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ABSTRACT

Resilience planning is crucial for sustainable energy transitions, particularly in mitigating the impacts of ex-
treme weather events and natural hazards. This study examines the integration of hydrogen as a new energy
carrier, focusing on its technical flexibility and potential stresses. We connect a resilience framework compris-
ing four phases—hazard characterization, system component vulnerability assessment, power system response,
and recovery—to an energy system optimization model. This tool plans the capacity expansion with economic
dispatch under contingency scenarios to calculate resilience metrics, including energy not served and genera-
tion availability. To demonstrate the methodology, a case study on New Zealand compares the effects of three
hydrogen spatial distribution scenarios: concentrated, intermediate, and distributed. Results indicate that a dis-
tributed hydrogen scenario enhances resilience by reducing unserved electricity and unmet hydrogen demand
while achieving the lowest total system costs. These findings support adopting a nationwide distributed hydro-
gen hub strategy to improve system adaptability. The proposed framework is scalable and adaptable to other
countries, providing a robust tool for integrating resilience into energy planning.
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1. Introduction
1.1. Context and motivation

The energy transition represents an urgent global challenge, driven
by the need to mitigate climate change, enhance energy security,
and meet the growing demand for clean and sustainable energy.
Transitioning to a low-carbon economy hinges on leveraging renewable
resources and integrating emerging energy carriers, such as hydro-
gen [1]. However, achieving these goals requires resilient planning for
national electricity systems to address technical challenges, including
supply intermittency and complex demand management.

Reliable and resilient planning are complementary pillars in the en-
ergy transition, addressing routine disturbances and rare catastrophic
events, respectively. Reliability ensures consistent system operations
under expected conditions [2], while resilience prepares systems to
withstand and recover from high-impact disruptions [3]. This dual
approach is indispensable for modern energy systems, which are be-
coming increasingly complex due to integrating renewable energy
sources, advanced technologies, and diverse sectors such as heat, trans-
portation, and industry [4]. As natural disasters and extreme weather
events continue to grow in frequency and intensity [5], advanced
planning tools are critical to balancing reliability and resilience [6],
safeguarding infrastructure integrity while enabling rapid recovery from
disruptions [7].

Managing the energy transition effectively requires advanced plan-
ning tools to optimize energy systems by balancing multiple objectives
[8] and multiple services [9]. These tools address the inherent com-
plexity of modern systems through methodologies such as linear and
nonlinear programming, probabilistic approaches, and graphical tech-
niques. Python-based solvers, for instance, provide robust frameworks
for optimizing single- and multi-objective problems, offering capabili-
ties for linear, quadratic, and mixed-integer programming [10]. Notable
examples include PyPSA [11,12], which supports power flow optimiza-
tion and security-constrained analyses, and FINE [13], which enables
integrated assessments across multiple energy sectors. However, while
important for system optimization, these tools lack integrated capabil-
ities for contingency analysis and resilience metrics—key aspects for
addressing the challenges posed by high-impact disruptions.

The REMix (Renewable Energy Mix) framework [14], developed by
the German Aerospace Center (DLR), addresses these gaps. For context,
this linear optimization tool for system expansion and operation is based
on GAMS, and uses commercial solvers such as CPLEX [15] and GUROBI
[16]. Designed to facilitate the integration of renewable energy sources
[17] and hydrogen technologies [18], REMix identifies the lowest-cost
investments and multi-sectoral operations across electricity, transport,
and heat systems. Through the integration of resilience metrics and con-
tingency analysis, as proposed in this study, REMix has the potential
to address the challenges posed by high-impact, low-probability (HILP)
events, thereby becoming a key tool for advancing resilient energy
systems.

In the context of energy systems, resilience is defined as the capacity
of a grid to anticipate, withstand, recover, and adapt its infrastructure
and operations to HILP events [19]. A resilient energy system must fulfill
several essential functions: it must anticipate potential crises, prepare by
defining actionable measures to mitigate system degradation, adapt op-
erations to respond effectively, recover swiftly to restore power supply
and infrastructure, and maintain critical operations to ensure the contin-
ued functionality of essential services [3]. These capabilities underscore
the need for resilience planning and evaluation frameworks to enhance
system adaptability and ensure long-term reliability.

The resilience curve, illustrated in Fig. 1, represents the typi-
cal response of an energy system to a disruptive event. This curve
often assumes that the system returns to its initial state after the
event [20]. However, alternative behaviors, such as adaptive resilience,
depict systems reorganizing to surpass their initial conditions after
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Fig. 1. Graphic representation of a resilience curve over time. Own elaboration
based on [23].

compensating for losses [21]. Conversely, non-resilient behaviors, such
as ductile or collapsing responses, reflect systems that either stabilize at
reduced functionality or fail entirely to recover [22]. These dynamics
highlight the importance of quantitative assessments in understanding
system performance under stress and in informing the development of
targeted resilience strategies.

The behavior of the resilience curve [23] varies significantly across
systems, allowing the quantification of a system’s health state through
resilience indicators. These indicators are integral to cost-benefit anal-
yses for resilience planning, as shown in [24]. Due to the absence of
a universally expected system behavior under disruptive events, mul-
tiple metrics have been developed to evaluate both operational and
infrastructure resilience. Operational metrics assess the effectiveness of
post-event restoration measures [25], while infrastructure metrics eval-
uate the seismic vulnerability of critical power system components, such
as generators, transmission lines, and substations. Additionally, they
consider cascading failures caused by infrastructure interdependencies,
quantifying the impact of catastrophic events [26]. These metrics are es-
sential for identifying vulnerabilities and guiding the design of resilient
energy systems.

Given the destructive potential of events affecting energy systems,
resilience planning is indispensable. Numerous studies have developed
structured methodologies for resilience planning and assessment. For
instance, the framework proposed in [27] emphasizes a four-phase ap-
proach, which includes hazard profiling, correlating hazard intensity
with damage probabilities through fragility curves, and defining system
response and recovery functions. Spatiotemporal hazard simulations and
iterative processes complement these stages to validate the sequence of
information required for resilience metrics. Furthermore, critical outputs
for resilience assessments, identified in [28-30], underscore the impor-
tance of comprehensive frameworks to evaluate and enhance energy
system resilience.

Such methodologies have been successfully applied to power system
expansion planning [31]. These applications illustrate how structured
resilience assessments inform the development of robust energy in-
frastructures capable of withstanding and recovering from high-impact
disruptions.

Resilience planning addresses a wide range of hazards, includ-
ing natural disasters such as earthquakes, as demonstrated in studies
on network planning [7], decision-making algorithms [31], cascad-
ing damage analyses [32], and simulation-based optimizations to en-
hance seismic resilience [33]. Damage assessments of electrical sub-
stations [34] provide further insights into vulnerability. Other studies
explore the impacts of volcanic activity [35] and extreme weather
conditions, such as typhoons [36] and wind variability [37], empha-
sizing strategies like proactive generation dispatch to minimize load
loss. Notably, the resilience assessment methodologies discussed in
the literature are sufficiently flexible to be parameterized for various
event types, demonstrating their adaptability to different contexts and
challenges.
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The resilience of an electrical network, or its state of health,
is quantified through resilience metrics, which systematically evalu-
ate system performance under disruptive events. These metrics can
be categorized as performance-based or non-performance-based [24].
Performance-based metrics, such as energy not served (the total un-
delivered electrical energy) [33] and unsupplied load (the unmet in-
stantaneous power demand) [38,39], are derived directly from system
behavior simulations like Monte Carlo methods. In contrast, non-
performance-based metrics, informed by site visits and damage statistics,
evaluate factors influencing system performance before, during, and af-
ter an event. Together, these metrics offer complementary insights into
operational and infrastructural resilience.

