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Abstract

Australia is committed to achieving net-zero emissions by 2050, a goal that may require a
major transformation of the household energy sector. Hydrogen can, however, be
deployed as a complementary energy source to electricity by displacing natural gas. But
the potential for hydrogen to make this transition is dependent on building a credible
Australian household hydrogen supply chain (HHSC), which includes national
distribution centres (NDCs), regional distribution centres (RDCs) and local distribution
centres (LDCs). The HHSC is particularly vulnerable to operational disruptions under
rapid adoption pathways and in perfect-competition market conditions, where
infrastructure, supply, and pricing decisions are decentralised. Hydrogen flows may be
disrupted at the NDCs and RDCs, leading to failure to meet demand and monetary losses
across the HHSC. While many studies have assessed vulnerabilities within hydrogen
supply chains, there is little attention paid to the consequences of distribution-level
failures. This research aims to quantify the impacts associated with distribution centre
(DC) disruptions in the HHSC using a multi-period network optimisation model to assess
three operational situations: ideal situations, disrupted-DC situations without mitigation
strategies, and disrupted-DC situations with suitable mitigation strategies. The results
indicate that without mitigation strategies, demand fulfilment could potentially drop to
zero, penalty costs could increase drastically, and profitability could decrease due to not
meeting demand. In contrast, the implications of suitable mitigation strategies, including
rerouting hydrogen through alternate, unaffected NDCs or RDCs, using spare capacity by
increasing operating hours, and maintaining safety stock at RDCs, significantly increase
HHSC performance. In these situations, demand fulfilment increases to up to 95%, and

Academic Editor: Yu Hao
cademic B profitability improves substantially. This study contributes to the hydrogen supply chain

Received: 4 December 2025
Revised: 10 February 2026
Accepted: 25 February 2026
Published: 28 February 2026

literature by demonstrating how HHSCs can be planned and replanned to manage
disruptions in DCs. The study also provides practical insights for policymakers and
managers for a sustainable HHSC.
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1. Introduction

Australia’s pathway to net-zero emissions by 2050 is heavily contingent on
successfully decarbonising from fossil fuels to renewable sources across all sectors of
energy consumption, including the household sector. Electricity and clean hydrogen are
considered to be the two driving sources of Australia’s renewable energy transition.
Hydrogen may potentially substitute for natural gas (NG) usage in households.
Projections show that clean hydrogen will be expensive into the 2030s at the very least.
The growth of the household hydrogen supply chain (HHSC), consisting of national
distribution centres (NDCs), regional distribution centres (RDCs) and local distribution
centres (LDCs), will rely on future household demand for hydrogen [1]. However, under
perfect competition, where supply, pricing, and infrastructure decisions are decentralised
and driven by market efficiency, the HHSC is vulnerable to operational risks [2,3]. In this
environment, disruptions at distribution centres (DCs), such as NDCs and RDCs, due to
technical failures, maintenance delays, or logistical issues can significantly affect
reliability by reducing demand fulfilment and HHSC profitability.

These disruptions can lead to situations where demand from households cannot be
met, delayed timelines to reach energy transition targets, and increased total HHSC costs,
such as production, transportation, and penalty costs [4,5]. As Australia moves toward a
decentralised, competitive energy market, the operational stability of the HHSC becomes
increasingly critical. While research has largely focused on hydrogen production and end-
use technologies, limited attention has been paid to disruptions of DCs under market-
driven conditions [6,7]. In the absence of centralised coordination, disruptions in DCs,
such as NDCs and RDCs, may lead to cascading failures, reducing demand fulfilment and
causing significant impact on financial implications. These disruptions are amplified in
rapid adoption pathways and perfect-competition market conditions, where firms operate
independently, making system-wide recovery challenging. Given hydrogen’s integral
role in the energy transition, ensuring an uninterrupted supply through a resilient
distribution network is vital [8]. This study is therefore motivated by the pressing need to
evaluate the impacts of DC disruptions and evaluate the HHSC plans with and without
mitigation strategies, in a competitive and decentralised context.

Mitigation strategies that can be taken to address DC disruptions include rerouting
hydrogen to other unaffected NDCs or RDCs, utilising spare capacities of NDCs and
RDCs by extending operating hours, and maintaining safety stock that can reduce the
consequences of DC disruptions [9-11].

These strategies support the sustained serviceability of hydrogen demand, material
flow stabilisation, and improved financial outcomes should disruptions occur. However,
to date, this topic has been given minimal consideration throughout the current hydrogen
supply chain (HSC) literature, especially under rapid adoption pathways and perfect-
competition market conditions. Policy targets, technological inevitability, and
international market competitiveness all indicate Australia will rapidly roll out clean
hydrogen to sectors such as households [12,13]. Simultaneously, the liberalisation of
Australia’s energy markets favours decentralised, competitive dynamics where
individual firms operate with minimal coordination [14,15]. The current literature has
primarily focused on technical feasibility studies, techno-economic optimisation, or
infrastructure design problems, with limited attention to DC disruptions. This research
defines resilience as being shaped by decentralised decision-making within a perfectly
competitive market. This is achieved by modelling disruptions to DCs under conditions
of perfect competition. By explicitly representing DC disruptions, the study examines how
limited coordination under such market conditions constrains recovery options and alters
the effectiveness of mitigation strategies. This study aims to address this gap through the
following research questions (RQs):
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° RQ1: How do DC disruptions affect demand fulfilment, material flows, and financial
implications across the HHSC?

¢ RQ2: What mitigation strategies can be employed to minimise the negative impacts
of DC disruptions?

To investigate these questions, the study establishes the following research objectives

(ROs):

e ROI1: To simulate and assess the impact of DC disruptions on demand fulfilment and
financial implications in HHSC.

¢ RO2: To develop plans to mitigate disruptions by utilising three strategies: rerouting
hydrogen through unaffected NDCs or RDCs, utilising additional capacity through
extended operational hours, and safety stock at RDCs.

By analysing disrupted situations and testing mitigation strategies in the HHSC, this
study contributes to the energy transition literature. The results should provide
recommendations for decision-makers, infrastructure planners and energy suppliers to
provide a reliable and optimised hydrogen supply chain together with electricity in a
decentralised market environment.

2. Literature Review

This section reviews the evolution of the HSC for household energy, the impacts of
market conditions on supply resilience, and existing research gaps.

