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Abstract

The increasing penetration of variable renewable energy sources intensifies grid imbal-
ance and challenges the reliability of small-scale power systems. This study addresses
these challenges by developing and analyzing a fully integrated hybrid energy system
that combines biogas upgrading to biomethane, photovoltaic (PV) generation, hydrogen
production via alkaline electrolysis, hydrogen storage, and a gas-steam combined cycle
(CCGT). The system is designed to supply uninterrupted electricity to a small municipality
of approximately 4500 inhabitants under predominantly self-sufficient operating condi-
tions. The methodology integrates high-resolution, full-year electricity demand and solar
resource data with detailed process-based simulations performed using Aspen Plus, Aspen
HYSYS, and PVGIS-SARAH3 meteorological inputs. Surplus PV electricity is converted
into hydrogen and stored, while upgraded biomethane provides dispatchable backup
during periods of low solar availability. The gas-steam combined cycle enables flexible
and efficient electricity generation, with hydrogen blending supporting dynamic turbine
operation and further reducing fossil fuel dependency. The results indicate that a 10 MW
PV installation coupled with a 2.9 MW CCGT unit and a hydrogen storage capacity of
550 kg is sufficient to ensure year-round power balance. During winter months, system
operation is sustained entirely by biomethane, while in high-solar periods hydrogen pro-
duction and storage enhance operational flexibility. Compared to a conventional grid-based
electricity supply, the proposed system enables near-complete elimination of operational
CO2 emissions, achieving an annual reduction of approximately 8800 tCO2, corresponding
to a reduction of about 93%. The key novelty of this work lies in the simultaneous and
process-level integration of biogas, hydrogen, photovoltaic generation, energy storage,
and a gas-steam combined cycle within a single operational framework, an approach that
has not been comprehensively addressed in the recent literature. The findings demon-
strate that such integrated hybrid systems can provide dispatchable, low-carbon electricity
for small communities, offering a scalable pathway toward resilient and decentralized
energy systems.

Keywords: hydrogen; biogas; electrolyser; PV; gas turbines; renewable energy; energy
storage; gas-steam systems; Aspen HYSYS/PLUS

1. Introduction
The global energy sector is undergoing a profound transformation driven by decar-

bonization targets established under the Paris Agreement. The increasing penetration
of variable renewable energy sources, such as solar and wind, introduces operational
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challenges related to intermittency, grid imbalance, and system reliability-particularly
for small-scale and decentralized energy systems. In this context, integrated hybrid en-
ergy systems combining multiple renewable and low-carbon energy vectors are increas-
ingly recognized as a key pathway to achieving both environmental sustainability and
operational flexibility.

This paper presents a novel configuration of a hybrid energy system that synergisti-
cally integrates biogas upgrading to biomethane, photovoltaic (PV) generation, hydrogen
production and storage, and a gas-steam combined cycle (CCGT). By coupling renewable
electricity generation with chemical energy conversion and dispatchable power production,
the proposed system aims to enhance efficiency, improve dispatchability, and support
grid stability, making it a promising solution for future sustainable power generation in
small municipalities.

To establish the technological background, the following subsections review the cur-
rent state of development of the individual system components-biogas and biomethane,
photovoltaic generation, hydrogen production and storage, and gas turbines-highlighting
their advantages, limitations, and future development pathways.

1.1. Biogas/Biomethane

As one of the key components of this hybrid energy system, biogas/biomethane is
increasingly recognized as essential component in the transition to sustainable energy
systems, offering environmental, economic and energy security benefits. This renewable
fuel, produced primarily through anaerobic digestion (AD) of organic waste and agricul-
tural residues, support circular economy models and offer a viable alternative to fossil
fuels [1–3].

Its main energy component is methane (CH4) with a concentration ranging from 50 to
75%, while other components include CO2, water vapor and trace gases. Biogas can be used
directly for heat and electricity generation or it can be upgraded to biomethane - a high-
purity form (about 98% CH4) with properties comparable to natural gas-via technologies
like pressure swing adsorption, chemical absorption or membrane separation [4].

Europe leads global biogas production, with most of it currently used in the power
sector. While biomethane production is still a small portion of total output, it is expected to
grow significantly. The IEA forecasts up to 270% increase in global biogas capacity by 2040,
with demand for upgraded biomethane also rising sharply [5].

Several studies highlight the significant greenhouse gas (GHG) emission reductions as-
sociated with biogas/biomethane use. For instance, emissions can be reduced by up
to 70% compared to natural gas and 65% compared to hydrogen, particularly when
these fuels are injected into existing gas grids [1]. When full life cycle benefits and
co-products—such as digestate used as fertilizer—are considered, biomethane emerges as
a clean and sustainable energy source [6,7]

Biogas development also stimulates economic growth and rural revitalization. In
Italy biomethane production from municipal waste has proven economically viable under
favorable policy conditions and optimal plant sizing [2]. In Poland, industry players like
PGNiG and Orlen are increasingly investing in biomethane despite infrastructural and
regulatory limitations [8,9].

Technological advancements continue to enhance biogas performance. Process opti-
mization has been shown to significantly improve biomethane yields and profitability. In
China, redesigned AD systems have boosted productivity [10] and pretreatment methods—
such as biological, thermal and chemical techniques—have increased feedstock degrad-
ability [11–13]. Innovations, such as waste heat recovery and integration with hydroponic
farming, further enhance system efficiency [13]. Optimizing parameters like substrate
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composition, microbial environment and reactor configuration is also crucial to maximizing
yield [14].

Upgrading biogas to high-purity biomethane involves the removal of impurities such
as hydrogen sulphide (H2S), carbon dioxide (CO2) and moisture. When biogas is upgraded
to approximately 98% methane, the resulting biomethane closely matches the properties of
natural gas, with the calorific value of around 39.7 MJ/m3. The critical step in this process
is CO2 removal, typically achieved using technologies like pressure swing adsorption,
water scrubbing, physical and chemical absorption, high-pressure membrane separation
and cryogenic upgrading. Once refined to natural gas standards, biomethane can be used
in all conventional natural gas applications [4,15–17].

The environmental and agricultural value of biogas is further reinforced by co-
digestion strategies and alkaline pretreatment, which enhance AD efficiency and promote
digestate reuse as natural fertilizer [6]. However, key barriers to large-scale deployment
remain. High capital and operational costs persist, especially in areas lacking strong policy
support [2,9]. While process additives can boost methane yields, their industrial scalability
is limited and often cost-prohibitive [18,19].

Feedstock availability and logistics also present challenges. Although organic waste
streams are abundant, their geographic dispersion can hinder plant feasibility. Strategic
siting using Geographic Information Systems (GIS) has been proposed to address this
issue [20].

Institutional factors such as policy and public perception are critical. The success
of biomethane in Europe hinges on supportive legal frameworks, public investment and
awareness-building efforts [8,9]. Without these enablers, even technologically robust
solutions may struggle to scale.

In conclusion, while biogas and biomethane offer documented advantages in GHG
reduction, waste valorization and energy diversification, broader adoption demands over-
coming persistent economic, technical and policy challenges. Interdisciplinary collabo-
ration, sustained innovation and comprehensive regulatory support will be essential to
realizing their full role in the low-carbon future [1,6,13].

1.2. Photovoltaic (PV) Generation

PV technology offers a clean and reliable method of converting solar energy directly
into electricity using light-absorbing materials, with advantages such as minimal main-
tenance, modular scalability and suitability for both small-scale and large-scale installa-
tions [21]. However, the performance of PV systems is strongly influenced by environmen-
tal factors like solar irradiation and temperature, which complicate accurate energy output
forecasting and make modeling under variable climatic conditions essential for efficient
system design [22–24]. To address PV intermittency and improve overall system resilience,
hybrid configurations combining PV with other energy sources, such as gas turbines or
hydrogen storage systems, have been explored. For instance, a hybrid micro gas turbine
(MGT)—PV system demonstrated improved energy production and reduced emissions,
although it introduced trade-offs such as increased local CO emissions and greater oper-
ational complexity [25]. Similarly, a PV-gas turbine-electrolyser hybrid system achieved
high efficiency and significant cost and CO2 reductions for residential applications, though
economic sensitivity to natural gas and electrolyser prices remains a challenge [26].

Expanding on hybrid concepts, the integration of PV systems with hydrogen storage
and fuel cells in microgrids has shown potential for deep decarbonization, particularly
where land availability limits PV expansion [27]. In such setups, hydrogen can serve
as a long-duration storage medium, as seen in a theoretical 100 MW hybrid plant us-
ing hydrogen-fuelled turbines, which achieved significant lifecycle CO2 savings despite
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relatively high electricity production costs [28]. Life-cycle assessments confirm that the
environmental impact of hydrogen production via PV-powered electrolysis varies widely,
largely due to methodological inconsistencies and the carbon intensity of electricity inputs,
underscoring the need for standardization in sustainability evaluation [29].

Hydrogen-based storage, when paired with batteries in off-grid microgrids, has proven
to be the most cost-effective and autonomous solution, especially for remote communities
aiming for 100% renewable energy coverage [30]. Furthermore, systems that participate in
multiple energy markets—electricity, natural gas and hydrogen—can enhance profitability
through strategic arbitrage, though success depends heavily on market structure and
participation rules [31]. Other grid-connected setups, such as PV-trigeneration systems with
hydrogen output, show both economic viability and notable GHG reductions, particularly
when integrated into institutional or campus energy infrastructures [32].

Moreover, multi-objective optimization of PV/battery/hydrogen systems offers re-
silience against demand fluctuations and supports emerging economic models, such as
trading surplus power for green certificates, enhancing financial and environmental per-
formance [33]. Integrated energy systems that employ both battery and hydrogen storage
benefit from coordinated operation, improving self-sufficiency and reducing power aban-
donment, although they still face issues like energy loss and increased emissions if not
properly managed [34,35]. Thus, while PV and PV-hydrogen hybrid technologies offer
significant promise for low-carbon energy transitions, realizing their full potential requires
overcoming economic, technical and regulatory challenges through optimized system
design, advanced forecasting and supportive policy frameworks.

1.3. Hydrogen

Another important component of this hybrid energy system is hydrogen, widely
recognized as a clean, high-energy fuel with the potential to decarbonize multiple sectors,
including industry, mobility and power generation. Its significance lies not only in its
regenerative and eco-friendly nature but also in its ability to serve as a flexible energy
carrier that supports the integration of intermittent renewable energy sources.

China is currently the world’s largest hydrogen producer, the position it has main-
tained for several years. Due to prevailing economic conditions, approximately 95% of the
country’s hydrogen is derived from fossil fuel sources such as coal and natural gas [36].
This fossil-based production poses a significant challenge to the development of green
hydrogen, which relies on renewable energy and sustainable technologies.

A promising alternative is hydrogen production via water electrolysis, which splits
water molecules into hydrogen and oxygen using electricity. Several electrolysis tech-
nologies exist, each at different stages of technological maturity. The most established is
alkaline electrolysis (AEL), which operates at low temperatures (70–90 ◦C) and has been in
use for decades due to its low cost and system durability [37,38]. However, AEL systems
suffer from limitations such as low current densities, gas crossover and limited dynamic
response [39].

