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Abstract 

The escalating global consumption and electricity usage which are predominantly reliant on fossil fuels 

have exacerbated environmental issues, prompting the search for low-carbon energy alternatives to 

mitigate climate change. Hydrogen emerges as a promising solution, characterised by its high energy 

density and versatile applications across a wide range of industries. As the world aims to achieve 

carbon-neutral targets, scaling up hydrogen production becomes imperative, with green hydrogen from 

renewable sources gaining traction. Despite facing obstacles, progress in solar-powered electrolysis and 

biological methods offers the potential for achieving sustainable hydrogen production. The integration 

of green hydrogen into distributed energy systems (DESs) also holds promise for efficient utilisation 

aligned with regional supply and demand dynamics. Nevertheless, the realisation of these goals requires 

overcoming economic barriers and optimising process integration strategies. This research endeavours 

to tackle challenges encountered in designing green hydrogen-based DES and green hydrogen supply 

chains (GHSCs). The objective is to develop structured frameworks that integrate process system 

engineering, mathematical programming, and decision-making methodologies to offer practical 

guidance to industrial practitioners and authorities. The first scope of the research focuses on 

formulating an optimal green hydrogen-based DES utilising solar and locally available biomass 

resources by studying the superstructure integrated with storage devices and optimise configurations 

across various scenarios. A metaheuristic-based approach is employed to determine optimal capacity 

setups, taking into account criteria such as supply stability and operational energy wastage. The second 

scope of the research involves the design of biowaste-based GHSC with the consideration of economic, 

environmental, and safety aspects. The study leverages the supply chain modelling and optimisation 

tool supporting Geographical Information System (GIS) data sources to determine optimal material 

flow and inventory placement. This research is expected to provide unique insight into the design and 

optimisation of green hydrogen-based energy systems, addressing sustainability challenges and 

fostering renewable energy adoption. 
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Chapter 1: Introduction 

1.1 Background 

Over the past few decades, the world has experienced a consistent upward trajectory in both global 

consumption and electricity usage, driven by various factors including population growth, economic 

expansion, and technology advancements. Despite efforts to diversify energy sources, the majority of 

the worldôs energy demands continue to be met by fossil fuels such as coal, lignite, and natural gas [1]. 

Regrettably, the combustion of these fossil fuels results in the release of substantial amounts of pollution 

and greenhouse gases (GHGs), exacerbating environmental issues such as air pollution, smog formation, 

acid rain, and climate change [2]. Consequently, it is crucial to explore low-carbon yet efficient energy 

alternatives to achieve the goal set by the Paris Agreement, which aims to limit the global mean 

temperature rise to well below 2 ÁC above preindustrial levels [3]. 

As a carbon-neutral energy carrier boasting the highest gravimetric energy density ï nearly three times 

that of diesel and gasoline, hydrogen has been extensively recognised as a promising alternative to 

conventional fossil fuels [4]. Additionally, hydrogen serves as an important raw material in various 

industries, including ammonia synthesis, crude oil refining, and vegetable oil hydrotreating [5-7]. 

According to the Hydrogen Council, a United Nations entity affiliated with the World Economic Forum, 

it is estimated that a hydrogen production capacity of nearly 600 Mtpa (i.e., equivalent to ten times the 

current capacity will be required to achieve the carbon-neutral targets in 2050 (see Fig. 1.1) [8]. Given 

the significant projected impact of hydrogen on transportation [9], industrial [10], and also power 

generation sectors [11], large-scale production of hydrogen is imperative to meet the escalating demand. 

 

Fig. 1.1: Forecast for worldwide hydrogen demand [8]. 
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Despite being the most abundant element in the universe comprising nearly 75% of all matter, hydrogen 

is not readily available on Earth in its elemental form due to the light weight of the molecules [12]. This 

necessitates specific chemical conversion or decomposition processes to extract it from compounds 

such as hydrocarbons. It is important to note that hydrogen comes in various types, classified based on 

their production sources [13]. The most common hydrogen acquisition method is from hydrocarbon 

sources through the steam reforming process. This type of hydrogen is categorised as ñgrey hydrogenò, 

which is associated with carbon emissions and accounts for a substantial share of global hydrogen 

production [14]. When carbon emissions from hydrocarbon-derived hydrogen are captured or utilised, 

it is termed ñblue hydrogenò [15]. However, the production of blue hydrogen is not carbon-neutral, as 

it is challenging to capture all carbon emissions or eliminate upstream methane leaks [16, 17]. Of utmost 

importance, these methods depend on non-renewable carbon-based fuels as their source. As fossil fuel 

depletion accelerates and concerns about global warming grow, transitioning to a cleaner hydrogen 

economy sourced by renewable energy resources is crucial for achieving sustainability objectives [18].  

Green hydrogen, derived from electrolysis powered by renewable sources, stands in contrast to 

conventional carbonaceous fuel-based hydrogen production as it involves zero GHG emissions 

throughout production and utilisation [19]. In essence, the water electrolysis process involves splitting 

water molecules into their constituent elements (i.e., hydrogen and oxygen) in an electrolyzer using 

clean electricity power from renewable energy sources [20]. Solar energy can be harnessed for green 

hydrogen production by integrating a solar photovoltaic (PV) system with an electrolyzer, which 

converts solar energy into electricity to drive the water-splitting process [21]. Given the abundance and 

widespread availability of solar energy, it is one of the most dependable energy sources for green 

hydrogen production, particularly in regions with high solar insolation [22]. Green hydrogen can also 

be produced by coupling the electrolyzer with a wind turbine to exploit the kinetic energy of wind for 

power conversion. Although onshore wind turbines are typically more cost-effective, offshore wind 

turbines hold greater potential for affordable green hydrogen production due to the higher and more 

consistent wind capacity found in offshore environments [23]. 

In addition to solar and wind energy, sustainable electricity can also be derived from hydropower. A 

common method for producing green hydrogen using hydropower is to allocate a certain percentage of 

the available economic hydropower to electrolysis [24]. Another more effective strategy involves 

evaluating hydrogen production potential by leveraging the electricity that would otherwise be surplus 

and curtailed due to reduced demand or increased generation from elevated water inflows during the 

rainy season in run-of-river plants [25]. While the use of renewable energy sources for hydrogen 

production is environmentally friendly, its industrialisation has been hindered by economic challenges, 

including substantial investment requirements and limited electrolyzer efficiency. Nevertheless, the 

ongoing advancement in renewable energy technologies and improvements in electrolyzer performance 
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are expected to reduce the overall cost of green hydrogen production, potentially making it more cost-

effective than conventional steam reforming processes [26]. 

Besides the electrochemical process, green hydrogen can also be synthesised via biological routes such 

as dark fermentation [28]. Dark fermentation involves anaerobic bacteria breaking down organic matter 

into biohydrogen and volatile fatty acids [29]. It is a promising technology option due to its faster rate 

of hydrogen evolution, flexibility in substrate use, and straightforward bioprocess design [30]. However, 

it faces challenges in fully degrading organic wastes due to thermodynamic constraints. Considering 

the volatile fatty acids generated by dark fermentation can serve as readily available substrates for 

hydrogen production by photo fermentative bacteria, a sequential mode employing dark and photo 

fermentative bacteria under optimised conditions has been explored for higher hydrogen yields [31]. 

Nevertheless, the sequential mode may become economically unviable due to the need for additional 

pretreatment, reactors, supplements, and the consequent larger spatial footprint [30]. Hence, incessant 

research including process optimisation has been conducted to establish an effective and economically 

feasible integrated dark-photo fermentation system.  

Moreover, governments worldwide are dedicated to promoting hydrogen production from domestic 

biomass by funding initiatives that tackle the obstacles to large-scale biomass-based hydrogen 

production. For instance, the UK government has allocated Ã5 million to 22 projects to support the 

development of new technologies converting biowaste into hydrogen [32]. Utilising green hydrogen 

derived from multiple production routes for industrial decarbonisation plays a critical role in curbing 

global warming and climate change. To enable the widespread adoption of green hydrogen, it is pivotal 

to establish a hydrogen-based distributed energy system (DES) for fostering efficient utilisation aligned 

with regional supply and demand dynamics [33]. The development of such systems has emerged as a 

burgeoning research area, where several studies delved into the operational and strategic aspects of 

integrating sustainable hydrogen-based technologies within power systems and microgrids [34]. 

