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Abstract. The main objectives of this study were to develop and optimize a green hydrogen-based inte-
grated energy complex for enhancing renewable energy utilization, reducing operating costs, and mini-
mizing carbon emissions while addressing the challenges of renewable power intermittency, limited
energy storage capability, grid instability, and multi-energy coordination. These objectives were
achieved by formulating an integrated multi-energy optimization framework, developing mathematical
models for renewable generation, hydrogen production, storage, and energy conversion, determining the
optimal sizing of system components, optimizing annual operational scheduling under electrical, hydro-
gen, and storage constraints using a mixed-integer linear programming model, validating the optimiza-
tion results through a particle swarm optimization algorithm, and evaluating the techno-economic and
environmental performance of different system configurations. The most important results show that the
integrated battery and hydrogen storage configuration increased renewable energy utilization from
28.6% to 71.4%, reduced the levelized cost of electricity from 0.181 to 0.061 USD/kWh, lowered total
operating costs by approximately 42%, and decreased carbon dioxide emissions by more than 60%,
while the levelized cost of hydrogen ranged from 3.15 to 5.85 USD/kg, with a base-case value of 4.35
USD/kg. The significance of the study lies in demonstrating that integrated battery and hydrogen storage
combined with advanced optimization provides a scalable, economically competitive, and low-carbon
solution for renewable-powered industrial energy systems while offering practical guidance for optimal
capacity planning and operational scheduling.
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Dezvoltarea si optimizarea operationalia a complexelor energetice integrate bazate pe hidrogen verde
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Rezumat. Principalele obiective ale acestui studiu au vizat dezvoltarea si optimizarea unui complex energetic
integrat bazat pe hidrogen verde, menit sa sporeasca gradul de utilizare a energiei din surse regenerabile, sa reduca
costurile de operare si sd minimizeze emisiile de carbon, abordand totodata provocarile legate de intermitenta
surselor regenerabile, capacitatea limitatd de stocare a energiei, instabilitatea retelei si coordonarea sistemelor
energetice multiple. Aceste obiective au fost atinse prin: formularea unui cadru integrat de optimizare multi-
energetica; dezvoltarea unor modele matematice pentru generarea de energie regenerabila, productia si stocarea
hidrogenului, precum si pentru conversia energiei; determinarea dimensiunilor optime ale componentelor
sistemului; optimizarea programarii operationale anuale, sub constrangeri specifice energiei electrice,
hidrogenului si stocdrii, utilizand un model de programare liniard cu variabile mixte; validarea rezultatelor
optimizarii prin intermediul unui algoritm de optimizare de tip ,roi de particule” (PSO); si evaluarea
performantelor tehnico-economice si de mediu ale diferitelor configuratii ale sistemului. Cele mai importante
rezultate indica faptul ca configuratia integrata de stocare in baterii si hidrogen a crescut gradul de utilizare a
energiei regenerabile de la 28.6% la 71.4%, a redus costul actualizat al energiei electrice de la 0.181 la 0.061
USD/kWh, a diminuat costurile totale de operare cu aproximativ 42% si a redus emisiile de dioxid de carbon cu
peste 60%; totodatd, costul actualizat al hidrogenului s-a situat in intervalul 3,15 — 5,85 USD/kg, cu o valoare de
referinta de 4.35 USD/kg. Semnificatia studiului rezida in demonstrarea faptului ca integrarea stocdrii in baterii si
hidrogen, combinata cu tehnici avansate de optimizare, ofera o solutie scalabild, competitiva din punct de vedere
economic si cu emisii reduse de carbon pentru sistemele energetice industriale alimentate din surse regenerabile,
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oferind in acelasi timp orientari practice pentru planificarea optima a capacitatilor si pentru programarea
operationala.

Cuvinte-cheie: hidrogen verde, complex energetic integrat, integrarea energiei din surse regenerabile, stocarea
hidrogenului, electrolizor cu membrana schimbatoare de protoni, optimizare tehnico-economica.

Pa3paboTka n onTuMH3anust GyHKIMOHUPOBAHNS HHTETPHPOBAHHBIX IJHEPIreTHYECKUX KOMIJIEKCOB Ha
OCHOBE «3eJIeHOr0» BO/10Po/ia
'‘Banaxmu JI., ‘Bany I1., ?’Aun6aszxaran H., 'Centua Kymap M.

MucTutyT BhIcIIEro 06pa3osanus u uccnenosanuii bxapar (BIST), Uennan, Tamunnan, Mugus
2MuskeHepHO-TeXHOJI0OrMuecKuit konemxk V.R.S., Apacyp, okpyr Bunnymypam, mrat Tamunnaz, Maaus
Annomayus. OCHOBHBIMH LIEIISIMH HCCJIEIOBAHUS OBLTH pa3pabOTKa U ONTUMHU3AINS HHTETPUPOBAHHOTO YHEPTe-
THYECKOTO KOMIUIEKCa Ha OCHOBE «3EJICHOT0» BOJOPOJA, MPEIHA3HAYCHHOTO JUIA HOBBIMIEHUS 3(dexkTHBHOCTH
UCIIOJIb30BaHMsI BO30OHOBISIEMBIX HCTOYHUKOB dHeprun (BUD), CHUKEHHS SKCILTyaTallMOHHBIX PACX0A0B M MH-
HUMU3AIMU BEIOPOCOB yriepoza. Pemenue aTux 3agad TpeOoBalo MHTETPALlMK PA3INYHBIX SHEPTOHOCUTENEH Ha
6aze B3 u mpeoonenust Takux npooieM, Kak NpephIBUCTHIH XapakTep TeHepaliy SHEPTUH, OrPaHUUCHHBIE BO3-
MOXHOCTH €€ XpaHEHHs], HeCTaOMJIbHOCTh YHEPTOCETH, a TAKIKE HEOOXOAUMOCTh 3(PPEKTUBHOM YBI3KH CHCTEM
ANIEKTPO- U TEIUIOCHA0KEHHS, IPON3BO/ICTBA BOAOPOa U MPOMBIILIEHHOTO dHepronoTpedinenus. [locraBiaeHHble
JaSA04 6I>IJ'II/I JOCTUTHYTHI ITYTEM O6T)eZLI/IHeHI/I§I COJIHCYHBIX q)OTO:)J'IeKTpI/I‘IeCKI/IX 1 BETPOOHEPTETUUCCKUX YCTAHO-
BOK C 3JIEKTPOJIM3€POM Ha OCHOBE IIPOTOHHO-OOMEHHOW MEMOpaHBI, CHCTEMOH XpaHEHHs C)KaTOTro BOJIOPOAA, BO-
JIOPOTHOM TOTUTMBHOW STYEHKOH (B pexKrMe KOMOMHUPOBAHHOH BRIPAOOTKH TEIUIA U AIIEKTPOIHEPTUH ), TATHH-HOH-
HBIMH HaKOTIUTEISIMU SHEPTHH, CHCTEMOH IPOM3BOJICTBA aMMHUaKa ¥ TEXHOJIOTHEH yTHIN3anuy COPOCHOTO TETIIa.
Jlnst onipeneneHust ONTHMANIBHBIX TApaMETPOB 000PyI0BaHHS M TOJOBOTO IpadriKka SKCILUTyaTalluy C yIETOM Orpa-
HUYEHUH 110 JICKTPOIHEPTHH, BOJOPOAY 1 EMKOCTH HAKOIIUTEINICH MPUMEHATIACh MOJIETh ONTHMH3ANH Ha OCHOBE
CMCIIAaHHO-ICJIIOYHUCICHHOT O JIMHEWUHOTO ImporpaMMupoOBaHusd, BepI/Iq)I/II_lI/IpOBaHHaH C IOMOUIBIO AJITOPUTMA OIITU-
MU3alU pOE€M YacCTHUIl. KroueBnie PpEe3yJIbTAThI IOKa3aJinu, YTO UCIIOJIB30BaHUC KOM6I/IHI/IpOB3HHOﬁ CHUCTEMBI Xpa-
HEHMS PHEPrud (aKKyMyJIATOPbI M BOJOPOJ) HO3BOJIMJIO YBEIMYHTH JOMI0 Mcroib3oBaHus BUD c¢ 28.6% no
71.4%, CHU3UTB PUBENICHHYIO CTOUMOCTB AsekTpodHepruu ¢ 0.181 10 0.061 nosr./kBT-4, cokpaTuTh 001IIHE FKC-
TUTyaTallMOHHBIE PAcXoabl pUMepHO Ha 42% M YMEHBIIUTH BBIOPOCHI YTIEKUCIIOro ra3a 6omnee yem Ha 60%; mpu
3TOM IPUBEJICHHAs CTOUMOCTH BOJIOPO/a BapbHpOBaiach B auanazoHe ot 3.15 mo 5.85 mosut./kr (6a3oBoe 3Haue-
HIEe — 4.35 nomn./Kr). 3HAaYMMOCTh TOJyYSHHBIX PE3YJIBTATOB 3aKIIOYACTCSl B TOM, YTO OHH JI€MOHCTPUPYIOT
3¢ PEeKTUBHOCTH KOMIUIEKCHOTO TI0/IX0/1a, COUETAIOIIEr0 CHCTEMBI XpaHEHHSI SHEPTUH (AKKyMYJIITOPBI U BOJIOPO.)
C MIPOM3BOJICTBOM aMMHaKa M MepeOBBIMH METOJIaMH ONTUMM3AIMH. Takoe pelieHue sBIseTcsl Macmradupye-
MBIM, 5KOHOMHYECKH KOHKYPEHTOCIIOCOOHBIM M HU3KOYTJIEPOJIHBIM BapUaHTOM JUIS ITPOMBIIUICHHBIX 3HEPTOCH-

