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Abstract

Rapid decarbonization and decentralization of power systems are driving the integra-
tion of renewable generation, energy storage and digital technologies into unified en-
ergy ecosystems. In this context, photovoltaic (PV) systems combined with battery and
hydrogen storage and blockchain-based platforms represent a promising pathway to-
ward sustainable and transparent energy management. This study evaluates the techno-
economic performance and operational feasibility of integrated PV systems combining
battery and hydrogen storage with a blockchain-based peer-to-peer (P2P) energy trading
platform. A simulation framework was developed for two representative consumer pro-
files: a scientific–educational institution and a residential household. Technical, economic
and environmental indicators were assessed for PV systems integrated with battery and
hydrogen storage. The results indicate substantial reductions in grid electricity demand
and CO2 emissions for both profiles, with hydrogen integration providing additional peak-
load stabilization under current cost constraints. Blockchain functionality was validated
through smart contracts and a decentralized application, confirming the feasibility of P2P
energy exchange without central intermediaries. Grid electricity consumption is reduced
by up to approximately 45–50% for residential users and 35–40% for institutional buildings,
accompanied by CO2 emission reductions of up to 70% and 38%, respectively, while hydro-
gen integration enables significant peak-load reduction. Overall, the results demonstrate
the synergistic potential of integrating PV generation, battery and hydrogen storage and
blockchain-based trading to enhance energy independence, reduce emissions and improve
system resilience, providing a comprehensive basis for future pilot implementations and
market optimization strategies.

Keywords: energy resilience; photovoltaic (PV) system; net-zero; techno-economic;
peer-to-peer (P2P) energy trading; clean technology; microgrid distribution

1. Introduction
Climate change, geopolitical uncertainty and the relentless growth of global energy

demand are reshaping the structure and dynamics of the energy sector. Projections from
the International Energy Agency indicate that electricity consumption will nearly double
by 2050, with renewable sources expected to provide the majority of global generation.
This profound transition, reinforced by the electrification of end-use sectors and the de-
carbonization of heating and transport, underscores the need for integrated and adaptive
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system-planning frameworks that transcend conventional generation paradigms [1,2].
Within this framework, the European Union’s Green Deal emphasizes that the decarboniza-
tion of the power sector represents a critical milestone in achieving climate neutrality by
the mid-century [3]. Combined heat and power (CHP) and combined cooling, heating
and power (CCHP) systems remain vital components of transitional energy strategies,
providing high-efficiency links between conventional and renewable energy sectors [4].

Among renewable energy sources, photovoltaic (PV) systems represent one of the
most dynamic and rapidly expanding segments. The global installed PV capacity sur-
passed 1 TW in 2022, maintaining an annual growth rate exceeding 20% [5]. The key
advantages of PV technology include implementation flexibility, relatively low operating
costs and the potential for integration across multiple scales, from individual households to
large industrial complexes [6]. Recent methodological advances have introduced adaptive
teaching–learning-based optimization techniques to PV systems, enabling enhanced param-
eter identification and improved model fidelity under variable real-world conditions. In
parallel, the application of multi-objective optimization algorithms to hybrid renewable sys-
tems combining PV, wind and hydrogen storage has demonstrated marked improvements
in cost efficiency, operational reliability and carbon abatement potential. Comprehensive
literature syntheses increasingly position hydrogen as a cornerstone of renewable-based
energy architectures due to its capacity to mitigate intermittency and provide long-duration
storage through power-to-gas pathways. As underscored by Bhandari and Adhikari [7–9],
the integration of hydrogen within PV- and wind-dominated systems not only enhances
grid flexibility and seasonal storage but also enables deep cross-sectoral decarbonization.

Similar optimization approaches have been successfully applied in hybrid solar sys-
tems, where multi-objective models were used to balance thermodynamic performance
and economic efficiency, demonstrating the importance of integrated renewable system
optimization [10]. The intrinsic intermittency of solar generation, governed by diurnal and
meteorological variations, continues to challenge the stability and reliability of photovoltaic
(PV) systems. Empirical studies examining the effects of extreme weather phenomena
on PV output underscore the necessity of adaptive design methodologies and predictive
forecasting models capable of maintaining operational resilience under variable climatic
conditions. This stochastic behavior complicates grid coordination and necessitates the
deployment of advanced energy storage and control mechanisms to safeguard supply
continuity and system reliability [11,12]. Comparable studies on wind power integra-
tion have reported similar challenges in maintaining voltage stability and dispatchability,
emphasizing the need for complementary storage technologies and predictive control
frameworks [13].

The growth of PV systems has been particularly pronounced within the European
Union. In 2022 alone, approximately 41 GW of new capacity was installed, represent-
ing an increase of nearly 50% compared to 2021 [14]. Projections toward 2030 indicate
sustained expansion, with an average of 85 GW of new installations per year and a total
capacity approaching 920 GW [15]. The National Energy and Climate Plans (NECPs) of EU
member states promote decentralized electricity generation, including the participation of
small-scale producers, or prosumers, thereby reinforcing the need for the development of
innovative energy models (Figure 1). Recent high-renewable power system studies, such
as the Germany 2045 scenario, are already testing hierarchical predictive control frame-
works targeting near-zero net exchange with the main grid, demonstrating that coordinated
storage dispatch and forecasting can maintain system balance even under high renewable
penetration [16].
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Figure 1. Projected growth of solar PV capacity in the European Union (2022–2030) [14,15].

To address these operational challenges, energy storage technologies have become
indispensable components of renewable-based systems. Battery energy storage provides
short-term balancing of generation and demand but remains constrained by cost, capacity
and limited lifespan [17]. Renewable hydrogen technologies can effectively supplement
high-efficiency thermal systems such as condensing gas boilers, which continue to play
an important transitional role in the decarbonization of residential heating. In addition to
their synergy with existing infrastructure, hydrogen solutions enable long-duration energy
storage and promote cross-sectoral coupling between power, mobility and industrial ap-
plications. Emerging research on thermochemical water-splitting cycles provides further
opportunities for sustainable hydrogen production, reducing dependence on electricity-
driven electrolysis and enhancing overall system flexibility [18–20]. Previous analyses of
hybrid thermal–renewable systems confirm that integrating hydrogen production with
conventional power plants can substantially enhance overall efficiency and reduce emis-
sions, especially when supported by advanced alternative technologies [21]. Greenhouse
gases mainly result from human activity. The calculation includes direct gases (CO2, CH4,
N2O, HFCs, PFCs, SF6) and indirect ones (CO, NOx, NMVOCs, SO2). Gases covered by the
Montreal Protocol, such as CFCs, are excluded. As shown in Figure 2, the energy sector
remains the largest source of emissions [22,23].
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Figure 2. Greenhouse gas emission trends by sector [24].
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The rise in renewable energy use suggests a decline in greenhouse gas emissions.
However, the 2008–2014 reduction mainly resulted from the economic crisis. Croatia met
its Kyoto targets and, after joining the EU, adopted a 20% reduction goal by 2020 and 40%
by 2030 under the Paris Agreement.

