National University of Lesotho ——

N,

Energy

%‘BM Research Centre

A Chemical Process Design for Green
Hydrogen Production Through Water
Electrolysis in Lesotho

Tsepiso Angelina Ramaisa (202200038)

A dissertation submitted in partial fulfilment
of the requirements for the degree of

Master of Science in Sustainable Energy

Offered by the

Energy Research Centre
Faculty of Science & Technology

July 2024




ABSTRACT

This research addresses the pressing need for process design models that are specifically
adapted to Lesotho's distinct resource profile, particularly its vast hydroelectric capacity. At
present, there is a noticeable gap in process models designed for green hydrogen production
that take into account the unique energy conditions of Lesotho. To address this shortcoming,
the study presents a detailed chemical process design for hydrogen production through water
electrolysis, utilizing Lesotho’s renewable energy. The process model developed includes
detailed mass balances to ensure precise quantification of material flows. Critical process
parameters, including molar and mass fractions as well as stream molar flow rates, are defined
to accurately describe the system, providing a solution that is specifically optimized for
Lesotho's energy resources. The key unit operations, including separators, mixers and an
electrolyser, are carefully modelled. Separators are used for phase separation and component
purification, while mixers are designed to efficiently combine process streams. The
electrolyser, central to the process, is modelled according to the electrochemical reactions
which take place and mass transfer considerations. To ensure accurate phase equilibrium
calculations, the Rachford-Rice equations are applied. Additional equations are formulated to
characterise equipment performance and to address system constraints, such as product purity
requirements. The developed model serves as a tool for enhancing hydrogen production and
assessing overall process efficiency. It offers a framework for examining how different
operating conditions and design parameters affect system performance. Future research should
focus on incorporating renewable energy sources like wind and solar to diversify and enhance
the sustainability of hydrogen production in Lesotho. Performing comprehensive energy
balances will offer deeper insights into the system's efficiency and potential for optimization.
Moreover, including economic and environmental assessments will provide a more thorough
evaluation of the commercial feasibility of green hydrogen production in the country. These
suggestions not only address current gaps but also lay the groundwork for developing a more
integrated and scalable model for green hydrogen production, which could be applied to other
regions with similar renewable energy resources, supporting both regional and global efforts

towards sustainable energy transitions.
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1 INTRODUCTION

1.1 Background

The escalating global demand for primary energy, driven by economic expansion, population
growth, and technological progress, is predominantly met by fossil fuels. However, this
reliance on fossil fuels leads to substantial greenhouse gas emissions, exacerbating climate
change. Therefore, it is crucial to focus on alternative sources to mitigate the consequences of
climate change [1]. One of the most promising clean and sustainable energy sources is

hydrogen, which does not emit any carbon but only produces water as a by-product [2].

Lesotho's energy sector has consistently been under the control and dependence of two
government-owned entities: the Lesotho Electricity Company (LEC), serving as the exclusive
transmitter, distributor, and supplier of electricity, and the Lesotho Highlands Development
Authority (LHDA), acting as the primary power producer through the 'Muela hydropower
(MHP) station [3]. Despite this, a new entity, the Lesotho Electricity Generation Company
(LEGCO), has been established in 2022 to develop a 30MW solar facility in Ha Ramarothole
[4]. The peak energy demand has been constantly increasing over the past years, reaching 204
MW in 2022, and has greatly surpassed the 72 MW hydropower domestic generation, which
has been stagnant since 1998 [5], [6].

Given the anticipated energy crisis, it is imperative to investigate all technically exploitable
energy resources. Consequently, Lesotho has a chance to diversify its energy sources and
diminish reliance on imported fossil fuels by tapping into the potential for green hydrogen
production from renewable sources. Lesotho has ample renewable energy resources, including
hydro, solar, and wind. The daily solar radiation levels in Lesotho range from 4.5 to 6.5
kWh/m? on average, with certain regions in the South West experiencing even more substantial

averages exceeding 7 kWh/m?/day [3].

According to Mpholo et al [7], Lesotho has more than 5 m/s at 10 m above ground level (a.g.l)
wind speed at modelled potential sites. Such sites include Lets’eng-la-Terae, Sani and Masitise,
and they have average wind speeds of 4.93 m/s, 5.5 m/s, and 5.97 m/sat 10 m a.g.l. Concerning
hydroelectric power, Lesotho has numerous rivers and dams that represent promising locations

for energy generation, as shown in Figure 1.
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Figure 1: Water catchment areas and hydrometric stations [8].

A substantial portion of the global hydrogen supply is generated through steam methane
reforming (SMR). However, the noteworthy drawback of SMR lies in its carbon dioxide
emissions, releasing over five kilograms of CO, for every kilogram of hydrogen produced,
thereby contributing to an increase of the greenhouse effect. As a result, water electrolysis
presents a potential and environmentally friendly alternative for generating hydrogen without
emitting carbon dioxide. It is essential to emphasize that the carbon-neutral benefit depends on
obtaining the necessary energy from renewable sources, considering the substantial energy

intensity associated with the electrolysis process [1], [9-13].

This emerging electrolysis technology harnesses renewable energy from the sources such as
solar and wind, along with water, to generate hydrogen. The process prevents the emission of
extra carbon dioxide or detrimental gases into the atmosphere. Green hydrogen shows the
potential as a resolution to diverse environmental issues associated with traditional hydrogen
production (SMR) , which predominantly depends on fossil fuels [14]. At present, the share of
global green hydrogen production from water electrolysis is limited to 5%, primarily because
fossil fuel-derived black/grey/blue hydrogen is more cost-effective [15]. Therefore, the primary
obstacle in the production of green hydrogen is the cost economics or LCOH (Levelized Cost
of Hy).



The most promising green hydrogen production technologies include alkaline electrolysis
(ALE), polymer electrolyte membrane (PEM), and solid oxide electrolysis (SOE). Among
these, ALE has achieved the highest level of commercial advancement, while PEM and SOE
are still in the early stages of development and have a lower technology readiness level (TRL)
[16]. Moreover, hydrogen is considered an energy carrier that can store or deliver a significant
amount of energy. The energy density of hydrogen is nearly three times higher than that of
gasoline or diesel with a Higher Heating Value (HHV) of ~141.9 kJ/g and a Lower Heating
Value (LHV) of ~119.9 kJ/g [17]. The environmental impact of hydrogen compared to the

other fuels can be quantified through the following equations [17]:

EIF kgCO, product of combustion reaction 1
B kg fuel
GF — ElE, ., — EIF 2
ElF, .y
kgH, in the fuel 3
HCF = g f
kg fuel

where EIF, GF, HCF, and ElFmaxrepresent the environmental impact factors (EIF), greenisation
factors (GF), hydrogen content factors (HCF), and the maximum value of EIF (EIFmax),
respectively. [17]. As illustrated in Figure 2, energy sources with a higher green factor (GF)
exhibit an elevated hydrogen content (high HCF) and minimal environmental impact (low EIF)
[17].

J ® HCF | 35
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Coal Qil Natural Gas Hydrogen

Figure 2: HCF, GF, and EIF of coal, oil, natural gas, and hydrogen [17].



Green hydrogen has versatile applications across various sectors. In electricity generation, it
serves as a clean fuel source in power plants, where it undergoes conversion into electricity
through fuel cells. The transportation sector can harness the benefits of green hydrogen as a
suitable fuel for a range of vehicles, including automobiles, buses, trains, and trucks. Stored in
fuel tanks, green hydrogen can be efficiently transformed into electricity within the vehicle

using fuel cells [18].

Industries that rely on hydrogen as a fuel or raw material, such as fertilisers, chemical, and
glass manufacturing, stand to gain advantages by incorporating green hydrogen into their
processes. Furthermore, the aviation industry shows promise in using green hydrogen as a fuel
for aircraft, particularly in hybrid models that employ both batteries and fuel cells to convert it
into electricity. The versatile and clean attributes of green hydrogen make it a valuable
competitor in advancing sustainability across these diverse sectors [18]. However, several
challenges, such as high costs, efficiency of fuel cells, safety for storage and transportation as
well as infrastructure development hinder the widespread use of green hydrogen [19]. It is
expected that despite these barriers, technological breakthroughs and more funding for the

industry will overcome them [18].

1.2 Problem Statement

A comprehensive assessment of the process design and possible benefits of establishing a green
hydrogen production ecosystem in Lesotho for use in a variety of industries, such as home,
agricultural, and transportation, still needs to be accomplished. In spite of the ample renewable
resources in Lesotho, there is a significant lack of information concerning the most effective
design methodology for the production of green hydrogen. This research seeks to bridge this
gap in scientific and literary knowledge, addressing the void created by the absence of relevant

studies.

1.3 Research Questions and Objectives
The primary objective of this chemical process design study for green hydrogen generation is
to develop a detailed, optimised, and feasible process to produce hydrogen. Hence, the

objectives of this study are:

e Toidentify the key processes and reactions involved in green hydrogen production.



e Establish mass balance and auxiliary equations for the entire system.

e Verify model accuracy through simulation results.
The following are some research questions that the study is intended to answer;

e What material balance equations are needed to track the flow of reactants and products
throughout the hydrogen production process?

e How do the different components (electrolyser, separators, heater, coolers, mixers and
purge) interact in the system?

e How does the efficiency of the electrolyser change with different operational

parameters?

1.4 Justification

A comprehensive study examining the prospects of green hydrogen production in Lesotho
holds significant promise in guiding the nation towards a sustainable and clean energy future.
By delving into the country's abundant natural resources, encompassing vast expanses of land,
ample water sources, and the potential for harnessing solar, hydro, and wind energy, the
research study elucidates how these elements can be optimally used. Furthermore,
advancements in technology offer a critical avenue for enhancing efficiency in green hydrogen

production.

Beyond environmental considerations, the study has the potential to uncover substantial
economic advantages associated with transitioning to a hydrogen-based economy. These
benefits include job creation, reduced dependence on imports, enhanced energy self-reliance,
and the creation of lucrative investment opportunities. Moreover, the study offers valuable
insights for developing a sustainable solution tailored to meet Lesotho's unique energy needs.
The study's robust analysis can help inform the development of targeted policies to assist the
growth of the green hydrogen sector. It can also assist attract domestic and foreign investors
who are interested in capitalising on the country's renewable energy opportunities. Finally, this
research initiative has the potential to illuminate a path for Lesotho to leverage its inherent
resources and technological advancements for a greener, economically robust, and energy-

efficient future.



1.5 Report Structure

This research is organized in the following manner: Chapter 2 presents a review of the literature
related to hydrogen, hydrogen production and generation of green hydrogen, storage methods
as well as the design of plant processes. Chapter 3 outlines the theoretical approach/modelling
development. The results and discussions are presented in Chapter 4, while Chapter 5 offers

concluding remarks, recommendations, and final observations.
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2 LITERATURE REVIEW

2.1 Hydrogen Element

The most prevalent element in the universe is hydrogen (H). It is primarily present on earth
in water and organic compounds, in particular, hydrocarbons, which are crucial parts of a
variety of our energy sources, such as methanol, natural gas, and petrol [20, 21, 22]. With only
one electron and one proton, hydrogen is the lightest and simplest element [20]. It is a
flammable and colourless gas, and has no odour [23]. Hydrogen has an atomic mass of 1.00794

atomic mass units, which can be rounded to 1.008 [24].

With a specific gravity of 0.0696, hydrogen is one of the lightest gases known as mentioned
before. As a result, it is highly buoyant and can rise through the atmosphere with ease. Since it
requires a considerable amount of energy to liquefy and has a startlingly low boiling point (-
252.78°C), liquid hydrogen is a dangerous cryogenic fluid. Liquid hydrogen has a density of
67.806 kg/md. It maintains an astonishing lightness, even though a gallon of water contains a
greater mass of hydrogen. It is rare for liquid hydrogen to reach the ground in its liquid
condition because of its extraordinarily low boiling point, which causes any leak to vaporise
quickly [25].

2.2 History of Hydrogen

2.2.1 Early Discoveries of Hydrogen

The discovery of hydrogen, a substance that has been known for more than 200 years, was
made possible in the early 16th century by Paracelsus, a Swiss alchemist, who realised that a
gas was produced when sulfuric acid reacted with iron [26]. English chemist and physicist
Robert Boyle also made the discovery of hydrogen as a separate element in 1761. Iron filings
and weak acids were used in his synthesis [23]. Moreover, Henry Cavendish identified
hydrogen as a distinct element in the year 1776. As a result of his significant discoveries, which
were recorded in a paper submitted to the Royal Society of London, he also received the title
"discoverer of hydrogen” [23], [24], [26], [27]. In the year 1783, Antoine Lavoisier synthesised
hydrogen as well [23], and in 1788, he named it "hydrogen" (alternatively "hydrogenium™), a

term derived from the Greek word "hydro”, signifying "water" [24].

Hydrogen production saw the emergence of new technology around 1800 when English
scientists William Nicholson and Anthony Carlisle pioneered the production of hydrogen using
electrolysis. In 1898 James Dewar created a regenerative cooling device that was used to
liquefy it [24], [26]. Liquid hydrogen was used in 1839 when Sir William Robert Grove, a

11



British scientist and attorney, developed the first fuel cell that ran on hydrogen. His discovery
set the path for the advancement of contemporary fuel cell technology, which is used in various

applications, such as electric vehicles, power generation, and small devices [23].

In addition, hydrogen was used from 1900 to maintain the airframe of the first balloon
constructed by German Count, Ferdinand von Zeppelin [26]. Historical advancements in the
use of hydrogen have also been made by NASA, which was founded in 1958 with the intention
of exploring space. By 1961, it was the biggest user of liquid hydrogen in the world, using it

as a fuel for rockets and other spacecraft [24].

2.3 Hydrogen Production

Despite being the most abundant element in the universe, hydrogen is never found on its own
because it readily reacts with other elements. Therefore, hydrogen production relies on the
principle of removing other molecules from hydrogen compounds [28]. A wide variety of
methods and energy sources can be used to generate hydrogen. Based on the process of
production and the source of energy, hydrogen is categorised through a color-coded scheme
[29]. Currently, there are three primary methods of hydrogen production: Grey hydrogen
production using fossil fuels such as natural gas or coal, leading to significant CO, emissions;
Blue hydrogen generation by integrating grey hydrogen production with carbon capture and
storage (CCS) technologies to reduce CO2 emissions as well as producing Green hydrogen by
harnessing renewable energy sources such as solar or wind power to electrolyse water, resulting
in a process entirely devoid of carbon emissions [30]. Additional types of hydrogen have been
introduced to the spectrum, including turquoise hydrogen, which is generated through methane
pyrolysis (leading to solid carbon formation rather than CO2) and pink hydrogen, which is

produced through water electrolysis powered by nuclear energy [31].

Around 87 million tonnes of raw materials, both renewable and non-renewable, are used to
manufacture hydrogen annually [24]. Fossil fuels such as coal and natural gas are nearly
exclusively used in the manufacture of hydrogen globally [30]. As of 2020, the vast majority
of hydrogen (95%) was produced from non-renewable fossil fuels, primarily through steam
reforming of natural gas. Given its prominence in China, coal comes in second place. It utilises
107 million tonnes of coal (or 2% of the world's total coal consumption) and contributes to an
estimated 23% of the world's devoted hydrogen production. These processes emit 830 million

tonnes of CO2 per year. The remaining portion (5%) is produced from oil and electricity from

12



renewable resources through water electrolysis [32], [33]. In Figure 3, the hydrogen production

pathways and their associated sources are depicted.

Fossil fuels < Source ™ Renewable resource
| ; !
Bio mass process Water split up process
Reforming and Pyrolysis
combustion
r
Thermochemical Biological
r
h 4 »  Direct bio-photolysis -
Pyrolysis - Indirect buo-photol ysis - Electrolvsis
Gasification »  Dark fermentation e Thermolysis
Combustion e Photo-fermentation *  Photolysis
*  Liquefaction

Figure 3: Classification of Hydrogen production routes and sources [34].