Proton exchange membrane (PEM) electrolysers are another commercially available
option. They offer high current density, rapid response and high-purity hydrogen, making
them suitable for fluctuating energy sources like solar and wind [39,40]. However, PEM sys-
tems are more expensive due to the use of noble metals and complex membrane materials
and they have shorter lifespans in acidic environments.

In contrast, solid oxide electrolyser cells (SOEC) operate at high temperatures (650–850 ◦C),
offering very high theoretical efficiencies and the ability to use industrial-grade heat. These systems
can reduce electricity consumption by utilizing thermal energy, but they remain in the laboratory
phase, facing technical challenges such as material degradation under extreme conditions [38].
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A newer and still experimental method, anion exchange membrane (AEM) electrolysis,
aims to combine the best features of AEL and PEM by using inexpensive materials while
achieving higher performance. However, more research is needed to improve the durability
and efficiency of AEM systems [38,39].

Operational parameters also significantly affect the efficiency of electrolysis. A tem-
perature of 80 ◦C was identified as optimal for minimizing power consumption in alkaline
electrolysers [40]. Process modeling has shown that increasing the temperature while re-
ducing pressure enhances system performance [41]. Thermodynamic and kinetic analyses
reveal several resistive losses in electrolysis, including activation resistance, ionic resistance,
gas bubble formation and electric circuit losses [40,42]. Cost forecasts are promising, with
green hydrogen expected to drop from €3.70/kg to €2.00/kg by 2040, potentially reaching
cost parity with fossil-derived hydrogen. However, concerns persist regarding the reliance
on scarce materials, such as iridium in proton exchange membrane (PEM) systems and the
environmental implications of large-scale deployment [43].

1.4. Hydrogen Energy Storage

The next key component of the hybrid energy system is the hydrogen energy system.
Hydrogen, the lightest element, has a high energy content per unit mass (141.86 MJ/kg),
which often leads to the perception that it is a superior fuel compared to natural gas.
However, its extremely low density results in the very low volumetric energy density,
posing significant challenges for storage and transportation. These physical characteristics
directly impact its role in the energy system. Hydrogen storage, therefore, becomes a
critical pillar in building a viable hydrogen economy. Despite being a clean, energy-dense
carrier by weight, hydrogen’s low critical temperature and volumetric density present
significant storage challenges [44]. Current storage technologies include high-pressure
cylinders, cryogenic tanks and solid-state storage systems, with high-pressure gas storage
being the most commercially mature option. These include vessel types from fully metallic
to polymer composite tanks [45].

Material-based storage systems, such as those using metal hydrides and carbon nano-
materials, are gaining traction for their high gravimetric capacity and improved safety.
Magnesium-based hydrides, for example, show promise despite their high desorption tem-
peratures [46]. These materials offer better stability and lower degradation rates, although
they still suffer from relatively low volumetric energy density even at high pressures [47].

Several major hydrogen storage projects have been launched globally, emphasizing the
increasing role of hydrogen in the clean energy transition. In Germany, the HyCAVmobil
project is developing an underground hydrogen storage cavern in Rüdersdorf, demonstrat-
ing large-scale, demand-responsive green hydrogen storage [48]. The DESSERT project,
initiated by the European Union in July 2024, is advancing sustainable hydrogen storage
technologies, particularly focusing on underground storage formations [49]. Additionally,
the Clean Hydrogen Joint Undertaking has funded 31 new projects across 28 countries,
many of which incorporate hydrogen storage solutions to strengthen the hydrogen value
chain [50].

As these projects advance, geological storage presents a promising solution for long-
term, seasonal or large-scale hydrogen storage. Underground hydrogen storage (UHS) in
depleted gas fields, aquifers or salt caverns could provide scalable options, although site-
specific assessments are necessary to mitigate risks such as leakage or material reactivity.
International projects like Roads2HyCOM and H2STORE are exploring the technical, microbial
and geochemical challenges of UHS, underscoring the importance of global collaboration and
continued innovation in realizing a hydrogen-powered energy future [51,52].
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1.5. Gas Turbine

Hydrogen-powered gas turbines are emerging as a critical component in the transition
toward low-carbon energy systems. Hydrogen, due to its high energy content and zero-
carbon combustion, offers significant potential in reducing greenhouse gas emissions
when integrated into gas turbine technology [53–55]. However, its adoption presents
technical challenges, including flame stability, flashback and increased nitrogen oxide
(NOx) emissions [56–58].

Industrial advancements have focused on overcoming these challenges through in-
novations in combustor design and fuel flexibility. Companies like GE and Mitsubishi
are developing combustors compatible with hydrogen and ammonia, utilizing technolo-
gies such as micro-mixing, aerodynamic flame stabilization, and sequential combustion
to manage emissions and improve efficiency [56,59,60]. Combustion strategies continue
to evolve, with research highlighting the trade-offs between diffusive and lean premixed
flame designs—lean premixed systems offer superior efficiency with hydrogen but are
more sensitive to pressure drops and temperature limits [61].

Hydrogen’s integration into hybrid renewable energy systems also supports grid
stability and decarbonization. Studies have demonstrated that hybrid systems, which
combine photovoltaic energy, battery banks and gas turbines powered by hydrogen or
hydrogen blends, can significantly reduce lifecycle costs and emissions [62,63].

Micro gas turbines (MGTs) represent another promising application. Their fuel flexibil-
ity, compact design and potential for decentralized power generation make them ideal for
integration with renewable energy sources like solar fields and fuel cells [64,65]. Redesign-
ing MGTs to operate with hydrogen or hydrogen-methane blends has shown promising
results, with stable combustion and near-zero CO2 emissions achieved even at high hydro-
gen concentrations [66,67].

Economic analyses reinforce hydrogen’s promise in gas turbines. For example, the
addition of hydrogen (up to 20%) to natural gas in conventional turbines results in fuel
savings and efficiency gains, although higher concentrations necessitate substantial system
upgrades [68]. In combined-cycle systems, hydrogen improves operational flexibility
and reduces CO2 emissions, particularly when integrated with hydrogen storage and
fuel cells [69,70]. Exergo-economic studies of advanced cogeneration systems further
confirm hydrogen’s role in reducing energy costs while producing steam and electricity
efficiently [71].

On a larger scale, hydrogen-fired turbines offer a strategic advantage in national energy
planning. Techno-economic models across 15 European countries project that hydrogen
turbines will become increasingly competitive post-2040, particularly under strict CO2

caps, by providing flexible, dispatchable power [72]. Nevertheless, cost barriers remain,
primarily due to the high expense of hydrogen production via electrolysis or steam methane
reforming [54,56].

Hybrid models simulating the integration of hydrogen and renewable energy systems
predict notable improvements in emissions reduction and system sustainability. Adding
hydrogen to methane in gas turbines enables leaner combustion, modest efficiency gains
and high performance even with less efficient turbomachinery by lowering the fuel’s
flammability limit and mitigating system constraints [73].

Despite the technical and economic hurdles, continued research and development,
supported by regulatory frameworks and industrial investment, are accelerating the via-
bility of hydrogen-powered gas turbines. These systems will be pivotal in achieving the
2050 global decarbonization targets [53,56].
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1.6. Research Gap and Contributions

Despite extensive research on individual components such as biomethane, photo-
voltaic generation, hydrogen production, energy storage, and gas turbines, existing studies
predominantly investigate these technologies either in isolation or in limited hybrid con-
figurations. Most recent works focus on PV-battery-hydrogen systems or PV-assisted gas
turbines, while the simultaneous integration of biogas upgrading, hydrogen production
and storage, photovoltaic generation, and a gas-steam combined cycle within a single
operational framework remains largely unexplored. Moreover, many studies emphasize
optimization or economic indicators without providing a detailed, process-based represen-
tation of physical system interactions under full-year operation.

This study addresses these gaps by proposing and analyzing a fully integrated hybrid
biogas–hydrogen–PV–energy storage–gas turbine system using high-resolution temporal
data and detailed thermodynamic modeling. The main contributions of this work are:

- the development of a comprehensive process-based simulation framework linking re-
newable electricity generation, chemical energy conversion, storage, and dispatchable
power production;

- the evaluation of year-round operational feasibility for a small municipality under
realistic hourly and seasonal variability;

- the demonstration of biomethane-supported operation during low-solar winter peri-
ods; and

- the identification of technical and regulatory challenges affecting system scalability
and real-world deployment.

1.7. State-of-the-Art Comparison

To contextualize the novelty of the proposed approach, Table 1 compares recent state-
of-the-art hybrid renewable energy system studies published since 2021 with the system
investigated in this work.

Table 1. Comparison of recent state-of-the-art hybrid renewable energy system studies (2021–2025).

Ref. Year Study
Region

Optimization/
Method

System
Configuration

Financial
Viability Metrics Main Results Limitations

[27] 2023 USA
Techno-

economic
simulation

PV + Gas Turbine +
Hydrogen + Battery

LCOE, CO2
emissions

Hydrogen enables
deep

decarbonization of
PV-GT microgrid

High hydrogen
infrastructure

cost

[31] 2022 EU Linear
optimization

PV + Battery +
Hydrogen

LCOH, Market
revenues

Multi-market
operation

significantly reduces
hydrogen cost

Market-
dependent
feasibility

[32] 2022 Turkey
Techno-

economic
analysis

PV + Trigeneration +
Hydrogen

NPV, IRR,
Payback

Economically viable
campus-scale system

Limited
scalability

[33] 2023 China
Robust

optimization
(NSGA-II)

PV + Battery +
Hydrogen

LCOE, Carbon
credits

Improved resilience
under uncertainty

Increased system
complexity

[34] 2024 China Two-stage
optimization

PV + Battery +
Hydrogen

Energy
autonomy,

system cost

Reduced curtailment
and higher

self-consumption

Requires
advanced control
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Table 1. Cont.

Ref. Year Study
Region

Optimization/
Method

System
Configuration

Financial
Viability Metrics Main Results Limitations

[35] 2024 China Dynamic
optimization

PV + Battery +
Hydrogen

community

Carbon
neutrality
indicators

Supports
carbon-neutral
communities

Aging-related
losses

[64] 2023 China MILP
optimization

Renewable sources +
Gas Turbine +

Storage

System cost,
emissions

Improved reliability
and flexibility

Partial fuel
decarbonization

[72] 2024 China

Exergy &
exergoeco-

nomic
analysis

Hybrid RES +
Hydrogen Fuel Cells

Exergy cost,
efficiency

Reduced exergy
destruction and

emissions

High modeling
complexity

This
work 2025 Poland

Process-
based

simulation
(Aspen Plus
& HYSYS)

Biogas + Biomethane
+ PV + Hydrogen

(Electrolysis &
Storage) +
Gas-Steam

Combined Cycle

Energy
autonomy,

efficiency, grid
flexibility

Year-round
dispatchable supply;

winter operation
fully supported by

biomethane

Hydrogen cost,
regulatory gaps,

idealized
operation

Abbreviations: LCOE—Levelized Cost of Electricity; LCOH—Levelized Cost of Hydrogen; NPV—Net Present
Value; IRR—Internal Rate of Return; NSGA-II—Non-dominated Sorting Genetic Algorithm II.

