, the cell voltage and its efficiency increase. However, 

to maintain the same power of the cell while reducing the density, its active surface must be 

increased (Wang et al., 2020) and (Yildirim, Farha, 2018). This means an increase in investment 

capital along with an increase in efficiency and a decrease in operating costs. 

3.2. Losses occurring in the fuel cell 

Fuel cell performance is lower than its ideal potential. This is caused by irreversible losses, 

which are presented in (Figure 2). These losses are often referred to as polarization, 

overpotential and overvoltage. 
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Figure 2. Ideal and actual fuel cell voltage. 

Source: own.  

The sources of losses are: 

 activation polarity, 

 ohm polarization, 

 concentration polarization. 

Activation losses result from the activation energy of electrochemical reactions at the 

electrodes. It depends on the speed at which these reactions occur. The following factors 

contribute to the activation polarization: the process of reactant absorption, electron transfer 

and the type of electrode Surface (Xiao et al., 2020). Ohmic losses are caused by the resistance 

to the flow of ions in the electrolyte and electrodes. They are proportional to the current density 

and depend on the selected material, slope geometry and temperature. Concentration 

polarization is caused by the slow occurrence of electrochemical reactions resulting from the 

conditions of diffusion of reactants through the electrolyte. It is strongly influenced by current 

density, reactant activity and electrode structure. 

3.3. Properties of fuel cells 

Table 2 presents the reactions occurring in fuel cells depending on their type. 

Table 2.  

Electrochemical reactions in fuel cells 

Cell type Anodic reactions Cathodic reactions 

PEMFC H2 → 2H+ + 2e- ½ O2 + 2H+ + 2e- → H2O 

AFC H2 + 2OH- → 2H2O + 2e- ½ O2 + H2O + 2e- → 2OH- 

PAFC H2 → 2H+ + 2e- ½ O2 + 2H+ + 2e- → H2O 

MCFC H2 + 𝐶𝑂3
2− → H2O + CO2 + 2e- ½ O2 + CO2 + 2e- → 𝐶𝑂3

2− 

SOFC H2 + O2- → H2O + 2e- ½ O2 + 2e- → O2- 

  CO + O2- → CO2 + 2e-   

  CH4 + 4O2- → 2H2O + CO2 + 8e-   

Source: own based (Sørensen, Spazzafumo, 2018). 

A summary of the operating conditions of individual fuel cells is presented in Table 3. 
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Table 3.  

Basic operating conditions of fuel cells 
Conditions 

work 

Cell type 

PEMFC AFC PAFC MCFC SOFC 

Electrolyte 

perfluoro sulfonic acid 

(ion exchange 

membrane) 

KOH solution 

in the matrix 

concentrated 

H3PO4 

in the matrix 

molten Li and K 

carbonates 

ceramic ZrO2 

yttrium stabilized 

Working 

temperature 
353 K 338-493 K 478 K 923 K 873-1273 K 

Load carrier H+ OH- H+ 𝐶𝑂3
2− O2- 

Catalyst Pt Pt Pt Ni perovskite 

Possible 

fuels 
H2, CH3OH H2 H2 

H2, CO, 

hydrocarbons 

H2, CO, 

hydrocarbons 

Reformer external external external internal internal 

The role of 

gases: 
     

CO poison > 50 ppm poison poison > 0,5% fuel fuel 

CH4 thinner poison thinner fuel fuel 

CO2 i H2O thinner poison thinner thinner thinner 

H2S i COS poison poison poison > 50 ppm poison > 0,5 ppm poison > 1,0 ppm 

Source: own based (Sørensen, Spazzafumo, 2018). 

Due to the low-temperature operation of PEMFC, AFC, and PAFC cells and the use of 

highly active platinum catalysts, the use of pure hydrogen and oxygen raw materials is required 

to obtain satisfactory efficiency. In the case of high-temperature MCFC and SOFC cells,  

due to the high operating temperature, platinum catalysts are not required, which allows the use 

of H2, CH4 (methane), CO and heavier hydrocarbons as fuel. However, they are sensitive to 

the presence of sulfur compounds H2S and COS in the fuel. Table 4 shows the operational 

advantages of fuel cells (Lhuillier et al., 2020). 

Tabela 4.  

