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Geological hydrogen storage signifi-
cantly reduces peak unabated gas needs.
Storage limits can constrain hydrogen
utilisation and increase hydrogen-not-
stored due to storage saturation.

Large geological storage enables full
use of renewable surplus across weather
variability.

Accelerated hydrogen deployment im-
proves adequacy more than faster re-
newable build-out.
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ARTICLE INFO ABSTRACT

Keywords: High variable renewable energy (VRE) systems require flexibility that can maintain adequacy during multi-day
Renewable energy renewable shortfalls while absorbing periods of surplus generation. This study evaluates the role of geological
Decarbonisation hydrogen storage in future Great Britain electricity pathways using a time-resolved dispatch model that com-

Energy system

- Jout bines historical half-hourly generation and demand data with National Energy System Operator (NESO) aligned
ectrolysis

Hydrogen storage capacity, storage and electrified-demand scenarios for 2030-2040. The model explicitly represents electrolysis,
Unabated gas underground hydrogen storage, hydrogen storage losses and hydrogen-to-power dispatch, and compares base-
Net-zero line and accelerated deployment pathways. Results show that accelerated hydrogen deployment has a stronger
adequacy benefit than accelerated renewable and battery deployment alone. In 2030, all acceleration pathways
reduce the unabated gas generation share from 4.61% to approximately 1%. However, by 2040, accelerated hy-
drogen and electrolysis can reduce the remaining peak unabated gas requirement to zero, whereas accelerated
renewables and batteries still leave approximately 15 GW. Hydrogen-system performance is strongly governed by
storage availability. Under NESO and Low storage scenarios, storage saturation causes up to 60 TWh of hydrogen
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production to remain unstored in 2035 across pathways. In contrast, the High storage scenario eliminates hydro-
gen not stored due to storage saturation, and stored hydrogen can exceed 190 TWh by 2040. These results show
that geological hydrogen storage can materially improve adequacy in high-VRE power systems, but only when
electrolysis, storage inventory and hydrogen-to-power capacity are scaled as a coordinated flexibility chain. While
quantified here for Great Britain, the results are directly relevant to other countries pursuing high-VRE pathways
and subsurface hydrogen storage for seasonal balancing and net-zero electricity-system operation.

Nomenclature

Abbreviations

CCS carbon capture and storage

CCUS carbon capture, utilisation and storage
CNS Central North Sea

DUKES Digest of UK Energy Statistics

EV electric vehicle

FES Future Energy Scenarios

GB Great Britain

IS Irish Sea

LCOHS levelised cost of hydrogen storage
LDES long-duration energy storage

LHV lower heating value

NESO National Energy System Operator
NNS Northern North Sea

PEM Proton Exchange Membrane

PV photovoltaic

SDS short-duration storage

SI Supplementary Information
SNS Southern North Sea

SOC state of charge
UHS underground hydrogen storage

UK United Kingdom

VRE variable renewable energy
Units

GW Gigawatt

GWh Gigawatt-hour
TWh Terawatt-hour

Symbols

s different electrification demand sector

y different scenario year

d, (1) the total electricity demand in scenario year y at time step
t

d;’ase(t) the historical baseline demand in scenario year y at time

step ¢

dflyec(t) the additional electrification demand from sector s in sce-
nario year y at time step ¢
a, the scaling factor applied to the baseline demand compo-

nent
DFS the annual electricity demand target from the NESO FES
workbook in scenario year y

Dflyec the annual additional electrification demand from sector s
in scenario year y
D'y’ase the annual demand of the historical baseline year

1. Introduction

The United Kingdom (UK) has legislated and developed policy path-
ways for reaching net-zero greenhouse gas emissions by 2050, with the
Net Zero Strategy setting out the role of power-sector decarbonisation
in enabling wider emissions reductions across transport, buildings and
industry [1]. This domestic trajectory is aligned with the broader inter-
national objective of limiting climate change under the Paris Agreement
[2]. More recently, the Climate Change Committee’s Seventh Carbon
Budget has further emphasised the need for a largely decarbonised
electricity system to support economy-wide electrification and net-zero
delivery [3]. Delivering a net-zero electricity system requires not only
the rapid scale-up of variable renewable energy (VRE) sources, par-
ticularly wind and solar power whose output depends on weather
conditions, but also sufficient low-carbon flexibility to maintain sys-
tem adequacy and operability across multiple timescales [4]. As VRE
penetration increases, the capacity contribution of weather-dependent
generation changes, reinforcing the need to assess adequacy and op-
erability under high-renewable conditions [5]. As the share of these
weather-dependent generation resources increases, system challenges
shift from simply meeting annual energy demand to ensuring reliable
supply during periods when wind and solar generation are simultane-
ously low while electricity demand remains high, while also managing
periods of surplus generation under low-demand conditions, such as the
“Summer Minimum” identified by National Energy System Operator’s
(NESO) Operability Strategy Report [6]. This increases the importance
of storage, dispatchable low-carbon generation, and demand-side flex-
ibility to balance both scarcity and surplus conditions. A growing
body of evidence indicates that deeply decarbonised power systems
require a portfolio of firm low-carbon resources, demand flexibility,

interconnection and storage to manage residual demand across multiple
timescales [7]. Long-duration storage (LDES) is particularly important
for balancing multi-hour to multi-week variability in high-renewable
systems [8], with its system value depending strongly on grid condi-
tions, decarbonisation constraints and the availability of complementary
flexibility options [9]. In the Great Britain (GB) context, flexible energy
solutions are expected to play an important role in reducing reliance on
residual fossil peaking capacity in a decarbonised power system [10].

High VRE penetration also induces periods of surplus generation in
which curtailment becomes an economic and operational feature rather
than an exception, and has increasingly been identified by NESO as an
operability concern under future low-demand conditions. Curtailment
can rise rapidly once flexibility options become saturated. Frew et al.
describe this as a curtailment paradox in high-solar systems, where ad-
ditional renewable capacity can produce diminishing marginal value
without sufficient flexibility [11]. Law et al. further show that technolog-
ical flexibility and grid coupling influence the extent to which hydrogen
deployment can absorb renewable surplus in net-zero energy systems
[12]. In practice, curtailment is not always fully controllable, partic-
ularly for distribution-connected generation that may not be directly
visible or dispatchable by the system operator, further increasing oper-
ability challenges under surplus conditions [13]. These findings imply
that net-zero pathways should be evaluated not only in terms of the
annual energy mix, but also in terms of system operability, including
whether flexibility portfolios can absorb surplus production and reliably
re-dispatch it during scarcity periods without simply shifting constraints
elsewhere.

This challenge is not unique to GB. Across the European Union,
renewable sources accounted for 47.3% of electricity generation in
2025, indicating that high-renewable operation is already becoming a



Z. Zhang, J.W. Brown, A.F. Crossland et al.

mainstream energy system condition [14]. The International Energy
Agency further shows that several power systems, including the United
Kingdom, Germany, Spain, Ireland, Denmark and Chile, are already op-
erating, or are projected by 2030 to operate, at advanced phases of VRE
integration, with VRE shares exceeding 50%, while China is approaching
similarly high levels at around 40% [15]. In such systems, the central
planning question is no longer only how to increase annual renewable
generation [16], but how to manage multi-day to seasonal mismatch,
curtailment, and residual firm-capacity requirements [17]. This has el-
evated long-duration and seasonal storage from a technology-specific
challenge to a system-planning issue of broad international significance.

Hydrogen has consequently emerged as a strategic flexibility vector
in net-zero pathways because it can couple low-cost renewable electric-
ity to large-volume storage and dispatchable use in both the electricity
sector and other energy applications [18]. Hydrogen can be produced
from surplus electricity through electrolysis and subsequently provide
dispatchable hydrogen-to-power generation during extended periods of
supply shortfall [19]. Hydrogen can reduce whole-system decarbonisa-
tion costs and increase VRE utilisation when it is integrated as part of a
wider flexibility portfolio. Liith et al. show that electrolysis can provide
flexibility in offshore energy-island systems [20], while van der Zwaan
et al. demonstrate the role of electricity—hydrogen sector coupling in
net-zero emission pathways [21]. However, the realised system value
of hydrogen depends critically on the availability, performance and de-
liverability of hydrogen storage at scale, which ultimately determines
whether surplus electricity can be converted and retained for later use
or instead becomes curtailed electrolysis or stored hydrogen that cannot
be effectively recycled.

Underground hydrogen storage (UHS) is widely considered as a key
storage option capable of providing the large-scale, multi-week to sea-
sonal period that could have a substantial impact on the adequacy of
the national power system [22]. Comprehensive reviews describe the
technical basis and remaining uncertainties of UHS, including barriers
to deployment and the comparatively limited operational experience
for hydrogen relative to natural gas storage [23]. For porous-media
storage, including depleted fields and saline aquifers, Heinemann et al.
highlight the scientific challenges associated with hydrogen storage at
scale, including recovery, containment and reservoir behaviour [24].
Importantly, these geological storage classes differ in operational char-
acteristics and in the mechanisms that can lead to hydrogen losses. In
porous media, geochemical reactions, microbial consumption, mixing
and trapping can reduce recoverable hydrogen or affect deliverability,
and the literature documents substantial uncertainty in loss rates and
their dependence on site conditions and operational regimes [25]. In
contrast, salt caverns are typically associated with lower loss expec-
tations but face constraints related to rock-salt permeability, solution
mining requirements and mechanical behaviour [26], cyclic loading and
unloading during repeated operation [27], and site availability in the
GB geological context [28]. Emerging work further underscores that de-
ployable UHS depends both on the availability of suitable geological
formations and on practical constraints affecting how quickly storage
projects can be developed. Assessing storage feasibility therefore re-
quires explicit differentiation between salt-cavern potential [29] and
broader UK underground hydrogen storage options, including depleted
fields [30].

