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Abstract

:

The widespread penetration of hydrogen in mainstream energy systems requires hydrogen production processes to be economically competent and environmentally efficient. Hydrogen, if produced efficiently, can play a pivotal role in decarbonizing the global energy systems. Therefore, this study develops a framework which evaluates hydrogen production processes and quantifies deficiencies for improvement. The framework integrates slack-based data envelopment analysis (DEA), with fuzzy analytical hierarchy process (FAHP) and fuzzy technique for order of preference by similarity to ideal solution (FTOPSIS). The proposed framework is applied to prioritize the most efficient and sustainable hydrogen production in Pakistan. Eleven hydrogen production alternatives were analyzed under five criteria, including capital cost, feedstock cost, O&M cost, hydrogen production, and CO2 emission. FAHP obtained the initial weights of criteria while FTOPSIS determined the ultimate weights of criteria for each alternative. Finally, slack-based DEA computed the efficiency of alternatives. Among the 11, three alternatives (wind electrolysis, PV electrolysis, and biomass gasification) were found to be fully efficient and therefore can be considered as sustainable options for hydrogen production in Pakistan. The rest of the eight alternatives achieved poor efficiency scores and thus are not recommended.
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1. Introduction


Hydrogen is identified as the most critical and indispensable energy alternative that forms a viable option for the decarbonization of the global energy system [1]. A growing body of literature suggests five essential factors that enable hydrogen to become a future low-carbon energy pathway [2,3]. Firstly, hydrogen is the universe’s most abundant element [4]. Secondly, hydrogen has a massive potential to reduce greenhouse gases (GHGs) [5]. Thirdly, it is a versatile energy carrier that can operate across various sectors, including industry [6], transport [7], heat [8], and electricity [9]. Fourthly, it can offset electricity as zero-carbon energy that can be easily transported and stored [10]. Lastly, it enhances energy security by reducing dependence on fossil fuel [11]. The objective of this study is to provide a framework to assess the feasibility of hydrogen production processes for mass exploitation of this abundant natural resource.



A variety of energy sources and processes can be used to produce hydrogen. Currently, 96% of hydrogen is produced from fossil fuels using steam methane reforming (SMR) process. Three major fossil fuels used for hydrogen production are natural gas (48%), oil (30%), and coal (18%) [3]. Hydrogen production comprises extraction and isolation of hydrogen in the shape of independent molecules, at a purity level that is necessary for a given application. The methods of hydrogen production typically rely on starting point, and the presently leading technique of production from methane can only be reasonable if the energy is firstly contained in methane or can be easily transformed to methane. Therefore, in the case of fossil fuels, the hydrogen production from natural gas is relatively easy, from oil is a little bit more intricate, while from coal needs initially high-temperature gasification [12].



For hydrogen production from electricity, the process of electrolysis is commonly used. Currently, this process produces the rest of the 4% of total hydrogen [3]. The electrolysis process which uses renewable electricity is called renewable electrolysis. The two most common renewable electrolysis methods are wind electrolysis and solar electrolysis. Renewable electrolysis offers some additional and promising benefits such as hydrogen fuels storage that can reinforce increased penetration of renewable energy. Other renewable energy sources (RES) such as biomass is also used for hydrogen production. However, unlike other RES, biomass requires some special treatment, depending on the form of biomass feedstock. For instance, at high temperature, direct decomposition of water or photo-induced are considered, while at low temperature, more complicated and multistep processes are required, such as the ones offered by steam from concentrating solar power plants or nuclear reactors [12].



The wide-ranging availability of hydrogen production processes complicates the decision-making regarding the selection of the most sustainable process [13]. These processes use massive inputs, such as capital cost, feedstock cost, and operation and maintenance (O&M) cost, to produce hydrogen, while simultaneously producing undesirable outputs, such as GHGs emissions, as a byproduct. Therefore, to enable decision makers to choose the best hydrogen production process, it is crucial to evaluate the economic viability and environmental efficiency of various hydrogen production processes [5]. This task can be achieved by using the environmental data envelopment analysis (DEA), which is the most common method of efficiency evaluation when undesirable outputs are involved. However, the DEA model calculates the preference weights of variables (i.e., inputs, desirable outputs, and undesirable outputs) automatically, while ignoring the relative importance of these variables to each other in the calculation [14]. Hence, DEA considers the equal importance of each variable. However, this is contrary to reality, in which the preference of variables changes depending on stakeholders’ considerations.



Therefore, to address the problem of equal weights, this study develops a framework which applies multi-criteria decision analysis (MCDA) techniques to determine the importance of each variable, before assessing the economic and environmental efficiency of hydrogen production processes. Two most popular MCDA techniques, i.e., fuzzy analytical hierarchy process (FAHP), and the fuzzy technique for order of preference by similarity to ideal solution (FTOPSIS) were combined with slack-based environmental DEA to accomplish the task. Conventional analytical hierarchy process (AHP) and technique for order of preference by similarity to ideal solution (TOPSIS) could also have been used. However, the techniques lack in dealing with the vagueness and bias involved in stakeholders’ considerations. Fuzzy, on the other hand, is proficient in handling the uncertainty and vagueness involved in the experts’ feedback [15]. Likewise, using slack-based environmental DEA, instead of a simple environmental DEA, is more useful as it provides the information of slack-variables (i.e., excess of inputs and undesirable outputs, and the shortfall of desirable outputs) and overcoming slacks can help to improve efficiency performance [16]. The proposed framework is employed to analyze the case of Pakistan, which is an energy deficient and environmentally vulnerable country.



Initially, the hydrogen production processes also referred to as alternatives, available in Pakistan, were shortlisted. After that, variables also termed as criteria, used to evaluate the performance of those processes/alternatives were finalized. Three input criteria (capital cost, O&M cost, and feedstock cost), one desirable output criteria (hydrogen production), and one undesirable output criteria (CO2 emission) were selected for the analysis. FAHP was used to determine the initial weights of each criterion. After obtaining the initial weights, FTOPSIS was employed to determine the ultimate weights of criteria for each alternative. Finally, slack-based environmental DEA was used to compute efficiency scores of alternatives and rank them according to their scores.



The rest of the study proceeds as follows: Section 2 provides the literature review of MCDA techniques used in the decision-making related to hydrogen production processes. Section 3 delineates the proposed methodology. Section 4 applies the proposed methodology to prioritize the most sustainable hydrogen production process in Pakistan. Section 5 presents and discusses the results of the study. The final section concludes the study.




2. MCDA for Hydrogen Selection


Since the assessment of hydrogen production processes and the decision-making related to the selection of the most viable processes involve multi-dimensional criteria, MCDA techniques have been widely used in the relevant literature. Acar et al. [17] used fuzzy hesitant AHP to conduct the sustainability analysis of various hydrogen production methods including grid electrolysis, photovoltaic (PV) electrolysis, wind electrolysis, solar thermochemical water splitting, nuclear thermochemical water splitting, and photo-electrochemical cells. The selected methods were evaluated based on five criteria, i.e., technical performance, economic performance, environmental performance, social performance, and reliability. The results of the study showed that grid electrolysis is the most sustainable hydrogen production option.



Ren and Toniolo [18] proposed a novel MCDA method to rank sustainable hydrogen production pathways by combining interval evaluation based on distance from average solution (EDAS) and improved decision making trial and evaluation laboratory (DEMATEL). They studied four hydrogen production pathways, including SMR, coal gasification, biomass gasification, and wind electrolysis. Biomass gasification was found to be the most sustainable pathway followed respectively by SMR, wind electrolysis, and coal gasification.



