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Abstract: An application-based multi-objective optimization approach is 

presented to acquire the best operation condition for a proton-exchange 

membrane fuel cell. The optimization is done for propulsion, power 

station, and portable applications, in which the recommended range for 

decision variables and importance level of the objective functions are 

taken into consideration for more accurate and practical results. In the 

multi-objective optimization, from each important aspect of the 

performance, i.e., technical, economic, dimensional, and environmental 

aspects, one objective is selected. The effect of threshold current 

density on both optimum decision variables and objective functions are 

also investigated to find the best value for that. The results reveal 

that increasing the maximum allowable current density leads to 

improvements in optimized values of all the objective functions. 

Moreover, the conducted sensitivity analyses determine that the threshold 

current density for the propulsion and power station applications is 1.3 

A.cm-2 and for the portable application is 1.5 A.cm-2. Furthermore, it is 

found that values of the temperature, pressure and voltage in power 

station are not affected by optimization, whereas substantial decrease in 

both propulsion and portable applications brings more level of safety. 

Similarly, objective functions, i.e., efficiency, levelized cost, size, 

and greenhouse emission are averagely improved by 9.93, 16.95, 37.13, and 

7.77%, respectively. The proposed procedure helps to design and 

manufacture the high-performance proton-exchange membrane fuel cells 

based on the employed application and users' preference. 
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 The best allowable current density for portable application is 1.5 A.cm
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 Employing the approach leads to a higher level of safety.  

 On average, efficiency and levelized cost are enhanced 9.93 and 16.95%. 

 Size and greenhouse emissions are averagely improved 37.13 and 7.77%. 
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Black = ‘comments’ & blue = ‘answers’ 

The revision of the text is done in “track change” mode to be able to see the applied changes 

easily in the updated manuscript. In the comment section, it is mentioned that each change is due 

to which comment, as well.  

 

Comments from the Editors and Reviewers:  

-Editor 

The reviewers have submitted a series of comments and recommendations for the improvement 

of the manuscript. Please, consider all reviewers' comments carefully and provide a detailed list 

of actions taken and revisions made to the manuscript to address these comments. In case you 

disagree with a comment, provide a rebuttal. 

Dear Editor, we are very grateful for your positive feedback on our manuscript. The constructive 

comments from Reviewers are highly appreciated. We tried our best to modify the manuscript 

based on the valuable comments from Reviewers which we believe made the manuscript 

successively better. In continue, we provide a point-by-point response for each comment, 

explaining the applied changes. We hope that the paper was modified in a satisfactory way. 

In addition, consider the following: 

1. As a general editorial policy, authors are not obliged to include references recommended by 

reviewers in the manuscript, unless these references are absolutely necessary and enhance the 

clarity and completeness of the manuscript.   

Thank you very much for letting us know the issue. The point was considered in the revision 

process. 

Detailed Response to Reviewers
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-Reviewer 1:  

The following comments are presented for the primary evolution. The paper and results will be 

investigated more precise in the next version. Please consider all of comments for the next 

revision. 

Dear Reviewer, we are very grateful for your valuable comments, which helped us to increase 

the quality of the paper. We appreciate them a lot. The manuscript was updated carefully 

considering all the points that you made, as it was completely in the following. 

 

1.The title is not proper, please change it, if possible. 

The title was changed based on your comment and a new proper title was chosen. The modified 

title is: 

Application Based Multi-Objective Performance Optimization of a Proton Exchange 

Membrane Fuel Cell 

2. Please clarify this sentence "In multi-objective optimization, from each important aspect in the 

performance, one objective is selected". What is the main propose? 

The sentence was modified based on your comment: 

In the multi-objective optimization, from each important aspect of the performance, i.e., 

technical, economic, dimensional, and environmental aspects, one objective is selected. 

The objective selected from each aspect was also introduced after that, in the last sentence of the 

abstract: 

Similarly, objective functions i.e., efficiency, levelized cost, size, and greenhouse emission are 

averagely improved by 9.93, 16.95, 37.13 and 7.77%, respectively.  

3. There is a lot of language mistakes in the paper such as in the abstract: The results reveal that 

increasing the maximum allowable current density leads to improve optimized values of all 

objective functions or ... 

As you recommended, we modified the language of the paper and in it was checked by a native 

person as well as Grammarly software. Some examples of the corrections were indicated in the 

paper. The mentioned sentence has been also modified as well: 

The results reveal that increasing the maximum allowable current density leads to improvements 

in optimized values of all the objective functions. 
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4. In the nomenclature, several abbreviations are not demanded such as MOO, fuel, levelized and 

so on. Please modify and correct the nomenclature.  

Your comment was noticed. The unnecessary items were removed from the nomenclature. 

5. The previous studies about the multi-objective problems and solving methodology have not 

been investigated sufficiently. The researcher should investigate the previous researches with 

more details. Hence, more paper should be investigated such as: 

https://doi.org/10.1016/j.energy.2016.10.113 

https://doi.org/10.1016/j.ijepes.2017.06.010 

https://doi.org/10.1016/j.energy.2019.01.136 

https://doi.org/10.1016/j.jclepro.2018.05.059 

Thank you for suggesting appropriate references. We modified the introduction part using them 

and some other papers from the literature: 

Such optimization procedure has been implemented in many applications, from fuel cells (Sohani 

et al., 2019a), to thermal power plants (Sohani et al., 2017a), photovoltaic solar systems 

(Saedpanah et al., 2020), electrochemical systems (Pourmirzaagha et al., 2016), and 

management of micro grid (Jirdehi et al., 2017; Tabar et al., 2017). For instance, Sohrabi Tabar 

et al. (Tabar et al., 2017) solved the problem of micro grid management by the multi-objective 

optimization considering pollution and cost at the same time, and Ahmadi Jirdehi et al. (Jirdehi 

et al., 2017) found the best plan to run a micro grid system from both economic and 

environmental points of view by this approach. The studies (Tabar et al., 2019; Tabar et al., 

2018) are some other examples of optimization in the field. 

The references (Jirdehi et al., 2017; Tabar et al., 2017) and (Tabar et al., 2019; Tabar et al., 

2018) are the recommended ones. 

6. What is 'APP' in the Table 3? 
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In the paper, the abbreviation ‘APP’ means “application”. Considering your comment and as the 

abbreviation was only used in three places of the paper, the full name was employed in the 

revised version of the manuscript.  

7. I think most sentences of the paper can be declared more properly. For instance, the length of 

the presented sentences is too much. In the other side, most of words are repeated over and over 

such 'objective function' in section 2. 

The paper was checked carefully and modified according to your comment. 

8. The language quality is not acceptable at all. Hence, the paper should be checked by the native 

English teacher or languages institute. 

As you recommended, we modified the language of the paper and in it was checked by a native 

person as well as Grammarly software.    

9. What are your novelties in the formulation? As it is obvious, all of them are presented 

previously. 

The point is different papers have different novelties. The novelty of some of them is in 

formulation whereas some other ones, including the current paper, have other novelties. As it 

was completely described in Table 2 of the revised version of the manuscript, the gap of the 

research and the novelties of the paper are: 

Table (2): Gap of the research and the items taken into account as the novelties of the present 

investigation 

The gap of the research The novelty of the current investigation 

All the important criteria in the performance of a PEMFC 

have not been considered and optimized together. Therefore, 

the desired condition for the performance of the system from 

all the important perspectives has not been determined. 

PEMFC is optimized by considering all important 

performance criteria at the same time. Efficiency, 

levelized cost, size, and greenhouse gas pollution are 

optimized as the technical, economic, dimensional and 

environmental objective functions through multi-

objective optimization. 

When optimization is done for more than one application, For each investigated application, namely, propulsion, 
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for all the investigated applications, the same variation range 

for a decision variable has been considered. It might have 

led to not realistic results and comparisons. 

power station, and portable applications, a separate 

range, based on the recommended range of [51] is 

defined. Therefore, the obtained results are more 

realistic and practical for the investigated application, 

and the comparisons among the results of optimization 

for different applications are more accurate. 

In the previous studies either the final solution has not been 

determined (only POF has been drawn and discussed) or the 

selection has been done by using methods like the technique 

for Order of preference by similarity to ideal solution 

(TOPSIS), which consider the same priority level for all the 

objective functions. Considering the same priority level for 

different applications is not correct. 

The importance level of different objective functions is 

taken into account by using a combination of analytical 

hierarchy process (AHP) and TOPSIS for the three 

studied applications. It leads to obtaining an 

application-based and practical optimized solution. 

For the maximum allowable current density, a constant 

value has been assumed, and the optimization has been 

conducted with that. Therefore, the impacts of the maximum 

allowable current density on the optimum results have not 

been uncovered. 

The effects of the maximum allowable current density 

on the results of optimization, including the values of 

the decision variables and objective functions are 

studied, and after discussing results in details, the best 

value for each application is determined.  

10. There are a lot of structural mistakes in the text that should be corrected such as extra or low 

spaces, lower/upper case in the section 2.2, first line. 

Thank you for your detailed comments. The manuscript was double checked and such mistakes 

are not seen anymore. 

11. As mentioned in the constraint part, only one constraint is considered in the problem? Is it 

possible? Other variables have no limit? 

In almost all the optimization problems in the reality, like here, the decision variables have their 

limits. However, in this study, following the same fashion as the Rao’s book and the 

optimization toolbox in MATLAB software, they are called as “bounds”, which are introduced in 

Table (3): 

Table (3):  The recommended range of decision variables for different applications (the 

considered bounds for the decision variables) 

Parameter 

 

Symbol 

Application 

Unit  Application #1 

(Propulsion) 

Application #2 

(Power Station) 

Application #3 

(Portable) 
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Temperature  T   283.15- 363.15 283.15- 363.15 283.15- 363.15  K 

pressure  P   105000- 300000 105000- 200000 105000- 200000 Pa 

voltage 

 

V   

Based on 

PEMFC’s 

specifications 

Based on PEMFC’s 

specifications 

Based on 

PEMFC’s 

specifications 

V 

actual to stoichiometric 

molar ratio of air  

 
air   1.3- 2.0 1.1- 2.0 1.1- 2.0 - 

actual to stoichiometric 

molar ratio of hydrogen 

 
2H   1.1- 2.0 1.1- 2.0 1.1- 2.0 - 

humidity of the anode 

(hydrogen) 

 
air   0.10- 0.25 0.12- 0.25 0.13- 0.25 

1. airkg kg 
 

humidity of the cathode (air)  
2H   0.10- 0.25 0.12- 0.25 0.13- 0.25 

2

1. Hkg kg
 

 

On the other hand, the limitations which are not the bounds are called the constraints. Based on 

this definition, there is only one imposed constraint, which is the one you mentioned, i.e., the 

maximum current density limit (The current density is a dependent parameter whose value is 

obtained based on the values of the decision variables, as Eq. (13) shows). 

The discussed points were also added to the revised version of the manuscript: 

Part 2.1.1 (Decision variables) 

It should be noted that in almost all the optimization problems in the reality, like here, the 

decision variables have their limits, as it is seen. However, in this study, following the same 

fashion as (Rao, 2019) and the optimization toolbox in MATLAB software (Higham and Higham, 

2016; Moore, 2017), they are called as “bounds”, and not “constraints”. On the other hand, the 

limitations which are not the bounds are called the constraints. The constraints considered in 

this study are introduced in the section 2.1.3.  

Part 2.1.3 (Constraints) 
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It is worth mentioning that as it was explained in the section 2.1.1, the limitation for the decision 

variables are called “bounds” and the constraints cover other limitations.   

12. Some of the sentences are repeated, please modify them. 

Based on your comment, we double-checked the whole paper and tried to avoid repetition in the 

updated version of the manuscript. 

13. As explained, for selecting the best results among the Pareto set, a judgment-weighted 

method is used. What is your justification for the accuracy of the method? Is it possible to 

compare the results with other methods? 

In order to respond this comment, we divide it into two parts. For the first part of the comment, it 

should be mentioned that all the employed methods as well as the used equations are the verified 

ones which have been widely applied in the previous studies. As a result, the combination of 

them has also enough accuracy and is justified. Some sentences to describe the point were added 

to the part 3.2 of the manuscript. For the second part of the comment, it should be indicated that 

it was noticed, and based on that, in Fig. (3), the results were compared with TOPSIS, in which 

the same weight for all the objective functions are considered. In addition, the explanations about 

the comparison were also presented in the paper. 

 14. In the section 4.1, the impacts of current density on the optimal pressure, temperature and … 

are not well justified. Please propose more details. In the other words, answers to the 'why and 

how questions' are not acceptable (i.e., the paper only show the results without any 

justifications). 
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Thank you for the detailed review. We considered you comment and added justifications for the 

changes in the decision variables. Four examples of the added justifications are mentioned here; 

other ones can be found in the marked-up version of the manuscript. 

Part 4.1.1.1 (Temperature) 

As it is seen in Fig. (1a), for all the three applications, increasing            leads to decrease in 

the optimum temperature. The reason in when            grows, the movement of the ions in the 

electrolyte membrane as well as the movement of the electrons in the solid phase and current 

collectors becomes easier. In other words, the internal resistance drops by increasing           . 

which leads to lower operating temperatures. 

Part 4.1.1.2 (Pressure) 

According to Fig. (1b), by an increase in           , the optimum pressure decreases in all the 

three applications. It is because the operating pressure directly affects the transport of the 

reactants to the reaction area (catalyst layer). When            is low, the rate of reactions falls 

significantly, and the density of reactants becomes higher at the interface between the gas 

diffusion layer and the catalyst layer. As a result, in such conditions, i.e., low values for 

          , the optimum value for pressure has to increase to move the reactants to the reaction 

area in a proper way. 

Part 4.1.2.1 (Efficiency) 

Based on the points discussed in part 4.1.1, when            gets higher, the reaction happens in a 

better way and a higher fraction of the available reactants at the interface between gas diffusion 

layer and catalyst layer is consumed. Therefore, the efficiency is improved. As it is depicted in 

Fig. (2a), a moderate change in the optimum efficiency takes place when the maximum allowable 

current density goes up. 

Part 4.1.2.2 (Levelized cost) 

According to the points which have been discussed so far, by an increase in the value of 

          , the reaction takes place more properly, and consequently, the efficiency is enhanced. 
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Enhancing the efficiency means that the generated electricity from a constant amount of fuel 

increases, and as a result, the price of the produced electricity and consequently, the levelized 

cost is improved as per Fig. (2b). 

15. As mentioned in the previous comment, the results in the next sections such as 4.2 are not 

well presented. I suggest to modify and improve the results section more precisely. 

Your comment was considered and the paper was modified based on that. As it can be seen in 

the marked-up version of the manuscript, we did our best to modify and improve the results 

section as far as possible. For instance, in the following, one of the parts added to modify the 

results section is given: 

Part 4.3 (Evaluation of the potential of improvement) 

On average, the efficiency, levelized cost, size, and GHG are improved 9.93, 16.95, 37.13, and 

7.77%, respectively. Additionally, the power generation application has the highest potential of 

enhancement in the efficiency and levelized cost whilst the most significant decrease in size and 

GHG are seen for portable and propulsion applications, respectively. In power generation 

application, the efficiency reaches from 59.71 to 69.71% while the levelized cost drops from 

0.8024 to 0.6280 $.(kWh)
-1

. Moreover, the size in the portable application falls from 10.840 to 

4.487 m
2
, and GHG of propulsion application diminishes from 6488.8 to 5962.2 g.h

-1
. 



10 of 25 

 

-Reviewer 2:  

Dear Reviewer, thank you very much for taking your valuable time and sharing us your 

constructive comments to enhance the quality of the manuscript. We appreciate them a lot. We 

did our best to modify paper by considering all your mentioned points and we hope that it was 

done in a satisfactory way. 

1. Originality: Does the paper contain new and significant information adequate to justify 

publication? 

The abstract and highlight sections set the tone of the paper and is often after reading the abstract 

and highlight sections when readers decide whether or not to read the paper at all. Besides this, 

the introduction is another major important part of the paper as it positions the paper's 

importance and why is there a need for such study. Another point to note is that similar titles 

have not only been published in JCLEPRO previously, but have also been published in other 

reputable journals such as SSRN Electronic Journal, Science of The Total Environment, Journal 

of Membrane Science, Fuel, Cell Reports, International Journal of Hydrogen Energy, 

International Journal of Radiation Oncology*Biology*Physics, et cetera. The authors have put 

forth a research problem that requires the world's attention because every entity has the social 

responsibility to promote clean water and sanitation, sustainable cities and communities, 

responsible consumption and production, life on land, as well as promoting good health and 

well-being, as advocated in the 17 Sustainable Development Goals developed by the United 

Nations. However, the authors didn't mention the specific statistical analysis tool/technique 

employed to analyze the data and the significant findings in the 'Highlights' section. It will be 

more value-added if the authors documented the statistical analysis tool/technique employed to 

perform this analysis. Furthermore, when reading the abstract, the reviewer has been wondering 

what the research problem and significance of study are. Please reinforce your research problem 

and significance of study to make your case even stronger. In addition, the research 

framework/model and the graphical abstract seem to be missing from the manuscript. Please 

include the research framework/model and the graphical abstract to boost clarity and provide 

some incentives to attract reader's attention to read on. An eye-catching and attractive graphical 

abstract will enable the readers to grasp the overall picture at one glance (or in other words, 

provides a bird eye's view of the research study). In addition, it is important that the authors 

provide a thorough description of the underlying rationale (e.g., why?) this research should be 

studied. What are your research objectives? What is your significance of study? The motivation 

of this paper is not clearly laid out and is not convincing even though the reviewer could see the 

point from the authors, but the evidence that the authors try to lay out would need to be enhanced 

and clearly demonstrated. It would be great to see a stronger connection between your findings 

and the theme of the journal. How does this understanding help organizations and the industries 

to be more sustainable? How are your results/findings going to benefit the industries and 
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societies at large? Much clearer and stronger justifications need to be put forth in order to 

convince the readers.  