A prominent resilience metric for earthquake assessments is the FLEP
metric [40], which has been applied in studies such as [7,33]. This metric
evaluates four critical aspects: the rate of resilience decline (®) and the
severity of the decline (A) during the disturbance phase, the extent (E)
of the post-disturbance degraded phase, and the speed (II) of recovery
to the pre-event state. By quantifying how quickly resilience drops, the
impact’s severity, the damage’s scope, and the recovery efficiency, FLEP
provides a comprehensive framework for assessing system health during
and after HILP events. This metric is particularly relevant for designing
strategies to enhance resilience in systems exposed to seismic risks.

As previously discussed, resilient energy system planning has fo-
cused on expanding generation and transmission capacities. Hydrogen
integration is promising because of its decarbonization potential across
sectors [42] and because it can enhance system security [41] and flex-
ibility [43,44]. Studies such as [45,46] have analyzed the resilience
benefits of integrating hydrogen into energy hubs and its impact on op-
erational performance. Additionally, research highlights improvements
in distribution network resilience through hydrogen systems [47]. These
findings underscore the role of hydrogen as a critical element in building
adaptive and resilient energy systems.

In the context of the global energy transition and diversification of
electricity systems, hydrogen is increasingly recognized as a promis-
ing energy vector. Studies in New Zealand [48,49], Australia [50], the
European Union [51], and Colombia [52] emphasize its flexibility as
essential for achieving decarbonization and carbon neutrality targets.
Large-scale hydrogen integration requires meticulous planning that ad-
dresses factors such as the production of pink hydrogen [53] or gray
hydrogen [54], storage availability in hybrid systems [55,56], and the
optimization of hydrogen integration into energy systems [57]. This
planning must not only consider investment and operational costs but
also account for externalities, including carbon emissions and environ-
mental impacts, to ensure sustainable and resilient energy transitions.

Building on this research gap, this study examines the critical role
of hydrogen in enhancing grid resilience within renewable energy-
dominated systems. While integrating renewable energy sources such
as hydro, wind, and solar is essential for decarbonization, it intro-
duces vulnerabilities due to their variability and location-specific con-
straints. Coupled with the increasing frequency of natural hazards—such
as earthquakes, extreme weather events, and climate-induced disrup-
tions—these factors demand innovative strategies to ensure a reliable
electricity supply and system adaptability. Despite global efforts to
integrate hydrogen as a versatile energy carrier, the technical and
strategic challenges of balancing sustainability with resilience remain
underexplored.

To address this gap, this study employs a structured four-phase
resilience framework that includes hazard characterization, system com-
ponent vulnerability assessment, power system response, and recovery
analysis. This framework is integrated into a robust energy system
optimization tool, capable of modeling system expansions, economic
dispatch, and contingency scenarios. By simulating different hydrogen
production topologies—distributed, intermediate, and concentrated—
under various hazard conditions, the methodology offers a comprehen-
sive approach to evaluating resilience metrics such as energy not served
and generation availability.

Applied Energy 403 (2026) 127069

1.2. Contribution and research questions

This study presents a novel contribution by integrating a four-
phase resilience framework with the national-scale REMix energy system
optimization model. It offers, for the first time, an explicit evaluation of
the role of hydrogen in enhancing the seismic resilience of a real power
system. Specifically, it compares large-scale centralized and small-scale
distributed hydrogen demand layouts using the REMix energy system
modeling framework. This dual contribution—methodological inno-
vation and applied analysis—shows that the spatial configuration of
hydrogen demand (centralized vs. distributed) can fundamentally alter
resilience outcomes on a national scale. This structured approach pro-
vides actionable insights to improve grid resilience and is scalable and
adaptable to other countries.

The following research questions guide this study:

» How can a resilience framework be integrated with an energy opti-
mization framework, such as REMix, to evaluate the role of hydrogen
in enhancing power system resilience?

« Considering future uncertainties and disruptions, how can power
system resilience be effectively assessed during energy transitions?

« How do different spatial distributions of hydrogen resources, such
as distributed small-scale versus concentrated large-scale configura-
tions, impact system resilience, and adaptability?

Answering the above questions is important for three reasons:

1. The shift toward renewable electricity-dominated systems world-
wide necessitates resilient planning, which can be achieved
through advanced optimization frameworks like REMix.

2. The increasing frequency and intensity of severe weather events
and natural disasters further emphasize the need for proactive
measures to ensure power systems can withstand, recover from,
and adapt to disruptions.

3. Hydrogen’s role as an energy vector can enhance system flexibil-
ity. However, integrating hydrogen into energy systems presents
significant technical challenges, requiring a carefully designed and
strategically implemented approach to ensure both reliability and
resilience across diverse energy contexts.

Overall, this research contributes to the broader understanding of re-
silient power system planning related to integrating hydrogen and offers
insights transferable to other countries.

1.3. Outline

The remainder of this paper is organized as follows: Section 2 outlines
the methodology, detailing how the resilience assessment is connected
to the REMix framework and describing the defined scenarios. Section 3
presents and discusses the results obtained from the model applica-
tions. Finally, Section 4 summarizes the key conclusions and suggests
directions for future research.

2. Methods and model description

This section details the framework employed to analyze the resilience
of a national power system using the REMix energy optimization frame-
work. The information flow from the resilience framework to the REMix
model is first outlined. Subsequently, the phases constituting the re-
silience framework and the configuration of the optimization model
are described in detail. Finally, the hydrogen demand scenarios used
to construct the case studies are presented.

Fig. 2 illustrates the proposed modeling approach, highlighting the
model inputs, outputs, and key processes. The inputs include the sys-
tem topology for each hydrogen scenario and the parameters defining
a natural disaster, represented by electrical components’ fragility and
restoration curves. Additionally, stochastic processes are incorporated to
simulate the occurrence of a natural disaster and the system’s pre-event
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Fig. 2. General modeling approach. The numbers below refer to the subsections where more information is provided. 2.1 shows the connection between the resilience
and REMix frameworks. 2.2 details resilience modeling. 2.3.5 defines hydrogen demand scenarios.

operation. The model outputs comprise system disconnection profiles,
post-disaster operational performance, and resilience metrics obtained
through REMix optimizations.

2.1. Modeling approach

This research employs a three-stage procedure—Fragility Modeling,
Failure Simulations, and Resilience Metrics—integrated within a four-
phase resilience assessment framework, as depicted in Fig. 3.

The first stage, Fragility Modeling, establishes the system’s topology
and operational state under normal conditions prior to any disturbances.
In this stage, data is collected to characterize natural hazards and to
model potential damage to electrical system components, along with
their subsequent restoration. This is achieved through the use of fragility
and restoration curves, which quantify the vulnerability and recovery
dynamics of system elements.

The second stage, Failure Simulations, involves the random selection
of parameters defining a natural hazard to estimate the probability of
damage to each power system component. Based on these probabilities,
capacity reductions and disconnection profiles are determined, which,
in turn, influence the system’s operational performance following faults.
These disconnection profiles enable an evaluation of the system’s re-
sponse regarding infrastructure and capacity losses impacting the ability
to meet demand.

The final stage focuses on calculating Resilience Metrics, following
rigorous testing. These metrics quantify the average energy not supplied
due to disconnections triggered by natural hazards, providing a robust
measure of the system’s resilience.

2.1.1. REMix energy optimization framework

The optimization framework employed in this study is REMix [14], a
comprehensive and flexible tool for modeling multi-energy systems with
high spatial and temporal resolution.

REMix adopts a multi-nodal approach, where nodes are intercon-
nected through various energy carrier networks. Within each region,
all units of a specific technology are aggregated and treated as a single
entity.