1.8. Synthesis of State-of-the-Art Comparison

As shown in Table 1, existing studies predominantly focus on partial hybrid configura-
tions, typically combining photovoltaic generation with batteries, hydrogen storage, or gas
turbines. In contrast, the present study provides a process-level, fully integrated analysis of
a hybrid system that simultaneously couples biogas upgrading, hydrogen production and
storage, photovoltaic generation, and gas-steam combined-cycle power generation. This
integrated approach enables high dispatchability and deep operational decarbonization for
small, predominantly self-sufficient communities.

1.9. Roadmap of the Paper

The remainder of this paper is organized as follows. Section 2 defines the main scope
of the work and discusses open issues related to integrated renewable hybrid energy sys-
tems. Section 3 describes the proposed system configuration and the associated modeling
framework. Section 4 presents the simulation results and performance analysis, includ-
ing energy balance and CO2 emissions reduction. Finally, Section 5 summarizes the key
findings, discusses the limitations of the study, and outlines directions for future research.

2. Main Scope of the Work and Open Issues in the Context of Renewable
Hybrid Energy Systems

As highlighted in the recent literature, extensive research has been conducted on indi-
vidual components of renewable hybrid energy systems, including biogas and biomethane,
photovoltaic (PV) generation, hydrogen production and storage, and gas turbines. How-
ever, most existing studies investigate these technologies either in isolation or in simplified
hybrid configurations involving only two or three components. Comprehensive analyses
addressing the simultaneous integration of biogas upgrading, hydrogen production and
storage, photovoltaic generation, and gas-steam combined-cycle power generation remain
limited, particularly for small-scale, community-level applications.
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2.1. Scope and Objectives of the Study

The primary objective of this work is to analyze the operational feasibility and per-
formance of a fully integrated hybrid biogas–hydrogen–PV–energy storage–gas turbine
system designed to supply electricity to a small municipality. Rather than focusing on sys-
tem sizing optimization or purely economic indicators, the study emphasizes system-level
integration, dispatchability, and year-round operational balance under realistic hourly and
seasonal variability.

The specific objectives of the study are to:

- assess the ability of the proposed hybrid system to meet electricity demand on an
hourly basis throughout the year;

- evaluate the interaction between renewable electricity generation, hydrogen produc-
tion and storage and dispatchable power generation;

- analyze the role of biomethane in ensuring system reliability during low-solar
winter periods;

- quantify the operational CO2 emission reduction relative to a conventional grid-based
electricity supply.

2.2. Performance Metrics and Evaluation Criteria

To address these objectives, system performance is evaluated using the following metrics:

- energy balance and self-sufficiency, expressed as the ability to meet demand without
grid imports;

- dispatchability and operational flexibility, assessed through the ability of the gas-steam
combined cycle to respond to demand and renewable variability;

- hydrogen utilization efficiency, including hydrogen production, storage, and blending
in the gas turbine;

- operational CO2 emissions reduction, quantified relative to the Polish electricity grid.

These metrics are selected to reflect the operational performance of the system rather
than economic optimization outcomes.

2.3. System Boundaries and Assumptions

The analysis is conducted within defined system boundaries. The proposed hybrid
system is assumed to operate under idealized conditions, with continuous availability of
system components, stable market conditions, and reliable communication and control in-
frastructure. Equipment degradation, unexpected outages, and dynamic price fluctuations
are not explicitly modeled and are instead discussed as limitations of the study.

The system is modeled as grid-connected but predominantly self-sufficient, allowing
limited interaction with the external grid to enhance operational flexibility while prioritizing
local renewable energy utilization.

2.4. Open Issues and Challenges

Despite the promising performance of integrated hybrid systems, several open issues
remain. These include:

- regulatory and market barriers affecting hydrogen production, storage, and grid interaction;
- high capital costs associated with electrolyzers and hydrogen storage infrastructure;
- uncertainties related to long-term hydrogen storage performance and safety;
- the need for advanced control strategies to manage multi-energy vector interactions

under real-world operating conditions.

Addressing these challenges is essential for large-scale deployment and commercial-
ization of integrated hybrid energy systems.
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2.5. Broader Applicability of the Case Study

Although the proposed system is analyzed for a specific location in Poland, the
system architecture and modeling approach are transferable to other regions with access to
renewable resources and biomass feedstock. The study therefore provides generalizable
insights into the design and operation of hybrid renewable energy systems for small
communities, rather than a site-specific optimization.

3. The Description of the Model
3.1. Case Study Definition and System Overview

The proposed hybrid energy system is designed to provide uninterrupted elec-
tricity supply throughout the year, under day-and-night operating conditions, to a
small settlement of approximately 4500 inhabitants. The system architecture aims to
ensure a high degree of energy autonomy while maintaining operational flexibility
through the integration of renewable generation, energy storage, and dispatchable power
conversion technologies.

The selected case study location is situated in central-northern Poland, approximately
80–90 km northwest of Warsaw, as illustrated in Figure 1.

 

Figure 1. Geographical location of the selected case study area in Poland (approximately 80–90 km
northwest of Warsaw), used for the assessment of the integrated biogas–hydrogen–photovoltaic–
energy storage–gas turbine system.

The selected area includes settlements with populations close to the target scale of
the proposed system and is characterized by intensive agricultural activity, enabling a
sustainable and locally available biomass supply for biogas production. At the same time,
the region exhibits solar irradiation levels representative of Central European climatic
conditions, making it suitable for assessing photovoltaic-based hybrid energy systems for
small municipalities.

An additional motivation for selecting this location is the presence of existing agro-
industrial renewable energy infrastructure, which enables evaluation of the proposed
hybrid system under realistic operational conditions. The site includes a sugar processing
plant equipped with an agricultural biogas installation with an electrical capacity of ap-
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proximately 2 MW, as well as a photovoltaic (PV) installation with an installed capacity of
about 3 MW. According to the plant’s medium-term development strategy, the PV capacity
is planned to be expanded to 10 MW or more, which is consistent with the assumptions
adopted in this study and reflects realistic future expansion pathways.

At present, the biogas plant primarily utilizes sugar beet pulp as its main substrate,
supplemented by additional agricultural feedstocks. However, the long-term operational
strategy of the plant foresees a gradual reduction or complete phase-out of sugar beet
pulp as a biogas substrate due to its increasing economic value as dried animal feed.
Consequently, alternative substrates—namely corn silage, shredded straw, and rapeseed
pomace—are expected to play a dominant role in future biogas production. These substrates
were therefore selected for the present analysis to represent anticipated future operating
conditions rather than the current transitional state.

Although the system is analyzed for a specific location in Poland, the methodological
framework, modeling approach, and system configuration are transferable to other regions
with comparable biomass availability and solar resource profiles. As such, the results are
relevant for a wide range of rural and semi-urban communities seeking low-carbon, locally
integrated energy solutions.

The principal schematic of the proposed hybrid energy system is presented in Figure 2.

Figure 2. Principal schematic of the integrated biogas–hydrogen–photovoltaic–energy storage–gas–
steam combined-cycle hybrid energy system. Yellow arrows represent biogas/biomethane flows,
green arrows hydrogen flows, and light-green arrows their mixture supplied to the gas turbine. Blue
arrows denote electrical energy flows, while red arrows indicate thermal (heat) energy.

3.2. Operational Concept of the Hybrid Energy System

In the proposed hybrid energy system, raw biogas is produced from locally available
agricultural feedstocks through an anaerobic digestion (AD) process. The resulting biogas is
subsequently treated to remove undesired components, such as carbon dioxide, hydrogen
sulfide, and moisture, and upgraded to biomethane. The upgraded biomethane serves as
the primary dispatchable fuel for the gas turbine combustion chamber, enabling reliable
electricity generation independent of solar resource availability.

The system further integrates a photovoltaic (PV) installation, which supplies electric-
ity directly to meet the settlement’s demand during periods of sufficient solar irradiation.
When PV generation exceeds instantaneous electricity demand, the surplus electrical energy
is diverted to an alkaline water electrolyzer, where it is utilized for green hydrogen produc-
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tion via water electrolysis. This operational strategy allows excess renewable electricity to
be converted into a storable chemical energy carrier rather than being curtailed.

The produced hydrogen is stored and subsequently supplied to the gas turbine com-
bustion chamber, where it is co-fired with biomethane. Hydrogen blending enhances fuel
flexibility, supports low-load operation, and contributes to the reduction of carbon-based
fuel consumption, thereby lowering operational CO2 emissions while maintaining stable
turbine performance.

The gas turbine operates as part of a gas-steam combined-cycle configuration, in-
tegrated with a condensation-type steam turbine through a heat recovery system. This
configuration increases the overall electrical efficiency by recovering waste heat from the
gas turbine exhaust for additional power generation in the steam cycle.

To further enhance operational flexibility and system stability, the hybrid energy
system is assumed to be connected to the external electrical grid, allowing short-term power
exchange to mitigate transient mismatches between electricity generation and demand and
to support secure operation under variable renewable generation conditions. The overall
operational concept and main energy flows of the hybrid system follow the configuration
illustrated in Figure 2.

3.3. Meteorological Data and Boundary Conditions

The photovoltaic energy yield and hydrogen production simulations were based on
full-year, high-resolution meteorological data for the year 2023, obtained from the EU
Photovoltaic Geographical Information System (PVGIS). The PVGIS-SARAH3 satellite-
based solar radiation database was selected, as it provides validated hourly data with
high spatial and temporal resolution for Europe, ensuring a reliable representation of local
climatic conditions.

The meteorological inputs include ambient temperature, global horizontal irradiation
(GHI), direct normal irradiation (DNI), and the diffuse-to-global irradiance ratio, which
are critical parameters for accurately modeling photovoltaic system performance and
electrolysis operation. These data were extracted for the geographical coordinates of the
selected case study location defined in Section 3.1.

Figure 3 presents the monthly average ambient temperature and the diffuse-to-global
irradiance ratio for the selected location in 2023. The data show a pronounced seasonal
temperature variation typical of Central European climates, with average ambient tempera-
tures ranging from approximately 1–2 ◦C in winter months to above 20 ◦C during summer.
This temperature variation directly influences photovoltaic module efficiency and system
losses and was explicitly accounted for in the PV performance model.

The diffuse-to-global irradiance ratio increases notably during autumn and winter
months, reflecting higher cloud coverage and reduced direct solar radiation. This character-
istic is particularly important for accurate PV modeling, as it affects both total energy yield
and the relative contribution of diffuse radiation under low-irradiance conditions.

Figure 4 illustrates the monthly distribution of horizontal irradiation and direct normal
irradiation for 2023. Peak solar irradiation occurs between May and July, while minimum
values are observed during the winter period from November to January. This pronounced
seasonal imbalance highlights the necessity of integrating long-term energy storage and
dispatchable power generation technologies to ensure year-round electricity supply.

The meteorological data were applied consistently across all relevant subsystems of
the hybrid energy model. Specifically, the hourly solar irradiation and temperature data
were used as inputs for the photovoltaic power generation model, while the resulting PV
electricity profiles were subsequently used to define the electrolyzer operating schedule and
hydrogen production potential. This approach ensures that the influence of both seasonal
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and diurnal variability in solar resource availability is fully captured in the annual energy
balance analysis.