Ren et al. [19] applied FAHP and FTOPSIS to prioritize the role of various hydrogen production technologies for developing a hydrogen economy in China. Hydrogen production technologies assessed in the study include SMR, coal gasification with CO2 capture and storage, nuclear-based high-temperature electrolysis, biomass gasification, and hydropower electrolysis. The selected technologies were assessed based on 10 criteria under four aspects, including technical, economic, environmental, and socio-political. The results showed hydropower-based water electrolysis and coal gasification with CO2 capture and storage as the two most important hydrogen production technologies, among others for establishing a hydrogen economy in China.



Yu [20] developed a decision-making model for the selection of hydrogen production technologies in China. The model was established based on interval-valued intuitionist fuzzy set theory. The study assessed three hydrogen production technologies, including coal gasification, water electrolysis using hydropower, and nuclear based high-temperature electrolysis. The evaluation used three criteria, inducing the degree of political support, economic performance, and social performance. Nuclear based high-temperature electrolysis was considered as the best technology for hydrogen production while the remaining two technologies were found to be least satisfactory.



Ren et al. [21] proposed a novel fuzzy multi-actor MCDA model, which enabled multiple decision-making groups to use linguistic variables to assess the sustainability of four biomass-based hydrogen production processes including biomass pyrolysis, biomass fermentative hydrogen production, biomass gasification, and biomass supercritical water gasification. The authors used 15 criteria related to economic, technological, socio-political, and environmental aspects of the assessment. The results of the study reported biomass gasification as the most sustainable process and fermentative hydrogen production as the least sustainable option.



Pilavachi et al. [22] used AHP to prioritize seven hydrogen production technologies, including SMR, coal gasification, biomass gasification, partial oxidation of hydrocarbons, wind electrolysis, PV electrolysis, and hydropower electrolysis. The prioritization was done based on five criteria, including CO2 emissions, capital cost, operation and maintenance, hydrogen production cost, and feedstock cost. The assessment ranked PV electrolysis, wind electrolysis, and hydropower electrolysis higher than the conventional technologies, SMR, coal gasification, partial oxidation of hydrocarbons, and biomass gasification.



The above literature provides enough evidence regarding the extensive utilization of MCDA techniques for the assessment of hydrogen technologies. The above-reviewed studies take into account various aspects and criteria to prioritize different methods of hydrogen production. One crucial point that is missing in the past studies is the lack of proper treatment of undesirable outputs, which are byproducts in the hydrogen production processes and can influence the environmental efficiency of these processes. To tackle undesirable outputs in the analysis, this study integrates MCDA with environmental DEA to rank hydrogen production processes.




3. Methodology


The proposed methodology combines FAHP, FTOPSIS, and slack based environmental DEA to develop a framework for the selection of relatively efficient hydrogen production technologies. Figure 1 presents the flowchart of the research design. The steps involved in the proposed approach are:




	
Finalize hydrogen production technologies (alternatives) to be evaluated.



	
Select variables (criteria) and categorize them into inputs, desirable outputs, and undesirable outputs.



	
Employ FAHP to compute initial weights of criteria.



	
Use FAHP weights to compute the final of criteria for each alternative using FTOPSIS.



	
Use final weights in slack-based environmental DEA to obtain the final ranking of alternatives.








3.1. FAHP


Saaty introduced AHP as a quantitative method of multi-criteria decision analysis [23]. The Saaty AHP has some limitations because it can only be applied where there is no uncertainty, the environment is crisp, the selection of judgement is subjective, and the judgmental scale is unbalanced. Therefore, Fuzzy approach is integrated with AHP to extend the latter’s applicability. The FAHP proficiently deals with imprecise and uncertain judgment of experts on the field by using linguistic variables [24]. Definition of fuzzy operations is as follows:



If D1˜=(b11,b21,b31) and D2˜=(b12,b22,b32) are representing two triangular fuzzy numbers (TFNs) then algebraic operations can be expressed as follows [25]


D1˜⊕D2˜=(b11+b12,b21+b22,b31+b32),



(1)






D1˜⊙D2˜=(b11−b32,b21−b22,b31−b12),



(2)






D1˜⊗D2˜=(b11b12,b21b22,b31b32),



(3)






D1˜∅D2˜=(b11b32,b21b22,b31b12),



(4)






α⊗D1˜=(αb11,αb21,αb31) where α>0,



(5)






D1˜−1=(1b31,1b21,1b11).



(6)







The FAHP is applied according to the method proposed by [26] as follows:


Tgi1,Tgi2,Tgi3,…,Tgim,



(7)




where Tgij is (j = 1, 2, 3, 4, 5, 6, …, m) TFNs provided in Table 1, and gi is the goal set (i = 1, 2, 3, 4, 5, 6, …, n).



FAHP involves the following steps:




	Step 1:

	
Use TFNs to construct pairwise comparison matrixes of attributes.




	Step 2:

	
Fuzzy synthetic extent (Si) value of ith element can be defined as:


Si=∑j=1mTgij×[∑i=1n ∑j=1mTgij]−1∑j=1m Tgij=(∑j=1mb1ij,∑j=1mb2ij,∑j=1mb3ij)[∑i=1n ∑j=1mTgij]−1=(1∑ni=1 ∑mj=1 b3ij,1∑ni=1 ∑mj=1 b2ij,1∑ni=1 ∑mj=1 b1ij).



(8)








	Step 3:

	
Comparison of the obtained values of Si, and compute the possibility degree Sj=(b1j,b2j,b3j)≥Si=(b1i,b2i,b3i). Following is the equivalent expression:


V(Sj≥Si)=usj(d)={1, in case of b2j≥b2i0, in case of b1i≥b3jb1i−b3j(b2j−b3j)−(b2i−b1i), otherwise} ,



(9)




where d denotes highest ordinate point between  usj and usi. Both V (Sj≥Si) and V (Si≥Sj) values are required to compare Sj and Si.




	Step 4:

	
Computation of the minimum possibility degree d(i) of V (Sj≥Si) for (ij=1,2,3,4,5,…,k) can be defined as


V(S≥S1,S2,S3,S4,S5…,Sk),for (i=1,2,3,4,5…,k)=V[(S≥S1), (S≥S2), and…(S≥Sk)]=minV(S≥Si)for (i=1,2,3,4,5,…,k).



(10)




If we assume that


d′(Ai)=min V(S≥Si); for (i=1,2,3,4,5…,k).



(11)




Then, we can define the weight vector by


W′=(d′(A1),d′(A2),d′(A3),d′(A4),…,d′(An))T,



(12)




where A1 for (i=1,2,3,4,5…,n) are the n objects




	Step 5:

	
Normalize weight vectors as below


W=(d(A1),d(A2),d(A3),d(A4),…,d(An))T.



(13)




W denotes a non-fuzzy number.










3.2. FTOPSIS


TOPSIS is another widely used MCDM technique to solve decision-making problems in a variety of fields. TOPSIS is a linear weighting method proposed by [27]. The method was proposed initially in its crisp version. TOPSIS chooses an alternative that has the longest distance from a negative ideal solution and the shortest distance from a positive ideal solution. This method describes an index that measures the similarity to the positive ideal solution and differences to the negative ideal solution. Finally, the method selects an alternative which has more similarity to the positive ideal solution [28]. The classical TOPSIS approach uses crisp values to assign individual preferences. However, in reality, it often becomes hard for decision-makers to assign a precise performance score. Therefore, a better technique is considering vagueness and uncertainty instead of crisp values. Fuzzy integrates uncertainty in decision making, therefore, the FTOPSIS method is more appropriate to obtain solutions of real-life problems [29]. The FTOPSIS, in this paper, is used in the following steps:




	Step 1:

	
Assign a rating to linguistic variables in relation to criteria and construct fuzzy matrixes for alternatives. Table 2 lists scoring used to rate linguistic variables.