The framework enables the analysis of system capacity expansion
and hourly operation over the entire time horizon, optimizing these as-
pects comprehensively in a single run. REMix minimizes the aggregated
investment and operational costs for expanding generation, transmis-
sion lines, and storage capacity, considering system requirements and
renewable resource potential.

The resilience methodology incorporated into REMix allows for in-
tegrating outage profiles for generation technologies and transmission
lines, as well as demand changes [59]. This methodology modifies the
optimization process, which is conducted in two consecutive stages [60]:

Solve Run: In this stage, system expansion is optimized to determine
the installed capacities for each technology for a selected year. This pro-
cess considers resource availability and minimizes both investment and
operational costs, constructing the system and establishing a baseline
scenario to analyze its performance under normal conditions.

Resilience Run: This stage focuses solely on operational optimiza-
tion without expanding the system. It incorporates disconnection pro-
files through an additional parameter, representing functionality as a
time series. The system’s operation is then analyzed to evaluate its re-
sponse to the disconnection of generation, transmission, and demand
caused by an extreme and unforeseen event.

Resilience metrics can be calculated by contrasting the baseline op-
eration from the Solve Run with the disrupted operation in the Resilience
Run. These metrics assess infrastructure resilience and quantify en-
ergy demand not served due to contingencies associated with extreme
events.

2.2. Resilience assessment

The resilience assessment conducted in this study comprises four
main phases, as originally presented in [27]:

1. Hazard characterization: Historical data are analyzed to gener-
ate thousands of scenarios, each describing a natural disaster’s intensity
and spatiotemporal characteristics. This phase provides detailed infor-
mation on the occurrence and impact of potential disruptive events.

2. System component vulnerability evaluation: Fragility curves
are employed to estimate the probability of disconnection for each
electrical system component under a given disaster intensity. This
information is then used randomly to determine the percentage of
disconnections across the network.

3. Electrical system response: This phase evaluates the reorgani-
zation of the system’s operation after the disconnection of generation
and transmission units caused by a natural disaster. It examines how
available electrical units in the network are utilized to meet demand
under disrupted conditions.

4. Electric system recovery: The optimization process integrates
restoration efforts for both infrastructure and operations. Restoration
curves are used to estimate the recovery time required for each technol-
ogy to fully restore its operational capacity to 100 %.
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2.2.1. Earthquake characterization

Earthquakes are HILP events that pose significant risks to electri-
cal systems. Due to their inherently unpredictable nature, these events
are associated with considerable uncertainty. The extent of damage to
each system component is determined probabilistically using fragility
curves.
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An earthquake, characterized by a defined epicenter (latitude and
longitude), intensity, and depth, can be analyzed to assess its impact on
the electrical system. This is achieved by calculating the Peak Ground
Acceleration (PGA) at each location where electrical components are
situated. The PGA quantifies the level of ground shaking caused by the
earthquake, serving as a key parameter to characterize the event. By
associating the PGA with fragility curves, it is possible to estimate the
probability of damage to electrical components and assign an intensity
measure to the natural hazard.

The PGA [61], measured in gals, is calculated using the Eq. (1):

=273 1og(r+1.58 exp(0.608-M)) | ,6.36:+1.76:M+0.00916-h
PGA(r,h, M) = 980.665 (@D)]

where M is the magnitude intensity of the earthquake on the Richter
scale, h is the depth of the earthquake determined by the hypocenter
(ex, ey, h), and r is the radius that determines the distance between the
epicenter (ex, ey) and the location (x, y) of a given electrical component,
calculated according to the Eq. (2):

r=1/(ex —x)* + (ey — ¥ @

2.2.2. Vulnerability assessment

Assessing the vulnerability of electrical system components to
HILP events is essential for understanding the extent of poten-
tial structural damage. Earthquakes, due to their instantaneous and
disruptive nature, can cause significant disturbances within the
system.

Fragility curves enable the prediction of the potential damage state
of an electrical component based on specific event parameters and geo-
graphical location. The PGA is calculated for each electrical component
in its specific position according to the earthquake’s defined intensity
and hypocenter. This calculation allows for determining the probability
associated with each damage state (complete, extensive, moderate, and
slight) by comparing the likelihood of a given damage state to another
previously graphically defined state.

Fragility curves can be derived from empirical data through sta-
tistical analysis of observed years, analytical determination based on
a specific simulation model, or experimental determination through
deliberate component failure. Fig. 4a presents the fragility curves of
generation units and high-voltage electrical substations used in this
study. The curves are based on information from the HAZUS Earthquake
Modeling Manual [62], which describes the behavior of the units ac-
cording to lognormal distribution functions. These functions provide
the probability of reaching or exceeding different damage states given a
specific PGA.

2.2.3. Restoration data

The restoration of an electrical component’s total capacity is gov-
erned by recovery curves, which depict the time required to regain
full functionality following earthquake-induced damage. These curves
are modeled using a normal distribution function, based on HAZUS
Earthquake Modeling Manual data, as illustrated in Fig. 4b. The recovery
curves provide a probabilistic representation of the restoration process,
capturing variations in recovery times across different components and
damage levels.

The HAZUS manual for earthquake modeling, although based on
U.S. data, is justified for use in modeling damage to New Zealand’s
electrical system due to its robust methodology, which incorporates mul-
tiple variables and scenarios, making it adaptable to other contexts.
Additionally, as most New Zealand studies focus on buildings and cables,
the lack of local data specific to electrical components supports its appli-
cation. Lastly, the universal principles of earthquake engineering, with
minimal regional variations, further validate the global applicability of
HAZUS-based insights.
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Fragility Curves for Generation with Anchored Components
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2.2.4. Resilience metrics

To evaluate the electricity system’s resilience in the context of hydro-
gen production, specific metrics have been selected based on outcomes
from optimizing system operations in REMix. The FLEP metric [40] mea-
sures infrastructure and demand resilience by analyzing the temporal
behavior of connected generation and demand curves. Additionally, en-
ergy not served is quantified as the difference between demand and
generation output, derived directly from REMix optimizations. A more
resilient system exhibits minimal energy not served during HILP events.

For earthquake scenarios, the resilience metrics L, E, and P are em-
ployed to assess system performance over time. These metrics address
critical resilience aspects:

o L (Low): This metric answers the question, “How low is the state
of health of the system?” It represents the percentage reduction be-
tween the pre-event capacity and the lowest capacity experienced
after the event.

E (Extent): This metric quantifies the extent of the disturbance by
measuring the duration of the unfavorable state in hours.

P (Promptness): This metric evaluates how promptly the system re-
covers its resilience levels, i.e., the capacity recovery rate over
time.

Each metric is calculated using the resilience curve illustrated in
Fig. 1. L corresponds to the difference between the initial health state
and the lowest health state experienced by the studied variable dur-
ing the disturbance process. Thus, the Eq. (3) is used to calculate the
metric L:

L=SHy~SH, 3)

The metric E is calculated as the time during which the sys-
tem remains in the post-disturbance degraded state, according to
Eq. (4):

E =t, —t,. 4

Finally, the metric P is obtained by calculating the dependency of

the restorative state according to the Eq. (5):
SHy,—- SH
p=""0"""er (5)
T- Ter

These metrics provide a quantitative basis for assessing the resilience
of electrical systems to seismic events, offering insights into the depth,
duration, and speed of recovery following disruptions.

2.2.5. Earthquake resilience assessment

The methodology for assessing the resilience of power systems to
seismic events involves a structured multi-step process, detailed as
follows:

1. Initialization of Seismic Variables: Randomly selects seismic event
characteristics, including the epicenter, intensity, and time of
occurrence.

2. PGA Determination: Calculates the PGA at the specific locations of
all power plants and system nodes, characterizing the earthquake’s
impact on the electrical system.