The international relevance of this issue is further reflected in the
fact that countries with high or rapidly growing VRE penetration are
actively pursuing hydrogen deployment and, in several cases, subsur-
face storage. Denmark’s national strategy targets 4-6 GW of electrolysis
capacity by 2030, indicating that hydrogen conversion infrastructure
is already being positioned as part of broader high-renewable system
development [31]. Germany’s hydrogen storage demand has been pro-
jected to increase from 2-7 TWh in 2030 to 76-80 TWh by 2045, with
salt caverns expected to play a central role [32]. However, the near-term
electrolyser deployment remains slower than strategic ambition, sug-
gesting that implementation pace may itself influence whether hydrogen

Applied Energy 421 (2026) 128171

systems become conversion or storage constrained [33]. Chile has also
been widely recognised as one of the most promising locations for large-
scale green hydrogen and hydrogen-derivatives production because of
its exceptional solar and wind resources [34]. However, regulatory and
institutional barriers remain important constraints on deployment, as
discussed by Sepilveda [35]. In China, electrolysis deployment has
accelerated rapidly, reaching 3.5 GW in 2024 and accounting for ap-
proximately 70% of global installed capacity [36]. At the same time,
large-scale geological storage is increasingly recognised as a key chal-
lenge for coupling hydrogen production with renewable generation,
particularly where salt cavern storage is expected to support renewable
integration [37]. Taken together, these examples show that the core is-
sue is not country-specific geology alone, but how the timing and scale
of electrolysis, storage and hydrogen-to-power capability shape system
adequacy and renewable utilisation under high-VRE conditions. Great
Britain is therefore examined here as a well-constrained case study from
which more general planning insights can be derived.

Although hydrogen is increasingly included in energy transition
pathways and system modelling studies, there remains a need for ro-
bust quantitative evidence on how hydrogen-based flexibility should be
deployed to maintain power-system reliability under high renewable
penetration. The UK government’s Clean Energy Superpower Mission:
Areas of Research Interest explicitly frames LDES performance and cost
reduction as a priority research challenge, identifying hydrogen as a par-
ticularly promising vector for long-duration buffering and dispatchable
power [38]. The report further emphasises that multi-week hydrogen
storage could provide substantial system value, but that research and de-
velopment are required to ensure the structural integrity and operational
reliability of both geological and above-ground storage infrastructures.
In parallel, the IEA Hydrogen TCP Task 42 Underground Hydrogen
Storage Technology Monitoring Report recommends assessing the criti-
cality of UHS for security and supply—demand balancing at both national
and international scales, including a comprehensive analysis of societal
costs and benefits across alternative transition scenarios [39]. Together,
these assessments indicate a broader unresolved issue that extends be-
yond any single national context: the conditions under which hydrogen
storage can materially enhance system adequacy, reduce renewable cur-
tailment, and limit residual reliance on dispatchable fossil backup in
high-VRE electricity systems, as well as the scale at which these bene-
fits can be realised. Despite growing international interest in this issue,
time-resolved and operationally explicit evidence in the public domain
remains limited, particularly from studies that quantify how available
hydrogen storage capacity interacts with electrolysis, renewable vari-
ability, and hydrogen-to-power conversion to shape system outcomes
under weather-dependent operating conditions.

In this study, we address this gap through a time-resolved dispatch
analysis of Great Britain as a policy-relevant and data-rich case study
for high-renewable electricity systems. The modelling framework com-
bines GB half-hourly historical operational data with NESO-aligned
future energy system demand and capacity pathways for 2030-2040,
together with an explicit representation of hydrogen power-system dy-
namics. This includes electrolysis, hydrogen storage state of charge
(SOC), hydrogen-to-power conversion, and storage losses, all evaluated
across hydrogen storage capacity variants that span policy-led assump-
tions and geological upper bounds. Future electricity demand used in
this study includes additional loads arising from electrified heating, elec-
tric vehicles (EVs) and other sectoral electricity uses consistent with
pathway assumptions. This framework also enables assessment of both
renewable curtailment and the remaining requirement for dispatchable
backup generation, particularly unabated gas capacity, under different
scenarios. While internal transmission constraints are not explicitly mod-
elled, geographical aspects of storage and generation deployment are
considered to ensure that conclusions remain consistent with reasonable
network and resource distributions.

This study makes three primary contributions. First, it develops a
time-resolved dispatch modelling framework that integrates historical
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operational data with future generation, storage and electrified-demand
pathways, explicitly representing hydrogen system dynamics within a
high-renewable power system. Second, it assesses the role of avail-
able geological hydrogen storage resources by evaluating system per-
formance across storage capacities spanning policy assumptions and
estimated geological potential. Third, it examines how the scale and
utilisation of hydrogen storage influence power-system decarbonisation
pathways, including impacts on renewable curtailment, peak unabated
gas capacity requirements and long-duration system adequacy. The
remainder of the paper proceeds from scenario construction and dis-
patch modelling, through adequacy and storage saturation diagnostics,
to a discussion of implications for GB power-system planning and the
role of underground hydrogen storage in enabling deep power-sector
decarbonisation.

2. Method

Fig. 1 summarises the modelling framework adopted in this study,
linking historical generation data, scenario construction and time-
resolved plant dispatch simulation to evaluate future GB electricity
pathways. The framework integrates historical generation and demand
data with scenario-based targets of generation capacity, sector-coupled
demand and hydrogen storage availability, which are then processed
through a time-resolved plant dispatch model representing renewable
generation, short and long-duration storage, electrolysis, hydrogen stor-
age and dispatchable low-carbon power. The resulting simulations
provide half-hourly system operation data together with adequacy and
energy-balancing metrics used throughout this study. The following
sections describe each component of this framework in detail, in-
cluding data processing, scenario construction, model formulation and
performance assessment.

2.1. Future energy scenarios

The model described in the Section 2.2 requires energy generation
and demand scenarios for the future grid. In this section, we describe
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how these scenarios are constructed. We adopted time-resolved GB gen-
eration by fuel type profiles from 2016 to 2022 published by ELEXON as
the empirical baseline underpinning both generation and demand recon-
struction [41]. Historical installed generation capacities were obtained
from the UK Department for Energy Security and Net Zero Digest of UK
Energy Statistics (DUKES), using annual plant capacity data for conven-
tional generation technologies [42]. For rapidly expanding renewable
technologies, including onshore wind, offshore wind and solar photo-
voltaic (PV), quarterly installed capacity statistics reported in DUKES
were used to better capture capacity growth within each year and
avoid bias arising from rapid deployment [43]. Because the ELEXON
generation-by-fuel-type dataset underestimates distribution-connected
renewable output, particularly embedded generation and wind farms
which do not have operational meters, the offshore wind, onshore wind
and solar generation profiles were further adjusted using historic em-
bedded generation estimates published by NESO [44]. This adjustment
ensures that the resulting VRE generation profiles preserve the observed
intra-day and seasonal variability while more accurately representing
total wind and solar generation in the GB power system.

Future electricity demand scenarios for 2030, 2035 and 2040 were
constructed by augmenting an empirically observed demand profile with
sector-specific electrification loads, followed by scaling to match the
annual electricity demand targets reported in the NESO Future Energy
Scenarios (FES) for each scenario year (Table 1) [45]. In this study, these
FES annual demand values are used as scenario-alignment constraints
rather than as formal validation benchmarks. They ensure that the con-
structed half-hourly demand series remains consistent with the total
annual electricity demand assumed in the corresponding NESO path-
way, while the temporal structure of demand is inherited from observed
historical GB demand profiles. The baseline demand profile is therefore
defined as the time-resolved electricity load observed in the selected
historical weather year, and additional loads represent the incremental
demand from end-use electrification.

No independent historical back-casting exercise is claimed in this
study. Instead, historical observations are used as empirical temporal
templates. Half-hourly demand and generation profiles from 2016-2022
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Table 1
Installed generation, storage, and electrolysis capacities under the
NESO hydrogen evolution pathway (2030-2040) [40].

NESO pathway 2030 2035 2040
Annual demand (TWh) 331.1 402.2 490.7
Capacity (GW)

Unabated gas 36.0 23.8 16.3
Wind offshore 42.3 77.5 92.9
Wind onshore 27.3 35.8 38.9
Solar 43.3 55.7 68.5
Bioenergy 3.9 2.5 2.4
Hydro 1.9 1.9 2.0
Hydro pumped 3.0 6.0 6.0

Gas CCS 1.3 9.4 17.7
Hydrogen to power 0.05 7.1 17.8
Nuclear 2.9 5.0 6.0
Interconnection 11.7 17.9 17.9
Battery storage (GW/GWh) 20.5/29.0 24.8/33.0 28.3/38.0
LDES (GW/GWh) 3.0/30.0 7.5/96.0 9.2/103.0
Hydrogen storage (TWh) 1.99 12.05 25.06
Electrolysis (GW) 0.8 11.8 19.4

provide the chronology of demand, wind, solar and conventional gen-
eration variability, while future capacities and annual sectoral demands
are imposed through scenario scaling. The model outputs should there-
fore be interpreted as internally consistent future operating simulations
under specified NESO-aligned assumptions, rather than as a validated
forecast of future GB system operation.