Usable advantages of fuel cells 

Fuel 

Type 

Electrical 

efficiency, 

% 

Power 

density, 

MW/cm2 

Power 

range, 

kW 

Application 
Advantageous 

features 
Unfavorable features 

PEMFC 40-50 300-1000 
0.001-

1000 

- transport, 

- electricity 

generation, 

- power supplies 

- low operating 

temperature, 

- fast start, 

- no corrosion 

- expensive catalytic 

converter, 

- high sensitivity to 

poisons 

AFC 50 150-400 1-100 

- space research, 

- army 

- fast start, 

- high efficiency 

- expensive catalytic 

converter, 

- sensitivity to poisons 

PAFC 40 150-300 50-1000 

- transport, 

- electricity 

production 

- cogeneration 

efficiency up to 85%, 

- resistance to poisons 

present in H2  

- necessary catalyst Pt, 

- low-efficiency 

electric, 

- large mass and 

volume 

MCFC 45-55 100-300 
100-

100000 

- electricity 

production, 

- heat production 

- high efficiency, 

- fuel flexibility, 

- catalyst flexibility 

- high corrosiveness, 

- high failure rate, 

- expensive materials 

SOFC 50-60 250-350 
100-

100000 

- electricity 

production, 

- heat production 

- high efficiency, 

- fuel flexibility, 

- catalyst flexibility 

- expensive high-

temperature materials, 

- difficulties with seals 

Source: own based (Sørensen, Spazzafumo, 2018). 
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Despite great efforts put into the development of fuel cell technology, as a source of clean 

energy production, this technology is only in the initial stage of development.  

For this technology to enter everyday life, there must be an improvement in the strength and 

reliability of materials, a reduction in the size and weight of devices, an improvement in water 

and heat management and a reduction in the costs of energy obtained (Assfour et al., 2010). 

Engines using fuel cells should demonstrate reliability and durability at the level of currently 

produced internal combustion engines, i.e. approximately 5000 hours (300,000 km) of 

operation, and the operating temperature should be 313-353 K (Dorociak, Tomecki, 2019).  

As for stationary systems, their reliability should exceed 40,000 hours, and the operating 

temperature is in the range of 238-313 K. 

4. Results and discussion 

4.1. The impact of hydrogen cell technology on the environment 

A very big challenge for any new technology that is to be widely commercially used is to 

demonstrate its benefits. They must be significant enough to outweigh the disadvantages 

associated with newer technology, e.g. higher costs than currently used technologies.  

In the case of hydrogen cells, the arguments in favour of them are the benefits of a direct, 

positive impact on the environment and the quality of people's lives. "Environmental" factors 

include such aspects as air, water, soil and fauna and flora pollution, noise level, and impact on 

the landscape. All these factors must be considered on both a global and local scale, including 

the impact on the climate through greenhouse gas emissions or substances that deplete the ozone 

layer. Additionally, there are factors determining the impact of technology on human life,  

its safety and the level of satisfaction needs. As part of the research, three vehicles were 

compared and their utility values were compared depending on the drive used. The comparison 

participants included a Toyota Camry powered by a gasoline engine, a VW Lupo 3L equipped 

with a diesel engine and a Daimler Chrysler "f-cell" powered by hydrogen cells. These vehicles 

differed significantly in their construction, as shown in (Figure 3), which shows the masses of 

individual vehicle elements. It is worth noting that Daimler Chrysler and VW Lupo were 

vehicles of similar size, while Toyota is the largest of them. It can be observed that the cell 

vehicle, despite its much smaller size, was larger than the Toyota. The biggest impact on weight 

was the body, chassis and the entire drive system, which is almost twice the weight. The weight 

of the vehicle adversely affects both its performance, which is weaker than that of traditional 

vehicles and its range, which is extremely important for the vehicle's usability. The latest 

designs provide a range allowing normal use of the vehicle. 
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Figure 3. List of vehicle masses with various types of drive. 

Source: own-based (Surygała, 2008). 

The main aspect in favour of hydrogen cells is their beneficial impact on the environment. 

Combustion vehicles emit greenhouse gases during operation, while the cells produce heat and 

water. It can therefore be concluded that hydrogen cells are a "clean" technology, however, 

assuming that only the operation of the cell itself is taken into account. Greenhouse gas 

emissions may occur at the hydrogen production stage, which depends on the production 

method used. Figure 4 shows the emissions of individual compounds. 

 

Figure 4. Summary of the environmental impact of vehicles with different types of drive.  

Source: own-based (Surygała, 2008). 
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The emissions level of Chrysler's Daimler vehicle was divided according to the hydrogen 

production process. You can see that there is a huge difference between obtaining hydrogen 

from electrolysis using wind energy and the process based on natural gas. However, despite the 

production of greenhouse gases during the production process, their level is much lower than 

in a combustion vehicle. In the case of a diesel engine, fewer greenhouse gases are produced 

than in the case of a Daimler Chrysler vehicle, but in addition to them, several other harmful 

compounds are also produced. As a result, the ecological advantage of cells over combustion 

engines is huge. 