3. Damage Assessment Based on Fragility Curves: Applies the
fragility curves of generation units and electrical substations to
probabilistically determine the extent of damage to each generator
and node. A damaged node is assumed to proportionally re-
duce the capacity of all connected components, thereby impacting
transmission lines and demand.

4. Restoration Curve Analysis: Estimates the time required for sys-
tem components to fully recover their operational capacity using
restoration curves.

5. Formulation of Disconnection and Reconnection Profiles: Develops
specific profiles outlining the disconnection and subsequent re-
connection processes for each generation technology, transmission
line, and nodal demand.

6. Resilience Analysis through REMix: The generated profiles are
used as inputs to the REMix framework to analyze the system’s
resilience under the conditions of the seismic event.

2.3. Case study

This case study evaluates the performance of three hydrogen demand
configurations in New Zealand for the year 2050 under earthquake sce-
narios. The configurations—concentrated, intermediate, and distributed
demand—are detailed in Section 2.3.5.

2.3.1. REMix for New Zealand

New Zealand’s electricity system has a total capacity of 9.4 GW,
of which 7.4 GW (78 %) is renewable. This capacity is distributed
across hydroelectric (5.4 GW), fossil fuels (2.2 GW), wind (1.3 GW),
and geothermal (1.2 GW) sources [63]. As of 2023, electricity de-
mand was allocated among various sectors: industrial (35 %), residential
(33 %), commercial (24 %), agricultural (6 %), and transportation
(0.5 %). In 2022, the country generated 39.6 TWh of electricity, with the
North Island contributing 22.3 TWh and the South Island contributing
18.4 TWh. Natural gas accounted for 60.51 % of total energy demand,
largely driven by industrial use [64].

The 2019 Zero Carbon Act established ambitious goals for achiev-
ing net-zero greenhouse gas emissions by 2050 and reducing biogenic
methane emissions by 24-47 % relative to 2017 levels [65,66]. This leg-
islation underpins New Zealand’s climate change policies, including the
Gas and Hydrogen Transition Plan and the Energy Strategy [67]. The
hydrogen strategy envisions the production of 560,000 tonnes of green
hydrogen annually by 2050, alongside expanding renewable electricity
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OTG

Fig. 5. New Zealand REMix-NZ representative scheme [68].

capacity by 12.5 GW, enabling demand response of 3.8-8.2 TWh, and
displacing 1.56-2.26 trillion liters of liquid fuel. These initiatives aim to
bolster the country’s energy resilience and security.

REMix-NZ [68], based on the open-source REMix framework, is
an integrated multi-energy system model tailored for New Zealand. It
enables linear deterministic optimization with hourly resolution, cap-
turing the dynamics of the New Zealand electricity system. The model is
organized into 11 geographical regions and incorporates nearly 10 gen-
eration technologies. Fig. 5 illustrates the regional organization of New
Zealand within REMix-NZ.

2.3.2. REMix-NZ: system expansion for 2050

In this study, REMix-NZ is applied exclusively to the electricity sec-
tor. The least-cost system configuration for 2050 is determined based
on the annual regional demand outlined in Table A.4 and the installed
generation capacity in 2024, presented in Table A.5. The available tech-
nologies for system expansion (Table A.6) include photovoltaic (PV)
systems—central fixed, central tracking azimuth, and decentralized—
wind turbines (onshore, offshore floating, and offshore foundation),
geothermal plants, hydroelectric facilities, and gas technologies (gas
turbine, combined cycle gas turbine, and open cycle gas turbine).
Additionally, thermal technologies (biomass, diesel, and coal), battery
storage systems, and electrolyzers are considered.

The associated costs and emissions are summarized in Table A.7.

2.3.3. Energy not served

In the model, the cost of electricity not served, referred to as “Slack
Cost”, is set at 3 million euros per gigawatt-hour (GWh), while the cost
of hydrogen demand not served, “H2 Slack Cost”, is set at 1.5 million
euros per GWh.

In this context, unserved electricity demand excludes the electricity
required for hydrogen production. The model treats this separately as
hydrogen demand, which is directly tied to the operation of electrolyz-
ers. This differentiation allows the model to capture two distinct aspects

Applied Energy 403 (2026) 127069

of supply constraints: (1) the unserved electricity demand for end-
users—households, industries, and commercial sectors (non-hydrogen not
served)—and (2) the unserved hydrogen demand stemming from the in-
ability to supply electrolyzers (hydrogen not served). By assigning a lower
Slack Cost to hydrogen, the model prioritizes electricity supply to en-
sure that critical end-user demand is met before addressing hydrogen
production.

The cost differential reflects two considerations. First, hydrogen
demand is modeled as a flexible, interruptible load: during scarcity,
curtailing electrolyzers is a lower-cost way to relieve the system than
shedding end-use electricity. Second, the higher penalty on unserved
end-use electricity approximates its larger societal and economic dam-
ages, which aligns with the perspective that green hydrogen can serve
as a “strategic reserve” to temporarily free capacity for essential services
and thereby provide operational flexibility to power systems.

This interpretation is consistent with the concept of the Value of
Lost Load (VoLL), commonly understood as society’s willingness to pay
to avoid an outage. By implicitly valuing unserved end-use electricity
more highly than deferred hydrogen production, the model captures the
broader social cost of power interruptions while recognizing hydrogen’s
role in enhancing system flexibility and stability [41].

This prioritization leads the model to favor sacrificing hydrogen
production when supply constraints arise, representing the less costly al-
ternative. However, it is important to recognize that if the consequences
of unserved demand were more severe—due to extended disruptions or
higher societal impacts—both electricity and hydrogen supplies could
be simultaneously affected. Highlighting this differentiation and pri-
oritization is crucial for understanding the model’s decision-making
process across different scenarios and its implications for energy system
resilience.

2.3.4. Earthquakes in New Zealand

The parameters for the simulated extreme event correspond to an
earthquake with a magnitude of 7.8 on the Richter scale and a depth
of 5 km. These values were chosen to represent a high-impact, shallow
event consistent with major earthquakes observed in the region, where
shallow sources are typically associated with stronger ground shaking
and greater damage potential.

The epicenters of the simulated earthquakes are uniformly sampled
across the model’s 11 regions representing New Zealand. This ensures
coverage of events near any electrical node in the system, providing a
comprehensive assessment of potential impacts across all model regions.
Table B.8 lists the selected epicenters and their geographic distribution,
ensuring a wide range of scenarios is evaluated.

The timing of the earthquake is determined by first optimizing the
operation of the New Zealand electricity system under normal condi-
tions and identifying the period with the highest marginal costs. The
earthquake is set to occur during the 4900th hour of the optimized year,
corresponding to a day in June at approximately 1 p.m. Choosing this
peak-cost hour intentionally stresses the system, providing a conserva-
tive upper-bound estimate of potential disruption and a stringent test of
resilience.

The parameters used for the Fragility Functions of generation units
and high-voltage substations are provided in Table B.9, while the
Restoration Functions for electric power system components are pre-
sented in Table B.10.

2.3.5. Hydrogen demand scenarios

The hydrogen demand scenarios for 2050 are derived from pro-
jections [42] that quantify hydrogen use for ammonia (fertilizer) and
methanol production. The corresponding baseline demands are reported
in the first section of Table C.11.

Two additional scenarios are constructed to contrast hydrogen
demand spatial configurations: intermediate and concentrated. The
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intermediate scenario allocates demand across major centers in
New Zealand—Auckland (AKL), Taranaki (TRN), Wellington (WEL),
Canterbury (CAN), and Otago (OTG)—as shown in the middle section
of Table C.11. In contrast, the concentrated scenario locates all demand
in the Taranaki (TRN) region, New Zealand’s principal port (last section
of Table C.11). The distributed scenario (first section) spreads demand
across all model regions and serves as the benchmark in subsequent
analyses.