 

1.2 Sustainable Hydrogen Network 

Distributed energy generation entails decentralised planning and dispatch, typically connected to the 

distributed network, and with capacities generally below 100 MW [35]. In light of the clean energy 

transition, the concept of the self-sufficient energy system fully supported by renewables has been on 

the rise as it enhances energy security while mitigating GHG emissions [36]. Recently, the integration 

of green hydrogen technologies into DESs has drawn research attention due to hydrogen's properties as 

a versatile energy carrier. Such systems also hold significant potential to supply both hydrogen and 

electricity based on regional requirements [37]. Fig. 1.2 illustrates an example of a green hydrogen-

based DES, which consists of renewable energy sources, backup systems, and hydrogen chains. 
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The intermittent and shifting nature of certain renewable resources like solar energy makes the system 

susceptible to time and seasonal variations, possibly leading to supply-demand imbalances [38]. 

Therefore, dispatchable backup power sources or energy storage systems such as batteries and 

supercapacitors are often integrated into the system to mitigate fluctuations in renewable energy output 

[39]. In recent years, there has been increasing interest in hydrogen-based energy storage owing to its 

capability to fulfill the requirement for long-term (seasonal) energy storage, offering greater capacity 

and flexibility [40]. Hydrogen serves to balance supply and demand by storing surplus energy generated 

by renewables, and can also be utilised for power generation via stationary fuel cells. Traditional 

hydrogen storage methods include storing hydrogen as compressed gas or cryogenic liquid, while 

underground storage is preferred for large-scale applications [41, 42]. Solid-state hydrogen storage has 

undergone significant advancement lately and is considered the safest mode for storing hydrogen [43]. 

 

Fig. 1.2: Example of the green hydrogen-based DES [44]. 

Hydrogen re-electrification is one of the critical aspects in such systems, which involves generating 

electricity from hydrogen. Considering the lower volumetric energy density of hydrogen, the fuel cell 

is deployed instead of the turbine to maximise the potential of hydrogen as it converts its chemical 
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energy directly into electricity with much higher efficiency, producing only water as a by-product [45]. 

Fuel cell technology holds promise as a highly efficient and environmentally friendly decentralised 

energy solution, particularly for rural areas lacking access to the public grid or facing high costs 

associated with electrical infrastructure installation and transmission [46]. Currently, there exists a 

diverse array of fuel cell technologies capable of generating power spanning from 1 to 10 MW, such as 

the proton exchange membrane fuel cell, molten carbonate fuel cell, and solid oxide fuel cell [47]. Due 

to the varying working principles and applications, comprehensive research is essential to identify the 

most appropriate technology for meeting the electrical energy needs of consumers.  

Developing a multi-generational green hydrogen-based DES is a complex problem, necessitating 

through consideration of numerous constraints and aspects. From a technical standpoint, it is imperative 

to evaluate the potential DES configurations across economic, environmental, and other dimensions to 

ensure alignment with specific conditions involving climate, resource availability, and scale 

requirements [48]. Hence, the utilisation of modelling and optimisation tools becomes crucial for 

designing and operating the DES that satisfies all dimensions comprehensively. 

The aforementioned DES is designed to meet small-scale regional demands. In 2019, the International 

Renewable Energy Agency (IRENA) published a report in line with the request of the G20 Karuizawa 

Energy Innovation Action Plan for a comprehensive analysis of long-term strategies and pathways 

required for developing a sustainable hydrogen economy [49]. Based on the report, future efforts should 

emphasise the extensive utilisation of green hydrogen and a deeper exploration of the nexus between 

hydrogen and renewable energy sources. Hence, it is fundamental to initiate research on the supply 

chain planning model that involves addressing various aspects, including feedstock selection, 

production methods, storage, transportation, distribution, and end-uses of hydrogen.  

An innovative strategy to develop a sustainable green hydrogen supply chain (GHSC) is by integrating 

an agro-waste collection and transportation subnetwork into the supply chain. According to the UN 

Environment Programme (UNEP) report, the global annual biomass production totals 140 billion tonnes, 

with the majority consisting of wood wastes, agricultural residues, and residual wastes [50].  Traditional 

methods of managing these waste types include composting, using as fertilizer, foddering, and 

landfilling [51]. However, these approaches can potentially cause extensive environmental damage due 

to uncontrolled GHG emissions, surface and groundwater pollution, and the pathogen spread [52, 53]. 

By harnessing organic waste for hydrogen production, not only can the release of pollutants be reduced, 

aiding in the pursuit of carbon neutrality, but it also offers the opportunity for greater economic value 

creation [54]. Nevertheless, the sustainable development of the waste-to-biohydrogen supply chain is 

hindered as it involves numerous stakeholders and is impacted by many factors, such as poor 

coordination among supply chain participants and high expenses of green hydrogen production [55, 56]. 
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This underscores the urgent need for research into establishing a sustainable supply chain capable of 

effectively addressing sustainability concerns in the waste-to-biohydrogen industry. 

 

1.3 Summary of Challenges 

As outlined earlier, two key research areas that are crucial for advancing toward a sustainable hydrogen 

economy: the design of green hydrogen-based DESs and the development of GHSCs. However, various 

challenges have been identified, which are summarised in Table 1.1 below. 

Table 1.1: Summary of challenges for sustainable hydrogen network design. 

Challenges Description 

Intermittent nature of 

renewable resources and 

unpredictable demands 

[38] 

¶ Variability of renewable resources (e.g., solar irradiance fluctuations, 

seasonal biomass supply) affects hydrogen productivity.  

¶ Actual hydrogen and electricity demands are difficult to predict. 

¶ Determining optimal equipment sizes under variable supply and 

demand is challenging, leading to either wasteful overestimation or 

inadequate capacity, impacting hydrogen network stability. 

Balancing various 

conflicting sustainability 

objectives [57, 58] 

 

¶ Green hydrogen production costs more than conventional methods 

due to its capital-intensive nature and lower efficiency. 

¶ High flammability and low minimum ignition of hydrogen present 

safety concerns.  

¶ Comprehensive evaluation is needed for economic, environmental, 

and safety aspects. 

Inherent purity 

constraint of green 

hydrogen [50, 59] 

¶ Biological or thermocatalytic hydrogen production systems generate 

a gas mixture of hydrogen and carbon dioxide. 

¶ Some hydrogen applications have more stringent purity constraints. 

Agro-waste collection 

and facility placement 

[60, 61] 

 

¶ Small-scale and dispersed agricultural operations make waste 

collection challenging. 

¶ Plantation owners are reluctant to engage in the renewable energy 

sector due to perceived risks.  

¶ Strategic locations of green hydrogen production facilities are crucial 

to optimise the overall costs for supply chain development. 

Selection of suitable 

technology and 

transportation methods 

[62] 

¶ Evaluating multiple hydrogen production and storage technologies 

and transportation modes requires expertise across various fields. 

¶ Thorough analysis to ensure alignment with supply chain goals and 

requirements. 
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1.4 Aim of Research 

This research aims to address potential challenges encountered during the design phase of green 

hydrogen-based DESs and the development of GHSCs, as specified in Section 1.3. Specifically, this 

study will develop innovative structured frameworks by integrating process system engineering, 

mathematical programming, and decision-making methodologies. These frameworks are intended to 

offer practical guidance to industrial practitioners and authorities in designing viable green hydrogen-

based industrial networks that align with established design goals. Note that this research will center on 

leveraging solar energy and biowaste resources for green hydrogen production, tackling challenges in 

biogenic waste management while advancing decarbonisation targets. The subsequent sections detail 

the research objectives of this study.  

 

1.5 Research Objectives 

The specific objectives of this study are listed as follows: 

1. To identify the optimal configuration design of the green hydrogen-based DES that co-supplies 

hydrogen and electricity. 

2. To determine the ideal capacity setup for green hydrogen-based DES ensuring supply stability with 

minimal operational costs and energy wastage. 

3. To devise a GHSC integrating an agro-waste collection and transportation subnetwork while 

considering triple bottom-line aspects. 
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Chapter 2: Literature Review 

2.1 Hydrogen Integration 

Hydrogen network synthesis can be considered as a subset within process integration, aiming to 

optimise fresh hydrogen consumption and minimise waste hydrogen discharge. Currently, prevailing 

methods for hydrogen network synthesis can be categorised into two principal approaches: the insight-

based pinch analysis technique and the superstructure-based mathematical programming approach.  