We thank the reviewer for highlighting all the important points that should be addressed in the 

paper. We also thank the reviewer for appreciating the abstract that we have presented here. First 

of all, it should be mentioned that in the revised version of the manuscript, the highlights 

describe the main findings of the research, as shown in the following: 

 The best allowable current density for portable application is 1.5 A.cm
-2

. 

 Allowable current density of 1.3 A.cm
-2

 is the best for other applications. 

 Employing the approach leads to a higher level of safety.  

 On average, efficiency and levelized cost are enhanced 9.93 and 16.95%. 

 Size and greenhouse emissions are averagely improved 37.13 and 7.77%. 

In addition, according to your comment, the graphical abstract was also provided: 

 

 

 

 

 

 

 

 

Proton exchange 

membrane fuel cell 

H2 Air 

Propulsion application 

Stationary application 

Portable application 

Multi-objective optimization 

Objective 

functions 

Efficiency 

Levelized 

cost 

Size 

Greenhouse 

emission 

Decision 

variables 

Temperature 

 

Humidity 

content 

Pressure 

Actual to the 

stoichiometric 

ratios 

Voltage 

Constraint 

The maximum allowable 

current density 

NSGA-II method 

+ 

Selecting the final answer 

based on the application 

Combination TOPSIS and AHP 

as an expert-judgment weighted 

way 

Improvement for the three 

applications on average 

The best maximum allowable 

current density 

1.5 A.cm
-2

: Portable application 

1.3 A.cm
-2

: Other application 

Efficiency 

9.93% 

Levelized cost 

16.95% 

Size 

37.13% 

Greenhouse 

emission 

7.77% 
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Moreover, the employed methodology was discussed in the parts 2 and 3 of the revised version 

of the manuscript, where a brief but comprehensive explanation about the employed 

methodology and equations were given. It should be noted that since the techniques like NSGA-

II, AHP, and TOPSIS were completely introduced in the previous cited studies of the research 

team, and in order not to make the paper lengthy, they were referred for further information. The 

gap of the research, the novelties and objectives of the study as well as the significance of that 

were also introduced in the last part of the introduction of the revised version of the manuscript: 

In order to find the best operating condition, the values of performance criteria are improved by 

adjusting the effective parameters (Marefati and Mehrpooya, 2019; Nagapurkar and Smith, 

2019). However, in PEMFCs, there is a trade-off among performance criteria (Ayodele et al., 

2018; Bukar and Tan, 2019). For example, increasing efficiency as a favorable change is 

accompanied by an increase in the levelized cost of electricity (LCOE), which is unfavorable 

(Becherif et al., 2018; Chen et al., 2019). Therefore, performing single-objective optimizations 

like the study of Kanani et al. (Kanani et al., 2015) leads to partial results, and in order to 

acquire the best operating conditions, same as other energy systems (Sohani et al., 2019a; 

Sohani et al., 2018), multi-objective optimization (MOO) approach should be employed. A set of 

solutions, all of which has the potential of being the optimal answer, is obtained by running each 

MOO algorithm. The set is called Pareto optimal frontier (POF). Such optimization procedure 

has been implemented in many applications, from fuel cells (Sohani et al., 2019a), to thermal 

power plants (Sohani et al., 2017a), photovoltaic solar systems (Saedpanah et al., 2020), 

electrochemical systems (Pourmirzaagha et al., 2016), and management of micro grid (Jirdehi et 

al., 2017; Tabar et al., 2017). For instance, Sohrabi Tabar et al. (Tabar et al., 2017) solved the 

problem of micro grid management by the multi-objective optimization considering pollution and 

cost at the same time, and Ahmadi Jirdehi et al. (Jirdehi et al., 2017) found the best plan to run a 

micro grid system from both economic and environmental points of view by this approach. The 

studies (Tabar et al., 2019; Tabar et al., 2018) are some other examples of optimization in the 

field. 

… 
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Review of the literature shows that despite valuable investigations have conducted so far; there 

have been some gaps that should be addressed by conducting a new study. As a result, the 

current study is conducted. The gap of the research and the items taken into account as the 

novelties of the present investigation are introduced in Table (2). 

Table (2): Gap of the research and the items taken into account as the novelties of the present 

investigation 

The gap of the research The novelty of the current investigation 

All the important criteria in the performance of a PEMFC 

have not been considered and optimized together. Therefore, 

the desired condition for the performance of the system from 

all the important perspectives has not been determined. 

PEMFC is optimized by considering all important 

performance criteria at the same time. Efficiency, 

levelized cost, size, and greenhouse gas pollution are 

optimized as the technical, economic, dimensional and 

environmental objective functions through multi-

objective optimization. 

When optimization is done for more than one application, 

for all the investigated applications, the same variation range 

for a decision variable has been considered. It might have 

led to not realistic results and comparisons. 

For each investigated application, namely, propulsion, 

power station, and portable applications, a separate 

range, based on the recommended range of [51] is 

defined. Therefore, the obtained results are more 

realistic and practical for the investigated application, 

and the comparisons among the results of optimization 

for different applications are more accurate. 

In the previous studies either the final solution has not been 

determined (only POF has been drawn and discussed) or the 

selection has been done by using methods like the technique 

for Order of preference by similarity to ideal solution 

(TOPSIS), which consider the same priority level for all the 

objective functions. Considering the same priority level for 

different applications is not correct. 

The importance level of different objective functions is 

taken into account by using a combination of analytical 

hierarchy process (AHP) and TOPSIS for the three 

studied applications. It leads to obtaining an 

application-based and practical optimized solution. 

For the maximum allowable current density, a constant 

value has been assumed, and the optimization has been 

conducted with that. Therefore, the impacts of the maximum 

allowable current density on the optimum results have not 

been uncovered. 

The effects of the maximum allowable current density 

on the results of optimization, including the values of 

the decision variables and objective functions are 

studied, and after discussing results in details, the best 

value for each application is determined.  

One sentence was also added in the abstract now regarding the importance of this study to the 

industry or domestic sector, which is: 

The proposed procedure helps to design and manufacture the high-performance proton-

exchange membrane fuel cells based on the employed application and users’ preference. 
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2.      Relationship to literature: Does the paper demonstrate an adequate understanding of the 

relevant literature in the field and cite an appropriate range of literature sources? Is any 

significant work ignored? 

A research model/framework that aptly represents the variables at play seems to be missing. 

Please kindly include the research model/framework to give readers a clear picture regarding 

what are the relevant variables and the proposed relationships between the variables at one 

glance. Besides this, there are several problems that minimize its overall contribution to the 

literature. What is your 'theory'? How has this paper contributed to existing theory? How has this 

paper advanced our understanding on the previous work on the existing theories? Perhaps the 

authors could consider the Resource-based view (RBV) theory or Natural Resource-based view 

(NRBV) theory. In addition, the authors did cite relevant work published by JCLEPRO, which is 

the most cited journal in GSCM and sustainability paradigms (de Oliveira et al., 2018). This 

smart move has indeed added value and enhanced the credibility of the current research paper. 

Thank you.  

 

Reference: 

de Oliveira, U. R., Espindola, L. S., da Silva, I. R., da Silva, I. N., & Rocha, H. M. (2018). A 

systematic literature review on green supply chain management: research implications and future 

perspectives. Journal of Cleaner Production, 187,537-561. 

We thank the reviewer for the positive comments. About the research model/framework, as it 

was mentioned in the response to the previous comment, it was described in the sections 2 and 3 

of the revised version of the manuscript. Moreover, the following sentences were added as the 

answer to the question: “What is your 'theory'? How has this paper contributed to existing 

theory? How has this paper advanced our understanding on the previous work on the existing 

theories?” 

As the existing theory, the optimum values of the operating parameters for a PEMFC is obtained 

from the recommended values or the multi-objective optimization approaches which have not 

considered all the performance criteria at the same time and have assumed the same priority 

level for the optimized objective functions.  However, in this study, conducting the multi-

objective optimization in which all the key factors including technical, economic, dimensional, 
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and environmental aspects are taken into account is studied as the new theory. In addition, the 

new theory considers different levels of importance for the objective function based on the 

application. As a result, the proposed theory is a more practical and realistic one, and helps to 

design high-performance PEMFC more comprehensively and according to the users’ 

preferences in different applications, in which the objective functions do not have the same level 

of priority. 

In addition, according to your comment, we added the following sentences to the revised version 

of the manuscript: 

The final point which should be indicated in this part is based on the comprehensive conducted 

review on the green supply chain management system, journal of cleaner production is the most 

cited journal in this field and sustainability paradiagrams (de Oliveira et al., 2018), and based 

on the cited references and the topic, it is one of the best venues for publishing the paper.  

 

3.      Methodology: Is the paper's argument built on an appropriate base of theory, concepts, or 

other ideas? Has the research or equivalent intellectual work on which the paper is based been 

well designed? Are the methods employed appropriate? 

Again, what is the theory that is most relevant to your research framework/model? How has this 

paper contributed to existing theories? How has this paper advanced our understanding on the 

previous work on the existing theories? Besides this, please specify which software/statistical 

analysis tool that you used to conduct the analysis. Furthermore, is the sample size sufficient to 

represent the entire population? Can the subsequent results be generalized across the entire 

population? The generalizability of the results is questionable. In summary, the authors need to 

clarify and justify how the chosen samples can represent the population reasonably well. Besides 

this, the reviewer humbly believes that the authors must first establish the research objectives 

and state the RO clearly and explicitly at the beginning of the manuscript. The data analysis 

method (statistical method) must be able to help the authors to achieve the RO. Thank you. 
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In the revised version of the manuscript, the research framework/model was discussed in the 

sections 2 and 3. Moreover, the novelties and objectives of the paper and the contribution to the 

existing theories were introduced in the last part of introduction (the beginning of the 

manuscript): 

Table (1): Gap of the research and the items taken into account as the novelties of the present 

investigation 

The gap of the research The novelty of the current investigation 

All the important criteria in the performance of a PEMFC 

have not been considered and optimized together. Therefore, 

the desired condition for the performance of the system from 

all the important perspectives has not been determined. 

PEMFC is optimized by considering all important 

performance criteria at the same time. Efficiency, 

levelized cost, size, and greenhouse gas pollution are 

optimized as the technical, economic, dimensional and 

environmental objective functions through multi-

objective optimization. 

When optimization is done for more than one application, 

for all the investigated applications, the same variation range 

for a decision variable has been considered. It might have 

led to not realistic results and comparisons. 

For each investigated application, namely, propulsion, 

power station, and portable applications, a separate 

range, based on the recommended range of [51] is 

defined. Therefore, the obtained results are more 

realistic and practical for the investigated application, 

and the comparisons among the results of optimization 

for different applications are more accurate. 

In the previous studies either the final solution has not been 

determined (only POF has been drawn and discussed) or the 

selection has been done by using methods like the technique 

for Order of preference by similarity to ideal solution 

(TOPSIS), which consider the same priority level for all the 

objective functions. Considering the same priority level for 

different applications is not correct. 

The importance level of different objective functions is 

taken into account by using a combination of analytical 

hierarchy process (AHP) and TOPSIS for the three 

studied applications. It leads to obtaining an 

application-based and practical optimized solution. 

For the maximum allowable current density, a constant 

value has been assumed, and the optimization has been 

conducted with that. Therefore, the impacts of the maximum 

allowable current density on the optimum results have not 

been uncovered. 

The effects of the maximum allowable current density 

on the results of optimization, including the values of 

the decision variables and objective functions are 

studied, and after discussing results in details, the best 

value for each application is determined.  

As the existing theory, the optimum values of the operating parameters for a PEMFC is obtained 

from the recommended values or the multi-objective optimization approaches which have not 

considered all the performance criteria at the same time and have assumed the same priority 

level for the optimized objective functions.  However, in this study, conducting the multi-

objective optimization in which all the key factors including technical, economic, dimensional, 

and environmental aspects are taken into account is studied as the new theory. In addition, the 

new theory considers different levels of importance for the objective function based on the 
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application. As a result, the proposed theory is a more practical and realistic one, and helps to 

design high-performance PEMFC more comprehensively and according to the users’ 

preferences in different applications, in which the objective functions do not have the same level 

of priority. 

The employed software programs were also introduced in different parts of the revised version of 

the manuscript: 

Part 2.2 (Step II: Performing MOO algorithm and obtaining POF) 

It should be also noted that MATLAB software was used to conduct the NSGA-II and obtain 

POF. 

Part 2.3 (Step III: Determination of the relative priority and selecting the final solution) 

The codes developed in MATLAB software was employed to run the decision making method and 

select the final answer by the introduced method.   

Part 3.3.4 (The final weights) 

For obtaining the final weights from the matrix of pairwise comparison, Expert Choice software 

program (Choice, 1999) is used to do calculations. 

About the generality, it should be noted that, like other similar cases in energy systems, such as 

previous published studies of the authors, a general approach was presented. Since obtaining 

numerical values for the investigated criteria needs to have the values of the effective 

parameters, a case study had to be considered and the approach employed for it. As a result, for 

other case studies, the approach is applicable; the only difference is the values of the effective 

parameters, and consequently, the investigated criteria are not the same. We added some 

sentence about it to the revised version of the manuscript: 

In addition, it is worth mentioning that, like other similar cases in energy systems, such as 

previous published studies of the authors (Sohani et al., 2019b), a general approach was 

presented. Since obtaining numerical values for the investigated criteria needs to have the values 

of the effective parameters, a case study had to be considered and the approach employed for it. 

As a result, for other case studies, the approach is applicable; the only difference is the values of 

the effective parameters, and consequently, the investigated criteria are not the same. 

In addition, about the data analysis and the points related to that, it should be mentioned, as 

described in the introduction of the revised version of the manuscript, all the necessary 
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information was presented in the revised version of the manuscript, and in order not to make 

paper too lengthy, it was referred: 

 In addition, all the necessary information about the data analysis of the employed models were 

given in the previous study of the authors conducted on PEMFC (Sohani et al., 2019a), and in 

order not to make paper too lengthy, it is referred for more details. 

4.     Results: Are results presented clearly and analysed appropriately? Do the conclusions 

adequately tie together the other elements of the paper? 

Please justify how your results are deemed accurate and reliable. Are your results any different 

as compared to similar studies in Iran and the United Arab Emirates? Please also elaborate if 

current study is consistent with findings from past and recent studies in other country settings. 

The discussion should include further elaborations on the previous findings in relation to the 

existing ones and also what are the differences and your contributions. In the reviewer's humble 

opinion, academics and industry practitioners will be even more interested in the effective ways 

to overcome any limitations in order to further improve on current practices and also increase 

yield. Besides this, what are the limitations of your analysis in terms of methodology and the 

subsequent results? Please clarify. Please also provide the corresponding 

recommendations/solutions to overcome the limitations. Thank you. 

As it is seen, all the used methods and employed equations were adopted from the published 

literature and they have been utilized in several researches in different fields. Therefore, each of 

them, and consequently, the combination of them are accurate and reliable. Moreover, 

considering the fact that only economic indicators such as discount rate are not the same in the 

two different countries, only the levelized cost will be different and studying in another country 

does not have any impacts on the values of the other performance criteria in the same condition 

for the effective parameters. For the levelized cost, however, it should be also noted that in spite 

of having different values in two different countries, the variation trend is almost similar.  

Additionally, although the impacts of the maximum allowable current density on the results of 

optimization has not been studied before the current study, in some references, it has been 

mentioned that this value has impacts on the optimum results, and the results of this study is 

found consistent with them. Moreover, in spite of the fact that all the key important performance 

aspects have not been considered at the same time in the multi-objective optimization, a huge 

improvement in the values of the objective functions is achieved compared to the base-case 

condition, and it is also in agreement with the points mentioned about the ability of the multi-

objective optimization in the literature.  

Moreover, two items can be mentioned as the limitations of the conducted analysis: 

 This study investigated proton exchange membrane fuel cell. It means that other types of 

fuel cell were not considered. 
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 Like other similar studies in which an approach is presented, a case study with a specified 

capacity was investigated. 

In order to overcome the mentioned limitations, these solutions are suggested: 

 The variation impacts of the maximum allowable current density on the optimum results 

are studied for the other types of fuel cells in a further work. 

 The impact of size on the results of optimization is investigated in another work. Here, 

using the objective functions which are not related to the capacity, such as specific or 

dimensionless performance criteria, would help to provide better insight. 

All the discussed points here were also indicated in the revised version of the manuscript as well.   

     

5.      Implications for research, practice and or society. Does the paper identify clearly between 

any implications for research, practice and or society? Does the paper bridge the gap between 

theory and practice? How can the research be used in practice, in teaching, to influence public 

policy, in research. What is the impact upon society? Are these implications consistent with the 

findings and conclusion of the paper? 

The theoretical, methodological, practical and societal implications/contribution of this paper 

seemed minimal, which I believe to be its biggest flaw. It would help if the authors can use 

research questions (in question format) and addressed them more thoroughly in this section.  In a 

nutshell, the theoretical, methodological, practical and societal implications/contribution of this 

paper should be clearly distinguished from the other sections. It would be much better if the 

theoretical and practical implications can be further strengthened. For example, the details on 

how this study is benefiting the society and mankind are clearly and explicitly presented. 