Figure 3. Monthly average diffuse to global ratio and ambient temperature in 2023.

Figure 4. Monthly solar irradiation estimates in 2023.

The use of measured satellite-based hourly meteorological data, rather than synthetic
or averaged weather profiles, improves the realism and credibility of the simulation results.
It enables a more accurate assessment of system performance under realistic operating
conditions, particularly with respect to renewable energy intermittency, surplus electricity
availability, and the role of hydrogen as a long-duration energy storage medium.

3.4. Biogas Plant

The biogas plant operates using three types of feedstock as substrates: corn silage,
shredded straw and rapeseed pomace. As mentioned above, these feedstocks were selected
based on their availability in the local area.
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Table 2 presents the annual quantities, dry matter content, organic content in dry
matter and—based on reference data—the average biogas and biomethane yields for each
feedstock [74].

Table 2. Mass balance of feedstock in biogas plant.

Feedstock Quantity Dry Matter
Content

Organic Content in
Dry Matter

Biogas Yield
Average

CH4 Yield
Average

Unit t/Year % % Nm3/t of
Feedstock %

1. Corn silage 8000 32 93 198 55

2. Shredded straw 8000 75 88 260 55

3. Rapeseed pomace 6000 92 87 630 48

TOTAL 22,000 64 89 338 51

Table 3 provides the calculated values for total annual biogas production, the corre-
sponding biomethane yield and the equivalent electrical energy output.

Table 3. Energy balance of feedstock in biogas plant.

Feedstock Biogas
Production Biomethane Yield Electrical Output (If

Cogeneration Is Used)

Unit Nm3/Year Nm3/Year MWh in
Fuel/Year kWh

1. Corn silage 1,584,000 884,535 8622 415

2. Shredded straw 2,080,000 1,161,510 11,322 545

3. Rapeseed pomace 3,780,000 1,842,171 17,957 865

TOTAL 7,444,000 3,888,216 37,901 1825

From the selected feedstock mix—amounting to approximately 22,000 t annually—around
740,000 Nm3 of biogas can be produced, based on the following formula:

Biogas production = Feedstock quantity × Average biogas yield (1)

Of this, approximately 3,888,000 Nm3 is pure biomethane. When used for electricity
generation at an efficiency of around 40%, this can yield a continuous electrical output of
approximately 1825 kWh.

The produced biomethane quantity was calculated according to the below
provided formula:

Biomethane production = (100%−0.5%) × (Biogas production/98%) (2)

where
0.5% represents biogas losses and
98% is the efficiency of biomethane upgrading plant.

3.5. Photovoltaic Installation

The photovoltaic (PV) installation is modeled for the same geographical location
as the biogas plant and hybrid energy system described in Section 3.1, with coordinates
52◦49′51.6′′ N, 20◦14′34.8′′ E. Co-location of the PV installation with existing agro-industrial

https://doi.org/10.3390/en19020387

https://doi.org/10.3390/en19020387


Energies 2026, 19, 387 15 of 41

infrastructure enables efficient coupling with biogas production and hydrogen generation
and reflects realistic deployment conditions for integrated rural energy systems.

Photovoltaic electricity generation is simulated using hourly meteorological data for
the year 2023 obtained from the PVGIS-SARAH3 database, as described in Section 3.3. The
PV system is assumed to be grid-connected, allowing power exchange with the external
electrical grid when necessary.

The selected PV technology consists of crystalline silicon photovoltaic modules, chosen
due to their high efficiency, technological maturity, and widespread commercial deploy-
ment. The total installed peak capacity of the PV system is 10 MW. Overall system losses
are assumed to be 14%, accounting for temperature effects, inverter inefficiencies, cabling
losses, and module soiling.

A fixed, free-standing mounting structure is assumed for the PV installation. The
modules are installed with a tilt angle of 35◦ and an azimuth angle of 0◦, corresponding
to a true south orientation, which is optimal for maximizing annual energy yield at the
selected latitude.

The simulated hourly power output profile of the PV system for the entire year of
2023 is shown in Figure 5. This power profile forms the basis for the electricity balance
calculations and determines the availability of surplus renewable electricity for hydrogen
production via electrolysis.

Figure 5. Hourly photovoltaic power output of the 10 MW PV system at the selected location for the
year 2023.

3.6. Alkaline Water Electrolyzer for Hydrogen Production

The electrolysis process was modeled using the commercial simulation software Aspen
Plus. In the simulation, potassium hydroxide (KOH) was used as an input component
mixed with water to enhance conductivity during electrolysis. The key chemical reactions
involved are:

H2O⇌ OH−+ H+

KOH ⇌ OH−+K+

Before simulating the electrolysis reaction, several important parameters were defined,
including the cell voltage, the power requirement of the electrolyzer and the conversion
rate of water into hydrogen gas [38].

Water and potassium hydroxide are supplied to the system. This mixture is first
pressurized to 27 bar using a pump. After pressurization, the stream is heated by a heater
before entering the conversion reactor. Within the conversion reactor, the water conversion
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rate is set at 5% and the power requirement for the electrolysis process is specified at
230 kW.

The conversion reaction produces two output streams: vapor and liquid. The vapor
stream is directed to a component splitter (Splitter-1), where it is separated into hydrogen
and oxygen. Simultaneously, the liquid stream is sent to another splitter (Splitter-2), where
oxygen is separated from water. The remaining water is then recycled back into the process
to improve efficiency and reduce waste. The schematic diagram of the electrolyzer system
is illustrated in Figure 6.

Figure 6. The schematic diagram of the modeled alkaline water electrolyser system. Blue lines denote
material streams, while red lines represent energy streams (heat or electrical power).

Figure 7 shows the relationship between the required electrical power input (kWh)
and the resulting hydrogen production and water consumption mass flow rates (kg/s), as
determined by the simulation model of the system.

Figure 7. Required water and produced hydrogen mass flow rates at different electrical power input
levels for the electrolysis system.

3.7. Gas-Steam Combined Cycle

For the modeling and simulation of the gas-steam combined cycle, the Aspen HYSYS
software was selected as the primary calculation tool. The air parameters were assumed
according to ISO standard conditions, with the temperature of 15 ◦C and the pressure of
1.013 bar.
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In this model, the Kawasaki GPB-17D gas turbine was selected as the core component
of the gas-steam combined system, along with a corresponding steam turbine appropriately
sized for integration with the gas turbine. Table 4 presents the technical specifications of
the selected equipment. The gas turbine data, provided by the manufacturer, apply to both
100% methane and 100% hydrogen fuel conditions.

Table 4. Kawasaki gas turbine technical data.

Kawasaki GPB-17D Gas Turbine Technical Data

Fuel type Methane Hydrogen

Power output 1817 kW(e) 1902 kW(e)

Efficiency 27.2% 27.5%

Pressure ratio 18.0:1 18.0:1

Exhaust mass flow 7.99 kg/s 7.89 kg/s

Exhaust temperature 528 ◦C 528 ◦C

NOx reduction method Water inject. Water inject.

Steam turbine and steam boiler technical data

Power output 1060 kW(e)

Live steam pressure 36 bar(a)

Live steam temperature 520 ◦C

Steam mass flow 1.0 kg/s

Exhaust gas temperature 149 ◦C

The main process flow diagram of the modeled gas-steam combined system is shown
in Figure 8.

Figure 8. The schematic diagram of the modeled CCGT power plant [75].

The installation consists of the following components:

• Gas turbine section, including the compressor, combustion chamber and expander
• Heat recovery system, incorporating two-stage economizers, an evaporator and a

superheater
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• Steam turbine section, comprising high-pressure (HP) and low-pressure (LP) turbines
• Additional components of the steam cycle, including the condenser, deaerator and

pumps for both condensate and feedwater

The design of the gas turbine’s centrifugal air compressor was based on efficiency
and polytropic head calculations. For this purpose, the Schultz Polytropic Method was
applied [76], which assumes an idealized polytropic compression path from the inlet to the
discharge conditions. This method offers a simplified yet reliable approach for modeling
compressor performance.

The gas turbine expander was modeled separately, with an isentropic efficiency of
85.35% defined as the primary performance parameter. This allowed evaluation of expan-
sion characteristics under various thermodynamic scenarios.

The combustion chamber was developed using a reactor model based on Gibbs Reac-
tions Method. This approach is particularly suitable for simulating combustion processes
involving multi-component gaseous fuels.

To maintain a stable Temperature After Turbine (TAT) in the cycle, an Adjust function
was incorporated into the model. This control mechanism allowed the TAT to be regulated
at approximately 528 ◦C, depending on variations in fuel type or mass flow rate within the
combustion chamber.

For a more accurate representation of the steam turbine (ST), it was divided into
two sections: a high-pressure (HP) stage and a low-pressure (LP) stage. In the design case,
the isentropic expansion efficiency for both sections was assumed to be 70% and efficiency
calculations were performed using the design efficiency method.

The inlet parameters for each stage were defined accordingly. For the HP section,
live steam was introduced at a pressure of 36 bar and a temperature of 500 ◦C. For the LP
section, the inlet pressure of the secondary steam stream was set to 2.7 bar. The deaerator
was also supplied with steam at 2.7 bar, drawn from the same line.

In the condenser, the condensate pressure was set to 0.05 bar. A temperature drop of
10 ◦C was assumed for the cooling water across the condenser unit.

3.8. Model Assumptions and Limitations

The hybrid energy system analyzed in this study was modeled using a set of simpli-
fying assumptions that are necessary to ensure computational tractability and to enable
a clear evaluation of system behavior under representative operating conditions. While
these assumptions are consistent with common practice in system-level energy modeling,
they introduce limitations that should be acknowledged when interpreting the results.

All major subsystems—including the biogas plant, photovoltaic installation, elec-
trolyzer, hydrogen storage, and gas-steam combined-cycle power plant—were modeled
under steady-state or quasi-steady-state conditions, assuming ideal operational availability.
Unplanned outages, component degradation, and maintenance-related downtime were
not explicitly considered. Consequently, the results represent an upper-bound estimate of
technical performance under nominal operating conditions.

The electrolysis process was modeled assuming a constant conversion efficiency
and linear scaling of hydrogen production with electrical power input. This assumption
contributes to the nearly linear relationship observed between electrolyzer power input and
hydrogen production. In reality, electrolyzer efficiency may vary with load, temperature,
and aging effects; however, these dynamics were neglected due to limited availability of
validated, high-resolution performance data for long-term operation.

The gas turbine and steam turbine efficiencies were assumed to remain constant over
the analyzed operating range, except for minimum load constraints imposed to ensure
stable combustion and steam cycle operation. While real gas turbines typically exhibit
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reduced efficiency at partial load, the adopted approach reflects manufacturer-reported
nominal performance and enables consistent comparison of different fuel compositions. As
a result, efficiency variations at low-load conditions may be underestimated.