2.1. Evolution of HSC in the Household Energy Sector

The HSC had come to be understood as playing an important role in enabling the
household energy transition, especially for decarbonising energy end-uses in homes
across economies. While initial research had been focused on production technologies and
integration to the grid, it expanded to include planning and optimisation of distribution
infrastructure specific to household demand profiles [16]. Hydrogen was even being
framed as competing with electricity as a solution vector in some instances for cleanly
supplying energy to homes for heating, cooking, and energy storage [17]. Researchers
increasingly employed integrated simulation frameworks to assess how spatially
distributed supply nodes, such as national and regional distribution centres, interacted
under various adoption pathways [5]. The inclusion of resilience metrics, risk
assessments, and market-based behaviours further increased the sophistication of supply
chain models under conditions of perfect competition [18,19]. On the one hand, this
increased complexity made collaboration between stakeholders more challenging than
before. On the other hand, it allowed for more realistic evaluations of how supply systems
performed when operations were disrupted. Furthermore, these modelling
improvements allowed for the development of opportunities to identify flexible and cost-
efficient infrastructure designs that provided both efficiency and resilience. The
decentralised approach to planning in the HSC especially offered opportunities to design
networks that could cater to disruptions more easily [20,21].

2.2. Impact of Market Conditions and Disruptions on Energy Supply Chains

The relationship between market conditions and disruption events played a pivotal
role in determining the past performance of energy supply chains. The literature indicated
that decentralised and competitive markets, i.e., perfect-competition frameworks, fuelled
efficiency but sacrificed resilience through coordination mechanisms [22]. There were
multiple articles indicating that supply chains under stressed conditions, especially
periods of high demand and low flexibility, were more susceptible to failure if a
centralised coordinator was not present [23]. Such disruptions, which have included a lack
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of inputs due to load shedding or transport delays, often translate to major delays and
cost overruns downstream [24]. Coupled with lean strategies to maximise profit in
competitive markets, exhibited by limited buffer capacity and minimised inventories, the
capacity for disturbances to propagate through HSC was heightened [25]. Energy supply
chains, including nascent HSCs discussed in this study, are subject to numerous
operational risks that can interrupt production, transportation, and demand fulfilment
throughout the chain. Furthermore, as energy systems become increasingly digitised,
cyber-physical risks become relevant. Disruptions to data or control centre inputs can
cause widespread supply repercussions [26]. Though largely dependent on the unique
supply chain configuration, these types of risks were especially relevant to hydrogen due
to the combustibility of the gas and storage requirements, as well as limited safety data
and underdeveloped regulations for emerging hydrogen markets [27,28].

While awareness of energy supply disruption risks has increased, there have been
few studies on how rapid deployment pathways and perfect competition affect the value
of coordinated responses to disruptions. NDCs and RDCs optimise their operations
independently of each other in decentralised markets, limiting their ability to respond
collectively when disruptions occur [29,30]. This lack of coordination can limit the prompt
execution of mitigation strategies such as rerouting, utilisation of excess capacity from
these facilities by increasing operating hours and holding safety inventory at RDCs. This
will lead to disruptions snowballing at a faster rate, causing lower availability of hydrogen
and higher operational and financial losses. Integrated and coordinated mitigation plans
are missing in such market environments, which is one of the major research gaps in the
hydrogen supply chain literature.

Additionally, with increasing renewable penetration, there was another complication
added to the problem. Studies found that the uncertainty from renewables and the
decentralised nature of the market increased difficulties in keeping supply—demand
parity during disruptions [31]. As a response, recent work began to explore risk-based
planning and mitigation strategies, such as redundancy, diversification, and digital
forecasting, to enhance adaptive capacity [32]. Another recent research has shown that
high levels of EV integration can provide significant system flexibility when supported by
appropriate electricity and carbon market designs, but may also introduce challenges
related to market volatility, grid congestion, and equity [33]. These findings highlight the
need for continued research on coordinated market mechanisms and bidding strategies
that align EV participation with decarbonisation and energy security objectives

Efficiency and the lowest possible costs are rewarded. Without regulation or
coordinated market intervention, every player has an incentive to underinvest in
mitigation, increasing systemic vulnerability [22]. This contrasts with most regulated or
monopolistic electric systems, where central planning exists and resilience justifications
can be built into regulatory structures.

2.3. Research Gaps

Although there has been increasing attention paid to hydrogen and its role in
decarbonising future household energy systems, the literature studying the distribution
system that underpins hydrogen delivery to consumers, at scale, is limited. In particular,
most of the literature focuses on hydrogen produced for industrial/export applications
rather than its residential use. Furthermore, the shape of the HSC infrastructure is rarely
studied in detail. Consideration has not been given to its structure and potential weak
points, in particular, the centrality of DCs [18-20].

Moreover, there is little research that models the impacts of disruption under
conditions of perfect competition in markets. Existing studies look at centralised or
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coordinated systems, failing to consider the market pressures of perfect competition and
how this affects susceptibility to DCs [11,21,34].

There is an opportunity gap in assessing these strategies’ effectiveness within
hydrogen networks through scenarios [31,32] that account for differing adoption
pathways and market conditions that uniquely impact supply reliability in perfect-
competition models. Thus, capturing the nuances and challenges of hydrogen supply
chains in terms of structure, operations and market mechanics at the household level
warrants research prioritisation, specifically through scenario-based modelling of
disruptions at DCs and evaluation of mitigation strategies to best supply households
during rapid adoption under perfect-competition scenarios.

This study contributes to the literature in three key ways. Firstly, the scope of this
research centres on household-level hydrogen distribution networks as opposed to
industrial or export frameworks. Secondly, disruptions at DCs are investigated despite
previous literature focusing primarily on production or demand uncertainty. Finally,
suitable mitigation strategies are evaluated to mitigate disruptions in DCs.

3. Problem Statement

In Australia’s transition to net-zero emissions, the HHSC, comprising NDCs, RDCs,
and LDCs, is critical for meeting household hydrogen demand [1]. If the HHSC is
modelled under rapid adoption pathways (10-15%) and perfect-competition market
conditions (45-55%), the decentralised design of the HHSC can be exposed to adverse
consequences if DCs become disrupted, limiting demand fulfilment and causing
undesirable financial repercussions.

