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Abstract: Adoption of hydrogen energy as an alternative to fossil fuels could be a major step towards
decarbonising and fulfilling the needs of the energy sector. Hydrogen can be an ideal alternative for
many fields compared with other alternatives. However, there are many potential environmental
challenges that are not limited to production and distribution systems, but they also focus on how
hydrogen is used through fuel cells and combustion pathways. The use of hydrogen has received little
attention in research and policy, which may explain the widely claimed belief that nothing but water
is released as a by-product when hydrogen energy is used. We adopt systems thinking and system
dynamics approaches to construct a conceptual model for hydrogen energy, with a special focus
on the pathways of hydrogen use, to assess the potential unintended consequences, and possible
interventions; to highlight the possible growth of hydrogen energy by 2050. The results indicate that
the combustion pathway may increase the risk of the adoption of hydrogen as a combustion fuel, as
it produces NOx, which is a key air pollutant that causes environmental deterioration, which may
limit the application of a combustion pathway if no intervention is made. The results indicate that
the potential range of global hydrogen demand is rising, ranging from 73 to 158 Mt in 2030, 73 to 300
Mt in 2040, and 73 to 568 Mt in 2050, depending on the scenario presented.

Keywords: hydrogen energy; hydrogen demand; hydrogen fuel cell pathway; hydrogen combustion
pathway; emissions; nitrogen oxides; renewable alternative fuel; systems thinking; system dynamics

1. Introduction

Hydrogen is a promising alternative to fossil fuels in many applications. Some of these
applications are the domain of hydrogen energy, and no other alternatives can compete
with hydrogen, such as heavy and long-distance transport (e.g., heavy-duty trucks, ships,
and planes), as well as energy-intensive manufacturing sectors (e.g., ferrous and non-
ferrous metals, petroleum refining, chemicals, and cement). With the current technology,
these sectors are difficult to electrify, and other alternatives (e.g., bio energy) cannot cope
with demand. Hence, decarbonisation of these sectors will remain a challenge. Therefore,
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adoption of hydrogen as a replacement for a fossil fuel could be a major step towards
decarbonising and fulfilling the needs of the energy sector.

Hydrogen is an abundant (the most abundant element in the universe), efficient, re-
liable, clean, non-toxic, and renewable fuel, and it has a very high energy content (about
three times as much as gasoline and natural gas, and almost seven times that of coal) [1–3].
Hydrogen’s entire process has four stages: (1) resources, (2) systems, (3) pathways of use,
and (4) end use, as shown in Figure 1. Hydrogen can be produced by diverse energy
resources, such as RE and fossil fuels. If it is produced by RE, it is called green hydrogen, if
it is produced by fossil fuels with Carbon Capture Storage (CCS), it is called blue hydrogen,
and if it is produced by fossil fuels without CCS, it is called grey hydrogen [4]. Three sys-
tems are involved: production systems, storage systems, and delivery systems. Production
systems include many routes; the most prevalent are: Steam Methane Reforming (SMR),
which is the process in which methane extracted from natural gas is heated by steam to
generate hydrogen [5]; coal gasification, which is the process in which Carbon Dioxide
(CO2) is generated by adding air to the coal through combustion. Carbon dioxide then
reacts with the rest of the carbon in the coal to form carbon monoxide, and in the final
process, carbon monoxide reacts with steam, generating hydrogen [6]; electrolysis of water,
which is the process of using electricity to decompose water into oxygen and hydrogen [7].
Storage systems also include many routes, of which the most common storage systems are:
as a compressed gas in high-pressure gas cylinders; as a liquid in cryogenic tanks; as a solid
by reacting with metals or chemical compounds or being stored in an alternative chemical
form. Delivery systems are through three main methods: gaseous pipelines; pressurized
tube trailers; cryogenic liquid tankers [8]. Hydrogen energy can be used through two key
pathways: fuel cells and combustion [9]. Fuel cells produce electricity, while combustion
is used in boilers and engines [10]. End use includes a large number of: chemicals (e.g.,
methanol, and ammonia), industry (refinery, steel, and cement), residential and commercial
(e.g., blending into natural gas pipelines), mobility (e.g., fuel cells electric vehicle), power
(e.g., power generation by turbine and storage as a backup power in fuel cells or tank
storage), and space applications (e.g., rocket fuel).
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Figure 1. Hydrogen entire process stages.