Without this information, it will be difficult to assess if the paper has bridged the gap between 

theory and practice. 

The research questions as well as the theoretical, methodological, practical, and social 

implications/contribution of the paper were presented in the introduction of the revised version 

of the manuscript. According to your recommendation, the theoretical and practical implications 

were also further strengthened: 

The following items are the implications of this paper: 

 Designing a PEMFC is done by a systematic approach in which the best operating 

condition is determined in way that all the important performance criteria are in the best 

condition at the same time. It helps to have a PEMFC with the lowest possible cost and 
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the highest performance at the same time, which is the theoretical implication of the 

conducted research. 

 A method to obtain the best operating condition based on the application and users’ 

preference is obtained. It can be taken into account as the methodological contribution of 

this study. It should be also noted that the proposed approach can be done for different 

capacities, countries, and applications. 

 Not only can the designing process be done using the presented methodology, adjusting 

the operating conditions and as a result, retrofitting an in-operation PEMFC can be also 

performed by the proposed approach. Therefore, the methodology employed in this paper 

have the potential of being used in a wide range of products at different stages. This item 

can be considered as the practical implication of the current study. 

 When a system has the best performance from different perspectives, including the 

technical, economic, and environmental aspects, policy-makers and end-users are 

encouraged more to use it (Sohani and Sayyaadi, 2020). Since the conducted 

investigation covers all the mentioned criteria in addition to the size as the other key 

factor and find the best possible condition for them, it will help to make PEMFC more 

popular all around the world. It is the social implication of this paper. The more popular 

clean technologies like PEMFC is used in the world, the better condition to live for 

human beings will be provided. 

Additionally, the main research questions were also provided in the introduction part: 

Considering the items indicated in Table (2), the following items are posed as the main research 

questions, which will be addressed in this study:  
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 How much improvement compared to the recommended values of (Piela et al., 2017) is 

achieved when the multi-objective optimization considering all the key performance 

criteria is done? 

 How different the optimized solutions are when the importance level of objective 

functions in different application is considered? 

 What are the difference between the condition the same priority levels for the objectives 

are assumed and the time the application-based method is implemented? 

 How do the decision variables and objective functions change when the maximum 

allowable current density change? 

 Does the maximum allowable current density have a great or small impact on the 

optimization results? 

  What are the best recommended values for the maximum allowable current density? 

 6.      Quality of communication: Does the paper clearly express its case, measured against the 

technical language of the field and the expected knowledge of the journal's readership? Has 

attention been paid to the clarity of expression and readability, such as sentence structure, jargon 

use, acronyms, etc. 

Please do thorough grammatical checking to the manuscript to improve the readability of this 

study. Besides this, a long string of citations does not really add value to the manuscript. Perhaps 

the authors can consider citing the two best and most relevant references. The authors are also 

highly encouraged to cite the most relevant and most updated work published by highly 

reputable international journals because the reviewer noticed the presence of numerous non-

English journals in the reference list. Furthermore, please check your spacing. Please make sure 

there is a spacing between two words and between the last word of a sentence and the subsequent 

in-text citation. Thank you. 
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The language of the manuscript was double-checked and modified carefully using both a native 

person and Grammarly software. The spacing was also checked and the manuscript was modified 

accordingly. Some examples of the corrections from linguistic and spacing points of view were 

indicated in the marked-up version of the manuscript. 

In addition, such mentioned citations were removed, and instead, only one or two references, 

which are the most related ones, were cited. Moreover, in the revised version of the manuscript, 

all the references are from highly reputable international journals, and there is not reference from 

non-English ones.  
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-Reviewer 3:  

From the references used in the work, it is observed that other researches were 

conducted on the same theme. 

 

- There is no relevant thematic originality in relation to the chosen theme; However, the article is 

important to the area. 

- A grammatical revision is suggested as it compromises the comprehension of the article for the 

reader. 

Dear Reviewer, thank you very much for your positive feedback on the paper. We appreciate it a 

lot. It should be mentioned that although the work has the same theme as the previous studies, 

i.e., the multi-objective optimization of a PEMFC, it has the novelties, which were mentioned in 

Table (2) of the revised version of the manuscript: 

Table (2): Gap of the research and the items taken into account as the novelties of the present 

investigation 

The gap of the research The novelty of the current investigation 

All the important criteria in the performance of a PEMFC 

have not been considered and optimized together. Therefore, 

the desired condition for the performance of the system from 

all the important perspectives has not been determined. 

PEMFC is optimized by considering all important 

performance criteria at the same time. Efficiency, 

levelized cost, size, and greenhouse gas pollution are 

optimized as the technical, economic, dimensional and 

environmental objective functions through multi-

objective optimization. 

When optimization is done for more than one application, 

for all the investigated applications, the same variation range 

for a decision variable has been considered. It might have 

led to not realistic results and comparisons. 

For each investigated application, namely, propulsion, 

power station, and portable applications, a separate 

range, based on the recommended range of [51] is 

defined. Therefore, the obtained results are more 

realistic and practical for the investigated application, 

and the comparisons among the results of optimization 

for different applications are more accurate. 

In the previous studies either the final solution has not been 

determined (only POF has been drawn and discussed) or the 

selection has been done by using methods like the technique 

for Order of preference by similarity to ideal solution 

(TOPSIS), which consider the same priority level for all the 

objective functions. Considering the same priority level for 

different applications is not correct. 

The importance level of different objective functions is 

taken into account by using a combination of analytical 

hierarchy process (AHP) and TOPSIS for the three 

studied applications. It leads to obtaining an 

application-based and practical optimized solution. 

For the maximum allowable current density, a constant 

value has been assumed, and the optimization has been 

conducted with that. Therefore, the impacts of the maximum 

allowable current density on the optimum results have not 

been uncovered. 

The effects of the maximum allowable current density 

on the results of optimization, including the values of 

the decision variables and objective functions are 

studied, and after discussing results in details, the best 

value for each application is determined.  
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Considering the point that in this paper, a comprehensive multi-objective optimization is done by 

taking all the key performance criteria, including the environmental objective, and based on the 

references which have been published in the journal of cleaner production, we selected JCLP to 

submit this paper and we should be also thankful again to you for giving us the positive feedback 

on that and chance of revision. 

Your comment was noticed and the paper was modified based on that. The manuscript was 

checked carefully and completely by both a native person and Grammarly software to enhance 

the language quality. Some examples of the corrections were indicated in the revised paper.  
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-Reviewer 4: 

The paper presents an application-based multi-objective optimization approach for acquiring the 

best operation conditions of a proton-exchange membrane fuel cell. Through the study the 

authors are able to explain the effect of optimization on various parameters in a power station. 

The paper is well written and contributes to the body of knowledge and provides novel findings 

through application-based multi-objective optimization approach. 

Dear Reviewer, we would like to express our sincere gratitude to you for taking your valuable 

time to read the manuscript and also your positive feedback on our paper. We appreciate it a lot. 

Suggestion: 

 

Please use abbreviations which are distinct enough. 

For e.g. 

d - discount rate 

dj+  - distance to the ideal answer 

dj- - distance to the non-ideal answer 

It would be advisable if some other notation is used for the discount rate as it is clearly distinct 

from the discount rate and creates a confusion. 

Your comment was noticed and the paper was modified based on that. As an example, for the 

mentioned abbreviations, ‘d’ was kept for the discount rate while ‘dstj+’ and ‘dstj-’ were used for 

the distance to the ideal and non-ideal answers, respectively.  
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An application-based multi-objective optimization approach is presented to acquire the best operation conditions of 15 

for a proton-exchange membrane fuel cell. The optimization is done for three applications i.e., propulsion, power 16 

station, and portable usageapplications, in which the recommended range for decision variables and importance 17 

level of various the objective functions are taken into consideration for more accurate and practical results. In the 18 

multi-objective optimization, from each important aspect of in the performance, i.e., technical, economic, 19 

dimensional, and environmental aspects, one objective is selected. The effect of threshold current density on both 20 

optimum decision variables and objective functions are also investigated to find the best value for that. The results 21 

reveal that increasing the maximum allowable current density leads to improved improvements in optimized values 22 

of all the objective functions. Moreover, the conducted sensitivity analyses determine that the threshold current 23 

density for the propulsion and power station applications is 1.3 A.cm
-2

 and for the portable application is 1.5 A.cm
-2
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Furthermore, it is found that values of the temperature, pressure and voltage in power station are not affected by 25 

optimization, whereas substantial decrease in both propulsion and portable applications brings more level of safety. 26 

Similarly, objective functions, i.e., efficiency, levelized cost, size, and greenhouse emission are averagely improved 27 

by 9.93, 16.95, 37.13, and 7.77%, respectively. The proposed procedure helps to design and manufacture the high-28 

performance proton-exchange membrane fuel cells based on the employed application and users’ preference.   29 

Keywords: Application-based Surveysurvey; Polymer Electrolyte electrolyte Membrane membrane Fuel fuel 30 

Cellcell; Techno-Economic economic Investigationinvestigation; Multi-Objective objective 31 

Optimizationoptimization; Weighted Decision decision making  32 
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1.  Introduction 33 

Proton-exchange  membrane type (PEMFC) is one of the most popular kinds of fuel cells. 34 

Working at a lower temperature and level of noise (Atyabi and Afshari, 2019), and producing 35 

electricity with greater power densities (Charoen et al., 2017) are taken into account as the most 36 

significant advantages of PEMFC in comparison to the other types. Moreover, this type of fuel 37 

cell is easy to handle and assemble (Haghighat Mamaghani et al., 2018; Shaygan et al., 2019). 38 

The mentioned advantages encourage a lot of researchers to conduct studies to enhance the 39 

performance of PEMFCs as a very promising technology as far as possible (Chatrattanawet et al., 40 

2017; İnci and Türksoy, 2019), since its high efficiency can be higher than other kinds of 41 

renewable energy technologies, such as wind (Naderi et al., 2018; Naderi and Torabi, 2017). The 42 

enhancement has been done by changing the structure (Duclos et al., 2017), using novel 43 

materials (Mehrpooya et al., 2019) or finding the best operating condition (Marefati and 44 

Mehrpooya, 2019). 45 

In order to find the best operating condition, the values of performance criteria are improved by 46 

adjusting the effective parameters (Marefati and Mehrpooya, 2019; Nagapurkar and Smith, 47 

2019). However, in PEMFCs, there is a trade-off among performance criteria (Ayodele et al., 48 

2018; Bukar and Tan, 2019). For example, increasing efficiency as a favorable change is 49 

accompanied by an increase in the levelized cost of electricity (LCOE), which is unfavorable 50 

(Becherif et al., 2018; Chen et al., 2019). Therefore, performing single-objective optimizations 51 

like the study of Kanani et al. (Kanani et al., 2015) leads to partial results, and in order to acquire 52 

the best operating conditions, same as other energy systems (Sohani et al., 2019a; Sohani et al., 53 

2018), multi-objective optimization (MOO) approach should be employed. A set of solutions, all 54 

of which has the potential of being the optimal answer, is obtained by running each MOO 55 
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algorithm. The set is called Pareto optimal frontier (POF). Such optimization procedure has been 56 

implemented in many applications, from fuel cells (Sohani et al., 2019a), to thermal power plants 57 

(Sohani et al., 2017a), photovoltaic solar systems (Saedpanah et al., 2020), electrochemical 58 

systems (Pourmirzaagha et al., 2016), and management of micro grid (Jirdehi et al., 2017; Tabar 59 

et al., 2017). For instance, Sohrabi Tabar et al. (Tabar et al., 2017) solved the problem of micro 60 

grid management by the multi-objective optimization considering pollution and cost at the same 61 

time, and Ahmadi Jirdehi et al. (Jirdehi et al., 2017) found the best plan to run a micro grid 62 

system from both economic and environmental points of view by this approach. The studies 63 

(Tabar et al., 2019; Tabar et al., 2018) are some other examples of optimization in the field. 64 

The model which is used to run the PEMFC is based on a single domain formulation (Sohani et 65 

al., 2019a; Um et al., 2000) that couples electrochemical governing equations with equations 66 

governing the fluid flow in the gas channels, gas diffusion layers, catalyst layers and electrolyte 67 

membrane. The positive aspect of this approach is that it solves the whole cell as a sandwich in a 68 

way that there is no need to generate new equations as boundary conditions (Esfahanian and 69 

Torabi, 2006; Esfahanian et al., 2008). It can be used for simulation of batteries as well (Torabi 70 

and Aliakbar, 2012; Torabi and Esfahanian, 2011). This model is utilized to run the simulation 71 

under different operating conditions as stated in (Sohani et al., 2019a), then stepwise regression 72 

method is used to extract an equation describing the performance of the FC. Although numerical 73 

methods have been used to solve the governing equations (Hosseinzadeh et al., 2019a; 74 

Seyedmohammad Mousavisani, 2019), analytical methods may be a good choice for future 75 

research (Hosseinzadeh et al., 2019b; Sohani et al., 2017b). In addition, all the necessary 76 

information about the data analysis of the employed models were given in the previous study of 77 
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the authors conducted on PEMFC (Sohani et al., 2019a), and in order not to make paper too 78 

lengthy, it is referred for more details. 79 

In order to provide a brief but clear insight, the studies have been done in the field of multi-80 

objective optimization of PEM FCs are listed in Table (1). 81 

Table (1): List of the studies done on the optimization of PEMFCs 82 

Study year 
The considered objective 

functions 

Were all technical, 

economic, 

dimensional, and 

environmental 

characteristics as 

the main 

performance 

criteria of a 

PEMFC optimized 

together? 

Was the range of 

variation of 

decision 

variables 

selected based on 

the 

recommended 

range for 

different 

applications? 

Was a final 

optimal 

point 

introduced 

by 

considering 

the 

preference 

based on the 

application? 

Was the 

effect of 

maximum 

allowable 

current 

density on 

the optimum 

results 

studied?  

(Wishart et 

al., 2006) 
2006 

Exergetic efficiency and net 

power 
No No No No 

(Na and Gou, 

2007) 
2007 Efficiency and cost No No No No 

(Ang, Sheila 

Mae C et al., 

2010) 

2010 Size and efficiency No No No No 

(Sayyaadi 

and 

Esmaeilzadeh

, 2013) 

2013 

Exergetic 

efficiency, power 

density and power 

cost 

No No No No 

(Tahmasbi et 

al., 2015) 
2015 Power and levelized cost 

No 
No No No 

(Mert et al., 

2015) 
2015 

Energy and exergy 

efficiencies, cost generation 

and power output 

No No No No 

(Kanani et al., 

2015) 
2015 Power No No No No 

(Mamaghani 

et al., 2016) 
2016 

Net electrical efficiency and 

total capital cost 
No No No No 

(Chen et al., 

2017) 
2017 Efficiency and power output No No No No 

(Mamaghani 

et al., 2017) 
2017 

Net electrical efficiency and 

thermal generation 
No No No No 

(Liu et al., 

2017) 
2017 

Output power and power 

consumption 
No No No No 

(Chen et al., 

2018) 
2018 

Exergy efficiency, annual 

cost and green house 

pollutant emission 

No No No No 

(Kwan et al., 

2018) 
2018 

Fuel consumption and 

required super capacitor size 
No No No No 

(Ahmadi et 

al., 2018) 
2018 

Fuel consumption and 

efficiency 
No No No No 
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(Loreti et al., 

2019) 
2019 Cost of fuel and revenue No No No No 

(Guo et al., 

2019) 
2019 

energetic and exergetic 

performance characteristic as 

well as power density 

No No No No 

(Sohani et al., 

2019a) 
2019 

Efficiency, power density, 

levelized cost, and size 
No No No No 

The current 

study 
2019 

Efficiency, levelized cost, 

size and produced green-

house generation 

Yes Yes Yes Yes 

Table (1) shows that despite valuable investigations have conducted so far; there have been some 83 

gaps which that should be addressed by conducting a new study. As a result, the current study is 84 

conducted. The gap of the research and the items taken into account as the novelties of the 85 

present investigation are introduced in Table (2). 86 

Table (2): Gap of the research and the items taken into account as the novelties of the present 87 
investigation 88 

The gap of the research The novelty of the current investigation 

All the important criteria in the performance of a PEMFC 

have not been considered and optimized together. Therefore, 

the desired condition for the performance of the system from 

all the important perspectives has not been determined. 

PEMFC is optimized by considering all important 

performance criteria at the same time. Efficiency, 

levelized cost, size, and greenhouse gas pollution are 

optimized as the technical, economic, dimensional and 

environmental objective functions through multi-

objective optimization. 

When optimization is done for more than one application, 

for all the investigated applications, the same variation range 

for a decision variable has been considered. It might have 

led to not realistic results and comparisons. 

For each investigated application, namely, propulsion, 

power station, and portable applications, a separate 

range, based on the recommended range of (Piela et al., 

2017) is defined. Therefore, the obtained results are 

more realistic and practical for the investigated 

application, and the comparisons among the results of 

optimization for different applications are more 

accurate. 

In the previous studies either the final solution has not been 

determined (only POF has been drawn and discussed) or the 

selection has been done by using methods like the technique 

for Order of preference by similarity to ideal solution 

(TOPSIS), which consider the same priority level for all the 

objective functions. Considering the same priority level for 

different applications is not correct. 

The importance level of different objective functions is 

taken into account by using a combination of analytical 

hierarchy process (AHP) and TOPSIS for the three 

studied applications. It leads to obtaining an 

application-based and practical optimized solution. 

For the maximum allowable current density, a constant 

value has been assumed, and the optimization has been 

conducted with that. Therefore, the impacts of the maximum 

allowable current density on the optimum results have not 

been uncovered. 