According to the International Renewable Energy Agency (IRENA), global electrolyzer
capacity could reach 350 GW by 2030, with the cost of green hydrogen expected to fall
below 2 USD per kilogram [25]. The financial and logistical integration of hydrogen within
renewable energy supply chains is gaining momentum, underscoring the emerging role of
digital verification and blockchain-enabled traceability in ensuring transparency in green
hydrogen markets [26]. Beyond its role as a versatile energy carrier, hydrogen has emerged
as a catalyst for industrial transformation and economic restructuring. National and
regional policy frameworks increasingly position hydrogen technologies as foundational
components of post-fossil competitiveness and long-term energy security.

The integration of hydrogen across sectors presents complex sociotechnical challenges,
where digital traceability systems, transparent supply chains and coordinated stakeholder
engagement are decisive for large-scale implementation and public acceptance [27,28].
Despite its potential, technological limitations such as the low efficiency of electrolysis and
fuel-cell processes, high capital costs and safety concerns continue to impede large-scale
deployment [29]. The transition toward large-scale hydrogen utilization presents complex
safety and materials challenges, including high-pressure storage integrity, leakage pre-
vention and long-term material degradation. These issues demand the development of
harmonized international standards, robust safety protocols and advanced real-time moni-
toring technologies. In parallel, recent analyses of hybrid renewable system optimization
underscore that true system resilience can only be achieved through integrated approaches
that simultaneously coordinate generation, storage and control functions within a unified
operational framework [30,31]. To overcome these limitations, hybrid battery–hydrogen
configurations are increasingly proposed to combine the fast response of batteries with
the long-term storage capacity of hydrogen, providing a balanced approach to system
flexibility and decarbonization [32].

Hydrogen storage remains a critical bottleneck and ongoing research focuses on
improving materials efficiency, safety and cost-effectiveness to enable widespread imple-
mentation [33]. Complementary to these physical innovations, blockchain-based service
frameworks have been developed for forecasting and managing hydrogen production,
linking surplus renewable electricity to electrolyzers through auditable smart contracts and
secure data management systems [34]. Recent reviews confirm that hybrid renewable sys-
tems combining PV, battery and hydrogen storage technologies can significantly enhance
grid resilience and decarbonization potential when coordinated under integrated control
architectures [35]. Complementary research on multi-objective optimization frameworks
highlights that coordinated operation of hybrid renewable systems with green hydrogen in-
tegration and dual storage strategies can substantially improve system flexibility, economic
performance and decarbonization outcomes [36].

Building upon these advances in physical infrastructure, the digitalization of en-
ergy management has become equally crucial. Traditional centralized systems often ex-
hibit inefficiencies, high transaction costs and limited flexibility in integrating distributed
producers [37]. Consequently, microgrid research has shifted toward coordinated control of
decentralized renewable sources, storage assets and flexible loads, emphasizing autonomy,
resilience and local optimization [38]. Advanced energy management systems increasingly
function as the “brain” of distributed grids, leveraging artificial intelligence and predictive
analytics to synchronize supply, demand and storage operations in real time [39]. As these
networks grow more complex and data-driven, cybersecurity emerges as a fundamental
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prerequisite; recent studies underscore the importance of authentication, data integrity and
tamper-resistant audit trails as essential design elements of modern smart grids [40].

In parallel, blockchain technology has gained prominence as a solution for secure and
transparent energy transactions within decentralized systems. Accurate monitoring and
machine learning sensor calibration are recognized as key enablers for data reliability in
PV, battery and blockchain-linked infrastructures [41]. Similar sensor-based architectures
have been successfully validated in other smart infrastructure applications, such as the
design and control of mini greenhouses for sustainable agriculture, where sensor–actuator
feedback and low-cost microcontroller systems enable real-time environmental monitoring
and autonomous operation [42]. When combined with smart contracts, blockchain provides
an automated, tamper-proof framework for peer-to-peer (P2P) energy trading, reducing the
need for intermediaries and increasing overall system transparency and resilience [43]. P2P
trading has thus become a dominant paradigm that facilitates local exchange of renewable
electricity among prosumers, supported by blockchain, smart contracts and dynamic pric-
ing algorithms [44]. Beyond market operations, decentralized blockchain–AI architectures
are being explored to secure cyber-physical energy infrastructures, demonstrating that
blockchain can function simultaneously as a transactional layer and a trust backbone for
operational integrity [45]. Recent developments extend this concept to the hydrogen sector,
where blockchain-enabled pricing mechanisms for electricity–hydrogen coupling have
been implemented at refueling stations, treating hydrogen as an actively traded commodity
within local energy ecosystems [46]. Similarly, joint industrial initiatives have shown that
blockchain can serve as a coordination and certification platform in hydrogen industry
alliances, enabling traceability of production origin, quality and intellectual property across
supply chains. Large-scale renewable networks are increasingly adopting blockchain-based
trading frameworks to enhance transparency, minimize transaction costs and automate
settlement within decentralized market environments [47].

Practical evidence of these advancements can already be observed in European pilot
projects. The Enerchain consortium, comprising more than forty energy companies, has
developed a blockchain platform for electricity and gas trading, while the Pylon Network
in Spain enables transparent data exchange on renewable generation and consumption [48].
Comparable initiatives such as Grid Singularity and WePower integrate blockchain with
smart contracts and energy tokenization mechanisms [49]. Industrial applications in
China likewise demonstrate blockchain’s potential as a coordination and certification
layer for hydrogen production and exchange, fostering innovation and cross-sectoral data
transparency [50]. Additional studies, including [51], confirm the relevance of blockchain-
enabled frameworks for decentralized hydrogen production using solar resources.

Integrating PV systems, hybrid energy storage (battery and hydrogen) and blockchain
technology thus creates a comprehensive energy model uniting generation, storage and
trading functions. PV systems provide clean and sustainable power, storage technologies
enhance reliability and flexibility and blockchain ensures transparent and secure digital
market operations [52]. Recent advances in virtual power plant (VPP) concepts demonstrate
how distributed PV, battery and hydrogen systems can be coordinated under unified
digital control, with blockchain serving as the settlement and trust layer for multi-actor
coordination in net-zero energy networks [53]. Such an integrated approach fosters greater
energy independence, reduces greenhouse gas emissions and promotes the creation of new
decentralized market mechanisms aligned with global energy transition goals.