These demand projections follow the Clean Hydrogen Ladder devel-
oped for New Zealand by [42], which identifies fertilizer and methanol
as the most relevant large-scale applications by 2050. Other potential
uses, such as transportation, heating, or long-duration grid balancing,
appear further down the ladder and are expected to emerge later.
Focusing on fertilizer and methanol, therefore, provides a consistent and
robust baseline for modeling, while future diversification of demand
centers would further strengthen the resilience benefits of distributed
hydrogen layouts.

2.3.6. Simulation parameters

This study analyzes 1,500 simulations corresponding to 500 earth-
quake events for each of the three hydrogen demand scenarios in New
Zealand for 2050: distributed, intermediate, and concentrated. For each
scenario, 500 earthquakes are generated uniformly across all model re-
gions, ensuring a comprehensive distribution of epicenters. Each event
is simulated over a 300-hour period, with optimization commencing five
hours prior to the earthquake’s occurrence.

3. Results and analysis

This section analyzes New Zealand’s resilience in 2050 with re-
spect to hydrogen production, following the integration of the resilience
framework into REMix-NZ. Section 3.1 discusses the results of incor-
porating shutdown profiles related to natural disasters into REMix-NZ.
Section 3.2 examines New Zealand’s earthquake vulnerability, and
Section 3.3 provides a comparative analysis of earthquake responses
across the three hydrogen demand configurations.

The results of the New Zealand electric system expansion for 2050
for each hydrogen demand scenario, obtained from the Solve Run, are
presented in Appendix D, Table A.7 and Fig. D.13.

3.1. Connection of resilience framework to REMix-NZ

Fig. 6 illustrates the successful integration of the resilience frame-
work into REMix-NZ, using the Distributed Hydrogen Demand scenario
as a representative case. Fig. 6a compares the results from two distinct
optimization runs. The Solve Run reflects the initial system expansion
and operational behavior projected for 2050 under normal conditions.
In contrast, the average electrical generation from 500 Resilience Runs
demonstrates the system’s response to an earthquake-induced HILP
event, revealing deviations from normal operation, as shown in Fig. 6b.

The average results from the resilience simulations show that sys-
tem operations begin to differ from normal, non-contingency operations
approximately five-time steps after the optimization begins, coinciding
with the timing of earthquake events. Following this, the system expe-
riences significant discrepancies for roughly 100 hours before gradually
stabilizing. The pronounced spike observed near the end of this period
indicates marked deviations between normal system operation and the
average of the resilience runs. This change can be attributed to initial
conditions such as reduced availability of renewable resources, particu-
larly solar, and congestion in the HVDC link connecting the North and
South Islands.

The analysis of Fig. 6b suggests that it represents the average level of
reorganization required by the system in response to an earthquake. This
indicator highlights that greater levels of reorganization correspond to
increased resource deployment for contingency responses, which were
not accounted for under regular operating conditions. These findings
demonstrate that integrating the resilience framework with REMix-NZ
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Electricity Generation During Normal Operation vs. Average Post-Earthquake Operation
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(a) Comparison of electricity generation over time between the normal operation (Solve Run)
and the average generation during 500 post-earthquake events (Resilience Run).
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(b) Difference in electricity generation over time between the normal operation (Solve Run)
and the average of 500 post-earthquake events (Resilience Runs).

Fig. 6. Connection verification for REMix-NZ and the resilience framework using
the “Distributed Hydrogen Demand” scenario.

effectively identifies the occurrence of disruptive events and optimizes
system operations under generation and load disconnected profiles.

Integrating the resilience framework into REMix-NZ facilitates
the analysis of system behavior under both normal conditions and
earthquake-induced disruptions. Normal operation serves as the baseline
for the system’s performance in 2050, while the average post-earthquake
operation across 500 optimized events highlights deviations caused by
seismic events. This integration effectively quantifies the system’s reor-
ganization capabilities during contingencies, demonstrating its utility in
optimizing operations under disrupted conditions.

3.2. Power system vulnerabilities to earthquakes in New Zealand

New Zealand’s position at the Pacific and Australian tectonic plate
boundary exposes the country to frequent and unpredictable seismic ac-
tivity. This inherent risk underscores the importance of assessing the
impact of HILP events on the national electrical system to ensure the
development of a resilient and robust infrastructure capable of enduring
such disruptions.

Fig. 7 depicts the technological distribution of capacity losses result-
ing from 500 simulated earthquake events in the base scenario with
distributed hydrogen demand.

The occurrence of an earthquake affects all technologies, with the
most significant impacts concentrated in capacities below 5 MW, as
shown at the top of each technology box. However, isolated events can
result in disconnections of up to 70 GW, particularly for PV systems
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Capacity Reduction by Technology for 500 events in 2050
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Fig. 7. Box plot of the generation capacity reduction per technology resulting
from 500 earthquakes in the ’Distributed Hydrogen Demand’ scenario.

Recovery Hours by Sector for 500 events in 2050
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Fig. 8. Box plot of the hours of recovery of 100 % of the operating capac-
ity of each electrical sector resulting from 500 earthquakes in the ’Distributed
Hydrogen Demand’ scenario.

and batteries, which represent the largest installed capacities in the sys-
tem. This can be explained by the fragility curves and the high PGA
values, which increase the likelihood of severe damage. Additionally,
the most extreme cases can be attributed to the nodal representation
of the New Zealand system in REMix-NZ, where all regional gener-
ation for a specific technology is connected to the grid at a single
point. This point coincides with the epicenters selected for the simulated
earthquakes.

Fig. 8 illustrates the recovery processes for various system sec-
tors, modeled through the recovery curves of generation units and
high-voltage electrical substations.

The restoration of the electricity sector is concentrated within the
first 125 hours after an earthquake, with 75 % of the recovery occurring
during this time. Notably, restoring transmission capacity enables the re-
connection of lost demand, including both hydrogen and non-hydrogen
loads, during HILP events. However, recovery within the generation sec-
tor spans a longer timeframe, with some units requiring up to 3,500
hours to fully resume operations. This is determined by the standard
deviation of the normal distribution representing recovery times for
complete damage states, as detailed in Restoration Curves presented in
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Fig. 4b. It is estimated that 99.9 % of the restoration process is completed
within three standard deviations.

The damage to non-hydrogen demand is proportional to the per-
centage of damage at its connection node, following a similar principle
to that of the transmission system. However, as shown in Fig. 8, the
impact on the transmission system is more pronounced, as a single
node can connect to multiple transmission lines. As a result, when an
earthquake damages a node, the capacity of all connected transmission
facilities, as well as the associated hydrogen and non-hydrogen demand,
is simultaneously reduced.

This study has two main limitations. First, the estimation of dam-
age states and restoration trajectories relies on fragility and recovery
curves from the U.S. HAZUS Handbook. While widely applied and tech-
nically robust, these curves do not capture New Zealand-specific features
such as design standards, construction practices, or maintenance poli-
cies. As a result, local assets may perform differently under seismic
stress. Nevertheless, applying the same framework consistently across
all scenarios preserves the validity of the relative comparison between
centralized and distributed hydrogen layouts.

Second, the analysis considers a single earthquake magnitude and
depth (7.8 and 5 km), representing the strongest event historically
recorded in New Zealand. While this provides a conservative upper
bound, variations in magnitude and depth would directly affect PGA val-
ues, component damage, and recovery times. In addition, the geographic
location of the epicenter is critical: earthquakes in high-hazard regions
with softer soils are expected to cause stronger shaking and greater in-
frastructure damage. A centralized hydrogen hub in such regions would
face higher risks than a distributed configuration spread across multiple
areas. By focusing on the most extreme documented event, the re-
sults provide a cautious but informative benchmark of potential system
impacts and recovery trajectories under HILP conditions.