2.3.1 Hydrogen Production from Fossil Fuels

The processing of fossil fuels involves the utilization of hydrogen-rich fossil fuels such as
gasoline, hydrocarbons, methanol, or ethanol to generate a hydrogen-enriched gas stream.
Presently, the predominant industrial method for hydrogen production is the processing of
methane (natural gas) [35]. Processes such as: Steam reforming (SR), Partial oxidation (POX),
and Auto-thermal reforming (ATR), can be used to produce hydrogen gas from hydrocarbon
fuels. Carbon monoxide (CO) is produced in large quantities as a result of these processes.
Consequently, at a later phase, one or more chemical reactors are utilised to primarily convert
CO into carbon dioxide (CO2) by means of reactions such as methanation reactions or the
water-gas shift (WGS) and preferential oxidation (PrOx) [35], [36].

2.3.1.1 Fossil Hydrocarbon Reforming Technologies
The most advanced method for producing hydrogen is hydrocarbon reforming. For this process,

other reactants such as steam or oxygen are needed in addition to hydrocarbons [36].

2.3.1.1.1 Steam Reforming

When a mixture of steam and hydrocarbons react at high temperatures, carbon oxides and
hydrogen are produced. This process is known as the steam reforming reaction. Through the
process of steam reforming, hydrogen can be extracted from natural gas and, less commonly,

from naphtha and liquefied petroleum gas [33]. The low operating and production expenses

13



and excellent operational efficiency are its main advantages. The steam reforming reaction can

be represented as follows:
Hydrogen and carbon monoxide are produced, giving rise to synthesis gas

CH, + H,0 - CO + 3H, 4

The carbon monoxide is subsequently transformed to carbon dioxide and extra hydrogen via

the water-gas shift process [37].

CO + H,0 - CO, + H, 5
The overall steam reforming reaction is depicted below:
CH, + 2H,0 — CO, + 4H, 6
Due to the strong endothermic nature of the reforming reaction, a significant quantity of heat

is needed. Because of this, these reactions are normally conducted between 800 and 1000 °C
[38].

2.3.1.1.2 Partial Oxidation

An alternate strategy to steam reforming reactions is partial oxidation. Methane, coal, heavy
fuel oil, and other feedstock can all be used in this process [33], [39]. A combination of
hydrogen, carbon monoxide, and other partially oxidised species are produced from
hydrocarbon fuels by the exothermic process of partial oxidation [40]. Reactions with oxygen
are very exothermic in this method, which means that no external energy source is required.
This is one of its advantages [41]. For partial oxidation processes at lower temperatures,
heterogeneous catalysts are typically used since high reaction temperatures (>1000 °C) restrict
the product dispersion of these reactions. Transition-metal-based catalysts may alter oxidation
states and adsorb reactants and intermediates onto their surface, making them more affordable

than noble metals for partial oxidation processes [42]. The following is the reaction of partial

oxidation:
CH, + 0, - CO + 2H, 7
CH, + 20, - C0O, + 2H,0 8
CH, + H,0 - CO + 3H, 9

The gaseous mixture that results from partial oxidation includes carbon oxy-sulphide (COS),

hydrogen sulphide (H.S), Hz2, CH4, CO, and CO2. To provide the endothermic reactions with
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enough heat, a portion of the gas is burned. This process results in a substantial production of

greenhouse gases [35].

2.3.1.1.3 Auto-thermal Reforming

Auto-thermal reforming combines the exothermic partial oxidation with O, generating the
necessary energy for the endothermic steam reforming reactions [43]. This means that there is
a simultaneous oxidation and reforming process in the reformer, resulting in a
thermodynamically neutral reaction, since the reformer is filled with both steam and oxygen
[44]. This method demands less energy input compared to partial oxidation or steam reforming

due to its high thermal efficiency [45]. The auto-thermal reforming reaction occurs as follows:

CH, + 1.50, - CO + 2H,0 10
CO + H,0 - CO, + H, 11
CH, + H,0 - CO + 2H, 12

2.3.2 Overview of Green Hydrogen Production

As the world transitions to a decarbonized future, green hydrogen generation powered by
renewable energy is gaining traction [46], [47]. Green hydrogen is widely regarded as a
promising fuel for advancing sustainable development and energy transition in the future. This
stems from the fact that green hydrogen can be generated using environmentally friendly
feedstock, including biomass and water, in conjunction with renewable energy sources through
processes such as water splitting and biomass conversion. Importantly, these processes are
devoid of any greenhouse gas emissions. Consequently, green hydrogen is gaining traction as
the key solution for addressing climate change concerns and fulfilling global net-zero targets
[48].

Furthermore, there is a growing anticipation that the global demand for green hydrogen and its
diverse applications will experience a remarkable surge in the coming decade. Encouragingly,
numerous initiatives are currently in progress on a global scale to generate green hydrogen
using renewable energy sources such as wind, hydro, biomass and solar power [47, 48, 49].
Numerous research studies have explored the viability of producing green hydrogen using

various renewable energy sources.

In their research, Mazzeo et al. [50] explored the integration of diverse renewable sources,

specifically wind and solar energy, to facilitate the widespread production of hydrogen on a
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large scale. Researchers devised a methodology to evaluate renewable energy systems in
various locations worldwide. Al-Sharafi et al. [51] examined the feasibility of harnessing solar
and wind energy resources for power generation and hydrogen production at various sites
within Saudi Arabia. Ishaq and Dincer [52] conducted a comparison of hydrogen generation
methods based on renewable energy sources, with a focus on biomass, solar, and geothermal
technologies. Their findings demonstrate the higher energetic efficiency of the biomass
gasification process when compared to hydrogen generating systems utilising solar or

geothermal energy [52].

Moreover, a techno-economic analysis of decentralised hydrogen production in Europe was
conducted by Bhandari et al [53]. Six scenarios were analysed in that study, taking into account
the support of the national grid, an auxiliary battery, and two distinct electrolyser technologies
(alkaline and Proton Exchange Membrane), which will be discussed later in this study. They
discovered that the best outcomes came from grid-connected solar photovoltaic (PV) systems
that ran an alkaline electrolyser. Onshore hybrid energy systems that produce green hydrogen

using solar and wind power have been examined [54, 55, 56, 57].

Kalinci and colleagues opted for an alternative approach as they examined the diverse methods
of biomass-to-hydrogen conversion [58]. Initially, they categorized these methods into two
primary groups: thermo-chemical processes and biological conversions [58]. Subsequently,
they delved into a comprehensive discussion of these systems, scrutinizing their energetic

facets, while also offering a concise summary of potential comparative methodologies.

However, there have been limited studies conducted on harnessing wind, hydro, solar and bio
energy for hydrogen production in African countries [59, 60, 61, 62]. Ayodele and Munda
conducted an evaluation of the viability and economic efficiency associated with producing
green hydrogen from South Africa's wind energy reserves [62]. Their findings indicated a
potential annual hydrogen output ranging from 6.51 to 226.82 metric tons, with associated
production costs varying between $1.4 and $39.55 per kilogram and contingent upon the
specific wind turbine model employed. Previous research has established a consensus that solar
energy and onshore wind are the most favourable sources for producing green hydrogen. This
preference stems from their well-established industries and extensive infrastructures, featuring

large-capacity farms deployed globally [49].

Presently, no studies have been undertaken regarding green hydrogen production in Lesotho,

despite the country's abundant resources such as land, water from rivers and valleys, wind
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speeds of 6 m/s or higher and average daily solar irradiation of over 5 kWh/m? for generating
substantial quantities of green hydrogen [63], [64]. Consequently, this study marks the

inaugural study in a series of forthcoming investigations.

2.3.3 Hydrogen Generation from Renewable Sources
While the majority of hydrogen is currently derived from hydrocarbons, as previously stated,
there is a growing focus on using renewable resources to generate green hydrogen [65]. In this

context, green hydrogen can be generated using water or compounds derived from biomass.

2.3.3.1 Hydrogen Production from Water

Water is the most abundant resource on Earth, and it is a primary source for hydrogen
production. When sufficient energy from wind, solar or biomass is supplied water can be
separated into hydrogen and oxygen [28], [66]. This separation process, known as water
splitting, involves the passage of an electrical current (electrolysis) through two electrodes to
break down water into its constituent elements, hydrogen and oxygen [67]. Other forms of
energy can also be used to split water, including thermal energy (thermolysis), photonic energy

(photo-electrolysis), and bio-photolysis (microorganisms) [36].

Table 1 offers a concise overview of the essential technologies employed in hydrogen
production from water. It encompasses details about the energy sources, operational

parameters, and the technological advancement level of the processes under development.

Among the range of energy technologies, using renewable electricity for water electrolysis to
produce hydrogen (H>) is the best option for energy storage because Hy is the ultimate energy
carrier and can be converted into electricity through fuel cell technologies. Therefore,
developing water electrolysis technologies is crucial and urgent in order to produce H, [68].
Solar and wind energy sources are well-suited and readily available for the production of

hydrogen through water electrolysis, owing to their extensive power distribution [69].

Table 1: Hydrogen Production Technologies from Water

Technology Energy source | Operating conditions Maturity
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Electrolysis Electricity Up to 30 bar commercial Commercial
50-900 °C (depending upon the
method used)

Thermolysis Heat Temperature of >2500 °C Research and

(<1000 °C for thermochemical development

cycles)
Photoelectrolysis = Solar Ambient conditions Research and
development
Biophotolysis Microorganism | Ambient conditions Research and
metabolism development

2.3.3.1.1 Water Electrolysis
Water electrolysis represents an electrochemical method for splitting water as well as
generating green hydrogen through electricity to make it an emission-free technology. The

fundamental process of water electrolysis can be described using Equation 13 as follows:

H,0 + Electricity(237.2 k] mol — 1) + Heat(48.6 k] mol — 1) » H, + 1/2 0, 13

The aforementioned chemical reaction, denoted as Equation 13, necessitates a theoretical
thermodynamic cell voltage of 1.23 V at room temperature in order to facilitate the electrolysis
of water into hydrogen and oxygen. Nevertheless, experimental observations reveal that an
operational cell voltage of 1.48 V is essential for efficient water splitting. This increment in
voltage is attributed to the necessity of surmounting kinetic and ohmic resistances within the
electrolyte and cell constituents of the electrolyser [70, 71, 72]. Over the last two centuries,
water electrolysis has emerged as a widely recognized technology for the environmentally
sustainable generation of hydrogen. Nevertheless, on a global scale, 4% of the total hydrogen
output, equivalent to 65 million tons, is attributed to water electrolysis, primarily stemming
from economic constraints. A substantial proportion of this hydrogen production is derived as
a by-product within the Chlor-alkali industry [73], [74], [75].

2.3.3.1.1.1 Classification of Water Electrolysis Technologies

Water electrolysis technologies can be classified into four distinct types, each characterized by
specific electrolytes, operating conditions, and ionic agents (OH~, H*, O%"). These types of
electrolysis technologies include (i) Alkaline Water Electrolysis (AWE), (ii) Anion Exchange

Membrane (AEM) water electrolysis, (iii) Proton Exchange Membrane (PEM) water
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electrolysis, and (iv) Solid Oxide Water Electrolysis (SOWE). Despite the differences in
electrolyte and ionic agents, the fundamental operating principles remain consistent across all

these variants [2].

Illustrated in Figure 4 is the global installed electrolysis capacity based on technology and
spanning the years 2015 to 2020. In the year 2020, alkaline electrolysers constituted the
majority with 61% of the installed capacity, whereas PEMs comprised 31%. In addition, an
installed capacity of 0.8 MW was associated with Solid Oxide Water Electrolysis Cells
(SOWECSs), and an unspecified electrolyser technology [48]. The installed capacity of
electrolysers globally is expected to rise significantly in the next ten years, possibly reaching
54 GW by 2030 when taking into account both planned and ongoing projects. The overall
capacity could exceed 91 GW if early planning projects are also included. Geographically, the
leading regions are Australia and Europe, with 22 GW and 21 GW of projects under
development, respectively. With 5 GW and the Middle East with 3 GW of projects in various
phases of development, Latin America and the Middle East follow closely behind as shown in
Figure 5 [48].
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Figure 4: Global installed electrolysis | Figure 5: Projects under construction or
capacity by technology (2015-2020) [48]. | Planned, 2021-203_’0 for newly installed
electrolyser capacity [48].

I.  Alkaline (ALK) Water Electrolysis
Alkaline water electrolysis stands out as the most established and widely adopted technology
for splitting water, commanding a significant market share [76]. This technology has an
electrical efficiency of up to 70% and is characterised by the low cost and long operational life
[77]. Hence, employing this technology in Lesotho, a country characterized by numerous rivers

and streams with alkaline water, could be a viable and sustainable choice. In 1789, Troostwijk
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and Diemann introduced the concept of alkaline water electrolysis. Further developments in
1939 resulted in the construction of the first industrial alkaline water electrolyser plant, which
was able to produce 10 000 N m?® Hoh1 [69]. During the latter part of the early 19th century,
over 400 industrial alkaline electrolyser units were effectively installed and used for industrial

purposes [78].

Alkaline electrolysis functions at relatively lower temperatures, typically ranging from 30 to
80 °C. It utilises an aqueous solution (KOH/NaOH) as the electrolyte, with an electrolyte
concentration ranging from approximately 25% to 30% [69], [76]. Nickel electrodes and an
asbestos diaphragm are used in the alkaline water electrolysis method [39]. Figure 6 illustrates
a schematic depiction of alkaline water electrolysis along with its underlying mechanism. The
reactions occurring at the anode and cathode can be described through Equations 14, 15 and
16.

Cathode
2H,0 + 2e - H, + 20H°

Anode
20H - H,0 +% 0, + 2¢

5M KOH/H,0

¢ ' \ &
) o 6oi? / Disphregm | ML N
Flow field separator plates 4 \ Flow field separator plates
Cathode Electrode (Ni) Anode Electrode (Ni)

Figure 6: Schematic representation of alkaline water electrolysis working mechanism [69].

ANODE': ZOH(aq)_ - 0502(9) + H20(l) + 2e” 14
CATHODE: 2H20(l) + 2e” > HZ(g) + ZOH_(aq) 15
OVERALL REACTION: H,0;) = 0.50,,, + Hag) 16

Alkaline water electrolysis cells are primarily composed of end plates, separator plates (also
known as bipolar plates), current collectors (also known as gas diffusion layers) and

diaphragms/separators. Generally, diaphragms used in alkaline water electrolysis as separators
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are made of materials such as asbestos, zirfon, or nickel-coated perforated stainless steel [79],
[80]. While the bipolar and end plates use stainless steel or stainless steel covered with nickel

as separator plates, the gas diffusion layers use nickel mesh or foam [69].

The alkaline water electrolysis process begins with the reduction of two molecules of alkaline
solution (KOH/NaOH) to one molecule of hydrogen (H2) and the generation of two hydroxyl
ions (OH) at the cathode. The produced H: is released from the cathode surface, recombining
in a gaseous form. Simultaneously, the hydroxyl ions (OH") migrate through a porous
diaphragm, driven by the electrical circuit between the anode and cathode. Upon reaching the
anode, the hydroxyl ions (OH™) undergo discharge, resulting in the formation of % molecule
of oxygen (O2) and one molecule of water (H20). The oxygen (O2) recombines at the electrode
surface and is released as a gas [2], [81]. The diaphragm, which is positioned in the middle of
the cell, keeps the anode and cathode apart. This keeps the gases generated at each electrode

from combining and guarantees that the process of electrolysis proceeds efficiently [2].