DC disruptions can occur at NDCs or RDCs and are typically triggered by technical
issues, maintenance delays, or logistical breakdowns that inhibit the flow of hydrogen
downstream to LDCs. Quantifying the impact of DC disruptions at the distribution level
and exploring potential mitigation strategies are vital for managing risk within the HHSC.

To address this research gap, this paper develops a multi-period network
optimisation problem that assesses the performance of the HHSC when subject to DC
disruptions. The optimisation model calculates hydrogen production, transport flows,
and deliveries across the HHSC with a long-term planning horizon. The model measures
HHSC performance by evaluating demand fulfilment and financial repercussions under
three operational situations: (i) ideal situations, (ii) disrupted-DC situations without
mitigation strategies, and (iii) disrupted-DC situations with suitable mitigation strategies.
However, disrupted-DC situations comprise two scenarios: NDC disruption scenarios
and RDC disruption scenarios, each applied under conditions without mitigation
strategies and with suitable mitigation strategies.

4. Methodology

The approach utilises demand estimation and network optimisation modelling. The
methodology follows a similar approach to our previously published works for modelling
the flow of hydrogen from production to transport [1,9]. The model uniquely considers
disruptions in DCs and incorporates mitigation strategies, such as rerouting, utilising
spare capacity by increasing hours of operation and safety stock at RDCs, in the context
of the Australian HHSC.

4.1. Estimating the Household Hydrogen Demand

A five-step demand estimation methodology is used to enable the dynamics
associated with switching from NG to renewable supply. However, the first step follows
Equation (1), which defines the remaining demand in year T as the maximum of zero or
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the reduced level from the previous year, based on the annual phase-out rate. The second
step is based on renewable adoption, which is calculated as the reduction in NG
consumption relative to the previous year (refer to Equation (2)). Moreover, the third step
introduces situation development, in which adoption pathways (slow, gradual, rapid)
and market conditions (monopoly, moderate competition, perfect competition) are
incorporated to define the analysis environment. In step four, renewable adoption is
allocated between hydrogen and electricity, with Equations (3) and (4) determining the
respective shares according to market conditions. To ensure robustness, Equations (5)-(8)
impose constraints that guarantee feasibility and non-negativity under varying adoption
pathways and market conditions. Lastly, the fifth step denotes that hydrogen demand is
spatially disaggregated across regions and cities. Hydrogen demand is allocated based on
population shares in Equation (9). The outputs from this step serve as critical inputs for
multi-period network optimisation to identify the locations of NDCs, RDCs, and LDCs.
For clarity and reproducibility, all parameters and variables used in the formulation are
defined in Appendix A Tables A1-A3.

4.1.1. Determining Household Hydrogen Demand Dynamics in the NG-Renewable
Transition

The model comprises a set of equations that capture the dynamics of transitioning
from NG to renewable energy, specifically hydrogen and electricity. Equation (1) defines
the remaining NG demand in year T, calculated as the maximum of zero or the reduced
demand from the previous year, based on the annual phase-out rate Ry. Equation (2)
assigns the share of renewable energy adoption allocated to hydrogen (62), which varies
according to the market conditions, monopoly, moderate competition, or perfect
competition. Equation (3) determines the remaining share (63) allocated to electricity,
computed as the complement of hydrogen’s share. Equation (4) calculates the volume of
renewable energy adopted in year T by measuring the reduction in NG usage compared
to the previous year.

NGT = max (0, NGT—l' (1 - RT) (1)
Ar = NGr_, — NGy 2)

1.0
63 ={ Random(0.3,0.4) 3)

Random(0.45,0.55)

§¢=1-67 4)

4.1.2. Constraints on Household Hydrogen Demand Dynamics

Equations (5)—(8) impose the restriction that all hydrogen demand values must be
greater than or equal to zero. Together, these equations provide a robust structure for
determining household hydrogen demand and evaluating the impacts of various
adoption pathways and market conditions on the HHSC.

NGy >0 6)
Ar=0 6)
Hr >0 @)
Er >0 ®)
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4.1.3. Regional Demand Allocation

The hydrogen demand for city ¢ in year ¢, denoted as D, in Equation (9),
disaggregates hydrogen demand across cities or regions. This spatial allocation is critical
for informing network-level infrastructure decisions, such as locating NDCs, RDCs, and
LDCs and optimising transport flows in subsequent stages of the supply chain model.

De, = Hy. (22 ) ©)

YkecPop;

4.2. Situation Analysis

The situation analysis evaluates both ideal and disrupted situations for the HHSC.
The ideal situation optimises DC locations and maximises profit, while disrupted
situations assess the impact of unmet demand without mitigation and with suitable
mitigation strategies. Mitigation strategies such as rerouting hydrogen through
unaffected NDCs or RDCs, utilising spare capacity through extended operational hours
and maintaining safety stock at RDCs are employed. AnyLogistix (Version 3.2.0) software
is used to model and compare financial implications, evaluating total profit, penalty costs,
and demand fulfilment rates. Transport distances between facilities are computed
automatically based on their geographic coordinates within the AnyLogistix
environment. The optimisation model then identifies cost-minimising transport flows and
routing decisions subject to capacity, demand, and disruption constraints.

4.2.1. Mathematical Model for Situation Analysis

The simplified function for disrupted situations without mitigation strategies,
presented in Equation (10), can be expressed as follows: profit equals total revenue minus
production costs, transportation costs, and penalty costs. This structure is similar to the
ideal model presented in Equation (5) in our recent research, with the key difference being
the inclusion of the penalty component to account for unmet demand [1]. In disrupted
situations, the demand from the LDC may or may not be fulfilled. For any unmet demand,
a penalty cost is applied to account for the shortfall. The disrupted situations with suitable
mitigation strategies presented in Equation (11) reflect changes in costs due to the
implementation of suitable mitigation strategies. The mathematical model is presented as
follows.