Previous efforts have focused, mainly, on hydrogen production resources and sys-
tems [11–17]. For example, Dincer et al. [11] assessed innovative hydrogen production
methods under various criteria. Hosseini et al. [12] highlighted the state-of-the-art hy-
drogen production technologies using renewable and sustainable energy resources. Acar
et al. [18] provided a review on sustainability of hydrogen production systems. Niaz
et al. [14] focused on various hydrogen producing and storing methods for creating a
hydrogen economy. When considering the impact of hydrogen on the environment, the
focus rests on issues related to the leakage of hydrogen [19–24]. For example, Li et al. [19]
and Shen et al. [20] investigated the safety of hydrogen fuel cells by a numerical simulation
of hydrogen leakage from fuel cell ship and vehicle, while Gye et al. [21] assessed the risk
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of an urban hydrogen refuelling station. The pathways of hydrogen use have received
little attention in research or policy, which may be explained by the common belief that
nothing but water is released as a by-product when hydrogen energy is used, a belief that
is only true for the fuel cells pathway. Burning of hydrogen in the combustion pathway can
produce Nitrogen Oxides (NOx), which have something in common between hydrogen and
fossil fuel when burned at high temperatures [25–27]. NOx is a harmful air pollutant that
can be formed in all fuel-air mixed in high flames (above 1300 ◦C); less than 750 ◦C no NOx
is formed [26,28]. This may pose a risk to the future of hydrogen energy as a combustion
fuel. On the other hand, previous studies have employed different approaches to explore
the future of hydrogen energy demand, such as the Geographic Information System (GIS)
method [29–31], the Optimal Power Flow (OPF) technique [32], and the mathematical
model [33].

However, there is a need to understand the dynamics underlying interactions among
the components of any complex system, which is the domain of systems thinking and
system dynamics approaches, as applications of these approaches in the hydrogen energy
sector have been largely absent. Further, there is a need to focus on fields and/or sectors
in which only hydrogen can play a vital role compared with other alternatives, which is
missing in many previous studies, and has been taken into consideration in this paper.
Exploring the future of hydrogen energy demand and highlighting the risks that may
affect the sector are of paramount importance to understand the transition to a hydrogen
economy.

The aim of this study is twofold: (1) using a systems thinking approach to build a
conceptual model for hydrogen energy, with a special focus on the pathways of hydrogen
use, to assess the potential consequences that could lead to unintended impacts, and
possible interventions; (2) using a system dynamics approach to highlight the possible
demand growth of hydrogen energy until 2050. The demand meant here is the global
demand, and it will be linked to a case study of a country that may be a leader in hydrogen
production in the foreseen future [34–36]. Australia’s path will be compared with the global
path, hence potential opportunities need to be seized. Australia is one of the world’s largest
exporters of coal and natural gas, and by 2032, with excessive fossil fuel extraction, coal will
be the only fossil fuel resource that Australia totally relies on [37]; hence, Australia should
think about an export alternative of energy, and hydrogen would be a suitable alternative,
as the current infrastructure used for gas can also be used for hydrogen [38–40].

2. Hydrogen Recent Development

Hydrogen, today, is gaining unprecedented traction. This is clearly seen through: the
increasing demand, which has grown more than threefold since 1975; the mega projects
being implemented; the increasing of policies that directly support investment in hydrogen
technologies; the mandates and policy incentives that directly support hydrogen; the global
spending on hydrogen energy research [41,42].