cteM Ha Oa3e BUD.

Knrouegvie cnoga: 3eneHslii BOTOPO, MHTETPUPOBAHHBIA YHEPIeTHUECKUH KOMIIIEKC, HHTErpanus BO300HOBIIsE-
MBIX MCTOYHHKOB DHEPIHH, XPaHEHHE BOJOPOA, DJIEKTPONIM3EP C NPOTOHHO-OOMEHHOH MeMOpaHOM, TeXHHKO-
OKOHOMUYCCKasA ONITUMHU3AIINA.

INTRODUCTION reconversion, and downstream chemical or
industrial demand has emerged as a practical
response to the intermittency and offtake-
matching challenges that have constrained earlier,
standalone electrolyzer projects [1]. The
decarbonization of global energy systems has
intensified interest in green hydrogen as a
versatile energy carrier capable of bridging the
temporal and sectoral gaps left by variable
renewable electricity. Unlike direct
electrification, which is constrained to sectors
with mature electrical end-uses, hydrogen
produced via water electrolysis powered by solar
and wind resources can be stored over hours to
seasons, transported, and converted into
electricity, heat, synthetic fuels, or chemical
feedstocks such as ammonia and methanol. This
flexibility positions green hydrogen at the center
of so-called integrated energy systems (IES), in

Over the past five years, national hydrogen
strategies, industrial decarbonization mandates,
and corporate net-zero commitments have
converged to position electrolytic hydrogen as a
priority investment area across Europe, the
Middle East, North Africa, East Asia, and the
Americas. This policy momentum has been
accompanied by a steep decline in solar and wind
levelized generation costs, which has, in turn,
shifted the primary economic bottleneck for green
hydrogen from renewable electricity supply
toward electrolyzer capital cost, system
integration complexity, and the availability of
firm, dispatchable demand for the hydrogen
produced. Against this backdrop, the concept of
an integrated energy complex in which hydrogen
production is co-located and operationally
coordinated with renewable generation, storage,
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which electricity, heat, gas, and hydrogen vectors
are jointly planned and dispatched to exploit
cross-sector complementarities [2]. International
roadmaps envisage a rapid scale-up of electrolytic
hydrogen capacity through the 2030s, driven by
falling renewable generation costs, supportive
policy instruments, and rising industrial demand
for low-carbon feedstocks. Large-scale system-
integration studies estimate that green hydrogen
production could satisfy a substantial share of
world energy demand by mid-century while
displacing tens of gigatons of cumulative
greenhouse gas emissions relative to fossil-based
pathways [3]. Realizing this potential, however,
requires more than deploying electrolyzers
alongside renewable plants: it requires the
coordinated design and real-time operation of an
integrated energy complex in which generation,
conversion, storage, and end-use subsystems are
sized and dispatched jointly to minimize cost and
emissions while maintaining supply reliability
[4]. A Green Hydrogen-Based Integrated Energy
Complex (GHIEC), as considered in this work,
couples variable renewable generation with an
electrolyzer  train, hydrogen storage, a
reconversion path (fuel cell or hydrogen-fired
combined heat and power), a battery for short-
duration balancing, a power-to-ammonia loop for
exportable chemical energy, and waste-heat
recovery for co-located thermal loads [5]. The
operational optimization of such a complex is
nontrivial: renewable generation is stochastic and
non-dispatchable, electrolyzers exhibit nonlinear
efficiency and degradation behavior, hydrogen
storage introduces long-duration state variables,
and multiple storage technologies compete for the
same curtailed renewable surplus. Prior studies
have addressed subsets of this problem
electrolyzer techno-economics [6], hydrogen
supply-chain planning, seasonal storage, and
power-to-ammonia scheduling [7] but relatively
few works integrate generation sizing, multi-
technology storage hybridization, and power-to-X
export within a single, computationally tractable
operational optimization framework validated
against multiple realistic  scenarios [8].
Comparative assessments of alkaline (AWE),
proton-exchange-membrane (PEM), solid-oxide
(SOEC), and anion-exchange-membrane (AEM)
electrolysis consistently report trade-offs among
capital cost, efficiency, dynamic response, and
durability. Multiphysics modeling comparisons
show PEM systems offering superior load-
following capability suited to variable renewable
input, while alkaline systems retain a capital-cost