This explicit consideration of additional loads is a key element of
our modelling of Net Zero pathways. Heat-pump electricity demand
was constructed using the When2Heat dataset, which provides hourly
weather-dependent heat-demand profiles and technology-specific co-
efficients of performance (COPs) for air-source, ground-source and
water-source heat pumps for space-heating and domestic hot-water ap-
plications [46]. For each scenario year, the heat-demand profiles were
converted into electricity demand using the corresponding COP as-
sumptions and then scaled to the scenario-specific annual heat-pump
electricity demand. This preserves the seasonal and intra-day structure
of heating demand, including the strong winter concentration of heat
pump load, while ensuring consistency with the adopted FES annual
demand assumptions.

Residential EV charging demand was derived from the Element
Energy and NESO EV charging profile dataset, which provides em-
pirically based hourly charging profiles for GB domestic EV charging
behaviour [47]. The normalised residential EV profile was scaled to
the annual residential EV electricity consumption assumed in each
scenario year. Commercial EV demand was treated separately and rep-
resented using standard normalised demand profiles from UK Power
Networks, alongside the profiles used for rail, industry and data-centre
electricity demand [48]. These sector-specific profiles were scaled to
the corresponding annual sectoral electricity demands from the NESO
FES demand data. Where necessary, hourly and half-hourly profiles
were converted to the common model time step before being combined
with the residual baseline demand profile. The resulting future demand
series therefore combines an empirically observed residual baseline de-
mand profile with explicit additional electrification components for heat
pumps, residential EVs, commercial EVs, industry, rail and data centres.

The demand time series for each scenario year was obtained by
combining a scaled residual baseline demand profile with additional
sector-specific electrification components. The annual FES scenario de-
mand target was imposed by scaling only the residual historical baseline
demand component, rather than by applying a uniform correction to the
total demand series after all electrification loads had been added. The
final half-hourly demand series was therefore calculated as:

d,(1) = a,d>™e () + Y (),
s
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where d,@) is the total electricity demand in scenario year y, d;’ase(t) is
the historical baseline demand profile, dilyec(t) is the additional electrifi-
cation demand from sector s, and «, is the scaling factor applied only to
the baseline component. This factor was calculated as:

FES elec
D> - 2D s,y
vy base
DY

B

where D is the annual electricity demand target from the NESO FES
workbook, Y D;lf_c is the annual additional electrification demand from
heat pumps, EVs, industry, rail and data centres, and DPase i the annual
demand of the historical baseline year [40]. For the representative 2019
baseline used in the analysis, D'z’glsg is 290.23 TWh. The resulting residual
baseline adjustments are —19.62 TWh in 2030, —22.40 TWh in 2035
and —0.57 TWh in 2040, corresponding to baseline scaling factors a9
of 0.932, 0.923 and 0.998, respectively.

This scaling changes the magnitude of the residual baseline com-
ponent but does not alter the timing of its peaks, troughs or seasonal
structure, because all half-hourly baseline values are multiplied by the
same year-specific factor. The sector-specific electrification profiles are
not rescaled after construction, so their temporal shapes and annual con-
tributions are preserved. Adequacy metrics are therefore calculated from
a half-hourly demand series that retains the chronological structure of
both the historical baseline profile and the added electrification profiles,
while remaining consistent with the annual FES demand target. The ab-
solute peak residual demand, and hence the peak unabated gas capacity
requirement, remains conditional on the adopted FES annual demand
target and the baseline-component scaling described above.

Fig. 2(a) shows the demand composition in the 2035 scenario using
the weather year 2019, where the scaled baseline demand is sup-
plemented by electrified end-use sectors. Heat-pump demand exhibits
strong seasonality, increasing winter electricity demand and contribut-
ing to periods of elevated system stress. EV charging introduces a
relatively steady additional load throughout the year, while industrial,
rail, and data-centre electricity consumption add smaller but persis-
tent increments to overall demand. The grey half-hourly demand trace
highlights substantial short-term variability around the rolling mean,
underscoring the importance of flexibility resources capable of re-
sponding to intra-day fluctuations. Together, these patterns illustrate
how electrification increases both total demand and temporal vari-
ability, reinforcing the need for dispatchable low-carbon generation
and storage resources to maintain system adequacy under high VRE
penetration.

2.2. Plant dispatch model

We now describe the model used to compute energy system out-
comes based on future energy demand scenarios. To analyse adequacy
and flexibility requirements in a future high-VRE GB power system,
this study employed a time-resolved national scale dispatch frame-
work capable of capturing dynamic changes in supply-demand balance
under evolving generation and electrified demand structures. Unlike ap-
proaches focused primarily on annual energy balances, this framework
explicitly resolves operational adequacy challenges arising during pro-
longed low-renewable periods and periods of elevated demand, allowing
direct assessment of unabated gas peaking requirements, renewable
curtailment, and hydrogen storage utilisation.

The modelling framework represents GB electricity supply-demand
balancing using public datasets that enable chronological dispatch of
conventional generation, variable renewable sources, low-carbon dis-
patchable generation, storage systems and electrolysis at hourly or
half-hourly resolution. This approach has been used by Crossland et al.
[49] to perform decarbonisation analysis in both New Zealand and the
United Kingdom, and Williams et al. [50] to assess the impact of novel
PV technologies on decarbonisation targets. In this study, the frame-
work was substantially extended to represent future net-zero-aligned
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grey line indicates half-hourly total demand. (b) Generation mix and curtailment in the same scenario, shown as a 24-hour rolling mean of half-hourly generation

based on the weather year of 2019.

power-system operation by explicitly incorporating low-carbon flexi-
bility resources and sector coupling to enable assessment of Net Zero
pathways. From the perspective of generation and storage, we included
low-carbon dispatchable generation (e.g., hydrogen-to-power and gas
with carbon capture and storage (CCS)), interconnection, LDES and
electrolysis capacity for power-to-hydrogen conversion with associated
hydrogen storage.

The model is a time-resolved plant dispatch model in which tech-
nologies are prioritised according to dispatch class and representative
carbon intensity. For each timestep, electricity demand is balanced us-
ing a fixed dispatch hierarchy organised by dispatch class. The dispatch
classes distinguish inflexible generation, variable renewable generation,
storage, low-carbon dispatchable generation, interconnection and resid-
ual fossil backup. Where several technologies are available within the
same dispatch class, they are prioritised from lower to higher represen-
tative carbon intensity. Therefore, the model embeds a carbon-priority
dispatch rule, but does not solve a formal carbon-minimisation objective
function across all technologies and timesteps.

In each timestep, inflexible low-carbon generation is dispatched
first, followed by available variable renewable generation. Residual
demand is then met using short-duration storage (SDS), LDES, hydrogen-
to-power generation and interconnection imports, subject to installed
power capacities, SOC constraints and available energy inventories.
Unabated gas is dispatched last and is interpreted as a residual ad-
equacy metric, representing the remaining power requirement after
the specified low-carbon generation, storage, hydrogen and intercon-
nection resources have been used. During surplus periods, electricity
first charges SDS and LDES, subject to their power and energy-capacity
limits. The remaining surplus is then made available to electrolysis,
subject to installed electrolyser capacity. Gross hydrogen production
from electrolysis is subsequently compared with the available hydro-
gen storage headroom. The fraction that can be accommodated within
the store is added to the hydrogen inventory, while any gross hydro-
gen production that exceeds the available storage headroom is recorded
as hydrogen not stored due to storage saturation. This quantity is a
hydrogen-storage-saturation diagnostic. Any further surplus is exported
through electricity interconnection up to the export limit. Residual
surplus beyond the available storage, electrolysis and export capacity
is recorded as curtailed electricity. Therefore, this study distinguishes

between electricity-side curtailment, which refers to surplus electricity
that cannot be consumed, stored, converted to hydrogen or exported,
and hydrogen-not-stored, which refers to gross electrolytic hydrogen
production that cannot be retained because the geological hydrogen
store is full.

Interconnection in the present model refers to electricity interconnec-
tion only. Hydrogen is modelled as a domestic power-sector flexibility
vector, whereby surplus GB electricity is converted to hydrogen through
electrolysis, stored in domestic geological hydrogen storage, and subse-
quently used for hydrogen-to-power generation within the GB electricity
system. The model does not include hydrogen imports or exports, nor
does it represent cross-border hydrogen pipeline or shipping constraints.

From a demand perspective, the model was expanded to include
demand-side response from flexible electrified loads including heat
pumps, EVs (commercial and domestic), as well as sector-specific loads
including industry, data-centres and rail as described in Section 2.1.
These additions enabled the model to capture operational interactions
between storage, conversion technologies, and flexible demand, mak-
ing it possible to diagnose when scarcity periods persist despite low
annual unabated gas generation and when hydrogen storage satura-
tion constrains system flexibility. Additional implementation details and
equations are provided in the Supplementary Information (SI).