However, few existing studies have simultaneously modeled the technical, economic
and digital dimensions of PV systems integrating both battery and hydrogen storage within
blockchain-based trading frameworks. This gap limits a comprehensive understanding of
their synergistic potential and real-world feasibility. Therefore, the present research aims to
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examine the techno-economic performance of integrated PV–battery–hydrogen systems
coupled with blockchain technology for decentralized energy management and P2P trading.
Special emphasis is placed on simulating PV performance for distinct consumer categories,
modeling hydrogen-based storage of surplus energy and developing a decentralized ap-
plication for blockchain-enabled electricity exchange. The central hypothesis posits that
such an integrated approach can enhance PV utilization, reduce storage-related losses
and improve the overall security and resilience of distributed energy networks. The main
contribution of this work lies in the unified modeling and evaluation of photovoltaic gen-
eration, battery and hydrogen storage and blockchain-based peer-to-peer energy trading
within a single techno-economic framework, enabling a system-level assessment of their
synergistic effects on emission reduction, peak-load mitigation and decentralized energy
management for different consumer categories.

2. Materials and Methods
This section describes the methodological framework applied to model, simulate and

integrate the photovoltaic (PV), energy storage and blockchain components of the hybrid
energy system. The modeling approach combines established analytical formulations with
numerical simulations to evaluate system performance under representative operating
conditions. The model was developed for two representative consumer types: a residential
household and an institutional building. The two case studies were intentionally selected
to represent contrasting but complementary consumer profiles: a scientific–educational in-
stitution with high and continuous daytime electricity demand and a residential household
with lower, more variable consumption patterns, enabling evaluation of system perfor-
mance across different scales and operating conditions. Both cases were analyzed under
identical methodological assumptions to allow a consistent comparison of the effects of
battery storage, hydrogen integration and blockchain-based energy trading.

2.1. Modeling of Photovoltaic Systems

The modeling of PV systems is based on standard mathematical formulations that
relate solar irradiance, panel surface area, module efficiency and temperature effects. The
output electrical power of a PV array can be approximated by the following equation:

PPV = Gt · A · ηPV · fT · fsys (1)

where PPV is the output power of the PV array (W), Gt is the solar irradiance incident on
the module surface (W/m2), A is the total surface area of the PV modules (m2), ηPV is the
module efficiency under standard test conditions (STC), f T is the temperature correction
factor and f sys represents the system loss factor, which accounts for inverter inefficiencies,
cable losses, soiling and module mismatch.

The temperature effect on PV module performance is modeled using a correction
factor expressed as follows [6]:

fT = 1 − β · (Tc − Tref) (2)

where β is the temperature coefficient of the module (%/◦C), Tc is the cell temperature (◦C)
and Tref is the reference temperature, typically 25 ◦C.

The estimation of the cell temperature is commonly performed using the nominal
operating cell temperature (NOCT), according to the following expression [54]:

Tc = Ta +
NOCT − 20

800
· Gt (3)
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where Ta is the ambient temperature (◦C) and Gt is the solar irradiance on the module
surface (W/m2).

Two PV systems of different capacities were considered in this study: a smaller
household system rated at 2.2 kW and a larger building-scale system rated at 115 kW.

Due to its favorable location and south orientation (Figure 3), the Mechanical En-
gineering Faculty in Slavonski Brod is well suited for such a system, with annual solar
irradiation of 1500–1600 kWh/m2. Coastal Adriatic cities show even higher values, reaching
1700–1900 kWh/m2.

  
Figure 3. Annual solar irradiation, geographic location and orientation of the Mechanical Engineering
Faculty based on PVGIS data [55].

According to meteorological data from the European Commission’s Photovoltaic
Geographical Information System (PVGIS) [55], all necessary parameters for the system
analysis were obtained. The average monthly values of solar irradiation and ambient
temperature for a representative year, based on data collected between 2005 and 2025, are
presented in the diagram shown in Figure 4.

Figure 4. Monthly solar irradiation and ambient temperature data for the representative year.

The input parameters include the technical characteristics of the modules, the number
of modules, inverter type, geometric configuration and simulation location. A summary of
the main parameters is presented in Table 1.
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Table 1. Basic input parameters of the PV systems for the household and the building.

Parameter Household Building Unit

PV module type Trina Vertex S+ TSM-NEG9R.28 Trina Vertex S+ TSM-NEG9R.28 -
Inverter model 1 × Growatt SPH 4000TL3 BH-UP 9 × Growatt SPH 10000TL3 BH-UP -

Module power (STC) 440 440 W
Number of modules ≈5 ≈261 pcs

Total installed PV capacity 2.2 115 kW
Panel tilt angle 35 35 ◦

Panel azimuth angle 190 196.3 ◦

Location Ðakovo Slavonski Brod -

To provide a schematic diagram of the PV system configuration, Figures 5 and 6
presents a schematics of the system with its main components.

Figure 5. Schematic diagram of the PV systems for an institutional building.

Figure 6. Schematic diagram of the PV systems for a residential household.

The photovoltaic system implemented in the institutional building consists of multiple
PV arrays with different string configurations and numbers of modules, connected to
hybrid inverters operating at an AC voltage of 230 V. This configuration enables efficient
energy conversion, reliable supply of local loads and flexible energy management under
varying operating conditions. The system architecture includes separate DC and AC
disconnect switches, a multi-circuit distribution board and a grid connection via a service
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cabinet and metering device, ensuring operational safety, modularity and bidirectional
power exchange with the electricity grid.

The residential photovoltaic system is designed primarily to cover on-site electricity
consumption and to reduce reliance on the external grid. Compared to the institutional
configuration, it features lower installed capacity, a simpler topology and fewer functional
layers. Battery storage plays a key role in providing short-term flexibility, increasing
self-consumption and enhancing energy self-sufficiency.

Photovoltaic system modeling was performed using HelioScope [56] and validated
with HOMER Pro [57], while the blockchain-based energy trading platform was developed
and tested using Solidity smart contracts deployed on a local Ethereum environment
(Ganache) [58] and accessed via MetaMask [59] and Web3 interfaces. This approach enabled
the calculation of energy flows under different operational scenarios and provided reliable
input data for subsequent analyses of energy storage and blockchain-based energy trading.

The hybrid system components were selected based on their technological maturity,
commercial availability and complementary operational roles, with batteries providing
short-term flexibility, hydrogen enabling long-term storage and peak-load mitigation and
blockchain facilitating decentralized energy exchange. Component sizing and parameter
values were chosen to reflect realistic, deployable configurations suitable for both residen-
tial and institutional-scale applications. Lifetime and replacement of components were
explicitly considered in the economic analysis, with battery, inverter and hydrogen subsys-
tem replacements scheduled according to manufacturer lifetimes and implemented within
the HOMER Pro feasibility calculations.

2.2. Energy Storage Modeling

To evaluate the flexibility and reliability of the hybrid system, dedicated models were
developed for battery and hydrogen energy storage. The formulation considers charge–
discharge dynamics, conversion efficiencies and capacity limitations, enabling a consistent
assessment of energy exchange between the storage units, the photovoltaic source and the
consumer load.