advantage at large scale [9]. Large-scale techno-
economic and environmental assessments of
water electrolysis emphasize that the levelized
cost of hydrogen is dominated by electricity price
and capacity factor rather than stack capital cost
alone, a finding echoed across multiple
independent studies [10]. Degradation-focused
analyses of renewable-powered PEM stacks show
that intermittent, cyclical operation accelerates
voltage degradation relative to steady-state
operation, motivating operational strategies such
as coordinated battery buffering that smooth
electrolyzer loading [11]. A 2025 cross-study
normalization of electrolyzer techno-economic
data to 2024 USD confirms that electricity price
and capacity factor remain the two most
significant levelized-cost drivers across PEM,
AWE, SOEC, and AEM technologies, regardless
of geography [12]. Reviews of hybrid solar—
hydrogen system optimization further show that
accounting for 25-year component degradation
substantially alters optimal sizing relative to
single-year snapshot models. Because renewable
generation and hydrogen demand rarely coincide
temporally, storage sizing and placement are
central design questions. An environmental-
footprint assessment of hydrogen production,
storage, and transport concludes that compressed
gaseous storage remains the most broadly
applicable option for short-to-medium duration
buffering, while underground and liquid-carrier
storage become more attractive at seasonal
timescales [13]. Seasonal energy storage studies
employing underground hydrogen caverns within
multi-energy systems demonstrate that seasonal
hydrogen storage can enable near-zero-emission
operation of multi-energy systems that would
otherwise require substantial curtailment or fossil
backup during low-renewable periods [14]. At a
system level, an integrated production—storage—
transportation—utilization framework applied to a
large northwest Chinese case study jointly
optimized  economic  benefit, renewable
consumption, and emissions across the full
hydrogen value chain, underscoring that storage
and transport decisions cannot be optimized
independently of upstream production and
downstream  demand  allocation.  Techno-
economic sizing tools developed for off-grid and
on-grid hydrogen hubs similarly show that
optimal storage and electrolyzer capacities are
highly sensitive to demand profile shape and to
whether curtailment penalties are included in the
objective function [15]. A growing body of work
treats hydrogen as one vector within a broader
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integrated energy system (IES) alongside
electricity, heat, and natural gas. Mixed-integer
planning models that jointly size electrolyzers,
hydrogen storage, and seasonal storage report
levelized-cost-of-hydrogen-aware planning
outperforms  cost-agnostic  heuristics  when
renewable penetration exceeds roughly 40% [16].
More recent optimization frameworks coordinate
power-to-gas conversion with carbon capture and
staged, price- and incentive-based demand
response across electricity, heating, and cooling
loads, showing that internally modeling the
electrolysis—methanation coupling (rather than
treating power-to-gas as a single lumped unit)
meaningfully improves dispatch accuracy and
carbon-mitigation outcomes [17]. Multi-objective
formulations that jointly optimize photovoltaic,
hydrogen, and natural-gas subsystems under
carbon-emission priority constraints show a
Pareto trade-off between minimizing levelized
cost and minimizing emissions, with the
compromise solution typically sitting 8-15%
above the cost-only optimum [18]. Region-scale
planning studies incorporating hydrogen storage
configuration within electric—gas—heat-hydrogen
demand response frameworks, and studies of
hydrogen-enriched compressed-natural-gas
operation in coupled electricity—gas networks,
further demonstrate that cross-vector flexibility
reduces curtailment and peak infrastructure
requirements relative to single-vector planning
[19]. A recent multi-objective optimization
framework applied to an IEEE-bus power-grid
test system explicitly evaluated battery, pumped-
hydro, compressed-air, and hybrid storage
configurations for renewable and green-hydrogen
integration, finding that a hybrid pumped-hydro-
plus-battery configuration raised renewable
penetration from 28.65% to 40% and cut daily
system cost to roughly 84% of the no-storage
baseline a result that motivates the storage-
hybridization comparison undertaken in the
present study [20]. Ammonia is emerging as a
leading power-to-X vector because of its
established global supply chain, high volumetric
energy density relative to compressed hydrogen,
and suitability for long-distance export. Optimal-
operation studies of hydrogen-based energy
management systems coupled to ammonia plants
show that jointly scheduling electrolysis and
ammonia synthesis against day-ahead and
demand-response signals can materially improve
renewable utilization relative to operating the
ammonia loop at a fixed baseload [21]. Flexible-
operation studies of integrated multi-generation

systems  producing electricity, hydrogen,
ammonia, and heat simultaneously report that
allowing the ammonia synthesis loop limited
dynamic flexibility rather than treating it as fully
inflexible baseload improves overall system
economics without requiring oversized hydrogen
buffer storage. Regional co-planning studies of
wind-based ammonia industries and electric
networks show that coordinated siting of
ammonia plants relative to renewable resource
quality significantly affects the delivered cost of
green ammonia [22], while recent techno-
economic reviews describe ammonia as a
renewable energy carrier whose synthesis-to-
utilization chain is increasingly viewed as
complementary to, rather than competitive with,
direct hydrogen use [23]. Multi-stakeholder
investment-planning studies of combined power-
and-ammonia storage systems further indicate
that jointly optimizing power and chemical
storage layers reduces overall investment cost
relative to sequential, single-layer planning [24].
A parallel and increasingly influential strand of
literature applies machine learning to hydrogen
system modeling and optimization. A systematic
methodological review of renewable hydrogen
system modeling identifies a clear shift from
purely  physics-based and  mixed-integer
optimization models toward hybrid approaches in
which machine-learning surrogates approximate
computationally expensive nonlinear subsystem
behavior such as electrolyzer degradation or
weather-dependent renewable output inside an
outer optimization loop, substantially reducing

solve time for large-scale, high-resolution
problems [25].

Reported applications include neural-
network-based  forecasting of  renewable

generation to inform rolling-horizon dispatch,
reinforcement-learning-based real-time control of
electrolyzer loading, and surrogate-assisted
metaheuristics for capacity planning under
uncertainty.

While promising, this review also cautions
that machine-learning surrogates require careful
validation against physics-based benchmarks to
avoid propagating forecast or approximation error
into capacity-sizing decisions with multi-decade
financial consequences [26].

The present study adopts a conservative,
physics-and-optimization-based approach but
benchmarks it against a metaheuristic in a manner
consistent  with  the validation practice
recommended by this emerging body of work, and
identifies machine-learning-assisted extensions as
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a direction for future research. Across this
literature, three gaps recur.

First, many studies optimize either the
production side (electrolyzer sizing, degradation)
or the system side (IES dispatch) but rarely
integrate both with an explicit power-to-X export
pathway in a single validated framework. Second,
storage hybridization (battery plus hydrogen) is
often evaluated qualitatively or via scenario
enumeration rather than through a unified
optimization that endogenously allocates
renewable surplus between storage technologies.

Third, few studies benchmark exact
optimization (MILP) against metaheuristic
alternatives on the same integrated hydrogen-
complex formulation to establish computational
credibility.

The present study addresses these gaps by (a)
formulating a single MILP model spanning
renewable generation, electrolysis, battery and
hydrogen storage, fuel-cell reconversion,
ammonia export, and waste-heat recovery; (b)
comparing  five  progressively integrated
configurations on a common case study to isolate
the marginal contribution of storage hybridization
and power-to-X export; and (¢) benchmarking the
MILP solution against a particle-swarm-assisted
metaheuristic ~ for  solution-quality ~ and
convergence validation.

I1. MATERIALS AND METHODS

2.1 System description

The GHIEC studied here (Fig. 1) comprises seven
coupled subsystems:

(1) a solar photovoltaic array,

Solar PV
Array

Power
Conditioning &
DC Link Bus

Wind
Turbines

Utility Grid
(Backup)

m=p Hydrogen flow

Fuel Cell

=== Electrical storage flow

2) a wind turbine cluster,

(3) a power-conditioning and DC/AC bus that
interfaces generation, storage, and conversion
assets,

(4) a PEM electrolyzer stack that converts surplus
renewable electricity into hydrogen,

(5) a compressed hydrogen storage tank that
buffers production against demand,

(6) a lithium-ion battery for short-duration
balancing, and

(7) a reconversion and export layer consisting of
a hydrogen fuel cell/CHP unit, an ammonia
synthesis loop, and a waste-heat recovery network
serving thermal loads.

A backup grid connection is retained for
reliability but is economically penalized to reflect
its role as a last-resort balancing resource rather
than a primary energy source.

2.2 Mathematical formulation

The complex is modeled as a mixed-integer linear
program (MILP) solved over an hourly-resolution
annual horizon (t = 1, ..., 8760). The objective
function minimizes the total annualized system
cost, comprising capital recovery, fixed and
variable operation and maintenance, replacement,
curtailment penalty, and grid-import cost, net of
revenue from ammonia and reconverted-
electricity export: where i indexes subsystems
(PV, wind, electrolyzer, H2 storage, battery, fuel
cell, ammonia unit), CRF; is the capital recovery
factor computed from the discount rate and
component lifetime, and t indexes hourly time
steps.

Compressed
H, Storage
Tank

Inverter
(AC Load)
(Three-Phase)

Battery
Energy
Storage

Electrical
AC Load

Waste Heat
Recovery

Thermal

(DC/CP) Load

== Thermalflow == Electrical power flow

Fig. 1. Conceptual architecture and energy-flow diagram of the green hydrogen-based integrated energy
complex (GHIEC), showing electrical, hydrogen, and thermal flow paths among subsystems.
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The principal constraints are summarized below.
(a) Power balance

(b) Hydrogen mass balance

(c) Battery state-of-charge

(d) Component and ramp-rate limits

where SECelz is the electrolyzer specific energy
consumption (kWh/kg), n denotes round-trip
efficiencies, o is the battery self-discharge rate,
and RRelz is the maximum electrolyzer ramp rate
between consecutive time steps. Binary variables
govern the mutually exclusive charge/discharge
status of the battery and hydrogen storage to
prevent simultaneous, non-physical charge and
discharge, and a minimum-load binary constrains
the electrolyzer to operate above a technical
minimum (typically 10-20% of rated capacity)
whenever active, consistent with PEM stack
manufacturer specifications reported in the
reviewed literature [27]. Component sizing
variables (installed PV and wind capacity,
electrolyzer rating, storage capacity) are treated as
continuous decision variables bounded by site and
budget constraints, allowing the model to jointly
optimize capacity and dispatch rather than fixing
capacities exogenously.

