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ABSTRACT 
The increasing global population has resulted in the scramble for more energy. Hydrogen offers a 
new revolution to energy systems worldwide. Considering its numerous uses, research interest 
has grown to seek sustainable production methods. However, hydrogen production must satisfy 
three factors, i.e., energy security, energy equity, and environmental sustainability,  referred to as 
the energy trilemma. Therefore, this study seeks to investigate the sustainability of hydrogen pro-
duction pathways through the use of a Multi-Criteria Decision- Making model. In particular, a mod-
ified Simultaneous Evaluation of Criteria and Alternatives (SECA) model was employed for the pri-
oritization of 19 options for hydrogen production. This model simultaneously determines the over-
all performance scores of the 19 options and the objective weights for the energy trilemma in a 
South African context. The results obtained from this study showed that environmental sustaina-
bility has a higher objective weight value of 0.37, followed by energy security with a value of 0.32 
and energy equity with the least at 0.31. Of the 19 options selected, steam reforming of methane 
with carbon capture and storage was found to have the highest overall performance score, con-
sidering the trade-offs in the energy trilemma. This was followed by steam reforming of methane 
without carbon capture and storage and the autothermal reforming of methane with carbon cap-
ture and storage. The results obtained in this study will potentially pave the way for optimally 
producing hydrogen from different feedstocks while considering the energy trilemma and serve 
as a basis for further research in sustainable process engineering. 
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INTRODUCTION 
Energy is a fundamental component of life and is 

critical for sustaining modern living standards. Increasing 
global population and industrialization have driven en-
ergy demand to unprecedented levels, placing significant 
strain on the energy sector [1]. Currently, approximately 
85% of energy demand is met by fossil fuels, resulting in 
substantial CO₂ emissions. This has contributed to a 1.1°C 
rise in global temperatures since the pre-industrial era, 
with projections of further increases [2]. 

The energy sector also faces challenges from eco-
nomic fluctuations, such as those induced by the COVID-
19 pandemic, which temporarily reduced global energy 
demand, emissions, and investment but left renewable 
energy less affected [3]. As demand pressures persist, 
governments and organizations are pursuing policies and 

innovations to transition toward sustainable energy sys-
tems emphasizing reliability, environmental sustainabil-
ity, and affordability [4]. 

Hydrogen is emerging as a promising clean energy 
carrier capable of addressing the limitations of traditional 
renewable energy sources, such as intermittency and 
lack of inherent storage capacity. With a high energy 
density (120 MJ·kg⁻¹), hydrogen offers versatility in pro-
duction, storage, and applications, including transporta-
tion and grid stabilization [5]. However, the widespread 
adoption of hydrogen faces challenges related to cost-
effective and environmentally sustainable production 
methods. Current hydrogen generation technologies, pri-
marily reliant on fossil fuels, emit CO₂, necessitating a 
shift toward carbon-free alternatives. 

Hydrogen production pathways vary widely in eco-
nomic, environmental, and technological performance. 
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Reforming methods are cost-effective but environmen-
tally damaging, while electrolysis, powered by renewable 
energy, is sustainable but capital-intensive. Multi-criteria 
decision-making (MCDM) approaches are essential to 
evaluate and select optimal hydrogen production path-
ways that balance energy security, equity, and sustaina-
bility [6]. 

This study aims to identify the optimal hydrogen 
production pathway for South Africa using an MCDM 
framework. A literature review informs the methodology, 
followed by an evaluation of the performance of selected 
processes. 

LITERATURE REVIEW 
MCDM methods are effective tools for addressing 

decision-making problems involving multiple conflicting 
objectives and stakeholders. Various MCDM techniques 
have been applied to assess and prioritize hydrogen pro-
duction technologies. For example, some authors em-
ployed the Analytic Hierarchy Process (AHP) [7–8], while 
others integrated the decision-making trial and evalua-
tion laboratory (DEMATEL) with AHP to improve hydro-
gen production sustainability [9]. Other studies utilized 
methods like TOPSIS, VIKOR, and hesitant fuzzy AHP to 
evaluate hydrogen production pathways based on sus-
tainability criteria[10–11]. 

Recent advancements in MCDM include integrating 
fuzzy logic to handle subjective and vague human judg-
ments, such as using the Z-number Best Worst Method 
(ZBWM) and ELECTRE models [12] or employing fuzzy 
SWARA and IVIF-WASPAS [13]. Despite these innova-
tions, most methods remain subjective, relying heavily on 
expert opinions, which introduce inconsistencies and un-
certainties. Moreover, these methods typically separate 
criteria weighting from alternative ranking, thereby limit-
ing integration and efficiency. 

Few studies have addressed hydrogen production 
within the framework of the energy trilemma. Addition-
ally, geographical context, such as the South African 
unique energy landscape, has received little attention. 
South African abundant resources and environmental 
challenges necessitate tailored hydrogen production 
strategies. However, research gaps persist in addressing 
the interplay of energy trilemma factors and region-spe-
cific conditions. 