The effects of the maximum allowable current density 

on the results of optimization, including the values of 

the decision variables and objective functions are 

studied, and after discussing results in details, the best 

value for each application is determined.  
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As the existing theory, the optimum values of the operating parameters for a PEMFC is obtained 89 

from the recommended values or the multi-objective optimization approaches which have not 90 

considered all the performance criteria at the same time and have assumed the same priority level 91 

for the optimized objective functions.  However, in this study, conducting the multi-objective 92 

optimization in which all the key factors including technical, economic, dimensional, and 93 

environmental aspects are taken into account is studied as the new theory. In addition, the new 94 

theory considers different levels of importance for the objective function based on the 95 

application. As a result, the proposed theory is a more practical and realistic one, and helps to 96 

design high-performance PEMFC more comprehensively and according to the users’ preferences 97 

in different applications, in which the objective functions do not have the same level of priority. 98 

The following items are the implications of this paper: 99 

 Designing a PEMFC is done by a systematic approach in which the best operating 100 

condition is determined in way that all the important performance criteria are in the best 101 

condition at the same time. It helps to have a PEMFC with the lowest possible cost and 102 

the highest performance at the same time, which is the theoretical implication of the 103 

conducted research. 104 

 A method to obtain the best operating condition based on the application and users’ 105 

preference is obtained. It can be taken into account as the methodological contribution of 106 

this study. It should be also noted that the proposed approach can be done for different 107 

capacities, countries, and applications. 108 

 Not only can the designing process be done using the presented methodology, adjusting 109 

the operating conditions and as a result, retrofitting an in-operation PEMFC can be also 110 
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performed by the proposed approach. Therefore, the methodology employed in this paper 111 

have the potential of being used in a wide range of products at different stages. This item 112 

can be considered as the practical implication of the current study. 113 

 When a system has the best performance from different perspectives, including the 114 

technical, economic, and environmental aspects, policy-makers and end-users are 115 

encouraged more to use it (Sohani and Sayyaadi, 2020). Since the conducted 116 

investigation covers all the mentioned criteria in addition to the size as the other key 117 

factor and find the best possible condition for them, it will help to make PEMFC more 118 

popular all around the world. It is the social implication of this paper. The more popular 119 

clean technologies like PEMFC is used in the world, the better condition to live for 120 

human beings will be provided. 121 

Considering the items indicated in Table (2), the following items are posed as the main research 122 

questions, which will be addressed in this study:  123 

 How much improvement compared to the recommended values of (Piela et al., 2017) is 124 

achieved when the multi-objective optimization considering all the key performance 125 

criteria is done? 126 

 How different the optimized solutions are when the importance level of objective 127 

functions in different application is considered? 128 

 What are the difference between the condition the same priority levels for the objectives 129 

are assumed and the time the application-based method is implemented? 130 
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 How do the decision variables and objective functions change when the maximum 131 

allowable current density change? 132 

 Does the maximum allowable current density have a great or small impact on the 133 

optimization results? 134 

  What are the best recommended values for the maximum allowable current density? 135 

In addition to the introduction presented above, the remaining part of the paper consists of four 136 

main sections. Section 2 in which the developed algorithm comprising MOO details, objective 137 

functions, and decision variables are introduced. Section 3 where the specifications of the 138 

investigated PEMFC and economic parameters are discussed. Section 3 is followed by the fourth 139 

section that is dedicated to results and discussion, and finally, the main contributions and key 140 

results are summarized in the conclusion, which is the fifth section of this study. 141 

The final point which should be indicated in this part is based on the comprehensive conducted 142 

review on the green supply chain management system, journal of cleaner production is the most 143 

cited journal in this field and sustainability paradiagrams (de Oliveira et al., 2018), and based on 144 

the cited references and the topic, it is one of the best venues for publishing the paper.  145 

2. Description of the presented application-based MOO approach 146 

In this part, the presented approach is introduced step by step; for each step, a brief but complete 147 

explanation is given. More details about the background of the employed methods, which is 148 

beyond the scope of this study, are found in the cited references. 149 
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2.1. Step I: Definition of the multi-objective optimization problem 150 

A multi-objective optimization problem is defined by introducing its decision variables, 151 

objective functions, and constraints. 152 

2.1.1. Decision variables 153 

Temperature, pressure, voltage, actual to stoichiometric molar ratios of air and hydrogen, and 154 

humidity of the cathode and anode, as seven main adjustable effective parameters of a PEMFC, 155 

are selected as the decision variables. The recommended range of decision variables for different 156 

applications is given in Table (3). 157 

Table (3):  The recommended range of decision variables for different applications (the 158 
considered bounds for the decision variables) (Piela et al., 2017)  159 

Parameter Symbol 

Application 

Unit APP Application 

#1 (Propulsion) 

ApplicationAPP #2 

(Power Station) 

ApplicationAPP #3 

(Portable) 

Temperature T   283.15- 363.15 283.15- 363.15 283.15- 363.15  K 

pressure P   105000- 300000 105000- 200000 105000- 200000 Pa 

voltage V   

Based on 

PEMFC’s 

specifications 

Based on PEMFC’s 

specifications 

Based on PEMFC’s 

specifications 
V 

actual to stoichiometric 

molar ratio of air  air   1.3- 2.0 1.1- 2.0 1.1- 2.0 - 

actual to stoichiometric 

molar ratio of hydrogen 2H   1.1- 2.0 1.1- 2.0 1.1- 2.0 - 

humidity of the anode 

(hydrogen) air   0.10- 0.25 0.12- 0.25 0.13- 0.25 
1. airkg kg 

 

humidity of the cathode 

(air) 2H   0.10- 0.25 0.12- 0.25 0.13- 0.25 
2

1. Hkg kg
 

It should be noted that in almost all the optimization problems in the reality, like here, the 160 

decision variables have their limits, as it is seen. However, in this study, following the same 161 

fashion as (Rao, 2019) and the optimization toolbox in MATLAB software (Higham and 162 

Higham, 2016; Moore, 2017), they are called as “bounds”, and not “constraints”. On the other 163 
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hand, the limitations which are not the bounds are called the constraints. The constraints 164 

considered in this study are introduced in the section 2.1.3.  165 

2.1.2. Objective functions 166 

The performance criteria which are going to be improved by MOO are called objective 167 

functions. The desirable performance of a PEMFC is achieved when all the technical, economic, 168 

dimensional, and environmental performance characteristics are simultaneously at the best 169 

possible conditions, so from each of them, one objective function should be considered. 170 

Therefore, one of the most widely-used functions for each mentioned aspect is selected and 171 

optimized as the objective function, which leads to having four objective functions. They The 172 

considered objective functions are introduced in the following section. It should be noted that in 173 

order not to make the article so lengthy, the definitions of the symbols used in the equations are 174 

presented in the nomenclature, and they are not explained after each equation. 175 

2.1.2.1. Technical objective function 176 

PEMFC efficiency, which is defined as the ratio of the generated power to the enthalpy of 177 

reaction, which is the maximum available power in the ideal condition, is defined as the 178 

technical objective function (Mert et al., 2011): 179 

2 2

st

H H

W

n HHV
   

 (1) 

2.1.2.2. Economic objective function 180 

The levelized cost of electricity generation, briefly called the levelized cost, is considered as the 181 

economic objective function. The levelized cost is calculated as follows (Sohani et al., 2019a): 182 
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In Eq. (2), Cfuel and Cinv denote fuel and investment costs, which are determined by Eqs. (3) 183 

(Sohani et al., 2019a) and (4) (Na and Gou, 2007), respectively: 184 

2 2H H

fuel

m C
C

huf
  

 (3) 

( )inv st BOP asm stC C C A C W    
 (4) 

Cst in Eq. (4) is also calculated from Eq. (Na and Gou, 2007): 185 

st mem elc bpp pt phmC C C C C C      
 (5) 

2.1.2.3. Dimensional objective function 186 

Area The area of the membrane electrode assembly is selected as the dimensional objective 187 

function of PEMFCin the multi-objective optimization. It is computed by Eq. (6) (Ang, Sheila 188 

Mae C. et al., 2010): 189 

st
MEA

out

W
A

pow
  

(6) 

In which     is the power required in each application while        is the multiplication of 190 

operational current density by the output voltage. 191 

2.1.2.4. Environmental objective function 192 

The process of consuming the fuel (hydrogen) in a PEMFC is with almost no emissions. 193 

However, the hydrogen production process is accompanied by polluting the environment. One of 194 
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the processes, which is assumed as the way of providing hydrogen in this study, is water 195 

electrolysis employing wind energy. By using data indicated in Table (4), in which the values of 196 

specific environmental emissions of the hydrogen generation process ( ghg ) are given, the 197 

produced green-house generation (GHG) is obtained for this process (Chen et al., 2018):  198 

2 2H HGHG m LHV ghg
 (7) 

Table (4): The greenhouse emission comes from the hydrogen production process by water 199 

electrolysis employing wind energy (Chen et al., 2018) 200 

Process 
Specific Pollution level 

(g.(MJ)
-1

) 

Power generation and water electrolysis  6.85 

Hydrogen compression  13.7 

Total (ghg) 20.55 

In this study, GHG is considered as the environmental objective function.  201 

2.1.3. Constraints  202 

In the optimization problems, usually, there are one or more limitations, which should be 203 

considered to obtain applicable results. They are called as the constraints. Here, the current 204 

density limitation is the only imposed as the only constraint.  It states that the current density 205 

must be less than a threshold value ( thresholdi ), whose mathematical form is: 206 

thresholdi i
 (8) 

As it will be completely discussed in the results and discussion part, MOO is done in different 207 

values of thresholdi , and having performed a comprehensive analysis among the obtained results, 208 

the best threshold current density for each application will be determined. 209 
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It is worth mentioning that as it was explained in the section 2.1.1, the limitation for the decision 210 

variables are called “bounds” and the constraints cover other limitations.   211 

2.2. Step II: Performing MOO algorithm and obtaining POF 212 

The optimization problem has been completely defined in the previous Stepstep. Therefore, in at 213 

this stepstage, MOO is employed to find a set of solutions which that have has the potential of 214 

being the final answer, called Pareto optimal frontier (POF). Non-dominant sorting genetic 215 

algorithm 2 (NSGA-II), which was completely introduced and employed in the previous 216 

publications of the authors like (Sohani and Sayyaadi, 2017; Sohani et al., 2019b), is employed 217 

for this purpose. NSGA-II is one of the most widely-used methods to find POF. It should be also 218 

noted that MATLAB software was used to conduct the NSGA-II and obtain POF. 219 

2.3. Step III: Determination of the relative priority and selecting the final solution 220 

As it was previously stated, running a multi-objective algorithm leads to obtaining a set of 221 

answers, called POF. It means that employing the MOO algorithm individually does not give the 222 

final solution individually, and the final answerit must be selected by using a decision making 223 

method. In this study, to avoid non-realistic results caused from by assuming the same preference 224 

for all of the performance criteria, AHP is used in combination of with TOPSIS. 225 

In the used combined method, initially, the relative level of importance for each criterion 226 

(objective function) in the selection of the final solution is obtained by pairwise comparison of 227 

criteria to each other. It is done by forming a matrix, called the matrix of pairwise comparisons 228 

(MPC) (Sohani et al., 2017a). The comparisons are done by the suggested scale of Saaty, which 229 

is presented in Table (5).   230 
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Table (5): the Suggested scale of Saaty used to do make pairwise comparisons in the AHP 231 

method (Saaty, 1977) 232 

Value Description 

1 Equal importance 

3 Fairly higher importance 

5 Higher importance 

7 Much higher importance 

9 Extremely higher importance 

Even values between two odd mentioned ones (2, 4, 6, 8) 
An importance level between the corresponding 

importance of the two odd values 

After performing the pairwise comparisons by conducting the mathematical matrix operations 233 

discussed in details in (Boukhari et al., 2018), the relative level of importance of each criterion in 234 

the selection of the final answer is determined. The output for the i
st
 criterion is the weight of wi, 235 

which is a numerical value between 0 and 1, and shows the relative importance degree of that 236 

criterion compared to the other criteria. Having determined the wi values for the criteria involved 237 

in the decision making (which are objective functions), the closeness index (Cl) for each point on 238 

POF is calculated from Eqs. (9) to (12), and the answer with the highest Cl is selected as the final 239 

optimal solution (Karami and Sayyaadi, 2015): 240 
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j
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  (12) 

It should be also mentioned that, as it is clear from definition, in case the relative level of 241 

importance of criteria in comparison to each other becomes the same, the introduced combined 242 

method reduces to the ordinary TOPSIS (Sohani et al., 2016). The codes developed in MATLAB 243 

software was employed to run the decision making method and select the final answer by the 244 

introduced method.  245 

3. The investigated case-study 246 

Application of the proposed approach is shown by employing it for a PEMFC. Consequently, in 247 

this part, the specifications of the PEMFC considered as the case study are given. The PEMFC 248 

considered in this study, is the one which has been investigated in the previous studies of the 249 

authors like (Sohani et al., 2019a). In addition to the specifications, the priority level of the 250 

objective functions for the case study based on experts’ judgments, which is necessary to obtain 251 

the final solution by the combination of AHP and TOPSIS, are also introduced. It should be 252 

noted that the priority level is totally dependent on the experts’ points of view, and it might be 253 

different for other cases. 254 

In addition, it is worth mentioning that, like other similar cases in energy systems, such as 255 

previous published studies of the authors (Sohani et al., 2019b), a general approach was 256 

presented. Since obtaining numerical values for the investigated criteria needs to have the values 257 

of the effective parameters, a case study had to be considered and the approach employed for it. 258 

As a result, for other case studies, the approach is applicable; the only difference is the values of 259 

the effective parameters, and consequently, the investigated criteria are not the same. 260 
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3.1. General specifications 261 

Table (6) presents the specification of the investigated case study, which is a 50 kW PEMFC. 262 

Table (6): The specifications of the 50 kW PEMFC considered as the case study  263 

Parameter Unit Value 

Thickness of air and hydrogen channels mm
 

0.8  

GDL thickness mm 0.21  

Catalyst layer thickness mm 0.012  

Membrane Thickness mm 0.036 

GDL porosity - 0.5 

Catalyst porosity 
- 

0.5 

Membrane porosity - 0.28 

GDL and catalyst permeability 
- 

1e-12 

Anode exchange coefficient - 2 

Cathode exchange coefficient - 2 

In (Sohani et al., 2019a), Eq. (13) was obtained by the stepwise regression method to predict the 264 

current density based on the values of the decision variables for the investigated PEMFC. This 265 

equation is also employed in this study. 266 

2 2

2
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(13) 

3.2. Economic details 267 

Table (7) gives the data required to calculate LCOE as the economic objective function. The 268 

important point for economic data is they should be up to date (Sohani and Sayyaadi, 2018), and 269 

for this reason, the data indicated in Table (7) is compared to the online prices found in the 270 

references like (Fuel Cell Store, 2019). The comparison shows that there is a good agreement 271 

between the data and online information. 272 
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Table (7):  The considered values for economic analysis (Sohani et al., 2019a) 273 
Parameter Unit Value 

Nafion membrane 117 $ m
-2 

2455.56 

Platinum; 2–4 thickness $ m
-2

 176.29 

Electrode; max. 0.8 mm for single cell  $ m
-2

 177 

Bi-polar plate; max. 4 mm $ m
-2

 1650 

Peripheral parts $ m
-2

 15.6 

Assembly  $ (kW)
-1 

391 

Discount rate % 6 

Cost of hydrogen  $ kg
-1 

1.00 

Cost of the balance of plant to cost of stack 

ratio 

- 0.5 

Lifetime  years 15 

Annual operating hours hours 6150 

As it is seen, all the used methods and employed equations were adopted from the published 274 

literature and they have been utilized in several researches in different fields. Therefore, each of 275 

them, and consequently, the combination of them are accurate and reliable. Moreover, 276 

considering the fact that only economic indicators such as discount rate are not the same in the 277 

two different countries, only the levelized cost will be different and studying in another country 278 

does not have any impacts on the values of the other performance criteria in the same condition 279 

for the effective parameters. For the levelized cost, however, it should be also noted that in spite 280 

of having different values in two different countries, the variation trend is almost similar. 281 

3.3. Relative importance of performance criteria 282 

As discussed previously, in order to select the final solution among the points on POF by using 283 

the combined AHP and TOPSIS, the relative importance of performance criteria (objective 284 

functions) must be determined. Consequently, three experts involved in decision making done in 285 

(Sohani et al., 2019a) for PEMFCs were invited again, and they were asked to do make the 286 

pairwise comparisons for three applications. Their evaluationThe results are reported in this sub-287 

section while the matrices of pairwise comparisons are reported in the supplementary material 288 

(Tables (S1) to (S3)). It should be noted that, as it was completely discussed in (Hasani Balyani 289 
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et al., 2015; Sohani et al., 2017a), in cases that the experts have different judgments, the 290 

geometric mean is used to obtain the final evaluation. 291 

3.3.1.  APP Application #1: Propulsion 292 

For this application, three experts have the following judgments about the performance criteria: 293 

Judgement #1: According to this judgment, size and GHG have the highest level of importance. 294 

Then, efficiency and LCOE are in the next places, respectively. 295 

Judgement #2: This judgment says that size and GHG are more important than efficiency and 296 

LCOE. However, in this case, efficiency and LCOE are as important as each other.  297 

Judgement #3: Based on judgment #3, GHG is more important than size. After that, efficiency 298 

and LCOE are in the third and fourth places, respectively, with the close level of priority.   299 

