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Abstract 

In this study, energy and exergy approaches, supported sustainability/unsustainability analyses, 

are applied to the photovoltaic (PV) electrolysis and magnetic heat engine, coupled novel 

system used for hydrogen and electricity generations. The results point out that the magnetic 

field does not only improve the hydrogen production, but also low-temperature heat can be 

harvested by magnetic heat engine, and relatively more efficient electricity can be generated, 

in comparison to other harvesters. Magnetic heat engine reaches its maximum power output at 

7.6 T and the power output is 5.53 W. The considered novel system has greater energy and 

exergy efficiencies, which are around the 8%, at 7.6 T, besides, it is assumed sustainable at this 

value. Mostly the considered system is unsustainable, the main energy source is solar energy, 

and, since its unconsumable nature, loss of power can easily be compensated. In addition, it 

shows that most of energy input cannot be converted to electricity because of their 

ineffectiveness. 
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Nomenclature and formulae 

C Concentration [mol/m3] 

D Diffusion coefficient [m2/s] 

�̇� Energy rate [W] 

F Faraday constant 

G Solar irradiance [W/m2] 

I Cell current [A] 

i Current density [A/cm2] 

𝑖𝑙𝑖𝑚
𝑜  Standard limiting current density [A/cm2] 

𝑖𝑜 Exchange current density (A/cm2) 

L Distance [cm].  

LHV Lower heating value [J/kg] 

LMTD Logarithmic mean temperature difference [K] 

�̇�𝐻2 Hydrogen production flow rate [kg/s] 

𝑝𝐻2 Hydrogen partial pressure [bar] 

𝑝𝑂2 Oxygen partial pressure [bar] 

𝑃 Power output [W] 

𝑃𝑠𝑎𝑡 Pressure [bar] 

PV Solar Photovoltaic 

𝑃𝑃𝑉 Photovoltaic plant power output [W] 

𝑃𝑐𝑒𝑙𝑙 Power input to the electrolizer [W] 

𝑃𝑚ℎ𝑒 Magnetic heat engine power output [W] 

𝑃𝑛𝑒𝑡 System total power output [W] 

�̇� Heat input rate [W] 

𝑄ℎ Magnetic heat engine heat input rate [W] 
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𝑄𝑙 Magnetic heat engine heat output rate [W] 

R Universal constant of ideal gasses 

Rcell Cell resistance [] 

𝑡  Magnetic heat engine times [s] 

T Operating temperature of the electrolyzer [K] 

T0 Ambient temperature [K] 

𝑉𝑎𝑐𝑡
𝑎𝑛  Anode activation voltage [V] 

𝑉𝑎𝑐𝑡
𝑐𝑎𝑡 Catode activation voltage [V] 

𝑉𝑐𝑒𝑙𝑙 Cell voltage [V] 

𝑉𝑐𝑜𝑛 Concentration activation Voltage [V] 

𝑉𝑜ℎ𝑚 Ohmic voltage [V] 

𝑉𝑜𝑐 Open circuit voltage [V] 

𝑉𝑠𝑡𝑑
𝑜  Standard voltage [V] 

Vw Wind speed [m/s] 
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Greek letters 

𝛯ℎ𝑦𝑑 Hydrogen exergy ouput [W] 

𝛯𝑑 Exergy destruction [W] 

𝛯𝑓 Fuel exergy [W] 

𝛯𝑚ℎ𝑒 Magenetic engine exergy ouput [W] 

𝛯𝑝 Exergy production [W] 

𝛼𝑎𝑛 Anode change transfer coefficient 

𝛼𝑐𝑎𝑡 Cathode change transfer coefficient 

𝜂𝐶  Magnetic heat engine compression efficiency [%] 

𝜂𝑃𝑉 Photovoltaic plant efficiency [%] 

𝜂𝑒 Magnetic heat engine expansion efficiency [%] 

x Rate of magnetization 

α Unavailability index 

β Sustainability index 

γ Exergetic ecological index 

δ Exergetic inefficiency 

ω PV plant mounting coefficien 

𝛩 Fractional bubble coverage on the electrolyte surface 

𝜂 First law effiency [%] 

𝜑 Exergy efficiency [%] 

 

  



6 

 

 

 

1. Introduction 

Traditional energy resources such as petroleum, wood, coal, and natural gas have been utilized 

for many years, while they are consumed away, by using with population growth. These 

traditional resources are not sustainable, and not environmentaly friendly, due to their release 

of greenhouse gases into environment. So, investigation on alternative energy sources, with 

particular regards to renewable ones, has become a major issue in energy area. Renewable 

energies are clean and sustainable, and they are based on natural sources, like solar, tides, wind, 

geothermal, rain, etc. Solar energy represents a major renewable energy option, to be used for 

many applications, including off-network communities and remote areas, too (Caliskan et al., 

2013a). Sun is the primer energy source on Earth, with the result of generating winds and waver, 

and warm the surface (Caliskan et al., 2013b).  