2.2.1. Battery Storage Model

The electrochemical energy storage subsystem is modeled through a state-of-charge
(SOC) balance equation that separately accounts for the charging and discharging phases,
thereby enabling high-fidelity representation of transient energy exchanges within the
hybrid renewable configuration [17,32]:

SOCt+1 = SOCt +
ηc · Pch,t · ∆t

Ebatt
−

Pdist,t · ∆t
ηd · Ebatt

(4)

The formulation is subject to the operational constraints 0 ≤ SOCt ≤ 1; 0 ≤ Pch,t ≤ Pch,max;
0 ≤ Pdist,t ≤ Pdist,max, together with the condition that prohibits simultaneous charging
and discharging, although controlled relaxation can be applied during optimization to
facilitate convergence:

Pch,t · Pdist,t = 0 (5)

In this model, Ebatt denotes the nominal energy capacity of the battery (kWh), ηc and
ηd represent the charging and discharging efficiencies and ∆t is the simulation time step
(1 h). The overall round-trip efficiency, ηrt = ηc · ηd, typically ranges from 0.85 to 0.95
depending on the electrochemical technology. DC–AC conversion losses are accounted for
through the system loss factor f sys and inverter efficiency described in Section 2.1.

The SOC is updated dynamically based on the net charging and discharging power,
corrected for efficiency losses and limited by the maximum depth of discharge (DoD).
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This ensures realistic cycling behavior and prevents accelerated degradation. Operational
control follows a rule-based logic in which surplus photovoltaic generation charges the
battery, while discharging occurs when local demand exceeds PV output.

The selected 1 h time step offers a practical balance between computational efficiency
and model accuracy, with the flexibility for refinement in predictive or real-time control
applications. The modular formulation also supports coupling with the hydrogen and
blockchain subsystems to maintain consistent energy flow tracking across the hybrid
configuration. Further details on hybrid battery architectures and control strategies in
renewable systems are available in [32], with the corresponding system parameters given
in Table 2.

Table 2. Characteristics of the battery storage system module Pylontech Force-H1-48/336 V [60].

Parameter Value Unit

Nominal voltage (DC) 48 V
Capacity (current-dependent) 74 Ah

Maximum discharge current (10 min) 60 A
Energy capacity (storage-dependent) 3.55 kWh

Depth of discharge (DoD) 95 %
Efficiency 98 %

Number of battery units in the system - pcs

2.2.2. Hydrogen Storage Model (Electrolyzer-Tank-Fuel Cell)

The hydrogen storage subsystem constitutes the central link between short-term
electrical storage and long-term energy flexibility within the hybrid renewable architecture.
It integrates three primary components: the electrolyzer, responsible for converting surplus
photovoltaic energy into hydrogen; the storage tank, which retains the produced hydrogen
under controlled conditions; and the fuel cell, which reconverts stored hydrogen into
electricity on demand (Figure 7).

Figure 7. Physical energy flow within the hybrid PV–battery–hydrogen system connected to the
external utility grid.
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The figure illustrates the physical electricity and energy conversion pathways, in-
cluding photovoltaic generation, battery storage, hydrogen production via electrolysis,
hydrogen storage and reconversion through a fuel cell. The utility grid represents the exter-
nal commercial power grid, which supplies electricity during deficit conditions and receives
excess electricity when local generation and storage capacities are exceeded. While the
subsequent formulations describe these coupled processes in terms of energy conversion
efficiency, mass balance and system integration parameters.

(i) Hydrogen production (electrolysis).

The hourly mass flow rate of the produced hydrogen, assuming the utilization of
surplus electrical energy Esur,t, is calculated as follows [29]:

.
mH2,t =

ηel · Esur,t

LHVH2

(6)

where ηel is the electrolyzer efficiency (ηel = 0.6) and LHVH2 ≈ 33.3 kWh/kg is the lower
heating value of hydrogen. In this implementation, Esur,t represents the hourly surplus AC
energy available for electrolysis.

(ii) Hydrogen storage.

The mass of hydrogen in the storage tank evolves discretely according to the
following relationship:

Mt+1 = Mt +
.

mH2,t −
.

muse,t −
.

mloss,t (7)

subject to the constraints 0 ≤ Mt ≤ Mmax. For a compressed hydrogen tank under typi-
cal operating conditions, storage losses ṁloss,t are generally negligible at an hourly time
step [29]. However, if a cryogenic or metal hydride storage system is used, an additional
loss term can be introduced.

(iii) Conversion back to electricity (fuel cell).

The electrical energy output from the fuel cell is calculated as follows:

EFC,t = ηFC · .
muse,t · LHVH2 (8)

where ηFC is the fuel cell efficiency (typically 0.45–0.6 for PEM or PAFC systems in the
electrical output range, depending on the load [29]). The parameters of the hydrogen
subsystem, including the electrolyzer, storage tank and fuel cell, are shown in Table 3.

Table 3. Parameters of the hydrogen subsystem: electrolyzer, storage tank and fuel cell [19].

Component Parameter Value/Expression Unit

Electrolyzer Efficiency ηel = 0.6 -
Rated input power Pel,nom = max

t

(
Esur,t

∆t

)
kW

Hydrogen
storage Maximum stored mass Mmax = H · PFC,nom

ηFC · LHVH2

kg

Storage type Compressed (assumed) -
Fuel cell Efficiency ηFC = 0.429 -

Rated input power Pel,nom = max
t

(Pload,t − Pmax) kW

Hydrogen Lower heating value LHVH2 = 33.3 kWh/kg
Where Pel,nom is the rated input power of the electrolyzer (kW), ∆t is the time step length (set to 1 h), Mmax is the
maximum hydrogen mass in the storage tank (kg), H is the selected number of autonomy hours that the tank is
designed to cover (h), PFC,nom is the rated power of the fuel cell (kW), Pload,t is the system load at time t (kW) and
Pmax represents the desired peak-load limit (kW).
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On an annual basis, the round-trip efficiency of the hydrogen subsystem is estimated
as ηH2,rt = ηel · ηFC, neglecting minor storage losses. Typical values range between 0.25 and
0.35 [29,32].

Operationally, in the peak-shaving scenarios, a target maximum grid power Pmax is de-
fined and the fuel cell energy output EFC,t is dispatched such that maxt (Pload,t − EFC,t) ≤ Pmax,
subject to the available hydrogen storage Mt. This approach was applied in the practical
case study, where operational decisions were made based on the difference between the
instantaneous peak demand and the predefined target level.

2.3. Blockchain-Based Energy Trading Platform

The proposed blockchain-based electricity trading model was developed to enable
transparent, secure and decentralized exchange of surplus energy between prosumers and
consumers. The system architecture comprises several layers: the energy layer, data mea-
surement and acquisition layer (off-chain), blockchain layer (on-chain), application layer
and the identity and participant management layer. This structure establishes an integrated
framework that connects the physical generation and consumption of energy with the
corresponding digital transaction records within the blockchain network [61].