	Step 2:

	
Construct fuzzy decision/performance matrix


D˜=A1⋮AmC1⋯Cn[x˜11⋯x˜1n⋮⋱⋮x˜m1⋯x˜mn]



(14)






i=1,2,3,4,5,…,m; j=1,2,3,4,5,…,nx˜ij=1K(x˜ij1⊕⋯⊕x˜ijk⊕⋯⊕x˜ijK),








where x˜ijk denotes performance rating of Ai alternative with respect to Cj criteria evaluated by kth decision matrix, and x˜ijk=(b1ijk,b2ijk,b3ijk).




	Step 3:

	
Compute the normalized fuzzy decision/performance matrix. Data is normalized to obtain a comparable measure by using linear scale transformation as below


B˜=[p˜ij]m×n,



(15)




where (i = 1,2,3,4,5, …, m) and (j = 1,2,3,4,5, …, n),


p˜ij=(b1ijb3j*,b2ijb3j*,b3ijb3j*)and b3j*=max b3ij (benefit criteria),










p˜ij=(b1j−b3ij,b1j−b2ij,b1j−b1ij)and b1j−=min b1ij (cost criteria).












	Step 4:

	
Compute the weighted normalized matrix using the given equations:


V˜=[v˜ij]m×nwhere i=1,2,3,4,5,…,m and j=1,2,3,4,5,…,n ,



(16)






v˜=p˜ij⊗wij,



(17)




where wij shows the weight of Cj criterion. Criteria weights used here are obtained from the FAHP method.




	Step 5:

	
Find the fuzzy positive ideal solution (FPIS) and fuzzy negative ideal solution (FNIS) respectively as follows


A+={v1+,…,vn+}, where vj+={max(vij) in case of j∈J;min(vij)ifj∈J′},j=1,2,3,4,5,…,n,



(18)






A−={v1−,…,vn−}, where vj−={min(vij) in case of j∈J;max(vij)ifj∈J′},j=1,2,3,4,5,…,n.



(19)








	Step 6:

	
Determine the distance of alternatives from FPIS and FNIS as follows


d˜i+={∑j=1n(vij−vij+)2}0.5, for i=1,2,3,4,5,…,md˜i−={∑j=1n(vij−vij−)2}0.5, for i=1,2,3,4,5,…,m ,



(20)








	Step 7:

	
Compute closeness coefficient (CCi) as follows


CCi=di−di++di−, for i=1,2,3,4,5,…,m;and Ci∈(0,1).



(21)








	Step 8:

	
Obtain final ranking of alternatives using CCi values.










3.3. Environmental Data Envelopment Analysis (DEA)


Data envelopment analysis (DEA) is a nonparametric measure of efficiency. DEA does not need any profound information of production process of “decision-making unit” (DMU) [30]. For DEA efficiency evaluation, it is suffice to select proper inputs, outputs, and undertake some assumptions regarding the technological structure pertaining to disposability, convexity, and returns to scale [31].



The standard DEA, as described in [32], depends on the assumption that inputs need to be minimized and outputs need to be maximized. However, as mentioned in the seminal work of Koopman [33], the production process can also produce undesirable outputs (e.g., wastes or pollutants) as byproducts from an environmental perspective. The classical DEA models do not take into account asymmetry between desirable and undesirable outputs and therefore result in erroneous calculations and biased performance assessment.



Since the hydrogen production process also produces undesirable outputs (e.g., CO2 emission), we rely on directional measures [34] to incorporate undesirable outputs in classical DEA efficiency models. Directional measures treat both desirable and undesirable outputs differently.



Incorporation of desirable and undesirable output requires a redefinition of the production function. For instate, the initial vector of i=1,2,3,4,…,s outputs y∈ℝ++s redefined into y=yd+ yu, with yd∈ℝ++q desirable outputs and yu∈ℝ++r as undesirable. Therefore the corresponding reference technology PCRS={(x,yd,yu)|x≥Xλ,yd≤Yλ,yu≤Yλ,λ≥0}, shows weak disposability of undesirable outputs (for more details see [35]). In such a case, the observation of directional efficiency measure (xο,yοd,yοu) along a pre-assigned direction corresponding to the vector of output gy=ydyu≠0m+s, corresponds to the solution of the following model:


maxβ.



(22)







Subject to


Xλ≤xοYdλ≥yοd+βyοdYuλ≥yοu+βyοumax {yiu}≥yοu−βyοuλ≥0.



(23)







Here the optimal solution corresponds to βCRS*, the observation is directional efficient if βCRS*=0, with λο=1,λj=0 (j≠0). Otherwise, βCRS*>0 shows inefficiency and (x,yd,yu) outdoes (xο,yοd,yοu). The model also calculates non-directional slacks, checking for excess in inputs and undesirable outputs or any shortfall in desirable outputs.





4. Case Study


The developed framework was applied to solve the decision-making problem of selecting hydrogen production technologies in Pakistan. It is very significant to consult professional and experienced experts while applying any MCDM approach. Initially, 20 experts were asked to participate in the study. The questionnaire survey was distributed to experts through webmail service. However, four experts could not participate, so the final list included 16 experts. Each of the expert were asked to weight the importance using pairwise comparison matrix of the criteria, sub- criteria and alternatives. The experts who participated belong to academia, energy department, economists, stakeholders, and research specialists. The demographic information of the experts is presented in Table 3.



The reason Pakistan was selected as a case study is that Pakistan is an energy deficient country that is struggling to adopt new approaches to address its decades-long energy crisis [36]. Being new to the concept of the hydrogen economy, Pakistan should not take the same inefficient steps, which developed countries used during their initial phase of transition to a hydrogen economy. Instead, Pakistan, following the lessons learnt by developed countries, should leapfrog the inefficient steps and adopt efficient technologies and processes for implementing a hydrogen economy. The case study is implemented according to the proposed framework as follows:



4.1. Selection of Alternatives


Hydrogen is an abundantly available element on the earth. However, it is almost always found as a component of other compounds. For instance, hydrogen is found in water (H2O), and if hydrogen is to be used as fuel, then it must be separated from oxygen [37]. Apart from water, other diverse sources that can produce hydrogen include fossil fuels, biomass, and several other domestic sources. Energy efficiency, environmental impacts, and cost of hydrogen depend on the process through which it is produced [38].



There are numerous ways to produce hydrogen. However, this study shall only consider technological processes which can be applied in the Pakistani context. These processes include thermochemical, electrolysis, direct solar water spiriting, and biological process [39]. These technologies have great scope in Pakistan after their recent breakthrough. However, the transformation from fossil fuel economy to hydrogen needs solutions of various complex technological challenges. The provision of cost-competitive hydrogen energy of adequate quality and quantity is the basis of hydrogen economy. Therefore, we analyzed available hydrogen production processes to find the best hydrogen production process in terms of environmentally clean and economically viable. Figure 2 shows 11 selected alternatives under each process. These alternatives are also briefly explained as follows.



4.1.1. Thermochemical Process


Some thermochemical processes use chemical reactions and energy to release hydrogen from the molecular structure of various organic materials such as coal, biomass, and natural gas. Other processes produce hydrogen from feedstock by combining heat with closed-chemical cycles. The most common and viable thermochemical processes are coal gasification, biomass gasification, and natural gas reforming [13].



Coal Gasification


Coal is a highly variable and complex substance that can be transformed into a range of products. Coal gasification is a method that converts coal into chemicals, liquid fuels, and hydrogen. Coal is initially reacted with steam and oxygen under extreme temperature and pressure to create syngas, a mixture of hydrogen (H2) and carbon monoxide (CO) [40]. Once impurities are separated from the synthesis gas, water-gas reaction reacts CO to produce additional hydrogen and CO2. Later, the separation system removes hydrogen, and subsequently captures and stores the highly concentrated carbon stream.