This study introduces the Simultaneous Evaluation 
of Criteria and Alternatives (SECA) method, a multi-ob-
jective nonlinear programming model that simultaneously 
calculates criteria weights and ranks alternatives. SECA 
overcomes the limitations of traditional MCDM methods 
by optimizing and ranking solutions in a unified frame-
work. The study focuses on identifying the optimal hy-
drogen production pathway for South Africa, accounting 
for the complexities of the energy trilemma, thereby 

filling a critical gap in published literature and offering 
practical insights for stakeholders in energy policy and 
planning. 

METHODOLOGY 
The study follows three key stages: (1) Defining se-

lection criteria and identifying suitable hydrogen produc-
tion options, (2) Constructing a decision-making matrix, 
and (3) Developing a multi-objective nonlinear program-
ming model for optimization. 

Environmental sustainability, economic viability, and 
reliability/availability were chosen as selection criteria, 
addressing the core challenges in hydrogen production 
pathway selection. The SECA model [14], a multi-objec-
tive nonlinear approach, is applied to determine the opti-
mal method in the South African context. It optimizes 
three objectives: (1) maximizing overall performance, (2) 
minimizing deviation in criterion weights within-criterion 
variation, and (3) minimizing deviation in criterion weights 
based on between-criterion variation. Unlike traditional 
methods, SECA does not require expert input for scoring 
criteria and relies on standard deviation and correlation 
as reference points for weight minimization. 

To enhance model applicability, the study replaces 
the original SECA normalization method with Min-Max 
Normalization, addressing the issue of zero-value ele-
ments in evaluation matrices. This modification expands 
the usability of the model across diverse datasets and 
ensures a more comprehensive assessment framework. 

A multi-criteria decision-making (MCDM) problem 
with n alternatives and m criteria is represented by the 
decision matrix: 

 
𝑥𝑥 = �

𝑥𝑥11 𝑥𝑥12 ⋯ 𝑥𝑥1𝑚𝑚
𝑥𝑥21 𝑥𝑥22 … 𝑥𝑥2𝑚𝑚
⋮ ⋮ ⋱ ⋮
𝑥𝑥𝑛𝑛1 𝑥𝑥𝑛𝑛2 ⋯ 𝑥𝑥𝑛𝑛𝑛𝑛

� 
(1) 

Where 𝑥𝑥𝑖𝑖𝑖𝑖 represents the performance of alternative 
𝑖𝑖 alternative on criteria 𝑗𝑗 with 𝑥𝑥𝑖𝑖𝑖𝑖 ≥ 0. Normalization is ap-
plied based on benefit and cost criteria using Min-Max 
scaling: 

 

 𝑥𝑥𝑖𝑖𝑖𝑖𝑁𝑁 =

⎩
⎨

⎧
𝑥𝑥𝑖𝑖𝑖𝑖 − max𝑥𝑥𝑖𝑖𝑖𝑖

max 𝑥𝑥𝑖𝑖𝑖𝑖 − min 𝑥𝑥𝑖𝑖𝑖𝑖
, 𝑗𝑗 ∊ 𝐵𝐵𝐵𝐵

max 𝑥𝑥𝑖𝑖𝑖𝑖 − 𝑥𝑥𝑖𝑖𝑖𝑖
max 𝑥𝑥𝑖𝑖𝑖𝑖 − min 𝑥𝑥𝑖𝑖𝑖𝑖

, 𝑗𝑗 ∊ 𝐶𝐶𝐶𝐶
 

(2) 

where BC and CC are benefit and cost criteria, re-
spectively. 

The SECA model determines criteria weights di-
rectly from the decision matrix, using standard deviation 
�𝜎𝜎𝑗𝑗� and correlation (𝑟𝑟𝑗𝑗𝑗𝑗). The standard deviation, which 
indicates the dispersion of data, captures the within-cri-
terion variation. The correlation calculates the contrast 
intensity in the interaction of the alternatives in each cri-
terion to assess the between-criterion conflict.  
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(3) 

The normalized reference points for weight calcula-
tion are given by: 

 𝜎𝜎𝑗𝑗𝑁𝑁 =
𝜎𝜎𝑗𝑗

∑ 𝜎𝜎𝑙𝑙𝑚𝑚
𝑖𝑖=1

       ,        𝜋𝜋𝑗𝑗𝑁𝑁 =
𝜋𝜋𝑗𝑗

∑ 𝜋𝜋𝑙𝑙𝑚𝑚
𝑖𝑖=1

  (4) 

The multi-objective nonlinear programming model 
consists of three objectives: 