Another summary of the level of carbon dioxide emissions is presented in (Figure 5) taking 

into account the latest production technology and EU standards. The data was divided according 

to the type of vehicle and the fuel used. Pollutants generated during hydrogen production were 

also taken into account. Analyzing the data of combustion vehicles, it can be seen that over the 

next ten years, there will be a significant improvement in the environmental friendliness of 

gasoline-powered vehicles, but their emission level is still much higher (more than twice as 

compared to vehicles with hydrogen cells, for which hydrogen is obtained from natural gas). 

Considering the data of hybrid and "plug-in" hybrid vehicles, it is clear that this type of drive 

is "cleaner" than that used in traditional vehicles. Comparing gasoline-powered vehicles, the 

difference is approximately 40%, to the advantage of hybrid vehicles. However, it should be 

emphasized that hybrid vehicles are considered a transitional solution due to the need to 

continue using fossil fuels. It is worth paying attention to the huge difference in CO2 production 

when biofuels (e.g. cellulosic ethanol) are used. Then, when comparing such a hybrid vehicle 

with a traditional gasoline-powered vehicle, the difference is as much as 84%, to the advantage 

of the hybrid. The solution that seems to be the most future-proof is vehicles powered by 

hydrogen cells. Even if hydrogen is obtained from natural gas (after taking into account the 

carbon dioxide produced during production), its advantage over a traditional vehicle (both 

gasoline and natural gas) is significant. When compared, their difference is 51% in favour of  

a hydrogen cell vehicle. Analyzing further data, it is clear that by choosing a more ecological 

production process, the difference in the level of pollutant emissions becomes huge. In the best 

case, hydrogen is obtained by electrolysis using energy wind it is as much as 90%. 

With the commercialization and spread of hydrogen cell technology, the level of 

environmental pollution may decrease to a greater extent, because the formation of harmful 

compounds can only occur at the stage of hydrogen production. When the cell operates in  

a vehicle or another application, no pollutants are emitted, unlike currently used vehicles and 

energy sources. For this reason, the increasing number of vehicles will not increase 

environmental pollution, but on the contrary. In locations with high traffic intensity, there will 

be a significant decrease in emissions of harmful compounds, which in turn will improve the 

quality of life, e.g. in large urban agglomerations. Table 5 shows the percentage difference in 

carbon dioxide emissions for different types of vehicles and fueling methods. The percentages 

refer to the level of pollutant emissions expected from traditional petrol-powered vehicles 
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achieved according to new emission standards. Negative values express the percentage 

reduction in emissions compared to a traditional vehicle. 

Table 5. 

Summary of percentage differences in carbon dioxide emissions depending on the type of drive 

  
Fuel g CO2/km 

Difference in 

emission level, % 

Vehicle power types Petrol 338 +32,03 

Traditional vehicles 
Petrol 256 100,00 

Natural gas 200 -21,88 

Hybrid vehicles 

Petrol 156 -39,06 

Diesel 138 -46,09 

Corn ethanol - E85 119 -53,52 

Cellulosic ethanol - E85 41 -83,98 

Hybrid vehicles 

plug-in type 

Petrol 150 -41,41 

Cellulosic ethanol - E85 94 -63,28 

Powered vehicles 

hydrogen cells 

H2 from natural gas 125 -51,17 

H2 from coal 69 -73,05 

H2 from biomass 34 -86,72 

H2 from water electrolysis using wind energy 25 -90,23 

Source: own based (Sørensen, Spazzafumo, 2018). 

4.2. Hydrogen production costs 

The production costs of hydrogen obtained from natural gas through steam reforming are 

known by knowing the input fuel costs. At low pressure (in the pipeline) it is approximately 

USD 1.0/kg. When filling flasks under pressure, the price is 30% higher, and when liquefying 

it is more than twice as high. On the other hand, assuming lower transmission volumes, 

transport costs are lower and by abandoning central hydrogen production, pipeline gas has the 

highest costs ($5/kg), and based on liquefied gas they are lower ($3.7/kg), depending on 

assumptions regarding transport distances and technology. It was estimated that obtaining 

hydrogen from biomass generates a cost of USD 2.5/kg and electricity in the electrolysis 

process - approximately USD 5/kg. For small electrolysers, the cost of hydrogen has been 

estimated at USD 8-12/kg, while for larger units using wind energy, the cost decreases to  

USD 2/kg. In the case of coal gasification, costs exceed USD 12/kg (Tarasov et al., 2021). 

In the case of converting excess electricity into hydrogen through a hydrogen cell in  

a reverse process, but "paid for" by this energy production, and when the costs of the reverse 

hydrogen cell are similar to that operating in the "one-way", then the cost of hydrogen obtained 

based on electrolysis in a hydrogen cell may be as low as the cost of the energy used.  