Hydrogen pinch analysis is a systematic technique for determining minimum targets for hydrogen 

imports without the necessity for detailed process design, which is generally formulated through 

graphical representations or algebraic calculations [63]. This insight-based method for hydrogen 

network design was initially introduced by Towler et al. to assess the cost of hydrogen recovery using 

value composite curves of hydrogen sources and sinks [64]. Nevertheless, the proposed pinch analysis 

method by Towler et al. did not consider the physical constraints that impact the design of the hydrogen 

network. Subsequently, Alves and Towler extended this approach with the hydrogen system analysis 

principle by incorporating process constraints (represented by the purity and flow from each hydrogen 

source and the demand for hydrogen sinks) along with the material balance constraints [65]. Later, Foo 

and Manan employed a gas cascade analysis approach to systematically evaluate hydrogen integration 

problems with multiple pinches [66]. One of the main limitations of the pinch analysis approach is the 

inadequacy of handling pressure constraints in hydrogen network design. In response, Ding et al. 

introduced the concept of average pressure profiles, which allows intuitive determination of 

compatibility with a sink based on pressure requirements [67]. 

To optimise the hydrogen network with purification reuse, Zhang et al. proposed a generalised polygon 

rule based on the mass balance of a hydrogen purification process for targeting the pinch location [68]. 

Borges et al. employed an algometric method with the use of hydrogen source diagrams for determining 

the minimum fresh hydrogen consumption target and generating an optimal hydrogen network [69]. 

Furthermore, the insight-based pinch analysis approach has been extended to hydrogen network 

synthesis works involving multiple impurities [70] and purity fluctuations [71]. Although the pinch 

analysis technique provides straightforward and intuitive procedures to target the optimum fresh 

hydrogen consumption before delving into the detailed design of the hydrogen integration network, its 

capability to handle large-scale design problems with operational constraints and economic concerns is 

limited [72]. 

In contrast to the insight-based pinch analysis technique, the mathematical programming method is 

capable of concurrently addressing various considerations systematically by modelling the hydrogen 

integration network designs as optimisation problems through the use of superstructures. Hallale and 

Liu first formulated a superstructure-based mathematical program for optimising hydrogen usage in 
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refineries, addressing pressure constraints and equipment placement for economic and environmental 

benefits [73]. Liu and Zhang subsequently incorporated the superstructure to evaluate various hydrogen 

purification technologies and employed a mixed-integer non-linear programming (MINLP) model to 

choose appropriate purifiers for recovering hydrogen [74]. The study of Kumar et al. demonstrated that 

the MINLP is notably superior to linear programming as it offers a less complicated and more realistic 

solution for hydrogen allocation in the refinery systems [75]. Nevertheless, the consideration of all 

potential connections in the refinery hydrogen network results in a large size for the optimisaiton model. 

Khajehpour et al. thus suggested the use of heuristic rules for reducing the scale of the superstructure, 

which eliminates redundant variables and thereby significantly reduces non-convexities and computing 

time [76]. Thereafter, Liao et al. formulated a mathematical model that offers additional possibilities 

for the network structure in terms of the placement of compressors and purifiers [77]. Considering that 

exergy analysis is a potent tool for assessing and optimising the performance of energy systems, Wu et 

al. incorporated the exergy analysis concept into the developed mathematical model to minimise overall 

exergy consumption of the hydrogen network with constraints on the pure hydrogen load and the inlet 

hydrogen purity of hydrogen-consuming reactors [78]. 

The literature reviewed above assumed that the process conditions remain constant throughout the 

operating time (i.e., single-operating time) when establishing hydrogen targets. However, this 

assumption does not align with reality, where crucial factors like feedstock availability and composition 

[79], operating temperature [80, 81], and pressure [82, 83] may vary, consequently influencing 

hydrogen consumption and allocation. Hence, researchers are also actively engaged in developing 

mathematical models to enable a more flexible hydrogen network design capable of optimal operation 

across different operating periods. For instance, Ahmad et al. extended the preceding automated design 

methodology for multi-period hydrogen network design, which satisfies the demands of hydrogen-

consuming processes in every operating period to minimise the total annualised cost [84]. The devised 

approach was implemented in a case study of a refinery process, considering fluctuating operating 

conditions in the diesel hydrotreating process that led to variations in hydrogen consumption. The 

outcomes demonstrated that the multi-period formulation enhances cost savings in comparison to a 

single-period design approach. 

Table 2.1 presents the compilation of recent literature on hydrogen integration studies, outlining 

employed methodologies, model characteristics, and key contributions. However, it is found that the 

studies have predominantly focused on optimising hydrogen integration with a single objective. Upon 

closer review, it becomes apparent that none of the research has delved into scenarios necessitating 

considerations of both multiple objectives and operating periods. Focusing solely on a single objective, 

such as cost savings, may yield a limited perspective, neglecting crucial trade-offs and intricacies in the 

real-world context. Therefore, the development of a multi-objective, multi-period model for hydrogen 
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integration design emerges as a crucial research avenue to accommodate inherent system variations and 

address complex decision-making environments effectively. 

Table 2.1: List of literature for recent hydrogen integration studies. 

Ref. 
Method* Objective 

Operating 

period Major contribution/ remark 

PA MP Single Multi Single Multi 

[85] V  V  V  
Generalised improved problem table for 

targetting interplant hydrogen networks.  

[86]  V V  V  
Indirect inter-plant hydrogen integration 

with partitioning regeneration units.  

[87]  V V  V  
Integrated hydrogen network and 

hydrotreating units optimisation. 

[88] V  V  V  
Relative concentration-based pinch 

analysis for hydrogen network design. 

[89]  V V  V  
Maximisation of the disturbance resistance 

ability of the network structure. 

[90]  V V  V  
Retrofit design of hydrogen distribution 

network via flexibility analysis. 

[91]  V V   V 
Subperiod partitioning using clustering of 

uncertain operating parameters. 

[92]  V V   V 
Multi-period indirect inter-plant hydrogen 

integration network. 

[93]  V V  V  
Improved nearest neighbour algorithm 

with pressure constraint. 

[94]  V V   V 
Synthesis, flexibility analysis, and design 

of hydrogen network. 

[95] V V V  V  

Two-step inter-plant hydrogen network 

design by combining the pinch insight 

with mathematical programming 

[96] V  V  V  
Retrofit procedure for refinery hydrogen 

networks. 

[97]  V V  V  
Hydrogen network design with pressure 

and impurity constraints using P-graph. 

[98]  V  V V  
Hybrid hydrogen networks for refinery 

and synthetic plants of chemicals. 

[72]  V V  V  
Synthesis of hydrogen networks with 

multi-stage compressors.  

[99]  V V  V  
Pressure discretisation for refinery 

hydrogen network design. 

* Note: PA  - pinch analysis; MP ï mathematical programming.  
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2.2 Hybrid Energy Storage in Hydrogen-based Distributed Energy Systems 

Historically, energy supply infrastructure has been characterised by the centralised model, where power 

plants are designed to supply electricity to large populations, often spanning vast distances and requiring 

intricate transmission and distribution systems [100]. These large-scale centralised energy systems incur 

high development and maintenance costs while encountering various constraints and issues. As a result, 

the energy sector in developed countries is currently experiencing a technological paradigm shift 

towards greater reliance on distributed generation, which involves producing and storing electricity in 

various small, grid-connected, or distributed system-connected units [101]. This approach helps 

minimising power loss associated with the proximity of load and generation, ultimately enhancing 

power system reliability [102]. The adoption of distributed energy generation also enables the proactive 

engagement of consumers in their energy supply, including contributing energy to the system [103]. 