 Renewable energy sources can also be used to produse Hydrogen, which is an energy 

carrier. Hence solar is a promising source both to support the production of Hydrogenand and 

to turn hydrogen into an economical energy source. Hydrogen is sustainable, environmentally 

benign, versatil, energetically efficient, storable, transportable, and high density fuel (Caliskan 

et al., 2013b). 

There are several methods to produce Hydrogen, such as electrolysis, chemical 

reactions, thermolysis, etc. If the most ecological production method of Hydrogen should be 

used for the future, it is shown that electrochemical methods, based on electrity from renewable 

energy sources, are more usable. Afterward, the first days of researches on electrolysis 

methodology (Trasatti, 1999), many researchers have used this method to improve Hydrogen 

production capabilities. Electrolysis processes are the main production methods to produce 

Hydrogen, such as alkaline water (Dincer, 2012; Badwal et al., 2013; Nikolic et al., 2010), 

photovoltaic (Gibson and Kelly, 2008), and PEM (Carmo et al., 2013; Grigoriev et al., 2005).  
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Alkaline electrolysis technology has high efficiency and is the most advanced 

electrolysis method (Grigoriev et al., 2020; Parra et al., 2019). Alkaline electrolysis can be 

achived under high temperatures  around 200 oC (Ebbesen et al, 2014). The efficiency of the 

alkaline water electrolysis process can be improved by the magnetic field (Koza et al., 2011; 

Koza et al., 2008). The magnitude of the magnetic field influences the formation of Hydrogen 

during the electrolysis of water. The most influential factor is the magnetic field gradient, that 

is applied to the water electrolysis process (Chibowski and Szczes, 2018; Lin et al., 2012). 

Malik et al. (2017) developed an effective magnetic catalyst for water electrolysis, and in their 

study, they found that an external magnetic field supports the maintainance of the catalyst 

activity. Iida et al. (2007) measured the cell voltage of an alkaline solution by using a magnetic 

field. A greater reduction in cell voltage has been shown in the magnetic field, and the amount 

of this decrease depends largely on the concentration of the electrolyte solution and the strength 

of the magnetic field. Lin and Hourng (2014) explored water electrolysis under magnetic field 

and pulse potential to generate efficiently hydrogen. In order to show that the magnetic field 

causes convection, Aaboubi et al. (1990) used the magnetic field, in place of rotating disk in 

electrode experiments, because of its property of convective mass transport. Various effects of 

different magnetic forces, affecting convection, were investigated by different researchers 

(Hinds et al., 2001; Bund et al., 2003; Weier and Landgraf, 2013; Baczyzmalski et al., 2015). 

Previous studies showed that the most effective magnetic force was the Lorentz force. 

Matsushima et al. (2013) introduced a contact angle and magnetic field equation function as a 

result of their investigation using glass electrodes. In another study on electrodes, Lin et al. 

(2012) studied different materials such as nickel, platinum, and graphite as electrode materials.  

To assess thermodynamic systems, such as solar and electrolysis systems, both first and 

second laws of thermodynamics can be used. Exergy, also known as avialibility, is the quality 

of energy, and our approach is based on these two laws for investigation performance 
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assessment, and design of systems. Indeed, sustainability assessment for thermal systems can 

be developed just by the exergy approach. Exergy is always evaluated with respect to a 

reference environment (environmental temperature), also named the dead state. Exergy allows 

us to analyse the thermodynamic behavior of the systems, in relation to the environment’s 

condition. If the system is in thermal equilibrium with its environment, its exergy results null. 

So, it is important to assess the system according to exergy analysis (Caliskan et al., 2011). 