Nonetheless, a significant obstacle in alkaline water electrolysis stems from restricted current
densities (0.1-0.5 A/cm?) attributed to moderate OH~ mobility and the employment of
corrosive (KOH) electrolytes [29]. Because the KOH electrolyte is highly sensitive to ambient
CO,, it leads to the formation of K.COs salt, causing a reduction in the number of hydroxyl
ions and ionic conductivity. In addition, the K>CO3 salt closes the pores of the anode gas
diffusion layer, resulting in a decreased transfer of ions through the diaphragm and a
subsequent decline in hydrogen production. Furthermore, alkaline water electrolysis yields
gases (Hydrogen and Oxygen) with low purity (99.9%) because the current diaphragm fails to

effectively prohibit gases from crossing between half-cells [69].

Innovation is underway to create alternative diaphragm materials through the development of
new materials [67]. In this regard, certain researchers such as Liu et al. [82], Lv et al. [83] and
Qazi et al. [84] are persistently working to improve efficiency and reduce the costs associated
with green hydrogen production through this technology. This represents a significant
breakthrough for developing countries such as Lesotho, emphasizing the importance of cost-

effectiveness in advancing sustainable practices.

Il.  Anion Exchange Membrane (AEM)
Miller et al. [85] describe how the AEM water electrolysis technology is similar to traditional
alkaline water electrolysis. A crucial difference between AEM water electrolysis and alkaline

water electrolysis is the use of quaternary ammonium ion exchange membranes in place of
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conventional diaphragms or asbestos. One benefit of AEM water electrolysis is that transition
metal catalysts can be used at a lower cost than noble metal catalysts. In addition, it eliminates
the need for a high-concentration solution (5 KOH) that is present in conventional alkaline
water electrolysis and permits the use of purified water or a low-concentration alkaline solution
(1M KOH) as the electrolyte [86].

In spite of its notable benefits, this technology necessitates additional research and
improvements focused on enhancing the stability of the Membrane Electrode Assembly (MEA)
and improving cell efficiency. Researchers such as Thangavel et al. [87], Jang et al. [88], [89]
and Guo et al. [90] have explored and documented strategies to address the challenges
encountered by the technology. These aspects are particularly crucial for the successful
deployment of the technology in large-scale or commercial applications. In the field of
producing green hydrogen, AEM water electrolysis is a developing technology. Because
AEMWE is more efficient and performs better than conventional electrolysis technologies,
many research organisations and universities have been actively working to further its

development in recent years [91], [92].

Figure 7 presents a schematic representation of AEM water electrolysis, showcasing its
fundamental mechanism. The processes taking place at the anode and cathode can be elucidated
using Equations 17, 18, and 19. In AEM water electrolysis cells, the typical components
include a membrane (separator), electrode materials with gas diffusion layers (current
collectors), separator plates (bipolar plates), and end plates. Anion exchange membranes
commonly consist of quaternary ammonium ion exchange materials such as Fumatech,
Sustanion, and Fumasep. Anode and cathode electrode materials often employ transition metal -
based electro-catalysts, with nickel and nickel-copper alloy materials being common choices.
The gas diffusion layers for the anode and cathode incorporate materials such as carbon cloth,
nickel foam, and porous nickel mesh. Bipolar and end plates are typically constructed using

stainless steel, often nickel-coated [93].
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Figure 7: Diagram illustrating the basic principles of AEM water electrolysis [69].

ANODE': ZOH(aq)_ - 0502(9) + H20(l) + 2e” 17
CATHODE: 2H20(l) + 2e” > HZ(g) + ZOH_(aq) 18

The electrochemical process of this technology involves two key half-cell reactions: the
hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER). Initially, water
molecules undergo a reduction at the cathode, yielding hydrogen (Hz) and hydroxyl ions (OH"
) through the addition of two electrons. The OH" ions traverse the ion exchange membrane,
propelled by the positive pull of the anode, while the generated hydrogen exits the cathode
surface. Concurrently, electrons travel from the anode through the external circuit. On the
anode side, the hydroxyl ions, having relinquished electrons, recombine to form oxygen and

water molecules. Subsequently, the anode releases the produced oxygen [69].

I1l.  Proton Exchange Membrane (PEM) Water Electrolysis

Solid polymer membranes have been studied for use in PEM fuel cell technology as a potential
solution to the corrosion caused by the alkaline electrolysis process. The first PEM water
electrolysis phenomenon was idealized by Grubbs and developed by General Electric Co. in
1966 [67]. PEM electrolysers stand out due to their numerous benefits compared to alternative
electrolysis technologies. These advantages encompass a streamlined design, elevated current
densities exceeding 2 A/cm?, remarkable voltage efficiency, swift responsiveness to power

input (on the scale of milliseconds), rapid start-up times, operational efficiency at lower

23



temperatures (50-80 °C), exceptional gas purity at 99.99% and the ability to operate at high
pressures, around 80 bar. This high operational pressure provides the added advantage of
delivering hydrogen at elevated output pressures, thereby reducing the energy required for

hydrogen compression and storage [94].

PEM water electrolysis is one of the more advantageous ways to convert renewable energy
sources into highly pure hydrogen, both in terms of sustainability and environmental impact
[2]. Furthermore, PEM electrolysis plant balancing is quite relatively simple, making it more
appealing for industrial applications. The most advanced electro-catalysts for PEM electrolysis
are noble metals with high activity, such as Pt and Pd, which operate as the cathode's HER.
IrO2/RuO> serves as the catalyst for the OER occurring at the anode. While PEM water
electrolysis holds considerable promise, various challenges impede its widespread acceptance.
A significant obstacle is the elevated expenses associated with essential components, including
electrode materials, current collectors, and bipolar plates. [2]. In addition, there is a need for
further improvements to minimize the cost of hydrogen production using PEM water
electrolysis. As of 2020, the existing cost of hydrogen production stands at USD 700-1400 per
Kilowatt-hour (kW/H>), with a projected cost reduction target of USD < 200 per kilowatt-hour
(KW/H2) by the year 2050 [95].

Commonly employed proton exchange membranes include Nafion, Fumapem, Flemion, and
Aciplex, with Nafion (specifically Nafion 115, 117, and 212) being the most prevalent. This
preference is attributable to the manifold benefits offered by Nafion, encompassing elevated
proton conductivity, substantial current density, robust mechanical strength, and chemical
stability. In the realm of anode and cathode electrode materials, state-of-the-art choices revolve
around noble metal-based electrocatalysts, notably 1rO2 for the OER and carbon-supported Pt
for the HER [96, 97, 98, 99].

Illustrated in Figure 8 is a schematic overview of PEM water electrolysis, providing an insight
into its underlying mechanism. The reactions occurring at the anode and cathode can be
explained by referencing Equations 20, 21 and 22. The primary components of the PEM water
electrolysis cell encompass the membrane electrode assembly (comprising a membrane and
materials for the anode and cathode electrodes), the gas diffusion layer, separator plates (also

known as bipolar plates), and end plates, respectively [2], [100], [101], [102].
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Figure 8: PEM working principle diagram [69].

ANODE: HZO(I) d 2H+(aq) + 0502(9) + 2e” 20
CATHODE : 2H* (g4 +2e™ = Hy(y) 21
OVERALL REACTION: 2H,0qy = Hy(g) + 0.504, 22

During PEM water electrolysis procedure, the electrochemical division of water into hydrogen
and oxygen takes place. During this sequence, water molecules are initially decomposed at the
anode to yield oxygen (O>), protons (H*), and electrons (e7). The resulting oxygen is eliminated
from the anodic surface, while the remaining protons traverse the proton-conducting membrane
towards the cathode, and the electrons traverse the external circuit to reach the cathode. Upon
reaching the cathode, the protons and electrons undergo recombination and thus producing
hydrogen gas [69].

IV.  Solid Oxide Water Electrolysis (SOWE)

The solid oxide water electrolysis cell (SOEC) belongs to the category of electrochemical
conversion cells. It transforms electrical energy into chemical energy [103]. The solid oxide
electrolysis (SOE) was initially presented by Donitz and Erdle during the 1980s [104], [105].
The significant focus on solid oxide electrolysis arises from its capacity to efficiently convert
electrical energy into chemical energy, yielding high-purity hydrogen [105]. Generally, the

solid oxide water electrolyser uses water in the form of steam at elevated temperatures (500—
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850 °C). This can significantly lower the power consumption required for the water-splitting

process, leading to an enhanced energy efficiency [69], [106], [107].

Since power consumption is the main factor affecting the total cost of producing hydrogen by
electrolysis, improving energy efficiency has the potential to significantly lower the cost of
hydrogen [108]. In addition, solid oxide water electrolysis presents two key benefits when
contrasted with the current electrolysis methods. Firstly, its elevated operating temperature
contributes to the advantageous thermodynamics and reaction kinetics, leading to unparalleled
conversion efficiencies [68]. Secondly, solid oxide water electrolysis offers high conversion
efficiency without the need for noble metal electro-catalysts. However, the commercialization
of this technology has been hindered by limited long-term stability. Currently, the reported
stability stands at 20,000 hours with a thin yttria-stabilized zirconia electrolyte [109].

Solid oxide water electrolysis technology is actively being developed and commercialised.
Many organisations and research institutes throughout the world are currently working to
continue developing this technology as well as addressing the existing challenges such as either
substituting new perovskite materials or electrochemically modifying the present electrode
materials to increase long-term stability [110]. Within this framework, Li et al. [111]
synthesized a composite oxide material denoted as Ni;—xCdxO-SDC and investigated its
application as the hydrogen electrode in reversible solid oxide cells. In 2021, Kim and
colleagues [112] presented novel cobalt-free perovskite materials denoted as Bai-xNdxFeOs-s,

which were introduced as an oxygen electrode in solid oxide cells.

Figure 9 presents a schematic representation of Proton Exchange Membrane (PEM) water
electrolysis, offering a detailed depiction of its fundamental mechanism. The processes taking
place at both the anode and cathode are elucidated through the utilization of Equations 23, 24
and 25. Three primary components make up a solid oxide water electrolysis cell include an
anode and cathode, two permeable electrodes, and a thick ceramic electrolyte that can conduct
oxide ions (O?7). A typical electrolyte is yttria-stabilized zirconia (YSZ) which is a ceramic
material based on dense zirconium oxide that has been doped with 8% yttria. Its cubic crystal
structure is stabilised by the addition of yttria. The selection is based on the proven stability
and outstanding performance of the yttria-stabilized zirconia electrolyte, especially at high
temperatures (700-850 °C) [113], [114]. The latest advancement in hydrogen (cathode)

electrode material is a ceramic metal called Ni-YSZ, which is a non-noble metal catalyst with
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high electrical conductivity and is made of YSZ and nickel [113] and perovskite materials that

stand out as the predominant choice for oxygen (anode) electrodes [115].

Cathode ' _ Anode
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Cathode Electrode (Ni/YSZ) Anode Electrode (LSCF, LMS)

Figure 9: Diagram illustrating the basic principles of solid oxide water electrolysis [110].

ANODE : 0% - 0.505(4) + 2e” 23
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Most solid oxide water electrolysis processes are carried out at high temperatures and need the
use of steam as a source of water. Green oxygen and hydrogen are produced because of this
process. Initially the reduction of water molecules at the cathode results in the addition of two
electrons to generate oxide ions (O?7) and hydrogen (H). Once released, the hydrogen moves
away from the cathode surface and the remaining oxide ions (O?") travel across an ion exchange
membrane to arrive at the anode. Electrons and oxygen are produced at the anode as the oxide
ions (O?") are further reduced [116].

Table 2 outlines the advantages and disadvantages of the four water electrolysis technologies.
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Table 2: Advantages and disadvantages of water electrolysis technologies [110].

Electrolysis | Advantages Disadvantages
technology
Alkaline e Successfully applied in various e Restricted electrical
water industrial settings current levels
electrolysis e Uses electro-catalysts without e Interference between
noble metals gases
o Offers cost-effectiveness e FElevated concentration
o Demonstrates prolonged (5M KOH) of liquid
stability over the long term. electrolyte.
AEM water o Electrodes devoid of noble e Ina phase of
electrolysis metals development
e Liquid electrolyte with low e Limited stability
concentration (1M KOH).
PEM water | Technology available for commercial e Expense associated with
electrolysis use cell components
e Functions at elevated current e Electro-catalysts made
densities from noble metals
e Ensures high purity of gases. e Electrolyte with an acidic
e Designed with compact nature
system specifications.
e Exhibits rapid response
Solid oxide e Elevated operational e Inthe process of
water temperature development
electrolysis e Optimal efficiency e Limited stability

2.3.3.2 Hydrogen Production from Solar Energy

A potentially viable and economically competitive source of renewable hydrogen in the near

future involves the integration of photovoltaic panels with electrolysers as shown in Figure 10

[117]. The initial solar hydrogen production system (SHS) infrastructure was established in El

Segundo, California, in 1995 [65]. This pioneering facility featured a sophisticated

combination of advanced PV cells and electrolysers, capable of producing approximately 50—

28




70 cubic meters of hydrogen daily. Subsequent to this milestone, multiple SHS installations
have been implemented to explore the practicality of solar-driven hydrogen production and to

identify strategies for optimising the economic viability of this technology.

Transparent plastic tubes
\
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Figure 10: Schematic of photovoltaic panels coupled with an electrolyser [117].

These systems, often termed solar-hydrogen hybrid systems, use energy generated by
photovoltaic panels to drive the electrolysis process. However, the current efficiency of such
systems is insufficient to rival the economic competitiveness of hydrogen derived from fossil
fuels. For instance, a recent demonstration highlighted a small-scale, high-cost photovoltaic to
Proton Exchange Membrane electrolyser unit, achieving a peak solar-to-hydrogen efficiency
of 31%. This was accomplished through the use of a high-efficiency triple-junction solar cell

and two Proton Exchange Membrane electrolysers connected in series [118].

Nevertheless, the reported efficiency may be overly optimistic, as the demonstration employed
a compact system with only a 2.5 cm x 2.5 cm active area on the electrolyser. In addition, the
efficiency rating did not consider the energy consumption associated with heating, cooling,
pumping and operational systems that are crucial for a commercial-scale setup. The
demonstrated system relied on precious metals and high-cost materials, thus making it
unsuitable for widespread commercial applications. The efficiency also declined over a 48-

hour test period due to equipment degradation [118].

Producing hydrogen through the use of a PV system comes with certain constraints, including

elevated installation costs and reduced efficiency in comparison to fossil fuels [65].
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Nevertheless, the decreasing cost of manufacturing photovoltaic cells has resulted in a more
economical per kilowatt-hour (kWh). By integrating the PV system with other energy sources
or incorporating a battery storage system, overall efficiency can be enhanced, mitigating the

challenges of exclusively generating hydrogen during daylight hours [117].

Jia et al. [118] emphasized the importance of using durable electrolysers to maintain system
efficiency and utility, particularly in the context of commercial-scale operations. A
photovoltaic system with enhanced efficiency generates more energy for a given module area,
resulting in an increase in hydrogen production [117]. In this context, Kelly et al [119]
introduced strategies aimed at aligning PV cells to optimise solar absorption in cloudy

conditions.

This approach has the potential to enhance solar energy capture by more than 40%. In addition,
given that elevated temperatures can compromise the efficiency of PV cells, a recommended
solution involves redirecting the heat generated by PV systems to electrolysis. This transfer of
heat to electrolysis serves to boost system efficiency, as higher temperatures are conducive to
improved performance [119]. Therefore, the utilisation of solar energy for hydrogen generation
in Lesotho is grounded in the opportunity to tap into the ample solar resources with optimal

efficiency.

Floating photovoltaic (FPV) systems are also being explored as potential power sources for
generating green hydrogen, particularly in coastal regions, due to their ability to enhance the
feasibility of hydrogen production. Current projections suggest that by 2030, FPV is expected
to contribute 10% of the total solar energy output. FPV exhibits a number of benefits over
onshore PV, including low environmental impact, no fixed infrastructure, high power density,

and easy dismantling. However, these benefits are offset by greater investment costs. [120].