3. Hydrogen Economy

Nearly every day, there is a new update on the use of hydrogen in transportation and
energy. The potential for Hydrogen to X (H2X) to easily merge with present transportation
and energy systems, while dramatically lowering air pollution (zero-carbon emission
at point of use) [2,43], is fascinating. Simultaneously, human reliance on fossil fuels is
responsible for anything from oil spills to ozone threats to climate change [44,45]. The
political plan likewise prioritizes the guarantee of price stability and energy supply [46].
These factors are driving the world’s transition far from a fossil fuels economy and toward
a greener hydrogen economy. The Hydrogen Economy or Hydrogen Energy System is
a theoretical concept of a system in which hydrogen is the primary energy source. In
1970, John Bockris was the earliest one to introduce the phrase “hydrogen economy” at the
General Motors (GM) Technical Center presentation and during a hydrogen meeting in
Miami [47].
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The main objective of a hydrogen economy is to produce hydrogen primarily from
readily available energy sources in order to replace fossil fuels currently used in trans-
portation, industry, domestic, and commercial applications. The hydrogen economy has
been presented as a highly refined and long-term solution to the world’s interrelated
difficulties, such as (i) world environment concern, (ii) natural resource depletion, (iii)
food shortages and malnutrition in third-world countries, and (iv) the world’s growing
population. Despite the fact that the issues connected with the fossil fuel economy are
serious and overwhelming, successful growth of the hydrogen economy will result in
significant benefits for the environmental, energy supplies, economic, and end users [48].
Besides the benefits, rapid transition from fossil fuel energy to a hydrogen energy system
has been slowed by substantial socioeconomic, technological, and scientific challenges. The
extraordinarily low density of hydrogen makes storage a crucial issue during the trans-
fer [49]. Although chemical and refinery industries commonly utilize hydrogen, its costs
for production, storage, and delivery are too expensive and undesirable for the majority of
energy applications [50].

Furthermore, the great advantages of the hydrogen economy are so exciting that poli-
cymakers from all over the world are spending heavily in improving the energy system’s
prospects [14]. The European Commission’s High Level Group on Hydrogen and Fuel
Cell Technologies proposed, in 2003, that the European Union achieve a hydrogen-based
economy by 2050 and anticipates that, by 2040, 35% of new manufactured automobiles
would be powered by zero carbon hydrogen [51]. The Energy Efficiency and Renewable
Energy, Fossil Energy, Nuclear Energy, and Science Offices of the US Department of Energy,
on the other hand, recommended that transition to hydrogen-powered fuel cell automobiles
take place around 2020 [52].

The hydrogen economy has been intensively explored, according to the research; vari-
ous roadmap reports, case studies, and reviews have been documented, summarizing the
main achievements and the function of hydrogen’s potential in the energy sector [53–55].
For the purpose of completeness, researchers demonstrates an increasing attention in ex-
ploring the social consequences, policy issues, environmental impact, and techno-economic
of hydrogen economy [18]. As a result, a number of national and international organiza-
tions have been established to educate the policymakers, companies, and public in order to
develop a foundation and promote preparations for the hydrogen economy age. Several
examples are shown in Table 1.

Table 1. National and international hydrogen organization.

Location Organization

Africa The Hydrogen South Africa (HySA)
Australia The Australian Association for Hydrogen Energy (AAHE)
Canada Canadian hydrogen and fuel cell industry
Europe Hydrogen Europe
Global Hydrogen Council
Spain Hydrogen Foundation
Global IEA Hydrogen
Global International Association for Hydrogen Energy (IAHE)

Global/USA The Fuel Cell and Hydrogen Energy Association (FCHEA)
UNIDO The International Centre for Hydrogen Energy Technologies (ICHET)

USA National Hydrogen Association (NHA)
USA The U.S. DOE Hydrogen and Fuel Cells Program

WA-Australia Renewable Hydrogen Council

The hydrogen economy is not presented as a substitute to existing energy vectors
in the world scale but rather, as a compliment in the aspect of a smart and low-carbon
strategy for certain purposes and areas [53]. As a result, the transformation to a worldwide
“hydrogen economy” is unlikely to occur in the near future [44]. Recent publically funded
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R&D initiatives, cost-effectiveness, policies, and the development of a hydrogen system, on
the other hand, will undoubtedly contribute to making this dream a reality [56,57].