Differents author were studied exergetic performance of different sytems (Ekrataleshian et. al., 

2021; Khanjari et. al., 2021; Jalili et. al., 2021; Alayi et al, 2021; Beigzadeh, 2021). 

Low-temperature heat sources can be described as heat sources lower than 100oC have a huge 

potential such as; industrial waste heat 6–8: 72% of the global primary energy consumption is 

released as waste heat; 63% of this heat is released at <100 oC, correspondingto a potential 

power production of 300 GW (Bermel et al, 2016; Cao et al, 2014; Johnson et al, 2008; 

Campana et al, 2013;  Formn et al, 2016; Facchinetti et al, 2020, Meyer, 2016) Magnetic heat 

engines are the one way to utilize this low temperature heat source having a great potential.The 

considered system in this study is a solar energy-driven high-temperature alkaline electrolyzer 

and combined magnetic heat engine, which allows to utilize low temperature heat source to 

convert it to electricity. The current study has two main objectives:  

(i) The first is to increase the Hydrogen production under a magnetic field, and to 

investigate the possibility of electricity generation by a magnetic heat engine, under an 

applied magnetic field; 

(ii) The second objective is to perform sustainability/unsustainability analysis, in terms of 

thermodynamic approach.  

According to the authors knowledge, this kind of hybrid system, under study in this paper, has 

first been investigated in the open literature. Additional electricity generation, via magnetic heat 

engine, is designed to store at the battery under no-existence of the solar energy, since the use 
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aim is the continuous functioning. After having defined the performance parameters by a 

thermodynamic analysis and optimization of the power output, Hydrogen production, energy 

efficiency, exergy efficiency, the sustainability/unsustainability evaluations are obtained , and 

some suggestions anda results are presented and discussed. Consequently, the fundamental  

novelty of this study consists in:  

(i) Solar photovoltaic (PV) electrolysis and magnetic heat engine systems is coupled in 

a new way for the hydrogen production and electric generation; 

(ii) Not only energy, but also exergy and sustainability/unsustainability approach, are 

used to assess the new coupled hydrogen and electricity generation system, as first 

result in the scientific and technical literature. 

2. System description 

The considered system consists of a silicon PV panel, generating the electricity, required by the 

electrolyzer, an alkaline electrolyzer, a magnetic heat engine, and two permanent magnets. 

Here, the magnetic heat engine realizes the heat conversion into electricity, also by the 

temperature differentials to change the strength of magnetic fields. This change in the magnetic 

field produces electricity and supports the production of Hydrogen in the electrolyzer. The 

schematic layout of the photovoltaic (PV) electrolysis and magnetic heat engine coupled new 

system used for Hydrogen and electric generations  

  The main purpose of the considered system is Hydrogen production via solar energy 

and the application of a magnetic field increases hydrogen production in the solar electrolysis 

process. In addition to Hydrogen production, possible electric power generation, by means of 

magnetic heat engine, is studied, since this power can be utilized recently or stored for keeping 

Hydrogen production at night time. The operating principle of this hybrid novel system can be 

explained as follows; PV panel provides electrical power to electrolyzer and electrolyzer within 

magnetic field produce hydrogen. However, magnetic field harms PV cells in terms of 
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electricity generation, panels should be deployed where they are not subjected to magnetic field. 

Moreover, Hydrogen is produced because of magnetic field and applied magnetic field can be 

used to generate electricity, which can be consumed or stored for hydrogen production at night 

time. Electric generation by magnetic heat engine requires heat, and heating and cooling 

processes change ferromagnetic materials magnetization, usable for generating power. Needed 

heat is met by waste heat removed by the electrolyzer. Brayton cycle is applied to magnetic 

heat engine as a power cycle.  

In this reseach, we introduce the following assumption: 

- Solar irradiance is assumed constant and equal to 800 W/m2 (Skoplaki et al. ,2008); 

- Ambient temperature is taken as 25oC and wind speed is assumed as 1 m/s for simplication 

(Skoplaki et al. ,2008);; 

- Cell area of the PV is taken as 1 m2 to ease of calculations; 

- Working temperature of the Alkaline electrolyzer is equal to 200 oC. 

3. Analysis 

In this section the analysis carried out is presented and analyzed for different subsystems. 