In this scenario, Temiz and Dincer [121] introduced a comprehensive system designed to
produce energy, ammonia, and hydrogen and to provide both heating and cooling effects. The
system incorporates an FPV system, a district heating and cooling system, and a unit for
generating hydrogen and ammonia, accompanied by pumped-hydro storage as illustrated in
Figure 11. Their research indicates that, in usual circumstances, the hydrogen-based energy
storage alternative exhibits a round-trip energy efficiency of 46.50% over the course of a

typical meteorological year.
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Figure 11: Design of the envisioned multi-generational system [121].

2.3.3.3 Hydrogen Production from Wind Energy

The process of water electrolysis powered by wind energy operates on the same underlying
principle, as illustrated in Figure 12, which was previously explained in the context of solar
energy. Using wind energy stands out as a straightforward and environmentally friendly
method for hydrogen generation. The successful production of hydrogen through wind energy
necessitates the presence of a well-established wind turbine infrastructure, an electrolysis unit,

and a suitable system for storing the generated hydrogen [122].

Fuel Cell

L R
Wind /\ l\ Electrolysis Unit Safety Storage P ’ L

ELECTRICAL ENERGY
GENERATION

Figure 12: Illustration of hydrogen production from wind energy [123].
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Numerous studies have explored the viability of generating hydrogen from wind energy. For
example, Ayodele and Munda [62] conducted research in South Africa to assess the feasibility
of implementing wind turbines. Their findings indicated that, depending on the turbine's
capacity, the windiest location could yield anywhere from 6.51 to 226.82 metric tonnes of
hydrogen. Similarly, Almutairi and colleagues [124] reported that the maximum wind energy
potential at Iran's Bahabad and Halvan stations could generate 19.844 and 19.429 tons of
hydrogen per year, respectively. A separate investigation conducted in Ukraine demonstrated
a combined wind power capacity of 688 GW across its territory, capable of yielding an average

annual production of 43 million tons of green hydrogen through electrolysis [125].

AbdelBasset et al. [126] underscored the significance of wind electrolysis and the need for
precise energy assessments to ensure sustainable hydrogen production. Accurate estimates of
wind speed were identified as crucial for enhancing system safety, streamlining dispatch
processes, and minimizing revenue losses caused by the unpredictable nature of wind
generation. AbdelBasset et al. highlighted how the previous oversight of the impact of virtual

components on wind speed characteristics led to inaccurate predictions.

Generating hydrogen through wind power however faces certain challenges that must be
addressed. They include the established structure of wind turbines, the need for an electrolyser
capable of accommodating fluctuations in wind conditions, and the implementation of an

effective hydrogen storage system [57].

2.3.4 Hydrogen Storage

Due to its low density when in a gaseous state, hydrogen necessitates a considerable volume to
accommodate a small mass, impacting its suitability for energy storage purposes. For example,
at standard pressure and temperature conditions, one cubic meter is needed to contain 1 kg of
hydrogen [127]. Consequently, considerable research endeavours are focused on enhancing the
density of hydrogen, which involves techniques such as using pressurized vessels and/or
liquefaction. These approaches demand a substantial amount of energy in the form of work,

heat, and, in some instances, materials that can bind hydrogen [117].

Hydrogen storage is typically categorized into two main types: physical storage and chemical
storage. Figure 13 presents a diagram illustrating the different aspects of hydrogen storage.

Detailed or concise explanations of these aspects can be found below.
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Figure 13: Illustration of Hydrogen storage [28].

2.3.4.1 Physical Storage

i.  Compressed H2 Storage
The method of storing hydrogen through pressurization has been employed for numerous years.
This approach to hydrogen storage entails rapidly storing hydrogen gas under elevated
pressure, typically ranging between 350 and 700 bar [128]. At present, the prevalent method
for storing hydrogen involves the use of gaseous cylindrical pressure vessels with varying
pressure levels, shapes and dimensions [129]. According to the aforementioned criteria, four

distinct vessel types are illustrated in Figure 14 and are used to store compressed hydrogen gas
[130]:

Liner (metal) Boss (metal)

Liner (polymer

Composite (fiber + resin) Composite (fiber + resin)

Figure 14: Hydrogen compressed tank types [131].

Type |: Representing the most economical choice, these vessels are crafted from metallic
materials, capable of enduring pressures up to 30 bar. The primary construction materials

include steel or aluminium alloy. However, for elevated hydrogen pressures or densities, the
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metal wall thickness must be proportionately increased. This results in a heavier storage vessel,
significantly reducing the net hydrogen gravimetric energy density. The vessels exhibit an

exceptionally low gravimetric energy density, successfully storing about 1 wt% H> [130].

Type II: The cylindrical portion of the metallic walls of these vessels is covered in fibre resin
composite [131], [132]. They weigh between 30 and 40 percent less than Type I, but at a 50%
higher cost [133].

Type 11 or Type 1V pressure vessels are constructed with the use of fully composite materials,
consisting of either plastic or carbon fibres embedded in a polymer matrix through a filament
winding process [131]. The key distinction between Type Il and Type IV lies in their
mechanical resistance. In Type Il vessels, typically over 5% of the mechanical strength is
attributed to a liner, often made of metal, classifying it asa Type I11 pressure vessel. In contrast,
Type IV pressure vessels predominantly feature a liner made of polymer, with infrequent use

of an exceptionally thin metal liner [131].

Compressed hydrogen-powered fuel cell vehicles have entered the commercial market, with
an increasing number of units being sold and actively used on the roads. Notable examples
include the Toyota Mirai (2021) and the Hyundai Nexo, an advanced model from the earlier
Hyundai Tucson. These vehicles use compressed H» stored at 700 bar in three Type IV
cylinders, enabling them to cover distances exceeding 600 km on a single charge [134], [135].
In addition, Hyundai has further introduced a commercial truck that operates on hydrogen at

350 bar and capable of traveling approximately 400 km on a full fill [130].

ii.  Liquid/ Cryogenic H2 Storage
An alternative method to enhance the density of pure hydrogen involves its liquefaction.
Liquefying hydrogen enables it to achieve a density of approximately 70 kg/m?3 at atmospheric
pressure [136]. Notably, liquid hydrogen (LH) has garnered significant attention for various
compelling reasons, including its status as the cleanest fuel, the highest energy-to-weight ratio
among alternative fuels, favourable chemical and physical properties, and an energy storage

capacity around 2.8 times that of gasoline [137].

Nevertheless, the significant energy requirements of the liquefaction process and loss of LH»
through boil-off during storage present a notable obstacle to storing hydrogen in liquid form.
With the exceptionally low boiling point of hydrogen around -253 °C at 1 bar, and considering
that hydrogen gas does not cool down during throttling at temperatures surpassing 73 °C, pre-

cooling becomes essential in the liquefaction process.
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This necessitates the utilization of evaporating liquid nitrogen, thereby adding to the increased
energy needs of the entire procedure [117]. In this context, based on helium-cooled hydrogen
liquefaction cycles, Yuksel et al. [138] devised a unique technique for hydrogen liquefaction,
which they reported to have energy and exergy efficiencies of 70.12% and 57.13%,

respectively.

Moreover, in order to reduce the rate of heat transfer by convection and conduction, liquid
hydrogen is typically stored in tanks with double walls and a high vacuum between them.
Materials such as alumina-coated polyester sheets, layers of glass fibre and aluminium foil that
alternate, or perlite particles, silica, or aluminium are also used to act as a shield against
radiation-induced heat transfer [129], [139].

Furthermore, this storage approach is commonly employed for fulfilling storage and
transportation needs on a medium to large scale, such as in truck delivery and the shipping of
hydrogen across continents, as depicted in Figure 15. A cryogenic tanker has the capability to
convey 5000 kg of hydrogen, approximately five times the capacity of trailers carrying

compressed hydrogen gas tubes [133].

Figure 15: Left: Cryogenic trailer, Right: Conceptual design for carriers of liquid hydrogen
[133].

These H» storage methods are limited by the energy density per volume, pressure vessel cost
and H. production rate. Because hydrogen has a low density, it must be stored in a huge
pressure vessel. Pressurised and cryogenic tanks are more costly because they require
composite materials such as carbon fibre, which account for 75% of the vessel's cost. In

addition, the energy required to compress and liquefy hydrogen results in high manufacturing
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costs [131]. Concerns have also been raised about the vessel's safety when it is utilised in

crowded environments [132].

2.3.4.2 Chemical Storage

i.  Metal Hydrides
Storing hydrogen in solid materials presents several benefits in comparison to storing it under
pressure or in a liquid state, particularly in terms of volumetric density. Solid compounds have
the ability to reversibly absorb hydrogen under specific temperature and pressure conditions
[131]. Metal hydrides, which are metallic alloys, exhibit the ability to absorb hydrogen, making

them efficient storage systems capable of both absorbing and releasing hydrogen [28].

The formation of hydroxides is initiated through the process of dissociative chemisorption.
Initially, the hydrogen molecule dissociates on the solid surface, and its individual atoms then
infiltrate the metallic host [131]. The bonding mechanism between hydrogen and the host
material plays a crucial role in determining the formation of various hydride groups. These
compounds fall into distinct categories, namely interstitial metal hydrides characterized by
metallic bonding, covalent hydrides, and ionic hydrides formed through ionic bonding. The
umbrella term "complex metal hydrides" encompasses both ionic and covalent hydrides as a

general classification [131].

The hydrogen release from these hydrides is directly affected by their temperature. It is
recognized that metal hydrides can retain hydrogen at levels ranging from 1% to 2% of their
weight. Nevertheless, employing active heating to help in the removal of hydrogen can elevate
this capacity from 5% to 7% of the hydride weight [28]. Typically, a considerable number of
metal hydrides necessitate a moderate amount of energy, usually ranging from 20 to 55
kilojoules per mole of hydrogen [130]. A compilation of some metal hydrides, including their

respective hydrogen storage capacities, is presented in Table 3.

MgH: has attracted significant interest and extensive research within the realm of metal
hydrides. Researchers have extensively explored its capacity for hydrogen storage, revealing
its high gravimetric energy density, affordability and abundance. In addition, the volumetric
energy density of MgH> has been found to be almost double that of liquid hydrogen [11], [140],
[141]. Due to the promising characteristics of MgH2, considerable efforts have been devoted
to enhancing its properties, with a focus on lowering the temperature and improving the rates
of hydrogenation and dehydrogenation [130]. In this context, Johnson et al. [142] observed

improved kinetics when they utilised a combination of MgH2 and LiBH4 (complex hydride).
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MgH:'s weight percent H, capacity rose to 11.4 wt%, and the reaction's associated enthalpy
change decreased to 45 kJ/mol H2. The hydrogen loading temperature drops to 200 °C,
according to Li et al.'s [143] observations using graphite and MgH,. MgH>—NaAlH4, MgH2>—
Mg(AlH,)2, and MgH>—AIH3 are further instances of hydride composites.

Table 3: Characteristics of metal hydrides for hydrogen storage [130].

Metal hydride Desorption Desorption enthalpy | Hz capacity
temperature (°C) | (kJ/mol H2) (Wt%)
MgH>-LiBH4 >350 45 114
MgoNiH4 >280 65 3.59
MgH> >300 75 7.6
MgH>—NaAlH4 >175 - 7.6
(1:2 M)
Mg.FeHg >300 77.6 55
MgH2—LiAlH4 >250 45 9.4
(1:1 M)
LaNisHs >100 31 1.4

Desorption of hydrogen from metal hydrides necessitates a temperature range of 120—-200 °C
due to the pronounced interaction between the metal hydride and hydrogen. Furthermore, the

properties or attributes defining metal hydrides as storage vessels are outlined as [132]:

e Significant hydrogen mass density

e Greater storage capacity for hydrogen (in comparison to compressed and liquid
forms)

e High safety measures

e Enhanced purity of hydrogen

e Favourable reversible cycle performance

e Minimal operating and maintenance expenses, along with reduced purchased

energy requirements

ii.  Carbon Nanotubes (CNs)

Carbon nanotubes have garnered attention for their potential as hydrogen storage materials due
to their elevated surface areas and thermal stability [28]. These tubular carbon structures,
measuring around 2 nanometres in size, have the theoretical capability to store hydrogen within
their tube structures. While carbon nanotubes and metal hybrids share similarities in their

storage methods, the quantity of hydrogen stored in nanotubes can surpass that of metal
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hybrids. As a result, the advancement of nanotube technology is regarded as a promising

approach in the field of hydrogen storage [28].

The carbon nanotubes (CNs) are renowned for their exceptional gas adsorption characteristics
because they have superior properties. These properties include the capacity to create a finely
powdered substance with a highly porous structure and the presence of specific interactions
between carbon atoms and the corresponding gas molecules [144]. Nanotubes are distinguished
by their structural composition, which includes single-walled nanotubes (SWNT) and multi-
walled nanotubes (MWNT) [144]. Figure 16 illustrates the delivered amount of H, adsorption

in carbon nanotubes during the gas desorption [132].

Carbon Nanotube

Figure 16: Hydrogen absorption in carbon nanotubes [145].

2.3.5 Plant Process Design for Hydrogen Production

While there has been extensive research on the technical aspects of hydrogen production in
conventional and non-conventional ways, including the efficiency and scalability of different
methods, the design of hydrogen production plants is a critical aspect. However, there is a
limited number of openly available reports addressing the optimal technical analysis of plant
process design which, for hydrogen production involves several key steps, including the
process flow diagram, heat and material balances, equipment selection and sizing, process
simulation, cost estimation, and safety considerations. The process flow diagram illustrates the

sequence of operations and the flow of materials within the plant.

Heat and material balances analyse the energy and material requirements of each unit
operation. Equipment selection and sizing determine the appropriate equipment for each
process step based on capacity, efficiency and other criteria. Process simulation uses software

tools to model and optimize the plant performance. Cost estimation involves evaluating the
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capital and operating costs of the plant. Safety considerations ensure that the plant operates
safely and mitigates potential hazards. By following these steps, a comprehensive and efficient

hydrogen production plant can be designed.

Researchers such as Ekpotu et al. [146] explored the use of solar energy for the production of
green hydrogen in Lagos state, Nigeria, leveraging the abundant solar resources in the region.
The researchers employed ASPEN Hysys to simulate and design the green hydrogen
production process. Inaddition, Microsoft Visio was used to create an instrumentation diagram,
as depicted in Figure 17. The study also delved into the application of Fuzzy-PID control in
the PEM electrolysis system. Both systems were deemed applicable and significant in
controlling the PEM electrolysis process. The solar systems achieved a 100% renewable

fraction, effectively preventing any further increase in greenhouse gas (GHG) emissions.
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Figure 17: Process and instrumentation diagram (P&ID) for the production of green hydrogen
from water using the ASPEN system with a focus on solar energy [146].

Devkota et al. [147] conducted a study focusing on the process design and optimization of on-
site hydrogen production from ammonia. The investigation covered reactor design, energy
conservation, and NOx control. The process flow diagram illustrating hydrogen production
from ammonia decomposition is depicted in Figure 18. The theoretical modelling and
simulation were executed through the use of Aspen Plus V.12. The foundational calculations
of Devkota et al. were based on a feed of 4000 kg/hr of pure ammonia, maintained at a

temperature of 298 K and a pressure of 10 bar. The developed process demonstrated the
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capability to produce approximately 514 kg/hr of 99.99% pure hydrogen from the 4000 kg/hr
ammonia feed. To facilitate the decomposition of the remaining ammonia, 9% of the fresh feed,

including undecomposed ammonia and waste hydrogen, was used as fuel.
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Figure 18: Process flow diagram depicting the units for ammonia decomposition,
combustion, and hydrogen purification [147].