Within the energy layer, the previously generated surplus electricity is made available
for trading. The surplus energy Esur,t represents the excess stored in any of the energy
storage units (hydrogen tank or battery), taking into account conversion losses associated
with energy discharge. In a real-world implementation, measurements would be performed
using meters and inverters and the data would be transmitted to the smart contract through
an oracle mechanism. The oracle ensures data integrity and reliability, thereby preventing
manipulation and guaranteeing the authenticity of trading records, as emphasized in
several European pilot projects.

The blockchain layer incorporates a smart contract named EnergyMarket, developed
in the Solidity programming language, which performs the core functions of posting offers,
matching bids and executing transactions. The transaction model is based on an order-book
mechanism expressed in kilowatt-hours (kWh), with all trades recorded as immutable
entries on the blockchain. Participants use MetaMask digital wallets for authentication and
transaction signing, while a local blockchain network (Ganache) is employed for testing and
validation. This approach aligns with recent studies that identify blockchain technology
as a key enabler for decentralized demand management and P2P energy exchange in
smart grids.

At the application layer, a decentralized web application (DApp) was developed to
enable user interaction with the smart contract through an intuitive web interface built with
Node.js, HTML and JavaScript. Through the DApp, participants can submit offers to sell or
purchase energy, monitor the status of active orders and review the history of completed
transactions. Communication between the DApp and the blockchain is established via the
Web3 interface, while all events (e.g., OfferCreated and TradeExecuted) are emitted and
displayed to users in real time. The overall system architecture and data flow between
these layers are illustrated in Figure 8.

Users are classified into three groups: prosumers (producer–consumers), consumers
and optionally an operator or community entity responsible for system supervision. Each
user’s identity is linked to their blockchain address, while access rules can be further
defined within permissioned blockchain networks. This approach ensures transparency
and equality among participants, with the operator’s role limited to coordination rather
than centralized control.
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Figure 8. Schematic architecture of the blockchain-enabled energy trading platform integrating
photovoltaic system and hydrogen subsystems.

To clearly illustrate the roles of participants and technical components, Table 4 provides
a summary of the entities and their respective functions within the system.

Table 4. Entities and roles within the P2P energy trading platform.

Entity/Role Role On-Chain Representation Off-Chain Component Notes

Prosumer Household with PV
and battery system

Address and permissions;
sell orders

Meter/inverter log,
surplus profile (Esur,t)

May also act as a buyer
when no surplus is

available

Consumer
Household or building

without surplus
generation

Address and permissions;
buy orders

Meter, consumption
profile

May later become a
prosumer

Operator/
Community

Aggregator or
microgrid

entity

Administrative rights
(e.g., pause, fee settings)

SCADA/HEMS
systems, reporting tools

Optional in
permissioned

networks

Oracle Data
bridge

Whitelisted oracle
address

Signed metering
data

Ensures data integrity
and

authenticity

Smart Contract EnergyMarket State variables, events and
methods -

Manages the order
book and transaction

settlement

Functional testing was performed under several scenarios, including successful trade
execution under valid conditions, trade rejection due to parameter mismatches, verification
of offer states when buy and sell quantities were not aligned and prevention of unauthorized
participation. The results confirm that the smart contract operates correctly in all tested
cases, thereby demonstrating the technical feasibility of the proposed P2P energy exchange
model. It should be noted that the testing did not include the data bridge between the
off-chain and on-chain environments; the system was simplified to include all previously
described layers except the oracle layer. Such testing procedures correspond to validation
approaches increasingly reported in the literature and P2P market simulations.

The link with European pilot projects further reinforces the practical relevance of the
proposed solution. The NRGcoin concept [43] introduces an energy unit as a tokenized
instrument, the Brooklyn Microgrid project [48] emphasizes the role of local communities
in energy trading, while the Pylon Network [49] focuses on the transparency of energy
data. The literature also indicates that blockchain-based markets are increasingly viewed in
the context of the energy transition and the formation of trust-based energy communities.
The proposed model builds upon these experiences by integrating PV systems, energy
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storage technologies (battery and hydrogen) and blockchain mechanisms for surplus energy
exchange within a unified, experimentally tested framework.

2.4. Economic Inputs

An inflation rate of 2.5% was assumed in the economic analysis, based on inflation data
for the Republic of Croatia over the past 13 years. The project lifetime was set to 30 years,
while additional project-related costs (documentation, consumables and miscellaneous
expenses) were assumed to be 2000 € for the Mechanical Engineering Faculty and 1500 €
for the residential household.

Electricity purchase prices for the renewable energy system simulations were deter-
mined from [62] by aggregating electricity energy prices (€/kWh), distribution charges
(€/kWh), renewable energy surcharges and transmission fees for both high and low tariff
periods. In addition to energy-based charges, fixed supply and metering fees were included
on a monthly basis (€/month). All cost components include a value-added tax (VAT)
of 13%.

The final electricity prices used in the simulations were 0.1588 €/kWh for the high tariff
(VT), 0.0827 €/kWh for the low tariff (NT) and 2.85 €/month (34.2 €/year) for supply and
metering. The electricity feed-in price was assumed to be 50% of the high-tariff purchase
price (0.074789 €/kWh), resulting in a selling price of 0.0374 €/kWh.

2.5. Integration of PV, Storage and Blockchain Models

The integration of the PV, energy storage units and blockchain platform forms
a comprehensive hybrid energy ecosystem capable of generating, storing and exchanging
electricity under decentralized management conditions (Figure 9). Each subsystem has
been described in detail in the preceding sections, while this part focuses on their interaction
and functional interconnection [29,32].

Figure 9. Integrated hybrid energy system combining physical power infrastructure and a blockchain-
based peer-to-peer (P2P) trading layer.

Energy flows are defined according to supply priorities. The electricity generated
by the PV system is first used to satisfy the instantaneous demand of the facility. In the
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case of surplus generation, the excess energy is directed to the battery storage system. The
stored energy, as well as any additional surplus, can either be offered to other participants
through the blockchain platform or converted into hydrogen via the electrolyzer and stored
in the H2 tank, providing long-term energy accumulation and the capability for peak-
load mitigation. In this context, blockchain can play a crucial role by enabling surplus
electricity trading without requiring physical energy conversion (electricity–hydrogen),
or by facilitating electricity trading even after conversion (hydrogen–electricity), while
accounting for the conversion losses.

Conversely, under supply deficit conditions, the demand is met sequentially: first
from PV generation, then from the battery storage system, followed by the fuel cell utilizing
the stored hydrogen and finally through energy purchases from other participants on the
blockchain market. This approach enables the optimal utilization of local resources while
enhancing the system’s energy independence and operational flexibility.