3.1. Silicon PV cell 

PV power output is the function of the ambient temperature, solar irradiance and wind speed.A 

simple correlation of the efficiency was presented by Skoplaki et al. in equation (1): 

𝜂𝑃𝑉 = 0.12 [1 − 0.004 (𝑇0 + 𝜔
0.32𝐺

8.91+2𝑉𝑤
− 25)]                                                                              (1) 

Using eq. (1), one can get PV power [W]: 

𝑃𝑃𝑉 = 0.12𝐺 [1 − 0.004 (𝑇0 + 𝜔
0.32𝐺

8.91+2𝑉𝑤
− 25)]                                                                           (2) 

where G is the solar irradiance [W/m2], T0 is the ambient temperature [K], Vw is wind speed 

[m/s] and ω is mounting coefficient. Detailed investigation of the PV cell behaviours can be 

found in (Khatib et. al, 2021).   

3.2. Alkaline Electrolysis 
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Analysis of the alkaline electrolyzer is performed by method defined by Abidin et.al . In here, 

produced hydrogen is needed and voltage and current must be calculated for this. Equataions 

for calculating them can be seen in eqs. (3)-(12) 

The partial pressure of the hydrogen [bar]: 

𝑝𝐻2 =

(

 
 1

𝜀𝑐𝑎𝑡
𝜏𝑐𝑎𝑡

𝑒

(
𝑅𝑇𝐿𝑐𝑎𝑡−𝑐𝑖

2𝐹𝑃𝑐𝑎𝑡𝐷𝑒𝑓𝑓
𝑐𝑎𝑡 )

− 1

)

 
 
𝑃𝐻2𝑂,𝐾𝑂𝐻
𝑠𝑎𝑡                                                                                                    (3) 

The partial pressure of the oxygen [bar]: 

𝑝𝑂2 =

(

 
 1

𝜀𝑎𝑛
𝜏𝑎𝑛

𝑒

(
𝑅𝑇𝐿𝑎𝑛−𝑐𝑖

2𝐹𝑃𝑎𝑛𝐷𝑒𝑓𝑓
𝑎𝑛 )

− 1

)

 
 
𝑃𝐻2𝑂,𝐾𝑂𝐻
𝑠𝑎𝑡                                                                                                      (4) 

where, R is the universal constant of ideal gasses, T is operating temperature [K] of the 

electrolyzer, F is Faraday constant, P is pressure [bar], D is the diffusion coefficient [m2/s], i is 

the current density [A/cm2] and L is distance [cm].  

Open circuit voltage 𝑉𝑜𝑐 [V]: 

𝑉𝑜𝑐 = 𝑉𝑠𝑡𝑑
𝑜 (𝑇 − 𝑇0)

𝛥𝑆𝑜

𝑛𝐹
+
𝑅𝑇

2𝐹
(𝑙𝑛 (

𝑝𝐻2√𝑝𝑂2

𝑎𝐻2𝑂,𝐾𝑂𝐻
))                                                                                (5) 

where 𝑉𝑠𝑡𝑑
𝑜  is the standard voltage [V].  

Activation voltages for anode and cathode are calculated [V]: 

𝑉𝑎𝑐𝑡
𝑎𝑛 =

𝑅𝑇

𝛼𝑎𝑛𝐹
𝑙𝑛 (

𝑖

𝑖𝑜
𝑎𝑛(1−𝛩𝑎𝑛)

)                                                                                                             (6) 

𝑉𝑎𝑐𝑡
𝑐𝑎𝑡 =

𝑅𝑇

𝛼𝑐𝑎𝑡𝐹
𝑙𝑛 (

𝑖

𝑖𝑜
𝑐𝑎𝑡(1−𝛩𝑐𝑎𝑡)

)                                                                                                           (7) 

where 𝛼𝑎𝑛 and 𝛼𝑐𝑎𝑡 are the change transfer coefficient for anode and cathode and 𝑖𝑜is the 

exchange current density (A/cm2). 

Fractional bubble coverage on the electrolyte surface can be found as follows: 
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𝛩 = (−97.25 + 182
𝑇

𝑇0
− 84 (

𝑇

𝑇0
)
2

) (
𝑖

𝑖𝑙𝑖𝑚
)
0.3 𝑃

𝑃−𝑃𝐻2𝑂,𝐾𝑂𝐻
𝑠𝑎𝑡 , 𝑖 𝑙𝑖𝑚

𝑜𝑚

𝑙𝑖𝑚
            (8) 

where 𝑖𝑙𝑖𝑚
𝑜  standard limiting current density [A/cm2].  