In light of the continuous depletion of conventional fossil fuels and the global commitment to 

environmental sustainability, the integration of renewable resources like solar and wind energies has 

become increasingly pivotal to ensuring a more resilient and eco-friendly energy landscape [104]. This 

transition, however, is not without challenges, as these renewable energy systems are susceptible to 

seasonal and daily climatic variations and geographical conditions [105]. Tackling these challenges 

necessitates the implementation of innovative solutions and cutting-edge technologies to bolster the 

reliability and efficiency of DESs. Effective storage plays a vital role in stabilising the systems by 

serving as an energy buffer against the intermittent output from renewable resources [106]. Batteries 

are commonly used as energy storage in DESs; however, when employed alone, they lack the capability 

for long-term energy storage [107]. Extensive battery usage can negatively impact battery lifespan due 

to deep discharges or prolonged periods at a low state of charge [108]. Besides, there could be a supply-

demand mismatch during periods of minimum resource accessibility despite the use of multiple 

renewable resources. Hence, the adoption of multiple energy storage devices in a renewable DES is 

more advantageous in terms of energy supply reliability and system robustness [109]. 

Considering the versatility of hydrogen as an energy carrier and its interconvertibility in transforming 

back to electricity through fuel cells, integrating hydrogen storage with battery holds promise for 

creating a more resilient system in line with sustainability goals [110]. Several studies have 

demonstrated that safeguarding batteries through a more substantial reliance on hydrogen can mitigate 

usage-related issues on batteries but at the cost of system efficiency and power capacity [111, 112]. 

Taking this into account, Scamman et al. proposed a mathematical model to interpret the integration of 

electrolytic hydrogen technologies with battery and renewable power systems to meet the continuous 

power demand of remote telecom base stations [113]. The research showed a viable compromise in 

which batteries enhance system efficiency and diminish the off-grid hybrid system capacity needs 

through regular daily cycling, while the hydrogen component ensures that the battery state of charge 
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remains within narrow limits, thereby extending battery lifespan. In consideration of ensuring a more 

thorough and reliable prediction of the future performance of a solar PV hybrid battery and hydrogen 

energy storage system, Douglas et al. developed a more precise mathematical model for dynamic 

simulation of both short and long-term energy storage applications [114]. The study stated that while 

the combination of battery and hydrogen fuel cell subnetworks with solar PV optimise the overall 

system performance, it also greatly depends on capacity choices during the design and optimisation 

stages and load requirements. 

Fig. 2.1 demonstrates the influence of energy storage system size on DES expansion planning costs, 

where the investment costs increase with energy storage size augmentation, accompanied by a non-

linear reduction in operational costs. When configuring energy storage, it is essential to avoid excessive 

capacity as it can lead to a significant increase in investment costs. Conversely, insufficient storage 

capacity poses challenges to enhancing system operating efficiency [115]. Consequently, determining 

the optimal configuration of the energy storage unit has become a key focus in numerous studies of 

renewable DESs [116] 

 

Fig. 2.1: DES expansion planning cost versus energy storage size [117]. 

These studies utilise mathematical modelling and pinch analysis to investigate and optimise the 

configuration of hybrid renewable energy systems with battery-hydrogen storage systems. For instance, 

Janghorban Esfahani et al. proposed an extended-power pinch analysis method to determine the optimal 

component size for hybrid renewable energy systems [118]. They introduced the extended-power 

composite curve to visually identify the minimum outsourced electricity and employed extended-power 

cascade analysis for numerical determination of the minimum outsourced electricity and optimal sizing 

of the hydrogen storage system. Janghorban Esfahani et al. later modified the extended-power pinch 

analysis method by considering the efficiencies of the components in the hydrogen storage and 

incorporating the AC-DC coupled system concept to achieve a highly reliable system design [119]. The 
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study indicated that power losses, which diminish the potential of the system, must be considered in the 

design when integrating with hydrogen storage systems.  

To achieve the dual objectives of uncertainty levelling and energy arbitrage concurrently, Hemmati et 

al. introduced an optimisation programming framework determining the optimal storage settings and 

analysing the charging-discharging pattern for both battery and hydrogen storage systems [120]. The 

research confirmed that incorporating a hybrid storage scheme can reduce the operational cost of the 

solar system by 28%, attributed to the energy buffer facilitated by hydrogen storage. Mah et al. 

introduced a multi-period P-graph framework for the optimisation of PV-based microgrids featuring 

hybrid energy storage systems [121]. In addressing the simultaneous targetting of hydrogen and 

electricity demands, Mah et al. extended the study on standalone microgrid optimisation by proposing 

two energy management strategies and employing the particle swarm algorithm to solve the model [37]. 

Furthermore, Akarsu and Gen­ optimised hybrid renewable energy systems with battery and hydrogen 

storage to achieve an uninterrupted electricity supply with the lowest energy cost and carbon emissions 

in the residential region in Kayseri, Turkey [122]. The study reported that the hybrid system emerges as 

the most cost-effective option and results in the lowest carbon emissions by achieving a 68% renewable 

ratio while meeting residential load requirements.  

Based on the above review, it is evident that the incorporation of a hybrid storage system enhances 

reliability and reduces operating costs. However, most current research focuses on monthly and daily 

solar irradiance as inputs and emphasises a single economic criterion ï minimising overall system costs. 

It is important to note that the consideration of environmental criteria is also critical as hydrogen-based 

DESs contribute not only economically but also play a significant role in meeting sustainability goals 

[123]. Besides, as underscored in the study of Janghorban Esfahani et al., energy supply loss needs to 

be taken into account when comes to the design of DESs with hybrid storage. Therefore, it is vital to 

comprehensively assess economic, technical, and environmental factors, recognising potential conflicts 

between these criteria for more holistic capacity planning. 

 

2.3 Methods for Multi-objective Optimisation  

Optimisation plays a crucial role in engineering design, serving to identify the most suitable solution 

within a predefined framework of prioritised criteria and constraints. Depending on the problemôs nature, 

the mathematical optimisation model can take the form of single- or multi-objective optimisation. In a 

single optimisation scenario, where the goal is to maximise or minimise a single quantifiable metric, 

algorithms like simplex, branch-and-bound, and cutting plane are employed to solve various 

mathematical programming models (e.g, linear programming, non-linear programming, mixed integer 

non-linear programming) [124]. However, situations may arise where the optimisation problem 
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involves multiple conflicting objectives, making it challenging to identify a single solution that 

optimises all objectives simultaneously. Therefore, a multi-objective optimisation approach is necessary 

to determine the best possible solution that compromises these conflicting objectives [125]. 

To arrive at a single solution in the context of the multi-objective optimisation problem, a two-stage 

process involving optimisation and decision-making becomes essential [126]. Depending on the 

sequence of these stages, approaches can be categorised as either a priori or a posteriori. Fig. 2.2  

provides an overview of multi-objective optimisation approaches. A priori methods necessitate 

preference information from decision-makers before generating the solution, often transformed into 

weight or coefficients to aggregate multi-objectives into a single objective function [127]. Examples of 

a priori methods include goal programming [128], lexicographic method [129], and weighted-sum 

method [130]. These methods have been applied by researchers to handle process integration problems 

wherein well-defined and explicit preferences from decision-makers are provided. For instance, 

Fuentes-Cort®s introduced an MINLP model for the multi-objective optimisation of a combined heat 

and power system integrated into the grid, where the model facilitates the selection and sizing of both 

the prime mover and the thermal storage tank using the weighted-sum approach to efficiently meet the 

energy demand within a housing complex [131]. Besides, Farouk and Chew implemented a single-step 

multi-objective optimisation approach for a mass-water carbon-hydrogen-oxygen symbiosis network 

by incorporating a sustainability-weighted return on investment metric (i.e., derived from the weighted-

sum approach) into the model [132]. 

 

Fig. 2.2: Overview of the multi-objective optimisation approaches. 

The a priori method also aids researchers in discerning the most appropriate design solution for capacity 

planning and optimisation problems while balancing multiple objectives. Sawik used the lexicographic 

method and integer programming formulations for bi-objective, long-term production scheduling in a 

make-to-order manufacturing setting, aiming to minimise tardy orders while balancing aggregate 
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production over the planning horizon [133]. Leung and Chan formulated a hierarchical pre-emptive 

goal programming model to deal with the aggregate production planning problem of the Chinese surface 

and material science company by optimising profit, repair costs, and machine utilisation of the 

production plant [134]. Furthermore, Bal and Satoglu developed a framework that addresses waste 

electric and electronic product collection, transportation to recycling facilities, and waste material 

recovery processes [135]. The authors employed goal programming to achieve triple-bottom-line 

objectives. The application of the developed model to real-world scenarios has shown that a priori 

methods efficiently produce optimal production schedules and capacity planning within reasonable 

computation timeframes. 