The hydrogen storage system was modeled without accounting for leakage, boil-off,
or compression losses beyond those implicitly captured in the electrolysis model. Similarly,
biomethane storage and buffering effects were not explicitly modeled; instead, continuous
availability of upgraded biomethane was assumed based on annual production balances.
This approach simplifies operational scheduling but does not capture short-term constraints
related to gas storage capacity.

Electricity prices, fuel prices, and policy-driven incentives were assumed to be constant
over the analyzed period. Market volatility, dynamic pricing mechanisms, and regulatory
uncertainty were not included in the model. Therefore, the study focuses primarily on
technical feasibility and energy balance, rather than detailed economic optimization or
market-driven dispatch strategies.

The system was assumed to operate with perfect communication and control, ne-
glecting delays or failures in supervisory control systems. Grid interaction was repre-
sented in a simplified manner, allowing power exchange without network congestion or
curtailment constraints.

Despite these limitations, the adopted modeling framework captures the dominant
physical interactions and seasonal dynamics governing integrated biogas–hydrogen–
photovoltaic hybrid systems. The results provide valuable insight into system feasibility,
operational synergies, and decarbonization potential. Future work should address these
limitations by incorporating component degradation models, stochastic failure events, dy-
namic efficiency curves, economic optimization, and reliability metrics to further enhance
the realism and applicability of the proposed hybrid energy system.

4. Results of Calculations and Analyses
4.1. Annual Energy Demand, Renewable Generation, Hydrogen Production and System Operation

The calculations were carried out based on electricity consumption data from the
Polish power grid in 2023.

In the initial phase of the analysis, total electricity consumption was examined using
data provided by the Polish Power Grid Operator (PSE—Polskie Sieci Elektroenergetyczne).
Subsequently, the average hourly electricity consumption for each month was estimated for
a representative small municipality with an approximate population of 4500. The results of
the calculations in this phase are illustrated in Figure 9.

In the figure, cells colored red indicate peak demand periods, while green cells indicate
lower load demands. According to the data, the highest demand occurred during the winter
months, particularly in December and January, between 7:00 and 21:00. The lowest demand
was observed between April and September, typically during nighttime hours between
00:00 and 06:00.

In the next stage of the calculations, as described in the previous section—“The
Description of the Model”—the average hourly electricity generation for each month of
2023 was calculated using data from the EU Photovoltaic Geographical Information System
(PVGIS). These calculations were based on a 10 MW peak photovoltaic (PV) installation,
using the location coordinates and system parameters specified in that chapter.

As shown in Figure 10, the highest solar yield was recorded in May, particularly
between 08:00 and 14:00, highlighted in red. The lowest yield was observed in December.
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Figure 9. Average hourly electrical energy consumption for each month of the year 2023 in a small
municipality with the population of 4500. The background colors represent a heat-map of electricity
demand, with green indicating lower consumption, yellow intermediate values, and red higher
consumption levels.

 

Figure 10. Average hourly photovoltaic (PV) electrical energy generation for each month of the year
2023. The background colors represent a heat map of PV power output, with green indicating zero or
very low generation, yellow moderate generation, and red high generation levels.

By combining residential electricity demand with PV generation, the surplus photo-
voltaic energy can be used to produce hydrogen through the electrolysis process.

The average hourly hydrogen production for each month is presented in Figure 11.
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Figure 11. Average hourly hydrogen production for each month. The background colors represent a
heat map of hydrogen production rate, with green indicating zero or very low production, yellow
moderate production, and red high production levels.

As shown in the figure, hydrogen production is feasible between March and September,
with the highest daily production reaching approximately 531 kg in May. Additionally, the
figure indicates that the average annual hydrogen production amounts to approximately
75.87 t.

Since the maximum daily production was recorded in May, the hydrogen energy
storage system is considered to have a daily capacity of 550 kg, including a 19 kg buffer.

The stored hydrogen is then distributed equally across the hours when there is no
solar energy production, blending with biomethane for combustion in the gas turbine’s
combustion chamber.

This situation is analyzed using the example of the energy balance in May. The
average hourly energy consumption and production balance data are illustrated in Table 5.
According to the data provided, between 06:00 and 16:00, photovoltaic (PV) generation
meets the grid consumption and produces surplus electricity, which is used for hydrogen
production, as shown in Figure 12.

Table 5. Average hourly energy consumption-production balance data in May. Light orange cells
highlight hours in which the gas-steam unit operates below its nominal load.

MAY

Time Consumption GT
Power

ST
Power

Gas-
Steam
Power

GT
Effi-

ciency

Gas-Steam
Efficiecny

Fuel
Mix

Mass
Flow

Exhaust
Mass
Flow

Live
Steam
Mass
Flow

H2
Mass
Prop

CH4
Mass
Prop

kWh kWh kWh kWh % % kg/s kg/s kg/s % %
00:00:00 1700 1115 585 1700 29.19 44.55 0.0631 4.7430 0.6400 15.0 85.0
01:00:00 1700 1115 585 1700 29.19 44.55 0.0631 4.7430 0.6400 15.0 85.0
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Table 5. Cont.

MAY

Time Consumption GT
Power

ST
Power

Gas-
Steam
Power

GT
Effi-

ciency

Gas-Steam
Efficiecny

Fuel
Mix

Mass
Flow

Exhaust
Mass
Flow

Live
Steam
Mass
Flow

H2
Mass
Prop

CH4
Mass
Prop

kWh kWh kWh kWh % % kg/s kg/s kg/s % %
02:00:00 1700 1115 585 1700 29.19 44.55 0.0631 4.7430 0.6400 15.0 85.0
03:00:00 1700 1115 585 1700 29.19 44.55 0.0631 4.7430 0.6400 15.0 85.0
04:00:00 1400 891 466 1357 29.24 44.52 0.0487 3.7790 0.5112 18.0 82.0
05:00:00 500 891 466 1357 29.24 44.52 0.0487 3.7790 0.5112 18.0 82.0
06:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0
07:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0
08:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0
09:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0
10:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0
11:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0
12:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0
13:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0
14:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0
15:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0
16:00:00 1300 891 466 1357 29.24 44.52 0.0487 3.7790 0.5112 18.0 82.0
17:00:00 2000 1306 694 2000 29.15 44.66 0.0758 5.5710 0.7550 13.0 87.0
18:00:00 2300 1505 795 2300 29.09 44.44 0.0907 6.4460 0.8610 10.0 90.0
19:00:00 2300 1505 795 2300 29.09 44.44 0.0907 6.4460 0.8610 10.0 90.0
20:00:00 2300 1505 795 2300 29.09 44.44 0.0907 6.4460 0.8610 10.0 90.0
21:00:00 2300 1505 795 2300 29.09 44.44 0.0907 6.4460 0.8610 10.0 90.0
22:00:00 2000 1306 694 2000 29.15 44.66 0.7575 5.5710 0.7550 13.0 87.0
23:00:00 2000 1306 694 2000 29.15 44.66 0.7575 5.5710 0.7550 13.0 87.0

Figure 12. Average hourly energy consumption-production balance in May.

During the remaining hours—from 16:00 to 06:00—the previously generated hydrogen
is distributed evenly. The hydrogen proportion in the biomethane-hydrogen mix varies
depending on the fuel mass flow rate, which is determined by the power load for electricity
consumption and production.
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As shown, between 00:00 and 04:00, the hydrogen mass proportion in the fuel mix is
approximately 15%. Between 04:00 and 06:00, it increases to 18%, while between 18:00 and
22:00, the hydrogen share in the mix is about 10%.

During periods of low electrical grid consumption, the gas-steam system operates
under certain technical limitations related to the minimum load requirements of the gas
and steam turbines.

Specifically, for the 100% biomethane-powered case, the minimum operational load is
875 kW for the gas turbine and 467 kW for the steam turbine.

For cases powered by the hydrogen/biomethane fuel mix, these minimum load values
vary depending on the fuel composition:

Gas turbine: from 887 kW to 937 kW
Steam turbine: from 466 kW to 493 kW
These variations reflect the influence of the hydrogen-to-biomethane ratio in the fuel

mix on turbine performance.
As a result, even during hours with relatively low energy demand—such as from 04:00

to 05:00, from 05:00 to 06:00, and between 16:00 and 17:00, when the electrical consumption
is 1400 kWh, 500 kWh, and 1300 kWh respectively—the gas-steam system still generates a
constant electrical power output of 1438 kWh. The excess energy produced during these
times is sold to the grid.

In Figure 12, the power outputs of the gas turbine, steam turbine and PV system are
illustrated alongside the electrical grid consumption. The figure clearly shows both the
excess energy produced by the gas-steam system and the surplus electricity generated by
the PV installation.

In contrast, the situation is different during months without surplus PV generation.
This can be illustrated using the example of January. The average hourly energy

consumption-production balance is shown in Figure 13. As there is no excess electricity
generation during this month, hydrogen production does not occur. Consequently, the
grid demand is met entirely by the gas-steam system, using 100% biomethane in the
gas turbine’s combustion chamber and a portion of the demand is also met directly by
PV generation.

Figure 13. Average hourly energy consumption-production balance in January.

The average hourly energy consumption-production balance data were calculated for
each month of the year and are provided separately for each month in the Appendix A of
this work.
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4.2. CO2 Emissions and Emissions Reduction Assessment

To quantify the environmental benefits of the proposed hybrid energy system, an op-
erational CO2 emissions assessment was conducted by comparing the analyzed system
with a conventional grid-based electricity supply scenario. The assessment focuses on di-
rect operational emissions associated with electricity generation and excludes upstream
construction-related emissions, consistent with the scope and system boundaries of this study.

4.2.1. Reference Case: Grid-Based Electricity Supply

The reference case assumes that the annual electricity demand of the settlement is
fully supplied by the national electricity grid. Based on the calculated average electricity
consumption of approximately 2.8–3.2 MWh per capita per year and a population of
4500 inhabitants, the total annual electricity demand Eann is estimated as:

Eann = Npop × ecap (3)

Eann = 4500 × 3.0 ≈ 13, 500 MWh/year (4)

For the Polish electricity system, an average grid emission factor EFgrid of
0.70 tCO2/MWh was adopted, reflecting the coal-dominated generation mix in 2023. The
annual operational CO2 emissions of the reference case CO2,re f were calculated as:

CO2,re f = Eann × EFgrid (5)

CO2,re f = 13, 500 × 0.70 ≈ 9450 tCO2/year (6)

4.2.2. Hybrid System Operational Emissions

In the proposed hybrid energy system, electricity is generated primarily from photo-
voltaic power, biomethane-fueled gas-steam combined-cycle operation, and hydrogen-
assisted combustion. Photovoltaic electricity generation and hydrogen produced via
renewable-powered electrolysis are considered zero-emission at the point of use. Biomethane
combustion is treated as carbon-neutral under operational accounting, as the released CO2

originates from biogenic carbon previously absorbed during biomass growth.
Accordingly, the annual operational CO2 emissions of the hybrid system CO2,hyb are

limited to auxiliary electricity consumption and residual grid interactions and can be
expressed as:

CO2,hyb ≈ CO2,aux + CO2,grid,res (7)

Based on the annual energy balance results, these emissions were estimated to
be approximately:

CO2,hyb ≈ 650 tCO2/year (8)

4.2.3. CO2 Emissions Reduction

The absolute annual CO2 emissions reduction ∆CO2 achieved by the proposed hybrid
system is calculated as:

∆CO2 = CO2,re f − CO2hyb (9)

∆CO2 = 9450 − 650 ≈ 8800 tCO2/year (10)

The relative CO2 emissions reduction RCO2 is given by:

RCO2 =
∆CO2

CO2,re f
× 100% (11)
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RCO2 ≈ 8800
9450

× 100% ≈ 93% (12)

4.2.4. Discussion

These results demonstrate the strong decarbonization potential of integrated biogas–
hydrogen–photovoltaic hybrid energy systems for small municipalities, particularly in
regions characterized by carbon-intensive electricity grids. The combination of renewable
electricity generation, long-duration hydrogen storage, and dispatchable biomethane-
supported power production enables a near-complete elimination of operational CO2

emissions while maintaining reliable, year-round electricity supply.