4.2.2. Constraints

Equation (12) represents that the quantity of hydrogen produced at NDC i must be
less than or equal to the capacity of NDC i. Equation (13) represents that the quantity of
hydrogen received by RDC j must equal the quantity of hydrogen transported from NDC
i to RDC j. Similarly, Equation (14) represents that the quantity of hydrogen received by
LDC k must equal the quantity of hydrogen transported from RDC j to LDC k. Equation
(15) represents that the quantity of hydrogen received at LDC k may or may not be equal
to the demand of LDC k. Equation (16) represents that the production at NDC i must be
greater than or equal to the quantity of hydrogen getting transported from NDC i to RDC

https://doi.org/10.3390/en19051226



Energies 2026, 19, 1226

8 of 28

j. Equation (17) represents that production at NDC i, the quantity of hydrogen getting
transported from NDC i to RDC j and the quantity of hydrogen getting transported from
RDC j to LDC k must be greater than or equal to 0. The additional constraint presented in
Equation (18) represents that if the quantity of hydrogen received at RDC j is less than the
demand of LDC k, it will incur an additional penalty cost for the unmet demand. Equation
(19) states that the proportion of safety stock that needs to be stored will be a positive
value. Similarly, Equation (20) represents that the quantity of hydrogen received at RDC
j must be greater than or equal to the quantity of hydrogen transported from NDC i to
RDC j. The objective functions are subjected to the following constraints.

P, < C; Vi 12)
I
Ri= ) Xy vj (13)
i=1
J
L= ) ¥ vk (14)
j=1
]
=1
K
RiZ ) ¥y vj (17)
k=1
K K
p (Z de- ). Lk> > 0; Vk (18)
k=1 k=1
K
FZ d, >0 (19)
k=1
PitXij'ij > 0, Vl, Vj, Vk (20)

5. Results and Discussions

This section focuses on assessing the impacts of DC disruptions on the HHSC across
three distinct operational situations: ideal situations, disrupted situations without
mitigation strategies, and disrupted situations with suitable mitigation strategies.

5.1. Shift from NG Consumption to Renewable Uptake

The forecasts made above on the NG phase-out and renewable energy adoption are
analysed below over time within the three adoption pathways. The slow adoption of
renewable energy technologies, plotted in Figure 1A, indicates that NG demand steadily
decreases throughout the period starting in 2026. Although this drop accelerates post-
2040, NG remains part of the household energy supply mix for many decades. However,
renewable energy demand steadily increases, eventually surpassing NG consumption
around mid-century and remaining the main source of household energy demand by
2090. The year-to-year fluctuations observed under the slow-adoption pathway reflect the
assumed variability in annual adoption rates rather than non-monotonic behaviour in the
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demand estimation equations. The gradual-adoption pathways, plotted in Figure 1B,
show that NG demand steadily decreases starting in the late 2020s, falling below 100 P]

by the early 2040s.
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Figure 1. NG phase-out and renewable energy demand under different adoption pathways: (A)
Slow-adoption pathway, (B) gradual-adoption pathway, (C) rapid-adoption pathway.
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NG demand approaches zero by 2080, while renewable energy demand continues to
rise, exceeding NG consumption by the early 2040s. Renewables remain well above NG
consumption levels for the remainder of the century, reaching over 350 PJ by 2090.

Under the rapid adoption pathway, shown in Figure 1C, NG demand falls below 100
PJ by 2032 and is effectively phased out by 2040. Renewable energy demand begins to
overtake NG consumption around 2030 and becomes the dominant source of household
energy by mid-century, exceeding 360 PJ by 2090.

In contrast, Figure 2 illustrates the cumulative hydrogen demand from households
assuming perfect-competition market drivers across slow-, gradual- and rapid-hydrogen-
adoption pathways between 2026 and 2090. Slow adoption results in an initially gradual
increase with high variance, resulting in approximately 150 PJ by 2090. However,
hydrogen demand across all years is less than that under gradual and rapid adoption.
Gradual adoption presents the most linear increase, with cumulative demand exceeding
100 PJ by 2050 and continuing to rise at a relatively consistent rate to roughly 170 PJ by
2090. Rapid adoption outpaces both gradual and slow adoption by 2030 and maintains
higher demand throughout much of the transition.

Hydrogen demand dynamics under perfect-competition market condition

200

180

160

140

120

100

Demand (PJ)
%®
[—]

o
=)
S

=0 == Slow adoption

- © = Rapid adoption

) Jq 7
Gradual adoption peoed@ SCjﬁOga ?
(p?

o e [
O%“’fi LTV

2040 2050 2060 2070 2080 2090

Time period (year)

Figure 2. Hydrogen demand dynamics under various adoption pathways and perfect-competition

market conditions.

5.2. Ideal Situations

The HHSC in Australia develops progressively from a centralised structure in 2030
to a decentralised network by 2090, as presented in Figure 3. Commencing with one NDC
in Portland (VIC) in 2030, hydrogen is distributed via one RDC located in Melbourne to
service 24 surrounding LDCs supplying local suburban areas. In 2040, two additional
RDCs are added in Perth and Sydney, with the NDC remaining in Portland, servicing a
total of 30 LDCs. By 2050, another RDC is added, operating out of Brisbane and supplying
34 surrounding LDCs.
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[ Flow Direction |

O == —
NDC RDC LDC
Figure 3. Structure of the HHSC under ideal situations.

Moving forward to 2060, an additional NDC is established in Bowen (QLD), initiating
the transition to a dual-hub network serving both southern and northern Australia.
Another RDC is added in Adelaide (SA), bringing the total number of RDCs to five.
Operating from these RDCs are 40 LDCs distributed across major population areas. The
network continues to decentralise between 2070 and 2080 with the addition of two more
RDCs in Townsville and Darwin, increasing the total to seven RDCs and 53 LDCs. By
2090, the HHSC reaches its final configuration, as shown in Figure 3 consisting of two
NDCs, seven RDCs, and 65 LDCs.

5.3. Financial Implications Under Ideal Situations

As illustrated in Figure 4, the results show positive year-on-year growth from 2030
to 2090. In 2030, with one NDC located in Portland and one RDC in Melbourne operating
alongside 24 LDCs serving the surrounding areas, total revenue reaches USD 7.96 billion.
Production and transportation costs amount to USD 4.97 billion and USD 2.21 billion,
respectively, resulting in a profit of approximately USD 0.77 billion.
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Figure 4. Financial implications under ideal situations.

With additional RDCs established in Perth, Sydney, and Brisbane by 2040 and 2050,
revenue increases due to enhanced operational capacity. By 2050, revenue reaches USD
21.67 billion, with profits of USD 2.31 billion. The addition of a second NDC in Bowen and
further RDCs in Adelaide and Perth between 2060 and 2070 strengthens domestic
connectivity and production capacity. Although both production and transportation costs
increase during this period, profits continue to rise, reaching USD 8.47 billion by 2070.