The utilisation of the a priori method in solving multi-objective optimisation problems for hydrogen 

network system design is also demonstrated in several literature studies. Majidi et al. presented a multi-

objective optimisation model to address the cost-emission problem of a battery/PV/fuel cell hybrid 

system with the demand response program, where total cost and carbon emission are concurrently 

optimised via the weighted sum and fuzzy satisfying approach [136]. In addressing a multi-objective 

and multi-period hydrogen refuelling station location problem with long-term planning consideration, 

Kuvvetli proposed a goal programming model to simultaneously optimise the location network plan in 

terms of cost, risk, and population convergence objectives [137]. However, the a priori method which 

is based on pre-defined preferences may introduce biases into the optimisation process, particularly 

when decision-makers encounter difficulties in expressing preferences for conflicting objectives 

accurately [138]. This may result in overlooking intricate trade-offs and compromise among objectives, 

potentially leading to solutions that do not fully align with the true preferences of decision-makers. 

On the other hand, the a posteriori method yields all Pareto-optimal solutions, enabling decision-makers 

to assess and select solutions that best match their desired trade-offs [139]. Pareto-optimal solutions, 

named after Vilfredo Pareto, are solutions in multi-objective optimisation where no other feasible can 

enhance one objective without deteriorating at least one other objectives. In other words, a solution is 

Pareto-optimal when improving one aspect inevitably leads to a decline in another aspect. Prominent a 

posteriori methods include Ů-constraint and multi-objective metaheuristic approaches. The Ů-constraint 

method transforms the multi-objective problem into a series of single-objective optimisation tasks, 

resulting in a set of Pareto-optimal solutions by systematically optimising individual objectives while 

imposing constraints on the influence of other objectives. However, its practical application becomes 

increasingly complex and time-consuming as the number of objectives grows due to the limited 

flexibility of the Ů-constraint [140, 141]. Consequently, multi-objective metaheuristic optimisation 

approaches are often preferred for approximating the Pareto front in scenarios with higher-dimensional 

objective spaces and intricate trade-offs among multiple conflicting objectives [142]. 
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Drawing inspiration from natural processes or phenomena, metaheuristic algorithms efficiently 

navigate search spaces to discover near-optimal or optimal solutions. Researchers have developed a 

variety of metaheuristic algorithms, categorised by their sources of inspiration, such as evolutionary, 

swarm-based, physics-based, and human-based methods. Table 2.2 shows the timeline of the 

development of several widely utilised metaheuristic algorithms. Nevertheless, ongoing efforts are 

dedicated to enhancing existing algorithms and introducing new ones to evaluate their efficacy in 

addressing specific problems across diverse research domains, as the No Free Lunch theorem asserts 

that no single metaheuristic can universally outperform others in all optimisation problems [143]. The 

subsequent delves into a detailed exploration of the application of multi-objective metaheuristic 

algorithms in addressing the capacity planning problem for hydrogen-based DESs. 

Table 2.2: Examples of metaheuristic algorithms. 

Algorithms Developer Category Year Ref. 

Genetic algorithm  John Holland Evolutionary 1971 [144] 

Simulated annealing Kirkpatrick et al. Physic-based 1983 [145] 

Ant colony optimisation Marco Dorigo Swarm-based 1992 [146] 

Particle swarm optimisation Kennedy and Earhart Swarm-based 1995 [147] 

Harmony search algorithm Geem et al. Human-based 2001 [148] 

Artificial bee colony algorithm Karaboga and Basturk Swarm-based 2005 [149] 

Gravitational search algorithm Rashedi Physic-based 2009 [150] 

Firefly algorithm Xin-She Yang Swarm-based 2010 [151] 

Blackhole algorithm Abdolreza Hatamlou Physic-based 2013 [152] 

Whale optimisation Mirjalili and Lewis Swarm-based 2016 [153] 

Grasshopper optimisation Saremi et al. Swarm-based 2017 [154] 
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2.4 Multi-objective Optimisation of Hydrogen-based Renewable Energy Systems 

 

Fig. 2.3: Procedure for multi-objective optimisation using a posteriori method [155]. 

As previously mentioned, the multi-objective optimisation using the a posteriori method such as the 

metaheuristic approach involves two stages (see Fig. 2.3). In the first stage, a maximum number of non-

dominated solutions based on objective functions are identified, which represents the trade-off between 

conflicting objectives. One of the most prominent metaheuristic algorithms for multi-objective 

optimisation across numerous benchmark problems is the non-dominated sorting genetic algorithm II 

(NSGA-II). It is a robust search method inspired by natural selection, drawing from Darwinôs theory 

[156]. The fundamental concept involves creating an exhaustive list of candidate solutions that evolve 

towards the optimal solution to address multi-objective optimisation problems. Numerous prior studies 

have adopted NSGA-II to solve intricate capacity optimisation challenges related to hydrogen-based 

DESs. For instance, Huang et al. utilised an NSGA-II to tackle a tri-objective optimisation challenge in 

designing and sizing a standalone PV-hydrogen-batteries energy system, where the optimisation criteria 

encompassed reliability, energy waste, and system costs [157]. Similarly, Adeyemo and Amusan 

employed the NSGA-II algorithm to address a comparable tri-objective optimisation model concerning 

a hybrid renewable energy system integrating PV, battery, and hydrogen [158].  

Another renowned metaheuristic algorithm is the multi-objective particle swarm optimisation algorithm 

(MOPSO), which was developed by Coello et al. in 2004 [159]. It integrates the concept of crowding 

to determine the optimal position within the population and employs domination to discard inferior 
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solutions following the update of position and velocity of each iteration, thus effectively resolving 

conflicts among multiple objectives. Duchaud et al. used MOPSO to optimise the sizing of a hybrid 

wind/PV/battery power plant, aiming to minimise the annualised system costs and imported energy 

while ensuring load supply [160]. Bedakhanian et al. investigated a hybrid energy system utilising a 

parabolic trough solar collector to generate clean electricity, cooling, and hydrogen [161]. MOPSO was 

employed to optimise system performance, revealing that the system can produce 15.385 kW of net 

power in optimal conditions. Recently, Zhu et al. applied NSGA-II and MOPSO algorithms to account 

for economic, environmental, and grid interaction benefits during the design and optimisation of a 

hybrid wind/PV energy system integrating hydrogen and thermal storage for fulfilling the electrical and 

heating requirements of a student dormitory in Shanghai [162]. 

Some researchers further enhance existing metaheuristic algorithms by modifying computational 

components such as genetic operators or integrating auxiliary components into the algorithm to improve 

their performance or tailor them to specific problem domains [163]. For instance, Xu et al. employed a 

reinforcement learning-based NSGA-II to determine the optimal configuration of a stand-alone 

wind/PV/hydrogen system [164]. The incorporation of reinforcement learning into the algorithm 

facilitates the learning of positive values for control parameters during evolutionary processes by 

providing rewards for highly efficient parameter values. This overcomes the limitation of traditional 

NSGA-II, wherein certain control parameters such as crossover and mutation probability require 

manual configuration. Hou et al. employed a modified harmony search algorithm to devise an optimal 

configuration model for a hybrid system involving solar and hydrogen energy for electrification of a 

remote area in green buildings [165]. Likewise, their findings reveal that the newly proposed algorithms 

outperform the original harmony search algorithm.   

Additionally, He et al. employed an enhanced particle swarm optimisation (PSO) algorithm augmented 

with the immune clone concept to explore the Pareto front of novel hybrid renewable integrated energy 

systems with hydrogen refuelling, aiming to minimise the lifetime cost of comprehensive loads, exergy 

externality rate, and hydrogen hiatus rate [166]. The authors reported that the enhanced PSO algorithm 

yields more satisfactory solutions compared to the original PSO as it improves local searching and 

enables escape from local optima. Le et al. proposed a multi-objective modified firefly algorithm for 

achieving optimal design and operation for hydrogen/battery hybrid energy storage systems, accounting 

for component degradation and volatility in energy costs [167]. This study also demonstrated that the 

modified algorithm exhibits greater accuracy and robustness in optimising the design and operation of 

energy storage systems compared to NSGA-II.  