1. Maximizing overall performance: 

 
max 𝑆𝑆𝑖𝑖 = �𝑤𝑤𝑗𝑗

𝑚𝑚

𝑗𝑗=1

𝑥𝑥𝑖𝑖𝑖𝑖𝑁𝑁                ∀𝑖𝑖∈ {1,2, … ,𝑛𝑛} 
(5) 

2. Minimizing deviation from standard deviation-
based reference weights: 
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(6) 

3. Minimizing deviation from correlation-based 
reference weights:  
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Subject to: 
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𝑚𝑚
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(8) 

 
where ε is a small positive value (set to 10-3) ensur-

ing a lower bound on weights.  
To transform the multi-objective problem into a sin-

gle-objective optimization, a weighted sum method is ap-
plied: 

 max𝑍𝑍 = 𝜆𝜆𝑎𝑎 − 𝛽𝛽(𝜆𝜆𝑏𝑏 + 𝜆𝜆𝑐𝑐) (9) 

 
with constraints: 
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The parameter β balances deviations from refer-
ence weights, and different β values generate alternative 
rankings. The stability of rankings is evaluated using the 
Spearman correlation coefficient, ensuring consistency in 
final rankings. 

CASE STUDY 
A pathway database was developed from the litera-

ture. The data was collected according to affordability, 
availability, and environmental sustainability criteria. The 
affordability was characterized by the cost of hydrogen 
($/kg), and the data was adapted from [15]. 

Environmental sustainability data was collected 
from different sources in the literature [16–19]. This cri-
terion was characterized by global warming potential 
(GWP), which is the amount of carbon dioxide produced 
by the process per amount of hydrogen produced (kg 
CO2 / kg H2). 

Availability is the third criterion, and it measures the 
raw materials required in a particular process to obtain 
hydrogen. The measure was rated regarding how much 
raw material is available. Raw material availability was 
chosen because neglecting resource availability may 
cause a model to select a production process that is not 
well suited to a region of interest. In this research, a rig-
orous methodology was employed to calculate the avail-
ability rating of critical raw materials. The availability rat-
ing was determined using the following equation, which 
was modified from the general efficiency equation:  

 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

=
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑟𝑟𝑟𝑟𝑟𝑟 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑟𝑟𝑟𝑟𝑟𝑟 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  

(12) 

The study considered the total quantities of raw ma-
terials required for a 100-year projection assuming stoi-
chiometry. The availability rating for each raw material 
was calculated individually, offering a detailed assess-
ment of their respective contributions to the overall avail-
ability. Furthermore, an average availability rating was 
computed to provide a holistic perspective on the raw 
material supply chain. The results reveal a surplus be-
yond the required quantities, emphasizing the robust-
ness of the production system and its capability to meet 
demands efficiently. This comprehensive approach to as-
sessing availability contributes valuable insights to the 
optimization of hydrogen production processes. 

A hydrogen demand value of 6 million tons per an-
num obtained from [20] was used to calculate the amount 
of raw materials required per pathway. This was done us-
ing stoichiometric ratios, assuming 100 % conversion of 
the limiting reactant. The average raw materials required 
for a particular pathway were used as the availability rat-
ing. 

RESULTS AND DISCUSSION 
A decision-making matrix was developed based on 

a pathway database comprising 19 hydrogen production 
routes. The matrix was constructed using GAMS model-
ing software with the Antigone solver to handle the 
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complex interrelationships and variables within the deci-
sion framework. 

Table 1: The evaluation matrix of the pathway database 

Process Cost 
($/kg) 

GWP 
(kgCO2/ kg 
H2) 

Availabil-
ity rating 

SMR with CCS 
(S1) 

4.84 3.40 11.65 

SMR without CCS 
(S2) 

4.43 12.00 11.65 

CG with CCS (S3) 3.48 15.50 2.10 
CG without CCS 
(S4) 

2.86 24.20 2.10 

ATR of    
methane with 
CCS (S5) 

3.16 3.98 7.78 

Methane      
Pyrolysis (S6) 

3.18 5.00 3.02 

Biomass  
Pyrolysis (S7) 

3.75 2.40 6.26 

Biomass  
Gasification (S8) 

4.14 2.67 6.26 

Direct bio  
Photolysis (S9) 

3.77 0.70 6.26 

Indirect bio pho-
tolysis (S10) 

2.51 67.00 6.26 

Dark  
Fermentation 
(S11) 

4.65 16.29 6.26 

Photo  
Fermentation 
(S12) 

5.12 0.60 3.13 

Solar PV 
 Electrolysis (S13) 

28.23 2.00 3.13 

Solar thermal 
electrolysis (S14) 

15.15 2.50 3.13 

Wind  
Electrolysis (S15) 

12.71 0.97 3.13 

Nuclear  
Electrolysis (S16) 

11.25 2.00 3.13 

Nuclear 
Thermolysis (S17) 

4.66 0.63 3.13 

Solar  
Thermolysis 
(S18) 

15.91 0.68 3.13 

Photo- 
Electrolysis (S19) 

18.73 2.00 3.13 

 
To ensure consistency, all cost data were standard-

ized to the reference year 2021 using the Chemical Engi-
neering Plant Cost Index (CEPCI). The matrix provides a 
structured framework for evaluating and comparing 
pathways against the energy trilemma criteria. Table 1 
presents the evaluation matrix. 