In the mature stage of network development (2080-2090), the HHSC reaches full
operational scale, with two NDCs, seven RDCs, and 65 LDCs distributed across all major
regions. Revenue increases from USD 96.65 billion in 2080 to USD 159.36 billion in 2090,
while profit rises from USD 14.96 billion to USD 29.9 billion.

The sensitivity analysis examines the impact of variations in production and
transportation costs on HHSC profitability under ideal situations. Two sets of cost
variations are analysed to assess how changes of 5%, £10%, +15%, and +20% in these cost
components influence overall financial performance between 2030 and 2090. The
sensitivity of profit to changes in production cost and transportation cost is evaluated to
determine which factor has a greater influence over the system’s lifetime.

Production cost is inversely related to profit throughout the analysis period (refer to
Figure Al). As production costs increase, profits decline in each year, with the lowest
profit observed at a 20% increase. Conversely, reductions in production cost lead to a
gradual increase in profit, with the highest profit occurring at a 20% decrease. The gap
between these outcomes widens after 2070, when production volumes rise significantly to
meet increasing hydrogen flows from NDCs to RDCs and LDCs. This highlights the
importance of network optimisation, route efficiency, and cost-effective transportation
modes in maintaining profitability as the HHSC expands nationally.

5.4. Disrupted-DC Situations Without Mitigation Strategies

The financial implications and demand fulfilment rate of the HHSC under RDC
disruption scenarios without mitigation strategies demonstrate pronounced instability
throughout the period 2030-2090, reflecting the HHSC’s vulnerability to prolonged
disruption. In 2030, the HHSC experiences severe financial impacts, generating no
revenue and incurring penalty costs of USD 54.5 million, resulting in a total loss of the
same amount and 0% demand fulfilment rate (refer to Figure A3). Between 2040 and 2050,
financial implications improve as revenue rises from USD 179.5 million to USD 260.3
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million, yielding a profit of USD 27.2 million, while the demand fulfilment rate increases
from 52% to 61%, indicating partial operational recovery (refer to Figure 5). However,
during 2060-2070, financial implications deteriorate sharply due to escalating production,
transportation, and penalty costs exceeding USD 112 million, resulting in negative profits
of USD 4.6 million and USD 73.1 million, respectively. Correspondingly, the demand
fulfilment rate declines to 51-56%, reflecting significant operational inefficiencies and
reduced HHSC reliability. This financial volatility is further reinforced by the sensitivity
analysis of the HHSC under the same disruption scenarios, which reveals that profitability
is highly influenced by cost variations. As illustrated in Figure A5, increases in production
cost by 5-20% substantially reduce profits, particularly during the disruption-heavy years
of 2060-2070, where losses can reach up to USD 119 million. Conversely, reductions in
production cost by 5-20% enhance profitability considerably, achieving peak profit levels
of approximately USD 370 million by 2090. A similar pattern is observed in Figure A6,
where variations in transportation cost produce comparable impacts: rising
transportation costs intensify losses during disruption periods, while cost reductions
significantly accelerate financial recovery and ensure long-term stability.

Financial implications under RDC disruption scenarios without mitigation strategies

$1.40
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Figure 5. Financial implications under RDC disruption scenarios without mitigation strategies.

On the other hand, the financial impact and demand fulfilment rate of NDC
disruption scenarios at HHSC without any mitigation strategies plotted over time from
2030 to 2090 demonstrates significant performance fluctuations, revealing the disruption
timeline’s effect. By 2030, all operations at HHSC are entirely shut down, losing USD 0 in
revenue and incurring USD 54.5 million in penalty costs. This scenario results in USD 54.5
million in losses with a 0% demand fulfilment rate (see Figure A4). From 2040 to 2050,
there is a moderate financial recovery with increases in revenue from USD 170.5 million
to USD 247.2 million and profits of USD 25.2 and USD 36.5 million, respectively. During
this time, demand fulfilment also rises to between 51 and 62%. The financial impacts of
prolonged disruption become more severe from 2060 to 2070 on HHSC due to heightened
production costs, transportation costs, and penalty costs. Losses are between USD 3.97
million and USD 78.3 million, and demand fulfilment decreases to between 49 and 53%
(refer to Figure 6). In 2080, a significant recovery can be seen as revenue jumps to USD
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1.21 billion, profits rise to USD 204.7 million, and demand fulfilment rises to 64%. Profits
remain positive in 2090 at USD 203.6 million with a 68% demand fulfilment rate.

Financial implications

Revenue

Production cost

mzzes® Transportation cost

= == & Penalty cost

el Profit

2040 2050 2060 2070 2080 2090

Time period (Year) |

Figure 6. Financial implications under NDC disruption scenarios without mitigation strategies.

Additionally, the sensitivity analysis performed on HHSC, considering the same
disruption scenarios, showed that the change in production and transportation costs has
a strong influence on profitability. As illustrated in Figure A7, profit declines significantly
as production cost increases by 5-20%, leading to losses of up to USD 133 million between
2060 and 2070. On the other hand, profit increases to USD 304 million in 2090 as
production cost decreases by 5-20%. Figure A8 demonstrates that transportation cost
increases and decreases have similar effects on profit-loss, implying that profit-loss further
declines in the mid-term with cost increase, while HHSC returns to profitability after 2080
with cost decrease. In general, these observations suggest that the higher the increase in
production and transportation costs, the lower the profitability of HHSC. Thus, proper
cost optimisation and resilient HHSC planning can help reduce the negative impacts.

5.5. Disrupted-DC Situations with Suitable Mitigation Strategies

Figure 7 displays the predicted change in revenues, costs, and profits when enacting
mitigation strategies under RDC disruption scenarios from 2030 to 2090. When examining
the overall graph, it is observed that revenue increases throughout the years, reaching
approximately USD 1.5 billion in 2090. Conversely, there are also substantial increases in
production and transportation costs, which together constitute most expenses by 2090.
However, a significant increase can be observed in production costs, rising from USD
104.79 million in 2030 to over USD 794.69 million in 2090, while transportation costs
escalate from USD 46.91 million to USD 417.21 million over the same period. These
increases are indicative of the implementation of suitable mitigation strategies. Even with
these increased costs, profit continues to increase substantially. Profits in 2090 reach USD
357.31 million. This indicates that the costs of these mitigation strategies yield positive
returns. Penalty and safety stock costs also increase, though to a lesser extent. The demand
fulfilment rate supports this finding. In 2030, HHSC has a fulfilment rate of 60% that
increases steadily to 95% by the year 2090.
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Figure 7. Financial implications under RDC disruption scenarios with suitable mitigation strategies.