3.3.2. ApplicationAPP #2: Power station 300 

In spite of the propulsion, for the power station application, the three experts reached an 301 

agreement to evaluate performance criteria compared to each other. They believe that LCOE is 302 

the most important criterion. Next, there are efficiency and GHG with the same level of 303 

importance while size has the lowest level of priority among the objective functions. 304 

3.3.3. ApplicationAPP #3: Portable 305 

For this application, like the power station usage, all the three experts have the same judgments. 306 

According to this judgement, size has the highest level of priority here while GHG and efficiency 307 

are in the next places with a similar priority. LCOE has also a little bit lower importance than the 308 

two aforementioned performance criteria 309 
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3.3.4. The final weights 310 

By using the matrices of pairwise comparison and as discussed in the previous section, the 311 

relative importance of performance criteria is obtained for the three application in form of wi 312 

weights, which are introduced in Table (8). For obtaining the final weights from the matrix of 313 

pairwise comparison, Expert Choice software program (Choice, 1999) is used to do calculations. 314 

Table (8):  The relative importance of the performance criteria (objective functions) in the form 315 

of wi weights 316 

Performance criteria 

Relative importance (wi) 

APP Application #1 

(Propulsion) 

APP Application #2 

(Power Station) 

APP Application 

#3 (Portable) 

Efficiency 0.214 0.256 0.236 

LCOE 0.201 0.306 0.206 

Size 0.298 0.177 0.322 

GHG 0.287 0.256 0.236 

4.   Results and discussion 317 

After implementing the described optimization and decision making processes on the introduced 318 

PEMFC, the effect of threshold current density on the both decision variables and objective 319 

functions are investigated in the followingthis part. 320 

4.1. The impacts of variation impacts of the maximum allowable current density on 321 

results of the multi-objective optimization results 322 

So far, tThe proposed approach has been completely introduced so far. Furthermore, the 323 

improvement potential of the multi-objective optimization improvement for different 324 

applications has been evaluated in details. Here, to bring more extensive insight, the impacts of 325 

variation impacts of the maximum allowable current density (          ) on the values of 326 

optimum values of decision variables and objective functions are investigated. For this purpose, 327 
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the introduced approach is employed to find the best operating conditions of for the studied 328 

PEMFC at five different values for            , which are 1.1, 1.2, 1.3, 1.4, and 1.5 A.cm
-2

 and 329 

the results are employed to plot the graphs presented in the next subsections. The effects of 330 

variation of the maximum allowable current density (          ) on the values of decision 331 

variables and objective functions of in the optimum condition are shown in Fig. (1a) to Fig. (1g), 332 

and Fig. (2a) to Fig. (2d), respectively. 333 

4.1.1. The decision variables 334 

First of all, the changes of in each decision variable as a result of change variation in the 335 

threshold current density are investigated. 336 

4.1.1.1. Temperature 337 

As it is seen in Fig. (1a), for all the three applications, increasing            leads to the reduction 338 

ofdecrease in the optimum temperature in all of the three applications. The reason in when 339 

           grows, the movement of the ions in the electrolyte membrane as well as the movement 340 

of the electrons in the solid phase and current collectors becomes easier. In other words, the 341 

internal resistance drops by increasing           ,. which leads to lower operating temperatures. 342 

In propulsion and portable applications, the slope of decrement remains constant, . however 343 

However in for the case of power station usage, the values approach to the constant value of 344 

333.5 K after the threshold current density of 1.3 A.cm
-2

. Changing the value of            from 345 

1.1 to 1.5 A.cm
-2

 is accompanied by only 1.01, 1.99, and 1.15% fall in the optimum temperature 346 

of for propulsion, power station, and portable applications, respectively, which shows that the 347 

sensitivity of this decision variable the optimum temperature to            is low. 348 
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4.1.1.2. Pressure 349 

According to the trend of variation shown in Fig. (1b), by an increase in            , the optimum 350 

pressure decreases in all of the three applications. It is because the operating pressure directly 351 

affects the transport of the reactants to the reaction area (catalyst layer). When            is low, 352 

the rate of reactions falls significantly, and the density of reactants becomes higher at the 353 

interface between the gas diffusion layer and the catalyst layer. As a result, in such conditions, 354 

i.e., low values for            , the optimum value for pressure has to increase to move the 355 

reactants to the reaction area in a proper way. 356 

 HoweverNevertheless, the behaviors are not the same for the different applications. In the 357 

portable application, the optimum pressure decreases linearly. In power station application first, 358 

it decreases fast, then, the decrement slope becomes slow, and after that, a moderate slope is 359 

observed, . and inIn the propulsion usage ,  the values approach to the constant value of 113 kPa 360 

after the maximum allowable current density becomes greater thanof 1.3 A.cm
-2

. In addition to 361 

the mentioned decrementing behavior, the sensitivity of the optimum pressure to            is 362 

different for the three applications; in the case of propulsion, power station, and portable 363 

applications, reaching            from 1.1 to 1.5 A.cm
-2

 leads to 11.65, 17.39, and 3.88% 364 

decrease for the investigated application, respectively. 365 

4.1.1.3. Actual to the stoichiometric molar ratio of hydrogen 366 

In this case, as shown in Fig. (1c), the optimum actual to stoichiometric molar ratio of 367 

hydrogenvalue increases by the increase in            in all the three applications. The reason is 368 

that, as discussed in the previous part, in lower values for           , the rate of reactions is low, 369 

and in order to make it as fast as possible, the actual to the stoichiometric molar ratio of the 370 

hydrogen increases. 371 
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(e) (f) 

 
(g) 

Fig. (1): The impacts of variation of the maximum allowable current density (Ithreshold) on the values of decision variables in the optimum 

condition (a) temperature; (b) pressure; (c) actual to molar ratio of hydrogen; (d) actual to molar ratio of air; (e) humidity of anode; (f) humidity 

of cathode; (g) voltage 

0.170 

0.180 

0.190 

0.200 

0.210 

0.220 

0.230 

0.240 

0.250 

0.260 

1 1.1 1.2 1.3 1.4 1.5 1.6 

T
h

e 
O

p
ti

m
u

m
 ω

H
2
 (

k
g
.k

g
H

2
-1

) 

Ithreshold (A.cm-2) 

Application #1 (Propulsion) Application #2 (Power Station) 

Application #3 (Portable) 

0.170 

0.180 

0.190 

0.200 

0.210 

0.220 

0.230 

0.240 

0.250 

0.260 

1 1.1 1.2 1.3 1.4 1.5 1.6 

T
h

e 
O

p
ti

m
u

m
 ω

a
ir
 (

k
g
.k

g
a

ir
-1

) 

Ithreshold (A.cm-2) 

Application #1 (Propulsion) Application #2 (Power Station) 

Application #3 (Portable) 

0.60 

0.65 

0.70 

0.75 

0.80 

0.85 

0.90 

0.95 

1.00 

1 1.1 1.2 1.3 1.4 1.5 1.6 

T
h

e 
O

p
ti

m
u

m
 V

o
lt

a
g

e 
(V

) 

Ithreshold (A.cm-2) 

Application #1 (Propulsion) Application #2 (Power Station) 

Application #3 (Portable) 



25 of 40 

 
 

(a) (b) 

  
(c) (d) 

Fig. (2): The impacts of variation of the maximum allowable current density (Ithreshold) on the values of objective functions in the optimum 

condition (a) efficiency; (b) levelized cost; (c) area of membrane electron assembly (AMEA); (d) GHG 
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While the optimum actual to molar ratio of hydrogen approaches a constant value from 1.4 372 

A.cm
-2

 in the power station application, for two other ones, it continuously grows. Here, like the 373 

optimum pressure, different levels of sensitivity to            are observed for the three 374 

applications; 15.86, 9.07, and 9.48% changes in the propulsion, power station, and portable 375 

applications are observed, respectively. 376 

4.1.1.4. Actual to the stoichiometric molar ratio of air 377 

As Fig. (1d) shows, the optimum actual to the stoichiometric molar ratio of air is has almost the 378 

same value for the three applications in            of 1.1 A.cm
-2

. However, when            379 

reaches to 1.5 A.cm
-2

, different values for this parameter are seen. Here, and like the 380 

stoichiometric molar ratio of hydrogen, the optimum value increases to make the rate of 381 

reactions as fast as possible.  382 

The lowest increasing rate belongs to the portable application. Propulsion is in the middle and 383 

power station has the highest growth rate. In the case of power station application, the optimum 384 

values increases significantly in the higher levels of            in comparison to the lower values. 385 

For this application, Iincreasing            from 1.2 to 1.3 A.cm
-2

 leads to an increase in the 386 

optimum ratio from 1.43 to 1.52 while by changing the maximum allowable current density from 387 

1.4 to 1.5 A.cm
-2

, the value of actual to stoichiometric molar ratio of air in the optimum 388 

condition reaches from 1.71 to 1.98. In addition to the power station application whose 389 

optimized ratio increases 50.00% from the beginning to the end of the range, propulsion and 390 

portable applications have also 26.50 and 18.60% increase between the mentioned range of 391 

          . The above-mentioned values demonstrate that the sensitivity of the optimized actual 392 

to the stoichiometric molar ratio of air to            is more than the other studied decision 393 

variables. 394 
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4.1.1.5. Humidity of the anode and cathode 395 

Based on the obtained results, it is found that the optimization algorithm prefers to select almost 396 

equal humidity values in anode and cathode parts in all of the applications and values of 397 

          . As a result, the trends of variation of for both decision variables, which are presented 398 

in Fig. (1e) and Fig. (1f), are the same. In lower values of            the optimized humidity 399 

values of for the propulsion usage are less than the two other ones, but in higher values (more 400 

than 1.5 A.cm
-2

), the values optimum humidity content for all the applications approaches to a 401 

constant value. From the beginning to the end of the range for propulsion, power station, and 402 

portable applications almost 13.5, 4.0, and 4.5% changes are observed, respectively. For these 403 

two decision variables, the optimum values increase since, increasing the humidity content in 404 

both cathode and anode parts means a faster reaction rate, which is accompanied by a better 405 

PEMFC performance.    406 

4.1.1.6. Voltage 407 

In contrast to all of the previously studied decision variables, the optimum voltage remains 408 

constant in the whole investigated range as it is illustrated in Fig. (1g). The optimized values of 409 

voltage for propulsion, power station, and portable applications are 0.78, 0.88, and 0.73 V, 410 

respectively. Therefore, it is concluded that for all the applications, the optimum voltage does not 411 

depend on the value of the maximum current density. 412 

4.1.2. The objective functions 413 

After examining investigation the effect of            on the optimum values of decision 414 

variables, the impacts of this parameter on the optimum values of the objective functions are 415 

studied in this part.it is interesting to investigate how it affects the optimum values of objective 416 

functions, which are the far more important than decision variables. 417 
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4.1.2.1. Efficiency 418 

Based on the points discussed in part 4.1.1, when            gets higher, the reaction happens in a 419 

better way and a higher fraction of the available reactants at the interface between GDLgas 420 

diffusion layer and catalyst layer is consumed. Therefore,  the efficiency is improved. As it is 421 

depicted in Fig. (2a), a moderate change in the optimum efficiency takes place when the 422 

maximum allowable current density goes up. 423 

In            of 1.1 A.cm
-2

, the optimum efficiency for propulsion, power station, and portable 424 

applications are 61.57, 69.05, and 58.00% while for            of 1.5 A.cm
-2

 the values reach to 425 

62.61, 70.03, and 58.45%, respectively. It means that 1.04, 0.97, and 0.45% improvement is 426 

achieved. 427 

4.1.2.2.  The levelized cost 428 

According to the points which have been discussed so far, by an increase in the value of 429 

          , the reaction takes place more properly, and consequently, the efficiency is enhanced. 430 

Enhancing the efficiency means that the generated electricity from a constant amount of fuel 431 

increases, and as a result, the price of the produced electricity and consequently, the levelized 432 

cost is improved as per Fig. (2b).According to Fig. (2b), an increment in the value of maximum 433 

allowable current density leads to a drop in the optimum levelized cost. This may be caused by a 434 

reason similar to the one that led to the increase in efficicnecy. To be more precise, more 435 

electricity will be generated if the            increases, mainly due to the higher reactant 436 

utilization. Consequently, more power is generated by a specific amount of reactants. 437 

 For the portable application, the variation is almost linear. However, in the two other cases the 438 

levelized cost approaches to a constant value around the            of 1.3 A.cm
-2

. Another point 439 

is that the improvement of in the optimum levelized cost in the propulsion usage is more 440 
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significant than the others. By changing            from 1.1 to 1.5 A.cm
-2

, 7.10% decline is 441 

achieved in propulsion usage while whereas, the values for power station, and portable 442 

applications are almost half as high as that of propulsion. 443 

4.1.2.3. Size 444 

By the increase in the maximum allowable current density, the optimum efficiency is enhanced 445 

as discussed in the previous parts. In this way, the magnitude of the power density of the PEMFC 446 

is also improved and therefore, the optimum size has a downward trend as per Fig. (2c). 447 

The more            is, the less optimum size is obtained. It is obvious that higher power 448 

densities can be achieved if            goes up and up. It should be mentioned that the 449 

technological constraints limits            and more it is, the better. The trend of variation shown 450 

in Fig. (2c) demonstrates that when            is 1.1 A.cm
-2

, the optimum size of in the 451 

propulsion application is more than the portable usage, but atin the higher values of            452 

(i.e. 1.2 A.cm
-2

), the figure curve for the portable usage overtakes that of propulsion. This 453 

behavior is the same as the changes in the levelized cost.  454 

Moreover, in this case, the values for both propulsion and power station applications approach to 455 

a constant values after the            of 1.3 A.cm
-2

, which is another similarity of the variation 456 

trend of the optimum size to the optimum levelized cost. However, in contrast to the levelized 457 

cost, because of the priority levels discussed before, here, the values for portable application is 458 

better than the power station usage. Almost huge improvements in the size of the optimized 459 

PEMFC are obtained by changing the value of            from 1.1 to 1.5 A.cm
-2

. 23.47, 10.89, 460 

and 13.35% reductioncing in the size for propulsion, power station, and portable applications 461 
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shows that the size of PEMFC in the optimum condition is the most sensitive objective function 462 

to changes of           .  463 

4.1.2.4. The produced green-house generation (GHG) 464 

As Fig. (2d) shows, increasing the maximum allowable current density is accompanied by a fall 465 

in the optimum value of GHG for all the three investigated applications. However, GHG is the 466 

least sensitive objective function to changes in           . The variation rate of GHG is so gentle 467 

that only 0.71, 0.98, and 0.81% decreasement is observed for propulsion, power station, and 468 

portable applications, respectively. 469 

4.2. Selection of the best maximum allowable current density for different applications 470 

As it was investigated in section 4.1 increasing the maximum allowable current density not only 471 

reduces the operating temperature and pressure but also improves the optimized values of all of 472 

the objective functions simultaneously. The conducted sensitivity analyses demonstrated that for 473 

the propulsion and power station applications, increasing            to more than 1.3 A.cm
-2

 does 474 

not change the optimized results significantly. Therefore, considering technical aspects, for these 475 

two applications, the value of 1.3 A.cm
-2

 is selected for           . Moreover, based on the 476 

obtained results from the sensitivity analyses, the upper considered limit for           , i.e., 1.5 477 

A.cm
-2

 is recommended for the portable usage. 478 

4.3. Evaluation of the potential of improvement 479 

In addition to the suggested variation range for the decision variables, which was previously 480 

indicated in Table (3), in the reference (Piela et al., 2017), for each decision variable, a 481 

recommended value was also introduced in each application. Considering those values as the 482 

values of decision variables in the base-case conditions, the condition before optimizations, and 483 
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the selected values for            in the section 4.2, in this part, the improvement potential of the 484 

proposed approach for three different applications are evaluated. Values of the objective 485 

functions of the base-case and the optimum conditions are compared together in Fig. (3a) to Fig. 486 

(3d). In addition, in these figures, the values of the objective function when the ordinary TOPSIS 487 

(the same weight for all the objectives) was employed are also compared. As it is clear, TOPSIS 488 

gives the same optimized answer for all the three investigated applications. 489 

Evaluation of the The results shows that in some cases, like temperature and pressure in power 490 

station application as well as the voltage for all of the applications, the values of decision 491 

variables of the base-case and the optimum conditions are close together. However, for other 492 

casesdecision variables, the values are different. Moreover, for both propulsion and portable 493 

applications, the values of the optimum pressures are much smallerless than the base-case 494 

(recommended) values, which means that implementation of the optimization results leads to an 495 

operation condition with more level of safety. In addition to pressure, the temperature decreases 496 

significantly in propulsion application; it reaches from 353.15 to 318.88 K. The resulted 497 

temperature reduction (34.27 K) is also a great achievement. 498 

Comparison of the results with the selection of TOPSIS also shows that for all the three 499 

applications, the employed judgement-weighted method offers a better optimized levelized cost, 500 

size, and GHG. However, for the efficiency and GHG, TOPSIS has only a better optimized value 501 

compared to the employed judgment-weighted approach in the portable application. 502 