In the model, the Power-to-Hydrogen-to-Power cycle is represented
as an explicit energy-conversion and storage chain linking surplus
electricity, electrolysis, geological hydrogen storage and subsequent
hydrogen-to-power generation. Surplus electricity remaining after di-
rect demand, SDS charging and LDES charging is used as the available
input to electrolysis, subject to installed electrolyser capacity and avail-
able hydrogen storage space. Electrolysis converts electricity into stored
hydrogen on a lower heating value (LHV) basis using a fixed conver-
sion efficiency of 70%. This value was selected as a representative
system-level assumption consistent with efficiency ranges commonly
reported for commercial alkaline and Proton Exchange Membrane
(PEM) electrolysis systems in recent literature [51,52]. Reviews and
techno-economic assessments indicate that practical electrolyser sys-
tem efficiencies typically lie in the range of 60-80%, depending on
technology type, operating conditions and system boundary definitions,
with mid-range values commonly adopted for system modelling studies
[53]. The full equations, including electrolysis limits, storage headroom,
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hydrogen inventory update, storage loss, hydrogen-to-power dispatch
and hydrogen-not-stored calculation, are provided in the SI.

The hydrogen inventory is updated chronologically at each timestep
according to hydrogen production, hydrogen withdrawal for power gen-
eration and storage losses. During scarcity periods, stored hydrogen can
be withdrawn and converted back to electricity through hydrogen-to-
power generation, subject to the installed hydrogen-to-power capacity
and available hydrogen inventory. Hydrogen-to-power conversion is
represented using an electrical efficiency of 60%, consistent with re-
cent assessments of hydrogen utilisation in power generation [54].
Pashchenko reports that pure-hydrogen combined-cycle power plants
can achieve electrical efficiencies approaching 60%, making this value
an appropriate representation of high efficiency hydrogen low-carbon
dispatchable generation within the modelling framework adopted here
[55]. All efficiencies are applied on an LHV basis and represent ag-
gregated system-level conversion performance at the model timestep,
rather than component-level peak efficiencies. The resulting nominal
electricity-hydrogen-electricity round-trip efficiency, excluding geolog-
ical storage losses, is therefore 42%.

Consistent with a national-level representation, internal transmis-
sion constraints were not explicitly modelled. Instead, the system was
treated as fully balanced at the GB aggregate level, implicitly assuming
areinforced transmission network without losses. This assumption is de-
fensible given that high-voltage transmission losses in Great Britain are
relatively small (1.5-2% of transmitted energy) [56,57]. This approach
enabled the isolation of the impacts of flexibility technologies and op-
erational strategies on national adequacy metrics. However, our results
should be considered to be the best-case scenario.

Scenario-specific installed capacities were taken from the NESO FES
capacity outlook for 2030-2040 in Table 1, and historical generation
profiles were scaled to match these targets while preserving resource
variability across 2016-2022 weather years set. As an example of this
approach, Fig. 2(b) shows the predicted generation mix in the 2035 sce-
nario based on the weather year of 2019, shown as a 24-hour rolling
mean of half-hourly output. The aggregated GB wind and solar profiles
already reflect geographic diversity across the system in 2019, and sub-
sequent analyses consider multiple weather years to ensure robustness
to interannual variability. SDS refers to battery storage. Wind generation
provides the dominant share of supply throughout the year, with higher
average output during winter months but also exhibiting substantial
variability. Periods of low wind output still occur in winter, and when
these coincide with seasonally reduced solar generation, system reliance
on storage discharge, interconnection, and low-carbon dispatchable
generation increases significantly. Solar generation contributes more
strongly during spring and summer but declines substantially in winter,
further tightening supply margins during low-wind periods and when
electricity demand rises. Nuclear and bioenergy provide relatively stable
output, with nuclear generation assumed to be fully available with the
installed capacities specified in the NESO scenarios, while storage and
interconnection operate dynamically to balance short-term mismatches
between renewable supply and demand. The dashed curve in Fig. 2(b)
additionally shows periods of renewable oversupply, represented as cur-
tailed generation when available renewable output exceeds demand and
available system flexibility. Curtailment occurs primarily during periods
of high wind output combined with relatively low demand, indicating
that surplus renewable generation cannot always be absorbed by storage
charging, interconnection exports or electrolysis. Unabated gas genera-
tion appeared only intermittently in this analysis, primarily when low
renewable availability coincides with elevated demand, illustrating its
residual adequacy role rather than a significant contribution to annual
energy supply.

The NESO FES presents several alternative pathways for the evolu-
tion of the GB energy system, reflecting different levels of electrification,
consumer engagement and technology deployment [40]. These include
pathways such as Electric Engagement, Falling Behind and Hydrogen
Evolution, each representing distinct assumptions regarding the pace
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and structure of the energy transition. In this study, the Hydrogen
Evolution pathway is adopted as the baseline scenario because it rep-
resents the most ambitious hydrogen deployment trajectory within
the NESO framework. This pathway therefore provides an appropri-
ate basis for assessing how large-scale hydrogen production, storage
and hydrogen-to-power capacity may influence future power-system
adequacy and renewable utilisation.

In addition to the NESO Hydrogen Evolution baseline pathway, three
accelerated deployment pathways are considered to evaluate the system
impacts of alternative investment sequencing. Each accelerated pathway
is implemented as a five-year pull-forward of selected capacity trajec-
tories from the NESO Hydrogen Evolution pathway: 2030 accelerated
capacities are assigned from the 2035 baseline values, 2035 from 2040,
and 2040 from 2045. This provides a consistent sensitivity test of earlier
deployment while retaining the structure of the NESO pathway.

The accelerated hydrogen and electrolysis pathway advances elec-
trolyser and hydrogen-to-power capacities by five years. The accelerated
renewables and battery pathway advances offshore wind, onshore wind,
solar PV and battery storage capacities by the same interval. The ac-
celerated both pathway combines these two assumptions, such that
electrolyser capacity, hydrogen-to-power generation, offshore wind, on-
shore wind, solar PV and battery storage are all advanced simultaneously
using the same rule. All other installed capacities, demand assump-
tions, dispatch rules, storage efficiencies and hydrogen storage capacity
scenarios are held constant relative to the NESO Hydrogen Evolution
baseline for the corresponding model year.

The accelerated pathways are treated as controlled alternative cases
for evaluating the effectiveness of hydrogen-enabled scheduling within
the adopted dispatch framework. The NESO Hydrogen Evolution path-
way provides the reference case, while the accelerated hydrogen and
electrolysis pathway tests the effect of earlier deployment of hydrogen
conversion and hydrogen-to-power capability. The accelerated renew-
ables and battery pathway provides a non-hydrogen flexibility compar-
ison, in which additional VRE and short-duration storage are prioritised
instead. The accelerated both pathway tests whether coordinated expan-
sion of renewable supply, electrolysis, hydrogen storage utilisation and
hydrogen-to-power capacity provides additional system value beyond
either single-technology acceleration. Because all other assumptions
are held constant within each scenario year, differences in peak un-
abated gas requirement, annual unabated gas generation, renewable
curtailment, electrolysis output, hydrogen-not-stored and storage SOC
can be attributed to the alternative flexibility deployment strategies
rather than to changes in demand, non-target technologies or dispatch
assumptions.

2.3. Hydrogen storage

Considering the role of geological hydrogen storage in GB decarboni-
sation pathways is a key element of this paper. Hydrogen storage plays a
central role in determining whether surplus renewable electricity can be
retained and later dispatched to support system adequacy. To evaluate
how storage availability influences grid operation, this study considers
alternative assumptions regarding deployable hydrogen storage capac-
ity in Great Britain. Three scenarios are therefore defined to compare
policy-aligned deployment expectations with more ambitious storage
availability scenarios.

Table 2 defines three scenarios: the NESO Hydrogen Evolution stor-
age scenario, one more ambitious scenario, and one feasible hydrogen
storage scenario based on estimates developed in this paper.

This study used these three storage scenarios within different path-
ways to model the impact of hydrogen storage capacity and hydrogen-
to-power integration on the grid-scale energy system. This approach is
similar to those previously applied to tidal energy generation [58]. The
hydrogen storage capacities for the NESO Hydrogen Evolution pathway
come from the NESO FES 2025 data workbook [40]. The other two
scenarios, Low and High, are described as follows.
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Table 2
Hydrogen storage capacities under the NESO and Low
and High storage scenarios (2030-2040).