Normalizing the decision-making matrix 
The data in Table 1 were normalized using Equation 

(2). Affordability and environmental sustainability were 
identified as cost criteria, given that they need to be min-
imized. Conversely, availability was identified as a benefit 
criterion, given that it needs to be maximized. 

Criteria weights analysis 
Determining criteria weights is crucial for prioritizing 

processes. The SECA model was solved for β values (0.1, 
0.2, 0.3, 0.4, 0.5, 1, 2, 3, 4, 5, 6, 7), extending the initial 
study by [14] to observe trends beyond β = 5. Twelve 
sets of criteria weights were generated, with variations 
shown in Figure 1. The optimal β was selected where 
consecutive solutions differed by less than 0.01, ensuring 
near-constant weights. 

 
Figure 1: The variation of criteria weights related to β 

A clear decrease in the objective function value was 
observed as β increased, as shown in Figure 2. The pa-
rameter β played a critical role in influencing criteria 
weights, with some criteria gaining importance while oth-
ers diminished as β increased. This dynamic interaction 
optimized the decision-making process by balancing 
trade-offs between criteria. 

A transition point was identified where criteria 
weights stabilized, signaling the critical balance of the 
model. Notably, this stabilization coincided with the max-
imum value of the objective function, indicating the opti-
mal state of the model. Thus, β acted as a lever to 
achieve a stable and balanced weighting while optimizing 
the overall objective function. 

For β values exceeding 3, criteria weights exhibited 
increased stability, with differences between consecu-
tive weights dropping below 0.01 as β approached 5. This 
indicated a balanced state between decision criteria, 
leading to the selection of β = 5 for determining final 
weights. 

The resulting criteria weights highlighted environ-
mental sustainability as the most significant factor 
(0.373), emphasizing eco-friendly practices. Availability, 
particularly of raw materials, ranked second (0.316), un-
derscoring resource reliability. Affordability received the 
lowest weight (0.310), indicating lower priority in the de-
cision-making process. This prioritization reflects a focus 
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on sustainability and resource availability. 

 
Figure 2: Objective function with varying β 

Analysis of the performance of alternatives 
The overall performance of each alternative Si was 

assessed using the SECA model with normalized data 
and criteria-specific β values. The rankings, aligned with 
the original pathway database (e.g., S1 correspond to 
"SMR with CCS"), enabled the identification of the most 
promising pathways based on the three selected criteria. 

 
Figure 3: Variations in the performance scores related to 
β 

Figure 3 provides a graphical representation of per-
formance scores, offering a clear visual understanding of 
pathway performance and trends for informed decision-
making. Rankings were determined based on Si, with the 
highest score indicating superior performance. For β ≥ 3, 
rankings remained stable (Spearman's correlation coeffi-
cient = 1), validating β = 5 as the optimal value for final 
rankings. 

Among 19 pathways, steam reforming with CCS 
emerged as the top option with Si = 0.956, balancing en-
ergy trilemma criteria due to reduced CO₂ emissions, 
technological maturity, and low raw material costs. This 
finding aligns with [21], who also identified its robustness 
using different criteria. Steam reforming without CCS 
ranked second (Si= 0.913), followed by autothermal re-
forming with CCS (Si = 0.845). 

Indirect bio-photolysis and solar PV electrolysis 
were the least preferred pathways, with Si values of = 
0.448 and 0.400, respectively, primarily due to high eco-
nomic costs. These results provide a clear framework for 
selecting the most effective and economically viable hy-
drogen production pathways, supporting energy sustain-
ability objectives. 

CONCLUSION 
In conclusion, this study demonstrated the effec-

tiveness of the SECA multi-criteria decision-making 
method in optimizing hydrogen production pathway se-
lection within the South African energy landscape, ad-
dressing availability, affordability, and environmental 
sustainability. Using a multi-objective nonlinear program-
ming model, SECA adjusted criteria weights and ranked 
alternatives, identifying environmental sustainability as 
the most critical factor, followed by availability and af-
fordability. A β value of 5 provided the most stable re-
sults, with steam reforming with CCS emerging as the op-
timal pathway, followed by steam reforming without CCS 
and autothermal reforming with CCS, while indirect bio-
photolysis and solar PV electrolysis ranked lowest due to 
economic constraints. These insights offer strategic 
guidance for aligning hydrogen production with sustain-
ability and resource reliability in South Africa. 
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