Nevertheless, in general, and considering improvement in the objective functions together, it is 503 

concluded that the employed judgement-weighted method provides better optimized conditions 504 

for all the three investigated applications.      505 

 506 
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Fig. (3): Comparison of the values of objective functions of the base case and the final optimum conditions for different applications (a) 

efficiency; (b) levelized cost; (c) area of membrane electron assembly (AMEA); (d) GHG. In these figures, the selection of TOPSIS, in which 

the same weight for all the objective functions are considered, is also compared. 
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According to the values reported in Figs (4a) to (4d), it is observed that big improvements in the 507 

values of objective functions are obtained through implementation of the proposed multi-508 

objective optimization approach. On average, the efficiency, levelized cost, size, and GHG are 509 

improved 9.93, 16.95, 37.13, and 7.77%, respectively. Additionally, the power generation 510 

application has the highest potential of enhancement in the efficiency and levelized cost whilst 511 

the most significant decrease in size and GHG are seen for portable and propulsion applications, 512 

respectively. In power generation application, the efficiency reaches from 59.71 to 69.71% while 513 

the levelized cost drops from 0.8024 to 0.6280 $.(kWh)
-1

. Moreover, the size in the portable 514 

application falls from 10.840 to 4.487 m
2,

 and GHG of propulsion application diminishes from 515 

6488.8 to 5962.2 g.h
-1

. 516 

Although the impacts of the maximum allowable current density on the results of optimization 517 

has not been studied before the current study, in some references, it has been mentioned that this 518 

value changes the the optimum result, and the results of this study is found consistent with them. 519 

Moreover, in spite of the fact that all the key important performance aspects have not been 520 

considered at the same time in the multi-objective optimization before this study, a huge 521 

improvement in the values of the objective functions is achieved compared to the base-case 522 

condition, and it is also in agreement with the points mentioned about the ability of the multi-523 

objective optimization to enhance the performance of energy systems (Sohani et al., 2019c). 524 

5. Conclusions 525 

A multi-objective optimization (MOO) approach for 50 kW PEMFC was conducted to improve 526 

the performance criteria of the technology in propulsion, stationary and portable applications. 527 

The final solution among the sets provided by POF, were determined using the combined AHP 528 
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and TOPSIS, by which the relative importance was taken into account to achieve more practical 529 

solutions. Moreover, the impacts of variation of the maximum allowable current density ( tresholdi  ) 530 

on the values of optimum decision variables and objective functions were also investigated. The 531 

main optimization achievements are outlined as follows: 532 

 Sensitivity of the optimized actual to stoichiometric molar ratio of air to            is 533 

more than the other studied decision variables whereas except            of 1.1 A.cm
-2

 534 

where the optimum actual to stoichiometric molar ratio of air is almost the same for three 535 

applications, an increment is recorded by increasing the            from 1.1 to 1.5 A.cm
-2

. 536 

 In lower values of            the optimized humidity values of propulsion usage are less 537 

than the two other ones, but in higher values (more than 1.5 A.cm
-2

) the values for all the 538 

applications approach to a constant value. Increasing the            has led to almost 13.5, 539 

4.0 and 4.5% changes in for propulsion, power station and portable applications 540 

respectively. 541 

 The optimized values of voltage for propulsion, power station and portable applications 542 

are 0.78, 0.88 and 0.73 V, respectively. 543 

 Increasing the maximum allowable current density not only reduces the operating 544 

temperature and pressure, but also improves the optimized values of all of the objective 545 

functions simultaneously. 546 

 Furthermore, it is found that values of the temperature, pressure and voltage in power 547 

station are not affected by optimization, whereas substantial decrease in both propulsion 548 

and portable applications have brought about more level of safety. Similarly, objective 549 

functions i.e., efficiency, levelized cost, size and GHG are averagely improved by 9.93, 550 

16.95, 37.13, and 7.77% respectively. 551 
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Two items can be mentioned as the limitations of the conducted analysis: 552 

 This study investigated proton exchange membrane fuel cell. It means that other types of 553 

fuel cell were not considered. 554 

 Like other similar studies in which an approach is presented, a case study with a specified 555 

capacity was investigated. 556 

In order to overcome the mentioned limitations, these solutions are suggested: 557 

 The variation impacts of the maximum allowable current density on the optimum results 558 

are studied for the other types of fuel cells in a further work. 559 

 The impact of size on the results of optimization is investigated in another work in the 560 

future. Here, using the objective functions which are not related to the capacity, such as 561 

specific or dimensionless performance criteria, would help to provide better insight. 562 
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Abstract 12 

An application-based multi-objective optimization approach is presented to acquire the best operation condition for 13 

a proton-exchange membrane fuel cell. The optimization is done for propulsion, power station, and portable 14 

applications, in which the recommended range for decision variables and importance level of the objective functions 15 

are taken into consideration for more accurate and practical results. In the multi-objective optimization, from each 16 

important aspect of the performance, i.e., technical, economic, dimensional, and environmental aspects, one 17 

objective is selected. The effect of threshold current density on both optimum decision variables and objective 18 

functions are also investigated to find the best value for that. The results reveal that increasing the maximum 19 

allowable current density leads to improvements in optimized values of all the objective functions. Moreover, the 20 

conducted sensitivity analyses determine that the threshold current density for the propulsion and power station 21 

applications is 1.3 A.cm
-2

 and for the portable application is 1.5 A.cm
-2

. Furthermore, it is found that values of the 22 

temperature, pressure and voltage in power station are not affected by optimization, whereas substantial decrease in 23 

both propulsion and portable applications brings more level of safety. Similarly, objective functions, i.e., efficiency, 24 

levelized cost, size, and greenhouse emission are averagely improved by 9.93, 16.95, 37.13, and 7.77%, 25 
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respectively. The proposed procedure helps to design and manufacture the high-performance proton-exchange 26 

membrane fuel cells based on the employed application and users’ preference.   27 

Keywords: Application-based survey; Polymer electrolyte membrane fuel cell; Techno-economic investigation; 28 

Multi-objective optimization; Weighted decision making  29 

Nomenclature  W power (kW) 

A   area (m
2
) Abbreviations  

C   cost ($) AHP analytical hierarchy process 

CI   closeness index POF Pareto optimal frontier  

d discount rate MEA membrane electrode assembly 

jdst    distance to the ideal answer TOPSIS  

technique for order of 

preference by similarity to ideal 

solution 

jdst    distance to the non-ideal answer Scripts  

i   current density (A.m
-2

) asm assembly 

f dimensionless objective function BOP balance of plant 

F objective function ele electrode 

ghg   
specific greenhouse gas emission 

(g.(MJ)
-1

) 
inv investment 

GHG   greenhouse gas emission (g.h
-1

) mem membrane 

HHV  higher heating value (kJ.kg
-1

) opt  optimum condition 

huf hydrogen utilization factor opr operation 

LHV   lower heating value (kJ.kg
-1

) phm peripheral materials 

LCOE   levelized cost of electricity ($.(kWh)
-1

) pt platinum 

m   mass flow rate (mol.s
-1

) st stack 

n   molar flow rate (mol.s
-1

) Greek symbols  

P pressure (Pa) η efficiency (%) 

t time (s) λ actual to stoichiometric ratio 

T temperature (K)    humidity (kg.kgair or 
2

. Hkg kg  ) 

V voltage (V)   

1.  Introduction 30 

Proton-exchange membrane type (PEMFC) is one of the most popular kinds of fuel cells. 31 

Working at a lower temperature and level of noise (Atyabi and Afshari, 2019), and producing 32 

electricity with greater power densities (Charoen et al., 2017) are taken into account as the most 33 

significant advantages of PEMFC in comparison to the other types. Moreover, this type of fuel 34 
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cell is easy to handle and assemble (Haghighat Mamaghani et al., 2018; Shaygan et al., 2019). 35 

The mentioned advantages encourage a lot of researchers to conduct studies to enhance the 36 

performance of PEMFCs as a promising technology as far as possible (Chatrattanawet et al., 37 

2017; İnci and Türksoy, 2019), since its high efficiency can be higher than other kinds of 38 

renewable energy technologies, such as wind (Naderi et al., 2018; Naderi and Torabi, 2017). The 39 

enhancement has been done by changing the structure (Duclos et al., 2017), using novel 40 

materials (Mehrpooya et al., 2019) or finding the best operating condition (Marefati and 41 

Mehrpooya, 2019). 42 

In order to find the best operating condition, the values of performance criteria are improved by 43 

adjusting the effective parameters (Marefati and Mehrpooya, 2019; Nagapurkar and Smith, 44 

2019). However, in PEMFCs, there is a trade-off among performance criteria (Ayodele et al., 45 

2018; Bukar and Tan, 2019). For example, increasing efficiency as a favorable change is 46 

accompanied by an increase in the levelized cost of electricity (LCOE), which is unfavorable 47 

(Becherif et al., 2018; Chen et al., 2019). Therefore, performing single-objective optimizations 48 

like the study of Kanani et al. (Kanani et al., 2015) leads to partial results, and in order to acquire 49 

the best operating conditions, same as other energy systems (Sohani et al., 2019a; Sohani et al., 50 

2018), multi-objective optimization (MOO) approach should be employed. A set of solutions, all 51 

of which has the potential of being the optimal answer, is obtained by running each MOO 52 

algorithm. The set is called Pareto optimal frontier (POF). Such optimization procedure has been 53 

implemented in many applications, from fuel cells (Sohani et al., 2019a), to thermal power plants 54 

(Sohani et al., 2017a), photovoltaic solar systems (Saedpanah et al., 2020), electrochemical 55 

systems (Pourmirzaagha et al., 2016), and management of micro grid (Jirdehi et al., 2017; Tabar 56 

et al., 2017). For instance, Sohrabi Tabar et al. (Tabar et al., 2017) solved the problem of micro 57 
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grid management by the multi-objective optimization considering pollution and cost at the same 58 

time, and Ahmadi Jirdehi et al. (Jirdehi et al., 2017) found the best plan to run a micro grid 59 

system from both economic and environmental points of view by this approach. The studies 60 

(Tabar et al., 2019; Tabar et al., 2018) are some other examples of optimization in the field. 61 

The model which is used to run the PEMFC is based on a single domain formulation (Sohani et 62 

al., 2019a; Um et al., 2000) that couples electrochemical governing equations with equations 63 

governing the fluid flow in the gas channels, gas diffusion layers, catalyst layers and electrolyte 64 

membrane. The positive aspect of this approach is that it solves the whole cell as a sandwich in a 65 

way that there is no need to generate new equations as boundary conditions (Esfahanian and 66 

Torabi, 2006; Esfahanian et al., 2008). It can be used for simulation of batteries as well (Torabi 67 

and Aliakbar, 2012; Torabi and Esfahanian, 2011). This model is utilized to run the simulation 68 

under different operating conditions as stated in (Sohani et al., 2019a), then stepwise regression 69 

method is used to extract an equation describing the performance of the FC. Although numerical 70 

methods have been used to solve the governing equations (Hosseinzadeh et al., 2019a; 71 

Seyedmohammad Mousavisani, 2019), analytical methods may be a good choice for future 72 

research (Hosseinzadeh et al., 2019b; Sohani et al., 2017b). In addition, all the necessary 73 

information about the data analysis of the employed models were given in the previous study of 74 

the authors conducted on PEMFC (Sohani et al., 2019a), and in order not to make paper too 75 

lengthy, it is referred for more details. 76 

In order to provide a brief but clear insight, the studies have been done in the field of multi-77 

objective optimization of PEM FCs are listed in Table (1). 78 

Table (1): List of the studies done on the optimization of PEMFCs 79 

Study year The considered objective Were all technical, Was the range of Was a final Was the 
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functions economic, 

dimensional, and 

environmental 

characteristics as 

the main 

performance 

criteria of a 

PEMFC optimized 

together? 

variation of 

decision 

variables 

selected based on 

the 

recommended 

range for 

different 

applications? 

optimal 

point 

introduced 

by 

considering 

the 

preference 

based on the 

application? 

effect of 

maximum 

allowable 

current 

density on 

the optimum 

results 

studied?  

(Wishart et 

al., 2006) 
2006 

Exergetic efficiency and net 

power 
No No No No 

(Na and Gou, 

2007) 
2007 Efficiency and cost No No No No 

(Ang, Sheila 

Mae C et al., 

2010) 

2010 Size and efficiency No No No No 

(Sayyaadi 

and 

Esmaeilzadeh

, 2013) 

2013 

Exergetic 

efficiency, power 

density and power 

cost 

No No No No 

(Tahmasbi et 

al., 2015) 
2015 Power and levelized cost No No No No 

(Mert et al., 

2015) 
2015 

Energy and exergy 

efficiencies, cost generation 

and power output 

No No No No 

(Kanani et al., 

2015) 
2015 Power No No No No 

(Mamaghani 

et al., 2016) 
2016 

Net electrical efficiency and 

total capital cost 
No 

No No No 

(Chen et al., 

2017) 
2017 Efficiency and power output No No No No 

(Mamaghani 

et al., 2017) 
2017 

Net electrical efficiency and 

thermal generation 
No No No No 

(Liu et al., 

2017) 
2017 

Output power and power 

consumption 
No No No No 

(Chen et al., 

2018) 
2018 

Exergy efficiency, annual 

cost and green house 

pollutant emission 

No No No No 

(Kwan et al., 

2018) 
2018 

Fuel consumption and 

required super capacitor size 
No 

No No No 

(Ahmadi et 

al., 2018) 
2018 

Fuel consumption and 

efficiency 
No No No No 

(Loreti et al., 

2019) 
2019 Cost of fuel and revenue No No No No 

(Guo et al., 

2019) 
2019 

energetic and exergetic 

performance characteristic as 

well as power density 

No No No No 

(Sohani et al., 

2019a) 
2019 

Efficiency, power density, 

levelized cost, and size 
No No No No 

The current 

study 
2019 

Efficiency, levelized cost, 

size and produced green-

house generation 

Yes Yes Yes Yes 
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Table (1) shows that despite valuable investigations have conducted so far; there have been some 80 

gaps that should be addressed by conducting a new study. As a result, the current study is 81 

conducted. The gap of the research and the items taken into account as the novelties of the 82 

present investigation are introduced in Table (2). 83 

Table (2): Gap of the research and the items taken into account as the novelties of the present 84 
investigation 85 

The gap of the research The novelty of the current investigation 

All the important criteria in the performance of a PEMFC 

have not been considered and optimized together. Therefore, 

the desired condition for the performance of the system from 

all the important perspectives has not been determined. 

PEMFC is optimized by considering all important 

performance criteria at the same time. Efficiency, 

levelized cost, size, and greenhouse gas pollution are 

optimized as the technical, economic, dimensional and 

environmental objective functions through multi-

objective optimization. 

When optimization is done for more than one application, 

for all the investigated applications, the same variation range 

for a decision variable has been considered. It might have 

led to not realistic results and comparisons. 

For each investigated application, namely, propulsion, 

power station, and portable applications, a separate 

range, based on the recommended range of (Piela et al., 

2017) is defined. Therefore, the obtained results are 

more realistic and practical for the investigated 

application, and the comparisons among the results of 

optimization for different applications are more 

accurate. 

In the previous studies either the final solution has not been 

determined (only POF has been drawn and discussed) or the 

selection has been done by using methods like the technique 

for Order of preference by similarity to ideal solution 

(TOPSIS), which consider the same priority level for all the 

objective functions. Considering the same priority level for 

different applications is not correct. 

The importance level of different objective functions is 

taken into account by using a combination of analytical 

hierarchy process (AHP) and TOPSIS for the three 

studied applications. It leads to obtaining an 

application-based and practical optimized solution. 

For the maximum allowable current density, a constant 

value has been assumed, and the optimization has been 

conducted with that. Therefore, the impacts of the maximum 

allowable current density on the optimum results have not 

been uncovered. 

The effects of the maximum allowable current density 

on the results of optimization, including the values of 

the decision variables and objective functions are 

studied, and after discussing results in details, the best 

value for each application is determined.  