The energy used for such hydrogen production may be off-peak power or excess power from 

renewable energy sources such as wind or solar that cannot be used to meet demand at the time 

of generation. 
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4.3. Costs of a hydrogen cell 

Types of hydrogen cells such as those using molten carbonates or solid oxides are not 

expected to be in commercial use within the next decade. Initial costs for possible 

commercialization are estimated at USD 3,200/kW and are expected to drop to USD 1,300/kW 

in 2050. The problem is the availability of lanthanum (La), used in high-temperature ceramics. 

Due to previous success, AFC cells are still cheaper than PEM cells, however, both types of 

cells are still far from meeting all the requirements for large-scale commercial use. The chances 

of a rapid decline in projected costs for PEM cells do not appear to be equivalent for AFC cells. 

This fact is explained by the lack of interest in the development of this technology in the future. 

The costs of a small package of AFC cells are USD 1,750/kW, with the possibility of reducing 

them to USD 155/kW for large-scale mass production. The costs for a small package  

of PEM cells are around 2,000 USD/kW, but it is possible to reduce them to USD 20/kW during 

mass production for the automotive industry (50 kW packages). In 2025, the expected costs are 

expected to be €30/kW, assuming production of 250,000 units of hydrogen cells per year.  

The costs of ancillary equipment (gas circulation system, pipes, electronics and electrolyte 

recirculation system in the case of AFC, and humidifier system in the case of PEM) for  

PEM cells are estimated to be three times higher than for AFC cells and although they are much 

lower compared to the cost of the cell, If the price of cells drops, the costs of additional devices 

may become very significant. 

Estimates of profits resulting from the introduction of PEM cells into mass production are 

determined based on future costs as a function of both the production volume and two 

parameters: improvement of power density (increase from 2 to 5 kW/m2) and development 

speed (taken as the slope of the assumed logarithmic curve cognition (logarithmic learning 

curve) and are in the range of 15-392 US/kW. The lower cost assumes the appearance  

of 5 million vehicles powered by hydrogen cells by 2025, with an average power of 110 kW, 

while the higher one assumes 50,000. vehicles reaching 3 kW/m2. Vehicles powered by  

PEM cells are currently designed for a lifespan of approx. 5,000. hours, where, for comparison, 

stationary generators are designed with a minimum life of 40,000 hours. hours. Current  

"semi-commercial" vehicles powered by PEM cells do not achieve this level of service life.  

The estimated cost-effective price for stationary cells by 2025 is $1,200/kW for 5 kW home 

systems and $700/kW for much larger 250 kW installations (Tarasov et al., 2021). Hydrogen 

cell units currently being introduced in small series and on a small scale, both in vehicles and 

in stationary generators used in buildings, may provide a better basis for predicting the 

possibilities of reducing costs in the future. This could be significant when compared to the 

learning curves of other energy sector technologies (including wind, photovoltaic energy and 

battery development). Figure 5 presents the results of the analysis of cognitive curves for wind 

and photovoltaic technologies. 
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Figure 5. Learning curves for the costs of wind turbines and photovoltaic modules as a possible direction 

of development of PEM fuel cells. 

Source: own-based (Surygała, 2008). 

Economists often describe such data as straight-line logarithmic behaviour, describing it as 

cost 'Y' as a function of cumulative output 'X: 

log 𝑌(𝑋) = −𝑟 × log 𝑥 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  (9) 

Tilt ‘-r’ is sometimes called "progress indicator" (progress ratio) 𝑃𝑅 = 2−𝑟 or as  

a "cognition index" (learning rate) 𝐿𝑃 = 1 − 𝑃𝑅. 

The nature of new technologies does not allow precise determination of initial prices.  

The reduction in the costs of PEM cells in the future is shown in (Figure 6) in the form of two 

curves corresponding to 10-20% of the cognitive curves corresponding to photovoltaic modules 

and wind turbines. However, even for the lower of the curves, the profitability point will not be 

exceeded if the cumulative energy production does not exceed 500 GW (Tarasov et al., 2021). 

However, oil market issues could make a hydrogen cell vehicle competitive at a higher price 

than the break-even point shown in (Figure 6). 
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Figure 6. Change in the number and price of FCV vehicles after entering the Japanese market. 

Source: own-based (Surygała, 2008). 