Biomass Gasification


Biomass, a renewable resource, includes animal dung, agriculture crop residue, forest residue, crops grown for energy use (e.g., willow trees or switchgrass), and organic municipal solid waste. This renewable resource can produce hydrogen and other byproducts through gasification. The process of biomass gasification uses a controlled amount of oxygen, heat, and steam to convert biomass into hydrogen, CO, and CO2, without combustion. The CO then reacts with water to produce CO2 and additional hydrogen through a water-gas shift reaction. Absorbers or special membranes are used to split hydrogen from the gas stream [41].




Natural Gas Reforming


Natural gas reforming develops upon the existing infrastructure of gas delivery. It is an advanced and mature hydrogen production process. Methane (CH4) in natural gas can produce hydrogen through the thermal process. The primary thermal ways to convert CH4 into hydrogen involve reaction with either oxygen (partial oxidation), steam (steam reforming), or a sequence of both (autothermal reforming) [13]. Practically, gas mixtures containing CO, CO2, and CH4 require further processing. The reaction of carbon monoxide with steam over a catalyst generates an extra amount of hydrogen and carbon dioxide, and only after purification, high-purity hydrogen is obtained. Most often, CO2 vents into the atmosphere; however, numerous options exist to capture it for sequestration.




Solar Thermochemical


Thermochemical water splitting drives a series of chemical reactions under extreme temperature (500–2000 °C) that split water into hydrogen and oxygen. Chemicals used in this process are recycled within each chemical reaction creating closed loops that only use water to generate oxygen and hydrogen. This process produces low or no greenhouse gases and therefore is considered as a long-term technology pathway [42]. Numerous cycles of solar thermochemical water splitting have been examined for hydrogen production, each having different operation conditions, challenges, and production opportunities. In fact, the literature shows more than 300 cycles of solar thermochemical water splitting [43]. The two most common cycles include the direct (two-stem cerium oxide) and the hybrid (copper chloride cycle). Figure 2 illustrates the schematic of these cycles. Direct cycles have fewer steps and are typically less complicated; however, they require a higher temperature compared with complicated hybrid cycles.




Biomass-Derived Liquid Reforming


The liquid obtained from biomass includes bio-oils, cellulosic ethanol, and other liquid biofuels can be reformed for hydrogen production [44]. These liquids are easier to transport compared to biomass feedstock allowing hydrogen reforming at fueling stations, stationary power cites, or semi-central production facilities. The large and centralized liquid producing facilities can be established near the biomass source to exploit economies of scale and reduce transportation cost of solid biomass feedstock [45].



The process of hydrogen reforming from biomass-derived liquids is similar to natural gas reforming, and involves the following three steps:




	
In the presence of a catalyst, liquids are reacted with steam at high heat to form reformate gas composed mainly of CO, CO2, and hydrogen.



	
Excess amount of hydrogen and CO2 are produced by reacting CO with high-heat steam in the “water-gas shift reaction.”



	
In the final step, hydrogen is parted and purified.










4.1.2. Electrolysis Process


Electrolysis uses electricity to split water into oxygen and hydrogen. Electrolysis is of interest as a promising source because it uses water to produce hydrogen, and water is abundantly available as compared to hydrocarbons. The reaction of splitting water takes place in the electrolyzer. The sizes of electrolyzer vary. Small sized electrolyzers are appropriate for small scale hydrogen production. Large sized are well-suited for centralized production facilities that could be connected directly to any form of electricity (renewable or non-renewable) production [46]. Electrolyzers, like fuel cells, have an anode and a cathode detached by an electrolyte. Functions of different electrolyzers are slightly different from each other, mainly because of being built up of different kinds of electrolyte material. Electrolysis technology is well-developed and commercially available [39].



Grid Electrolysis


The grid electrolysis uses conventional electricity to produce hydrogen. In this process, electrolysis is connected to the electricity grid. This process is a fast and cheap way of transitioning to a hydrogen economy [47]. Currently, grid electricity costs Rs. 20.79 kWh [36]. However, this option is not viable in remote areas with lack of access to reliable electricity. In addition, even though the process of electrolysis is itself clean, however, the process of grid electrolysis contributes greenhouse gas emissions because most of the grid electricity in Pakistan is produced from fossil fuels [48].




Wind Electrolysis


The process of wind electrolysis is quite similar to the grid electrolysis except for one difference: the electrolyzer in wind electrolysis is connected to the electricity produced using wind turbines. Wind electrolysis is a viable technique to produce clean hydrogen. The process enables the better use of indigenous renewable energy sources. Wind electrolysis, due to being a green method, can help to reduce greenhouse gas emissions while integrating a larger share of clean energy into the electric grid [48]. For a larger penetration of renewable energy, wind electrolysis for hydrogen production must be cost competitive. Besides low production cost, transportation and storage costs factors should also be taken into the final hydrogen production cost. These factors necessitate the investigation of wind class sites, considering the geographical distance from the end-user [49]. Currently, Europe is the leader in the field of hydrogen production via wind electrolysis. The European Union has recently implemented a successful demonstration of wind electrolysis based hydrogen production project in Spain and Greece. The project involved hydrogen storage, desalination technology, and fuel cells, and provided renewable hydrogen energy for power supply, energy storage, and supply of fresh water [50].




PV Electrolysis


The large solar energy resource potential, the advancement in its technology, and the rapidly falling cost drive the rapid growth of utility-scale solar electricity generating plants [51]. The maturity in solar electricity generation provides a viable opportunity for hydrogen generation from solar electrolysis. Solar electrolysis is the process of producing hydrogen via solar splitting water. The solar electrolysis presents a promising solution to the challenges of hydrogen storage, transportation, and generation without producing harmful byproducts [52].





4.1.3. Direct Solar Water Splitting Process


The process of direct solar water splitting produces hydrogen by splitting water with the help of light energy. Currently, this process is at the early stage of research. However, it provides great potential and a long-term sustainable option for hydrogen production with minimum impacts on the environment [13]. Below is the process of solar water splitting:



Photoelectrochemical


Photoelectrochemical water splitting produces hydrogen from splitting water using specialized semiconductors and sunlight. These specialized semiconductors are called photoelectrochemical materials, which use energy from sunlight to directly separate water molecules into oxygen and hydrogen. The process of photoelectrochemical is a long-term hydrogen production pathway with the lowest greenhouse gas emissions [53].





4.1.4. Biological Process


Microbes such as microalgae and bacteria can produce hydrogen via biological reactions by using organic material and sunlight. Biological processes, similar to direct solar water splitting processes, are also at an early stage of research. Biological processes of hydrogen production provide a sustainable and low-carbon option for hydrogen production [54]. Given below are two common biological processes. These processes are found to be less energy intensive and more environmental friendly as compared to electrochemical and thermochemical processes [55].



Microbial Biomass Conversion


The microbial process uses the ability of the microorganism to consume and digest biomass and produce hydrogen. Microbial systems can be suitable for central, semi-central, or distributed hydrogen production depending on the feedstock used [56]. There are different ways of microbial process. The fermentation-based process uses microorganisms, such as bacteria, to convert organic matter into hydrogen. The organic matter can be raw biomass sources, refined sugar, and even wastewater. This method is sometimes called the dark fermentation method due to no requirement of light in the process. The direct hydrogen fermentation process uses microbes themselves to produce hydrogen [57]. Microbes break complex molecules via various pathways. These pathways generate byproducts, and the enzymes combine these byproducts to produce hydrogen. Researchers are paying adequate attention to improve the yield (using the same amount of organic matter) and the speed of hydrogen production from fermentation [58]. In fact, the yield has been improved. There used to be a ceiling for hydrogen production (4 mol H2/mol glucose). Recently, strains have been developed showing hydrogen production can be up to 8 mol H2/mol glucose [59].