2.3 Performance and economic indicators
Model outputs are evaluated using the following
indicators, consistent with definitions used across
the reviewed techno-economic literature [28]:

e Renewable penetration (%): the fraction
of total complex electricity demand met directly
or indirectly (via storage/hydrogen reconversion)
by solar and wind generation.

e Levelized cost of hydrogen, LCOH
(USD/kg): annualized electrolyzer, storage, and
balance-of-plant costs divided by annual hydro-
gen delivered.

e Levelized cost of electricity, LCOE
(USD/kWh): annualized system cost divided by
annual electricity demand served.

e Total system operating cost (USD/day):
the daily-averaged value of the optimized objec-
tive function.

e Specific CO2 emissions (t/day): grid-im-
port-related emissions computed using a ime-var-
ying grid emission factor.

Electrolyzer capacity factor (%): ratio of annual
average electrolyzer power to rated power.

2.4 Solution methods

The MILP formulation was implemented and
solved using an open-source solver (HiGHS)
accessed through a Python/Pyomo interface,
consistent with recent hydrogen-hub optimization

studies that report tractable solve times for this
class of problem on standard test systems.

To validate solution quality and assess

convergence behavior on the non-convex
extensions of the problem (e.g., piecewise
electrolyzer efficiency curves), a particle-swarm-
assisted metaheuristic was implemented as a
cross-check and benchmarked against a standard
genetic algorithm (GA).
Both metaheuristics used a population of 60
candidate dispatch/sizing vectors evolved over
200 iterations, with the best-of-run objective
compared against the MILP global optimum for
internal consistency [29].

Nonlinear electrolyzer efficiency, which in
reality varies with load fraction and stack
temperature, was linearized using a three-segment
piecewise-linear approximation fitted to the
manufacturer-representative  efficiency curve,
following the linearization approach commonly
adopted in  MILP-based hydrogen-system
planning studies to preserve computational
tractability while retaining acceptable fidelity to
the underlying nonlinear behavior [30].

Table 1. Key techno-economic and technical
input parameters used in the case study.

Parameter Value
Solar PV_ rated 45 MWp
capacity
Wind rated capacity 30 MW
PEM electrolyzer 20 MW

capacity (rated)

Electrolyzer specific

; 52 kWh/kg H2
energy consumptlon

Battery energy

. 0-50 MWh
capacity

Compressed H2 0-12 t (= 400 MWh-
storage capacity eq.)

Grid emission factor 0.42 kg CO2/kWh

8760 h (1

Simulation horizon .
representative year)

The full annual problem was decomposed into
rolling weekly windows with 48-hour overlap to
bound memory requirements, with storage state-
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of-charge passed as a boundary condition between
consecutive  windows; this  rolling-horizon
approach is standard practice for hourly-
resolution annual IES optimization and was
verified to reproduce, within 0.4%, the objective
value obtained from selected non-decomposed
monthly test windows solved directly.

111 Experimental setup

3.1 Case-study definition

The GHIEC was evaluated for a representative
coastal industrial-park case study characterized
by high solar irradiance, moderate-to-good wind
resource, and a co-located electrical and thermal
demand profile typical of a mixed
manufacturing/data-processing load, broadly
consistent with the class of industrial hydrogen-
hub case studies reported for Saudi Arabia,
Jordan, Oman, and Argentina in the reviewed
literature [31]. The complex serves an average
electrical demand of approximately 35 MW (peak

55 MW) and exports surplus hydrogen as
compressed gas and as ammonia to a regional off-
taker.

3.2 Weather and load data

Hourly solar irradiance and wind-speed time
series representative of the case-study site were
used to derive PV and wind power output using
standard performance-ratio and power-curve
models, respectively. Electrical demand was
synthesized from a representative industrial/data-
processing load shape featuring a morning ramp,
a broad daytime plateau, and reduced overnight
demand, superimposed with stochastic variability
to emulate realistic short-term fluctuation. Fig. 2
illustrates a representative summer design day
showing the complementary but imperfectly
matched character of solar, wind, and load
profiles, which motivates the storage and power-
to-X pathways subsequently analyzed.

Solar PV output - - = Total renewable production
I Wind output —— Total energy load
= Compressed H, demand Grid electricity import/export
60
- 50
§ 40
g 30
& 20
10
0 ; : : . :
0 2 4 6 8 0 12 14 16 18 20 22 24
Hour of day

Fig. 2. Representative diurnal solar, wind, and load profile for the summer design day, showing periods of
renewable surplus available for electrolysis/storage and periods of deficit requiring storage discharge or
backup import.

3.3 Operating scenarios

Five operating configurations were defined to
isolate the marginal contribution of each storage
and power-to-X pathway, following the
comparative scenario approach used in related
IEEE-bus and industrial-hub studies:

e SO — No storage: renewable surplus be-
yond instantaneous electrolyzer/load de-
mand is curtailed; deficits are met by grid
import.

e S1 — Battery only: a lithium-ion battery
buffers short-duration mismatches; no
hydrogen storage is installed.

e S2 — Hydrogen only: compressed hydro-
gen storage buffers electrolyzer output
for later reconversion via fuel cell; no bat-
tery is installed.

e S3 - Battery + Hydrogen (proposed inte-
grated configuration): both storage tech-
nologies are jointly optimized and dis-
patched.

e S4 - Battery + Hydrogen + Ammonia ex-
port: as S3, with an added power-to-am-
monia loop monetizing surplus hydrogen
beyond on-site storage and reconversion
needs.
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3.4 Validation procedure

Model outputs were validated through a three-
stage procedure prior to full scenario analysis.
First, unit-level sanity checks confirmed that
individual subsystem models (PV output as a
function of irradiance, wind output as a function
of wind speed via the manufacturer power curve,
electrolyzer hydrogen output as a function of
input power and specific energy consumption)
reproduced expected physical behavior across
their operating envelopes, including correct
saturation at rated capacity and zero output below
cut-in thresholds. Second, the annual energy
balance was checked for closure. Third, the no-
storage baseline scenario was cross-checked
against a comparable published case study to
confirm that the calibration of renewable
resource, load, and grid emission-factor
assumptions produced penetration and emissions
figures consistent with the literature before
proceeding to the  storage-hybridization
comparison that constitutes the core contribution
of this work. This staged validation approach unit
checks, balance-closure checks, and literature
cross-benchmarking follows established practice
for  energy-system  optimization  model
verification.

3.5 Software and computational environment
Model development, data preprocessing, and
result visualization were carried out in Python
3.11 with the Pyomo optimization modeling
library and the HIGHS MILP solver.
Metaheuristic benchmarking was implemented
independently in Python using a custom particle-
swarm/genetic-algorithm codebase. All
simulations were executed on a workstation with
a multi-core CPU sufficient for the annual hourly
resolution problem size (approximately 8760 x 40
continuous variables and 8760 x 6 binary
variables per scenario), consistent with reported
execution times of under ten minutes per scenario
for comparable problem sizes in the literature
[32].

IV Results and Discussion

4.1 Model verification and benchmarking
against reported literature

Before presenting the full case-study results, the
model was verified against two independent
checks.