Besides algorithm modifications, the overall performance of multi-objective metaheuristic-based 

approaches can also be enhanced by combining different algorithms, which is known as metaheuristic 

hybridisation. This approach leverages the unique strengths of individual algorithms while mitigating 
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their weaknesses, resulting in improved computational efficiency and accuracy [168]. Elnozahy et al. 

introduced a novel hybrid particle swarm optimisation ï grasshopper optimisation algorithm (PSO-

GOA) to optimise a hybrid microgrid system integrating PV and wind turbine energy sources with 

battery storage systems. Their study provides valuable insights for policymakers on electrifying 

standalone microgrids and assists energy engineers in selecting battery-based mixes based on levelised 

cost of energy and GHG emissions [169]. Jahannoosh et al. presented a hybrid metaheuristic algorithm 

named hybrid grey wolf optimiser-sine cosine algorithm for optimising the size of components in a 

PV/wind turbine/fuel cell renewable energy system with the objective of minimising lifespan cost of 

the hybrid system while considering the reliability constraints of supplying the demand of residential-

commercial centers in Iran [170]. Furthermore, El-Sattar et al. utilised the mayfly optimisation 

algorithm, i.e., a modified version of PSO that integrates crossover and local search techniques to design 

an isolated solar-biomass-based hybrid power system for meeting the electricity demands of a small 

remote area in the Western Desert of Egypt [171]. These studies confirmed that hybrid metaheuristics 

outperform conventional metaheuristic algorithms in terms of both convergence speed and accuracy, 

demonstrating their superior performance.  

However, only a single optimal solution can be selected to implement in practice, thus ranking the non-

dominated solutions generated in the first stage is essential to determine the compromise solution that 

best aligns with the preferences of decision-makers. In the second stage, multi-criteria decision-making 

(MCDM) techniques are typically employed to ascertain the best compromise solution based on 

weighted preferences for each objective. Various well-established MCDM methods, such as the 

Technique for Order of Preference by Similarity to Ideal Solutions (TOPSIS), VIseKriterijumska 

Optimizacija I Kompromisno Resenje (VIKOR), Preference ranking organisation method for 

enrichment evaluation (PROMETHEE), and Neutrosophic Multi-criteria Evaluation (NMCE), can be 

utilised to evaluate complex decisions against predefined criteria and objectives. A comparison of 

MCDM methods is summarised in Table 2.3. 

Table 2.3: Summary of MCDM techniques [172-175]. 

Method TOPSIS VIKOR PROMOTHEE NMCE 

Input 
Ideal and non-ideal 

option weights 

Best and worst 

option weights 

Indifference and 

preference 

thresholds weights 

Degree of 

satisfaction, 

dissatisfaction, and 

indeterminacy  

Output 

Complete ranking 

with closeness 

score to ideal and 

distance to non-

ideal 

Complete ranking 

with closeness 

score to the best 

option 

Partial and 

complete ranking 

Complete ranking 

with performance 

efficiency  

Suitability 
Can be easily 

applied with 

Can be easily 

applied where the 

It depends on the 

preference degree 

It considers 

indeterminacy 
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minimal input data 

required. The 

number of steps 

remains the same 

regardless of the 

criterion numbers. 

computational 

process is simple. 

It focuses on 

ranking and 

selecting from a set 

of alternatives 

under conflicting 

criteria. 

computation to 

identify the more 

appropriate 

alternative and 

analyse how 

criterion weight 

impacts the 

alternative position. 

factors to evaluate 

the options to 

prevent bias or 

acquire wrong 

information. It also 

allows the selection 

of alternatives 

performed in fuzzy 

and intuitionistic 

environments. 

NMCE has garnered recent attention due to its ability to handle indeterminate information without 

relying on criterion priority weights, which can introduce cognitive bias and decision management 

errors. For example, Tapia et al. utilised the neutrosophic data envelopment analysis technique to select 

energy storage technologies, addressing inherent uncertainty in novel technologies [176]. S§nchez-

Garrido et al. employed neutrosophic group analytical hierarchy process for sustainability assessment 

in single-family home design, considering 43 indicators across all life cycle stages [177]. However, it 

is found that the neutrosophic approach is mainly used for analysing interval point data with 

indeterminacy factors, particularly in technology selection scenarios where classical MCDM 

approaches fall short. 

TOPSIS and VIKOR are popular MCDM techniques due to their simplicity, rationality, and 

computational efficiency. Chen et al. combined NSGA-II with TOPSIS to address a multi-objective 

model for selecting overseas oil projects, where TOPSIS identified the best-compromised solution 

among the Pareto-optimal investment portfolios based on investor preferences [178]. Maleki et al. 

utilised TOPSIS and VIKOR for optimising the design of a finned latent heat thermal energy storage 

unit configuration. These techniques determined design points per weight of objectives based on Pareto-

optimal points obtained using the NGSA-II algorithm and grouped method of data handling predictive 

models [179]. The authors concluded that the design points provided by the TOPSIS method were more 

accurate for the given problem compared to those of the VIKOR method. In the aforementioned study 

by Xu et al., following the determination of objective weights using the Criteria Importance Through 

Intercrieria Correlation method, the authors also applied TOPSIS to identify the singular optimal 

solution from a multitude of Pareto solutions [164]. Based on the reviewed literature, it is found that 

TOPSIS is more commonly utilised compared to VIKOR in the domain of optimising hybrid energy 

systems [180-184]. 
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2.5 Green Hydrogen Supply Chain Design 

The wide variety of sources for hydrogen production and extraction methods makes hydrogen a 

promising energy carrier for both developed and developing nations. Nevertheless, the extensive range 

of choices creates significant challenges in forming an efficient supply chain. A supply chain refers to 

a network comprising three or more entities (organisation or individuals) engaged in the upstream and 

downstream product flows, services, finances, and information from a source to a customer [185]. 

Hydrogen supply chain management employs various strategies to seamlessly integrate energy source 

supply, hydrogen production, storage, and distribution (see Fig. 2.4). This ensures that hydrogen is 

generated and delivered in optimal quantities, reaching designated locations punctually, while 

minimising overall system expenses and fulfilling service requirements [186]. 

 

Fig. 2.4: Example of the hydrogen supply chain. 

To establish an efficient and reliable hydrogen supply chain (HSC), understanding process pathways, 

assessing local resource availability, and navigating trade-offs among supply chain components are 

crucial. As a result, numerous studies have explored the design and optimisation of the HSC. 

Almansoori and Shah developed a steady-stated model to determine the optimal design of a prospective 

HSC in Great Britain, incorporating medium-to-large centralised hydrogen production facilities, 

transporting modes, and large-scale storage for vehicular applications [187]. Likewise, Kamarudin et 

al. examined hydrogen demand in Peninsular Malaysia, focusing on identifying the most efficient 

hydrogen delivery network using truck transportation [188]. To address a gap in studies incorporating 

emissions targets and carbon tax into the model, Almansoori and Betancourt-Torcat proposed an HSC 
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design approach for regions or countries subject to emission constraints [189]. Expanding the scale to 

the international level, Kim et al. optimised a global HSC involving multiple countries (Australia, 

Indonesia, Russia, Qatar, Chile, India, and the United Arab Emirates) through mixed-integer linear 

programming (MILP) [190]. Wickham et al. introduced a spatially-resolved HSC optimisation model 

for transport applications, considering purification technologies and required purity grades essential for 

meeting fuel cell electric vehicle requirements and avoiding fuel cell poisoning [191].  

Given the potential for encountering stochastic scenarios involving time-varying hydrogen demand, 

substantial research has been dedicated to developing multi-period stochastic MILP models to address 

demand uncertainty. For instance, Kim et al. improved HSC design by creating a stochastic model and 

evaluating network costs under uncertain hydrogen demand, offering insights for future HSC 

development in Korea [192]. Almasoori and Shah addressed uncertainty arising from long-term 

fluctuations in hydrogen demand using a scenario-based approach, suggesting that centralised 

production facilities with a combination of truck and rail delivery, along with storage facilities of 

varying sizes, are the most viable solution [193]. Dayhim et al. introduced a muli-period optimisation 

model that considers stochasticity and the impact of uncertainty in hydrogen production, storage, and 

usage for the planning of a sustainable HSC infrastructure at a macro level (e.g., country level) [194]. 