Renewable hydrogen (i.e., Green Hydrogen), production from renewable energy
resources, as well as the development of all corners of square-shaped Hydrogen Square
(HydS) (shown in Figure 2) seems to be a promising way to comply with a 100% renewable
electric grid and expanding to a 100% renewable energy supply and, hence, a hydrogen
economy [58,59]. The literature shows consensus on green hydrogen has the potential to
decarbonise a large range of industrial applications or serve as a clean energy carrier for
storing renewable energy, utilised in a variety of applications [59,60]. However, parallel
development in the four corners of the HydS is essential for the green pathways to become
technoeconomically feasible.
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Hydrogen economy seems achievable when a 100% renewable electric grid complied
and expanded to a 100% renewable energy supply though the development of all corners of
HydS, production from renewable energy resources, and renewable hydrogen (i.e., Green
Hydrogen) [61,62]. Green hydrogen has the ability to decarbonise a wide range of economic
uses or act as a clean energy carrier for storing renewable energy to be be used in a lot
of areas [63]. Nevertheless, for green pathways to become technoeconomically viable,
simultaneous growth at the four corners of the HydS is required.

4. Exergy Destruction

Exergy is the amount of work that can be done with a given amount of energy. Exergy
is the highest theoretical useable energy that can be extracted from an energy resource or
a substance that is subjected to an almost reversible technique from its starting condition
until it is returned to its natural condition. Exergy is determined by a total of parameters
that can be equal to zero (in an equilibrium state with the surroundings), and it is reliant on
the relative state of a system and its ambient conditions [64]. Exergy is an indicator that
measures how much a system deviates from equilibrium with its surroundings. Exergy
is a term that encompasses both the qualitative and quantitative aspects of energy. Any
irreversible occurrence results in exergy losses, resulting in process exergy destruction (loss
of useful work) or elevated energy consumption from whichever source the energy was
acquired from. The Gouy–Stodola theorem connects exergy destruction to total entropy
production in a system:

.
E = T0

.
Sgen (1)

where
.
E is the exergy destruction, commonly known as loss of useful work, T0 is the

environment’s reference temperature, and
.
Sgen is the system’s total entropy production.

Limited numbers of scientists and researchers are reported in prediction and mod-
elling of hydrogen energy demands. A hybrid energy system for electricity and hydrogen
generation is theoretically conceived and implemented to an island, Bozcaada, by Kalinci
et al. [65]. Exergy, energy, and techniques are used to undertake a thermodynamic evalua-
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tion. The Hybrid Optimization Model for Electric Renewable (HOMER) software examines
the theoretical structure from the perspectives of energy load distributions and the econ-
omy. The study’s analytical scenarios are based on the stand-alone island model. The
converter, hydrogen tank, polymer electrolyte membrane fuel cell (PEMFC), electrolyser,
wind turbines, and photovoltaic (PV) array are all included in the model. The magnitudes
and locations of system inefficiencies are determined using exergy and energy assessments.
The studies are mostly performed for the primary equipment under dynamically changing
environmental and operational circumstances. There are also hourly distributions of vary-
ing exergy and energy rates shown. As a result, the PV array’s daily average exergy and
energy efficiencies are 14.26% and 13.31%, respectively. In addition, the efficiency values
for the electrolyser equipment is calculated as exergy at 60.26% and energy at 59.68%, while
the wind turbine is determined as exergy at 50.12% and energy at 46%, respectively.