Concentration activation Voltage [V]: 

𝑉𝑐𝑜𝑛 =
𝑅𝑇

4𝐹
𝑙𝑛
𝐶𝑂2,𝑒𝑙
𝑎𝑛

𝐶𝑂2,𝑜
𝑎𝑛 +

𝑅𝑇

2𝐹
𝑙𝑛
𝐶𝐻2,𝑒𝑙
𝑐𝑎𝑡

𝐶𝐻2,𝑜
𝑐𝑎𝑡                                                                                                       (9) 

where C is the concentration [mol/m3].  

Ohmic voltage [V] is calculated as follows: 

𝑉𝑜ℎ𝑚 = 𝐼𝑅𝑐𝑒𝑙𝑙                                                                                                                                         (10) 

where I and Rcell are current [A] and cell resistance []. Finally, cell voltage 𝑉𝑐𝑒𝑙𝑙 [V] is: 

𝑉𝑐𝑒𝑙𝑙 = 𝑉𝑜𝑐 + 𝑉𝑎𝑐𝑡 + 𝑉𝑐𝑜𝑛 + 𝑉𝑜ℎ𝑚                                                                                                               (11) 

Power input to the electrolyzer 𝑃𝑐𝑒𝑙𝑙 [W] is calculated as follows: 

 𝑃𝑐𝑒𝑙𝑙 = 𝑉𝑐𝑒𝑙𝑙𝐼                                                                                                                                         (12) 

3.3. Magnetic heat engine 

Magnetic heat engine is a kind of heat engine which converts heat into electricty, since heat 

rates must be determined firstly. Heat input and output are written as follows: 

𝑄ℎ = 𝑐𝐵1
2 (

1

𝑇2
−

1

𝑇3
) = 𝑘1𝐿𝑀𝑇𝐷ℎ𝑡1                                                                                                   (13) 

𝑄𝑙 = 𝑐 (
𝐵

𝑥
)
2

(
1

𝑇1
−

1

𝑇4
) = 𝑘2𝐿𝑀𝑇𝐷𝑙𝑡2                                                                                              (14) 

where, t1 and t2 are the cycle times. 

𝑡1 =
𝑐𝐵1

2(
1

𝑇2
−
1

𝑇3
)

𝑘1𝐿𝑀𝑇𝐷ℎ
                                                                                                                           (15) 

𝑡2 =
𝑐(
𝐵

𝑥
)
2
(
1

𝑇1
−
1

𝑇4
)

𝑘2𝐿𝑀𝑇𝐷𝑙
                                                                                                                     (16) 

LMTD is a logarithmic mean temperature difference as expressed follows: 

𝐿𝑀𝑇𝐷ℎ = 𝑙𝑛
(𝑇−𝑇2)−(𝑇−𝑇3)

(
𝑇−𝑇2
𝑇−𝑇3

)
                                                                                                     (17) 
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𝐿𝑀𝑇𝐷𝑙 = 𝑙𝑛
(𝑇4−𝑇𝑙)−(𝑇1−𝑇𝑙)

(
𝑇4−𝑇𝑙
𝑇1−𝑇𝑙

)
                                                                                                     (18) 

Rate of magnetization (x) is expressed by; 

𝑥 =
𝐵1

𝐵2
                                                                                                                                                 (19) 

Inefficiency rates can be described as degree of irreversibilities at the adiabatic 

processes. These parameters are called compression and expansion efficiencies to obtain 

similarity with the Brayton cycle which can be written as follows, respectively: 

𝜂𝐶 =
𝑇2𝑠−𝑇1

𝑇2−𝑇1
, 𝜂𝑒 =

𝑇3−𝑇4

𝑇3𝑠−𝑇4
                                                                                                              (20) 

The power output of the magnetic heat engine [W] is written using firt law of the 

thermodynamics and it expressed as follows: 

𝑃𝑚ℎ𝑒 =
𝑄ℎ−𝑄𝑙

𝑡1+𝑡2
                                                                                                                                    (21)   

3.4. Calculation methodology of the system    

For the hybrid system, calculation methodology is expressed in this section. Total output power 

is calculated hydrogen power and output power of the magnetic heat engine. All power obtained 

by the PV is sent to electrolyzer to produce hydrogen. Hydrogen power is calculated as 

multiplying hydrogen production and hydrogen lower heating value (LHV). It is written in eq. 