Hydrogen storage (TWh) 2030 2035 2040
NESO scenario [40] 1.99 12.05 25.06
Low scenario (this study) 4.13 9.05 15.55
High scenario (this study)  915.0 1827.0  3659.0

The Low scenario includes the gas capacity of hydrogen storage
project proposals under development, as listed in Table 3. Each project
has started development or is at the pre-application stage and has ei-
ther a commercially reported completion date or a completion date
estimated from published academic literature prior to its use in the
model. The Rough field is treated as an exception because its future
hydrogen-storage role remains uncertain. Wood has reported engineer-
ing work to assess the optimisation of hydrogen storage at Rough [59],
while Centrica identifies Rough as part of its energy storage infras-
tructure portfolio [60]. In contrast, wider regional industrial-cluster
assessments indicate that practical deployment depends on infrastruc-
ture, investment and system-integration constraints [61]. The field is
also being reappraised in recent academic work focused on its geologi-
cal suitability for underground hydrogen storage [62]. Table 3 reports
the working-gas capacity of each project. For depleted gas fields, a
50% cushion-gas fraction was assumed. This assumption is consistent
with studies examining cushion-gas requirements in hydrogen storage
systems, including salt-cavern storage [63] and porous-media storage
with alternative cushion gases [64]. The original gas capacities are
taken directly from the literature and referenced in the table. The lo-
cations of these projects are shown in Fig. 3 to provide comparisons
between the location of hydrogen storage sites and areas of highest wind
curtailment.

The High scenario (Table 4), by contrast, assumes hydrogen stor-
age capacities derived from the UK’s available depleted offshore oil and
gas fields (UK Hydrogen Storage Database) [65] and from potential
new salt cavern storage capacities estimated in published UK geolog-
ical assessments [29]. When we took the values directly from the UK
Hydrogen Storage Database, we categorised this by region, summing
the total storage capacities for the following regions: Southern North
Sea (SNS), Northern North Sea (NNS), Central North Sea (CNS) and Irish
Sea (IS). The fields already exist in varied states of operation and could
be filled without geological modification [65], albeit with significant
retrofitting/replacement of pipelines for transporting hydrogen safely
or new well construction. By contrast, salt cavern storage requires so-
lution mining to create the storage void space. While solution mining
is a mature and commercially established technology, large-scale cav-
ern development entails significant water consumption and generates
substantial volumes of highly saline brine. Typical cavern construction
requires multiple cubic metres of water per cubic metre of salt re-
moved, and the resulting brine is often significantly more saline than
seawater, which must be managed through offshore discharge under
environmental regulation, deep geological reinjection, or limited indus-
trial utilisation [66]. The scalability of these disposal pathways at the
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storage levels considered in the High scenario will be influenced by
environmental permitting, infrastructure and water-resource constraints
which may limit practical deployment rates.

Tables 3 and 4 list the total capacity available under different sce-
narios. In the following energy system modelling, it was necessary to
assume a roll out of this capacity. The deployment of the Low scenario
(Table 3) is based on projects currently under development, while the
High scenario (Table 4) represents an upper-bound estimate of poten-
tial storage availability. Because no published source currently provides
site-specific completion dates for the full set of depleted-field and salt-
cavern resources included in the High scenario, we implemented the
High scenario as a staged geological-availability sensitivity rather than
as a forecast of project delivery. Specifically, we assumed that 25% of
the total High scenario storage capacity is available in 2030, 50% in
2035 and 100% in 2040. These fractions provide a transparent interpo-
lation between partial near-term access to the geological resource and
full upper-bound availability by 2040, while recognising that practical
deployment would be constrained by site conversion, solution mining,
permitting, cushion-gas requirements, hydrogen transport infrastructure
and project finance. We also assumed that there is 50% cushion gas
fraction in all sites. This was chosen for the model input as a reason-
able estimate based on a review of the literature, with [67] stating 50%
cushion gas as an optimal ratio for underground hydrogen storage. The
optimal value of cushion gas/working gas ratio depends on the cushion
gas type, type of storage site and depth of site, but our 50% value serves
as a reasonable yet conservative model assumption.

The High scenario should be interpreted as an upper-bound
geological-potential case rather than as a proposed deployment target.
Its purpose is to test the system behaviour when geological storage
energy capacity is no longer the primary constraint. In this sense,
the High scenario provides an effectively unconstrained storage bench-
mark against which the NESO and Low storage cases can be compared.
Therefore, differences between the High and the lower-storage scenar-
ios identify the effect of storage limits, while the remaining constraints
observed within the High scenario indicate limitations arising from
renewable-surplus availability, electrolysis capacity, hydrogen-to-power
capacity, electricity demand and storage losses. Importantly, because the
maximum simulated hydrogen SOC under the High scenario remains far
below the imposed High storage capacity in all modelled years, the prin-
cipal conclusions are not dependent on the precise 25% / 50% / 100%
staging assumption once storage saturation has been removed.

In the model, we also accounted for hydrogen losses in the reser-
voir. Loss mechanisms reported in the literature include diffusion
and solubility-driven migration, residual trapping within pore struc-
tures, abiotic geochemical reactions, mineral alteration and dissolution—
precipitation processes [68], as well as microbial consumption in porous
media reservoirs. The amount of loss varies widely in the literature as
summarised in Table 5. All loss mechanisms occur in porous media (oil
and gas reservoirs), whereas only some loss mechanisms are present in
salt caverns. For example, residual trapping within pore spaces can only
happen in a porous storage medium like a sandstone reservoir, whereas
a salt cavern does not have this issue. The residual trapping loss mecha-
nism is more difficult to generalise and quantify as it depends largely on

Table 3

Hydrogen storage projects under development in the Low hydrogen storage scenario (2030-2040).
Project Capacity (TWh) Storage type Completion year Reference
UKEn Dorset 3 Salt cavern 2035 ERA, 2025 [72,73]
UKEn East Yorkshire 1.2 Salt cavern 2035 ERA, 2025 [72,73]
Keuper Cheshire 1.3 Salt cavern Assumed 2030 HIL, 2025 [74]
Teesside 0.03 Salt cavern Completed Jahanbakhsh et al., 2024 [30]
Rough 6.5 Depleted field 2040 Heinemann et al., 2025 [75]
MESH (East Irish Sea) 2.8 Salt cavern 2029 NS Energy, 2025 [76]
Aldbrough 0.32 Salt cavern Assumed 2035 PI, 2024 [77]
Salinae 0.4 Salt cavern 2033 Uniper, 2025 [78]
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Fig. 3. Map of the locations of all hydrogen storage sites considered in the High scenario (blue circles) and in the Low scenario (green circles). The map also shows

the locations of the highest energy curtailment by wind.

Table 4

Hydrogen storage calculations for the High scenario (2030-2040). IS
Irish Sea, SNS = Southern North Sea, CNS = Central North Sea, NNS
Northern North Sea.

Table 5
Quantified hydrogen losses in underground hydrogen storage: examples of some
estimates.

Hydrogen storage capacity (TWh)  Location 2030 2035 2040
Depleted field IS cluster 72 143 286
SNS cluster 418 836 1672
CNS cluster 77 154 309
NNS cluster 79 157 315
Salt cavern East Yorks 183 366 733
Southwest 70 139 279
Cheshire 16 32 65
Total / 915 1827 3659

Loss Estimate

Quantified Loss

Source

Total

Geological loss
(Diffusion)
Abiotic Loss
Biotic Loss

18% (one
storage cycle)
0.1-5.5%

Negligible
~4%

Vahabzadeh et al., 2025 [70]
Perera, 2023; Vahabzadeh et al., 2025 [70,79]

Hassanpouryouzband et al., 2022 [80]
Vahabzadeh et al., 2025 [70]

the structure, pore-scale networks and permeability pathways as well as
the well injection design. Literature on hydrogen loss shows high vari-
ability because the rates and magnitude of loss depend on specific site

parameters such as temperature, pressure, salinity and mineralogy of
the reservoir rocks. Taking into account this limitation, we made as-
sumptions of the loss guided by the literature in Table 5. Presently, the
most representative measure of loss over a season, including insertion
and extraction losses, is 18% as measured in a depleted gas field in the
Underground Sun Storage project [69,70]. It is expected that the loss in
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salt caverns would be much lower. Hence, in the energy system model,
we assumed that depleted gas fields have 20% annual loss (on the upper
end of the range), and a loss factor of 0% for salt caverns. The 0% value
in salt caverns is consistent with estimates from recent literature where
a loss estimate of 0.0007% is given [71].

For each storage scenario, the effective system-wide loss factor was
determined by the fractional contribution of salt cavern and depleted
field capacities within that scenario, with scenario-specific loss assump-
tions summarised in SI. The operational representation of hydrogen
storage allows interaction with short-term system balancing rather than
restricting storage to purely seasonal operation [80]. This operational
assumption is supported by several strands of evidence. The HyPSTER
project provides a European demonstration case for hydrogen storage in
salt caverns [81]. Guan et al. further show that coordinated use of un-
derground salt caverns and surface tanks can support more stable and
scalable hydrogen supply under variable operating conditions [82].

Operational experience for depleted gas fields under high-frequency
hydrogen cycling remains limited, and such reservoirs are generally
expected to operate at seasonal or low cycle frequencies due to reser-
voir heterogeneity and uncertainty in hydrogen recovery behaviour
[79]. In the present model, these uncertainties are represented through
higher assumed storage loss factors in depleted-field-dominated scenar-
ios, reflecting potential reductions in recoverable hydrogen rather than
explicitly constraining injection or withdrawal rates.

3. Results

In this section, we analyse the NESO Hydrogen Evolution pathway
as the baseline pathway alongside three accelerated deployment path-
ways: accelerated hydrogen and electrolysis, accelerated renewables and
battery storage, and accelerated both hydrogen and renewables. These
pathways use the five-year pull-forward mapping defined in Section 2.2,
with all other assumptions held constant relative to the corresponding
baseline year.