4.4. Hydrogen storage costs 

The costs of hydrogen storage include the costs of using devices and operating costs, 

including the energy required for compression or condensation. The additional costs of 

recovering hydrogen from the liquid form are approximately USD 5/kg for small units and 

approximately USD 1/kg for large units. The additional costs of storing compressed hydrogen 

in tanks are approximately USD 0.4/kg for short storage times and increase as the storage time 

increases. Large-scale underground hydrogen storage in caverns, abandoned natural gas wells, 

aquifers or salt caves have significantly lower costs (total costs of $5-20/kg, making them 

cheaper by an order of magnitude than storing liquid hydrogen and two orders of sizes below 

the cost of storing compressed hydrogen), making them a natural choice for central hydrogen 

storage. Total storage costs for metal hydrides have been estimated at the level of USD 2000-

80,000/kg. Storage cycle costs are estimated at USD 0.4-25/kg. This type of storage may be 

considered for automotive applications, however, the weight will be an issue here except for 

non-chemical or carbon-based types of storage (Hennig, 2010). Unfortunately, even the best 

designs have cost several times higher than the costs of storage in pressurized tanks. 

4.5. Infrastructure costs 

The costs of hydrogen transmission depend on both the diameter of the pipeline and the 

hydrogen flow rate. By increasing the pressure in the pipeline, the cost can be reduced by more 

than the additional costs of the compressors. The cost of road transport of liquid hydrogen is 

estimated to be lower, assuming transport costs for diesel vehicles. However, the additional 

costs resulting from the need to liquefy hydrogen make this solution unprofitable except in 

cases of transport over very long distances, e.g. intercontinental using ships. Converting vehicle 

gas stations into compressed hydrogen refuelling stations may increase the cost of hydrogen by 
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USD 0.1/kg, but alternatively, hydrogen production can take place at a gas station using any of 

the available methods (Hennig, 2010). The cost of the required modernization of a gas station 

so that it can be used for hydrogen refuelling is lower than the annual cost of maintaining  

a traditional gas station. Using hydrogen production inside a building to power a vehicle parked 

in a parking lot can double the prices of hydrogen production and refuelling. 

4.6. System costs 

The costs of a hydrogen cell system are part of the costs of the vehicle and systems installed 

in buildings and in a broader sense the total cost of the hydrogen economy with production, 

different types of use and infrastructure such as storage and transmission, distribution and 

filling points. Research on the PEM hydrogen cell in a car is not only focused on the cell itself 

but also the costs of the entire car as a system. The total cost of the cell, hydrogen storage, 

vehicle controllability and traction, battery pack (in the case of a hybrid vehicle) and vehicle 

energy management are taken into account. All these factors are examined to obtain the total 

costs incurred by the manufacturer during model development and to subsequently determine 

the appropriate price level. Studies have shown that the cost of a hydrogen cell will likely fall 

to $40/kW in 2025 (one of several possibilities) and a corresponding increase in the number of 

FCVs passenger cars, trucks, buses, etc.) to 15 million in 2030. An increase in demand for 

vehicles powered by hydrogen cells can be expected as their price decreases.  

In 2025, the expected price of an FCV vehicle is estimated at approx. PLN 26,000 USD, which 

is close to the price of current combustion vehicles. Figure 7 shows the demand for hydrogen 

according to the Japanese scenario along with its costs. And (Figure 8) the number of hydrogen 

refuelling stations needed and the annual construction costs. 

 

Figure 8. Change in demand and prices of hydrogen according to the Japanese scenario. 

Source: own-based (Hennig, 2010) and (Sørensen, Spazzafumo, 2018). 
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Figure 9. Costs and required number of hydrogen refuelling stations in Japan. 

Source: own-based (Hennig, 2010) and (Sørensen and Spazzafumo, 2018). 

The scenario assumes a slight population decline in Japan, modest GDP growth and 

unchanged energy demand. According to the scenario, the production of vehicles with  

106 hydrogen cells will increase from 50,000 to in 2010 to 3.1 million in 2030. Such sales in 

2030 will allow for sales revenues of USD 59 × USD 109 (assuming that the price of the vehicle 

includes production costs and a 15% margin) (Hennig, 2010). By 2030, hydrogen-related 

activities are expected to account for 1% of Japan's total GDP. 

5. Summary and Conclusion 

Hydrogen cell technology faces many challenges. The very desire to replace conventional 

ways of powering vehicles or obtaining energy in the global sense in the future is a huge 

challenge for the entire fuel cell technology. Currently, fuel cells have many problems to solve 

before they can demonstrate the economic viability of introducing them to society on a global 

scale. These problems include: include too high costs, the level of reliability and the integration 

of systems included in cell technology. The level of reliability must be at least at the level of 

reliability of technologies used for traditional energy production, and the costs must also be 

comparable. Integrated systems must be able to attract the public's interest in making changes 

and switching to the new technology. 