The study identified the optimal operating temperature of the fired furnace to be 1500 K,
resulting in a maximum thermal efficiency of 59%. A key aspect of energy optimization
involved preheating a pressurized air—fuel mixture, incorporating unreacted ammonia and
waste hydrogen and using waste heat from the product and flue gas streams. This optimization
technique contributed to a fuel saving of approximately 22%. Furthermore, the researchers
observed that an increase in the proportion of hydrogen in the fuel mixture led to elevated NOx
emissions. To mitigate this, they implemented the recirculation of flue gas technique,

effectively minimizing NOx emissions in the process.
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3 THEORETICAL APPROACH / MODELLING DEVELOPMENT

3.1 Model of Green Hydrogen Production

To build a green hydrogen plant, extensive chemical process modelling is essential. It involves
multiple phases and a variety of equations to accurately represent complex physical and
chemical dynamics. These equations are crucial for simulating material balance and fluid
behaviour, which is the key factor to designing reactors, separators and other equipment for
optimal performance. This process integrates diverse fields of engineering and science to

ensure that the plant design is optimized and operational.

This section focuses on creating a comprehensive model of a green hydrogen production
facility. The model encompasses interconnected components that are crucial to the plant
functionality, including Electrolysers, heaters, coolers, separators, splitters, mixers, pumps, and
a purge system as shown in Figure 19. These components interact through material and energy
streams, establishing a cohesive operational framework. Such integration ensures that the
outputs of each component serve as inputs for subsequent processes, thereby enhancing the
efficiency and functionality of the hydrogen production system. This model acts as a chemical
process basis for subsequent design steps such as Energy Balances, Process and
Instrumentation Diagrams (P & IDs) and Process Control. It is deliberately developed in terms
of Mathematical Equations (Mathematical Modelling) to permit versatility. That is, it should
be able to accommodate changes in plant capacities as necessary. The design should be
understood as part of the large effort to consider the potential for the generation of green
hydrogen in Lesotho. The approach used is that of Material Balance and all the assumptions
are based on the understanding that mass is neither created nor destroyed. It is the basis for

Material Balance designs.

Each unit in the following Process Flow Steps is treated independently at a time. However, it
is linked to upstream and downstream units through streams. Each stream has Variables (in the
form of letters) representing total molar flows in and out of units and component flows making
up the total and represented by variables. The components in this case are Water, Hydrogen,
NaOH and Oxygen. Minor impurities are ignored but they are taken care of by the Purge Unit.
Unknown variables are represented by question marks while the rest are assumed to be known.

The assumption that some variables are known depends on the fact that they could either come
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from solved upstream processes or they can be found from chemical laws or reference
handbooks.
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Figure 19: Process Flow Chart

3.2 Plant Components
3.2.1 Feed Mixer

In a green hydrogen alkaline electrolysis plant, the feed mixer shown in Figure 20 assumes a
pivotal role in preparing the electrolyte solution that is vital for efficient hydrogen production.
It ensures thorough homogenization of the electrolyte solution, typically composed of water
and potassium hydroxide or sodium hydroxide, to maintain consistent conductivity and
optimize electrolysis performance. The mixer facilitates the dissolution of solid electrolyte
materials, preventing the presence of undissolved particles that could hinder efficiency or

damage equipment.
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Figure 20: Feed Mixer

In addition, the feed mixer promotes a uniform distribution of heat throughout the solution,
preventing localized overheating and thus stabilizing the electrolysis process. By keeping the
electrolyte solution in constant motion, the mixer prevents solids from settling. They could
otherwise cause inconsistencies and potential equipment issues. Moreover, when additional
chemicals or additives are necessary to enhance process efficiency or preserve hydrogen purity,

the feed mixer ensures their even dispersion within the solution.

3.21.1 MASS BALANCE

l. Total Balance

According to Equation 26, the total inflow molar flow rate equals the total outflow molar flow
rate.
S,+A=B 26

1. Component Balances

(a) Water Balance
According to Equation 27, the total inflow molar flow rate of water equals the total outflow

molar flow rate.

yl,Hzosl + ald = eB 27

(b) Hydrogen Balance
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According to Equation 28, the total inflow molar flow rate of hydrogen equals the total outflow
molar flow rate.
bA = fB 28

(c) Oxygen Balance
According to Equation 29, the total inflow molar flow rate of oxygen equals the total outflow
molar flow rate.

cA =gB 29

(d) Sodium Hydroxide Balance
According to Equation 30, the total inflow molar flow rate of Sodium Hydroxide equals 1
minus the total outflow molar flow rate.
Y1,NaouS1 + dA = hB 30

3.2.1.2 First degree of freedom analysis

Number of unknowns =3: Sy, y1 1,0, Y1,Na0H

Number of independent equations = 3: Equations 28 and 29 do not have variables and
therefore are not independent equations.

Number of degrees of freedom=3-3=0

This problem can be solved by Substitutions

l. Total Balance

Solve for S, by rearranging Equation 26
Si;=B—-A 31

1. Component Balances
(a) Water Balance

Rearrange Equation 27 to solve for y; y,0

eB —aA 32
V1,H,0 = g
1
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Substitute Equation 31 into Equation 32

_ eB — aA 33
YiH,0 = B_A

(b) Sodium Hydroxide Balance

Rearrange equation 30 to solve for y; yaon

hB — dA 34
Yi,NaoH = S—
1

Substitute Equation 31 into Equation 34

_hB—-dA 35
Y1,NaoH = B_A4

3.2.2 Feed Heater

The feed heater is essential for optimizing the electrolysis process. By preheating the feed
material, such as water or an electrolyte solution, to the optimal temperature before it enters
the electrolysis cell, the feed heater increases reaction rates and enhances overall energy
efficiency. This is due to the fact that elevated temperatures speed up the electrochemical
reactions within the cell, thereby reducing the electrical energy needed to sustain operational
conditions. Additionally, maintaining a consistent feed temperature ensures stable process
conditions, which helps avoid fluctuations that could adversely affect reaction rates and the
stability of the electrolyte solutions. It is important to note that the feed heater only raises the
temperature of the stream without changing its mass or composition, which means it does not

affect material balance calculations.

3.2.3 Inlet Separator

There are three separators. However, the first, depicted in Figure 21, is a flash distiller. This
unit functions primarily as a pressure relief device known as a flare. Its main purpose is to
swiftly lower system pressure by enabling a portion of the process stream to vaporize. Although

it does separate some components based on their volatility, this is a secondary outcome to its
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primary function of pressure reduction. The other two separators are designed to achieve high

product purity but employ a similar operational principle.

S4=7

\J

S3=B

Y

¥3, H20 =8
¥3, H2="1

¥3,02=q

x3, MaOH=h

y4, H20 = 2
¥4, H2=7

yd, 02=1-( y4 H20 +y4 HZ) 54

S5=7
x5, H20="7
x5, H2="7
x5, 02=7

x5, Ma0H = 1- (x5, H20 +x5, H2 + x5 02)55

\J

Figure 21: Separator

3.23.1 MASS BALANCE

l. Total Balance

B:S4+Ss

1. Component Balances

(a) Water Balance

eB = Y4 1,054 + X51,055

(b) Hydrogen Balance

fB = y4n,54 + X51,55

(c) Oxygen Balance

9B = = Yan, — Yan,0))S4 + %5,0,5s

(d) Sodium Hydroxide Balance
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hB = (1 — (Xsu,0 + X514, + X50,))Ss 40

3.2.3.2 Degree of freedom analysis

In this case, there is no need for a degree of freedom analysis because, based on the Rachford-
Rice Equations (Equations 41 and 42) [148], which is applied to a case where we have
multicomponent feed that has to be flashed into its vapour fractions and liquid residual, all this

would be unknowns in the material balance equations 37, 38 and 39.

< z;(K; — 1) 41
2 i= v =0
z; — molar fraction of component i in the feed liquid
% — molar fraction of feed that is vaporised,

V — moles of feed that is vaporised

To estimate V in Equation 41, an iteration method such as Newton-Raphson method is applied
[149]. Once the V is determined, equation 42 can be used to find the moles fractions of

components in both in the liquid x; and in the vapour y;.

Z.
X; = - i 42
1+ 5K -1
Vi = Kixj 43
where:

F — moles of incoming feed vaporised

K; — equilibrium constant of component i

First, we assume that the presence of NaOH dissolved in water does not affect the solutions
behaviour. This allows the view of NaOH as acting independently of the whole water-
hydrogen-oxygen solution. That means the total of the fluids is viewed as made of eB, fB and
gB. In this case, V represents moles of feed that is vaporised and (1-V) is moles of feed that is

not vaporised but excludes NaOH.
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Ss=6+T1 47

where

& — the total amount of volatiles (water, hydrogen and oxygen) leaving the separator in the

bottoms and T — the total amount of NaOH leaving the separator at the bottoms.

& can be viewed as representing moles of feed (excluding NaOH) that are not vaporised as in

Equation 48.
§=(1-V) 48
Since
X5,H,0,frac T X5,H frac t+ Xs5,0, frac = 1 49
Then
xS,HZO,frac6 50
X5,H,0= T
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The same thing can be done to find x5y, and x5 o,. For Sodium Hydroxide:

T

X5 NaOH — .ST
5

The tops for water and oxygen molar fractions are as follows:
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3.2.4 Feed Splitter

A feed splitter shown in Figure 22 is a unit that splits a process stream into two or more streams
without altering the original feed's characteristics or composition. This unit operation ensures
that the total mass and energy of the input stream equals the total mass and energy of the output
streams by adhering to the rules of mass and energy conservation. Furthermore, by distributing
the components among the resultant streams in a proportionate manner according to
predetermined split ratios, the feed splitter preserves the feed component distribution.
Moreover, a feed splitter is an important tool for improving process efficiency and control. The
division of the feed stream into multiple streams enables more flexible and efficient process
operations. For example, various streams can be routed to distinct units for processing, enabling
parallel or sequential processes. Furthermore, the feed splitter can be utilised to manage the
flow rates of various streams, ensuring that the operation runs efficiently and consistently. This

control is critical for ensuring product quality and preventing system constraints.

y6, H20 =m
y6,H2 =n
y6,02=0
y6, NaOH=p
P S6=7
< \_ S5=C
< ‘/ x5, H20 =i
S7=7 x5, H2 =j
y7,H20 =m x5, 02 =k
y/,H2=n x5, NaOH = |
y7,02=0
y7,NaOH =p

Figure 22: Feed Splitter

3.24.1 MASS BALANCE
. Total Balance
According to Equation 60, the inflow molar flow rate equals the total outflow molar flow rate.
C=S¢+S, 60
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AUXILLIARY EQUATION
There is one Equation and two unknowns
56 = S7 61

3.2.4.2 First Degree of freedom analysis
Number of unknowns = 2: S, S,
Number of independent equations = 2:

Number of Degrees of freedom=2-2=2

Substitute Equation 61 into Equation 60

C:S7+S7:257 62
Therefore,
Cc 63
S, =—
772

Solving forSg, substitute Equation 63 into Equation 61

C 64
S, =—
672

3.2.5 Alkaline Electrolyser

In a green hydrogen electrolysis plant, an alkaline electrolyser is crucial for generating
hydrogen through the electrolysis of water. This process involves using an electric current to
split water (H20) into hydrogen (Hz) and oxygen (O:) gases. Typically, the electrolyte in an
alkaline electrolyser is a concentrated aqueous solution of potassium hydroxide (KOH) or
sodium hydroxide (NaOH), which enhances conductivity and efficiency. The electrolyser
comprises two electrodes: the cathode (negative electrode) and the anode (positive electrode),

illustrated in Figure 23.
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S6=D Anode (-} s8=7

-
y6 H2O=m 7y ¥BH20="7
yEH2Z=n ¥BH2="7
y602=o0 ¥ 02=7
sfo
y6 MaOH=p ¥8 MaOH = 1-(x8, H20 + x8, H2 + xB, 02)58
ST=E 58="7
L.
YT H20=m Cathode (+) I xA H20="7
yTH2=n ¥ H2=7
y702=0 ¥ 02=7
yT MaOH=p ¥3 MaOH = 1-(x@, H20 +x3, H2 +x3, 02)S9

Figure 23: Alkaline Electrolyser

To ensure that the hydrogen and oxygen gases remain separate, the electrolyser employs a
diaphragm or membrane that permits ion passage while preventing gas mixing. During
operation, the cathode facilitates reduction, where water molecules gain electrons to form
hydrogen gas and hydroxide ions (OH"). Simultaneously, at the anode, oxidation occurs as
hydroxide ions lose electrons to produce oxygen gas and water. The hydrogen and oxygen
gases produced at their respective electrodes are collected individually and can be stored or

used in diverse applications.

3.2.5.1 Material balance on the cathode side

Considering all species that enter, exit, and interact with the system is necessary to maintain
material balance on the cathode side of an electrochemical cell, such as an electrolyser. The
following Chemical Equations should be used in developing material balances, especially in

the degree of freedom analysis and creation of auxiliary equations.

2H,0 +2e~ - H, + 20H™ 65

20H - %02 + 2H,0 + 2e 66

. Total Balance
According to Equation 67, the total molar outflow rate is equal to the total molar inflow rate
minus the molar flow of hydrogen produced, the molar flow of hydroxide ions produced, and

the molar flow of water consumed. The quantity of hydrogen gas generated during the
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electrolysis process per unit of time is shown by the molar flow of hydrogen produced, with
hydrogen gas normally emerging at the cathode. Simultaneously, the molar flow of hydroxide
ions generated indicates the amount of hydroxide ions generated per unit time, typically at the
anode in an alkaline electrolysis setup. The rate at which water molecules are used in these
electrolysis reactions to produce hydrogen gas and hydroxide ions is also measured by the

molar flow of water consumed.

59 + 510 = E + fLHz produced +n 67

OH—produced - nHZO consumed

1. Component Balances
(a) Water Balance
The amount of output water on the cathode side is equal to the inflow water minus the water
consumed, according to Equation 68.

X9’H20.S‘9 - mE - 68

nHzO consumed

(b) Hydrogen Balance
Equation 69 illustrates that the quantity of outlet hydrogen on the cathode side is equal to the

sum of the hydrogen generated and the inlet hydrogen.

x9H259 =nk + nHZ produced 69

(c) Oxygen Balance
Equation 70 illustrates that the oxygen outlet flow rate is equal to its inlet flow rate.
x90259 = OE 70

(d) Hydroxide lons
The quantity of hydroxide ions that leave the cathode side equals the amount that is produced,

as demonstrated by Equation 71.

(X1000-) S10 = NOH ™ broduced "

(e) Sodium Hydroxide balance over the entire hydrolyser
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The rate of sodium hydroxide outflow is determined by subtracting the rate of water, hydrogen,
and oxygen outflow from 1, then multiplying the result by the outflow of the stream S, as

shown in Equation 72.

PE = (1 = (Xou,0 + Xou, + X90,))S9 12

3.2.5.2 First Degree of Freedom Analysis

The term "degrees of freedom™ (DOF) describes the quantity of independent variables or
parameters that can be changed without going against any limitations imposed by the equations
governing the system.

Number of Unknowns = 9

= x9,H20: 59’ xgtHz' x9'02’ nHz produced’ nHZO reacted’ X100H™) 510 ’ nOH_produced

Number of Independent Equations = 5
Degree of Freedom Analysis =9 —5 =4

This problem cannot be solved, there are two more equations needed

AUXILIARY FOR THE CATHODE SIDE

The cathode and anode reaction balances using the Extend of Reaction Method [ref?]

. Total balance
Species i's total output molar flow is equal to its stoichiometric coefficient multiplied by the

extent of reaction, plus its inlet molar flow as shown in Equation 73.

fli = T.lio + 175 73

1. Component Balances

(a) Cathode Water balance
The molar flow of water produced is equal to the molar flow at the inlet minus two times the
extent of reaction. Since water is being consumed in line with Equation 74, the stoichiometric

coefficient has a negative sign.

. . 0
n =n -2 74
Hzoprduced H20in {

(b) Cathode Electron Balance
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Equation 75 states that because electrons are being used, the molar flow of electrons produced
is equal to the flow of electrons entering minus two times the extent of reaction.