In contrast, the profits associated with NDC disruption scenarios with suitable
mitigation strategies are highly sensitive to changes in production costs and
transportation costs. For instance, profits decline sharply when production costs increase
by 20%, particularly toward the end of the century, where profits fall below USD 250
million, compared with a baseline profit of over USD 350 million in 2090 (refer to Figure
A9). Profits also increase substantially when production costs decrease by 20%, exceeding
USD 500 million by 2090. The years 2050 and 2080 are also highly sensitive to production
cost variations, where small percentage changes in production costs result in tens of
millions of dollars in profit differences.

Another major variable with a strong impact, though slightly less pronounced, is
changes in transportation costs. With a 20% increase in transportation costs, profits
decrease by more than USD 65 million by 2090, while a 20% reduction in transportation
costs increases profits by close to USD 80 million in 2090 (refer to Figure A10). This effect
is amplified by scale and is most prevalent in years where operational scales are at their
highest, such as 2080 and 2090. Taken together, these figures illustrate how critical cost
management is for both production and transportation. Without a continuous
commitment to cost efficiency, even in high-demand years, profits may not remain
positive, and climate disruption mitigation efforts may fail. On the contrary, the financial
implications from 2030 to 2090 depict both the cost burden of adaptation and gradual
operational stabilisation. However, a sharp rise in revenue is observed over the period,
increasing from under USD 150 million in 2030 to more than USD 1.3 billion by 2090 (refer
to Figure 8). On the other hand, production and transportation costs increase in parallel,
with production costs rising from below USD 100 million to nearly USD 700 million, and
transportation costs rising from around USD 40 million to over USD 350 million.
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Figure 8. Financial implications under NDC disruption scenarios with suitable mitigation strategies.

Moreover, penalty costs, associated with unmet demand, illustrate an upward shift,
peaking at nearly USD 16 million by 2090. Safety stock maintenance costs, though
relatively small in proportion, also rise consistently from below USD 1 million to nearly
USD 4 million.

Profit demonstrates variability but improves significantly after mid-century,
exceeding USD 300 million by 2090. The percentage of demand met increases from around
52% to beyond 80%.

The sensitivity analysis shows that profit varies due to changes in transportation and
production costs under NDC disruption scenarios with suitable mitigation strategies. If
there is a 20% increase in production costs, that results in substantial downward shifting
in profitability throughout the periods, where profits become negative by 2060, even when
mitigation strategies are applied (see Figure A11l). In contrast, when production costs
decrease by 20%, profits rise sharply to just over USD 420 million by 2090.

On the other hand, profitability is sensitive to changes in transportation cost, though
to a lesser extent. If transportation costs increase by 20%, profit margins decline, with
expected profits falling to around USD 245 million by 2090 (refer to Figure A12).
Conversely, when transportation costs decrease by 20%, profitability increases, pushing
profits to just over USD 366 million by 2090. This impact grows over time, correlating with
the HHSC network becoming larger and more logistically complex.

5.6. Comparison Between the Disrupted Operations with and Without Mitigation Strategies

The comparison between RDC disruption scenarios with and without mitigation
strategies highlights the central role of demand fulfilment in determining profitability. In
scenarios without mitigation, demand fulfilment remains low across several years,
dropping to 0% in 2030 and reaching only 69% by 2090 (see Table 1). These low fulfilment
levels are accompanied by high penalty costs, which peak at approximately USD 7 billion
in 2090 and substantially offset revenue gains. As a result, profits become negative in 2060
and 2070 despite rising revenues, driven primarily by penalty costs associated with unmet
demand.
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Table 1. Comparison between the RDC disruption scenarios with and without mitigation strategies.

Comparison Between the RDC Disruption Scenarios With and Without Mitigation Strategies

Penalty Cost Profit Demand Fufilment (%)
Without With . Without  With . Without With .
Year Mitigation Mitigation Difference MitigationMitigationlefererlce Mitigation Mitigation Difference
2030 545x107  2.73x10° -5.18 x107 -5.45x 107 1.80 =107 7.25 x 107 0% 61% 61%
2040 8.05x105 532x105 -2.74x10° 2.01x107 2.99x107 9.80 x 10¢ 52% 74% 22%
2050 1.26x10° 1.06x10° -1.95x10° 2.90x107 1.42x10% 1.13 x 108 61% 93% 32%
2060 6.49x107 3.80x10° —6.11x107 -1.51 x107 5.41x107 6.91 x 107 56% 71% 15%
2070  1.12x10%  6.74x105 -1.06x10% -9.16 x 107 8.99 x 107 1.82 x 108 51% 77% 26%
2080 3.05x107 9.15x100 —2.14x107 1.68x10% 3.50 x 108 1.82 x 108 71% 94% 23%
2090  6.99x10° 1.39x107 —6.98x10° 1.99 x10® 3.57 x 108 1.59 x 108 69% 95% 26%

In contrast, the implementation of mitigation strategies leads to significantly higher
demand fulfilment, increasing to 95% by 2090. This improvement is associated with
consistently lower penalty costs and sustained profitability, with profits exceeding USD
350 million in the final years. Overall, the results show that higher demand fulfilment
directly reduces penalty costs and enables a larger share of revenue to be converted into
profit. Consequently, improving demand fulfilment is critical for limiting financial losses
and achieving stable profit growth under disruption scenarios.