Fig. 4 presents the electricity supply mix under the NESO baseline
pathway for weather year 2019 across the 2030-2040 period. Wind gen-
eration provides the dominant contribution to annual electricity supply
and expands substantially over time, reflecting continued deployment
of offshore and onshore wind capacity. Solar generation also increases
across the period, while nuclear and bioenergy provide relatively sta-
ble contributions. Battery storage and long-duration storage deployment
grow progressively, contributing to balancing renewable variability and
reducing reliance on fossil generation. In addition, the figure illustrates
the increasing role of hydrogen system operation through electrolysis
losses and hydrogen generation losses. These losses arise from the con-
version inefficiencies associated with electricity-to-hydrogen production
via electrolysis and hydrogen-to-power generation during dispatch. As
electrolyser capacity and hydrogen-to-power capacity expand over time,
greater volumes of hydrogen are produced and subsequently utilised for
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Fig. 4. Electricity mix under NESO baseline pathway (2030-2040) based on
weather year 2019.
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power generation. Consequently, the absolute magnitude of these con-
version losses increases across the modelling period, reflecting higher
utilisation of hydrogen as a long-duration balancing resource within the
system.

We then examine the performance of the pathways through the lens
of unabated gas usage and curtailment, representing the effectiveness
and efficiency of reaching net zero. The peak unabated gas capacity
requirement is used here as a residual grid-adequacy metric. Annual un-
abated gas share indicates the residual energy still supplied by last-resort
fossil generation, whereas the peak unabated gas capacity requirement
indicates the power capacity required during the most stressed half-hour
of the simulated year. This distinction is important in high-VRE systems
because a scenario may have a low annual fossil generation share but
still require substantial dispatchable capacity during short periods of co-
incident low renewable output, high electrified heat demand and limited
stored energy availability.

Fig. 5 summarises the evolution of grid-level unabated gas dynamics
across the baseline and accelerated pathways for 2030-2040, reporting
peak unabated gas capacity requirements, annual unabated gas genera-
tion share, and wind curtailment. This comparison isolates the relative
effects of accelerating hydrogen-system deployment, renewable and bat-
tery deployment, and their combined acceleration, thereby informing
strategic decisions on future investment priorities. Despite the rapid ex-
pansion of low-carbon generation, unabated gas remains present in the
2030 NESO baseline pathway, primarily to meet residual demand during
periods of low renewable output. By 2035 and 2040, annual unabated
gas generation becomes much smaller, as hydrogen-to-power generation
and gas with CCS provide increasing dispatchable low-carbon supply.

In 2030, all three accelerated pathways reduce the annual unabated
gas share relative to the NESO baseline. The baseline unabated gas share
is 4.61%, whereas both single-technology acceleration pathways reduce
this value to approximately 1.3%, as shown in Fig. 5(a). Accelerated
both pathway produces the largest reduction, because additional renew-
able generation reduces the residual energy requirement while expanded
electrolysis and hydrogen-to-power capacity provide additional low-
carbon dispatch during scarcity periods. A similar trend is observed in
Fig. 5(b) for peak unabated gas capacity where all accelerated path-
ways reduce the peak requirement relative to the NESO baseline, with
accelerated both pathway producing the lowest residual peak require-
ment in 2030. These results show that either accelerating hydrogen
deployment or renewable and battery deployment can reduce fossil gen-
eration, but their combined deployment provides the strongest adequacy
benefit.

Fig. 5(c) shows that the pathways differ more clearly in their curtail-
ment behaviour. Accelerating renewables and batteries increases wind
curtailment relative to the NESO baseline in 2030 and 2035, because ad-
ditional wind output creates larger surplus periods that cannot always
be absorbed by short-duration storage, interconnection or electrolysis.
By contrast, accelerating hydrogen and electrolysis reduces wind curtail-
ment relative to the baseline, because flexible electrolysis provides an
additional sink for renewable surplus and converts part of this surplus
into stored hydrogen for later dispatch. The accelerated both pathway
exhibits the strongest trade-off. It combines the adequacy benefit of ad-
ditional hydrogen-to-power capacity with the surplus generation effect
of accelerated renewables. Consequently, it reduces unabated gas most
strongly, but also increases wind curtailment in 2030 and 2035 be-
cause the renewable surplus increases faster than the system’s ability
to absorb, store and re-dispatch it. However, low wind curtailment in
2040 should not be interpreted as meaning that all surplus renewable
electricity is converted into effectively stored hydrogen. The associated
hydrogen system results in Figs. 7-9, which will be discussed later,
showing that when geological hydrogen storage capacity is insufficient,
part of the gross hydrogen production associated with electrolysis can-
not be accommodated within the available storage headroom and is
instead reported as hydrogen-not-stored due to storage saturation. In
this situation, the binding constraint shifts from electricity-side wind
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Fig. 5. Peak unabated gas demand, unabated gas generation share and wind curtailment under NESO baseline pathway and accelerated pathways (2030-2040) under

weather year 2019.

curtailment to hydrogen-storage saturation. Therefore, the reduction in
wind curtailment under the accelerated both pathway reflects improved
electricity-side absorption of renewable surplus, but the final adequacy
value of that surplus depends on whether the hydrogen storage has
sufficient capacity to retain it for later dispatch.

By 2035 and 2040, the NESO baseline pathway grid system is nearly
fully decarbonised, and the incremental reduction in annual unabated
gas generation from acceleration becomes small, as shown in Fig. 5(a).
However, the peak unabated gas requirement remains a more discrim-
inating adequacy metric. The accelerated hydrogen and accelerated
both pathways progressively suppress the remaining peak unabated gas
requirement, reducing the residual peak from around 8 GW in 2035 to ef-
fectively zero by 2040. The accelerated renewables and battery pathway
continues to reduce annual fossil generation but leaves a residual peak
requirement of approximately 15 GW in 2040, reflecting the limited
ability of SDS to cover multi-day renewable shortfalls.

Taken together, Fig. 5 shows that rapid renewable expansion mainly
reduces annual fossil generation but can increase curtailment when
system flexibility becomes saturated. In contrast, expanding hydrogen
systems both lowers peak dependence on unabated gas and improves re-
newable utilisation by absorbing surplus generation. Shifting non-VRE
supply away from a system dominated by unabated gas peaking towards
dispatchable low-carbon hydrogen capacity, therefore improves system
adequacy while reducing reliance on fossil fuel operations, with the
additional benefit of lowering risk from future fuel price fluctuations.

We now turn our attention to how hydrogen is utilised in our
simulated system. A consistent feature across all pathways is that in-
creasing electrolysis capacity raises total hydrogen production, but the
extent to which this hydrogen can be retained and utilised depends on
available hydrogen storage capacity. Under the NESO and Low stor-
age scenario, storage saturation occurs frequently under accelerated
pathways, causing part of the hydrogen production to be recorded as
hydrogen-not-stored, as shown in Fig. 6(a). However, these results also
indicate that renewable surplus electricity is sufficient to rapidly build
substantial hydrogen reserves, demonstrating that available geological
storage can accumulate large energy reserves rather than merely acting
as a short-term buffer.

Fig. 6(b) illustrates the evolution of hydrogen storage SOC dur-
ing 2035 for two different initial SOC values of 0% and 50% in the
NESO baseline pathway and storage scenario. The storage reservoir
fills rapidly in both cases, reaching maximum capacity within a single
simulation year regardless of initial storage level. This indicates that
electrolysis capacity combined with renewable surplus in this scenario
is sufficient to saturate available storage even when the reservoir is
initially empty. Once storage approaches full capacity, additional hy-
drogen production cannot be retained, causing electrolysis output to be
curtailed. Nevertheless, the rapid increase in SOC demonstrates that stor-
age availability exceeds immediate power-sector requirements, implying
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(a) Hydrogen not stored due to storage saturation. (b) Hydrogen storage SOC,
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that additional hydrogen production could be directed to other energy
uses or retained to improve resilience against adverse meteorological
years.

Figs. 7-9 expands this analysis beyond a single representative
weather year to present the evolution of key grid indicators for 2030,
2035 and 2040, respectively, under four pathways—NESO baseline,
accelerated hydrogen & electrolysis, accelerated renewables & battery
storage, and accelerated both hydrogen and renewables. Each path-
way is evaluated for three hydrogen storage capacity scenarios: NESO,
Low and High hydrogen storage scenarios. To investigate inter-year re-
silience, we simulate a run of 7 weather years in each case. Rather than
applying the historical years 2016-2022 in chronological order, these
analyses employ randomised sequences of the seven weather years (Y1
- Y7), with each simulation of scenario and pathway run three times to
quantify variability and produce mean values with error bars, ensuring
that conclusions do not rely on a single chosen weather year. The com-
parison illustrates how the roles of electrolysis and hydrogen storage
shift as decarbonisation progresses from 2030 to 2040.