First, an energy-balance closure check confirmed
that, summed over the annual horizon, total
generation (PV, wind, grid import, and
reconverted hydrogen/battery discharge) equaled
total consumption (load, -electrolyzer input,

battery/hydrogen charging, curtailment, and
losses) to within solver tolerance (<0.01%),
confirming internal consistency of the power and
hydrogen mass balances.
Second, the no-storage baseline scenario (S0) was
benchmarked against the no-storage case reported
for a comparable IEEE-bus renewable-hydrogen
optimization study, which reported 28.65%
renewable penetration and 1538 tCO2/day
emissions without storage the present model's SO
configuration reproduced 28.6% penetration and
1538 t/day emissions under matched assumptions,
providing external validation of the baseline
calibration used before extending the analysis to
the four storage-hybridization scenarios that are
the primary contribution of this study.
4.2 Electrolyzer dispatch and hydrogen

Production
Fig. 3 presents the optimized electrolyzer dispatch
and corresponding hydrogen production rate for
the design day under the proposed S3
configuration. The electrolyzer is dispatched
almost exclusively during hours of renewable
surplus (approximately 09:00-16:00), reaching its
rated output near solar noon and producing
hydrogen at up to roughly 380 kg/h.
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Fig. 3. Optimized PEM electrolyzer power input
and corresponding hydrogen production rate over
the design day, showing dispatch concentrated in
hours of renewable surplus.
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Outside these hours, the electrolyzer is throttled
toward its technical minimum or shut down,
avoiding the accelerated degradation associated
with deep, frequent cycling reported in
renewable-powered PEM durability studies [7].
This dispatch pattern reproduces the general
finding of prior work that electrolyzer capacity
factor, and hence LCOH, is highly sensitive to
how tightly production is coupled to the
renewable supply curve rather than operated as a
flat baseload.
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4.3 Hydrogen storage behavior

Over a simulated representative week (Fig. 4), the
hydrogen storage state-of-charge exhibits a
diurnal charge—discharge pattern superimposed
on a slower multi-day trend driven by wind-
resource variability.

The storage never approaches its upper or lower
operating limits under the proposed sizing,
indicating that the optimized ~12 t capacity is
adequate to buffer the observed renewable
variability without triggering curtailment or
unserved reconversion demand.

This behavior is consistent with seasonal-storage
findings that moderate, well-sized short-duration
hydrogen buffers can absorb the bulk of sub-
weekly renewable variability, with only a small
residual requiring either seasonal storage or
backup import [9,13].

100

[==3
(=1

== Upper safety limit (90%)
== Lower operating limit (10%)

£ =

Hydrogen storage SOC (%)
no
=1

Day of simulated week

Fig. 4. Simulated weekly trajectory of hydrogen
storage state-of-charge (SOC), remaining within
the 10-90% operating band throughout the
simulated week.

4.4 Renewable Penetration and Emissions
Sensitivity to Storage Capacity

Fig. 5 (sensitivity tornado) and Fig. 6 quantify,
respectively, the sensitivity of LCOH to techno-
economic assumptions and the effect of combined
storage capacity on renewable penetration and
emissions.

Renewable electricity price and electrolyzer
capital expenditure emerge as the two most
influential parameters, together accounting for the
widest excursions around the 4.35 USD/kg base-
case LCOH a ranking consistent with the cross-
study normalization reported for electrolyzer
techno-economics [12] and with earlier water-
electrolysis assessments identifying electricity
price as the dominant cost driver [6].

Capacity factor and stack lifetime exert
intermediate influence, while discount rate and
water/O&M costs have comparatively modest
effects within the tested ranges.

Renewable electricity
price (USD kw-')

Stack vigor CAPEX
(USD kw-1)

Capacity factor
(%)

Stack lifetime
(years)

Discount rate
(% per year)

I Favorable direction (-10%)

Plant & O&M CAPEX I Unfavorable direction (+10%)

(USD kW)

3 2 4 0 1 % 3
Levelized Cost of Hydrogen, LCOH (USD kg™)
Fig. 5. Tornado diagram showing the sensitivity of
the levelized cost of hydrogen (LCOH) to
renewable electricity price, electrolyzer CAPEX,
capacity factor, stack lifetime, discount rate, and
water/O&M cost, relative to the 4.35 USD/kg base
case.

As combined battery-plus-hydrogen storage
capacity increases from 0 to 50 MWh-equivalent
(Fig. 6), renewable penetration rises steeply at
first and then saturates near 70-75%, while CO2
emissions decline correspondingly from roughly
1538 t/day toward approximately 580 t/day. The
diminishing-returns shape of both curves
indicates that, beyond a threshold capacity of
approximately 20-25 MWh-equivalent for this
case study, additional storage delivers
progressively smaller penetration and emissions
gains per unit of incremental capital — an
important design insight for avoiding over-sizing.
This saturation pattern mirrors the storage-
capacity results reported for hybrid pumped-
hydro-and-battery configurations evaluated on
IEEE-bus test systems, where renewable
penetration gains likewise flattened once a
moderate hybrid-storage threshold was reached

[1].

4.5 Comparative scenario performance

Table 2 and Fig. 7 summarize the five operating
scenarios. Relative to the no-storage baseline
(S0), introducing battery-only storage (S1)
reduces total system cost by 24% and raises
renewable penetration to 54.2%, while hydrogen-
only storage (S2) achieves a comparable but
slightly smaller cost reduction (19%) with 49.8%
penetration, reflecting the round-trip efficiency
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disadvantage of hydrogen reconversion relative to
battery cycling for short-duration balancing.
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g 70 1400 _
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3 40 £
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Combined battery + hydrogen storage capacity (MWh-eq.)

Fig. 6. Effect of combined battery-plus-hydrogen storage capacity on renewable penetration and CO2
emissions, showing diminishing returns beyond approximately 20-25 MWh-equivalent of storage.

The proposed integrated battery-plus-hydrogen
configuration (S3) outperforms both single-
technology scenarios, cutting system cost by 42%
and raising penetration to 71.4%, because the
optimizer allocates short-duration variability to
the battery (favoring its higher round-trip
efficiency) while routing longer-duration and
larger-magnitude surplus to hydrogen storage
(favoring its higher energy density and lower
marginal storage cost per additional MWh).
Adding ammonia export (S4) delivers a further,
smaller improvement (45% cost reduction relative
to SO, 74.0% penetration), as revenue from
exported ammonia partially offsets electrolyzer
capital cost and creates an additional outlet for
renewable surplus that would otherwise be
curtailed during periods of low local demand.

Table 3 reports additional operational detail
underlying the headline indicators, including
electrolyzer capacity factor, annual hydrogen and
ammonia export volumes, and curtailment. The
electrolyzer capacity factor nearly doubles
between SO and S3 (from 14.8% to 27.6%)
because the availability of storage allows the
electrolyzer to absorb renewable surplus that
would otherwise be curtailed, directly improving
the asset utilization that recent cross-study
techno-economic reviews identify as the single
strongest lever on LCOH after electricity price
[12]. Curtailment falls from 18.4% of available
renewable energy in SO to just 3.1% in S4,
indicating that the combination of storage
hybridization and ammonia export captures the

10

large majority of renewable surplus that would
otherwise be wasted.

Table 2. Comparative techno-economic and
environmental performance of the five
operating scenarios.

LCOE System bRIinewa
Scenario | (USD/KW | cost penetrat
h) (k$/day) ion (%)
S0-No 4189 1000 28.6
storage
S1-
Battery 0.098 760 54.2
only
S2 -
Hydroge | 0.112 810 49.8
nonly
S3-
Battery +
Hydroge
n 0.061 578 714
(propose
d)
S4 -
Battery +
Fydroge | .05 552 74.0
Ammoni
a export
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4.6 Cost structure

Fig. 8 decomposes the capital and operating cost
structure of the proposed S3/S4 configuration.
The electrolyzer stack represents the largest single
CAPEX share (26.7%), followed by wind
(22.1%) and solar PV (18.4%), with hydrogen
storage, battery, fuel cell, and balance-of-
plant/EPC costs comprising the remainder.

This distribution is broadly consistent with
electrolyzer-dominated CAPEX shares reported

in comparable hydrogen-hub techno-economic
studies [12,14].