Photobiological


In the photobiological process, microorganisms, such as cyanobacteria and microalgae, use sunlight to convert water, and sometimes organic matter, into oxygen and hydrogen ions [60]. The hydrogen ions, once combined via direct and indirect ways, are released as hydrogen gas. Some photosynthetic microbes use sunlight to disintegrate organic matter to produce hydrogen. This process is called the photo-fermentative process of hydrogen production. Recently, the photobiological process has significantly progressed, and is being considered as a mature technology. Few challenges that make this process unviable at this time include low rates of hydrogen production and solar to hydrogen efficiency [50].






4.2. Compute Initial Weights of Criteria Using FAHP


Six variables were selected for the analysis. These variables include three inputs (capital cost, operation and maintenance O&M cost, and feedstock cost), one desirable output (amount of hydrogen production in kg), and one undesirable output (CO2 emission).



The first step was to compute initial weights using FAHP includes incorporating experts’ judgments into the pairwise matrix, which is given in Table 4.



Later, the fuzzy synthetic (Si) values of variables were calculated using Equation (8) as below:







	S1(Capital cost)=(4.972, 6.767, 8.975)⊗(0.029, 0.038, 0.049)

=(4.972*0.029*6.767*0.038*8.975*0.049)

=(0.143, 0.256, 0.44)
	



	S2(CO2 emission)=(2.948, 3.69, 4.799)⊗(0.029, 0.038, 0.049)

=(2.948*0.029*3.69*0.038*4.799*0.049)

=(0.085, 0.139, 0.235)
	



	S3(Feedstock cost)=(4.203, 5.498, 7.301)⊗(0.029, 0.038, 0.049)

=(4.203*0.029*5.498*0.038*7.301*0.049)

=(0.121, 0.208, 0.358)
	



	S4(O&M)=(3.392, 4.191, 5.353)⊗(0.029, 0.038, 0.049)

=(3.392*0.029*4.191*0.038*5.353*0.049)

=(0.098, 0.158, 0.263)
	



	S5(Hydrogen production)=(4.87, 6.319, 8.262)⊗(0.029, 0.038, 0.049)

=(4.87*0.029*6.319*0.038*8.262*0.049)

=(0.14, 0.239, 0.405)
	








These Si values were compared to calculate the possibility degree Sj=(b1j,b2j,b3j)≥Si=(b1i,b2i,b3i). The comparison of Sj=(b1j,b2j,b3j)≥Si=(b1i,b2i,b3i) is presented in Table 5.



Once values of V(Sj≥Si) were compared; we used Equation (10) to find minimum degree possibility d(i) of each variable as below:


d′(Capital cost)=min(1, 1, 1, 1)=1.00












d′(CO2 emission)=min(0.442, 0.626, 0.879, 0.489)=0.44










d′(Feedstock cost)=min(0.817, 1, 1, 0.875)=0.82










d′(O&M)=min(0.551, 1, 0.741, 0.603)=0.55










d′(Hydrogen production)=min(0.94, 1, 1, 1)=0.94









Subsequently, we can define weight vector W′ as follows:


W′=(1, 0.442, 0.817, 0.551, 0.939)T











Finally, the weight vector W′ was normalized using Equation (13) to obtain the initial weights of each criterion. Figure 3 shows the initial weights of criteria.




4.3. Determine Ultimate Weights Using FTOPSIS


After computing the initial weights of variables, the FTOPSIS was applied to determine the ultimate weights of each variable against each criterion. Firstly, the fuzzy decision matrix was constructed to transform the linguistic variables using Equation (14). Later, Equation (15) was applied to convert fuzzy decision matrix into normalized decision matrix. The normalized decision matrix was then multiplied with FAHP weights to form a weighted decision matrix using Equation (17). Table 6, Table 7 and Table 8 present fuzzy decision, normalized decision, and weighted decision matrices, respectively.



After constructing the weighted fuzzy decision matrix, FPIS and FNIS were calculated using Equations (18) and (19), respectively. Equation (20) was used to determine the distance of alternatives for each variable from FPIS and FNIS. Equation (21) was applied to obtain the ultimate weights of variables for each alternative. Table A1, Table A2, Table A3, Table A4, Table A5 in Appendix A show values of distance from FPIS and FNIS, and ultimate weights of capital cost, CO2 emission, feedstock cost, O&M cost, and hydrogen production, respectively. Finally, the ultimate weights were normalized, which are given in Table 9.




4.4. Slack-Based Environmental DEA


Slack-based environmental DEA was applied to obtain the directional efficiency of the alternatives. Capital, feedstock, and O&M costs were used as input variables, hydrogen production as desirable output, and CO2 emission as undesirable output. The ultimate weights of these variables were used in DEA to compute the efficiency scores (given in Table 10).



The 0 efficiency score implies that the hydrogen production process is fully efficient. Any score above 0 shows inefficiencies in the process. Accordingly, the ranking of hydrogen production processes was undertaken, as shown in Table 9.



The slacks show any shortfall of desirable output, and any excess of inputs and undesirable output, as given in Table 11.





5. Results and Findings


The results of the study are divided into three parts. The first part of the results comprises initial weights, calculated using FAHP, the second presents ultimate weights, computed using FTOPSIS, while the final part presents the ranking of alternatives and analyses of inputs, desirable output, and undesirable output slacks, measured using slack-based environmental DEA.



The result of FAHP shows that the capital cost, which is an input variable, received the highest initial weight of 0.267. Hydrogen production, which is a desirable output variable, achieved the second highest weight of 0.251. Feedstock, an input variable, got the third highest weight of 0.218. CO2 emission, an undesirable output, received 0.118 while O&M, an input variable, reported achieving the lowest initial weight of 0.147.



We used these initial weights in FTOPSIS to compute the ultimate weights of criteria for each alternative. By doing so, we could also minimize the vagueness involved in the process of obtaining criteria weights. Table 1 presents the results of the ultimate weights calculated for each alternative.



Finally, the slack-based environmental DEA ranks the alternatives, i.e., hydrogen production technologies, according to their feasibility in the context of Pakistan. Table 1 shows the final ranking of alternatives. It can be seen that three technologies, i.e., PV electrolysis, wind power electrolysis, and biomass gasification, received an efficiency score of 0, which shows the level of full efficiency. Subsequently, these three technologies were ranked first. The interesting point here is that all of these three technologies produce hydrogen from renewable energy sources, which are abundant in Pakistan. Additionally, these technologies are mature and already being used to generate electricity in the country.



Grid electrolysis achieved the fourth position. However, it is still not suggested due to being an inefficient source as we can see its efficiency score is 0.573, which is quite larger than an efficient score of ‘0’. The rest of the ranking is as follows: Solar thermochemical > Photobiological > Natural gas reforming > Coal gasification > Photoelectrochemical > Biomass-derived liquid reforming > Microbial biomass conversion.



Currently, except first-ranked technologies, all the rest are not recommended in Pakistan. To meet the environmental efficiency level, set by the top-three technologies, the rest of the technologies need a massive reduction, mainly in their input variables. The slack analysis enables to find out necessary reductions in inputs, and undesirable outputs. The results of the slack analysis, given in Table 2, show that in order to achieve a fully efficient level, the grid electrolysis must reduce capital cost by 72.13%, feedstock cost by 88.45%, and CO2 emission by 37.69%.



Similarly, the photobiological technology can be efficient if capital cost is reduced by 88.75%, feedstock cost by 98.46%, and O&M cost by 91.20%. Natural gas reforming must decrease feedstock cost by 83.58%, and O&M cost by 71.17%. Coal gasification needs to reduce feedstock, O&M, and CO2 emission by 79.18%, 65.35%, and 37.47%, respectively. For photoelectrochemical to achieve an efficient level, there is a need to decrease capital, feedstock, and O&M costs by 97.60%, 99.36%, and 97.14%, respectively. Biomass-derived liquid reforming can be an efficient hydrogen production option in Pakistan if the technology reduces capital cost by 87.68%, feedstock cost by 98.66%, and O&M cost by 92%. The microbial biomass conversion technology needs 97.70% reduction in capital cost, 99.49% reduction in feedstock cost, and 97.81% reduction in O&M cost.