(22): 

𝑃ℎ𝑦𝑑 = �̇�𝐻2𝐿𝐻𝑉𝐻2                                                                                                                           (22) 

where �̇�𝐻2and 𝐿𝐻𝑉𝐻2are the produced hydrogen and lower heating value of the hydrogen. 

Exergy output of the hydrogen is calculated in eq. (23):   

𝛯ℎ𝑦𝑑 = 𝜙𝐻2�̇�𝐻2𝐿𝐻𝑉𝐻2                                                                                                                          (23) 

here, 𝜙𝐻2 is the exergetic coefficient of the hydrogen and, therefore, total energy and exergy 

outputs are calculated in eq. (24) and eq. (25) respectively: 

𝑃𝑛𝑒𝑡 = 𝑃ℎ𝑦𝑑 + 𝑃𝑚ℎ𝑒                                                                                                                          (24)   
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𝛯𝑛𝑒𝑡 = 𝛯ℎ𝑦𝑑 + 𝛯𝑚ℎ𝑒                                                                                                                          (25)   

                                              

3.5. Thermodynamic analysis and sustainability/unsustainability indicators 

Thermodynamic parameters consist of energetic and exergetic parameters. Energetic 

parameters are based on the first law of thermodynamics and it is related to energy balance in 

a system/cycle. For a cycle of heat engine, in which heat is converted into work, it can be 

expressed as: 

𝛿�̇� − 𝛿𝑃 = 𝛥�̇�                                                                                                                                  (22) 

here, �̇�is the heat input rate, 𝑃 is the power output and �̇� is the energy rate. The first 

law efficiency is described as ratio of energy output to energy input: 

𝜂 =
𝑃

�̇�
                                                                                                                                              (23) 

  Energetic parameters are indicators of how much energy is used and converted to 

another form. However, energy analysis cannot respond to the question on  “which is the quality 

of energy used”. Exergy analysis, which is based on the first and second laws of 

thermodynamics, is introduced just to evaluate the quality of the energy. Irreversibility is the 

cause of the inefficiency of a system, and exergy analysis is applied to determine just the 

irreversibility and the components to be optimized. Exergy balance is expressed as follows:  

𝛯𝑑 = 𝛯𝑓 − 𝛯𝑝                                                                                                                                      (24) 

where, f dedicates “fuel”, p dedicates “product” and d represents “destruction”. Fuel exergy is 

the exergy input of the system to obtain useful product, which is called as product exergy. 

Exergy cannot be conserved and some piece of the exergy is always destroyed because of 

irreversibilities. This irreversible piece is named exergy destruction and shows loss of work 

potential. The lower value at the exergy destruction indicates the more quality employing of the 

energy. Another term is the exergy efficiency representing how a system is close to the 

reversible one and expressed as shown in eq. (25): 
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𝜑 =
𝛯𝑝

𝛯𝑓
                                                                                                                                                (25) 

Classical sustainability index is expressed as the ratio of the fuel exergy to the exergy 

destruction and it is expressed in terms of exergy efficiency as follows (Dewulf, 2000):  

𝛽 =
1

1+𝜑
=
𝛯𝐹

𝛯𝐷
                                                                                                                                  (26) 

The sustainability index (β) is a measure of the depletion of the energy source, it is 

expressed ratio of exergy equilavent of energy source(fuel exergy) to loss work (exergy 

destruction). it is clear that emissions, released into the environment, reduce as high exergy 

efficiency,or less exergy destruction rate; however, it does not provide any certain result of the 

amount of the emissions and their change. 

Lucia et al. (2018) suggested a parameter called as unavailability index (α) as a measure 

of unsustainability in a system described as ratio of the exergy destruction to the product exergy. 

It is basically reverse of the sustainability index described in eq [26]: 

𝛼 =
1

𝛽
                                                                                                                                                 (27) 

Exergetic ecological index (γ) considers basic exergetic parameters, fuel exergy, product 

exergy and exergy destruction at the same time. It is obtained by removing unavailability index 

from the exergy efficiency and it provides an information on how fuel source is used. For 

instance, if this index has negative value, it means depleted exergy is bigger than the useful 

exergy or power output and lower values give us the measure how a higher unuseful/depleted 

exergy bigger than useful product. 