- — 5 0 75
Ne produced ~ Ne="in 2§

(c) Cathode Hydrogen Balance
The extent of reaction plus the molar flow at the inlet equals the molar flow of hydrogen
produced. Equation 76 dictates the production of hydrogen, so the stoichiometric coefficient is
positive.

= ‘fLHZO + f 76

leZ produced in
(d) Cathode Hydroxide Balance
The amount of hydroxide ions generated in terms of molar flow equals the inlet molar flow
plus twice the extent of the reaction. As hydroxide ions are generated according to Equation
77, the stoichiometric coefficient is positively indicated.
flOH—produced = flOH—inO +2¢ "
Substitution for water

Conversion is based on cathode water, as in Equation 78 where conversion factor A and 71"

are known.
. 0 .
_ "H,0 in nHZOproduced 8
= —
NHy0 ;)
Rearranging to find molar flow of water produced
. . 0 s 0
nHZOproduced - nHZO in AnHZO in 9
Since
nHZO consumed = AleZOOin 80
mE = T'lHZOinO 81
Therefore, by substituting Equation 81 into Equation 80,
nHZO consumed = AmE 82
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Equation 82 is the first independent equation in the auxiliary analyses.

Substitution to find extend of reaction, &

. 0 . 0 . 0
nHZOin B (nHZO in —/1711.120 in)

2

E:

Substitution for Hydrogen
T.I,HZO = 0

Because no inlet hydrogen takes part in the reaction,

Substituting Equation 83 into equation 84,

. 0 . 0 . 0
. nHZOcat B (nHZO cat B AnHZO cat)
nHZ = 2
Substitute Equations 81 and 82 into 85
mE — (mE — AmE)
2 = 2

__AmE

nHz produced = nHz - 2

ny

Equation 87 is the second independent equation in the auxiliary analyses

Substitution for Cathode Hydroxide lon
7:lOH_inO =0

Because there is no inlet hydroxyl taking part in the reaction

By substituting equation 83 into Equation 88

. . 0_ (. 0 1 0
NoH™in = MH04, (nHzO in A0 in)
Since,

0

mE = nHZOiTl

nOH—produced = mE — (mE — AmE)

nOH—produced = AmE

Equation 92 is the third independent equation in the auxiliary analyses
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84
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86
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88
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The fourth and the last Auxiliary Equation is that

f100a-=1 93

3.2.5.3 Second Degree of Freedom Analysis

Number of Unknowns = 9
= x9,H20’ 59’ x9:H2’ x9:02’ nHz produced’ nHZO reacted’ X100H™ 510 ’ nOH_produced
Number of Independent Equations = 9

Degree of Freedom Analysis =9 -9 =0
The problem can be solved by Final substitution

l. Total Balance

59 + SlO =E + ‘r.lHZ produced + 7;lOH_produced - hHZO consumed 94
Sg = (E + nHZ produced + nOH_produced - T.I'HZO consumed) - 510 95
By substituting Equations 82 and 87 into 95
AmE 96
So=E + — AmE
Therefore,
_EQ2-2m) 97
27 2
1. Component Balances
(a) Water Balance
xg’HZOSQ =mE — nHZO consumed 98
By substituting Equations 82 and 97
B mE — AmE 99
*o1:0 = F(2 = Am)
2
Therefore,
2m(1—2) 100
o0 = T3 am

57



(b) Hydrogen Balance

x9H259 =nk + nHZ produced

Substituting equations 87 and 97 into 101

nk + MTE
o, = EQ —Im)
2
Therefore,
_2n+ Am

x = —-—-
H2 © 2 — 2m

(c) Oxygen Balance
x90259 = OE

Substituting Equation 97 into 104 Equation 105

oE
%90, = E(2 = 1m)
2
Therefore,
20
X90, = 2—-2Am

(d) Hydroxide lon Balance
(X1000-) S10 = ﬁ'OH_pmduced
By substituting Equation 92 into Equation 107
Slo = /1mE

(e) Sodium Hydroxide Balance Over the Entire Hydrolyser

Sodium Hydroxide Balance is a dependent Equation
PE = (1 = (Xou,0 + Xou, + X9,0,))S9

Since

Xo, naon = (1 = (Xom,0 + Xou, + X9,0,))Sg

PE = X9, naon So

pE

X9, NaOH = S
Substitute Equation 97 into Equation 112
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pE 113
X9, NaOH = m

2
Therefore,
X _ 2p 114
9, NaOH — 2 _ )'m

3.2.5.4 Material balance on the anode side
An electrolyser's anode side material balance is a methodical way to monitor the movement of

materials (molecules or ions) into and out of the anode compartment.

. Total Balance
According to Equation 115, the inflow flow rate plus the amount of water produced on the
anode equals the total outflow rate.

Sg=D 410, s + 1 115

Hzo produced

1. Component Balances

(a) Water Balance
According to Equation 116, the water's output flow rate is equal to its inlet flow rate plus the
amount of water produced.

Sg=mD + ny,o 116

xBHZO produced

(b) Hydrogen Balance
Hydrogen flows out at the same rate that it enters on the anode side as shown by Equation 117.

Xgy, Sg = nD 117

(c) Oxygen Balance
Equation 118 shows that the oxygen flow rate at the output is equal to the oxygen flow rate at
the input plus the oxygen that is produced.

x80258 = oD+ 7'102 produced 118

(d) Sodium Hydroxide Balance Over the Entire Hydrolyser
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The rate of sodium hydroxide outflow is determined by subtracting the rate of water, hydrogen,
and oxygen outflow from 1, then multiplying the result by the outflow of the stream S5 as
shown in Equation 119.

pD = (1 - (x8H20 + x8H2 + x802))58 119

3.2.5.5 First Degree of Freedom Analysis

Number of Unknowns = 6 = x8H20'58' X811 %80, MHa0 producea’ 02 produced

Number of Independent Equations = 4
Degree of Freedom Analysis = 6 —4 = 2

This problem cannot be solved

AUXILIARY FOR THE ANODE SIDE
. Total balance
Equation 120 indicates that the total output molar flow of Species i is equal to its inlet molar

flow plus its stoichiometric coefficient multiplied by the extent of reaction.

T.ll' = 'flio + Vf 120

. Component Balances
(a) Anode Hydroxide balance
The molar hydroxide ion flow generated at the anode is equal to the molar hydroxide ion flow
from the cathode side at the input, minus two times the reaction's extent. Due to the
consumption of hydroxide ions, the stoichiometric coefficient is negative as shown in Equation
121.
0 —2¢ 121

nOH—an,produced = Noy- cat,in

(b) Oxygen Balance
Equation 122 states that the molar flow of oxygen produced is equal to the molar flow of
oxygen entering the system plus half of the reaction’s extent. The fact that oxygen is being
produced accounts for the positive stoichiometric coefficient.
1 122
. — 0
noz an,produced - noz an.in + Ef

(c) Anode Water Balance
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The molar flow of water generated is equal to the molar inflow plus twice the reaction’s extent,
as stated in Equation 123. Since water is being generated, the stoichiometric coefficient is
positive.

0 + 28 123

n =n
HZOan,,produced Hz0 an,in

(d) Anode Electron Balance
According to Equation 124, the molar flow of electrons produced is equal to the flow of
electrons entering plus two times the extent of the reaction and since electrons are being
produced, the stoichiometric coefficient is positive.
=" + 2¢ 124

Tlo- = .
€ an,produced an,in

Conversion is based on anode hydroxide ions, as in Equation 125 where conversion factor A

and n,5-° are known.

_ TlOH_Ocat,in - T'lOH_an,produced 125
T.lOH_Ocat,in
Assume A as 1 because all entering hydroxide ions are used up
A=1 126
Substitute Equation 126 into Equation 125
_ flOH_Ocat,in - flOH—an,produced 127
fLOH_Ocat,in
Rearranging to make nOH—an‘pm duced
nOH—an,produced = ﬁOH_Ocat,in -2 (flOH_Ocat,in) 128
129

. . 0 _ .0
NOH™ gnproduced — MOH™ cat,in 1 (nOH cat,in)

Since there are no hydroxide ions produced at the anode, the molar flow is of production is
equal to 0.
0 130

Non~ an,produced

Therefore, the molar flow of hydroxide ions generated is equal to the molar flow of hydroxide

ions from the cathode at input minus twice the reaction extent.
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0

nOH—an,produced =NoH~ catin ~ 2§

Solving for &

. 0
Nop- cat,in

2

Substitution for oxygen
fp,° =0

Because there is no inlet oxygen taking part in the reaction

. . 0, 1
noz an,produced - noz an.in + E f

Substitute Equation 132 into Equation 134

. 0
n _ 1 Non- cat,in
02 an,produced 2 2

According to Equation 144
NoH"catin = AgnmE = nOH—cat,produced

. 0
_ MOH™ cqtin

n =
02 an,produced 4
Therefore,
) AgnmE
noz =
an,produced 4

Substitution for water
fg,o° =0
Because there is no inlet water taking part in the reaction
NH,0 NH,0 2§

an,produced an,in

Substituting Equation 132 into Equation 140

. 0
. _ NOH™ cat,in
Ny o =2(———=
2% an,produced 2

Since,
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) ) 0
n = Noy- .
H20 anproduced OH™ cat,in

Substituting Equation 144 into Equation 142

n = AgnmE
Hz0 an,produced an

3.2.5.6 Second Degree of Freedom Analysis

Number of Unknowns = 6 = x8H20'58' X811 %80, MHa0 producea’ 02 produced

Number of Independent Equations = 6
Degree of Freedom Analysis =6 —6 =0

This problem can be solved.

Substitution 2

NoH™cqr = AgnmE = nOH—cat,produced

l. Total Balance

58 = D + nOZ produced + nHZO produced

Substitute Equations 138 into Equation 143

AgnmE
Ss = D + + AanmE
Therefore,
4D + 51,,mE
SB = 4

1. Component Balances
(a) Water Balance

'XSHZOS8 =mD + nHZOproduced

Rearrange Equation 148 to solve for xg H,0

mD + ny,o

x _ produced
8 =
Hzo 58

Substitute Equations 143 and 147 to give Equation 150
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_ mD + AgymE
*8H,0 = 4D + 51,,mE
4

Therefore,

4(mD + 1, mE)
X =
8H20 ~ 4D + 51,,mE

(b) Hydrogen Balance

x8H258 = nD

Rearrange Equation 152 to solve for Xy

nD
x8 -
HZ 58

Substitute Equation 147 into Equation 153

nD
*8H, = 4D + 51,,mE
4
Therefore,
4nD

X =
8H: ~ 4D + 51,,mE

(c) Oxygen Balance
x80258 = oD+ T:LOZ produced
Rearrange Equation 156 to solve for Xgp,

_ OD + noz produced
x80 =
2 58

By substituting Equations 138 and 147 into Equation 157, forming Equation 158

oD + —/1“"4mE
*80, = 4D + 51,,mE

4

Therefore,

x __ 40D+A4ymE
80, T 4D+51,mE

(d) Sodium Hydroxide Balance over the Entire Hydrolyser
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pD = (1 - (xSHZO + x8HZ + xBOZ))Sg 160

Since
XgNaoH = 1 — (XSHZO T Xgy, + x802)58 161
pD = Xg naon Ss 162

Rearrange Equation 162 to solve for xg yaon
pD 163

X8 NaOH — S
8

Substituting equation 147 into Equation 163
pD 164

X8,NaOH = 4D+51gnmE
4

Therefore,

4pD 165
4D + 5A,,mE

X8 NaOH =

3.2.6 Anode and Cathode Coolers

The coolers for both the anode and cathode play a crucial role in maintaining optimal
temperatures for the electrolyte and electrodes. Operating outside this temperature range can
significantly decrease electrolysis efficiency, hasten electrode degradation and trigger
unwanted side reactions. These coolers remove excess heat, thereby preventing overheating
that could otherwise cause thermal stress, damage electrolyser components, and pose safety

risks.

In addition, anode and cathode coolers contribute to system stability by ensuring even
temperature distribution throughout the cell. This prevents localized hotspots may compromise
material integrity or reduce operational efficiency. Effective cooling also supports efficient
electrolyte circulation, which is vital for maintaining consistent reaction conditions and
maximizing ionic conductivity. As the coolers have no impact on the mass or composition of

the stream, but simply lower its temperature, they are disregarded in the material balance.

3.2.7 Oxygen and Hydrogen Separators

Figure 24 and Figure 25 depict oxygen and hydrogen separators respectively. The oxygen
separator isolates oxygen gas produced at the anode to prevent hazardous recombination with

hydrogen and other impurities. Similarly, the hydrogen separator plays a critical role by
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isolating hydrogen gas generated at the cathode that ensuring it remains free from impurities,

especially oxygen.

S11=7
>
y11,H20= 7
y11,H2=7
y11,02=1- ( y11,H20 +y11 H2) 11
Se=F
F
¥8 HZ0=q
¥, H2Z=r
S12=7
x8,02=s ¥12,H20=7
¥, NaOH=t y12,H2="7
y12,02=7
y12, NaOH = 1- (y12, H20 +y12, H2 +y12,02)S12
>
Figure 24: Oxygen Separator
S13=7
>
y13, H20=7
y13,H2=7
y13,02=1- ( y13,H20 +y13,H2) 513
S8=G
¥9, H20=1q
¥4 H2=r
S14=7
*9,02=5 y14,H20=7
x9, MaCH=1 y14,H2=2
y14,02=7

y14, MaOH=1- (y14, H20 +y14, H2 +y14 02)514

A\

Figure 25: Hydrogen Separator

This separation is crucial as oxygen, if mixed with hydrogen, poses an explosion hazard. The

hydrogen is purified to meet various application standards. Effective separation of these gases
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is vital for maintaining electrolysis process efficiency and producing high-purity hydrogen.
These separators function similarly to the inlet separator, and therefore, the same equations

apply in simulating these units.

3.2.8 Oxygen Splitter

In electrolysis, hydrogen and oxygen are produced separately but can occasionally mix due to
the process. This cross-contamination, although minimal, presents challenges. Figure 26
illustrates an oxygen splitter designed to effectively eliminate residual oxygen from the
hydrogen stream. The oxygen splitter's main purpose is to increase the generated hydrogen's
purity. The quality and safety of hydrogen can be negatively impacted by relatively small
quantities of oxygen present in the stream, especially in situations where high purity is
essential, like in fuel cells. Oxygen and other impurities can harm fuel cells, shortening their
lifespan and efficiency.