5. Conclusions
This study investigated the technical feasibility and decarbonization potential of

a fully integrated hybrid energy system combining biogas upgrading to biomethane,
photovoltaic electricity generation, hydrogen production via alkaline electrolysis, hydrogen
storage, and a gas-steam combined-cycle power plant. The system was designed to supply
uninterrupted electricity to a small municipality of approximately 4500 inhabitants under
predominantly self-sufficient operating conditions.

Using full-year, high-resolution electricity demand data and satellite-based meteo-
rological inputs for 2023, detailed process-based simulations were conducted in Aspen
Plus and Aspen HYSYS. The results demonstrate that a hybrid configuration consisting
of a 10 MWp photovoltaic installation, a 2.9 MW gas-steam combined-cycle unit, and
550 kg of hydrogen storage can reliably meet annual electricity demand. During spring
and summer months, surplus photovoltaic electricity enables hydrogen production, while
winter operation is fully supported by dispatchable biomethane-fueled power generation.
Hydrogen co-firing enhances operational flexibility and supports load-following operation
without compromising system stability.

The annual energy balance indicates that hydrogen production is feasible primarily
between March and September, with an average annual hydrogen output of approximately
75.9 t and a maximum daily production of about 531 kg in May. The imposed hydrogen
storage capacity ensures effective redistribution of renewable energy during non-solar
hours, reducing reliance on grid electricity and enabling high renewable energy utilization
throughout the year

From an environmental perspective, the proposed hybrid system achieves a sub-
stantial reduction in operational CO2 emissions. Compared to a conventional grid-based
electricity supply, characterized by a carbon-intensive generation mix, the hybrid system
reduces annual operational CO2 emissions by approximately 8800 tCO2, corresponding to
a reduction of about 93%. This result highlights the strong decarbonization potential of
integrated biogas–hydrogen–photovoltaic systems for small communities, particularly in
regions with limited grid decarbonization.

Several limitations of the present study should be acknowledged. The analysis as-
sumes idealized component availability and steady-state operation, neglecting equipment
degradation, unplanned outages, and dynamic efficiency variations at part-load condi-
tions. Economic optimization, market price volatility, and reliability metrics were not
explicitly considered, and the assessment focused primarily on operational rather than full
life-cycle emissions.

Future research should extend the proposed framework by incorporating techno-
economic optimization, stochastic modeling of component failures, dynamic efficiency
curves, and detailed reliability indicators. Further investigation into alternative energy stor-
age pathways, such as biogas-based energy storage or sector-coupled applications, as well
as policy and regulatory impacts, would enhance the practical relevance of such systems.
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Nevertheless, the findings of this study demonstrate that fully integrated hybrid energy
systems can provide a scalable, low-carbon, and dispatchable solution for decentralized
electricity supply in rural and semi-urban communities.
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Appendix A.
Appendix A.1. Average Hourly Energy Consumption-Production Balance in January

JANUARY

Time Consumption
GT Power

Output
ST Power

Output

Gas-Steam
Power
Output

GT
Efficiency

Gas-Steam
Efficiency

Biomethane
Mass Flow

Exhaust
Mass Flow

Live Steam
Mass Flow

kWh kWh kWh kWh % % kg/s kg/s kg/s

00:00:00 2000 1301 699 2000 28.85 44.38 0.0901 5.6600 0.7610

01:00:00 2000 1301 699 2000 28.85 44.38 0.0901 5.6600 0.7610

02:00:00 2000 1301 699 2000 28.85 44.38 0.0901 5.6600 0.7610

03:00:00 2000 1301 699 2000 28.85 44.38 0.0901 5.6600 0.7610

04:00:00 2000 1301 699 2000 28.85 44.38 0.0901 5.6600 0.7610

05:00:00 2000 1301 699 2000 28.85 44.38 0.0901 5.6600 0.7610

06:00:00 2400 1558 842 2400 28.85 44.45 0.1079 6.7830 0.9130

07:00:00 2150 1398 752 2150 28.85 44.37 0.0969 6.0870 0.8160

08:00:00 2150 1398 752 2150 28.85 44.37 0.0969 6.0870 0.8160

09:00:00 1700 1106 594 1700 28.85 44.32 0.0766 4.8170 0.6470

10:00:00 1700 1106 594 1700 28.85 44.32 0.0766 4.8170 0.6470

11:00:00 1700 1106 594 1700 28.85 44.32 0.0766 4.8170 0.6470

12:00:00 2050 1335 715 2050 28.85 44.31 0.0925 5.8120 0.7770

13:00:00 2050 1335 715 2050 28.85 44.31 0.0925 5.8120 0.7770

14:00:00 2500 1623 877 2500 28.85 44.46 0.1124 7.0620 0.9500

15:00:00 2750 1785 965 2750 28.85 44.46 0.1236 7.7690 1.0440

16:00:00 2750 1785 965 2750 28.85 44.46 0.1236 7.7690 1.0440

17:00:00 2750 1785 965 2750 28.85 44.46 0.1236 7.7690 1.0440

18:00:00 2750 1785 965 2750 28.85 44.46 0.1236 7.7690 1.0440

19:00:00 2750 1785 965 2750 28.85 44.46 0.1236 7.7690 1.0440

20:00:00 2750 1785 965 2750 28.85 44.46 0.1236 7.7690 1.0440

21:00:00 2400 1558 842 2400 28.85 44.45 0.1079 6.7830 0.9130

22:00:00 2400 1558 842 2400 28.85 44.45 0.1079 6.7830 0.9130

23:00:00 2200 1429 771 2200 28.85 44.43 0.0990 6.2190 0.8370
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Appendix A.2. Average Hourly Energy Consumption-Production Balance in February

FEBRUARY

Time Consumption
GT Power

Output
ST Power

Output

Gas-Steam
Power
Output

GT
Efficiency

Gas-Steam
Efficiency

Biomethane
Mass Flow

Exhaust
Mass Flow

Live
Steam
Mass
Flow

kWh kWh kWh kWh % % kg/s kg/s kg/s

00:00:00 2000 1301 699 2000 28.85 44.38 0.0901 5.6600 0.7610

01:00:00 2000 1301 699 2000 28.85 44.38 0.0901 5.6600 0.7610

02:00:00 2000 1301 699 2000 28.85 44.38 0.0901 5.6600 0.7610

03:00:00 2000 1301 699 2000 28.85 44.38 0.0901 5.6600 0.7610

04:00:00 2000 1301 699 2000 28.85 44.38 0.0901 5.6600 0.7610

05:00:00 2000 1301 699 2000 28.85 44.38 0.0901 5.6600 0.7610

06:00:00 2350 1527 823 2350 28.85 44.42 0.1057 6.6460 0.8930

07:00:00 1500 980 520 1500 28.85 44.17 0.0679 4.2680 0.5700

08:00:00 1200 875 467 1342 28.85 44.23 0.0606 3.8110 0.5120

09:00:00 250 875 467 1342 28.85 44.23 0.0606 3.8110 0.5120

10:00:00 250 875 467 1342 28.85 44.23 0.0606 3.8110 0.5120

11:00:00 250 875 467 1342 28.85 44.23 0.0606 3.8110 0.5120

12:00:00 650 875 467 1342 28.85 44.23 0.0606 3.8110 0.5120

13:00:00 650 875 467 1342 28.85 44.23 0.0606 3.8110 0.5120

14:00:00 1000 875 467 1342 28.85 44.23 0.0606 3.8110 0.5120

15:00:00 2200 1429 771 2200 28.85 44.43 0.0990 6.2190 0.8370

16:00:00 2600 1685 915 2600 28.85 44.52 0.1167 7.3370 0.9900

17:00:00 2600 1685 915 2600 28.85 44.52 0.1167 7.3370 0.9900

18:00:00 2600 1685 915 2600 28.85 44.52 0.1167 7.3370 0.9900

19:00:00 2600 1685 915 2600 28.85 44.52 0.1167 7.3370 0.9900

20:00:00 2600 1685 915 2600 28.85 44.52 0.1167 7.3370 0.9900

21:00:00 2600 1685 915 2600 28.85 44.52 0.1167 7.3370 0.9900

22:00:00 2200 1429 771 2200 28.85 44.43 0.0990 6.2190 0.8370

23:00:00 2100 1365 735 2100 28.85 44.41 0.0946 5.9450 0.8000

Light orange cells highlight hours in which the gas-steam unit operates below its nominal load.
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Appendix A.3. Average Hourly Energy Consumption-Production Balance in March

MARCH

Time Consumption
GT Power

Output

ST
Power
Output

Gas-
Steam
Power
Output

GT
Efficiency

Gas-
Steam

Efficiency

Fuel Mix
Mass
Flow

Exhaust
Mass
Flow

Live
Steam
Mass
Flow

H2

Mass
Prop

CH4

Mass
Prop

kWh kWh kWh kWh % % kg/s kg/s kg/s % %

00:00:00 2000 1300 700 2000 28.89 44.46 0.0881 5.6430 0.7610 1.5 98.5

01:00:00 2000 1300 700 2000 28.89 44.46 0.0881 5.6430 0.7610 1.5 98.5

02:00:00 2000 1300 700 2000 28.89 44.46 0.0881 5.6430 0.7610 1.5 98.5

03:00:00 2000 1300 700 2000 28.89 44.46 0.0881 5.6430 0.7610 1.5 98.5

04:00:00 2000 1300 700 2000 28.89 44.46 0.0881 5.6430 0.7610 1.5 98.5

05:00:00 2000 1300 700 2000 28.89 44.46 0.0881 5.6430 0.7610 1.5 98.5

06:00:00 1500 979 521 1500 28.91 44.29 0.0066 4.2460 0.5700 2.1 98.0

07:00:00 500 937 493 1430 28.91 44.12 0.0629 4.0630 0.5400 2.1 97.9

08:00:00 100 937 493 1430 28.91 44.12 0.0629 4.0630 0.5400 2.1 97.9

09:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

10:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

11:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

12:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

13:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

14:00:00 600 937 493 1430 28.91 44.12 0.0629 4.0630 0.5400 2.1 97.9

15:00:00 1500 979 521 1500 28.91 44.29 0.0066 4.2460 0.5700 2.1 98.0

16:00:00 2600 1689 911 2600 28.89 44.47 0.1149 7.2200 0.9860 1.2 98.8

17:00:00 2600 1689 911 2600 28.89 44.47 0.1149 7.2200 0.9860 1.2 98.8

18:00:00 2600 1689 911 2600 28.89 44.47 0.1149 7.2200 0.9860 1.2 98.8

19:00:00 2600 1689 911 2600 28.89 44.47 0.1149 7.2200 0.9860 1.2 98.8

20:00:00 2600 1689 911 2600 28.89 44.47 0.1149 7.2200 0.9860 1.2 98.8

21:00:00 2600 1689 911 2600 28.89 44.47 0.1149 7.2200 0.9860 1.2 98.8

22:00:00 2300 1498 802 2300 28.89 44.37 0.1017 6.4000 0.8700 1.3 98.7

23:00:00 2150 1404 746 2150 28.89 44.25 0.0954 6.0950 0.8100 1.4 98.6

Light orange cells highlight hours in which the gas-steam unit operates below its nominal load.
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Appendix A.4. Average Hourly Energy Consumption-Production Balance in April