The mathematical framework of the integration can be expressed through the energy
balance equation for a given time step t:

EPV,t + Ebat,dis,t + EH2,FC,t + Ein,P2P,t = Eload,t + Ebat,ch,t + EH2,el,t + Eout,P2P,t (9)

where EPV,t is the energy generated by the PV system (kWh), Ebat,dis,t is the energy dis-
charged from the battery (kWh), EH2,FC,t is the energy produced by the fuel cell (kWh),
Ein,P2P,t is the energy purchased through the blockchain platform (kWh), Eload,t is the energy
consumption of the facility (kWh), Ebat,ch,t is the energy used for battery charging (kWh),
EH2,el,t is the energy consumed for hydrogen production in the electrolyzer (kWh) and
Eout,P2P,t is the energy sold through the blockchain platform (kWh).

3. Results
The performance of the integrated photovoltaic, battery and hydrogen subsystems

was evaluated through detailed techno-economic simulations. The results are presented
in terms of electricity generation, storage utilization, system autonomy and economic
performance for two representative consumer categories: a medium-scale institutional
building and a single-family residential household. A comparison of these scenarios reveals
how the system scale, storage configuration and operational strategy influence overall
efficiency, self-sufficiency and cost-effectiveness in hybrid renewable energy deployment.

3.1. Technological and Economic Performance of the Hybrid System

The simulation results were obtained for two representative consumer types: a build-
ing of a scientific and educational institution and a residential household. This approach
enables a comparison of different scales of hybrid PV system implementation integrating
battery storage and the hydrogen subsystem.

3.1.1. Electricity Generation and Consumption

Electricity generation and consumption profiles were evaluated for two representative
consumer types, an institutional building and a residential household, under different
operating conditions. Monthly electricity balances were determined for configurations with
and without battery storage, capturing variations in photovoltaic generation and electricity
demand over the year. The resulting monthly electricity generation and consumption
profiles for both systems are presented in Figure 10.
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Residential household 

 

Residential household 

 
Institutional building 

 

Institutional building 

(a) (b) 

Figure 10. Monthly electricity generation and consumption for (top) the residential household and
(bottom) the institutional building. (a) with battery storage; (b) without battery storage.

For the institutional building, the annual electricity generation from the photovoltaic
system is approximately 127 MWh, while total annual electricity consumption ranges
between 159 and 161 MWh, depending on the inclusion of battery storage. In the configura-
tion without battery storage, approximately 30 MWh of surplus electricity is exported to the
grid. When battery storage is integrated, exported electricity decreases to approximately
27 MWh.

For the residential household, the annual photovoltaic electricity generation amounts
to 2839.35 kWh. Grid electricity purchases decrease from approximately 1682 kWh in the
configuration without battery storage to about 877 kWh when battery storage is installed.
Correspondingly, electricity exported to the grid decreases from approximately 1424 kWh
without battery storage to approximately 653 kWh with battery storage.

3.1.2. Battery Storage System

For the institutional building, a configuration comprising two Pylontech Force-H1-
48/336 V battery units was implemented, providing approximately 97 min of energy
autonomy. The state-of-charge (SOC) profiles indicate frequent charging and discharging
cycles, particularly during the summer months, when surplus photovoltaic generation
is highest.

For the residential household, a single Pylontech US3000C battery with a nominal
capacity of 3.5 kWh was installed, providing approximately 10 h of energy autonomy. The
SOC profiles show lower cycling intensity compared to the building-scale system. The
monthly distribution and daily evolution of the battery state of charge for both systems are
presented in Figure 11.
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Figure 11. Battery state of charge for (a) the institutional building and (b) the residential household.

3.1.3. Hydrogen Subsystem

Surplus electricity not absorbed by the battery storage system was converted into
hydrogen using a PEM electrolyzer. For the institutional building, a 220 kW electrolyzer
with an efficiency of approximately 60% produces up to 1414.1 kg of H2 per year from
the available surplus electricity. The hourly hydrogen production over the year is shown
in Figure 12. The average hydrogen production rate is approximately 0.161 kg/h, with
a maximum hourly production of 3.29 kg/h.
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Figure 12. Hourly hydrogen production during the year and the average day.

The hydrogen production profile exhibits pronounced temporal variability over the
year, with higher production levels occurring during periods of increased photovoltaic
electricity surplus. The cumulative hydrogen production and associated storage evolution
are presented in Figure 13.
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Figure 13. Demand coverage and hydrogen storage sizing (560 kg of H2).

The operation of a 140 kW fuel cell was analyzed to quantify its contribution to peak-
load reduction within the hybrid PV–battery–hydrogen system. The resulting peak-load
profiles with and without fuel cell operation are presented in Figure 14.
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Figure 14. Peak-load reduction achieved using a 140 kW fuel cell.

The peak-load analysis shows that the maximum electricity demand of the institutional
building decreases from approximately 209.7 kWh to 70.65 kWh when the fuel cell is
engaged. To support this operating mode, a hydrogen storage capacity of approximately
560 kg H2 is required. For the residential household, the total amount of hydrogen produced
is substantially lower due to limited surplus electricity.

3.1.4. Economic Analysis

The cost analysis compares three system configurations: standalone PV, PV with
battery storage and PV with combined battery and hydrogen storage. The estimated
investment costs for PV systems with and without battery storage are presented in
Figure 15, while the total system costs for the hydrogen-integrated configuration are shown
in Figure 16.

https://doi.org/10.3390/en19020331

https://doi.org/10.3390/en19020331


Energies 2026, 19, 331 19 of 28

(a) 

 
(b) 

Figure 15. Estimated photovoltaic system costs with and without battery for (a) the building and
(b) the household.

Figure 16. Estimated total system costs for the hydrogen-integrated scenario.
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For the institutional building, the absolute amounts of electricity generation and
consumption are several times higher than those observed for the residential household.

These differences are reflected in higher total energy flows and larger installed system
capacities, which are accompanied by higher absolute emission reductions and longer
payback periods compared to the residential case.

For the residential household, the integration of battery storage reduces pur-
chased grid electricity by more than 45%, indicating a substantial increase in on-site
electricity utilization.

For the institutional building, the PV + battery configuration achieves a payback
period of approximately 3–4 years, while the corresponding PV-only configuration exhibits
a slightly longer payback period. For the residential household, the payback period is
approximately 17 years for the PV-only system and 21–22 years for the PV + battery
configuration. When co-financing or subsidy schemes are applied, the residential payback
period decreases to approximately 7–8 years.

Battery storage systems exhibit round-trip efficiencies of approximately 85–95%,
whereas hydrogen storage systems achieve round-trip efficiencies of approximately 25–35%,
as summarized in Table 5.

Table 5. Comparison of battery and hydrogen storage technologies in terms of round-trip efficiency,
relative investment cost and primary operational role within the hybrid energy system.