5. Research Method
5.1. Developing Systems Thinking and System Dynamics Models for Hydrogen Energy

Systems thinking and system dynamics approaches are used to deal with complexity
in systems. Systems thinking represents qualitative modelling, where the end goal is to
develop a conceptual model that presents the dynamic interaction between system compo-
nents. System dynamics represents quantitative modelling, where the end goal is to build
a simulation model to simulate the dynamic relationships between the components. The
steps of systems thinking are: problem articulation and formulating dynamic hypotheses
(conceptual model), while the steps of systems dynamics are: formulating a simulation
model, validating/testing, policy design, and evaluation, as shown in Figure 3. Under-
standing, analysing, and improving the performance of complex systems are the aims of
using systems thinking and system dynamics approaches.
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Figure 3. The steps for systems thinking and systems dynamics.

A conceptual model for hydrogen energy was constructed using a Causal Loop Dia-
gram (CLD). A CLD consists of variables and arrows that present the causal relationships
between the variables. The arrows within a CLD link variables together to form either
reinforcing (positive) denoted by R, or balancing (negative) denoted by B feedback loops. R
feedback loops create exponential growth or decline over time, while B feedback loops act
to stabilize system behaviour over time. A system dynamics model for hydrogen demand
was constructed in order to calculate the hydrogen demand for different sectors where
hydrogen is dominant. Systems dynamics consist of stocks, flows, and auxiliary variables.
The stock is a variable that accumulates or depletes over time through flow into or out of
the stock, which leads to feedback that can cause changes, either accelerating (reinforcing
feedback) or balancing out (balancing feedback). Reinforcing feedback (positive) arises
when a stock causes changes, leading to further growth; balancing feedback (negative)
arises when a stock causes changes leading to slower growth. A stock responds to changes
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by its flows, while the flows are controlled by stock and auxiliary variables. Figure 4
represents an example for feedback loops and stock-flow model.
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5.2. Leverage Points and System Archetypes

CLD is a powerful tool that goes beyond understanding of a dynamic and complex
system; it can also be used to uncover leverage points (e.g., intervention strategies) that
lead to improve system performance. Leverage points are not easy to identify, but System
Archetypes (SAs) may help uncover them. SAs are highly aggregated situations in isolation,
derived from the main model. There are many archetypes, but the most common are Limits
to Growth and Fixes that Fail archetypes. The Limits to Growth archetype represents situations
in which growth driven by R loops is followed by stagnation or decline driven by B loops.
In that case, leverage points are latent in B loops; thus, limiting factors that change the
behaviour must be identified and changed. The Fixes that Fail archetype relates to fixes
where unintended, and often harmful, consequences resulted from well intended actions.
Thus, a long-term fix should be maintained, and short-term quick fixes should be avoided.

6. Results
6.1. The Conceptual Model of Hydrogen Energy

The CLD of hydrogen energy is shown in Figure 5, which contains seven reinforcing
loops (R1 to R7) and three balancing loops (B1 to B3). The CLD highlights the interrela-
tionships among the main components of the variables. The variables involved and the
key message conveyed by each loop are summarized in Table 2 and as in Appendix A
(Table A1).
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Table 2. The feedback loops within Figure 5.

Loop Name Feedback
Loop Variables Involved Key Message

Reinforcing

R1 Hydrogen energy→ + The integration of RE and hydrogen→ + Reliability
of intermittent RE resources→ + Investments in RE→ + Hydrogen energy Growth of hydrogen and RE

R2
Hydrogen energy→ + Fuel cells pathway→ + Zero emission pathway→ +

Hydrogen energy→ + The adoption of hydrogen as a net zero fuel→ +
Hydrogen energy

Emissions mitigation

R3 Fuel cells pathway→ + Zero emission pathway→ + The adoption of
hydrogen as a net zero fuel→ + Fuel cells pathway Emissions mitigation

R4 Hydrogen energy→ + Supply→−Market price→− demand→ +
Hydrogen energy Supply-demand

R5 Energy insecurity→ + Energy dependancy→ + Risk of supply disruptions
→ + Energy insecurity Energy insecurity

R6 Hydrogen energy→ + Economic growth→ + Jobs→ + Public acceptance
→ + Hydrogen energy Economic growth