Cost reduction is essential for fuel cell technology to be successful. Society will not be 

willing to use new technology when the costs they would have to incur are higher than the costs 

currently incurred when using current technologies. Although there is a chance that they will 
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be willing to pay slightly more, I think that the degree of "how much more" will depend on the 

person's awareness of ecological responsibility. For example, until the cost per kW of energy 

falls, people will continue to use vehicles with traditional internal combustion engines.  

The main factor limiting the widespread introduction of fuel cells to society is the cost of the 

fuel fire and the installation costs of the entire system. Both of these costs must be reduced to 

the level of current energy generation methods. In addition to presenting the use of cells,  

it is also important to present the level of reliability of fuel cells. It is important to demonstrate 

that they can provide adequate reliability and quality supplied energy and the possibility of their 

operation for a long period. Additional factors that would encourage society to switch to the 

new technology would be subsidy systems for the purchase of fuel cell systems and systems 

providing benefits from the use of new, pro-ecological technology. 

Based on the analysis performed in this work, the following conclusions can be drawn: 

1. Due to the increase in energy demand and the prospect of exhaustion of fossil fuel 

resources, there is a need to develop a new energy source. Rising fuel prices will lead 

to a reduction in their availability to society, and at some point, they will cease to be  

a profitable source of energy. 

2. The increase in energy consumption and the number of vehicles causes a global 

increase in pollution and requires the spread of "clean" energy sources. The analysis 

carried out on the example of the automotive industry showed the possibility of  

a significant reduction in pollutant emissions as a result of replacing conventional 

methods of powering vehicles with hydrogen cells. 

3. The possibility of obtaining hydrogen from various sources allows us to become 

independent from fossil fuels. Moreover, hydrogen as a fuel is safer than conventional 

fuels due to its physical and chemical properties. 

4. The multitude of developed types of hydrogen cells allows for their optimal adaptation 

to applications and working conditions. Thanks to this, it is possible to expand the range 

of available applications and adapt to the user's convenience. 

5. Despite the promising parameters of hydrogen cells, it is currently not possible to use 

them in commercial applications. To successfully implement them, there must be  

a reduction in the costs of technology, fuel, use, improvement of operating parameters 

and an increase in the availability of devices and vehicles, as well as the related 

infrastructure. 

6. It is necessary to introduce government programs encouraging society to use hydrogen 

cell technology. A useful tool in this case would be tax relief or financing of part of the 

costs addressed to private individuals and companies willing to use fuel cell 

technology. 



326 M. Niekurzak, E. Kubińska-Jabcoń 

References 

1. Assfour, B., Leoni, S., Seifert, G. (2010). Hydrogen Adsorption Sites in Zeolite Imidazolate 

Frameworks. J. Phys., ZIF-8 and ZIF-11. 

2. Bioenergy International (2020). Hyundai Motor Invests in Hydrogenious LOHC 

Technologies. https://bioenergyinternational.com/hyun-dai-motor-invests-in hydrogenious-

lohc-technologies/, 10.2023). 

3. Boateng, E., Chen, A. (2020). Recent advances in nanomaterial-based solid-state hydrogen 

storage. Materials Today Advances, 6, 100022. DOI: 10.1016/j.mtadv.2019.100022. 

4. Brückner, N., Obesser, K., Bösmann, A., Teichmann, D., Arlt, W., Dungs, J., Wasserscheid, 

P. (2014). Evaluation of Industrially Applied Heat-Transfer Fluids as Liquid Organic 

Hydrogen Carrier Systems. ChemSusChem, 7(1), 229-235. DOI: 10.1002/cssc.201300426. 

5. Castilla-Martinez, C.A., Moury, R., Demirci, U.B. (2020). Amidoboranes and 

hydrazinidoboranes: State of the art, potential for hydrogen storage, and other prospects. 

International Journal of Hydrogen Energy, 45(55), 30731. DOI: 

10.1016/j.ijhydene.2020.08.035. 

6. Collins, L. (2020). ‘World’s First International Hydrogen Supply Chain’ Realised between 

Brunei and Japan. https://www.rechargenews. com/transition/-world-s-first-international-

hydrogen-supply-chain-realised-between-brunei-and-japan/2-1-798398, 10.2023. 

7. Dorociak, M., Tomecki, M. (2019). Wodorowa alternatywa. Report 2019. Gospodarka. 

Warszawa. https://static.300gospodarka.pl/media/2019/04/alternatywa_wodorowa_ 

raport.pdf, 10.2023. 

8. Fellay, C., Dyson, P.J., Laurenczy, G. (2008). A Viable Hydrogen-Storage System Based 

On Selective Formic Acid Decomposition with a Ruthenium Catalyst. Angewandte, 47(21), 

3966-3968. DOI: 10.1002/anie.200800320. 