The planning and expansion of New Zealand’s electricity system for
2050 indicate that HILP events, such as earthquakes, will inevitably
cause damage to system components. Overall, the analysis highlights
that damage to system components during HILP events such as earth-
quakes is unavoidable, underscoring the importance of preventive
planning and resilient system design.

3.3. Distributed hydrogen improves resiliency

The integration of hydrogen as both a supply and demand resource
necessitates significant system expansion. Meeting this new demand re-
quires strategically utilizing available resources, particularly through
increased solar generation and storage capacity, as projected for 2050.

In this context, the critical question is not whether hydrogen will
be integrated by 2050 but how the network should be strategically dis-
tributed to effectively respond to inevitable events such as earthquakes.
This analysis underscores the importance of preventive planning mea-
sures aimed at minimizing infrastructure damage and reducing energy
deficits caused by disruptions to critical system components.

3.3.1. Resilience metrics

Tables 1 and 2 present the mean and conditional value at risk (CVaR at
5 % worst cases) resilience metrics for generation availability and non-
hydrogen load, respectively. The metrics for non-hydrogen load include
the average and CVaR of the unserved load.

Fig. 9 and Fig. 10 illustrate the average and CVaR FLEP metric for
the three hydrogen demand scenarios, respectively, based on an aver-
age of 500 earthquake events. These metrics facilitate the evaluation of
resilience concerning operational aspects, specifically regarding gener-
ation availability and the disconnection of non-hydrogen load during
such events.

Regarding the average LEP metrics for generation, as shown in
Table 1 and Fig. 9, it is evident that, regardless of the hydrogen demand
scenario, the deterioration in generation operations is more pronounced
than that of non-hydrogen demand. This can be explained by the fact
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Table 1
Resilience metrics calculated for the Generation Curve in each hydrogen
demand scenario.

Generation Availability

Resilience Metric Concentrated Intermediate Distributed
Mean CVaR Mean CVaR Mean CVaR

F — - — — — —

L [%] 26 64 19 44 18 42

E [hrs] 41 285 60 287 39 271

P [GW restored/h] 0,026 0,063 0,019 0,066 0,023 0,211

Table 2
Resilience metrics calculated for the non-hydrogen load curve in each hydrogen
demand scenario.

Non-Hydrogen Load Connected

Resilience Metric Concentrated Intermediate Distributed
Mean CVaR Mean CVaR Mean CvVaR
F _ _ _ _ _ _
L [%] 6 20 19 6 18
E [hrs] 33 197 39 218 35 175
P [GW restored/h] 0,042 0,042 0,045 0,053 0,044 0,034
Not Served [GWh] 47,720 50,240 51,320 54,020 47,700 50,220
Mean Resilience Indicators for each H2 Scenario
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Fig. 9. Mean resilience indicators for generation availability and non-hydrogen
load connected across 500 seismic events, comparing concentrated, intermedi-
ate, and distributed hydrogen scenarios.

that the loss of non-hydrogen load is exclusively caused by damage at
the connection point—specifically, the transmission node. Damage to
the transmission node reduces the capacity of all connected elements,
including generation facilities. The generation sector experiences more
severe impacts, often referred to as “double damage,” due to two primary
factors: first, fragility curves and PGA values determine the damage to
generation facilities; second, damage at the connection point between
the grid and generation facilities further exacerbates the situation.

The average resilience metrics indicate that the distributed hydrogen
demand scenario is the most resilient, while the concentrated scenario
exhibits the lowest resilience due to a more significant initial drop
and slower recovery. Conversely, resilience metrics for the 5 % most
adverse scenarios reveal that distributed hydrogen demand performs
better, with a less pronounced initial drop, faster recovery, and shorter
duration of the damage phase. However, it is important to note that in
the most extreme cases, full recovery is not achieved within the 300-hour
optimization period.

The average resilience of non-hydrogen load to earthquakes demon-
strates a similar pattern across all hydrogen demand scenarios. This
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CVaR Resilience Indicators for each H2 Scenario
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Fig. 10. CVaR resilience indicators for generation availability and non-hydrogen
load connected across the 5 % worst seismic events, comparing concentrated,
intermediate, and distributed hydrogen scenarios.

behavior is attributed to the damage and subsequent node reconnection
to which the demand is linked. These dynamics are outputs of the
resilience framework that are incorporated as inputs into REMix-NZ.

An analysis of the 5 % of the most unfavorable cases reveals that
the decentralized hydrogen demand scenario slightly improves load
resilience.

A closer inspection of each resilience metric, particularly metric
L, as shown in Fig. 10, indicates that the concentrated demand sce-
nario experiences the highest average and CVaR degradation for both
generation and non-hydrogen load. The location of the earthquake epi-
centers primarily influences this outcome. In the concentrated demand
scenario, earthquakes with epicenters in the North Island—where hydro-
gen demand and the generation facilities, particularly solar installations,
are concentrated—result in more severe impacts. This concentration of
infrastructure heightens the risk of disconnection, leading to a more
pronounced initial drop in system performance.

Metric E, which measures the extent of system degradation following
an earthquake, shows that the distributed hydrogen demand scenario
performs best from a generation perspective. In contrast, the interme-
diate hydrogen scenario represents the worst case. This result can be
explained by the differing impacts of damage in the generation sector
across scenarios. Since the expansion of each scenario was tailored to
its specific characteristics, scenarios with higher demand concentration
prompted a corresponding expansion of generation capacity near hydro-
gen consumption centers. Consequently, these larger clusters of capacity
remain disconnected for longer periods, and their reconnection process
is slower due to the larger “blocks” involved.

Finally, regarding the speed of system recovery, represented by met-
ric P, the intermediate scenario exhibits the lowest variation per unit of
time, indicating the slowest average recovery. This metric is calculated
from a recovery level of 96 % of the connected generation capacity to
full recovery (100 %), which eliminates the disadvantage previously ob-
served in the intermediate scenario regarding the extent of the damage
state. Instead, it highlights that the generation blocks—corresponding
to nodal generation by reconnected technology—recover more quickly
in this phase, demonstrating a beneficial aspect of this configuration.

In the case of a power supply disruption, generation reconnection
occurs more rapidly in the distributed demand scenario. This is due to
the slight distribution of generation across nodes, which facilitates faster
reconnection, even though no scenario achieves 100 % recovery of the
generation capacity.

As evidenced by the results for both generation availability and
non-hydrogen load, the 300-hour simulation horizon is effective in cap-
turing the short-term dynamics of disruption and recovery following
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Average Hydrogen Not Served for each H2 Demand Scenario
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Fig. 11. Comparison of the average Hydrogen Not Served of 500 Resilience Runs
over time.

earthquakes. However, this timeframe does not reflect the full duration
of infrastructure restoration. Based on the HAZUS recovery functions,
units with moderate damage typically return to full operation within
the simulated period, whereas those with extensive or complete damage
recover only about 60 % of their capacity by 300 hours. Full restoration
of severely affected assets is expected to require up to 100 days. These
findings indicate that our analysis provides a robust characterization of
short-term resilience but does not encompass the complete recovery tra-
jectory. Future research should therefore extend the analysis to include
simplified long-term recovery dynamics, complementing the short-term
operational perspective developed here.

3.3.2. Energy not served performance

Table 2 presents the non-hydrogen load not served for each hy-
drogen demand scenario. This metric corresponds to the purchased
and sold electricity, excluding the demand associated with electrolyzer
operations.