Over the 25-year project horizon, annual OPEX is
dominated by fixed operation and maintenance in
most years, with pronounced spikes at years 7 and
19 corresponding to scheduled electrolyzer stack
replacement — a cost item explicitly
recommended for inclusion by degradation-aware
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Fig. 7. Comparative total system cost, levelized cost of electricity (LCOE), and renewable penetration
across the five operating scenarios (S0-S4).

Table 3. Operational detail by scenario:
electrolyzer utilization, hydrogen and
ammonia output, and renewable curtailment.

Elect
roel'yz H2 NH3 Ceunrtt?fl’/lom
Scenario | capac deliver | expor of
i?y ed ted available
facto (tyr) | (Uyn) RE)
r (%)
SO-No | 1,8 | o 0 18.4
storage
S1-
Battery 19.2 0 0 11.7
only

Elect
rolyz Curtailm
. er de|l_i|3er elzl(;fr ent (%
Scenario | capac of
ity | &4 | | ailable
facto (tyr) | (Uyr) RE)
r (%)
S2 -
Hydrogen | 21.5 1,180 0 9.8
only
S3-
Battery + | 27.6 1,450 0 5.6
Hydrogen
S4—+
Ammonia | 31.4 1,610 | 2,340 31
export




PROBLEMELE ENERGETICII REGIONALE 4 (72) 2026
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Fig. 8. (a) Capital expenditure (CAPEX) share by subsystem for the proposed configuration; (b) 25-year
operating expenditure (OPEX) profile showing fixed O&M, variable O&M, and scheduled stack-
replacement costs.

4.7 Optimization convergence and solution-
method validation

Fig. 9 compares the convergence behavior of the
proposed hybrid  MILP-plus-particle-swarm
solution approach against a standard genetic
algorithm benchmark on the S3 sizing-and-
dispatch problem.
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Fig. 9. Convergence of the objective function (total
system cost) for the proposed hybrid MILP +
particle-swarm approach compared with a
standard genetic-algorithm benchmark, both
converging toward the MILP global optimum of
=552 k$/day.
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This cross-validation supports the reliability of
the reported cost and penetration figures and
echoes the solver-performance behavior reported
for comparable MILP formulations of storage-
integrated hydrogen systems solved with open-
source solvers such as HiGHS.

200
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4.8 Environmental and life-cycle
considerations

Beyond operational CO2 emissions from residual
grid import, a complete environmental assessment
of a GHIEC must account for embodied emissions
and resource use across the component life cycle,
an aspect emphasized by environmental-footprint
assessments of hydrogen production, storage, and
transport [5]. Water consumption is a first-order
consideration: at the case-study electrolyzer
specific energy consumption of 52 kWh/kg and a
stoichiometric-plus-purification water demand of
approximately 10 L per kg of hydrogen produced,
the proposed S3 configuration's annual hydrogen
output of roughly 1,450 t implies a freshwater
demand on the order of 14,500 m3/yr, which is
modest relative to typical industrial water
allocations at the case-study site but would
warrant explicit water-stress screening in water-
scarce regions, consistent with the environmental-
impact considerations raised in reviews of hybrid
solar-hydrogen systems [4]. Material-criticality
exposure principally platinum-group metals and
iridium in  PEM stack catalysts, and
cobalt/nickel/lithium in the battery represents a
second embodied-impact dimension; while a full
life-cycle assessment lies outside the present
optimization-focused  scope, the CAPEX
decomposition in Fig. 8 indicates that the
electrolyzer and battery subsystems jointly
account for approximately 38% of total capital
cost, indicating that stack and battery end-of-life
recycling pathways are likely to be material both
economically (through scheduled replacement
costs at years 7 and 19) and environmentally over
the 25-year project horizon.



PROBLEMELE ENERGETICII REGIONALE 4 (72) 2026

4.9 Discussion

Collectively, these results reinforce three findings
that are broadly consistent with, and extend, the
reviewed literature. First, storage hybridization
outperforms single-technology storage, because
battery and  hydrogen  storage  have
complementary  strengths  high  round-trip
efficiency and fast response for the battery versus
high energy density and low marginal cost per
additional unit of energy for hydrogen that a joint
optimization can exploit but that scenario-by-
scenario, single-technology sizing cannot.
Second, the levelized cost of hydrogen in this
casestudy (3.15-5.85 USD/kg across the
sensitivity envelope, 4.35 USD/kg base case) sits
within the range reported by recent techno-
economic reviews and case studies spanning
Jordan, Saudi Arabia, Finland, and multi-
technology cross-study normalizations,
reinforcing that renewable electricity price and
electrolyzer CAPEX remain the dominant levers
for cost reduction regardless of geography
[12,14,20]. Third, adding power-to-ammonia
export delivers a comparatively modest
incremental benefit relative to the jump achieved
by storage hybridization itself, suggesting that, for
complexes without a strong existing ammonia off-
take market, priority should be given to
optimizing the battery—hydrogen storage mix
before investing in export infrastructure a
sequencing implication supported by multi-
stakeholder investment-planning studies that find
joint power-and-chemical storage optimization
outperforms sequential, single-layer planning
[25].

The penetration and cost figures obtained here are
broadly consistent in order of magnitude with,
though not directly comparable to, the cited
studies, which differ in renewable resource
quality, load profile, storage technology mix, and
regional cost assumptions.

The comparison nonetheless indicates that the
storage-hybridization benefit identified in this
work a jump from roughly 28-40% to 70%+
renewable penetration when moving from no-
storage or single-technology storage to an
optimized hybrid configuration is directionally
consistent with the hybrid pumped-hydro-and-
battery result reported for the IEEE-bus case
study [1], even though the absolute penetration
achieved here is higher, reflecting the additional
flexibility contributed by hydrogen storage and
ammonia export relative to a power-only storage
hybrid.
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4.11. Policy and Investment Implications

The results carry several implications for project
developers, utilities, and policymakers shaping
green hydrogen deployment. Because electrolyzer
CAPEX and renewable electricity price jointly
dominate the LCOH sensitivity envelope, policy
instruments that reduce either capital grants and
accelerated  depreciation  for electrolyzer
manufacturing, or renewable power purchase
agreements structured specifically for electrolytic
offtake are likely to yield larger LCOH reductions
than instruments targeting secondary cost items
such as balance-of-plant or water treatment.

The diminishing-returns behavior of storage
capacity (Fig. 6) suggests that subsidy or
incentive design should avoid rewarding storage
capacity in isolation from its marginal
contribution to renewable penetration, to prevent
economically inefficient over-sizing. Finally, the
comparatively modest incremental benefit of
ammonia export relative to storage hybridization
in this case study implies that early-stage green
hydrogen complexes without secured export off-
take agreements may achieve more favorable
near-term economics by prioritizing domestic
storage-hybridized  operation, with  export
infrastructure added once storage-optimized
operation is established and off-take contracts are
secured. Some limitations  should be
acknowledged.

The case study uses a single representative year of
weather and load data; inter-annual renewable
resource variability could alter optimal storage
sizing, particularly for the hydrogen buffer, and
multi-year or stochastic weather-year analysis
would strengthen the robustness of the reported
capacities.

The grid emission factor was treated as time-
invariant, whereas real grids exhibit hourly
emission-intensity variation that could modestly
change the emissions results if incorporated
explicitly.  Electrolyzer  degradation  was
represented through scheduled stack replacement
rather than a continuously evolving efficiency
curve; a more granular degradation model, as
recommended in recent PEM durability studies
[7], could refine the OPEX trajectory.

Finally, ammonia and hydrogen export prices
were treated as exogenous and time-invariant;
coupling the model to a stochastic or forward-
curve representation of export markets, as
explored in power-to-ammonia scheduling
studies [10,21], would allow assessment of price-
risk exposure.
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Table 4. Comparison of key performance
indicators between the present study and
representative results reported in the recent
literature (n/r = not reported in the cited source).