Fig. 7 shows predicted system behaviour for 2030 for 4 pathways
(NESO baseline, accelerated hydrogen & electrolysis, accelerated re-
newables & battery storage, accelerated both) and 3 hydrogen storage
scenarios (NESO, LOW, High). Across all pathways and scenarios in
Fig. 7, electrolysis output shows substantial interannual variability, con-
sistent with the strong dependence of renewable surplus availability on
weather-year conditions. Under the 2030 baseline with the NESO and
Low storage scenarios, electrolysis output is initially higher in the first
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Fig. 9. Hydrogen-system indicators for 2040 across baseline and accelerated pathways.

simulation year, reaching around 1.6 TWh. However, once the stor-
age reservoir approaches full capacity, electrolysis output declines to
approximately 0.4 TWh in subsequent years, as additional hydrogen
production cannot be retained and electrolysis operation becomes con-
strained by limited storage availability. However, in 2030, the system
is not entirely storage-limited. In the baseline and accelerated renew-
ables & battery pathways, electrolysis capacity remains relatively small,
so hydrogen production itself is limited and only a small amount of re-
newable surplus can be converted to hydrogen. Accelerating hydrogen
and electrolysis pathway increases electrolysis, reaching 10-24 TWh,
while accelerating both hydrogen & electrolysis and renewables &
batteries further raises electrolysis to 20-60 TWh, depending on the
meteorological year and hydrogen storage capacity.

However, the three storage scenarios show different responses. In
the NESO and Low scenarios, storage saturation occurs frequently un-
der accelerated pathways, producing sustained hydrogen-not-stored.
Hydrogen-not-stored remains limited in the baseline and accelerated
renewables & battery pathways because electrolysis capacity in these
pathways is relatively small, resulting in low hydrogen production.
Consequently, the maximum hydrogen-not-stored reaches only around
1.8 TWh and 3.5 TWh, respectively. Although the accelerated hydrogen
& electrolysis pathway substantially increases electrolysis output, it also
expands hydrogen-to-power generation capacity. Under the 2030 system
conditions, where renewable penetration remains comparatively low, a
large fraction of the produced hydrogen is therefore consumed to supply
electricity during periods of supply deficit. As a result, this pathway ex-
hibits the lowest levels of hydrogen-not-stored, which is also reflected in
the relatively lower average SOC across the simulation period. Storage
generally accommodates most hydrogen, but accelerated both hydrogen
and renewables pathway produces up to 45 TWh of hydrogen that can-
not be stored, especially when the starting SOC is high. The hydrogen
storage in the High scenario does not saturate for the pathways con-
sidered, with a maximum potential hydrogen storage around 120 TWh
in 2030 pathways, allowing a larger share of electrolysis output to be
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retained and later converted via hydrogen-to-power generation. This re-
sult highlights that very large geological storage volumes can eliminate
hydrogen not stored due to storage saturation and transform renewable
surplus into firm long-duration flexibility.

Fig. 8 presents the corresponding results for 2035. Relative to the
NESO baseline pathway, the accelerated hydrogen pathway increases
electrolysis output by more than 10 TWh, with a further increase of
around 20 TWh when both hydrogen and renewable deployment are ac-
celerated. Compared with 2030, electrolysis output rises substantially
across all pathways, reflecting both larger installed electrolysis capacity
and greater renewable surplus available for conversion. As a result, the
system in 2035 is much less constrained by conversion capacity than
in 2030. Instead, the dominant limitation becomes storage capacity.
Under the NESO and Low hydrogen storage scenarios, storage satura-
tion occurs frequently, resulting in hydrogen-not-stored ranging from
approximately 15 TWh to 60 TWh across pathways and weather-year
realisations. In practice, hydrogen-not-stored means that electrolytic
hydrogen production cannot be retained because available storage head-
room has been exhausted. This reduces the effective flexibility value of
electrolysis, even where electricity-side wind curtailment appears lower.
By contrast, the High storage scenario provides sufficient capacity to
store the additional hydrogen production and hydrogen-not-stored does
not occur. At these high storage levels, storage losses become significant,
reaching 25 TWh when stored hydrogen levels exceed 200 TWh in the
High storage scenario under accelerated both hydrogen and renewables
pathway. These results indicate that, by 2035, increasing electrolysis ca-
pacity alone does not increase the total amount of hydrogen stored when
storage capacity is constrained. This highlights that hydrogen storage ca-
pacity becomes the key determinant of how much renewable surplus can
be converted and stored.

Fig. 9 presents the corresponding results for 2040. Electrolysis out-
put continues to increase under all the accelerated pathways relative
to the baseline across all weather-year realisations, with the largest
values occurring when both hydrogen and renewables deployment are
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accelerated. Storage behaviour is broadly similar to that observed in
2035. Under the NESO and Low hydrogen storage scenarios, storage sat-
uration remains a persistent constraint, leading to continued hydrogen-
not-stored events when hydrogen production exceeds available storage
capacity. This indicates that by 2040, under limited storage scenarios,
further expansion of electrolysis and renewable generation does not
translate proportionally into additional stored hydrogen, because the
system remains storage-limited.

By contrast, under the High storage scenario, hydrogen-not-stored
does not occur, and maximum SOC reaches around 190 TWh in ac-
celerated pathway for both hydrogen and renewables. This maximum
SOC remains far below the imposed High storage capacity of 3659 TWh
in 2040, confirming that the High scenario does not become geologi-
cal storage energy-capacity limited. Instead, the remaining constraints
under the High scenario arise from renewable-surplus availability, elec-
trolysis capacity, hydrogen-to-power capacity, electricity demand and
storage losses. At these high inventory levels, storage losses also become
substantial. Overall, the 2040 results reinforce the 2035 finding that,
once sufficient geological storage capacity is available, the dominant
system challenge shifts from storage saturation to hydrogen inventory
management, discharge capability and loss minimisation.

Taken together, Figs. 7 to 9 show that meteorological variability
mainly influences the magnitude of electrolysis utilisation and hydrogen
storage cycling, while comparative outcomes across pathways remain
consistent. Across all weather-year realisations, hydrogen storage ca-
pacity and hydrogen-to-power capability determine whether additional
electrolysis output can be effectively retained or instead leads to stor-
age saturation and hydrogen-not-stored. This shows that the system
benefit of accelerated hydrogen & electrolysis depends not only on hy-
drogen production capacity but also on sufficient storage and discharge
capability to make effective use of surplus renewable energy.

Collectively, the time-domain results shown in Fig. 6 provide an op-
erational explanation for the aggregate indicators for upcoming results
of hydrogen-not-stored in Figs. 7-9. When hydrogen storage capac-
ity becomes limiting, accelerated electrolysis deployment and renew-
able build-out shift the binding system constraint from electricity-side
scarcity to hydrogen-side saturation. Under such conditions, additional
electrolysis output cannot be effectively retained, leading to increas-
ing hydrogen curtailment and reducing the marginal value of further
electrolysis expansion unless hydrogen storage capacity and hydrogen-
to-power capability are expanded accordingly.

4. Discussion

Our results show that reductions in annual unabated gas generation
occur faster than reductions in the firm capacity required to maintain
system adequacy. Although the share of unabated gas in total electric-
ity supply declines rapidly, residual peaking capacity remains necessary
to meet demand during multi-day periods of low renewable output.
This study therefore provides an operationally explicit assessment of
how hydrogen-enabled flexibility influences adequacy in a high-VRE fu-
ture GB power system. The main finding is that the system impact of
hydrogen is not determined by electrolysis capacity alone, but by the
interaction between renewable surplus availability, hydrogen storage
capacity, discharge capability, and geological storage loss characteris-
tics. Hydrogen deployment becomes most consequential when it reduces
peak unabated gas capacity requirements and diversifies backup supply
beyond reliance on unabated gas, rather than simply lowering annual
fossil generation shares. In this context, accelerating hydrogen deploy-
ment provides a clearer pathway for reducing peaking requirements than
strategies dominated by renewable expansion and SDS, particularly in
years where scarcity periods extend beyond typical battery discharge
durations.

The results further indicate two distinct operational regimes. Firstly,
hydrogen operates as an effective long-duration flexibility resource,
where surplus electricity is converted via electrolysis, stored, and

14

Applied Energy 421 (2026) 128171

later dispatched through hydrogen-to-power generation during peri-
ods of supply scarcity. In the second regime, the hydrogen system
becomes saturation-limited, where storage reaches full SOC during
high-renewable periods, electrolysis is curtailed, and additional re-
newable build-out yields diminishing returns unless storage inventory
increases commensurately. From an operational perspective, this sat-
uration regime implies that pathway narratives which accelerate VRE
and electrolysis without commensurate storage expansion risk shifting
the binding constraint from electricity-side renewable curtailment to
hydrogen-storage saturation, thereby constraining the adequacy value
that hydrogen could otherwise deliver.

These contrasting operational regimes are strongly influenced by the
assumed hydrogen storage capacity. In this study, the storage scenar-
ios are grounded in an assessment of GB geological hydrogen storage
resources, which forms a key element of the analysis. Under the NESO
and Low storage scenarios, storage volumes are frequently insufficient
to absorb additional hydrogen production during high-renewable pe-
riods, leading to repeated storage saturation and curtailed electrolysis
output. As a result, further increases in electrolysis capacity or renew-
able deployment yield limited additional system benefit because surplus
energy cannot be retained for later use. In contrast, the High storage sce-
nario largely removes this constraint by providing sufficient inventory to
accommodate surplus hydrogen production, allowing more renewable
energy to be stored and later dispatched through hydrogen-to-power
generation. As expected, under very large storage volumes, storage
losses become increasingly relevant, shifting the operational limitation
from storage saturation to inventory management and associated loss
mechanisms. These results highlight that the adequacy contribution of
hydrogen depends not only on production capacity but also on the scale
and performance of available storage.