As the existing theory, the optimum values of the operating parameters for a PEMFC is obtained 86 

from the recommended values or the multi-objective optimization approaches which have not 87 

considered all the performance criteria at the same time and have assumed the same priority level 88 

for the optimized objective functions.  However, in this study, conducting the multi-objective 89 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

7 of 40 

optimization in which all the key factors including technical, economic, dimensional, and 90 

environmental aspects are taken into account is studied as the new theory. In addition, the new 91 

theory considers different levels of importance for the objective function based on the 92 

application. As a result, the proposed theory is a more practical and realistic one, and helps to 93 

design high-performance PEMFC more comprehensively and according to the users’ preferences 94 

in different applications, in which the objective functions do not have the same level of priority. 95 

The following items are the implications of this paper: 96 

 Designing a PEMFC is done by a systematic approach in which the best operating 97 

condition is determined in way that all the important performance criteria are in the best 98 

condition at the same time. It helps to have a PEMFC with the lowest possible cost and 99 

the highest performance at the same time, which is the theoretical implication of the 100 

conducted research. 101 

 A method to obtain the best operating condition based on the application and users’ 102 

preference is obtained. It can be taken into account as the methodological contribution of 103 

this study. It should be also noted that the proposed approach can be done for different 104 

capacities, countries, and applications. 105 

 Not only can the designing process be done using the presented methodology, adjusting 106 

the operating conditions and as a result, retrofitting an in-operation PEMFC can be also 107 

performed by the proposed approach. Therefore, the methodology employed in this paper 108 

have the potential of being used in a wide range of products at different stages. This item 109 

can be considered as the practical implication of the current study. 110 
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 When a system has the best performance from different perspectives, including the 111 

technical, economic, and environmental aspects, policy-makers and end-users are 112 

encouraged more to use it (Sohani and Sayyaadi, 2020). Since the conducted 113 

investigation covers all the mentioned criteria in addition to the size as the other key 114 

factor and find the best possible condition for them, it will help to make PEMFC more 115 

popular all around the world. It is the social implication of this paper. The more popular 116 

clean technologies like PEMFC is used in the world, the better condition to live for 117 

human beings will be provided. 118 

Considering the items indicated in Table (2), the following items are posed as the main research 119 

questions, which will be addressed in this study:  120 

 How much improvement compared to the recommended values of (Piela et al., 2017) is 121 

achieved when the multi-objective optimization considering all the key performance 122 

criteria is done? 123 

 How different the optimized solutions are when the importance level of objective 124 

functions in different application is considered? 125 

 What are the difference between the condition the same priority levels for the objectives 126 

are assumed and the time the application-based method is implemented? 127 

 How do the decision variables and objective functions change when the maximum 128 

allowable current density change? 129 

 Does the maximum allowable current density have a great or small impact on the 130 

optimization results? 131 
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  What are the best recommended values for the maximum allowable current density? 132 

In addition to the introduction presented above, the remaining part of the paper consists of four 133 

main sections. Section 2 in which the developed algorithm comprising MOO details, objective 134 

functions, and decision variables are introduced. Section 3 where the specifications of the 135 

investigated PEMFC and economic parameters are discussed. Section 3 is followed by the fourth 136 

section that is dedicated to results and discussion, and finally, the main contributions and key 137 

results are summarized in the conclusion, which is the fifth section of this study. 138 

The final point which should be indicated in this part is based on the comprehensive conducted 139 

review on the green supply chain management system, journal of cleaner production is the most 140 

cited journal in this field and sustainability paradiagrams (de Oliveira et al., 2018), and based on 141 

the cited references and the topic, it is one of the best venues for publishing the paper.  142 

2. Description of the presented application-based MOO approach 143 

In this part, the presented approach is introduced step by step; for each step, a brief but complete 144 

explanation is given. More details about the background of the employed methods, which is 145 

beyond the scope of this study, are found in the cited references. 146 

2.1. Step I: Definition of the multi-objective optimization problem 147 

A multi-objective optimization problem is defined by introducing its decision variables, 148 

objective functions, and constraints. 149 

2.1.1. Decision variables 150 

Temperature, pressure, voltage, actual to stoichiometric molar ratios of air and hydrogen, and 151 

humidity of the cathode and anode, as seven main adjustable effective parameters of a PEMFC, 152 
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are selected as the decision variables. The recommended range of decision variables for different 153 

applications is given in Table (3). 154 

Table (3):  The recommended range of decision variables for different applications (the 155 
considered bounds for the decision variables) (Piela et al., 2017)  156 

Parameter Symbol 

Application 

Unit Application #1 

(Propulsion) 

Application #2 

(Power Station) 

Application #3 

(Portable) 

Temperature T   283.15- 363.15 283.15- 363.15 283.15- 363.15  K 

pressure P   105000- 300000 105000- 200000 105000- 200000 Pa 

voltage V   

Based on 

PEMFC’s 

specifications 

Based on PEMFC’s 

specifications 

Based on 

PEMFC’s 

specifications 

V 

actual to stoichiometric 

molar ratio of air  air   1.3- 2.0 1.1- 2.0 1.1- 2.0 - 

actual to stoichiometric 

molar ratio of hydrogen 2H   1.1- 2.0 1.1- 2.0 1.1- 2.0 - 

humidity of the anode 

(hydrogen) air   0.10- 0.25 0.12- 0.25 0.13- 0.25 
1. airkg kg 

 

humidity of the cathode (air) 
2H   0.10- 0.25 0.12- 0.25 0.13- 0.25 

2

1. Hkg kg
 

It should be noted that in almost all the optimization problems in the reality, like here, the 157 

decision variables have their limits, as it is seen. However, in this study, following the same 158 

fashion as (Rao, 2019) and the optimization toolbox in MATLAB software (Higham and 159 

Higham, 2016; Moore, 2017), they are called as “bounds”, and not “constraints”. On the other 160 

hand, the limitations which are not the bounds are called the constraints. The constraints 161 

considered in this study are introduced in the section 2.1.3.  162 

2.1.2. Objective functions 163 

The performance criteria which are going to be improved by MOO are called objective 164 

functions. The desirable performance of a PEMFC is achieved when all the technical, economic, 165 

dimensional, and environmental performance characteristics are simultaneously at the best 166 

possible conditions, so from each of them, one objective function should be considered. 167 
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Therefore, one of the most widely-used functions for each mentioned aspect is selected and 168 

optimized as the objective function, which leads to having four objective functions. The 169 

considered objective functions are introduced in the following section. It should be noted that in 170 

order not to make the article so lengthy, the definitions of the symbols used in the equations are 171 

presented in the nomenclature, and they are not explained after each equation. 172 

2.1.2.1. Technical objective function 173 

PEMFC efficiency, which is defined as the ratio of the generated power to the enthalpy of 174 

reaction, which is the maximum available power in the ideal condition, is defined as the 175 

technical objective function (Mert et al., 2011): 176 

2 2

st

H H

W

n HHV
   

 (1) 

2.1.2.2. Economic objective function 177 

The levelized cost of electricity generation, briefly called the levelized cost, is considered as the 178 

economic objective function. The levelized cost is calculated as follows (Sohani et al., 2019a): 179 

1 0

1 0

1

(1 )

(1 )

opr

opr

tyear
fuel

levelized invt jyear
j tst

j
j t

C t
C C

dW t

d

 

 

 
  

 






 
 

(2) 

In Eq. (2), Cfuel and Cinv denote fuel and investment costs, which are determined by Eqs. (3) 180 

(Sohani et al., 2019a) and (4) (Na and Gou, 2007), respectively: 181 

2 2H H

fuel

m C
C

huf
  

 (3) 
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( )inv st BOP asm stC C C A C W    
 (4) 

Cst in Eq. (4) is also calculated from Eq. (Na and Gou, 2007): 182 

st mem elc bpp pt phmC C C C C C      
 (5) 

2.1.2.3. Dimensional objective function 183 

The area of the membrane electrode assembly is selected as the dimensional objective function in 184 

the multi-objective optimization. It is computed by Eq. (6) (Ang, Sheila Mae C. et al., 2010): 185 

st
MEA

out

W
A

pow
  

(6) 

In which     is the power required in each application while        is the multiplication of 186 

operational current density by the output voltage. 187 

2.1.2.4. Environmental objective function 188 

The process of consuming the fuel (hydrogen) in a PEMFC is with almost no emissions. 189 

However, the hydrogen production process is accompanied by polluting the environment. One of 190 

the processes, which is assumed as the way of providing hydrogen in this study, is water 191 

electrolysis employing wind energy. By using data indicated in Table (4), in which the values of 192 

specific environmental emissions of the hydrogen generation process ( ghg ) are given, the 193 

produced green-house generation (GHG) is obtained for this process (Chen et al., 2018):  194 

2 2H HGHG m LHV ghg
 (7) 

Table (4): The greenhouse emission comes from the hydrogen production process by water 195 

electrolysis employing wind energy (Chen et al., 2018) 196 
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Process 
Specific Pollution level 

(g.(MJ)
-1

) 

Power generation and water electrolysis  6.85 

Hydrogen compression  13.7 

Total (ghg) 20.55 

In this study, GHG is considered as the environmental objective function.  197 

2.1.3. Constraints  198 

In the optimization problems, usually, there are one or more limitations, which should be 199 

considered to obtain applicable results. They are called as the constraints. Here, the current 200 

density limitation is the only imposed constraint.  It states that the current density must be less 201 

than a threshold value ( thresholdi ), whose mathematical form is: 202 

thresholdi i
 (8) 

As it will be completely discussed in the results and discussion part, MOO is done in different 203 

values of thresholdi , and having performed a comprehensive analysis among the obtained results, 204 

the best threshold current density for each application will be determined. 205 

It is worth mentioning that as it was explained in the section 2.1.1, the limitation for the decision 206 

variables are called “bounds” and the constraints cover other limitations.   207 

2.2. Step II: Performing MOO algorithm and obtaining POF 208 

The optimization problem has been completely defined in the previous step. Therefore, at this 209 

stage, MOO is employed to find a set of solutions that has the potential of being the final answer, 210 

called Pareto optimal frontier (POF). Non-dominant sorting genetic algorithm 2 (NSGA-II), 211 

which was completely introduced and employed in the previous publications of the authors like 212 

(Sohani and Sayyaadi, 2017; Sohani et al., 2019b), is employed for this purpose. NSGA-II is one 213 
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of the widely-used methods to find POF. It should be also noted that MATLAB software was 214 

used to conduct the NSGA-II and obtain POF. 215 

2.3. Step III: Determination of the relative priority and selecting the final solution 216 

As it was previously stated, running a multi-objective algorithm leads to obtaining a set of 217 

answers, called POF. It means that employing the MOO algorithm does not give the final 218 

solution individually, and the final answer must be selected using a decision making method. In 219 

this study, to avoid non-realistic results caused by assuming the same preference for all the 220 

performance criteria, AHP is used in combination with TOPSIS. 221 

In the used combined method, initially, the relative level of importance for each criterion 222 

(objective function) in the selection of the final solution is obtained by pairwise comparison of 223 

criteria to each other. It is done by forming a matrix, called the matrix of pairwise comparisons 224 

(MPC) (Sohani et al., 2017a). The comparisons are done by the suggested scale of Saaty, which 225 

is presented in Table (5).   226 

Table (5): the Suggested scale of Saaty used to make pairwise comparisons in the AHP method 227 

(Saaty, 1977) 228 

Value Description 

1 Equal importance 

3 Fairly higher importance 

5 Higher importance 

7 Much higher importance 

9 Extremely higher importance 

Even values between two odd mentioned ones (2, 4, 6, 8) 
An importance level between the corresponding 

importance of the two odd values 

After performing the pairwise comparisons by conducting the mathematical matrix operations 229 

discussed in details in (Boukhari et al., 2018), the relative level of importance of each criterion in 230 

the selection of the final answer is determined. The output for the i
st
 criterion is the weight wi, 231 
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which is a numerical value between 0 and 1, and shows the relative importance degree of that 232 

criterion compared to the other criteria. Having determined the wi values for the criteria involved 233 

in the decision making (which are objective functions), the closeness index (Cl) for each point on 234 

POF is calculated from Eqs. (9) to (12), and the answer with the highest Cl is selected as the final 235 

optimal solution (Karami and Sayyaadi, 2015): 236 

2

1

( . )

i ijn

ij
m

i ij

j

w F
f

w F





 

(9) 

1

( )
num

ideal

j ij i

j

dst f f



   (10) 

1

( )
num

non ideal

j ij i

j

dst f f 





   (11) 

j

j j

dst
Cl

dst dst



 


  (12) 

It should be also mentioned that, as it is clear from definition, in case the relative level of 237 

importance of criteria in comparison to each other becomes the same, the introduced combined 238 

method reduces to the ordinary TOPSIS (Sohani et al., 2016). The codes developed in MATLAB 239 

software was employed to run the decision making method and select the final answer by the 240 

introduced method.  241 

3. The investigated case-study 242 

Application of the proposed approach is shown by employing it for a PEMFC. Consequently, in 243 

this part, the specifications of the PEMFC considered as the case study are given. The PEMFC 244 
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considered in this study, is the one which has been investigated in the previous studies of the 245 

authors like (Sohani et al., 2019a). In addition to the specifications, the priority level of the 246 

objective functions for the case study based on experts’ judgments, which is necessary to obtain 247 

the final solution by the combination of AHP and TOPSIS, are also introduced. It should be 248 

noted that the priority level is totally dependent on the experts’ points of view, and it might be 249 

different for other cases. 250 

In addition, it is worth mentioning that, like other similar cases in energy systems, such as 251 

previous published studies of the authors (Sohani et al., 2019b), a general approach was 252 

presented. Since obtaining numerical values for the investigated criteria needs to have the values 253 

of the effective parameters, a case study had to be considered and the approach employed for it. 254 

As a result, for other case studies, the approach is applicable; the only difference is the values of 255 

the effective parameters, and consequently, the investigated criteria are not the same. 256 

3.1. General specifications 257 

Table (6) presents the specification of the investigated case study, which is a 50 kW PEMFC. 258 

Table (6): The specifications of the 50 kW PEMFC considered as the case study  259 

Parameter Unit Value 

Thickness of air and hydrogen channels mm
 

0.8  

GDL thickness mm 0.21  

Catalyst layer thickness mm 0.012  

Membrane Thickness mm 0.036 

GDL porosity - 0.5 

Catalyst porosity 
- 

0.5 

Membrane porosity - 0.28 

GDL and catalyst permeability 
- 

1e-12 

Anode exchange coefficient - 2 

Cathode exchange coefficient - 2 
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In (Sohani et al., 2019a), Eq. (13) was obtained by the stepwise regression method to predict the 260 

current density based on the values of the decision variables for the investigated PEMFC. This 261 

equation is also employed in this study. 262 

2 2

2

569786.180 3848.163 0.23717 4194.37526 20875.16491 86756.03593

449126.8480 37565.929 000808232 8.81763 32.7289

781.70708 0.0099263 0.18041948 0.00922283
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8649.784500005 43583.517723 357377.647286 5.964732329

247.4630933695 1250.538655 158078.948844 52667.71773303
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(13) 

3.2. Economic details 263 

Table (7) gives the data required to calculate LCOE as the economic objective function. The 264 

important point for economic data is they should be up to date (Sohani and Sayyaadi, 2018), and 265 

for this reason, the data indicated in Table (7) is compared to the online prices found in the 266 

references like (Fuel Cell Store, 2019). The comparison shows that there is a good agreement 267 

between the data and online information. 268 

Table (7):  The considered values for economic analysis (Sohani et al., 2019a) 269 
Parameter Unit Value 

Nafion membrane 117 $ m
-2 

2455.56 

Platinum; 2–4 thickness $ m
-2

 176.29 

Electrode; max. 0.8 mm for single cell  $ m
-2

 177 

Bi-polar plate; max. 4 mm $ m
-2

 1650 

Peripheral parts $ m
-2

 15.6 

Assembly  $ (kW)
-1 

391 

Discount rate % 6 

Cost of hydrogen  $ kg
-1 

1.00 

Cost of the balance of plant to cost of stack 

ratio 

- 0.5 

Lifetime  years 15 

Annual operating hours hours 6150 

As it is seen, all the used methods and employed equations were adopted from the published 270 

literature and they have been utilized in several researches in different fields. Therefore, each of 271 
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them, and consequently, the combination of them are accurate and reliable. Moreover, 272 

considering the fact that only economic indicators such as discount rate are not the same in the 273 

two different countries, only the levelized cost will be different and studying in another country 274 

does not have any impacts on the values of the other performance criteria in the same condition 275 

for the effective parameters. For the levelized cost, however, it should be also noted that in spite 276 

of having different values in two different countries, the variation trend is almost similar. 277 

3.3. Relative importance of performance criteria 278 

As discussed previously, in order to select the final solution among the points on POF by using 279 

the combined AHP and TOPSIS, the relative importance of performance criteria (objective 280 

functions) must be determined. Consequently, three experts involved in decision making done in 281 

(Sohani et al., 2019a) for PEMFCs were invited again, and they were asked to make the pairwise 282 

comparisons for three applications. The results are reported in this sub-section while the matrices 283 

of pairwise comparisons are reported in the supplementary material (Tables (S1) to (S3)). It 284 

should be noted that, as it was completely discussed in (Hasani Balyani et al., 2015; Sohani et al., 285 

2017a), in cases that the experts have different judgments, the geometric mean is used to obtain 286 

the final evaluation. 287 

3.3.1.  Application #1: Propulsion 288 

For this application, three experts have the following judgments about the performance criteria: 289 

Judgement #1: According to this judgment, size and GHG have the highest level of importance. 290 

Then, efficiency and LCOE are in the next places, respectively. 291 

Judgement #2: This judgment says that size and GHG are more important than efficiency and 292 

LCOE. However, in this case, efficiency and LCOE are as important as each other.  293 
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Judgement #3: Based on judgment #3, GHG is more important than size. After that, efficiency 294 

and LCOE are in the third and fourth places, respectively, with the close level of priority.   295 

3.3.2. Application #2: Power station 296 

In spite of the propulsion, for the power station application, the three experts reached an 297 

agreement to evaluate performance criteria compared to each other. They believe that LCOE is 298 

the most important criterion. Next, there are efficiency and GHG with the same level of 299 

importance while size has the lowest level of priority among the objective functions. 300 

3.3.3. Application #3: Portable 301 

For this application, like the power station usage, all the three experts have the same judgments. 302 

According to this judgement, size has the highest level of priority here while GHG and efficiency 303 

are in the next places with a similar priority. LCOE has also a little bit lower importance than the 304 

two aforementioned performance criteria 305 

3.3.4. The final weights 306 

By using the matrices of pairwise comparison and as discussed in the previous section, the 307 

relative importance of performance criteria is obtained for the three application in form of wi 308 

weights, which are introduced in Table (8). For obtaining the final weights from the matrix of 309 

pairwise comparison, Expert Choice software program (Choice, 1999) is used to do calculations. 310 

Table (8):  The relative importance of the performance criteria (objective functions) in the form 311 

of wi weights 312 

Performance criteria 

Relative importance (wi) 

Application #1 

(Propulsion) 

Application #2 (Power 

Station) 

Application #3 

(Portable) 

Efficiency 0.214 0.256 0.236 

LCOE 0.201 0.306 0.206 
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Size 0.298 0.177 0.322 

GHG 0.287 0.256 0.236 

4.   Results and discussion 313 

After implementing the described optimization and decision making processes on the introduced 314 