Ren
ewa | LCO | LC
Study / ble E OH
configurat | pen | (USD | (US Method
ion etra | /kwh | D/k
tion ) )
(%)
. Hybrid
This study
(S3, | 71.4 | 0.061 | 4.35 Eagery *
proposed) yarogen
MILP
Asim et al. Hybrid
[1] (PHB pumped-
hybrid, 40.0 n/r n/r hydro +
IEEE 9- battery
bus) MILP
Yanbu hub Two-layer
Stu((\jzit[hln n/r n/r 68— | HOMER +
10.5 MILP
waste-heat workflow
& export)

Jordan 0.007 159 Scenario-
HOMER/S nir 2— - based
AM study 0.030 3.49 HOMER/SA

[20] 1 ' M sizing

V CONCLUSIONS
This study developed and operationally optimized
a Green Hydrogen-Based Integrated Energy
Complex coupling solar and wind generation with
PEM electrolysis, hybrid battery-plus-hydrogen
storage, fuel-cell reconversion, ammonia export,
and waste-heat recovery, using a mixed-integer
linear programming formulation cross-validated
against a metaheuristic benchmark.
Across five progressively integrated operating
scenarios evaluated on a representative industrial
case study, the proposed hybrid battery-plus-
hydrogen  configuration raised renewable
penetration from 28.6% to 71.4%, reduced the
levelized cost of electricity from 0.181 to 0.061
USD/KWh, cut total system operating cost by
approximately 42%, and reduced CO2 emissions
by more than 60% relative to a no-storage
baseline.
Adding ammonia export delivered a further,
comparatively modest improvement. Sensitivity
analysis confirmed that renewable electricity
price and electrolyzer capital expenditure are the
dominant determinants of the levelized cost of
hydrogen, which ranged from 3.15 to 5.85
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USD/kg (4.35 USD/kg base case) across the
tested parameter envelope.

These findings demonstrate that jointly
optimizing  storage-technology hybridization
rather than sizing battery and hydrogen storage
independently captures cost and emissions
benefits that single-technology approaches
cannot, and that this benefit saturates beyond a
moderate storage-capacity threshold, offering a
practical guideline against over-sizing.

From a practical standpoint, the results suggest
that developers and planners of green hydrogen-
based integrated energy complexes should
prioritize (i) coupling electrolyzer dispatch tightly
to the renewable supply curve rather than
operating it as baseload, (ii) sizing hybrid battery-
plus-hydrogen storage jointly rather than
sequentially, and (iii) evaluating power-to-X
export opportunities as a secondary, revenue-
enhancing layer once the core storage-
hybridization design is optimized.

Building on the limitations identified, future
research directions include:

e Extending the framework to multi-year
stochastic weather and renewable-resource-year
ensembles to test the robustness of optimal stor-
age sizing under inter-annual variability.

e Incorporating continuous, physics-based
electrolyzer degradation modeling in place of
scheduled stack replacement, building on renew-
able-powered PEM durability studies.

e Exploring alternative power-to-X path-
ways, including methanol and synthetic aviation
fuel synthesis, alongside ammonia, to identify the
most economically resilient export strategy under
variable commodity prices.

e Coupling the operational optimization to
a stochastic or forward-curve representation of
hydrogen and ammonia export markets to quan-
tify price-risk exposure and inform contract struc-
turing.

e Embedding machine-learning-based re-
newable-generation forecasting and surrogate
degradation models within the rolling-horizon op-
timization loop, following emerging hybrid mod-
eling practice in the field , while retaining phys-
ics-based validation benchmarks.

e Validating the framework against opera-
tional data from pilot-scale and early commercial
green hydrogen integrated energy complexes as
such data become available.

REFERENCES

[1] Asim, A. M., Awad, A. S. A,, Attia, M. A. Inte-
grated optimization of energy storage and green



PROBLEMELE ENERGETICII REGIONALE 4 (72) 2026

hydrogen systems for resilient and sustainable future
power grids. Scientific Reports, 2025, 15, pp. 1-18.
https://doi.org/10.1038/s41598-025-09408-x

[2] Xia, L., Bin, W., Zhou, L., Liang, T., et al. Model-
ing and optimization of renewable hydrogen systems:
A systematic methodological review and machine
learning integration. Energy and Al, 2024, 18, 100455.
https://doi.org/10.1016/j.egyai.2024.100455

[3] Brahim, T., Jemni, A. Green hydrogen production:
A review of technologies, challenges, and hybrid sys-
tem optimization. Renewable and Sustainable Energy
Reviews, 2026, 225, 116xXxX.

[4] Hren, R., Vujanovi¢, A., Van Fan, Y., Klemes, J.
J., Krajnc, D., Cuéek, L. Hydrogen production, storage
and transport for renewable energy and chemicals: An
environmental footprint assessment. Renewable and
Sustainable Energy Reviews, 2023, 173, 113113.
https://doi.org/10.1016/j.rser.2022.113113

[5] Park, J., et al. Techno-economic analysis of solar
powered green hydrogen system based on multi-objec-
tive optimization of economics and productivity. En-
ergy Conversion and Management, 2024, 299, 117868.
https://doi.org/10.1016/j.enconman.2023.117868

[6] Terlouw, T., et al. Large-scale hydrogen production
via water electrolysis: A techno-economic and envi-
ronmental assessment. Energy & Environmental Sci-
ence, 2022, 15, No. 9, pp. 3583-3602.
https://doi.org/10.1039/D2EE01240H

[7] Voronova, A., et al. Systematic degradation analy-
sis in renewable energy-powered proton exchange
membrane water electrolysis. Energy & Environmen-
tal Science, 2023, 16, No. 11, pp. 5170-5184.
https://doi.org/10.1039/D3EE01529A

[8] Hu, K., et al. Comparative study of alkaline water
electrolysis, proton exchange membrane water elec-
trolysis and solid oxide electrolysis through multiphys-
ics modeling. Applied Energy, 2022, 312, 118743.
https://doi.org/10.1016/j.apenergy.2022.118743

[9] Dawood, F., Anda, M., Shafiullah, G. M. Hydrogen
production for energy: An overview. International
Journal of Hydrogen Energy, 2020, 45, No. 7, pp.
3847-38609.
https://doi.org/10.1016/j.ijhydene.2019.12.059

[10] Klyapovskiy, S., Zheng, Y., You, S., Bindner, H.
W. Optimal operation of the hydrogen-based energy
management system with P2X demand response and
ammonia plant. Applied Energy, 2021, 304, 117559.
https://doi.org/10.1016/j.apenergy.2021.117559

[11] Wen, D., Aziz, M. Flexible operation strategy of
an integrated renewable multi-generation system for
electricity, hydrogen, ammonia, and heating. Energy
Conversion and Management, 2022, 253, 115166.
https://doi.org/10.1016/j.enconman.2021.115166

[12] Wade, F., Roche, R., Chailan, A., Bertrand, V.,
Paire, D. Optimal sizing and energy management of an
integrated energy system coupling a hydrogen-fueled
gas turbine with storage for Power-to-Power and hy-
drogen supply. International Journal of Hydrogen En-
ergy, 2025, 135, pp. 31-47.
https://doi.org/10.1016/j.ijhydene.2025.05.004

15

[13] Song, Y., Mu, H., Li, N., Wang, H. Multi-objec-
tive optimization of large-scale grid-connected photo-
voltaic-hydrogen-natural gas integrated energy power
station based on carbon emission priority. International
Journal of Hydrogen Energy, 2023, 48, No. 10, pp.
4087-4103.
https://doi.org/10.1016/j.ijhydene.2022.11.215

[14] Xu, X., et al. Research on hydrogen storage sys-
tem configuration and optimization in regional inte-
grated energy systems considering electric-gas-heat-
hydrogen integrated demand response. International
Journal of Hydrogen Energy, 2025, 135, pp. 86-103.
https://doi.org/10.1016/].ijhydene.2025.05.008

15] Zhu, R., Jiang, J., Sun, J., Guo, D., Wei, M., Zhao,
Z. Optimal planning of integrated electricity-natural
gas distribution systems with hydrogen enriched com-
pressed natural gas operation. International Journal of
Electrical Power & Energy Systems, 2024, 161,
110174. https://doi.org/10.1016/].ijepes.2024.110174
[16] Zhang, X., Yin, Y., Lv, Y., Wang, H., Wu, T.,
Wang, G. A low-carbon planning strategy for inte-
grated energy system and hydrogen refueling stations
with the retirement of oil stations. IEEE Transactions
on Industry Applications, 2024.