R7
Emissions→ + Environmental deterioration→ + Policy encouraging

reduction in emissions→ + Investments in RE→ + Hydrogen energy→ +
Combustion pathway→ + Nitrogen oxides (NOx)→ + Emissions

Emissions

Balancing

B1
Hydrogen energy→ + Fuel cells pathway→ + Zero emission pathway→
− Emissions→ + Environmental deterioration→ + Policy encouraging
reduction in emissions→ + Investments in RE→ + Hydrogen energy

Emissions mitigation

B2 Hydrogen energy→ + Combustion pathway→ + Nitrogen oxides (NOx)→
+ Risk of adoption hydrogen as a combustion fuel→− Hydrogen energy

Risk of adoption hydrogen as
a combustion fuel

B3 Hydrogen energy→− Energy insecurity→ + Energy dependency→ +
Risk of supply disruptions→ + Hydrogen energy Energy insecurity
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6.2. System Archetypes

The first SA seen in the conceptual model is ‘Limits to Growth’. This archetype consists
of a reinforcing (R1) and a balancing loop (B2), as illustrated in Figure 6a. Hydrogen energy
increases the reliability of intermittent RE resources (wind and solar power), and this,
in turn, will increase investments in RE. Reliability of supply is one of the most crucial
challenges of RE intermittent resources. Using hydrogen energy as a backup power in RE
intermittent resources will enhance flexibility and solve the uncertainty of RE. On the other
hand, hydrogen as a combustion fuel may increase NOx, which, in turn, may affect the
adoption of hydrogen as a combustion fuel. Flame temperature is the limiting factor that
may affect hydrogen growth as a combustion fuel. Reducing or controlling the limiting
factor may minimize NOx emissions.
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The second SA is ‘Fixes that Fail’. This archetype consists of reinforcing (R7) and a
balancing loop (B1), as illustrated in Figure 7a. To mitigate emissions, the government
is investing in hydrogen energy (loop B1, Figure 6a). While investing in hydrogen is
important to mitigate CO2 emissions, hydrogen as a combustion fuel may lead to further
emissions (NOx), which will, in turn, increase the net of emissions (represented by loop
R7).
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6.3. The System Dynamics Model of Hydrogen Demand

The system dynamics model of hydrogen demand is shown in Figure 8. In regard to
the global hydrogen demand, four scenarios have been taken into consideration until 2050:
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(1) a no-growth scenario (current production); (2) a base case scenario that represents the
current trend (current growth), and no dramatic changes are assumed, and the base year is
2019, while 2020 has been excluded, due to drops in demand amid the global pandemic
(COVID 19); (3) average growth, based on average growth over the last ten years; (4) best
case scenario assumes that hydrogen will be the fuel of choice for: grid electrical supply
as a back-up capacity (20% of total energy demand); heavy and long-distance transport
(20% of total energy demand); energy-intensive manufacturing sector (20% of total energy
demand); ammonia production (41 MtH in 2019). These sectors have been selected, as
hydrogen can play a vital role in them. The same sectors have been targeted in the case
study, considering the current production of these sectors in the Australian context until
2050. The only difference is that the Australian gas sector as an important export has been
added to the model to be replaced by hydrogen in the future. The data have been extracted
from the ‘’Australian Energy Statistics”—Australian Energy Update report 2019–2020 [66].
It is updated each year and consists of detailed historical energy consumption, production,
and trade statistics and balances. The unit used in the report for all energy sources is PJ,
however the total hydrogen demand calculated in the model is converted from PJ to KWh
to Mt. In this study, all the different forms of energy are put into the same units, and
one-to-one conversion rate is used. This is used by many sources and it is the scientific way
to compare and summarize energies [67]. Figure 9 shows the potential global demand for
hydrogen for the four scenarios. Figure 10 shows the potential hydrogen demand in the
Australian context compared to the global demand for the four scenarios.
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Model Validating/Testing

The validating of system dynamics models generally involves structural and be-
havioural tests. Structural tests assess whether the model’s structure represents the real
system. Behavioural tests assess whether the model provides a sensible output behaviour.
Regarding the structural tests, dependency and unit consistency test, laws of conservation
and accumulation test, and negative stock test have been applied. Dependency and check
unit consistency was performed using the “dependency tracking” feature in the software
used (Silico) [68] to check the relationship between parameters and track their units. The
laws of conservation and accumulation test implies that the value of the stock must equal
the sum of inflows minus the sum of outflows. The negative stock test implies that the
stock cannot go below zero.