By eliminating any remaining oxygen, the oxygen splitter ensures that the hydrogen satisfies
strict purity standards, enhancing its suitability for such delicate uses. Furthermore, there is
significant risk associated with the amount of oxygen present in the hydrogen stream from a
safety perspective. Because hydrogen is very flammable, combining it with oxygen may render
the mixture highly explosive. Thus, by effectively separating oxygen from the hydrogen and
reducing the possibility of explosive reactions, the oxygen splitter lowers this risk. This safety
improvement is essential for averting potentially hazardous situations and ensuring the safe

functioning of hydrogen generating systems.
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515=7

\J

15, H2=1
§12=H
>

y12, H20=u

12,H2=v

y S16=7
y12,02=w ¥16,H20= 7
Y12, MaOH=x ¥16,02=2

x16, NaOH = 1- (x16, H20 + x16,02)S16

Y

Figure 26: Oxygen Splitter

3.2.8.1 MASS BALANCE
l. Total Balance
The inlet molar flow rate (H) equals the total molar flow rates on the outlet side
H =S5+ S 166

1. Component Balances

(a) Water Balance
The molar fraction of water times the inlet molar flow rate is equal to the unknown molar
fraction of outlet water times the molar flow rate.

uH = x16’H20516 167

(b) Hydrogen Balance
The molar fraction of hydrogen times the inlet molar flow rate is equal to the unknown outlet
molar flow rate.
vH = Sys 168

(c) Oxygen Balance
The molar fraction of oxygen times the inlet molar flow rate is equal to the unknown molar

fraction of outlet oxygen times the molar flow rate.
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wH = x16'02516 169

(d) Sodium Hydroxide Balance
The molar fraction of Sodium Hydroxide times the inlet molar flow rate is equal one minus
unknown molar fractions of outlet water, hydrogen and oxygen times the molar flow rate.

xH = (1 = (X16,5,0 + X165, T X16,0,))516 170

3.2.8.2 First Degree of freedom analysis
Number of unknowns = 4: S5, Si6, X16mH,0s X16,0,
Number of independent equations = 4:

Number of Degrees of freedom = 4-4=0

This problem can be solved by Substitution.

l. Total Balance
H =S5+ S 171
Substitute Equation 168 into Equation 171
H = vH + S;4 172

Solve for S;¢
Sl6 =H —vH 173

. Component Balances
(a) Water Balance

Rearrange Equation 167 to solve for x;¢ .0

uH 174
X16,H,0 = S
16

Substitute Equation 173 into Equation 174

uH 175
X16,H,0 = H—vH
u
X16,H,0 = ~ 4 176

(b) Hydrogen Balance
vH = Sy 177
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(c) Oxygen Balance
Rearrange Equation 169 to solve for x;¢ ¢,
wH
X16,0, = %

Substitute equation 173 into Equation 178

wH

X160, = g
_ w
X16,0, = T,

(d) Sodium Hydroxide Balance
xH = (1 = (x16,5,0 + X16,1, T X16,0,))516
Since
X16,va0n = (1 — (X16,1,0 + X161, + X16,0,))516
xH = X16 NaoHS16

Solve for xg yaon

xH

X16,NaOH = &
’ S
16

Substitute equation 173 into Equation 184

X

X16,NaOH = v_1

3.2.9 Hydrogen Mixer

178

179

180

181

182
183

184

185

The hydrogen mixer shown in Figure 27 is pivotal in maintaining high purity of produced

hydrogen. It blends hydrogen streams to achieve desired concentrations, removes impurities

and gases introduced during production or storage, and regulates hydrogen flow rates. This

ensures consistent production levels, preventing fluctuations that could affect downstream

processes. Safety is prioritized as the mixer controls the mixing process to prevent potential

explosions or leaks by monitoring pressure and temperature. Efficiency is optimized by

producing and delivering hydrogen at appropriate rates and conditions, thereby reducing

energy consumption and operational costs. The mixer also ensures that hydrogen meets
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industry and regulatory standards for purity and quality through continuous monitoring and

adjustment, thereby supporting consistent product quality.

S156=1
S17=7
x15, H2 =1 \ »
y
x17, H20 =7
S13=J x17,H2=7
y13,H20 =y x17, 02 =7?
yi3,H2=2z
y13,02=A

Figure 27: Hydrogen Mixer

3.29.1 MASS BALANCE
l. Total Balance
According to Equation 186, the total inflow molar flow rate equals the total outflow molar
flow rate
l+] =5, 186

1. Component Balances
(a) Water Balance
According to Equation 187, the inflow molar flow rate of water equals the outflow molar

flow rate.

Y] = X171,0517 187

(b) Hydrogen Balance
According to Equation 188, the total inflow molar flow rate of Hydrogen equals the total

outflow molar flow rate

I + Z] = x17'H2517 188

(c) Oxygen Balance
According to Equation 189, the inflow molar flow rate of Oxygen equals the total outflow

molar flow rate.
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A] = x17,0,517 189

(d) Sodium Hydroxide Balance
The inflow molar flow rate of Sodium Hydroxide equals 0 and the total outflow molar flow

rate is also equal to 0 as pure hydrogen is being produced.

3.2.9.2 First Degree of freedom analysis

Number of unknowns = 4: S;7, X17,0, X17,0, X17,1,
Number of independent equations = 4:

Number of Degrees of freedom =4-4=0

This problem can be solved by Substitution.

l. Total Balance
517 = ] +] 190

1. Component Balances

(a) Water Balance

Rearrange Equation 187 to solve for x;; y.¢

v/ 191
X17,H,0 = S
17

Substitute Equation 190 into Equation 191

y] 192
X17,H,0 = m

(b) Hydrogen Balance

Rearrange Equation 188 to solve for x;; ,

I+2z 193
X17.H, = S
17

Substitute Equation 190 into Equation 193

I+ z] 194
X17.H, = m
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(c) Oxygen Balance

Rearrange equation 189 to solve for x5 o,

— 195
17,0, — St
Substitute Equation 190 into Equation 195

A] 196
X17,0, = m

3.2.10 Recycle Mixer

The recycle mixer depicted in Figure 28 plays a critical role in maintaining operational
efficiency and maximizing hydrogen production. It ensures the electrolyte solution, typically
potassium hydroxide or sodium hydroxide, remains uniformly mixed during electrolysis. This
uniformity is essential for consistent electrochemical reactions. By homogenizing the
electrolyte, the recycle mixer helps maintain an even temperature distribution, preventing

hotspots that could compromise efficiency and the lifespan of the electrolysis cell.

S16=K

s18=?
>
x16, H20 = M \
>
x16,02=N
x18, H20 = 2
x16, NaOH = O
x18, H2 = 2
St4=L x18, 02 =2
y14,H20=P x18, NaOH = 1-(x18, H20 +x18, H2 +x18, 02)S18
y14, H2=Q
y14 02=R
y14, NaOH = S

Figure 28: Recycle Mixer

During the electrolysis process, which generates hydrogen and oxygen gases, the recycle mixer
helps in the separation these gases from the liquid electrolyte. Effective gas-liquid separation
is crucial in preventing gas bubbles from interfering with electrochemical reactions. Proper
mixing and separation improve the purity of the hydrogen and oxygen gases produced. This is

critical for downstream applications.
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The recycle mixer typically functions within a recirculation loop that returns electrolyte from
the electrolysis cell to the tank. This continuous circulation helps to maintain optimal
electrolyte concentration and temperature which are essential for consistent hydrogen
production. Continuous mixing prevents sedimentation of impurities or by-products in the

electrolyte solution, thereby sustaining electrolysis efficiency.

By enhancing mass transfer of reactants to electrode surfaces, the recycle mixer can improve
overall electrolysis efficiency. Better mass transfer rates lead to higher hydrogen production
rates, potentially reducing the over potential required for the electrolysis reaction and lowering

energy consumption.

By ensuring that the electrolyte is uniformly distributed, the recycle mixer helps prevent
localized electrode corrosion, thus extending the life span of the electrolysis cell. Proper mixing
also mitigates the risk of gas accumulation in specific areas, reducing potential safety hazards

such as explosions or leaks.

3.2.10.1 MASS BALANCE

l. Total Balance
According to Equation 197, the total inflow molar flow rate equals the total outflow molar
flow rate.

K+L2518 197

1. Component Balances
(a) Water Balance
According to Equation 198, the total inflow molar flow rate of water equals the total outflow
molar flow rate.
MK + PL = x1g4, 0518 198

(b) Hydrogen Balance
According to Equation 199, the total inflow molar flow rate of hydrogen equals the total
outflow molar flow rate

QL = x181,518 199

(c) Oxygen Balance
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According to Equation 200, the total inflow molar flow rate of Oxygen equals the total

outflow molar flow rate
NK + RL = x18'02518 200

(d) Sodium Hydroxide Balance
According to Equation 201, the total inflow molar flow rate of Sodium Hydroxide equals 1
minus the total outflow molar flow rates.
OK + SL = (1 = (X18,m,0 + X181, + X180,))S18 201

3.2.10.2 First Degree of freedom analysis

Number of unknowns = 4: Syg, X1g 1,0, X181, X18,0,
Number of independent equations = 4:

Number of Degrees of freedom =4-4=0

This problem can be solved by Substitution.

l. Total Balance
K + L = 518 202

1. Component Balances
(a) Water Balance
Rearrange equation 198 to solve for x5 4,0

MK + PL 203

12 5‘
18

Substitute Equation 202 into Equation 203
MK + PL 204
K+ L

X18H,0 =
(b) Hydrogen Balance

Rearrange Equation 199 to solve for x;g 5,

QL 205
X18,H, = S
18

Substitute Equation 202 into Equation 205
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QL

Y

(c) Oxygen Balance
Rearrange Equation 200 to solve for x40,
NK + RL

Y2 f'
18

Substitute Equation 202 into Equation 207
NK + RL
0. = T p

(d) Sodium Hydroxide Balance
OK + SL = (1 — (x18n,0 + X181, T X18,0,))518
X18, naon S18 = (1 — (X181,0 + X181, + X18,0,))S18

Since
X18, NaoH S18 = OK + SL

Rearrange Equation 211 to solve for x5 nqon

OK + SL
X18, NaOH = —S
18

Substitute Equation 202 into Equation 212

OK + SL
X18, NaOH — K—-I—L

3.2.11 Recycle Purge

206

207

208

209
210

211

212

213

The recycle purge depicted in Figure 29 is integral to maintaining the system's performance

and reliability. It ensures the electrolyte quality and conductivity by eliminating impurities such

as dissolved gases and metal ions. This process also regulates the concentration of the alkaline

solution, typically potassium hydroxide (KOH) or sodium hydroxide (NaOH), which is crucial

for efficient electrolysis.
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y19,H20 =a

y19,H2=b
y19,02=c¢c
y19, NaOH = d
§19=7
-l
< ﬂ S18=T
<
«< ‘/ x18, H20 =U
§20=7° x18, H2=V
y20,H20 =e x18,02=W
y20,H2=f x18, NaOH =X
y20,02=g
y20, NaOH = h

Figure 29: Recycle Purge

The purge process plays a critical role in preserving gas purity and safety. It separates residual
hydrogen and oxygen gases dissolved in the electrolyte, preventing contamination and ensuring
the purity of the produced hydrogen. By controlling the pressure within the electrolysis cells,
it mitigates the risk of gas accumulation, thereby enhancing safety and averting potential

hazards such as explosions.

Moreover, the recycle purge optimizes system efficiency by managing electrolysis-generated
heat. By extracting and recycling cooled electrolyte, the system maintains optimal operating
temperatures for the electrolytic reactions. This approach also reduces the occurrence of
undesirable side reactions caused by impurities or excessively concentrated electrolytes,

ultimately improving overall efficiency.

3.2.11.1 MASS BALANCE
l. Total Balance
According to Equation 214, the inflow molar flow rate equals the total outflow molar flow

rate.
T = 519 + SZO 214

AUXILLIARY EQUATION
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There is one Equation and two unknowns

S20 = 9519

3.2.11.2 First Degree of freedom analysis
Number of unknowns = 2: S;4, S5
Number of independent equations = 2:

Number of Degrees of freedom=2-2=2

Solving for Siq
Substitute Equation 215 into Equation 214
T =519+ ¢S19

T =519(1+¢)
T
Si9= ——
Y7 (1+e)

Solving for S,
Substitute Equation 218 into Equation 215

5. T
20—‘P(1+(p)
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4 RESULTS AND DISCUSSION

In this section, we present and discuss the results from the modelling of a chemical process
design for green hydrogen production, focusing on the validation of equations to ensure
accurate determination of molar fractions and the evaluation of system efficiency. The
modelling process involved a detailed analysis of the consumption and production rates of key
substances in the system, including hydrogen, sodium hydroxide, water, and oxygen. One of
the primary objectives was to validate the equations used in the model to ensure that the sum
of the molar fractions for each component equals 1, reflecting the conservation of mass within
the system. This validation process is crucial for confirming the accuracy of the model's
calculations and ensuring reliable results. Furthermore, the variation in molar and mass
fractions of hydrogen, sodium hydroxide, water, and oxygen with respect to electrolyser
efficiency is illustrated through detailed graphs for each component, demonstrating the specific
roles and interactions of these substances within the system. Overall, these results provide a

thorough understanding of the model's performance, accuracy, and efficiency.

4.1 Feed Mixer

In order to validate Equations 33 and 35, several assumptions outlined in Table 4 were made,
using UNISIM software as an ideal reference point. It is a powerful tool from Honeywell that
simulates and models industrial processes [150]. These assumptions allowed for the testing of
the validity of the equations. To ensure the correctness and accuracy of the equations, it is
essential to use them to calculate the molar fractions of water and Sodium Hydroxide which
have to sum up to 1. Theresults of these tests are presented in Table 5. This criterion is satisfied,

thereby confirming the precision of the equations.

Table 4: Assumptions used to test Equations 33 and 35.

Substances Symbols Values
S3 B 100
S0 A 98.96
Water (S5) a 0.867357
Sodium Hydroxide (S,) d 0.132612
Water (.S3) e 0.867479
Sodium Hydroxide (S5) h 0.132491
Table 5: y; o0 and y; yaon Molar fractions in a feed mixer.
Symbols Values
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Y1,H20 0.879087769

Y1,NaOH 0.120977385

Total 1

Simulating the mixer unit fully could not be achieved due to the reality of the recycling system.
Unlike other units, the performance of this unit could only be validated based on the exact
values from the first separator (and through the two other separators) and how it influences
other values up to the feed mixer. Time could not allow the extensive iteration processes needed

to solve the model for the three separators.

4.2 Electrolyser
4.2.1 Analysing the Cathode side of the electrolyser

For the cathode side of the electrolyser, the UNISIM design software was used to establish
reference molar fractions for water, hydrogen, oxygen, and sodium hydroxide, as detailed in
Table 6. Furthermore, it is crucial to validate the accuracy of Equations 100, 103, 106 and 114
by ensuring that their application in calculating the molar fractions of water, hydrogen, oxygen,
and sodium hydroxide results in a total sum of 1, as demonstrated in Table 7. This criterion

verifies the precision of the equations.

Table 6 : Assumptions used to test Equations 100, 103, 106 and 114

Substance Symbols Values
Water Y7H20 =M 0.867488000
Hydrogen Y7uz =N 0.000010000
Oxygen Y702 =0 0.000007000
Sodium hydroxide Y7.NaoH =P 0.132495000
Total 1

Table 7: Molar fractions in electrolyser cathode side

Substance Symbols Values
Water X9 H20 0.816138728
Hydrogen Xo,H2 0.045351494
Oxygen X902 1.35592E-05
Sodium Hydroxide XoNaOH 0.138502461
Total 1

Figure 30 and Figure 31 depict simulation graphical results created in Excel and illustrate the

molar and mass fractions of water, hydrogen, oxygen, and sodium hydroxide plotted against
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Electrolyser efficiency between 0 and 1. The efficiency, in this case, measures the ratio of the
fraction of water that was converted to hydrogen. These graphs assess how the molar and the
mass fractions change with each of them as electrolyser efficiency increases. In Figure 30, the
molar fractions of water approach zero as efficiency approaches 1, while that of hydrogen
increases. all of which these are expected. This happens because water is consumed at the
cathode to produce hydrogen. In contrast, the molar fraction values of oxygen remain constant
and negligible because no oxygen is produced on the cathode side and the little that exists
comes from recycling. The molar fractions of sodium hydroxide increase gradually since it

does not participate directly in the reaction but it has to take the lost water space.
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Water Hydrogen Oxygen Sodium Hydroxide

Figure 30 Molar fraction variation with electrolyser efficiency on the cathode side of an
electrolyser

Furthermore, because molar fraction pertains to substance moles whereas mass fraction
pertains to masses, plotting the mass fractions of water, hydrogen, oxygen, and sodium
hydroxide, as depicted in Figure 31, yields distinct trends. Due to the higher molar mass of
sodium hydroxide, its graph displays a greater mass fraction. Given that hydrogen is the
lightest, its contribution in terms of mass is no longer as pronounced as its molar fraction, while
oxygen is still negligible. Here lies the hydrogen conundrum. It has the highest energy density

per kg of other alternative fuels. However, it is extremely light. This means that its storage
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becomes complex as it needs to be compressed to squeeze in as much mass as possible into

containers since it exists as gas at room temperature.
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Figure 31: Mass fraction variation with electrolyser efficiency on the cathode side of an
electrolyser

4.2.2 Analysing the Anode side of the Electrolyser

Referential molar fractions for water, hydrogen, oxygen, and sodium hydroxide are established
on the anode side of the electrolyser using the UNISIM design software, as shown in Table 8.
Asshown in Table 7, it is imperative to confirm that the molar fractions calculated by Equations

151, 155, 159 and 165 yield a total sum of 1. Failure to do so invalidates the equations.