Storage Technology Round-Trip Efficiency Relative Investment Cost Primary Role

Battery storage 85–95% Low–moderate Short-term balancing
Hydrogen storage 25–35% High Long-term storage/peak shaving

For the analyzed building-scale system, the hydrogen subsystem accounts for more
than 60% of the total additional investment beyond the photovoltaic system, whereas
battery storage represents less than 25% of this additional investment. In the hydrogen-
integrated configuration, peak-load levels are reduced compared to configurations without
hydrogen storage.

3.2. Environmental and Blockchain Aspects

The environmental performance and digital integration of the analyzed hybrid re-
newable energy systems were evaluated alongside their techno-economic characteristics.
Environmental indicators associated with photovoltaic generation combined with battery
and hydrogen storage were quantified, and the functional implementation of blockchain-
based mechanisms within the hybrid system was assessed. The corresponding results are
presented in the following sections.

3.2.1. Emissions Reduction Through Hybrid PV Systems

Operational greenhouse gas emissions were quantified for all analyzed system con-
figurations. For both the scientific–educational institution and the residential household,
the PV + battery configuration results in lower emissions compared to grid-only oper-
ation and PV systems without energy storage. Emission indicators for CO2, SO2 and
NOx, calculated over a 30-year operational lifetime, are summarized in Table 6. For the
institutional building, the PV system accounts for the majority of the emission reduction,
with battery storage providing an additional reduction. In the residential household, the
PV + battery configuration yields a larger relative reduction in emissions due to decreased
grid electricity imports.
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Table 6. Emissions of harmful gases over the 30-year system lifetime.

CO2, kg SO2, kg NOx, kg

Scientific–educational
institution (building)

Grid only 4,840,380 21,700 10,602
Grid + PV 3,060,000 13,702 6696

Grid + PV + Battery 3,015,750 13,516 6603

Residential building
(household)

Grid only 57,750 250 122
Grid + PV 31,920 138 68

Grid + PV + Battery 16,740 72 35

The emission values reported in Table 6 include only operational-phase emissions as-
sociated with electricity consumption and generation. Figure 17 presents the CO2 emission
trajectories for the different energy system configurations for both the institutional building
and the residential household.

(a) (b) 

Figure 17. CO2 emission trends: (a) building; (b) household.

In both cases, the PV + battery configuration results in lower CO2 emissions
than the grid-only configuration, with a larger relative reduction observed for the
residential household.

3.2.2. Blockchain Integration for Energy Exchange

The blockchain-related results focus on the functional validation of decentralized
energy trading within the modeled hybrid PV–battery–hydrogen system. A decentralized
application (DApp) was developed to enable peer-to-peer electricity exchange through
smart contracts. Figure 18 illustrates the integration of off-chain data with on-chain logic
using an oracle-based approach.

Figure 18. Integration of off-chain and on-chain data (oracle) for automated decision-making [63].
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Within the simulation environment, a decentralized application (DApp) was devel-
oped and tested to connect the physical energy layer with the blockchain network. The
implemented smart contract enables users to submit buy and sell offers, while automated
matching and transaction settlement are performed on-chain. Figure 19 illustrates the con-
cept of energy tokenization for the digital representation and exchange of electricity units.

Figure 19. Energy tokenization within the energy ecosystem.

The blockchain platform was implemented and validated in a local test environment
to assess the functional correctness of decentralized peer-to-peer electricity trading within
the hybrid PV–battery–hydrogen system. Functional tests confirmed correct execution of
core operations, including trade execution, bid validation, participant identification and
settlement of exchanged energy quantities. The results demonstrate that smart contracts
operate as intended for the exchange of electricity generated from photovoltaic systems
and released from battery and hydrogen storage units.

4. Discussion
The results demonstrate strong interdependencies between system scale, storage

configuration and operational strategy in hybrid renewable energy systems integrating
photovoltaic generation, battery storage, hydrogen technologies and blockchain-based
energy trading.

Monthly electricity profiles exhibit pronounced seasonal variability caused by the
temporal mismatch between photovoltaic generation and electricity demand. Battery
storage mitigates this mismatch by increasing on-site utilization of generated electricity,
thereby reducing grid dependency and surplus energy export. This effect is more pro-
nounced in residential systems, where closer alignment between photovoltaic production
and household demand leads to a higher relative reduction in grid electricity purchases. In
contrast, institutional buildings already benefit from strong daytime load alignment with
photovoltaic generation, resulting in a smaller relative impact of battery storage on surplus
reduction, while still improving overall energy self-sufficiency.

Differences in battery utilization are primarily governed by system scale and load
characteristics. Institutional buildings exhibit higher and more continuous daytime elec-
tricity demand, leading to frequent battery cycling during periods of high photovoltaic
generation. Conversely, lower cycling intensity in the residential case reflects a mismatch
between available photovoltaic surplus and installed battery capacity, indicating potential
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for improved utilization with increased photovoltaic capacity. Overall, the observed state-
of-charge dynamics confirm the role of battery storage in enhancing self-sufficiency and
supporting peak-load management under variable generation and demand conditions.

Hydrogen production closely follows the temporal availability of surplus photovoltaic
electricity, confirming that hydrogen generation in the analyzed system is driven by ex-
cess renewable energy rather than base-load operation. This positions the electrolyzer
as a complementary pathway to battery storage rather than a substitute. By converting
surplus electricity that would otherwise be exported or curtailed, the hydrogen subsystem
increases system flexibility and improves renewable energy utilization. Fuel cell operation
further enables the redistribution of stored hydrogen to periods of elevated demand, sup-
porting peak-load management and enhancing operational flexibility at the building scale.

The observed reduction in peak demand demonstrates the capability of the hydrogen
subsystem to balance short-term demand variations and enhance supply reliability in
building-scale applications. By enabling long-duration energy buffering and seasonal au-
tonomy, hydrogen storage complements battery systems, particularly under high-demand
conditions. Although associated investment costs exceed those of battery storage alone, hy-
drogen integration substantially increases operational flexibility and system resilience.
In residential systems, hydrogen utilization remains limited but can still function as
a supplementary storage option when surplus renewable electricity is available.

From an economic perspective, the PV–battery configuration exhibits more favorable
performance than a standalone PV system, whereas the inclusion of hydrogen substan-
tially increases total investment costs, primarily due to the hydrogen storage subsystem.
Although hydrogen integration extends the payback period, it enhances system flexibility
and resilience, highlighting a clear trade-off between economic efficiency and operational
robustness. Differences between building- and household-scale systems are largely driven
by load characteristics, as commercial and public buildings exhibit continuous daytime de-
mand that aligns well with photovoltaic generation. Consequently, storage systems in such
environments operate more intensively but require significantly higher initial investment
to achieve proportional benefits.

Across both consumer types, energy storage integration reveals a consistent trade-off
between capital expenditure and operational performance. While battery and hydrogen
subsystems increase investment costs, they simultaneously reduce grid dependency and
improve utilization of locally generated renewable energy, making this balance particularly
sensitive to electricity prices, tariff structures and market conditions. The relative benefit of
battery storage is more pronounced in residential systems due to the larger proportional
reduction in grid electricity purchases, whereas institutional buildings already achieve high
direct utilization of photovoltaic generation.