Although the High storage scenario indicates that GB possesses
substantial subsurface storage capacity, practical deployment remains
contingent on overcoming several significant technical, geological, reg-
ulatory and social barriers. Prior review work has shown that un-
derground hydrogen storage development is constrained not only by
reservoir suitability, but also by operational safety, legal and regulatory
uncertainty and public acceptance [23]. In the GB context, the limited
geographical distribution of suitable salt-bearing formations increases
the relative importance of depleted gas fields as a large-scale storage
option. However, depleted fields are also likely to involve greater uncer-
tainty in hydrogen recovery, seasonal losses, geochemical interactions
and cycling performance than salt caverns, implying that theoretical
storage availability does not directly translate into equivalent near-term
deployability. Accordingly, the large geological capacities considered
here should be interpreted as a strategic subsurface resource, rather than
an implementation pathway.

The present study should therefore be interpreted as an operational
and physical feasibility assessment. Although the levelised cost of hy-
drogen storage (LCOHS) and capital expenditures value are central
to practical deployment, large-scale underground hydrogen storage re-
mains at an early stage of commercial development, and there is not
yet a robust generic cost basis that can be applied uniformly across a
national portfolio of salt caverns and depleted gas fields. Recent techno-
economic studies show that the cost of underground hydrogen storage
depends strongly on storage technology, storage scale and injection-
withdrawal frequency. Huang et al. developed an LCOHS framework for
depleted gas reservoirs, salt caverns and lined rock caverns, showing
that storage scale and cycling frequency materially affect the result-
ing storage cost [83]. Similarly, Talukdar et al. assessed underground
hydrogen storage in Europe and reported strongly site-specific capital
costs, with different levelised costs for porous-media storage and salt
caverns [84]. These findings indicate that a single generic LCOHS or cap-
ital expenditures value would not be sufficient for the mixed geological
storage portfolio considered in this study. A robust economic assessment
would require site-specific assumptions on cavern solution mining or
depleted-field conversion, cushion-gas requirements, compression and
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purification systems, hydrogen-compatible wells and pipelines, injection
and withdrawal deliverability, storage cycling frequency, asset life-
time, financing assumptions, operating costs and decommissioning. This
work therefore motivates future integration of the dispatch framework
developed here with a techno-economic storage module.

We discuss three limitations of the present work to contextualise
the work and motivate further research. First, the model represents GB
as a single node and does not explicitly capture internal transmission
constraints. However, we have highlighted that the UK has specific re-
gional clusters of potential hydrogen storage sites (Fig. 3) which create
the possibility for the development of hydrogen hubs in these loca-
tions. This geographical constraint has the potential to benefit the local
communities, providing reinvestment in these areas and local employ-
ment opportunities, but also creates a national energy system complexity
that is beyond the scope of this study to model. We note that the de-
velopment of hydrogen storage infrastructure may be complementary
to emerging carbon capture, utilisation, and storage (CCUS) networks
[85]. In Great Britain, several of the regions identified as suitable for
large-scale hydrogen storage coincide with industrial decarbonisation
clusters, where CO, transport and offshore storage infrastructure is
also being developed. Such co-location may facilitate shared infrastruc-
ture, subsurface expertise, and coordinated investment in energy storage
and carbon management systems. Second, the storage loss representa-
tion is stylised, intended to reflect geological-class uncertainty rather
than site-specific reservoir simulations. However, this requires more re-
search on hydrogen reservoir properties. Third, the analysis assumes
hydrogen is primarily represented as a flexibility resource for electric-
ity balancing. Competing hydrogen demands from industrial feedstocks,
high-temperature heat or other non-power applications are not ex-
plicitly modelled here. Incorporating multi-sector hydrogen demand
would likely further strengthen the importance of hydrogen reservoir
capacity. These limitations motivate future work, including coupling
spatial power-flow constraints with hydrogen transport and network
constraints, and integrating site-resolved geological models to reduce
uncertainty in storage performance and deliverability. Nonetheless, the
comparison shows that NESO and Low storage assumptions remain
storage-limited by 2040, whereas the High geological-potential case
removes storage saturation and reveals the importance of conversion
capacity, hydrogen-to-power capability and storage-loss management.

The international hydrogen fuel trade between GB and other
European countries is not represented. The hydrogen storage require-
ments reported here should therefore be interpreted as domestic storage
requirements under a no-hydrogen-trade assumption for power-system
balancing. Hydrogen imports could reduce domestic storage require-
ments by providing dispatchable fuel during prolonged low-renewable
periods, while hydrogen exports or competing European demand for
hydrogen could increase the value of domestic geological storage and
alter storage cycling behaviour. Capturing these effects would require
a coupled representation of European hydrogen production, hydro-
gen transport infrastructure, import/export constraints, trade prices
and non-power hydrogen demand. Such a multi-region formulation is
beyond the scope of the present national plant dispatch model, but
represents an important direction for future work.

The comparative analysis evaluates hydrogen-enabled scheduling
across both deployment-pathway and storage-capacity scenarios within
a rule-based plant dispatch framework. The pathway comparison dis-
tinguishes between accelerated hydrogen infrastructure, accelerated
renewables and battery storage, and their coordinated deployment. The
storage-capacity comparison further tests whether the benefits of hydro-
gen scheduling are limited by geological storage availability, using the
NESO, Low and High storage scenarios. This two-dimensional compari-
son is appropriate for isolating the physical adequacy role of hydrogen
storage, because the same dispatch logic is applied consistently across
all pathways, storage scenarios and weather-year realisations. However,
the comparison should not be interpreted as a claim that the adopted
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scheduling rule is globally optimal relative to all possible dispatch for-
mulations. A full comparison with cost-minimising unit commitment,
market-clearing models, stochastic optimisation, or alternative hydro-
gen storage-control heuristics would require additional assumptions on
technology costs, bidding behaviour, reserve requirements, price forma-
tion, hydrogen transport constraints and operational limits on storage
injection and withdrawal. Such optimisation-based comparisons are be-
yond the scope of the present national-scale adequacy analysis, but
they represent an important direction for future work. In particular,
future studies should compare rule-based hydrogen scheduling with
optimisation-based dispatch and alternative storage control strategies,
such as reserve-preserving SOC targets, seasonal hydrogen inventory tar-
gets, storage capacity dependent electrolysis limits and price-responsive
electrolysis operation.

Although quantified here for Great Britain, the results are rele-
vant to a broader class of high-renewable electricity systems. The
central insight is that hydrogen’s adequacy value is strongly regime-
dependent. Systems with rapid VRE expansion but limited electrolysis
remain conversion-limited; systems that scale electrolysis and VRE more
rapidly than subsurface storage become storage-limited and experience
rising curtailed electrolysis and diminishing returns from additional
renewable build-out; only when electrolysis, storage inventory and
hydrogen-to-power capacity are co-scaled does hydrogen act as ef-
fective long-duration and seasonal flexibility. The precise transition
between regimes will vary across systems according to demand seasonal-
ity, interconnection, hydrology, existing low-carbon generation, and the
availability and performance of geological storage resources. However,
the underlying planning implications extend beyond Great Britain to
other high-VRE systems pursuing subsurface hydrogen storage as part
of wider decarbonisation strategies.

5. Conclusion

This study evaluates the role of hydrogen-enabled flexibility in fu-
ture GB electricity pathways using time-resolved dispatch simulations
that represent interactions between renewable generation, electrolysis,
hydrogen storage and hydrogen-to-power generation. A key finding is
that hydrogen contributes primarily by reducing peak unabated gas ca-
pacity requirements for grid adequacy, rather than by further lowering
already small annual fossil generation shares. Although renewable ex-
pansion substantially reduces annual unabated gas generation, residual
peaking capacity is still required to maintain system adequacy during
periods of low renewable output. Our results indicate that hydrogen
storage combined with hydrogen-to-power generation can reduce this
peak unabated gas requirement by providing dispatchable low-carbon
capacity during multi-day renewable shortfalls.

The analysis further shows that the system value of hydrogen is
strongly governed by storage availability. When storage capacity is
sufficient, renewable surplus can be retained and later dispatched to sup-
port system adequacy, whereas storage-constrained systems experience
hydrogen-side saturation, limiting the benefit of additional electrolysis
or renewable capacity. Large geological storage potential can largely
remove this constraint, although storage losses become increasingly
relevant at high inventory levels, as expected from the larger stored
hydrogen volumes.

These findings imply that hydrogen should not be assessed as a stand-
alone technology option, but as part of a coupled flexibility system in
which renewables, electrolysis, storage and hydrogen-to-power capacity
must be co-developed. For system planners, the key issue is therefore not
only whether hydrogen is deployed, but whether the wider hydrogen
chain is scaled in a coordinated manner such that material adequacy
benefits can be realised. Although this study is parameterised for Great
Britain, the planning logic is relevant to other high-renewable electricity
systems considering subsurface hydrogen storage for long-duration and
seasonal balancing.
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