Nunes et al. created a generic framework combining a reformulated two-stage stochastic mixed-integer 

programming model and the sample average approximation technique to design an HSC while taking 

into account the inherent uncertainty associated with future hydrogen fuel demand [195]. The proposed 

methodology was successfully implemented in a Great Britain case study and is expected to drive 

progress in establishing a suitable infrastructure for the commercialisation of hydrogen in the car market, 

ultimately contributing to a reduction in both greenhouse gas and audible noise. Fazli-Khalaf proposed 

a mixed fuzzy possibilistic flexible programming approach to manage real-world orientated 

uncertainties, enhancing the reliability of the HSC [196].  

Certain scenarios necessitate the evaluation of multiple sustainability criteria within the HSC. In such 

cases, making direct and well-informed decisions during the HSC design can be challenging due to 

potential interconnections and conceptual overlaps among these criteria. This requires decision-makers 

to possess a comprehensive understanding of the problem and be capable of discerning the trade-offs 

among all objectives. To address the design of HSC with a simultaneous consideration of economic cost 

efficiency, safety, and low CO2 emissions, Han et al. introduced an optimisation modelling approach 

that employs fuzzy multi-objective programming to achieve a compromise solution balancing cost 

efficiency of hydrogen supply, safety assurance, and cost efficiency of CO2 mitigation in the HSC design 

[197]. Through a case study of the future HSC in Korea, the proposed approach has the potential to 

serve as a systematic decision-making tool for policymakers in determining investment strategies for 

hydrogen infrastructure development. In addition, Sabio et al. introduced a two-step sequential 
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approach for strategic planning of HSC for vehicle use, which is formulated as a multi-objective multi-

scenario MILP problem [198]. The approach is demonstrated with a case study in Spain, enabling the 

control of economic performance variation in the hydrogen network by incorporating a risk metric and 

employing an efficient decomposition method for solution optimisation. 

The a posteriori approaches can aid decision-makers in the selection of solutions that align with their 

preferences and priorities across various criteria through the generation of a Pareto front. One of the 

most prominent a posteriori approaches is the Ů-constraint method, which is widely used by researchers 

in addressing multi-objective HSC optimisation problems. For instance, De-Le·n Almaraz et al. 

implemented an Ů-constraint method to discover optimal solutions for HSC network design problems 

encompassing different sustainability objectives such as associated cost, global warming potential, and 

safety risk [199]. The authors then applied a modified synthetic evaluation method to rank and 

determine the best solution for multi-objective HSC design. A similar multi-objective HSC optimisation 

problem was also addressed by Ochoa Bique et al. using the Ů-constraint method for the development 

of a sustainable HSC network in Germany [200]. De-Le·n Almaraz et al. later extended their multi-

objective work to the design of a five-echelon HSC considering various geographical levels of 

implementation [201]. On the other hand, Li et al. proposed a life cycle optimisation modelling 

framework to improve economic and environmental performance measures during the design of HSC 

by incorporating both life cycle costing and life cycle assessment [202]. The proposed bi-objective 

model is resolved using the Ů-constraint method, and the result indicated that the inclusion of life-cycle 

costing and life-cycle assessment enables a thorough depiction of cost and emissions associated with 

the HSC.  

Recently, there has been a notable shift in research focus towards the development of a green hydrogen 

supply chain (GHSC), leveraging renewable resources such as biowaste, solar, and wind energies. This 

shift is driven by growing concerns over the environmental impacts of conventional hydrogen 

production methods, notably their substantial carbon footprint and reliance on carbonaceous fuels. Table 

2.4 provides a comprehensive overview of studies dedicated to GHSC design, showing their research 

type, renewable resources used, model structure, and key contributions.  
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 Table 2.4: List of literature related to GHSC studies. 

Type of 

study 

Renewable resource 
Model 

type 

Software/ 

method 

Objective function 

Major contribution Ref. 
Solar, wind 

(for 

electrolysis) 

Biowaste 
Cost 

/profit 

Environ. Social/ 

safety 

Supply chain 

optimisation 
 V MILP 

GAMS with 

CPLEX 12.0 

solver 

V   

¶ Comprehensive strategy for the long-

term planning of a biomass-based 

hydrogen energy system. 

¶ Analysed its sustainability for both 
energy security and environmental 

protection. 

[203] 

Supply chain 

optimisation 
 V P-graph - V   

¶ Synthesise a POME-based bio-

hydrogen network using the P-graph 

method. 

¶ Included substations design in the 

network with the consideration of 

geographical factors. 

[204] 

Supply chain 

optimisation, 

techno-

economic-

environment 

analysis 

V  MILP 

GAMS/ IBM 

ILOG with 

CPLEX 30.3.0 

solver 

V   

¶ A mathematical framework that maps 
the HSC, strategically balancing 

trade-offs to maximise green 

hydrogen production in the energy 

mix. 

¶ Easy application across diverse 
sectors, allowing for adjustments in 

source-sink mapping and hydrogen 

utilisation with provided data. 

[8] 

Life cycle 

assessment 
V  - 

CML-IA baseline 

V3.06 

characterisation 

method 

   

¶ Cradle-to-gate life cycle assessment 

of seven distinct hydrogen delivery 

pathways. 

¶ Considered various scenarios with 
factors such as different distances 

and daily hydrogen demands to 

identify environmental hotspots.   

[205] 
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Supply chain 

optimisation 
V  DIETER GAMS V   

¶ Investigated various HSCs for road-

based passenger mobility in future 

scenarios with high levels of variable 

renewable electricity. 

¶ Utilised an open-source cost-

minimisation model with a 

technology-rich well-to-tank 

perspective that co-optimises the 

power sector alongside four HSCs.     

[206] 

Supply chain 

optimisation 
V  - 

Matlab with 

black-box 

optimisation 

V   

¶ Demonstrated the feasibility of a 
novel maritime mobility model based 

on existing hydrogen technologies. 

¶ Promoted decarbonisation in the 
maritime sector by introducing 

hydrogen as a clean ship fuel and 

addressing its entire supply chain. 

[207] 

Supply chain 

optimisation 
V  MILP 

Matlab with 

Gurobi solver 
V   

¶ Simulated refuelling loads in the 
transportation system for hydrogen 

fuel cell vehicles using the k-shortest 

path method. 

¶ Optimised GHSC to achieve synergy 
effects and economic benefits. 

¶ Considered the capacity of various 
facilities to ensure the satisfaction of 

hydrogen fuel cell vehicles refuelling 

load based on the pipe topology 

derived from a real urban 

transportation network.  

[208] 

Supply chain 

design 

evaluation 

V  - -    

¶ Introduced HSC design concepts for 
transporting green hydrogen from 

offshore to onshore for consumer 

availability. 

¶ Provide fundamental data on 
different HSC concepts to create 

[62] 
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offshore HSC in the early design 

stage. 

Supply chain 

planning 
V V - -    

¶ Introduced a planning matrix for 
GHSC through a content analysis-

based literature review. 

¶ Presented a future research agenda to 
aid in selecting optimal solutions for 

planning tasks in GHSCs, 

considering the main goals set by 

hydrogen roadmaps and different 

phases of market development for 

GHSCs. 

[209] 

Supply chain 

optimisation 
V  - HOMER V 

 

 

¶ GHSC model that supplies hydrogen 
and more affordable electricity to 

other island communities. 

¶ Serves as a guide for small, clustered 
communities seeking opportunities to 

install renewable generation. 

[210] 

Supply chain 

optimisation 
V  MILP 

Python with 

Gurobi solver 
V V V 

¶ Incorporated hydrogen transportation 
within grids, considering associated 

costs, carbon emissions, and risks.  

¶ Employed the weighted sum method 
to solve the multi-objective problem. 

[211] 

Supply chain 

optimisation 
V V MILP GAMS V V  

¶ Developed an international network 
with regional countries as target 

points for hydrogen exportation. 

¶ Addressed uncertainty in the GHSC 
network. 

¶ Implemented a sustainable model 
considering state policies on 

environmental issues and GHG 

emissions. 