𝛾 = 2𝜑 − 𝛼                                                                                                                                             (28) 

The final one is called exergetic inefficiency (δ) (Lucia et al., 2020, Grisolia et al., 2020) 

and it is calculated as the ratio of  exergy destruction per product exergy, in other words, it is a 

comparison between loss work/ depleted exergy and useful work/product. Exergetic 

inefficiency is calculated as follows: 
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𝛿 =
1−𝜑

𝜑
                                                                                                                                             (29) 

4. Results and discussion 

This paper aims to emphasize two aspects: a magnetic effect increases production of hydrogen 

production at the electrolyzing process, and the use of this magnetic field for electric generation. 

In other words, magnetic field applied to electrolysis process to increase the hydrogen 

production can be utilized to operate magnetic heat engine. Magnetic heat engine is chosen 

since it can be used to generate electricty from the low temperature heat source. In this study 

heat rate rejected by the alkaline electrolyzer is assumed as source of the low temperature heat 

source. This kind of hybrid system is investigated in terms of sustainability/unsustainability 

which is based on exergetic approach. As it is explained in section 3, exergy is a measure of 

sustainability at the design stage of any heat engine/energy conversion device. However, before 

sustainability results, main parameters, like power output energy-exergy inputs and efficiencies, 

must be introduced. In addition to that relations, x and I  between B are depicted in fig.2. Results 

are illustrated in Figs. 2-11, where magnetic field changes from 7.4 to 8.8 operating conditions 

of the magnetic heat engine. Results show that the magnetic heat engine reaches its maximum 

power output at 7.6 T and it is 5.53 W at this point.  

Firstly, basic parameters which are power and exergy outputs shown in fig. 3. Total 

power output and exergy output rates are calculat by using eqs. (22)-(25) and results include 

power and exergy outputs of produced hydrogen and generated electricty. Results show that 

both of them, power and exergy outputs, reach their maximum points. The difference between 

maximum and minimum values of them are about 5 W. This value is relatively low and ithas 

resulted from since it is a small-scale system. As it can be seen in fig. 4 and Refs. (Aaboubi et 

al., 1990), hydrogen production increases with magnetic field and the power output generated 

by the magnetic heat engine is 5.48 W.Because of the changing tren of the magnetic heat engine, 

the power output and the exergy output of the system obey the same trend.  
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Energy and exergy efficiencies of the system are depicted in fig. 5. They have naturally 

same tendency with the power/exergy output of the system. Since energy and exergy inputs 

stay constant resulted from constant solar irradiance assumption their maximum otput values 

are provided at the same point where the magnetic heat engine power/exergy output  is the 

maximum. Also, the energy and exergy efficiencies have very low values which are caused by 

the low efficiency of the PV cells. A closer investigation of energy/exergy efficiencies of 

magnetic heat engine, which can be seen in fig.6,  It can be seen that exergy efficiency is much 

more bigger than the energy efficiency. This  indicates that quality of energy conversion is more 

effective than the conversion of  energy sources to power.  

Exergy destruction rates of the considered system, which are shown in fig. 7, reach a 

minimum point at magnetic fiel at 7.6 T. This means that their lost power/depleted exergy is 

the minimum, in other words, inefficiencies are minimum in this point.   

Sustainability/unsustainability analyses results are shown in figs. 8-11 where α, β, γ, δ 

prensent exergy inefficiency, sustainability index, exergetic ecological index and unavailability 

index, respectively. Figs.8 and 9 show the results of  the hybrid system while Figs.10 and 11 

are about the magnetic heat engine.In fig.8, exergetic inefficiency rate ranges from 10 to 12, 

which means exergy or potential power of the considered system is depleted more than 10 times 

per product exergy. The sustainability index is an indicator of thermodynamic environmental 

measure of any energy conversion system. It is a rate of the exergy destruction to exergy source, 

in other words, it is called as source depletion. This index is desired to be high as much as 

possible, which are not high for the considered system.The higher value means the higher 

amount of exergy sources is converted into useful exergy product. For the hybrid system, higher 

exergy inefficiencies and sustainability index values are consistent with each other, one of them 

has the maximum rate and the other has the minimum rate. The reason of these, they are strictly 

conneted with exergy destruction rate. Results of the magnetic heat engine show that the 
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sustainability index has a maximum point, while exergetic inefficiency has a minimum. 