As indicated by the previously analyzed resilience metrics, the plots
of non-hydrogen load not served reveal that no scenario consistently
exhibits superior or inferior system performance. This is primarily be-
cause unserved load is exclusively caused by node damage within the
system and insufficient transmission capacity to meet demand. Notably,
the model prioritizes electricity supply over hydrogen, as the cost of hy-
drogen not served is lower than that of electricity not served. This prefer-
ence accounts for the differences observed between unserved hydrogen
and electricity demands. In cases of more severe system impacts, both
electricity and hydrogen would likely experience not served demand.

The comparison of hydrogen demand not served for each study sce-
nario is shown in Fig. 11, which presents the average hydrogen not
served over time. Additionally, Fig. 12 illustrates the behavior of the
worst 5 % of cases.

A detailed analysis of the hydrogen demand not served reveals that
the concentrated scenario experiences the highest “sacrifice” of hydro-
gen supply. This is primarily because this scenario is subjected to the
most detrimental conditions for hydrogen supply: earthquakes occur-
ring on the North Island, where the concentrated hydrogen demand is
located. Given the system’s flexibility and the relatively low slack cost
for hydrogen, the optimal response to such events is to prioritize electric-
ity supply—due to its higher penalty—by sacrificing hydrogen demand.
This outcome also indicates that the concentrated system configuration
has fewer degrees of freedom to adapt and respond effectively after a
contingency.

In addition to the significant disruption caused by earthquakes on
the North Island, the concentrated scenario is also heavily affected by
seismic events on the South Island. In these cases, the system must
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CVaR of Hydrogen Not Served for each H2 Demand Scenario
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Fig. 12. Comparison of the CVaR Hydrogen Not Served over time of 500
Resilience Runs.

Table 3
Indicators and resilience metrics for hydrogen load in each hydrogen demand
scenario.

Hydrogen Load
Indicator Concentrated H2  Intermediate H2  Distributed H2
N° events w/H2 Not Served 370 436 420
Resilience Metric Mean CVaR Mean CVaR Mean CVaR
Not Served [t] 115,17 121,23 94,95 99,95 91,85 96,68

continue to supply a highly concentrated demand in the north despite
reduced resource availability and increased stress on the interconnec-
tion between islands. In the most extreme scenarios, this concentrated
hydrogen demand cannot be met, as illustrated by the CVaR metric in
Fig. 12.

3.4. Hydrogen demand performance

To provide a more detailed analysis of hydrogen demand, Table 3
compares the amount of unserved hydrogen across scenarios over the
300-hour recovery horizon.

The results indicate that not all optimized events result in unserved
hydrogen demand. This outcome is influenced by the earthquake’s
epicenter and the hydrogen demand distribution, which determines
whether hydrogen demand should be “sacrificed” to prioritize electricity
supply over electrolyzer operation. Table 3 shows that the concentrated
scenario has the lowest frequency of unserved events. However, these
events carry greater impacts due to the high demand concentration in a
single region, which may not coincide with the earthquake’s epicenter,
and complicates the ability to fully meet demand.

Fig. D.14 illustrates the average hydrogen production for each
demand scenario over the recovery horizon. Immediately after the earth-
quake, production is consistently lower in the concentrated scenario,
highlighting the higher vulnerability of centralized electrolyzers to lo-
cal failures. In contrast, distributed and intermediate scenarios recover
more quickly, and after the initial disruptions, all three trajectories con-
verge with only minor differences. This indicates that the main resilience
benefit of distributed layouts is concentrated in the early response phase,
rather than in long-term steady production levels.

The analysis of the hydrogen demand not served reveals that it is less
frequent in the distributed scenario than in the intermediate scenario
and occurs in fewer events. This is notable because distributed hydrogen
provides greater operational flexibility during contingencies, reducing
the need to curtail electrolyzers. This supports the conclusion that the
distributed scenario offers superior infrastructure and load resilience.
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Table 3 presents the frequency of hydrogen demand not served for
each scenario, including the mean, median, and CVaR at the 5 % level.
The CVaR represents an arithmetic measure of expected losses in the
worst 5 % of scenarios. A lower CVaR indicates a shorter tail of extreme
losses, suggesting that the respective scenario is less likely to experience
significant disruptions.

Based on the CVaR metrics presented in Table 3, the results indicate
that the “safest” scenario corresponds to distributed hydrogen demand.
This is evidenced by the relatively small deviations in average hydrogen
demand not served. In contrast, the concentrated scenario shows a clus-
tering of events with low levels of unserved hydrogen but also the most
severe outcomes in extreme cases. The intermediate scenario does not
display a consistent pattern of superior or inferior performance, sup-
porting the conclusion that these configurations are less favorable for
electricity system expansion on average.

The analysis shows that distributed hydrogen demand materially
enhances system resilience relative to concentrated and intermediate
layouts. It lowers both the frequency and severity of unmet hydro-
gen and non-hydrogen load during earthquakes and shortens recovery
times. Concentrated demand experiences the largest disruptions—owing
to the exposure of centralized assets, especially under North Island
earthquakes—whereas the intermediate layout tends to recover more
slowly and inconsistently.

Under normal operating conditions, the distributed scenario is also
more cost-effective (Table D.12), with lower investment and operating
needs driven by reduced fossil reliance and less transmission stress. In
contrast, concentrated demand forces large energy transfers into a single
node, increasing costs and operational risks.

The theoretical rationale mirrors evidence from distributed energy
resources and microgrids [69]: spreading supply across nodes removes
single points of failure, adds redundancy, and supports local restoration.
Regionally distributed hydrogen hubs therefore, act as resilience buffers
that maintain supply despite localized outages.

Overall, distributed hydrogen demand emerges as the most robust
and economical configuration, minimizing disruptions and enhancing
system adaptability to HILP events.

4, Conclusions and future work

This study developed a resilience framework for energy systems
planning with hydrogen. By modeling stochastic damages resulting
from unexpected, high-impact hazards and connecting the derived dis-
connection profiles to a capacity-expansion optimization model, we
quantified which hydrogen architecture—distributed, intermediate, or
concentrated—offered the most robust response. This framework is
methodologically applicable to any country, provided that local hazard
parameters, fragility data, and recovery functions are adapted to the lo-
cal context; in this study, we quantified the resilience of these hydrogen
architectures against seismic events in New Zealand’s energy transition.

The simulations demonstrate the successful integration of the re-
silience framework into the REMix-NZ energy system optimization tool.
These simulations revealed clear differences between normal system
operations and those under post-earthquake conditions. The findings
underscore the importance of flexibility and adaptability in mitigating
the impacts of high-impact, low-probability (HILP) events, highlighting
the framework’s potential to inform resilient energy planning in New
Zealand and elsewhere.

The distributed hydrogen demand scenario consistently exhibited
superior resilience, minimizing disruptions to both electricity and hydro-
gen demand. This performance highlights the critical role of flexibility
in mitigating seismic impacts and the importance of decentralized
infrastructure. Metrics such as non-hydrogen load, unmet hydrogen de-
mand, and the system’s state of health—measuring speed, depth, extent,
and recovery promptness—further underscore this finding. In con-
trast, the concentrated scenario demonstrated the greatest vulnerability,
with significant disruptions observed across various epicenters. Beyond
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resilience, the distributed scenario also proved more cost-effective, com-
bining lower investment and operating costs with reduced dependence
on fossil fuels. Taken together, these benefits position distributed hy-
drogen demand as the most robust and economically efficient option for
future energy systems.

Future research should also address several model limitations iden-
tified in this study. First, considering a wider range of earthquake
magnitudes and depths would allow for a more comprehensive charac-
terization of seismic impacts. Second, extending the simulation horizon
beyond 300 hours is necessary to capture long-term recovery dynam-
ics that may span months. Third, varying the timing of earthquake
occurrences across different operating conditions could provide fur-
ther insights into system performance under alternative stress scenarios.
Finally, explicitly analyzing the influence of different epicenter loca-
tions and site conditions would highlight how regional hazard variability
shapes resilience outcomes. Addressing these aspects will strengthen the
framework and provide further evidence for the earthquake resilience
and cost-effectiveness of distributed hydrogen layouts.