Moreover, the comparison between NDC disruption scenarios with and without
mitigation strategies highlights the critical influence of demand fulfilment, which has a
direct impact on profitability. Without mitigation strategies, demand fulfilment remains
low across all years, beginning at 0.00% in 2030 and only reaching 68.00% by 2090 (refer
to Table 2). However, this low fulfilment is directly associated with high penalty costs,
which substantially reduce profitability. For example, in 2070, revenue exceeds USD 430
million, yet penalty costs rise to USD 135 million, resulting in a net loss of over USD 91
million. Similarly, in 2060, low demand fulfilment of 49.00% leads to a penalty cost of USD
77.8 million and negative profit. In contrast, implementation of mitigation strategies
improves demand fulfilment, which rises to 80.75% by 2090. These improvements are
accompanied by significantly lower penalty costs and stronger profitability. For instance,
in 2050, demand fulfilment increases from 62.00% to 79.05%, and profit rises from $29
million to $120 million. In later years, profits exceed $300 million, supported by reduced
penalties and higher effective revenue.

Table 2. Comparison between the NDC disruption scenarios with and without mitigation strategies.

Comparison Between the NDC Disruption Scenarios With and Without Mitigation Strategies
Penalty Cost [$] Profit [$] Demand Fulfilment (%)
Year Without With Differenc  Without With Difference Without With Difference
Mitigation = Mitigation e Mitigation = Mitigation Mitigation = Mitigation

2030 5.45 x 107 3.13x10° -5.14 x10” -5.45x 107 1.42 x 107 6.87 x 10” 0% 52% 52%
2040 9.66 x 10° 6.11 x105 -3.55x10° 2.01 x107 2.52 x 107 5.10 x 106 51% 63% 12%
2050 1.51 x 10° 147 x10° -3.39x10* 2.90 x 10” 1.20 x 108 9.11 x 10” 62% 79% 17%
2060 7.78 x 107 1.05x10” -6.74x107 -1.51 x 107 4.33 x 107 5.84 x 107 49% 60% 11%
2070 1.35 x 108 7.76 x10° -1.27 x10% -9.16 x 107 7.36 x 107 1.65 x 108 53% 65% 12%
2080 3.66 x 107 1.05x107 -2.61x107 1.68 x 108 2.94 x 108 1.26 x 108 64% 80% 16%
2090 3.97 x 107 1.60 x 107  -2.37 x107 1.99 x 108 3.01 x 108 1.02 x 108 68% 81% 13%

6. Discussion, Policy and Managerial Implications

The findings of this study provide important practical implications for both
policymakers and supply chain managers working to strengthen the HHSC. From a
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policymaker’s perspective, the results demonstrate that mitigation strategies can improve
demand fulfilment and profitability, supporting the case for regulatory incentives or
mandates. Policy regulations may include minimum-resilience criteria that RDCs and
NDCs must satisfy, such as having flexible operating time windows and maintaining a
certain amount of safety stocks. In similar decentralised energy systems, such as LPG
distribution networks, regulatory mandates for buffer safety stock and alternative routing
options have proven effective in avoiding service discontinuity during disrupted
situations [35,36]. Finally, subsidies or incentive programmes could directly motivate
supply chain actors to take measures that increase mitigation potential while remaining
economically sound. Such approaches could help align private operating decisions with
objectives to enhance HHSC resilience. These measures are particularly important under
faster adoption timelines, where hydrogen demand grows rapidly before supporting
infrastructure can fully mature [33,37].

On the managerial side, operators of NDCs and RDCs must integrate disruption
response mechanisms into their standard planning frameworks. As demonstrated by the
comparative analysis in this study, rerouting hydrogen through unaffected NDCs or
RDCs and utilising spare capacities at RDCs can significantly improve both demand
fulfilment and financial implications. These strategies should be supported by dynamic
decision-support tools capable of real-time monitoring of facility status, tanker and truck
availability, and safety stock levels across the HHSC [9]. In decentralised systems, where
decision-making is fragmented, such tools can provide the coordination otherwise absent
from the market structure. Additionally, safety stock policies must be re-evaluated to
reflect the asymmetric impact of disruptions at different stages of the HHSC. For example,
disruptions at NDCs affected upstream material availability, while disruptions at RDCs
led to downstream shortages closer to LDCs. From a managerial and policy perspective,
the results indicate that investments aimed at strengthening supply chain robustness
increase upfront costs but significantly reduce the risk of large financial losses caused by
unmet demand. Under disrupted situations, unmet demand is the primary driver of
penalty costs and lost revenue, particularly in competitive markets where coordination
and recovery options are limited. The findings show that beyond moderate levels of
disruption, avoided penalties and recovered revenue outweigh additional investment
costs, supporting these measures as economically justified risk-mitigation decisions rather
than operational inefficiencies. Managers should adopt differentiated safety stock
planning approaches, ensuring that RDCs maintain higher safety stock thresholds to
cushion against RDC failures. This is supported by research in analogous supply chains,
where location-specific safety stock buffers reduced service failure rates and improved
recovery times [6]. Consequently, such measures should be viewed as economically
justified risk-mitigation decisions rather than operational inefficiencies. Overall, this
study presents evidence that a coordinated yet decentralised approach to resilience is
necessary in the HHSC. By implementing enabling policies, investing in flexible
operations, and using optimisation for data-driven contingency planning, public- and
private-sector actors can work to ensure HHSC performs well. Achieving this goal is
necessary to ensure hydrogen is reliably delivered to Australian households, as well as to
satisfy its net-zero objectives.

7. Conclusions and Future Research Directions

This study focused on the impact of disruptions at DCs, such as NDCs and RDCs,
within the HHSC under rapid-adoption pathways and perfect-competition market
conditions. Three situations were considered: ideal operations, disruptions without
mitigation strategies, and disruptions with suitable mitigation strategies. The findings
illustrate that disruptions at NDCs and RDCs can adversely affect demand fulfilment,
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leading to higher penalty costs and reduced profitability across the HHSC. Conversely,
incorporating mitigation strategies improves HHSC resilience as well as material flows
and financial outcomes.

This study also has several limitations that indicate promising avenues for further
research. Uncertainty in demand, costs, and disruption duration is not considered, as all
parameters are deterministic. This limitation could be addressed by employing stochastic
or robust optimisation methods. Additionally, perfect-competition market conditions are
assumed. Extending the approach to mixed or regulated markets would enable systematic
comparison of coordination, investment incentives, and operational outcomes under
alternative regulatory regimes.