PEMFC, the effect of threshold current density on the both decision variables and objective 315 

functions are investigated in this part. 316 

4.1. The variation impactsof the maximum allowable current density on results of the 317 

multi-objective optimization  318 

The proposed approach has been completely introduced so far. Furthermore, the improvement 319 

potential of the multi-objective optimization for different applications has been evaluated in 320 

details. Here, to bring more extensive insight, the variation impacts of the maximum allowable 321 

current density (          ) on the optimum values of decision variables and objective functions 322 

are investigated. For this purpose, the introduced approach is employed to find the best operating 323 

conditions for the studied PEMFC at five different values for            , which are 1.1, 1.2, 1.3, 324 

1.4, and 1.5 A.cm
-2

 and the results are employed to plot the graphs presented in the next 325 

subsections. The effects of variation of the maximum allowable current density (          ) on 326 

the values of decision variables and objective functions in the optimum condition are shown in 327 

Fig. (1a) to Fig. (1g), and Fig. (2a) to Fig. (2d), respectively. 328 

4.1.1. The decision variables 329 

First of all, changes in each decision variable as a result of variation in the threshold current 330 

density are investigated. 331 
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4.1.1.1. Temperature 332 

As it is seen in Fig. (1a), for all the three applications, increasing            leads to decrease in 333 

the optimum temperature. The reason in when            grows, the movement of the ions in the 334 

electrolyte membrane as well as the movement of the electrons in the solid phase and current 335 

collectors becomes easier. In other words, the internal resistance drops by increasing           . 336 

which leads to lower operating temperatures. In propulsion and portable applications, the slope 337 

of decrement remains constant. However for power station usage, the values approach the 338 

constant value of 333.5 K after the threshold current density of 1.3 A.cm
-2

. Changing the value of 339 

           from 1.1 to 1.5 A.cm
-2

 is accompanied by only 1.01, 1.99, and 1.15% fall in the 340 

optimum temperature for propulsion, power station, and portable applications, respectively, 341 

which shows that the sensitivity of the optimum temperature to            is low. 342 

4.1.1.2. Pressure 343 

According to Fig. (1b), by an increase in           , the optimum pressure decreases in all the 344 

three applications. It is because the operating pressure directly affects the transport of the 345 

reactants to the reaction area (catalyst layer). When            is low, the rate of reactions falls 346 

significantly, and the density of reactants becomes higher at the interface between the gas 347 

diffusion layer and the catalyst layer. As a result, in such conditions, i.e., low values for 348 

           , the optimum value for pressure has to increase to move the reactants to the reaction 349 

area in a proper way. 350 
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(e) (f) 

 
(g) 

Fig. (1): The impacts of variation of the maximum allowable current density (Ithreshold) on the values of decision variables in the optimum 

condition (a) temperature; (b) pressure; (c) actual to molar ratio of hydrogen; (d) actual to molar ratio of air; (e) humidity of anode; (f) humidity 

of cathode; (g) voltage 
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(a) (b) 

  
(c) (d) 

Fig. (2): The impacts of variation of the maximum allowable current density (Ithreshold) on the values of objective functions in the optimum 

condition (a) efficiency; (b) levelized cost; (c) area of membrane electron assembly (AMEA); (d) GHG 
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Nevertheless, the behaviors are not the same for different applications. In the portable 351 

application, the optimum pressure decreases linearly. In power station application first, it 352 

decreases fast, then, the decrement slope becomes slow, and after that, a moderate slope is 353 

observed. In the propulsion usage,  the values approach the constant value of 113 kPa after the 354 

maximum allowable current of 1.3 A.cm
-2

. In addition to the mentioned decrementing behavior, 355 

the sensitivity of the optimum pressure to            is different for the three applications; in the 356 

case of propulsion, power station, and portable applications, reaching            from 1.1 to 1.5 357 

A.cm
-2

 leads to 11.65, 17.39, and 3.88% decrease for the investigated application, respectively. 358 

4.1.1.3. Actual to the stoichiometric molar ratio of hydrogen 359 

In this case, as shown in Fig. (1c), the optimum value increases by the increase in            in all 360 

the three applications. The reason is that, as discussed in the previous part, in lower values for 361 

          , the rate of reactions is low, and in order to make it as fast as possible, the actual to the 362 

stoichiometric molar ratio of the hydrogen increases. While the optimum actual to molar ratio of 363 

hydrogen approaches a constant value from 1.4 A.cm
-2

 in the power station application, for two 364 

other ones, it continuously grows. Here, like the optimum pressure, different levels of sensitivity 365 

to            are observed for the three applications; 15.86, 9.07, and 9.48% changes in the 366 

propulsion, power station, and portable applications are observed, respectively. 367 

4.1.1.4. Actual to the stoichiometric molar ratio of air 368 

As Fig. (1d) shows, the optimum actual to the stoichiometric molar ratio of air has almost the 369 

same value for the three applications in            of 1.1 A.cm
-2

. However, when            370 

reaches 1.5 A.cm
-2

, different values for this parameter are seen. Here, and like the stoichiometric 371 

molar ratio of hydrogen, the optimum value increases to make the rate of reactions as fast as 372 

possible.  373 
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The lowest increasing rate belongs to the portable application. Propulsion is in the middle and 374 

power station has the highest growth rate. In the case of power station application, the optimum 375 

values increase significantly in the higher levels of            in comparison to the lower values. 376 

For this application, increasing            from 1.2 to 1.3 A.cm
-2

 leads to an increase in the 377 

optimum ratio from 1.43 to 1.52 while by changing the maximum allowable current density from 378 

1.4 to 1.5 A.cm
-2

, the value of actual to stoichiometric molar ratio of air in the optimum 379 

condition reaches from 1.71 to 1.98. In addition to the power station application whose 380 

optimized ratio increases 50.00% from the beginning to the end of the range, propulsion and 381 

portable applications have also 26.50 and 18.60% increase between the mentioned range of 382 

          . The above-mentioned values demonstrate that the sensitivity of the optimized actual 383 

to the stoichiometric molar ratio of air to            is more than the other studied decision 384 

variables. 385 

4.1.1.5. Humidity of the anode and cathode 386 

Based on the obtained results, it is found that the optimization algorithm prefers to select almost 387 

equal humidity values in anode and cathode parts in all the applications and values of           . 388 

As a result, the trends of variation for both decision variables, which are presented in Fig. (1e) 389 

and Fig. (1f), are the same. In lower values of            the optimized humidity values for the 390 

propulsion usage are less than the two other ones, but in higher values (more than 1.5 A.cm
-2

), 391 

the optimum humidity content for all the applications approaches a constant value. From the 392 

beginning to the end of the range for propulsion, power station, and portable applications almost 393 

13.5, 4.0, and 4.5% changes are observed, respectively. For these two decision variables, the 394 

optimum values increase since, increasing the humidity content in both cathode and anode parts 395 

means a faster reaction rate, which is accompanied by a better PEMFC performance.    396 
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4.1.1.6. Voltage 397 

In contrast to all the previously studied decision variables, the optimum voltage remains constant 398 

in the whole investigated range as it is illustrated in Fig. (1g). The optimized values of voltage 399 

for propulsion, power station, and portable applications are 0.78, 0.88, and 0.73 V, respectively. 400 

Therefore, it is concluded that for all the applications, the optimum voltage does not depend on 401 

the value of the maximum current density. 402 

4.1.2. The objective functions 403 

After investigation the effect of            on the optimum values of decision variables, the 404 

impacts of this parameter on the optimum values of the objective functions are studied in this 405 

part. 406 

4.1.2.1. Efficiency 407 

Based on the points discussed in part 4.1.1, when            gets higher, the reaction happens in a 408 

better way and a higher fraction of the available reactants at the interface between gas diffusion 409 

layer and catalyst layer is consumed. Therefore, the efficiency is improved. As it is depicted in 410 

Fig. (2a), a moderate change in the optimum efficiency takes place when the maximum 411 

allowable current density goes up. 412 

In            of 1.1 A.cm
-2

, the optimum efficiency for propulsion, power station, and portable 413 

applications are 61.57, 69.05, and 58.00% while for            of 1.5 A.cm
-2

 the values reach 414 

62.61, 70.03, and 58.45%, respectively. It means that 1.04, 0.97, and 0.45% improvement is 415 

achieved. 416 
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4.1.2.2.  The levelized cost 417 

According to the points which have been discussed so far, by an increase in the value of 418 

          , the reaction takes place more properly, and consequently, the efficiency is enhanced. 419 

Enhancing the efficiency means that the generated electricity from a constant amount of fuel 420 

increases, and as a result, the price of the produced electricity and consequently, the levelized 421 

cost is improved as per Fig. (2b).. 422 

For the portable application, the variation is almost linear. However, in the two other cases the 423 

levelized cost approaches a constant value around            of 1.3 A.cm
-2

. Another point is that 424 

the improvement in the optimum levelized cost in the propulsion usage is more significant than 425 

the others. By changing            from 1.1 to 1.5 A.cm
-2

, 7.10% decline is achieved in 426 

propulsion usage whereas, the values for power station and portable applications are almost half. 427 

4.1.2.3. Size 428 

By the increase in the maximum allowable current density, the optimum efficiency is enhanced 429 

as discussed in the previous parts. In this way, the magnitude of the power density of the PEMFC 430 

is also improved and therefore, the optimum size has a downward trend as per Fig. (2c). 431 

The trend of variation shown in Fig. (2c) demonstrates that when            is 1.1 A.cm
-2

, the 432 

optimum size in the propulsion application is more than the portable usage, but at the higher 433 

values of            (i.e. 1.2 A.cm
-2

), the curve for the portable usage overtakes that of 434 

propulsion. This behavior is the same as the changes in the levelized cost.  435 

Moreover, in this case, the values for both propulsion and power station applications approach  436 

constant values after the            of 1.3 A.cm
-2

, which is another similarity of the variation 437 

trend of the optimum size to the optimum levelized cost. However, in contrast to the levelized 438 
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cost, because of the priority levels discussed before, here, the values for portable application is 439 

better than the power station usage. Almost huge improvements in the size of the optimized 440 

PEMFC are obtained by changing the value of            from 1.1 to 1.5 A.cm
-2

. 23.47, 10.89, 441 

and 13.35% reduction in the size for propulsion, power station, and portable applications show 442 

that the size of PEMFC in the optimum condition is the most sensitive objective function to 443 

changes of           .  444 

4.1.2.4. The produced green-house generation (GHG) 445 

As Fig. (2d) shows, increasing the maximum allowable current density is accompanied by a fall 446 

in the optimum value of GHG for all the three investigated applications. However, GHG is the 447 

least sensitive objective function to changes in           . The variation rate of GHG is so gentle 448 

that only 0.71, 0.98, and 0.81% decrease is observed for propulsion, power station, and portable 449 

applications, respectively. 450 

4.2. Selection of the best maximum allowable current density for different applications 451 

As it was investigated in section 4.1 increasing the maximum allowable current density not only 452 

reduces the operating temperature and pressure but also improves the optimized values of all the 453 

objective functions simultaneously. The conducted sensitivity analyses demonstrated that for the 454 

propulsion and power station applications, increasing            to more than 1.3 A.cm
-2

 does not 455 

change the optimized results significantly. Therefore, considering technical aspects, for these two 456 

applications, the value of 1.3 A.cm
-2

 is selected for           . Moreover, based on the obtained 457 

results from the sensitivity analyses, the upper considered limit for           , i.e., 1.5 A.cm
-2

 is 458 

recommended for the portable usage. 459 
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4.3. Evaluation of the potential of improvement 460 

In addition to the suggested variation range for the decision variables, which was previously 461 

indicated in Table (3), in (Piela et al., 2017), for each decision variable, a recommended value 462 

was also introduced in each application. Considering those values as the values of decision 463 

variables in the base-case conditions, the condition before optimizations, and the selected values 464 

for            in the section 4.2, in this part, the improvement potential of the proposed approach 465 

for three different applications are evaluated. Values of the objective functions of the base-case 466 

and the optimum conditions are compared together in Fig. (3a) to Fig. (3d). In addition, in these 467 

figures, the values of the objective function when the ordinary TOPSIS (the same weight for all 468 

the objectives) was employed are also compared. As it is clear, TOPSIS gives the same 469 

optimized answer for all the three investigated applications. 470 

The results shows that in some cases, like temperature and pressure in power station application 471 

as well as the voltage for all the applications, the values of decision variables of the base-case 472 

and the optimum conditions are close together. However, for other decision variables, the values 473 

are different. Moreover, for both propulsion and portable applications, the values of the optimum 474 

pressure are much smaller than the base-case (recommended) values, which means that 475 

implementation of the optimization results leads to an operation condition with more level of 476 

safety. In addition to pressure, the temperature decreases significantly in propulsion application; 477 

it reaches from 353.15 to 318.88 K. The resulted temperature reduction (34.27 K) is also a great 478 

achievement. 479 

Comparison of the results with the selection of TOPSIS also shows that for all the three 480 

applications, the employed judgement-weighted method offers a better optimized levelized cost, 481 

size, and GHG. However, for the efficiency and GHG, TOPSIS has only a better optimized value 482 
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compared to the employed judgment-weighted approach in the portable application. 483 

Nevertheless, in general, and considering improvement in the objective functions together, it is 484 

concluded that the employed judgement-weighted method provides better optimized conditions 485 

for all the three investigated applications.      486 
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(c) 

 
(d) 

Fig. (3): Comparison of the values of objective functions of the base case and the final optimum conditions for different applications (a) 

efficiency; (b) levelized cost; (c) area of membrane electron assembly (AMEA); (d) GHG. In these figures, the selection of TOPSIS, in which 

the same weight for all the objective functions are considered, is also compared. 
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According to the values reported in Figs (4a) to (4d), it is observed that big improvements in the 487 

values of objective functions are obtained through the proposed multi-objective optimization 488 

approach. On average, the efficiency, levelized cost, size, and GHG are improved 9.93, 16.95, 489 

37.13, and 7.77%, respectively. Additionally, the power generation application has the highest 490 

potential of enhancement in the efficiency and levelized cost whilst the most significant decrease 491 

in size and GHG are seen for portable and propulsion applications, respectively. In power 492 

generation application, the efficiency reaches from 59.71 to 69.71% while the levelized cost 493 

drops from 0.8024 to 0.6280 $.(kWh)
-1

. Moreover, the size in the portable application falls from 494 

10.840 to 4.487 m
2,

 and GHG of propulsion application diminishes from 6488.8 to 5962.2 g.h
-1

. 495 

Although the impacts of the maximum allowable current density on the results of optimization 496 

has not been studied before the current study, in some references, it has been mentioned that this 497 

value changes the the optimum result, and the results of this study is found consistent with them. 498 

Moreover, in spite of the fact that all the key important performance aspects have not been 499 

considered at the same time in the multi-objective optimization before this study, a huge 500 

improvement in the values of the objective functions is achieved compared to the base-case 501 

condition, and it is also in agreement with the points mentioned about the ability of the multi-502 

objective optimization to enhance the performance of energy systems (Sohani et al., 2019c). 503 

5. Conclusions 504 

A multi-objective optimization (MOO) approach for 50 kW PEMFC was conducted to improve 505 

the performance criteria of the technology in propulsion, stationary and portable applications. 506 

The final solution among the sets provided by POF, were determined using the combined AHP 507 

and TOPSIS, by which the relative importance was taken into account to achieve more practical 508 
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solutions. Moreover, the impacts of variation of the maximum allowable current density ( tresholdi  ) 509 

on the values of optimum decision variables and objective functions were also investigated. The 510 

main optimization achievements are outlined as follows: 511 

 Sensitivity of the optimized actual to stoichiometric molar ratio of air to            is 512 

more than the other studied decision variables whereas except            of 1.1 A.cm
-2

 513 

where the optimum actual to stoichiometric molar ratio of air is almost the same for three 514 

applications, an increment is recorded by increasing the            from 1.1 to 1.5 A.cm
-2

. 515 

 In lower values of            the optimized humidity values of propulsion usage are less 516 

than the two other ones, but in higher values (more than 1.5 A.cm
-2

) the values for all the 517 

applications approach to a constant value. Increasing the            has led to almost 13.5, 518 

4.0 and 4.5% changes in for propulsion, power station and portable applications 519 

respectively. 520 

 The optimized values of voltage for propulsion, power station and portable applications 521 

are 0.78, 0.88 and 0.73 V, respectively. 522 

 Increasing the maximum allowable current density not only reduces the operating 523 

temperature and pressure, but also improves the optimized values of all of the objective 524 

functions simultaneously. 525 

 Furthermore, it is found that values of the temperature, pressure and voltage in power 526 

station are not affected by optimization, whereas substantial decrease in both propulsion 527 

and portable applications have brought about more level of safety. Similarly, objective 528 

functions i.e., efficiency, levelized cost, size and GHG are averagely improved by 9.93, 529 

16.95, 37.13, and 7.77% respectively. 530 
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Two items can be mentioned as the limitations of the conducted analysis: 531 

 This study investigated proton exchange membrane fuel cell. It means that other types of 532 

fuel cell were not considered. 533 

 Like other similar studies in which an approach is presented, a case study with a specified 534 

capacity was investigated. 535 

In order to overcome the mentioned limitations, these solutions are suggested: 536 

 The variation impacts of the maximum allowable current density on the optimum results 537 

are studied for the other types of fuel cells in a further work. 538 

 The impact of size on the results of optimization is investigated in another work in the 539 

future. Here, using the objective functions which are not related to the capacity, such as 540 

specific or dimensionless performance criteria, would help to provide better insight. 541 
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