9. Folentarska, A., Kulawik, D., Ciesielski, W., Pavlyuk, V. (2016). Nowoczesne materiały 

do przechowywania wodoru jako paliwa przyszłości. Chemistry Environment 

Biotechnology, 19, 125-129. DOI: 10.16926/cebj.2016.19.17. 

10. Graetz, J., Reilly, J., Sandrock, G., Johnson, J., Zhou, W.M., Wegrzyn, J., Granath, B. 

(2017). Liquid Hydrogen – the Fuel of Choice for Space Exploration. 

https://www.nasa.gov/content/liquid-hydrogen-the-fuel-of-choice-for-spaceexploration, 

10.2023. 

11. Han, S.S., Furukawa, H., Yaghi, O.M., Goddard, W.A. (2008). Covalent Organic 

Frameworks as Exceptional Hydrogen Storage Materials. Journal of the American 

Chemical Society, 130(35), 11580-11581. DOI: 10.1021/ja803247y. 

12. Hauenstein, P., Seeberger, D., Wasserscheid, P., Thiele, S. (2020). High-performance direct 

organic fuel cell using the acetone/isopropanol liquid organic hydrogen carrier system. 

Electrochemistry Communications, 118. DOI: 10.1016/j.elecom.2020.106786.  



Impact of hydrogen cells… 327 

13. He, T., Pei, Q., Chen, P. (2015). Liquid organic hydrogen carriers. Journal of Energy 

Chemistry, 24(5), 587-594. DOI: 10.1016/j.jechem.2015.08.007. 

14. Hemme, C., Van Berk, W. (2018). Hydrogeochemical Modeling to Identify Potential Risks 

of Underground Hydrogen Storage in Depleted Gas Fields. Applied Sciences, 8(11), 1-19. 

DOI: 10.3390/app8112282. 

15. Hennig, J. (2010). Analiza wpływu na środowisko ogniw wodorowych jako źródła energii. 

Praca dyplomowa, Kraków. 

16. Jaworski, J., Kukulska-Zając, E., Kułaga, P. (2019). Wybrane zagadnienia dotyczące 

wpływu dodatku wodoru do gazu ziemnego na elementy systemu gazowniczego.  

Nafta-Gaz, 75(10), 625-632. DOI: 10.18668/ng.2019.10.04. 

17. Lhuillier, C., Brequigny, P., Contino, F., Mounaïm-Rousselle, C., Mounaïm-Rousselle, C. 

(2020). Experimental study on ammonia hydrogen/air combustion in spark ignition engine 

conditions. Fuel, 269, 117448. DOI: 10.1016/j.fuel.2020.117448. 

18. Li, M., Bai Y., Zhang, C., Song, Y., Jiang, S., Grouset, D., Zhang, M. (2019). Review on 

the research of hydrogen storage system fast refuelling in fuel cell vehicles. International 

Journal of Hydrogen Energy, 44(21), 10677-10693. DOI: 10.1016/j.ijhydene.2019.02.208. 

19. Meyer, D. (2021). Odnawialny wodór: jakie są korzyści dla UE? 

https://www.europarl.europa.eu/news/pl/headlines/society/20210512STO04004/odnawial

ny-wodor-jakie-sa-korzysci-dla--ue, 10.2023. 

20. Mikulik, J., Niekurzak, M. (2023). Impact of a photovoltaic installation on economic 

efficiency on the example of a company with high energy consumption. Zeszyty Naukowe 

Politechniki Śląskiej, Organizacja i Zarządzanie = Organization and Management,  

no. 169, pp. 521-540. 

21. Ministerstwo Klimatu i Środowiska (2019). Polityka energetyczna Polski do 2040 r. 

https://www.gov.pl/web/klimat/polityka-energetyczna-polski, 10.2023). 

22. Nguyen, D., Choi, Y., Park, C., Kim, Y., Jee, J. (2020). Effect of supercharger system on 

power enhancement of hydrogen-fueled spark-ignition engine under low-load condition. 

International Journal of Hydrogen Energy, 46(9), 6928-6936. DOI: 

10.1016/j.ijhydene.2020.11.144. 

23. Niekurzak, M. (2021). The Potential of Using Renewable Energy Sources in Poland Taking 

into Account the Economic and Ecological Conditions. Energies, 14, 7525. 

https://doi.org/10.3390/en14227525.  

24. Niekurzak, M., Kubińska-Jabcoń, E. (2021). Analysis of the Return on Investment in Solar 

Collectors on the Example of a Household: The Case of Poland. Front. Energy Res.,  

9, 1-12.  