Future research can build on this work by extending the modelling approach in
several targeted and complementary directions. First, stochastic disruption modelling
could be incorporated to represent uncertainty in disruption duration and severity,
allowing a more realistic assessment of risk and recovery dynamics. Second, agent-based
or game-theoretic extensions could be used to capture decentralised decision-making and
strategic interactions among competing supply chain actors, which are particularly
relevant under competitive-market conditions. Third, incorporating spatially explicit
transport modelling, including dynamic routing and congestion effects, would improve
the representation of distribution-level operations and operational bottlenecks. Fourth,
comparative analysis across different market conditions, including regulated, hybrid, and
monopoly settings, would allow systematic evaluation of coordination, investment
incentives, and system performance relative to perfect competition. Finally, policy-
instrument modelling, such as subsidies or mandatory robustness requirements, could be
embedded directly within the optimisation approach to assess the effectiveness of
regulatory interventions under disruption situations.
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Appendix A

Table A1. Nomenclature (Parameters and variables for NG phase-out and renewable adoption).

Symbol/Term Descriptions
NG, Initial NG demand
Ry Annual phase-out rate of natural gas
by Share of renewable adoption allocated to hydrogen
Op Share allocated to electricity
Pl Hydrogen price at time T
P Electricity price at time T
Q Market type
NGy NG demand at year T
Ar Renewable adoption at year T
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Hy Hydrogen demand at year T
Er Electricity demand at year T

Table A2. Nomenclature (Parameters, variables and sets for multi-period network optimisation).

Symbol/Term Descriptions
P; Hydrogen production quantity at NDC i
Xij Hydrogen amount in m? distributed from NDC i to RDC j
R; Hydrogen received at RDC j
Ly Hydrogen received at LDC k
Yir Hydrogen amount in m? distributed from RDC j to LDC k
Ci Capacity of NDC i
Cj Capacity of RDCj
dy Annual projected demand from LDC k
S The selling price of hydrogen is determined using a 60% mark-up applied to the production cost [38,39].
M Production cost of hydrogen, assumed to be variable per m?[40]

Transportation cost of hydrogen from NDC i to RDC j is assumed to be variable km per m?, with the

h highest vehicle capacity of 50 m?3, average speed of 80 km/h [27,41]
T Transportation cost of hydrogen from RDC j to LDC k is assumed to be variable km per m? with the
2 highest vehicle capacity of 50 m3, average speed of 80 km/hour [27,41]
p Penalty cost for not meeting the demand. If the demand is unmet, the lost sales will be variable per m?
[42]
The additional cost arises from rerouting or hiring alternative vehicles between NDC i and RDC j. For
AT the rerouting strategy, the transportation cost remains variable per km per m?, with a maximum vehicle
! capacity of 50 m? and an average speed of 80 km/h. However, the increased distance due to rerouting
will directly impact the overall transportation cost.
An additional cost of rerouting or hiring alternative vehicles between RDC j and LDC k. For the
AT, rerouting strategy, the transportation cost remains at a variable per km per m?, with a maximum vehicle

capacity of 50 m® and an average speed of 80 km/h. However, the increased distance due to rerouting
will directly impact the overall transportation cost.

A proportion of safety stock must be stored in case of mitigating route or vehicle disruptions. We
F assumed that in case of any disruptions, 5-25% of the safety stock would always be stored at RDC,
depending on the situation.

I Set of potential locations of NDCs indexedon i =1, ...,]
i Set of locations of RDCs indexed on j =1,...,J
K Set of locations of LDCs indexed onk=1, ..., K

Table A3. Value of the parameters for multi-period network optimisation.

Symbol Value/Range Unit Source
M 4.5-6.0 USD/m? [40,43]
S 1.6xM USD/m?3 [38,39]
T 0.008 USD/km/m3 [1,27,41]
Tz 0.008 USD/km/m3 [9,27,41]
p 1.2xS USD/m3 [1,42]
F 5-25 % [9]
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Impact of production cost variation on profitability under ideal situation
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Figure Al. Impact of production cost variation on profitability under ideal situation.
Impact of transportation cost variation on profitability under ideal situation
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Figure A2. Impact of transportation cost variation on profitability under ideal situation.

https://doi.org/10.3390/en19051226



Energies 2026, 19, 1226

22 of 28

80.00%
70.00%
60.00%
50.00%
40.00%
30.00%
20.00%

| Demand fulfilment (%) |

10.00%

0.00%

80.00%
70.00%
60.00%
50.00%
40.00%
30.00%

[ Demand fulfilment (%) |

20.00%
10.00%

0.00%

Demand fulfilment rate under RDC disruption scenarios without
mitigation strategies

2030 2040 2050

2060

Time period (Year) |

2070

2080 2090

Figure A3. Demand fulfilment rate under RDC disruption scenarios without mitigation strategies.

Demand fulfilment rate under NDC disruption scenarios without mitigation
strategies

T
L
T T T T T e T T T o e T e T T )

T
N
e e e e e

(3
[y

A I I A A I A A I I A A I I
[y

A
S

o e A R et et R i et et A n et nat At n s
[y

S,
oy
L th

AR
A e
e
-'-'.'-'.'-'.'-'.'-'-'-'-'-'-'-'.'-'.'-'.'-'.'-'-'-'-'-'.'-'.'-'.-':'.-':'--':'
ML L L L e e e A L T L T L L L L

[y
[y
[y
[y

2030 2050

2060

Time period (year) |

2070

2080 2090

Figure A4. Demand fulfilment rate under NDC disruption scenarios without mitigation strategies.
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Impact of production cost variation on profitability under RDC disruption
scenarios without mitigation strategies.
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Figure A5. Impact of production cost variation on profitability under RDC disruption scenarios

without mitigation strategies.

Impact of transportation cost variation on profitability under RDC disruption
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Figure A6. Impact of transportation cost variation on profitability under RDC disruption scenarios

without mitigation strategies.
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Impact of production cost variation on profitability under NDC disruption
scenarios without mitigation strategies
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Figure A7. Impact of production cost variation on profitability under NDC disruption scenarios
without mitigation strategies.
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Figure A8. Impact of transportation cost variation on profitability under NDC disruption scenarios

without mitigation strategies.
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Figure A9. Impact of production cost variation on profitability under RDC disruption scenarios with

suitable mitigation strategies.
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Figure A10. Impact of transportation cost variation on profitability under RDC disruption scenarios

with suitable mitigation strategies.
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Figure A11. Impact of production cost variation on profitability under NDC disruption scenarios

with suitable mitigation strategies.
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