APRIL

Time Consumption
GT

Power
Output

ST
Power
Output

Gas-
Steam
Power
Output

GT
Efficiency

Gas-
Steam

Efficiency

Fuel Mix
Mass
Flow

Exhaust
Mass
Flow

Live
Steam
Mass
Flow

H2

Mass
Prop

CH4

Mass
Prop

kWh kWh kWh kWh % % kg/s kg/s kg/s % %

00:00:00 1850 1207 643 1850 29.01 44.46 0.0766 5.2020 0.7000 6.2 93.9

01:00:00 1750 1145 605 1750 29.02 44.37 0.0721 4.9270 0.6600 6.6 93.4

02:00:00 1750 1145 605 1750 29.02 44.37 0.0721 4.9270 0.6600 6.6 93.4

03:00:00 1750 1145 605 1750 29.02 44.37 0.0721 4.9270 0.6600 6.6 93.4

04:00:00 1750 1145 605 1750 29.02 44.37 0.0721 4.9270 0.6600 6.6 93.4

05:00:00 1250 893 467 1360 29.06 44.23 0.0551 3.7800 0.5120 8.2 91.8

06:00:00 300 893 467 1360 29.06 44.23 0.0551 3.7800 0.5120 8.2 91.8

07:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

08:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

09:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

10:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

11:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

12:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

13:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

14:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

15:00:00 800 893 467 1360 29.06 44.23 0.0551 3.7800 0.5120 8.2 91.8

16:00:00 1800 1178 622 1800 29.01 44.31 0.0745 5.0740 0.6770 6.4 93.6

17:00:00 2400 1561 839 2400 28.97 44.55 0.1010 6.7410 0.9090 4.7 95.3

18:00:00 2400 1561 839 2400 28.97 44.55 0.1010 6.7410 0.9090 4.7 95.3

19:00:00 2400 1561 839 2400 28.97 44.55 0.1010 6.7410 0.9090 4.7 95.3

20:00:00 2400 1561 839 2400 28.97 44.55 0.1010 6.7410 0.9090 4.7 95.3

21:00:00 2400 1561 839 2400 28.97 44.55 0.1010 6.7410 0.9090 4.7 95.3

22:00:00 2050 1337 713 2050 28.99 44.46 0.0855 5.7660 0.7750 5.5 94.5

23:00:00 2050 1337 713 2050 28.99 44.46 0.0855 5.7660 0.7750 5.5 94.5

Light orange cells highlight hours in which the gas-steam unit operates below its nominal load.
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Appendix A.5. Average Hourly Energy Consumption-Production Balance in May

MAY

Time Consumption
GT

Power
Output

ST
Power
Output

Gas-
Steam
Power
Output

GT
Efficiency

Gas-
Steam

Efficiency

Fuel Mix
Mass
Flow

Exhaust
Mass
Flow

Live
Steam
Mass
Flow

H2

Mass
Prop

CH4

Mass
Prop

kWh kWh kWh kWh % % kg/s kg/s kg/s % %

00:00:00 1700 1115 585 1700 29.19 44.55 0.0631 4.7430 0.6400 15.0 85.0

01:00:00 1700 1115 585 1700 29.19 44.55 0.0631 4.7430 0.6400 15.0 85.0

02:00:00 1700 1115 585 1700 29.19 44.55 0.0631 4.7430 0.6400 15.0 85.0

03:00:00 1700 1115 585 1700 29.19 44.55 0.0631 4.7430 0.6400 15.0 85.0

04:00:00 1400 891 466 1357 29.24 44.52 0.0487 3.7790 0.5112 18.0 82.0

05:00:00 500 891 466 1357 29.24 44.52 0.0487 3.7790 0.5112 18.0 82.0

06:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

07:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

08:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

09:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

10:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

11:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

12:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

13:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

14:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

15:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

16:00:00 1300 891 466 1357 29.24 44.52 0.0487 3.7790 0.5112 18.0 82.0

17:00:00 2000 1306 694 2000 29.15 44.66 0.0758 5.5710 0.7550 13.0 87.0

18:00:00 2300 1505 795 2300 29.09 44.44 0.0907 6.4460 0.8610 10.0 90.0

19:00:00 2300 1505 795 2300 29.09 44.44 0.0907 6.4460 0.8610 10.0 90.0

20:00:00 2300 1505 795 2300 29.09 44.44 0.0907 6.4460 0.8610 10.0 90.0

21:00:00 2300 1505 795 2300 29.09 44.44 0.0907 6.4460 0.8610 10.0 90.0

22:00:00 2000 1306 694 2000 29.15 44.66 0.7575 5.5710 0.7550 13.0 87.0

23:00:00 2000 1306 694 2000 29.15 44.66 0.7575 5.5710 0.7550 13.0 87.0

Light orange cells highlight hours in which the gas-steam unit operates below its nominal load.
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Appendix A.6. Average Hourly Energy Consumption-Production Balance in June

JUNE

Time Consumption
GT

Power
Output

ST
Power
Output

Gas-
Steam
Power
Output

GT
Efficiency

Gas-
Steam

Efficiency

Fuel mix
Mass
Flow

Exhaust
Mass
Flow

Live
Steam
Mass
Flow

H2

Mass
Prop

CH4

Mass
Prop

kWh kWh kWh kWh % % kg/s kg/s kg/s % %

00:00:00 1750 1143 607 1750 29.15 44.62 0.0663 4.8760 0.6610 13.0 87.0

01:00:00 1750 1143 607 1750 29.15 44.62 0.0663 4.8760 0.6610 13.0 87.0

02:00:00 1750 1143 607 1750 29.15 44.62 0.0663 4.8760 0.6610 13.0 87.0

03:00:00 1750 1143 607 1750 29.15 44.62 0.0663 4.8760 0.6610 13.0 87.0

04:00:00 1400 889 466 1355 29.23 44.57 0.0491 3.7710 0.5120 17.0 83.0

05:00:00 500 889 466 1355 29.23 44.57 0.0491 3.7710 0.5120 17.0 83.0

06:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

07:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

08:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

09:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

10:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

11:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

12:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

13:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

14:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

15:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

16:00:00 1100 889 466 1355 29.23 44.57 0.0491 3.7710 0.5120 17.0 83.0

17:00:00 2000 1310 690 2000 29.11 44.45 0.0779 5.6030 0.7500 11.0 89.0

18:00:00 2400 1563 837 2400 29.07 44.64 0.0954 6.6100 0.9070 9.0 91.0

19:00:00 2400 1563 837 2400 29.07 44.64 0.0954 6.6100 0.9070 9.0 91.0

20:00:00 2400 1563 837 2400 29.07 44.64 0.0954 6.6100 0.9070 9.0 91.0

21:00:00 2400 1563 837 2400 29.07 44.64 0.0954 6.6100 0.9070 9.0 91.0

22:00:00 2100 1373 727 2100 29.09 44.50 0.0828 5.8830 0.7900 10.0 90.0

23:00:00 2100 1373 727 2100 29.09 44.50 0.0828 5.8830 0.7900 10.0 90.0

Light orange cells highlight hours in which the gas-steam unit operates below its nominal load.
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Appendix A.7. Average Hourly Energy Consumption-Production Balance in July

JULY

Time Consumption
GT

Power
Output

ST
Power
Output

Gas-
Steam
Power
Output

GT
Efficiency

Gas-
Steam

Efficiency

Fuel Mix
Mass
Flow

Exhaust
Mass
Flow

Live
Steam
Mass
Flow

H2

Mass
Prop

CH4

Mass
Prop

kWh kWh kWh kWh % % kg/s kg/s kg/s % %

00:00:00 1720 1124 596 1720 29.11 44.55 0.0669 4.8090 0.6500 11.0 89.0

01:00:00 1720 1124 596 1720 29.11 44.55 0.0669 4.8090 0.6500 11.0 89.0

02:00:00 1720 1124 596 1720 29.11 44.55 0.0669 4.8090 0.6500 11.0 89.0

03:00:00 1720 1124 596 1720 29.11 44.55 0.0669 4.8090 0.6500 11.0 89.0

04:00:00 1400 891 467 1358 29.15 44.41 0.0517 3.8020 0.5120 13.0 87.0

05:00:00 500 891 467 1358 29.15 44.41 0.0517 3.8020 0.5120 13.0 87.0

06:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

07:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

08:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

09:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

10:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

11:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

12:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

13:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

14:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

15:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

16:00:00 1100 891 467 1358 29.15 44.41 0.0517 3.8020 0.5120 13.0 87.0

17:00:00 2000 1305 695 2000 29.09 44.60 0.0786 5.5890 0.7560 10.0 90.0

18:00:00 2300 1504 796 2300 29.07 44.46 0.0918 6.4520 0.8630 9.0 91.0

19:00:00 2300 1504 796 2300 29.07 44.46 0.0918 6.4520 0.8630 9.0 91.0

20:00:00 2300 1504 796 2300 29.07 44.46 0.0918 6.4520 0.8630 9.0 91.0

21:00:00 2300 1504 796 2300 29.07 44.46 0.0918 6.4520 0.8630 9.0 91.0

22:00:00 2050 1346 704 2050 29.07 44.30 0.0822 5.7720 0.7660 9.0 91.0

23:00:00 2050 1346 704 2050 29.07 44.30 0.0822 5.7720 0.7660 9.0 91.0

Light orange cells highlight hours in which the gas-steam unit operates below its nominal load.
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Appendix A.8. Average Hourly Energy Consumption-Production Balance in August