25. Niekurzak, M., Lewicki, W., Drożdż, W., Miązek, P. (2022). Measures for assessing the 

effectiveness of investments for electricity and heat generation from the hybrid cooperation 

of a photovoltaic installation with a heat pump on the example of a household. Energies, 

16, 6089. https://www.mdpi.com/1996-1073/15/16/6089/pdf?version=1661238859. 



328 M. Niekurzak, E. Kubińska-Jabcoń 

26. Ouyang, L., Zhong, H., Li, H.W., Zhu, M. (2018). A Recycling Hydrogen Supply System 

of NaBH4 Based on a Facile Regeneration Process: A Review. Inorganics, 6(1), 10.  

DOI: 10.3390/inorganics6010010. 

27. Rogala, B. (2022). Fit for 55 – co to jest i co ten pakiet oznacza dla Polski? 

https://300gospodarka.pl/explainer/fit-for-55-co-to-jest, 10.2023. 

28. Romański, L. (2007). Wodór nośnikiem energii. Wrocław: Wydawnictwo Uniwersytetu 

Przyrodniczego we Wrocławiu. 

29. Sánchez, P. (2021). Hydrogen production by ammonia decomposition over ruthenium 

supported on SiC catalyst. Journal of Industrial and Engineering Chemistry, 94, 326-335. 

DOI: 10.1016/j.jiec.2020.11.003. 

30. Sørensen, B., Spazzafumo, G. (2018). Hydrogen and Fuel Cells, Emerging Technologies 

and Applications. Elsevier Science. 

31. Starobrat, A. (2020). Nowe materiały do magazynowania wodoru oparte na skandzie, itrze 

i glinie: synteza i właściwości fizykochemiczne. Praca doktorska. Warszawa: Uniwersytet 

Warszawski. 

32. Surygała, J. (2008). Wodór jako paliwo. Warszawa: WNT. 

33. Takach, M., Sarajlić, M., Peters, D., Kroener, M., Schuldt, F., von Maydell, K. (2022). 

Review of Hydrogen Production Techniques from Water Using Renewable Energy Sources 

and Its Storage in Salt Caverns. Energies, 15(4), 1415. DOI: 10.3390/en15041415. 

34. Tarasov, B.P., Fursikov, P.V., Volodin, A.A., Bocharnikov, M.S., Shimkus, Y.Y., Kashin, 

A.M., Yartys, V.A., Chidziva, S., Pasupathi, S., Lototskyy, M.V. (2021). Metal hydride 

hydrogen storage and compression systems for energy storage technologies. International 

Journal Hydrogen Energy, 46(25), 13647-13657. DOI: 10.1016/j.ijhydene.2020.07.085. 

35. Wan, Z., Tao, Y., Shao, J., Zhang, Y., You, H. (2019). Ammonia is an Effective Hydrogen 

Carrier and a Clean Fuel for Solid Oxide Fuel Cells. Energy Conversion and Management, 

228, 113729. DOI: 10.1016/j.enconman.2020.113729. 

36. Wang, D., Ji, Ch., Wang, S., Wang, Z., Yang, J., Zhao, Q. (2020). Numerical Study on the 

Premixed Oxygen-Enriched Ammonia Combustion. Energy Fuels, 34(12), 16903-16917. 

DOI: 10.1021/acs.energyfuels.0c02777. 

37. Wang, Z., Parrondo, J., He, Ch., Sankarasubramanian, S., Ramani, V. (2019). Efficient pH-

gradient-enabled microscale bipolar interfaces in direct borohydride fuel cells. Nature 

Energy, 4, 281-289. DOI: 10.1038/s41560-019-0330-5. 

38. Wijayanta, A.T., Oda, T., Purnomo, C.W., Kashiwagi, T., Azizb, M. (2019). Liquid 

hydrogen, methylcyclohexane, and ammonia as potential hydrogen storage: Comparison 

review. International Journal of Hydrogen Energy, 44(29), 15026-15044. DOI: 

10.1016/j.ijhydene.2019.04.112. 

  



Impact of hydrogen cells… 329 

39. Xiao, H., Lai, S., Valera-Medina, A., Li, J., Liu, J., Fu, H. (2020). Experimental and 

modelling study on ignition delay of ammonia/methane fuels. Energy Research,  

44, 6939-6949. DOI: 10.1002/er.5460. 

40. Yildirim, T., Farha, O.K. (2018). Benchmark Study of Hydrogen Storage in Metal–Organic 

Frameworks under Temperature and Pressure Swing Conditions. ACS Energy Lett., 3(3), 

748-754. DOI: 10.1021/acsenergylett.8b00154. 