While this study focused on seismic events in New Zealand, the pro-
posed resilience framework is versatile and can be applied to other
regions and natural disasters worldwide. It offers engineers and system
planners a practical tool to guide infrastructure siting and investment
choices, supporting the assessment of trade-offs between centralized and
distributed configurations. Expanding the methodology to include addi-
tional high-impact, low-probability events—such as hurricanes, floods,
and wildfires—as well as extending it to the heat and transport sectors,
would provide a more holistic perspective on resilient energy planning.
This versatility is facilitated by REMix’s flexibility as an open-source
capacity-expansion platform.
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Projection of the electricity demand by region for
New Zealand in the year 2050.

Model Region

Electricity Demand [TWh/year]

AKL 20
BOP 6.5
CAN 16
CEN 4.9
HBY 4.4
NEL 3.0
NIS 4.8
OTG 21
TRN 2.2
WEL 7.2
WTO 8.5
Global 99
Table A.5
Installed generation capacity of the New Zealand power system in 2024.
Tech Region Total [MW]
AKL BOP CAN CEN HBY NEL NIS OTG TRN WEL WTO
Wind - - - 522 - 1 - 111 133 223 64 1,054
Geoth - 175 - - - - 25 - - - 836 1,036
Hydro - 247 1,717 414 149 76 5 1,793 41 - 1,015 5,457
GT 179 37 - - - - - - 439 10 804 1468
CCGT - - - - - - - - - - 385 385
OCGT 55 10 - - 155 - - - 435 - 92 747
Biomass 16 - 3 - - - 10 - - 4 5 37
Diesel - - - - 3 18 - - - 21
Coal 112 - - - - - - - - - 112
Total 361 469 1,721 935 304 81 58 1,904 1,048 237 3,201 10,318
Table A.6
Potential installable capacity for each technology per model region for 2050.
Tech Region Total [GW]
AKL BOP CAN CEN HBY NEL NIS OTG TRN WEL WTO
PV Central Fixed 181 238 1,084 497 259 477 240 1,165 156 153 387 4,837
PV Central Track Azimuth 181 238 1,074 497 259 476 240 1,153 156 153 387 4,814
PV Decentral 2 1 1 1 0 0 0 0 0 1 1 8
Wind Offshore Floating 35 22 68 6 16 93 47 157 71 15 15 543
Wind Offshore Foundation 13 6 25 2 6 13 5 10 9 1 2 91
Wind Onshore 8 11 32 17 10 15 10 35 7 6 15 166
Total 418 515 2,285 1,019 550 1,074 542 2,520 398 329 806 10,458
Table A.7
Costs and emissions by generation technology.
Tech CAPEX [€/kWel] OPEX Fix [€/(kWel a)] OPEX Var [€/kWel] Lifetime [years] CO2 Emissions [€/tCO2]
PV 166 3.70 0 40 0
Wind 900 18 0 25 0
Geothermal 3610 80 0 40 0
Hydro 1650 49.5 0.003 50 0
GT 475 14.25 0.011 35 150
CCGT 775 19.38 0.002 35 150
OCGT 475 14.25 0.011 35 150
Biomass 1830 32.9 0.004 25 150
Diesel 830 27.9 0.004 30 150
Coal 1600 20 0.001 45 150
Battery 61 1.71 0 20 0
Electrolyzer ~ 350 2.59 0 35 0
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Appendix B. Earthquake resilience modeling

Table B.8
Set of parameters and earthquake epicenters with uniform distribution for event simulation.
Region Number of Earthquakes Magnitude Depth [km] epix [°] epiy [°]
AKL 46 7.8 5 —36,95 174,86
BOP 46 7.8 5 —37,99 176,83
CAN 45 7.8 5 —43,86 171,34
CEN 45 7.8 5 —40,28 175,64
HBY 46 7.8 5 —39,55 176,82
NEL 45 7.8 5 —41,67 172,87
NIS 45 7.8 5 —35,88 174,47
OTG 46 7.8 5 —45,48 169,32
TRN 46 7.8 5 —39,33 174,32
WEL 45 7.8 5 —41,15 174,98
WTO 45 7.8 5 —38,42 175,80
Table B.9
PGA Fragility Functions for generation units and electric substations.
Component Damage State Median (g) p
Small Generation Units (less 100 MW) Slight 0.1 0.6
Moderate 0.2 0.6
Extensive 0.5 0.5
Complete 0.8 0.5
Large Generation Units (more than 100 MW)  Slight 0.1 0.6
Moderate 0.3 0.6
Extensive 0.5 0.6
Complete 0.9 0.6
High Voltage Substations Slight 0.1 0.5
Moderate 0.2 0.5
Extensive 0.2 0.4
Complete 0.5 0.4
Table B.10
Restoration Functions for Electric Power System Components.
Component Damage State ~ Median (days) o (days)
Generation Facilities  Slight 0.5 0.1
Moderate 3.6 3.6
Extensive 22 21
Complete 65 30
Electric Substations Slight 1 0.5
Moderate 3 1.5
Extensive 7 3.5
Complete 30 15

Appendix C. Hydrogen demand scenarios

Table C.11

Regional demand for hydrogen under each hydrogen demand scenario, based
on the projection presented in [42].

Region

Annual Demand [kt]

Hourly Demand [t]

Distributed H2 Demand Scenario

NIS 1.0
AKL 71
WTO 12
BOP 12
HBY 13
TRN 62
CEN 12
WEL 35
NEL 9.2
CAN 39.3
OTG 18.8
Total 284
Intermediate H2 Demand Scenario
AKL 84
TRN 86
WEL 48
CAN 48
OTG 19
Total 284

Concentrated H2 Demand Scenario

TRN

284

R e e =)

N

1.0
4.5
2.1

36.0

9.5

5.4
5.5
2.1

36.0

36.0
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Appendix D. New Zealand power system expansion for 2050

300

Capacity [GW]

Table D.12

Details of New Zealand’s electricity system costs under each hydro-

gen demand scenario.

Cost Indicator [MEUR]

H2 Scenario

Centralized  Intermediate  Distributed
Fuel Cost 1,198.21 852.59 868.43
Biomass 0.13 0.13 0.11
Gas 1,198.08 852.46 868.32
Coal 0.27 0.29 0.25
Diesel 0.22 0.20 0.17
CAPEX 18,557.45 16,324.34 16,320.18
Battery 5,079.21 4,637.78 4,659.24
Biomass 0.11 0.11 0.10
Gas 3,490.80 2,594.09 2,596.75
Coal 0.17 0.17 0.15
Diesel 0.16 0.17 0.15
Electrolyzer 1,163.39 1,043.85 1,043.80
Geothermal 215.07 215.07 215.07
Transmission Lines 1,521.73 911.58 902.31
Hydro 0.04 0.05 0.04
PV 7,661.88 6,915.59 7,016.53
Wind 2,325.45 2,176.76 2,047.56
OPEX Fix 228.96 137.16 135.76
Transmission Lines 228.96 137.16 135.76
Total [MEUR] 19,984.62 17,314.09 17,324.37

Installed Capacities for 2050 per Model Region

HeY NEL Nis
Model Region

Wind
v

mHydro

= Geothermal
Gas

m Electrolyzer

W Diesel

mcoal

= Biomass

Battery

we wro
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Fig. D.13. Installed capacities by technology in each hydrogen scenario for the year 2050 according to the New Zealand model region.

H2 [t]

Fig. D.14. Average hydrogen production in each hydrogen scenario for the year 2050.
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Data availability

Data will be made available on request.
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