Unavailability and exergetic ecological indexes are shown in fig. 11. Exergetic ecological index 

is taken mostly negative values for both hybrid system and magnetic heat engine. This indicates 

that exergy destruction rate is bigger than product exergy and these negative values are about -

0.8 for the hybrid system, which represents about 80% of the fuel exergy is not utilized 

effectively and depleted. For effective usage of the energy source, this value should be positive 

and as higher as possible. Magnetic heat engine has some positive points at 7.5 T and 7.6 T; 

however, these are still low and this reveals that product exergy and exergy destruction rates 

are nearly equal. With a detailed analysis is seen that extremum points are obtained where 

magnetic heat engine power output is the maximum and the sustainability of the system is high 

at these points. 

According to the results, the considered system may not be assumed as sustainable. 

However, this system is driven by solar energy which is limitless and has no harmful 

environmental effects. Therefore, thermodynamic sustainable indexes do not provide any 

certain information about resource depletion or possible environmental effects. Yet, it would 

be a great mistake to say that it cannot be applied to renewable energy systems. Since these 

indexes provide information about power loss and irreversibilities directly connected to the 

efficiency and they are very useful to diagnose what is wrong with the system and their 

improvement potential consisting of information of where they and how big they are. For fossil 

fuel-based or non-renewable systems, they are good indicators for evaluating sustainability in 

terms of thermodynamics point of view, although they are insufficient since they have indirect 

connection to the economy and environment. The sustainability concept should involve energy, 

economic, environmental and social aspects altogether and these kinds of thermodynamical 

sustainable indexes do not provide anyenvironmental, economic but they give a detailed 

information in terms of energy aspects. According to these results, more comprehensive indexes 
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should be tried to develop and it is another possibility to develop different sustainability indexes 

for renewable and non-renewable resources in terms of energetic aspects. 

5. Conclusion 

In this study, energy and exergy approaches supported sustainability/unsustainability analyses 

are applied to the PV electrolysis and magnetic heat engine coupled novel system used for 

hydrogen and electricity generations. The main conclusions of this study can be summarized as 

follows: 

- Magnetic field does not only improve the hydrogen production but also low-temperature heat 

can be harvested by magnetic heat engine and relatively more efficient electricity can be 

generated compared to other harvesters. 

-Magnetic heat engine reaches its maximum power output  at 7.6 T and it is 5.53 W at this point. 

-The considered novel system has greater energy and exergy efficiencies, which are around the 

8%, at 7.6 T, besides, it is assumed sustainable at this value.  

- Exergetic inefficiency rate ranges from 10 to 12. 

- Exergetic ecological index is taken mostly negative and these negative values are about -0.8 

- Mostly the considered system is unsustainable, the main energy source is solar energy and 

since its unconsumable nature, loss of power can be compensated easily. In addition, it shows 

that most of energy input cannot be converted to electricity because of their ineffectiveness. 

- Finally, the authors emphasize that more comprehensive sustainability indexes should be 

presented and some different indicators should be developed for renewable and non-renewable 

systems for energetic evaluation. 
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Fig. 1. Schematic of the system

Solar Irradiation 

Alkaline Electrolyzer PV panel 

Magnetic Heat Engine 

Heat 

Electricity 

Electricity 

Hydrogen 



27 

 

 

 

 

Fig.2. Connection current density and rate of magnetic fields. 
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Fig.3. Variation of the power and exergy outputs with magnetic field. 
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Fig.4. Variation of the power out of the magnetic heat engine and hydrogen energy output 

with magnetic field. 
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Fig.5. Variation of the energy and exergy efficiencies of the hybrid system with magnetic 

field. 
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Fig.6. Variation of the energy and exergy efficiencies of the magnetic heat engine with 

magnetic field. 
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Fig.7. Variation of the exergy destruction rates with magnetic field. 
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Fig.8. Variation of the exergy inefficiencies and sustainability indexes of the hybrid system 

with magnetic field. 
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Fig.9. Variation of the exergetic ecological index and unavailability index of the hybrid 

system with magnetic field. 
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Fig.10. Variation of the exergy inefficiencies and sustainability indexes of magnetic heat 

engine with magnetic field. 
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Fig.11. Variation of the exergetic ecological index and unavailability index of magnetic 

heat engine with magnetic field. 
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