[17] Anonymous authors. Techno-Economic Optimi-
zation of an Integrated Renewable-Hydrogen-Data
Center Hub for Yanbu Industrial City in Saudi Arabia.
Energies, 2026, 19, No. 6, 1482.
https://doi.org/10.3390/en19061482

[18] Anonymous authors. Techno-economic analysis
tool for the sizing and optimization of an off-grid hy-
drogen hub. Journal of Energy Storage, 2023, 73, Part
A, 108841. https://doi.org/10.1016/j.est.2023.108841
[19] Anonymous authors. Techno-economic analysis
tool for the sizing and optimization of an on-grid hy-
drogen hub: A case study for energy transition in Ar-
gentina. Journal of Energy Storage, 2024.

[20] Anonymous authors. Optimal Hybrid Energy Sys-
tem Sizing for Green Hydrogen Production: Scenario-
Based Techno-Economic Approach. Hydrogen, 2026,
7, No. 1, 12. https://doi.org/10.3390/hydrogen7010012
[21] Anonymous authors. Techno-economic assess-
ments of electrolyzers for hydrogen production. Ap-
plied Energy, 2025, in press.

[22] Kountouris, 1., Langer, L., Bramstoft, R., Miinster,
M., Keles, D. Power-to-x in energy hubs: A Danish
case study of renewable fuel production. Energy Pol-
icy, 2023, 175, 113439.
https://doi.org/10.1016/j.enpol.2023.113439

[23] Naughton, J., Riaz, S., Cantoni, M., Zhang, X. P.,
Mancarella, P. Comprehensive optimization-based
techno-economic assessment of hybrid renewable elec-
tricity-hydrogen virtual power plants. Journal of Mod-
ern Power Systems and Clean Energy, 2023, 11, pp.
553-566.
https://doi.org/10.35833/MPCE.2022.000535

[24] Pan, G., Gu, W., Lu, Y., Qiu, H., Lu, S., Yao, S.
Optimal planning for electricity-hydrogen integrated
energy system considering power to hydrogen and heat



https://doi.org/10.1038/s41598-025-09408-x
https://doi.org/10.1016/j.rser.2022.113113
https://doi.org/10.1016/j.enconman.2023.117868
https://doi.org/10.1039/D2EE01240H
https://doi.org/10.1039/D3EE01529A
https://doi.org/10.1016/j.ijhydene.2019.12.059
https://doi.org/10.1016/j.apenergy.2021.117559
https://doi.org/10.1016/j.enconman.2021.115166
https://doi.org/10.1016/j.est.2023.108841
https://doi.org/10.1016/j.enpol.2023.113439
https://doi.org/10.35833/MPCE.2022.000535

PROBLEMELE ENERGETICII REGIONALE 4 (72) 2026

and seasonal storage. IEEE Transactions on Sustaina-
ble Energy, 2020, 11, No. 4, pp. 2662—2676.
https://doi.org/10.1109/TSTE.2019.2951994

[25] Gabrielli, P., Poluzzi, A., Kramer, G. J., Spiers,
C., Mazzotti, M., Gazzani, M. Seasonal energy storage
for zero-emissions multi-energy systems via under-
ground hydrogen storage. Renewable and Sustainable
Energy Reviews, 2020, 121, 109629.
https://doi.org/10.1016/j.rser.2019.109629

[26] Li, J., Lin, J., Heuser, P., Heinrichs, H., Xiao, J.,
Liu, F., et al. Co-planning of regional wind resources-
based ammonia industry and the electric network: A
case study of Inner Mongolia. IEEE Transactions on
Power Systems, 2022, 37, No. 1, pp. 65-80.
https://doi.org/10.1109/TPWRS.2021.3097413

[27] Shi, M., Huang, Y. Research on investment plan-
ning of power-hydrogen system considering the multi-
stakeholder benefit. Renewable Energy, 2022, 199, pp.
1408-1423.
https://doi.org/10.1016/j.renene.2022.08.120

[28] Huo, D., et al. Operation optimization of district
heating network under typical modes for improving the
economic and flexibility performances of integrated

Information about authors.

L.Balaji, Bharath Institute of
Higher Education and Research,
Chennai

E-mail: balaragava@gmail.com
ORCID:
https://orcid.org/0009-0008-
4506-2105

Research interests:
combustion engines

Internal

P. Balu, Bharath Institute of
Higher Education and Research,
Chennai, Tamil Nadu, India,
E-mail:
balumitauto@gmail.com
ORCID:
https://orcid.org/0000-0003-
3480-1116

Research interests. Internal
combustion engines

16

energy system. Energy Conversion and Management,
2022, 267, 115904.
https://doi.org/10.1016/j.enconman.2022.115904

[29] Ajanovic, A., Sayer, M., Haas, R. On the future
relevance of green hydrogen in Europe. Applied En-
ergy, 2024, 358, 122586.
https://doi.org/10.1016/j.apenergy.2023.122586

[30] Wen, Z., Huang, B., Wang, Y., et al. Ammonia as
a renewable energy carrier from synthesis to utiliza-
tion. Nature Reviews Clean Technology, 2025, 1, No.
11, pp. 755-770.

[31] Li, J., Lin, J., Wang, J., et al. Redesigning electri-
fication of China's ammonia and methanol industry to
balance decarbonization with power system security.
Nature Energy, 2025, 10, pp. 762-773.
https://doi.org/10.1038/s41560-025-01789-8

[32] Armijo, J., Philibert, C. Flexible production of
green hydrogen and ammonia from variable solar and
wind energy: Case study of Chile and Argentina. Inter-
national Journal of Hydrogen Energy, 2020, 45, No. 3,
pp. 1541-1558.
https://doi.org/10.1016/].ijhydene.2019.09.168

N.Anbazhaghan, V.R.S. College of
Engineering and Technology, Arasur-
607107, Villupuram District, Tamil
Nadu, India. Research interests:
Thermal engineering, Refrigeration,
IC engines, Renewable Energy
E-mail:
anbazhaghan1968@gmail.com
ORCID:
https://orcid.org/0009-0003-8921-
8582

M. Senthil Kumar, Bharath Institute
of Higher Education and Research,
Chennai, Tamil Nadu, India

E-mail: mskumar67@gmail.com
ORCID: https://orcid.org/0009-0007-
2328-60 55

Research interests. Industry 5.0,
Product  Development,  Electric
Vehicle, 3DP, MCU & Automation,
eLearning



https://doi.org/10.1016/j.rser.2019.109629
https://doi.org/10.1109/TPWRS.2021.3097413
https://doi.org/10.1016/j.renene.2022.08.120
https://doi.org/10.1016/j.apenergy.2023.122586
https://doi.org/10.1038/s41560-025-01789-8
mailto:balaragava@gmail.com
mailto:anbazhaghan1968@gmail.com
https://orcid.org/0009-0003-8921-8582
https://orcid.org/0009-0003-8921-8582
file:///M:/i_d2_new/MISHA/ОБЩИЕ_ВОПРОСЫ/ИНСТИТУТ_ЭНЕРГЕТИКИ/ЖУРНАЛ_ИНСТИТУТА_ЭНЕРГЕТИКИ/PROBLEMELE_ENERGETICII_REGIONALE_4_2026/BALAJI_INDIA_05_08_2026/balumitauto@gmail.com
https://orcid.org/0000-0003-3480-1116
https://orcid.org/0000-0003-3480-1116
mailto:mskumar67@gmail.com
https://orcid.org/0009-0007-2328-60%2055
https://orcid.org/0009-0007-2328-60%2055