6. Conclusions


The paper presented a framework to evaluate the economic and environmental efficiency of hydrogen production processes for decarbonization of energy systems. Since the production processes produce undesirable outputs as well, therefore, environmental DEA was applied for assessing the sustainability of these processes. A common problem that arises from applying environmental DEA is that the DEA ignores the relative importance of variables while assigning weights to each variable. Tackling this issue, the proposed framework firstly used two widely-applied MCDA techniques, i.e., FAHP and FTOPSIS, before employing the environmental DEA to assess the efficiency of hydrogen production processes.



The proposed framework was applied to prioritize the most sustainable hydrogen production process in Pakistan. Eleven hydrogen production alternatives under four main processes, i.e., thermochemical, electrolysis, direct solar water splitting, and biological processes, were analyzed. Five alternatives under the thermochemical process include coal gasification, biomass gasification, solar thermochemical, natural gas reforming, and biomass-derived liquid reforming. The electrolysis processes included three alternatives, i.e., grid electrolysis, wind electrolysis, and PV electrolysis. The photoelectrochemical alternative was selected under the direct solar water splitting process, whereas microbial biomass conversion and photobiological alternatives were shortlisted for analysis under the biological process.



Shortlisted alternatives were evaluated based on five criteria. These criteria included three inputs (capital cost, O&M cost, and feedstock cost), one desirable output (hydrogen production), and one undesirable output (CO2 emission). The initial weights of criteria were obtained using FAHP, and then FTOPSIS was applied to compute the ultimate weights of each criterion for each alternative. Finally, the slack-based environmental DEA was employed to assess the most sustainable hydrogen production process in the Pakistan context. The results of the study showed that the wind electrolysis, PV electrolysis, and biomass gasification are the most sustainable hydrogen production processes in Pakistan. The rest of the eight alternatives were not recommended due to their poor efficiency scores. However, these may become sustainable choices in the future if deficiencies pointed out in slack analysis are appropriately improved.
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Table A1. Distance from fuzzy positive ideal solution (FPIS) and fuzzy negative ideal solution (FNIS), and ultimate weights of capital cost.






Table A1. Distance from fuzzy positive ideal solution (FPIS) and fuzzy negative ideal solution (FNIS), and ultimate weights of capital cost.





	

	
Capital Cost




	
d+

	
d−

	
Ultimate Weight






	
Coal gasification

	
1.0499

	
0.2008

	
0.1606




	
Natural gas reforming

	
0.9501

	
0.3006

	
0.2403




	
Biomass gasification

	
1.1496

	
0.0997

	
0.0798




	
Solar thermochemical

	
0.2493

	
1

	
0.8004




	
Biomass-derived liquid reforming

	
0.5499

	
0.7004

	
0.5602




	
Grid electrolysis

	
1.1496

	
0.0997

	
0.0798




	
Wind power electrolysis

	
0.8989

	
0.3504

	
0.2805




	
PV electrolysis

	
1.0997

	
0.1498

	
0.1199




	
Photoelectrochemical

	
0.0499

	
1.1994

	
0.9601




	
Microbial biomass conversion

	
0

	
1.2493

	
1




	
Photobiological

	
0.2493

	
1

	
0.8004
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Table A2. Distance from FPIS and FNIS, and ultimate weights of CO2 emission.






Table A2. Distance from FPIS and FNIS, and ultimate weights of CO2 emission.





	

	
CO2 Emission




	
d+

	
d−

	
Ultimate Weight






	
Coal gasification

	
0

	
2.446

	
1




	
Natural gas reforming

	
0.5

	
1.9531

	
0.7962




	
Biomass gasification

	
0.4496

	
1.9964

	
0.8162




	
Solar thermochemical

	
2.2482

	
0.1986

	
0.0812




	
Biomass-derived liquid reforming

	
1.0971

	
1.3489

	
0.5515




	
Grid electrolysis

	
0.3489

	
2.0971

	
0.8574




	
Wind power electrolysis

	
2.3957

	
0.0504

	
0.0206




	
PV electrolysis

	
2.3957

	
0.0504

	
0.0206




	
Photoelectrochemical

	
2.2482

	
0.1986

	
0.0812




	
Microbial biomass conversion

	
1.7482

	
0.6978

	
0.2853




	
Photobiological

	
2.1475

	
0.2986

	
0.1221
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Table A3. Distance from FPIS and FNIS, and ultimate weights of feedstock cost.






Table A3. Distance from FPIS and FNIS, and ultimate weights of feedstock cost.





	

	
Feedstock Cost




	
d+

	
d−

	
Ultimate Weight






	
Coal gasification

	
1.3498

	
0.7496

	
0.3571




	
Natural gas reforming

	
1.1007

	
1

	
0.476




	
Biomass gasification

	
0.4011

	
1.6996

	
0.8091




	
Solar thermochemical

	
1.8483

	
0.2491

	
0.1188




	
Biomass-derived liquid reforming

	
0.2504

	
1.8498

	
0.8808




	
Grid electrolysis

	
0.5

	
1.6007

	
0.762




	
Wind power electrolysis

	
2.0018

	
0.0989

	
0.0471




	
PV electrolysis

	
2.0018

	
0.0989

	
0.0471




	
Photoelectrochemical

	
0.7509

	
1.3498

	
0.6425




	
Microbial biomass conversion

	
0.4011

	
1.6996

	
0.8091




	
Photobiological

	
0

	
2.1007

	
1
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Table A4. Distance from FPIS and FNIS, and ultimate weights of O&M Cost.






Table A4. Distance from FPIS and FNIS, and ultimate weights of O&M Cost.





	

	
O&M Cost




	
d+

	
d−

	
Ultimate Weight






	
Coal gasification

	
0.6995

	
1

	
0.5884




	
Natural gas reforming

	
0.1009

	
1.5986

	
0.9406




	
Biomass gasification

	
0.1502

	
1.5493

	
0.9116




	
Solar thermochemical

	
0.9507

	
0.7488

	
0.4406




	
Biomass-derived liquid reforming

	
0.3005

	
1.3991

	
0.8232




	
Grid electrolysis

	
1.2512

	
0.4484

	
0.2638




	
Wind power electrolysis

	
1.2512

	
0.4484

	
0.2638




	
PV electrolysis

	
1.4507

	
0.2488

	
0.1464




	
Photoelectrochemical

	
0.4005

	
1.2981

	
0.7642




	
Microbial biomass conversion

	
0

	
1.6995

	
1




	
Photobiological

	
0.0493

	
1.6502

	
0.971
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Table A5. Distance from FPIS and FNIS, and ultimate weights of hydrogen production.






Table A5. Distance from FPIS and FNIS, and ultimate weights of hydrogen production.





	

	
Hydrogen Production




	
d+

	
d−

	
Ultimate Weight






	
Coal gasification

	
0.5494

	
0.7508

	
0.5774




	
Natural gas reforming

	
0.3495

	
0.9498

	
0.731




	
Biomass gasification

	
0.199

	
1.1003

	
0.8468




	
Solar thermochemical

	
1

	
0.301

	
0.2314




	
Biomass-derived liquid reforming

	
1.1488

	
0.1505

	
0.1158




	
Grid electrolysis

	
0

	
1.2993

	
1




	
Wind power electrolysis

	
0.1003

	
1.201

	
0.9229




	
PV electrolysis

	
0.199

	
1.1003

	
0.8468




	
Photoelectrochemical

	
1.2492

	
0.0502

	
0.0386




	
Microbial biomass conversion

	
1.2492

	
0.0502

	
0.0386




	
Photobiological

	
1.0987

	
0.2007

	
0.1545
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Figure 1. Flowchart of research design. 
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Figure 2. Hydrogen production alternatives. 