In relation to the behavioural tests, the model should include a number of real/actual
values (historical time-periods). The current study used a historical time series consisting
of 30 years from 1990–2019.

7. Discussion

The findings indicate that hydrogen energy is important for supporting energy security
and renewable energy, zero emission pathway, and economic growth. Hydrogen is an
ideal option for an energy-intensive manufacturing sector, grid electrical supply, heavy
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and long-distance transport, gas networks, and a key ingredient for producing chemicals
such as ammonia. Ammonia is an effective hydrogen storage, and it can be used by
extracting its stored hydrogen or used directly as fuel. Ammonia can be produced from
many different types of energy sources, including renewables, fossil fuels and surplus
energy [69]. Recently, Ammonia and hydrogen production from algae is gaining attention
as high total energy efficiency was reported to be achieved [70]. However, there are many
potential environmental challenges that are not limited to production and distribution
systems, but they also relate to how the hydrogen is used through fuel cells and combustion
pathways, a concept which has received little attention in research and policy. Combustion
pathway may increase the risk of adoption of hydrogen as a combustion fuel (loop B2),
as it produces NOx, a key air pollutant that causes environmental deterioration (loop R7),
which may limit the application of the combustion pathway [71].

Through the CLD we have constructed, two SAs were revealed, namely, limits to
growth and fixes that fail—Figures 6 and 7. Both SAs indicate that the combustion pathway
may undermine the use of hydrogen as a combustion fuel if no intervention is made. These
interventions are pointed to in the CLD, namely, control of combustion conditions, after-
treatment and removal, and optimization emissions standards. These interventions can
reduce NOx, but they have downsides too: control of combustion conditions may affect per-
formance; after-treatment and removal may increase cost; optimization emissions standards
require extensive testing of performance of new engineered boilers, and engines before
deployment to be approved by the new standards [26]. Considering the aforementioned is
of paramount importance, as it may have an effect on hydrogen demand in the future.

The findings indicate that the range of global hydrogen demand is from 73 to 158 Mt
in 2030, 73 to 300 in 2040, and 73 to 568 Mt in 2050, depending on the scenario presented.
Revealing and defining these scenarios will help countries to leverage global energy oppor-
tunities. One of these countries is Australia, which is planning to become a global player
in hydrogen energy. According to our findings, hydrogen demand could reach 21 Mt for
domestic use, if Australia adopted hydrogen in its fields (100% of heavy and long-distance
transport, 100% of energy-intensive manufacturing, 100% of mining, and 20% of grid
electrical supply as a backup capacity); 34 Mt for export, if replacing gas exports with
hydrogen in the future. Australia is one of the world’s biggest exporters of coal and natural
gas, and it is looking at replacing fossil fuel exports with an alternative; this alternative
could not be better than hydrogen. It is expected that, by 2030 and 2040, hydrogen will be
one of the preferred technologies [72,73].

8. Conclusions

Adoption of hydrogen energy as a future fuel requires a comprehensive understanding
of its components and interactions, and intervention scenarios that may change system
behaviour. This is the domain of systems thinking and system dynamics approaches.
We used systems thinking and system dynamics approaches to examine the behaviour
and trends of hydrogen energy through different possible scenarios. A systems thinking
approach was used to build a conceptual model for hydrogen energy, with a special focus
on the pathways of hydrogen use, to assess the potential consequences that could lead to
unintended impacts and possible interventions. A system dynamics approach was used to
highlight the growth of the possible global demand of hydrogen energy until 2050, and
it has been linked to Australia’s potential hydrogen demand in order to leverage global
energy opportunities.