Component lifetime assumptions further influence economic performance. Battery
storage typically requires replacement after 10–12 years, power electronics and inverters
after 12–15 years, while electrolyzers and fuel cells are generally assumed to operate for
15–20 years. Consequently, gains in energy independence must be balanced against higher
upfront and replacement costs. The ratio between battery capacity and hydrogen produc-
tion influences electricity costs, as batteries primarily reduce short-term grid purchases
and lower operating costs, whereas hydrogen systems mainly provide long-term flexibility
and peak-load mitigation but currently increase the overall cost of electricity due to lower
round-trip efficiency and higher capital investment.

Although hydrogen-based storage exhibits lower round-trip efficiency than batteries,
it provides long-duration storage and peak-load mitigation that batteries alone cannot
deliver, positioning hydrogen as a complementary technology focused on long-term system
flexibility rather than short-term economic optimization under current cost structures.
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The substantially higher specific investment cost of hydrogen-based storage is driven
by the combined capital expenditure for electrolyzers, high-pressure storage tanks and
fuel cells. While hydrogen integration enhances operational flexibility and enables ef-
fective peak-load reduction, its current cost structure limits economic competitiveness
relative to battery-based storage solutions. These findings are consistent with previous
studies: Urs et al. [19] report comparable cost-related limitations for building-scale hydro-
gen storage, while Bocklisch [32] emphasizes the strategic role of hybrid battery–hydrogen
systems under increasing shares of renewable energy sources. In this context, the results
indicate that PV–battery systems represent the most economically favorable short-term
option, whereas PV–battery–hydrogen configurations primarily enhance long-term system
resilience and sustainability, particularly in applications requiring seasonal storage and
advanced peak-load management.

Beyond techno-economic performance, long-term sustainability is determined by en-
vironmental impact and the robustness of digital integration. The coupling of photovoltaic
generation with battery and hydrogen storage reduces emissions by decreasing grid de-
pendence and improving renewable electricity utilization, while blockchain technology
provides a digital governance layer that enhances transparency, security and traceability
in decentralized energy markets. Greenhouse gas emission reduction remains a key sus-
tainability indicator, with photovoltaic generation acting as the primary driver and battery
storage further amplifying this effect through increased self-consumption.

Differences in emission reduction between consumer types are primarily driven by
load profiles and self-consumption levels. In institutional buildings, continuous daytime
demand already aligns well with photovoltaic generation, limiting the incremental emission
benefit of battery storage. In contrast, residential systems benefit more strongly from battery
integration due to larger proportional reductions in grid electricity imports. The reported
emission results represent operational-phase emissions only; as the external electricity
generation mix becomes less carbon-intensive, absolute emission levels will decrease across
all configurations, while relative emission reductions from local renewable generation are
expected to remain positive.

These emission-reduction trends are consistent with recent literature, which identifies
PV–battery systems as effective short-term solutions for reducing operational emissions,
while PV–battery–hydrogen configurations are recognized as long-term enhancements that
improve system flexibility and resilience [19,29]. The results further confirm that hybrid PV
systems deliver measurable environmental benefits, with particularly strong effects in the
residential sector due to higher relative reductions in purchased grid electricity. Consistent
with life cycle–based sustainability assessments, environmental performance is strongly
influenced by the electricity generation mix and operational characteristics of end-use
systems, as demonstrated in studies of battery-electric vehicles under varying renewable
energy scenarios [64].

Finally, the blockchain implementation functions as a digital layer enabling decentral-
ized peer-to-peer electricity trading without introducing additional energetic or economic
performance indicators. Smart contracts automate transaction execution, while an oracle-
based approach enables reliable integration of external data sources. The developed
decentralized application confirms the technical feasibility of integrating a blockchain-
based trading layer with hybrid PV–battery–hydrogen systems. Although no real-market
deployment was considered, the validated functionality aligns with recent studies on
blockchain-enabled peer-to-peer energy markets emphasizing automated settlement, flexi-
ble scheduling and integration of renewable energy and green hydrogen supply chains [65].
The proposed mechanism is designed as a local market layer complementary to existing re-
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gional electricity markets, with physical power dispatch and network constraints remaining
under the authority of the distribution system operator.

5. Conclusions
This study quantitatively evaluated hybrid photovoltaic (PV) energy systems integrat-

ing battery storage, hydrogen technologies and blockchain-based peer-to-peer electricity
trading for two representative consumers: a scientific–educational institution and a resi-
dential household.

PV–battery systems achieve substantial reductions in grid electricity consumption
and operational CO2 emissions. Grid demand decreases by approximately 45–50% for the
residential household and 35–40% for the institutional building, corresponding to CO2

emission reductions of up to 70% and 38%, respectively. Battery storage provides the
most cost-effective short-term flexibility under current market conditions. The institutional
PV–battery system reaches a payback period of approximately 3–4 years, while the resi-
dential system achieves a payback period of 21–22 years, which was reduced to 7–8 years
when co-financing or subsidies are applied.

Hydrogen integration further enhances system flexibility by enabling long-duration
storage and peak-load mitigation. In the building-scale system, fuel cell operation reduces
peak demand from approximately 210 kWh to 71 kWh (≈66% reduction), supported by
a hydrogen storage capacity of about 560 kg H2. However, hydrogen storage exhibits
lower round-trip efficiency (25–35%) and higher investment costs than battery storage
(85–95% efficiency), limiting its current economic competitiveness and positioning it as
a complementary, long-term resilience option.

Operational emission reductions are primarily driven by photovoltaic generation
and amplified by battery-supported self-consumption. Although the analysis focuses on
operational emissions, relative benefits of local renewable generation remain positive under
prospective grid decarbonization scenarios.

This study also confirms the technical feasibility of blockchain-based peer-to-peer
electricity trading. Validated smart contracts and a decentralized application enable bid
submission, matching, settlement and energy tokenization in a local test environment,
demonstrating decentralized trading compatible with existing grid regulation and distribu-
tion system operator control.

Overall, PV–battery systems provide the most favorable near-term balance between
cost, emission reduction and performance, while PV–battery–hydrogen configurations
deliver strategic long-term value through peak-load reduction and seasonal flexibility.
Blockchain-based trading strengthens this architecture by enabling transparent and auto-
mated energy exchange, supporting future pilot deployments and system optimization.
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Abbreviations
The following abbreviations are used in this manuscript:

CCHP combined cooling, heating and power
CFCs Chlorofluorocarbons
CHP combined heat and power
DApp decentralized web application
DoD depth of discharge
HEMS Home Energy Management System
ID Identification
IEA International Energy Agency
IRENA International Renewable Energy Agency
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