[212] 

* Note: The model type and objective function columns are only applicable for supply chain optimisation studies.
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As displayed in Table 2.4, the studies concerning GHSC design are comprehensive, covering supply 

chain optimisation, techno-economic assessments, and environmental assessments. Despite extensive 

attention to supply chain optimisation using advanced modelling and optimisation tools, the integration 

of biowaste as a renewable feedstock for green hydrogen production in supply chain design remains 

relatively sparse. Meanwhile, studies that have explored integrating the biowaste-to-hydrogen concept 

into GHSC design overlook the potential of various forms of agro-waste as green hydrogen feedstock. 

For instance, while Cho and Kimôs study presents a promising superstructure-based framework for a 

biomass-based hydrogen energy system, it exclusively considered solid biomass residues (e.g., 

sugarcane and corn stover) [203]. It should be noted that agricultural waste and by-products can also be 

present in liquid or gaseous forms, originating from various sources such as wastewater generated in 

the agro-processing industry and organic waste decomposition in agricultural residues via anaerobic 

digestion [213, 214]. This oversight suggests that existing superstructure frameworks may oversimplify 

the integration of agro-waste subnetworks into GHSCs, as different treatment systems are necessary to 

efficiently utilise these biowastes. Moreover, while the economic aspect is paramount in determining 

GHSC feasibility, environmental and safety considerations must not be overlooked during the design 

phase. Therefore, more research efforts can be directed towards these avenues to establish a sustainable 

agro-waste GHSC.  

 

2.6 Summary of Research Gaps 

The literature review reveals several significant gaps, as summarised in Table 2.5. Hence, this thesis 

aims to bridge these gaps by developing comprehensive multi-objective optimisation frameworks for 

green hydrogen-based DES with hybrid energy storage and GHSC based on the defined research 

objectives in Section 1.5. 

Table 2.5: List of research gaps. 

Research Gaps Description 

Lack of studies of optimising 

green hydrogen-based DES with 

hybrid energy storage to meet 

hydrogen and electrical loads 

¶ This complicates the task of DES designers in determining 

the optimal layout, storage, and production capacity of each 

component. 

¶ The challenge is further heightened by the temporal 

variation in renewable resource availability.  

Neglection of biowaste diversity, 

environmental, and safety factors 

in biowaste-based GHSC designs. 

¶ Previous works did not account for all forms of biowaste as 

potential green hydrogen feedstocks. 

¶ If available biowaste resources are not fully utilised, it can 

lead to ecological issues due to unmanaged waste disposal.  

¶ Neglecting environmental and safety criteria could 

compromise the sustainability and viability of the GHSC.  
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Chapter 3: Scopes and Methodology of Research 

This chapter summarises the proposed scopes and methodology used to address the research gaps found 

in the study of sustainable hydrogen and electricity networks.  

 

3.1 Scope 1  

Develop a multi-criteria optimisation framework for the design of solar-biomass-based hydrogen 

and electricity co-supply hub  

The first scope of this research revolves around formulating an optimal configuration for hydrogen and 

electricity co-supply hub (HECH) leveraging solar and locally available biomass sources. The HECH, 

introduced in the study, characterises the DES supplying renewable hydrogen and electricity in 

industrial symbiosis. To achieve Research Objective (1), the superstructure of the solar-biomass-based 

HECH integrated with storage devices will be studied. Subsequently, the HECH configuration across 

various scenarios such as designs without storage, utilising single storage (i.e., battery or hydrogen 

storage unit), and hybrid storage systems will be optimised using advanced mathematical optimisation 

tools. The evaluation of different designs highlights the importance of diverse storage technologies in 

meeting simultaneous hydrogen and electrical load requirements.  

As mentioned earlier, a key challenge in designing a sustainable green-hydrogen-based DES is 

determining the best equipment production and storage capacity given fluctuating sources and demands, 

which could be a non-deterministic polynomial-time hard (NP-hard) problem. An NP-hard problem is 

a computational problem that is at least as hard as the hardest problems in the NP complexity class, 

making it highly challenging to solve efficiently. To address Research Objective (2), a metaheuristic-

based approach will be employed to find the optimal capacity setup for a cost-effective and reliable 

HECH. Several criteria such as loss of hydrogen and power supply probabilities (LHSP and LPSP) will 

be introduced to measure HECHôs supply stability, along with potential energy waste probability 

(PEWP) to gauge operational energy wastage. The TOPSIS method will be applied to rank solutions 

and facilitate decision-making by identifying the best-compromised solution across all criteria. 

Considering the No Free Lunch principle, the results derived from various promising multi-objective 

metaheuristic algorithms identified from the literature will be evaluated to determine the most suitable 

one for this optimisation study.   
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3.2 Scope 2 

Synthesise an optimisation framework for the design of a biowaste-based green hydrogen supply 

chain with the consideration of economic, environmental, and safety aspects 

The second scope of the research extends to designing a regional GHSC, which necessitates 

comprehensive considerations including the biowaste collection and transportation subnetwork, green 

hydrogen production, storage, and distribution technologies. To meet Research Objective (3), a GHSC 

superstructure integrating the biowaste collection and transportation subnetwork, accommodating all 

forms of biowaste products, will be formulated. Given the imperative of determining optimal 

transportation routes and optimising inventory placement, a supply chain modelling and optimisation 

tool supporting Geographical Information System (GIS) data sources will be deployed to facilitate 

geographical mapping, which aids in visualising and comprehending the spatial distribution of various 

elements within the supply chain network.  

To address the intricate trade-offs among sustainability factors (i.e., economic, environmental, and 

safety) in GHSC design, an Ů-constraint method will be employed as is widely utilised in multi-objective 

optimisation for supply chain design (see Section 2.5). Prior to this, comprehensive techno-economic 

analysis, environmental assessment, and safety index calculations will be conducted to quantify all 

sustainability factors. Furthermore, the optimal GHSC designs under individual sustainability criteria 

and the consideration of multiple criteria concurrently will be evaluated to discern the significance and 

constraints of a multi-criteria GHSC design. 

 

3.3 Research Methodology 

The flowchart in Fig. 3.1 illustrates the proposed research methodology. The initial phase involves a 

comprehensive literature review, focusing on understanding existing research on green hydrogen-based 

DES and GHSC designs. Subsequently, critical research gaps are identified by analysing unanswered 

research questions and unexplored concepts within the aforestated research field. To address and fill the 

identified research gaps, the aim of the research along with specific objectives is defined, followed by 

formulating research scopes and methodology.  
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Fig. 3.1: Flowchart of the research methodology.
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Chapter 4: Sustainable Hydrogen and Electricity Co-supply Network with 

Hybrid Storage System 

4.1 Introduction 

Leveraging renewable resources like solar energy and biogenic waste for green hydrogen production is 

a critical step toward achieving a carbon-neutral industrial economy. While the potential of biological 

hydrogen production in waste remediation and clean energy generation is recognised, no research has 

yet focused on optimising supply-demand networks for hydrogen and electricity using fermentative and 

solar-electrolytic technologies. Additionally, the sustainability performance of such renewable-based 

energy systems with storage capabilities remains largely unexplored. To address these gaps, Chapter 4 

introduces a novel optimisation framework using mathematical programming for the design of a green 

hydrogen-based distributed energy system (DES), referred to as the hydrogen and power supply facility 

(HPSF). This chapter emphasises the optimisation of HPSF component layouts and the integration of 

process flows to effectively meet hydrogen and electricity demands. This research represents the first 

effort to develop an optimisation framework for green hydrogen networks that combine solar- and 

biomass-based hydrogen production systems.  

To determine the optimal HPSF configuration considering various sustainability criteria, the 

mathematical model is formulated as a multi-objective and multi-period optimisation problem with a 

weighted-sum objective function known as the sustainability-weighted return-on-investment metric 

(SWROIM). The study concurrently evaluates and optimises both the economic and environmental 

performance of the HPSF. The economic criterion accounts for the capital and operational costs, while 

the environmental criterion considers the carbon footprint associated with imported hydrogen, grid 

electricity needed to meet consumer demand, and any unused biohydrogen produced by the HPSF. The 

optimisation problem is solved using the commercial optimisation software LINGO v13.0 with the 

global solver invoked (see Appendix 1 for model formulation code). To demonstrate the feasibility of 

the proposed framework, a case study is introduced involving an industrial symbiosis network 

composed of biomass producers, as well as hydrogen and electricity consumers.  
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