Figure 2. Hydrogen production alternatives.



[image: Processes 07 00494 g002]







[image: Processes 07 00494 g003 550]





Figure 3. Initial weights of criteria. 
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Table 1. Triangular fuzzy numbers linguistic scale.






Table 1. Triangular fuzzy numbers linguistic scale.





	TFN
	Linguistic Variable
	TFN Scale





	1
	Equally important
	(1, 1, 1)



	2
	Weakly advantage
	(1, 2, 3)



	3
	Not a bad advantage
	(2, 3, 4)



	4
	Preferred
	(3, 4, 5)



	5
	Good advantage
	(4, 5, 6)



	6
	Fairly good advantage
	(5, 6, 7)



	7
	Very good advantage
	(6, 7, 8)



	8
	Absolute advantage
	(7, 8, 9)



	9
	Perfect advantage
	(8, 9, 10)
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Table 2. Ratings of linguistic variables.






Table 2. Ratings of linguistic variables.





	Linguistic Variables
	TFNs





	Moderate low (ML)
	(0, 0, 1)



	Low (L)
	(0, 1, 3)



	Slightly lower (SL)
	(1, 3, 5)



	Fair (F)
	(3, 5, 7)



	Slightly higher (SH)
	(5, 7, 9)



	High (H)
	(7, 9, 10)



	Moderate High (MH)
	(9, 10, 10)
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Table 3. The demographic information of experts.






Table 3. The demographic information of experts.





	Number of Experts
	Designation
	Organization





	2
	Associate Professor
	MUET, Jamshoro, Pakistan



	2
	Assistant Professor
	UoS, Jamshoro, Pakistan



	1
	Assistant Director
	HESCO, Hyderabad



	1
	Manager
	NTDC, Islamabad



	1
	Deputy Director
	MoPW, Islamabad



	3
	Consultants
	Green consultancy



	4
	PhD Scholars
	Nanjing University of Aeronautics and Astronautics



	1
	Assistant Director
	PCRET, Islamabad



	1
	Energy specialist
	PAEC, Lahore
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Table 4. Pairwise matrix of the fuzzy analytical hierarchy process (FAHP).
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Capital Cost

	
CO2 Emission

	
Feedstock Cost

	
O&M Cost

	
Hydrogen Production






	
Capital Cost

	
1, 1, 1

	
1.19, 1.75, 2.43

	
0.82, 1.14, 1.53

	
1.19, 1.76, 2.44

	
0.77, 1.12, 1.58




	
CO2 emission

	
0.41, 0.57, 0.84

	
1, 1, 1

	
0.48, 0.7, 1.04

	
0.63, 0.84, 1.11

	
0.42, 0.58, 0.81




	
Feedstock Cost

	
0.65, 0.88, 1.22

	
0.96, 1.42, 2.07

	
1, 1, 1

	
0.86, 1.18, 1.6

	
0.73, 1.01, 1.41




	
O&M Cost

	
0.41, 0.57, 0.84

	
0.9, 1.19, 1.58

	
0.63, 0.84, 1.17

	
1, 1, 1

	
0.45, 0.59, 0.77




	
Hydrogen production

	
0.63, 0.89, 1.29

	
1.23, 1.74, 2.39

	
0.71, 0.99, 1.37

	
1.3, 1.7, 2.21

	
1, 1, 1




	
CR = 0.0097
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Table 5. Results of possibility degree Sj=V(Sj≥Si).
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	V(S1≥Si)
	Value
	V(S2≥Si)
	Values
	V(S3≥Si)
	Value
	V(S4≥Si)
	Value
	V(S5≥Si)
	Value





	S1≥S2
	1.00
	S2≥S1
	0.44
	S3≥S1
	0.82
	S4≥S1
	0.55
	S5≥S1
	0.94



	S1≥S3
	1.00
	S2≥S3
	0.63
	S3≥S2
	1.00
	S4≥S2
	1.00
	S5≥S2
	1.00



	S1≥S4
	1.00
	S2≥S4
	0.88
	S3≥S4
	1.00
	S4≥S3
	0.74
	S5≥S3
	1.00



	S1≥S5
	1.00
	S2≥S5
	0.49
	S3≥S5
	0.88
	S4≥S5
	0.60
	S5≥S4
	1.00
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Table 6. Fuzzy decision matrix of criteria.
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	Capital Cost
	CO2 Emission
	Feedstock Cost
	O&M Cost
	Hydrogen Production





	Coal gasification
	3.3, 4.3, 5.3
	6.5, 7.5, 8.5
	3, 4, 5
	3.5, 4.5, 5.5
	5.3, 6.3, 7.3



	Natural gas reforming
	3.5, 4.5, 5.5
	5.5, 6.5, 7.5
	3.5, 4.5, 5.5
	4.7, 5.7, 6.7
	5.7, 6.7, 7.7



	Biomass gasification
	3.1, 4.1, 5.1
	5.6, 6.6, 7.6
	4.9, 5.9, 6.9
	4.6, 5.6, 6.6
	6, 7, 8



	Solar thermochemical
	4.9, 5.9, 6.9
	2, 3, 4
	2, 3, 4
	3, 4, 5
	4.4, 5.4, 6.4



	Biomass-derived liquid reforming
	4.3, 5.3, 6.3
	4.3, 5.3, 6.3
	5.2, 6.2, 7.2
	4.3, 5.3, 6.3
	4.1, 5.1, 6.1



	Grid electrolysis
	2.9, 3.9, 4.9
	5.8, 6.8, 7.8
	4.7, 5.7, 6.7
	1.5, 2.5, 3.5
	6.4, 7.4, 8.4



	Wind power electrolysis
	3.6, 4.6, 5.6
	1.6, 2.6, 3.6
	1.7, 2.7, 3.7
	2.4, 3.4, 4.4
	6.2, 7.2, 8.2



	PV electrolysis
	3.2, 4.2, 5.2
	1.7, 2.7, 3.7
	1.5, 2.5, 3.5
	2, 3, 4
	6, 7, 8



	Photoelectrochemical
	5.3, 6.3, 7.3
	2, 3, 4
	4.2, 5.2, 6.2
	4.1, 5.1, 6.1
	3.8, 4.8, 5.8



	Microbial biomass conversion
	5.4, 6.4, 7.4
	3, 4, 5
	4.9, 5.9, 6.9
	4.9, 5.9, 6.9
	3.9, 4.9, 5.9



	Photobiological
	4.9, 5.9, 6.9
	2.2, 3.2, 4.2
	5.7, 6.7, 7.7
	4.8, 5.8, 6.8
	4.2, 5.2, 6.2
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Table 7. Normalized fuzzy decision matrix.






Table 7. Normalized fuzzy decision matrix.