Table 8: Assumptions used in testing Equations 151, 155, 159 and 165.

Substances Symbols Values
Water YeH20 =M 0.867488
Hydrogen Yenuz =N 0.000010
Oxygen Y602 =0 0.000007
Sodium hydroxide YeNaoH = P 0.132495
Total 1

Table 9: Molar fractions in electrolyser Anode side

Substances Symbols Values

Water Xg H20 0.867488
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Hydrogen Xg,H2 0.000010
Oxygen X802 0.000007
Sodium hydroxide X8 NaOH 0.132495
Total 1

Figure 32 and Figure 33 display graphical results from Excel simulations, showing variations
in molar and mass fractions of water, hydrogen, oxygen, and sodium hydroxide with
electrolyser efficiency. In Figure 32, the molar fraction of water decreases towards 1, while
hydrogen is negligible. Oxygen's molar fraction also rises as it is produced in this side, whereas

sodium hydroxide's molar fraction gradually decreases as other substances take more space.

Figure 33 presents mass fraction plots of the same substances, revealing more patterns. Sodium
hydroxide, with its higher molar mass, exhibits decreasing mass fractions. Oxygen increase is
now more pronounced. In contrast, the mass fraction of water decreases slightly although water
is being produced on this side. Due to the low molecular weight of hydrogen, its mass fraction

is in the realm of negligible levels.
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Figure 32: Molar fraction variation with electrolyser efficiency on the anode side of an
electrolyser
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Figure 33: Mass fraction variation with electrolyser efficiency on the cathode side of an
electrolyser

4.3 Analysis of an Oxygen Splitter

In this analysis, the molar fractions specifically derived from the cathode and anode sides of
the electrolyser and not that of the separator because the separator was not fully developed
were considered. The idea was to gauge the behaviour of the model irrespective of the source
of data. Using the UNISIM design software, Table 10 establishes reference molar fractions for
water, hydrogen, oxygen, and sodium hydroxide streaming from the anode side of the
electrolyser. To ensure accuracy, it is crucial to verify that the molar fractions computed using
Equations 176, 177, 180 and 185 add up to 1. Table 11 presents evidence demonstrating their

accuracy.

Table 10: Assumptions used to test Equations 176, 177, 180 and 185

Substance Variable Values

Si2 H= 50.04
Water u= 0.867584
Hydrogen V= 0.000001
Oxygen w= 0.000024
Sodium Hydroxide X= 0.132391
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Total 1

Table 11: Molar fractions in Oxygen splitter

Substances Symbols Values
Water X16,H20 0.867584868
Oxygen X16,02 2.4E-05
Sodium hydroxide X16,NaOH 0.132391132
Total 1

4.3.1 Using Molar fractions from the Anode Side of the electrolyser

By using the molar fractions from the anode side of the electrolyser, the researcher obtained
the graphical representations shown in Figure 34 and Figure 35. Figure 34 illustrates that water
has the highest molar fractions, which decrease slightly as the efficiency approaches 1.
Similarly, the molar fractions of sodium hydroxide decrease as the efficiency approaches 1,

while the molar fractions of oxygen increase.
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Figure 34: Molar fraction variation with electrolyser efficiency in an Oxygen Splitter
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Figure 35: Mass fraction variation with electrolyser efficiency in an Oxygen Splitter

In contrast, Figure 35 presents a different perspective by showing the mass fractions. The graph
for sodium hydroxide indicates a higher mass fraction due to its greater molar mass which
decreases with electrolyser efficiency. Conversely, the mass fraction of water increases, as
opposed to its molar fraction which went down. In addition, the mass fraction of oxygen still

shows a notable increase.

4.4  Analysis of a Hydrogen Mixer

For this component, the present researcher based calculations on the molar flow ratesand molar
fractions derived from both the oxygen separator and the cathode side of the electrolyser. Using
UNISIM design software, Table 12 was created to establish reference values for molar fractions
of water, hydrogen, oxygen, and sodium hydroxide, alongside their corresponding molar flow
rates. These values were then used to validate the equations. It is crucial to ensure accuracy by
verifying that the sum of molar fractions computed using Equations 192, 194 and 196 equals

1. Table 13 provides evidence confirming their accuracy.

Table 12: Assumptions used to test Equations 192, 194 and 196

| Substances | Symbols | Values
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Sis | = 4.61E-05
Hydrogen 1
Si3 J= 3.99E-02
Water y 0.019306
Hydrogen z= 0.972585
Oxygen A= 0.008109
Table 13: Molar fractions in Hydrogen mixer.
Substances Symbols Values
Hydrogen X17 H2 9.73E-01
Oxygen X17,02 0.008099643
Total 1

Figure 36 and Figure 37 depict graphical outcomes derived from Excel simulations and

illustrate the changes in molar and mass fractions of water, hydrogen, oxygen, and sodium

hydroxide across an efficiency spectrum from 0 to 1. These graphs analyse the progression of

the fractions with incremental adjustments. In Figure 36, the molar fractions of water decrease

as the efficiency approached 1 while the molar fractions of hydrogen increase as the efficiency

approached 1. Oxygen's molar fractions remain consistently negligible due to no production of

oxygen.
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Figure 36: Molar fraction variation with electrolyser efficiency in a Hydrogen Mixer
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Figure 37: Mass fraction variation with electrolyser efficiency in a Hydrogen Mixer.

Mass fraction diagrams of the same compounds are shown in Figure 37, where variations are
noticeable. In comparison to its molar fraction, the mass fraction of water drops significantly
as efficiency approaches 1. Although hydrogen has a smaller molecular weight its mass fraction
increases significantly as efficiency approaches 1. The mass fraction of Oxygen does not show

any increase.

45 Analysis of a Recycle Mixer

For this part, the calculations relied on the molar flow rates and proportions obtained from both
the oxygen separator and the cathode side of the electrolyser. We used UNISIM design
software to generate Table 14, which details the molar fractions of water, hydrogen, oxygen,
and sodium hydroxide, along with their respective flow rates. These data points were crucial
for validating our equations. To ensure precision and validity, the total molar fractions are
computed using Equations 204, 206, 208 and 213 add up to 1. Table 15 serves as verification

of their accuracy.

Table 14: Assumptions used in testing Equations 204, 206, 208 and 213.

Substances Symbols Values
Si6 K= 50.04
Water M= 0.867585
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Oxygen N = 0.000024
Sodium Hydroxide 0= 0.132391
Si4 L= 49.92
Water P= 0.867255
Hydrogen Q= 0.000037
Oxygen R= 0.000001
Sodium Hydroxide S= 0.132708
Table 15: Molar fractions in a Recycle mixer.
Substances Symbols Values
Water X18H20 0.867420198
Hydrogen X18 H2 1.84778E-05
Oxygen X18,02 1.25138E-05
Sodium hydroxide X1g NaOH 0.13254931
Total 1

Figure 38 and Figure 39 display graphical results generated from Excel simulations. They
depict the changes in molar and mass fractions of water, hydrogen, oxygen, and sodium
hydroxide with electrolyser efficiency. The two figures show how these fractions evolve with
incremental adjustments. In Figure 38, the molar fraction of water decreases as it approaches
an efficiency of 1 while those of hydrogen increase significantly. Oxygen molar fractions also
increase, nearing an efficiency of 1 while those of sodium hydroxide decrease slightly as

efficiency approaches 1.

89




0.9

0.8

0.7

0.6

0.5

0.4

Molar Fractions

0.3

0.2

01 /

0 0.2 0.4 0.6 0.8 1 1.2

Efficiency
—@— Water —@—Hydrogen Oxygen Sodium Hydroxide

Figure 38: Molar fraction variation with electrolyser efficiency in a Recycle Mixer
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Figure 39: Mass fraction variation with electrolyser efficiency in a Recycle Mixer

Figure 39 presents mass fraction diagrams of the same compounds, highlighting noticeable
variations. Sodium hydroxide exhibits an upward trend in mass fractions as efficiency

approaches 1 due to its high molar mass. In contrast, despite its molar fraction, the mass fraction
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of water decreases nearing an efficiency of 1. The mass fractions of hydrogen and oxygen

increase gradually as they approach an efficiency of 1.

4.6 Analysis of Recycle Purge Unit

To simulate this component, the value of the inlet molar flow rate, T, is constant at 99.96 and
varied ¢ from 0 to 1. Table 16 displays the corresponding calculated molar flow rates of S;q
and S,, as ¢ shifts within this range. According to Equations 218 and 219, the molar flow
rates of both streams must total T for each variation. Therefore, the results in Table 16 confirm

the accuracy of the equations.

Table 16: Molar flow rates of S;4 and S,

Values
Efficiency | 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
S19 90.97 | 833 |76.89 |714 66.64 | 6247 | 588 55.53 | 5261 |49.98
S20 9.08 |16.66 | 2307 |2856 |3332 |3749 |41.16 |4443 |4735 | 49.98
Total 99.96 | 99.96 |99.96 |99.96 [99.96 |99.96 |99.96 |99.96 |99.96 |99.96

Figure 40 presents a plot of molar flow rates as a function of ¢. It illustrates that S, 4 starts with
a higher molar flow rate compared to S,,. However, as ¢ approaches 1, the molar flow rate of
S19 gradually decreases. On the other hand, S,, begins with a lower molar flow rate but
experiences an increase as ¢ nears 1. Notably, the molar flow rates of both S;4 and S,,

converge and become equal when ¢ equals 1.
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Figure 40: Molar Flow rates of S19 and S20 at ¢ between 0 and 1.
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5 CONCLUSION AND RECOMMENDATIONS

5.1 Concluding Remarks

In conclusion, simulating a feed mixer within a plant and thus achieving accurate system
simulation proves challenging due to the intricate dynamics of the separator. Specifically, the
complexity lies in iteratively calculating inlet molar flow rates and fractions to capture the
system's behaviour effectively. Until the behaviour of the separator is resolved through these

iterative calculations, any simulation of the feed mixer may be deemed inaccurate.

To validate the equations crucial for this simulation, the assumptions presented in Table 4 are
made and tested against UNISIM software as a baseline. It was essential to ensure that
equations accurately calculated molar fractions of water and Sodium Hydroxide, summing up
to 1, as verified in Table 5. Similarly, equations determining molar fractions on the cathode
and anode sides of the electrolyser were validated (Table 6 and Table 7), confirming their

precision through rigorous testing against software-generated references.

Graphical results from Excel simulations (Figures Figure 30Figure 31, Figure 32Figure 33)
depicted trends in molar and mass fractions across incremental variations. They illustrated how
molar fractions of water and hydrogen changed due to consumption and production in
electrolytic reactions, while mass fractions reflected differences in molecular weights. Notably,
sodium hydroxide consistently exhibited higher mass fractions due to its greater molar mass,

contrasting with the decreasing mass fraction of water.

Further validation focused on molar fractions derived from the anode side of the electrolyser
(TablesTable 10 and Table 11), which is essential for accuracy in subsequent calculations of
an Oxygen Splitter. Figures Figure 34Figure 35 elaborated on these fractions, showing how
they varied with increasing increments, which is crucial for understanding their impact within
the system. Moreover, calculations involving molar flow rates and fractions from both the
oxygen separator and the electrolyser sides detailed in Tables Table 12 and Table 13,

corroborate equation accuracy.

Graphical outcomes from Excel (Figures Figure 36Figure 37, Figure 38Figure 39) continued
to demonstrate evolving molar and mass fractions across varying conditions. These
visualizations highlighted the changing dynamics of water, hydrogen, oxygen, and sodium

hydroxide fractions that are essential for comprehensive system analysis. Lastly, the
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consistency in molar flow rates of streams S, and S, under different ¢ conditions (Table 16,
Figure 40) provided a conclusive validation of the equations governing the flow rate

calculations.

Overall, the study demonstrates that the equations accurately model the system, as evidenced
by the consistent verification against the reference values and the graphical analysis of molar
and mass fractions. These observations emphasize the critical role of accurate simulation in
understanding system behaviour and ensuring reliable predictions crucial for optimizing plant

operations and efficiency.

5.2 Limitations

Modelling the green hydrogen plant presented several significant challenges; foremost among
them is the constraint of time. These limitations have influenced the depth and thoroughness
of the modelling process in multiple ways. Firstly, there was insufficient time to perform
iterative refinements essential for optimizing plant design and operational efficiency in the
three separators that form part of the entire process. Each iteration cycle (which normally
involves adjusting the parameters, validating the assumptions and recalculating the outputs,
required extensive time investments that were not feasible under the tight project deadlines.
Moreover, accurate energy balanced calculations, critical for assessing energy inputs and

outputs in hydrogen production, were not done due to time constraints.

Integrating renewable energy resources, the cornerstone of green hydrogen production, also
suffers under time limitations. Effective integration of variable renewable sources such as solar
and wind requires sophisticated modelling to predict energy availability, optimize usage and
manage fluctuations. Insufficient time for detailed modelling has resulted in missed
opportunities to maximize renewable energy utilization or to optimize energy supply and
demand balance within the plant operations. Furthermore, the complexity of green hydrogen
plant systems, encompassing electrolysis, compression, purification, and storage processes,
demands comprehensive data and interdisciplinary expertise. Time constraints have limited the
scope of modelling to primary processes, potentially overlooking secondary factors such as

equipment degradation, operational variability or environmental impacts.
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5.3 Recommendations

In order to effectively address the complexities involved in modelling a green hydrogen plant
several key strategies can significantly improve the process. Firstly, adequate time allocation
is crucial. This includes allowing thorough iterations to refine designs, accurately calculate
energy balances and integrate renewable energy sources effectively. Establishing realistic
project timelines that prioritise these aspects can alleviate the pressures of tight deadlines,

ensuring comprehensive and optimized plant designs.

Enhancing data collection efforts is equally vital. Thorough data gathering on equipment
specifications, renewable energy potentials, local climate conditions and operational
parameters can enhance the quality and availability of input data for simulations. This
minimizes uncertainties in model outputs and boosts prediction reliability. Using advanced
modelling tools and simulation software capable of handling the intricacies of green hydrogen
plant systems is another critical recommendation. These tools facilitate precise energy balance
calculations, dynamic simulation of renewable energy integration and optimization of

operational strategies in order to support informed decision-making.

Interdisciplinary collaboration is essential for successful modelling. Involving experts from
chemical engineering, renewable energy systems and data analytics ensures a holistic approach.
This collaboration fosters a comprehensive understanding of plant dynamics and enables
modelling that considers technical, economic and environmental factors simultaneously.
Furthermore, a rigorous validation of assumptions and model outputs using real-world data and
operational feedback is essential. Pilot studies or small-scale demonstrations can validate the

accuracy and reliability of model predictions, guiding further refinements.

To maintain long-term operational efficiency and environmental responsibility, continuous
optimization of plant design and operations is the key factor. This includes adapting control
strategies to respond to variable renewable energy inputs, minimizing operational costs and
reducing environmental impacts. Staying abreast of technological advancements in hydrogen
production and renewable energy integration ensures that modelling frameworks incorporate
the latest innovations and best practices. By implementing these strategies, stakeholders can
effectively address the challenges of modelling green hydrogen plants as well as promote

sustainable and efficient hydrogen production from renewable sources.
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