Findings indicate that hydrogen global demand is rising and ranges from 73 Mt
(pessimistic case) to 568 Mt (optimistic case) by 2050. For countries seeking to be leaders
in hydrogen production like Australia, this is motivating news, as adopting hydrogen for
some sectors (heavy and long-distance transport, energy-intensive manufacturing, mining,
and grid electrical supply) and replacing fossil fuel (mainly gas) with hydrogen, for export,
means that the Australian hydrogen demand could reach 55 Mt.
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This study provides insights and information on the future of hydrogen energy de-
mand and highlights the risks that may affect the sector, which may assist policy decision
makers to understand and test their options for the transition to a hydrogen economy,
which may enable more effective decisions and/or policy changes to obtain much better
outcomes and avoid undesirable ones. Regarding limitations of the work, energy demand
growth has been taken as an exogenous variable, although other studies may take it as an
endogenous variable. Further, future studies can implement the model in other countries,
as the proposed model can be used in any country. There are significant benefits for the
transition to a hydrogen economy. However, the supply side includes many variables,
which will be a focus of the next paper.

Author Contributions: Conceptualization, T.Y. and W.A.; methodology, K.K. and D.R.; software,
M.L.; validation, H.A.D. and M.K.K.; formal analysis, B.Y. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Table A1. Parameters used in the simulation model. The model produces behaviours over time
graphs from 1990 to 2050. The software used is Silico (https://silico.app/).

Australia Hydrogen Demand

Variable Name Units Parameter Value

Transport Annual growth PJ/year Real/actual values (historical values) from 1990 to 2019. After 2019 no growth is assumed

Transport PJ Accumulation of transport Annual growth

Heavy and long-distance transport “Transport”*0.2

Manufacturing annual growth PJ/year Real/actual values (historical values) from 1990 to 2019. After 2019 no growth is assumed

Energy-intensive manufacturing PJ Accumulation of manufacturing annual growth

Mining annual growth PJ/year Real/actual values (historical values) from 1990 to 2019. After 2019 no growth is assumed

Mining PJ Accumulation of mining annual growth

Export annual growth PJ/year Real/actual values (historical values) from 1990 to 2019. After 2019 no growth is assumed

Export PJ Accumulation of export annual growth

Electricity annual growth PJ/year Real/actual values (historical values) from 1990 to 2019. After 2019 no growth is assumed

Electricity supply PJ Accumulation of electricity annual growth

Hydrogen as a back-up capacity for grid electrical supply PJ “Electricity supply”*0.2

Total Hydrogen demand (PJ) PJ “Export” + ”Heavy and long-distance transport” + ”Hydrogen as a back-up capacity for
grid electrical supply” + ”Energy-intensive manufacturing” + ”Mining”

Total Hydrogen demand (KWh) KWh “Total Hydrogen demand (PJ)”*277800000

Total Hydrogen demand (Mt) Mt (“Total Hydrogen demand (KWh)”/33.33)/1000000000

Global Hydrogen demand

Annual growth for 1st scenario Mt/year Real/actual values (historical values) from 1990 to 2019. After 2019 no growth is assumed

No growth (0%) Mt Accumulation of annual growth for 1st scenario

Annual growth for 2nd scenario Mt/year Real/actual values (historical values) from 1990 to 2019. After 2019 1.8% growth is assumed

Current growth (1.8%) Mt Accumulation of annual growth for 2nd scenario

Annual growth for 3rd scenario Mt/year Real/actual values (historical values) from 1990 to 2019. After 2019 2.5% growth is assumed

Average actual values growth (2.5%) Mt Accumulation of annual growth for 3rd scenario

Annual growth for 4th scenario Mt/year Real/actual values (historical values) from 1990 to 2019. After 2019 6.5% growth is assumed

Best case (6.5%) Mt Accumulation of annual growth for 4th scenario

https://silico.app/
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