	
	Capital Cost
	CO2 Emission
	Feedstock Cost
	O&M Cost
	Hydrogen Production





	Coal gasification
	0.45, 0.58, 0.72
	0.76, 0.88, 1
	0.39, 0.52, 0.65
	0.51, 0.65, 0.8
	0.63, 0.75, 0.87



	Natural gas reforming
	0.47, 0.61, 0.74
	0.65, 0.76, 0.88
	0.45, 0.58, 0.71
	0.68, 0.83, 0.97
	0.68, 0.8, 0.92



	Biomass gasification
	0.42, 0.55, 0.69
	0.66, 0.78, 0.89
	0.64, 0.77, 0.9
	0.67, 0.81, 0.96
	0.71, 0.83, 0.95



	Solar thermochemical
	0.66, 0.8, 0.93
	0.24, 0.35, 0.47
	0.26, 0.39, 0.52
	0.43, 0.58, 0.72
	0.52, 0.64, 0.76



	Biomass-derived liquid reforming
	0.58, 0.72, 0.85
	0.51, 0.62, 0.74
	0.68, 0.81, 0.94
	0.62, 0.77, 0.91
	0.49, 0.61, 0.73



	Grid electrolysis
	0.39, 0.53, 0.66
	0.68, 0.8, 0.92
	0.61, 0.74, 0.87
	0.22, 0.36, 0.51
	0.76, 0.88, 1



	Wind power electrolysis
	0.49, 0.62, 0.76
	0.19, 0.31, 0.42
	0.22, 0.35, 0.48
	0.35, 0.49, 0.64
	0.74, 0.86, 0.98



	PV electrolysis
	0.43, 0.57, 0.7
	0.2, 0.32, 0.44
	0.19, 0.32, 0.45
	0.29, 0.43, 0.58
	0.71, 0.83, 0.95



	Photoelectrochemical
	0.72, 0.85, 0.99
	0.24, 0.35, 0.47
	0.55, 0.68, 0.81
	0.59, 0.74, 0.88
	0.45, 0.57, 0.69



	Microbial biomass conversion
	0.73, 0.86, 1
	0.35, 0.47, 0.59
	0.64, 0.77, 0.9
	0.71, 0.86, 1
	0.46, 0.58, 0.7



	Photobiological
	0.66, 0.8, 0.93
	0.26, 0.38, 0.49
	0.74, 0.87, 1
	0.7, 0.84, 0.99
	0.5, 0.62, 0.74
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Table 8. Weighted fuzzy decision matrix.
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	Capital Cost
	CO2 Emission
	Feedstock Cost
	O&M Cost
	Hydrogen Production





	Coal gasification
	0.12, 0.16, 0.19
	0.09, 0.1, 0.12
	0.08, 0.11, 0.14
	0.07, 0.1, 0.12
	0.16, 0.19, 0.22



	Natural gas reforming
	0.13, 0.16, 0.2
	0.08, 0.09, 0.1
	0.1, 0.13, 0.16
	0.1, 0.12, 0.14
	0.17, 0.2, 0.23



	Biomass gasification
	0.11, 0.15, 0.18
	0.08, 0.09, 0.11
	0.14, 0.17, 0.2
	0.1, 0.12, 0.14
	0.18, 0.21, 0.24



	Solar thermochemical
	0.18, 0.21, 0.25
	0.03, 0.04, 0.06
	0.06, 0.08, 0.11
	0.06, 0.09, 0.11
	0.13, 0.16, 0.19



	Biomass-derived liquid reforming
	0.16, 0.19, 0.23
	0.06, 0.07, 0.09
	0.15, 0.18, 0.2
	0.09, 0.11, 0.13
	0.12, 0.15, 0.18



	Grid electrolysis
	0.1, 0.14, 0.18
	0.08, 0.09, 0.11
	0.13, 0.16, 0.19
	0.03, 0.05, 0.07
	0.19, 0.22, 0.25



	Wind power electrolysis
	0.13, 0.17, 0.2
	0.02, 0.04, 0.05
	0.05, 0.08, 0.1
	0.05, 0.07, 0.09
	0.19, 0.22, 0.25



	PV electrolysis
	0.12, 0.15, 0.19
	0.02, 0.04, 0.05
	0.04, 0.07, 0.1
	0.04, 0.06, 0.09
	0.18, 0.21, 0.24



	Photoelectrochemical
	0.19, 0.23, 0.26
	0.03, 0.04, 0.06
	0.12, 0.15, 0.18
	0.09, 0.11, 0.13
	0.11, 0.14, 0.17



	Microbial biomass conversion
	0.19, 0.23, 0.27
	0.04, 0.06, 0.07
	0.14, 0.17, 0.2
	0.1, 0.13, 0.15
	0.12, 0.15, 0.18



	Photobiological
	0.18, 0.21, 0.25
	0.03, 0.04, 0.06
	0.16, 0.19, 0.22
	0.1, 0.12, 0.14
	0.13, 0.16, 0.19
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Table 9. Normalized ultimate weights.
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	Process
	Technologies
	Capital Cost
	CO2 Emission
	Feedstock Cost
	O&M Cost
	Hydrogen Production





	Thermochemical process
	Coal gasification
	0.032
	0.217
	0.061
	0.086
	0.106



	
	Natural gas reforming
	0.048
	0.173
	0.081
	0.137
	0.134



	
	Biomass gasification
	0.016
	0.177
	0.137
	0.133
	0.155



	
	Solar thermochemical
	0.16
	0.018
	0.02
	0.064
	0.042



	
	Biomass-derived liquid reforming
	0.112
	0.12
	0.149
	0.12
	0.021



	Electrolysis
	Grid electrolysis
	0.16
	0.186
	0.129
	0.039
	0.183



	
	Wind power electrolysis
	0.056
	0.005
	0.008
	0.039
	0.169



	
	PV electrolysis
	0.024
	0.005
	0.008
	0.021
	0.155



	Direct solar water splitting process
	Photoelectrochemical
	0.192
	0.018
	0.109
	0.112
	0.007



	Biological process
	Microbial biomass conversion
	0.2
	0.062
	0.137
	0.146
	0.007



	
	Photobiological
	0.16
	0.027
	0.169
	0.142
	0.028
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Table 10. Efficiency scores of alternatives.
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	Technologies
	β
	Ranking





	Coal gasification
	0.9571
	8



	Natural gas reforming
	0.9519
	7



	Biomass gasification
	0
	1



	Solar thermochemical
	0.8708
	5



	Biomass-derived liquid reforming
	0.9897
	10



	Grid electrolysis
	0.573
	4



	Wind power electrolysis
	0
	1



	PV electrolysis
	0
	1



	Photoelectrochemical
	0.9773
	9



	Microbial biomass conversion
	0.9933
	11



	Photobiological
	0.9405
	6
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Table 11. Slacks of inputs, desirable outputs, and undesirable outputs.
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Alternatives

	
Inputs (Excess)

	
Desirable Output (Shortfall)

	
Undesirable Output (Excess)




	
Capital Cost

	
Slack (%)

	
Feedstock Cost

	
Slack (%)

	
O&M Cost

	
Slack (%)

	
Hydrogen Production

	
Slack (%)

	
CO2 Emission

	
Slack (%)






	
Coal gasification

	
0

	
0

	
0.0483

	
−79.18

	
0.0562

	
−65.35

	
0

	
0

	
0.0813

	
−37.47




	
Natural gas reforming

	
0

	
0

	
0.0677

	
−83.58

	
0.0975

	
−71.17

	
0

	
0

	
0.0507

	
−29.31




	
Biomass gasification

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Solar thermochemical

	
0.134

	
−83.75

	
0.0163

	
−81.5

	
0.0459

	
−71.72

	
0

	
0

	
0

	
0




	
Biomass-derived liquid reforming

	
0.0982

	
−87.68

	
0.147

	
−98.66

	
0.1104

	
−92

	
0

	
0

	
0

	
0




	
Grid electrolysis

	
0.1154

	
−72.13

	
0.1141

	
−88.45

	
0

	
0

	
0

	
0

	
0.0701

	
−37.69




	
Wind power electrolysis

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
PV electrolysis

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Photoelectrochemical

	
0.1874

	
−97.6

	
0.1083

	
−99.36

	
0.1088

	
−97.14

	
0

	
0

	
0

	
0




	
Microbial biomass conversion

	
0.1954

	
−97.7

	
0.1363

	
−99.49

	
0.1428

	
−97.81

	
0

	
0

	
0

	
0




	
Photobiological

	
0.142

	
−88.75

	
0.1664

	
−98.46

	
0.1295

	
−91.2

	
0

	
0

	
0

	
0
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