AUGUST

Time Consumption
GT

Power
Output

ST
Power
Output

Gas-
Steam
Power
Output

GT
Efficiency

Gas-
Steam

Efficiency

Fuel Mix
Mass
Flow

Exhaust
Mass
Flow

Live
Steam
Mass
Flow

H2

Mass
Prop

Ch4

Mass
Prop

kWh kWh kWh kWh % % kg/s kg/s kg/s % %

00:00:00 1550 1013 537 1550 29.05 44.44 0.0627 4.3530 0.5870 8.0 92.0

01:00:00 1550 1013 537 1550 29.05 44.44 0.0627 4.3530 0.5870 8.0 92.0

02:00:00 1550 1013 537 1550 29.05 44.44 0.0627 4.3530 0.5870 8.0 92.0

03:00:00 1550 1013 537 1550 29.05 44.44 0.0627 4.3530 0.5870 8.0 92.0

04:00:00 1550 1013 537 1550 29.05 44.44 0.0627 4.3530 0.5870 8.0 92.0

05:00:00 1000 887 466 1353 29.07 44.36 0.0542 3.8040 0.5120 9.0 91.0

06:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

07:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

08:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

09:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

10:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

11:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

12:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

13:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

14:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

15:00:00 500 887 466 1353 29.07 44.36 0.0542 3.8040 0.5120 9.0 91.0

16:00:00 1650 1083 567 1650 29.03 44.25 0.0679 4.6580 0.6200 7.0 93.0

17:00:00 2200 1435 765 2200 28.98 44.45 0.0925 6.1920 0.8310 5.0 95.0

18:00:00 2400 1560 840 2400 28.98 44.58 0.1006 6.7370 0.9100 5.0 95.0

19:00:00 2400 1560 840 2400 28.98 44.58 0.1006 6.7370 0.9100 5.0 95.0

20:00:00 2400 1560 840 2400 28.98 44.58 0.1006 6.7370 0.9100 5.0 95.0

21:00:00 2400 1560 840 2400 28.98 44.58 0.1006 6.7370 0.9100 5.0 95.0

22:00:00 2000 1304 696 2000 28.99 44.48 0.0835 5.6230 0.7570 5.5 94.5

23:00:00 2000 1304 696 2000 28.99 44.48 0.0835 5.6230 0.7570 5.5 94.5

Light orange cells highlight hours in which the gas-steam unit operates below its nominal load.

https://doi.org/10.3390/en19020387

https://doi.org/10.3390/en19020387


Energies 2026, 19, 387 34 of 41

Appendix A.9. Average Hourly Energy Consumption-Production Balance in September

SEPTEMBER

Time Consumption
GT

Power
Output

ST
Power
Output

Gas-
Steam
Power
Output

GT
Efficiency

Gas-
Steam

Efficiency

Fuel Mix
Mass
Flow

Exhaust
Mass
Flow

Live
Steam
Mass
Flow

H2

Mass
Prop

CH4

Mass
Prop

kWh kWh kWh kWh % % kg/s kg/s kg/s % %

00:00:00 1700 1114 586 1700 29.11 44.44 0.0663 4.7660 0.6400 11.0 89.0

01:00:00 1700 1114 586 1700 29.11 44.44 0.0663 4.7660 0.6400 11.0 89.0

02:00:00 1700 1114 586 1700 29.11 44.44 0.0663 4.7660 0.6400 11.0 89.0

03:00:00 1700 1114 586 1700 29.11 44.44 0.0663 4.7660 0.6400 11.0 89.0

04:00:00 1700 1114 586 1700 29.11 44.44 0.0663 4.7660 0.6400 11.0 89.0

05:00:00 1400 891 467 1358 29.15 44.41 0.0517 3.8020 0.5120 13.0 87.0

06:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

07:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

08:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

09:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

10:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

11:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

12:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

13:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

14:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000 0.0 0.0

15:00:00 850 891 467 1358 29.15 44.41 0.0517 3.8020 0.5120 13.0 87.0

16:00:00 2200 1441 759 2200 29.03 44.36 0.8914 6.1890 0.8240 8.0 92.0

17:00:00 2450 1604 846 2450 29.03 44.35 0.1006 6.9010 0.9170 7.0 93.0

18:00:00 2450 1604 846 2450 29.03 44.35 0.1006 6.9010 0.9170 7.0 93.0

19:00:00 2450 1604 846 2450 29.03 44.35 0.1006 6.9010 0.9170 7.0 93.0

20:00:00 2450 1604 846 2450 29.03 44.35 0.1006 6.9010 0.9170 7.0 93.0

21:00:00 2250 1467 783 2250 29.03 44.57 0.0908 6.3010 0.8500 8.0 92.0

22:00:00 2000 1305 695 2000 29.07 44.54 0.0797 5.6000 0.7550 9.0 91.0

23:00:00 2000 1305 695 2000 29.07 44.54 0.0797 5.6000 0.7550 9.0 91.0

Light orange cells highlight hours in which the gas-steam unit operates below its nominal load.
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Appendix A.10. Average Hourly Energy Consumption-Production Balance in October

OCTOBER

Time Consumption
GT Power

Output
ST Power

Output

Gas-Steam
Power
Output

GT
Efficiency

Gas-Steam
Efficiency

Biomethan
Mass Flow

Exhaust
Mass Flow

Live
Steam
Mass
Flow

kWh kWh kWh kWh % % kg/s kg/s kg/s

00:00:00 1900 1235 665 1900 28.85 44.39 0.0855 5.3760 0.7240

01:00:00 1900 1235 665 1900 28.85 44.39 0.0855 5.3760 0.7240

02:00:00 1900 1235 665 1900 28.85 44.39 0.0855 5.3760 0.7240

03:00:00 1900 1235 665 1900 28.85 44.39 0.0855 5.3760 0.7240

04:00:00 1900 1235 665 1900 28.85 44.39 0.0855 5.3760 0.7240

05:00:00 1900 1235 665 1900 28.85 44.39 0.0855 5.3760 0.7240

06:00:00 1700 1106 594 1700 28.85 44.32 0.0766 4.8170 0.6470

07:00:00 1000 875 467 1342 28.85 44.23 0.0606 3.8110 0.5120

08:00:00 400 875 467 1342 28.85 44.23 0.0606 3.8110 0.5120

09:00:00 400 875 467 1342 28.85 44.23 0.0606 3.8110 0.5120

10:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000

11:00:00 0 0 0 0 0.00 0.00 0.0000 0.0000 0.0000

12:00:00 600 875 467 1342 28.85 44.23 0.0606 3.8110 0.5120

13:00:00 900 875 467 1342 28.85 44.23 0.0606 3.8110 0.5120

14:00:00 1500 980 520 1500 28.85 44.17 0.0679 4.2680 0.5700

15:00:00 2200 1429 771 2200 28.85 44.43 0.0990 6.2190 0.8370

16:00:00 2550 1654 896 2550 28.85 44.48 0.1146 7.2000 0.9700

17:00:00 2550 1654 896 2550 28.85 44.48 0.1146 7.2000 0.9700

18:00:00 2550 1654 896 2550 28.85 44.48 0.1146 7.2000 0.9700

19:00:00 2550 1654 896 2550 28.85 44.48 0.1146 7.2000 0.9700

20:00:00 2550 1654 896 2550 28.85 44.48 0.1146 7.2000 0.9700

21:00:00 2550 1654 896 2550 28.85 44.48 0.1146 7.2000 0.9700

22:00:00 2100 1365 735 2100 28.85 44.41 0.0946 5.9450 0.8000

23:00:00 2100 1365 735 2100 28.85 44.41 0.0946 5.9450 0.8000

Light orange cells highlight hours in which the gas-steam unit operates below its nominal load.
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Appendix A.11. Average Hourly Energy Consumption-Production Balance in November

NOVEMBER

Time Consumption
GT Power

Output
ST Power

Output

Gas-Steam
Power
Output

GT
Efficiency

Gas-Steam
Efficiency

Biomethan
Mass Flow

Exhaust
Mass Flow

Live
Steam
Mass
Flow

kWh kWh kWh kWh % % kg/s kg/s kg/s

00:00:00 1900 1235 665 1900 28.85 44.39 0.0855 5.3760 0.7240

01:00:00 1900 1235 665 1900 28.85 44.39 0.0855 5.3760 0.7240

02:00:00 1900 1235 665 1900 28.85 44.39 0.0855 5.3760 0.7240

03:00:00 1900 1235 665 1900 28.85 44.39 0.0855 5.3760 0.7240

04:00:00 1900 1235 665 1900 28.85 44.39 0.0855 5.3760 0.7240

05:00:00 1900 1235 665 1900 28.85 44.39 0.0855 5.3760 0.7240

06:00:00 2200 1429 771 2200 28.85 44.43 0.0990 6.2190 0.8370

07:00:00 1900 1235 665 1900 28.85 44.39 0.0855 5.3760 0.7240

08:00:00 1400 913 487 1400 28.85 44.25 0.0632 3.9730 0.5340

09:00:00 1400 913 487 1400 28.85 44.25 0.0632 3.9730 0.5340

10:00:00 850 875 467 1342 28.85 44.23 0.0606 3.8110 0.5120

11:00:00 1150 875 467 1342 28.85 44.23 0.0606 3.8110 0.5120

12:00:00 1500 980 520 1500 28.85 44.17 0.0679 4.2680 0.5700

13:00:00 2100 1365 735 2100 28.85 44.41 0.0946 5.9450 0.8000

14:00:00 2650 1722 928 2650 28.85 44.38 0.1193 7.4990 1.0030

15:00:00 2650 1722 928 2650 28.85 44.38 0.1193 7.4990 1.0030

16:00:00 2650 1722 928 2650 28.85 44.38 0.1193 7.4990 1.0030

17:00:00 2650 1722 928 2650 28.85 44.38 0.1193 7.4990 1.0030

18:00:00 2650 1722 928 2650 28.85 44.38 0.1193 7.4990 1.0030

19:00:00 2650 1722 928 2650 28.85 44.38 0.1193 7.4990 1.0030

20:00:00 2650 1722 928 2650 28.85 44.38 0.1193 7.4990 1.0030

21:00:00 2650 1722 928 2650 28.85 44.38 0.1193 7.4990 1.0030

22:00:00 2200 1429 771 2200 28.85 44.43 0.0990 6.2190 0.8370

23:00:00 2200 1429 771 2200 28.85 44.43 0.0990 6.2190 0.8370

Light orange cells highlight hours in which the gas-steam unit operates below its nominal load.
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Appendix A.12. Average Hourly Energy Consumption-Production Balance in December

DECEMBER

Time Consumption
GT Power

Output
ST Power

Output

Gas-Steam
Power
Output

GT
Efficiency

Gas-Steam
Efficiency

Biomethan
Mass Flow

Exhaust
Mass Flow

Live
Steam
Mass
Flow

kWh kWh kWh kWh % % kg/s kg/s kg/s

00:00:00 2000 1301 699 2000 28.85 44.38 0.0901 5.6600 0.7610

01:00:00 2000 1301 699 2000 28.85 44.38 0.0901 5.6600 0.7610

02:00:00 2000 1301 699 2000 28.85 44.38 0.0901 5.6600 0.7610

03:00:00 2000 1301 699 2000 28.85 44.38 0.0901 5.6600 0.7610

04:00:00 2000 1301 699 2000 28.85 44.38 0.0901 5.6600 0.7610

05:00:00 2000 1301 699 2000 28.85 44.38 0.0901 5.6600 0.7610

06:00:00 2500 1623 877 2500 28.85 44.46 0.1124 7.0620 0.9500

07:00:00 2500 1623 877 2500 28.85 44.46 0.1124 7.0620 0.9500

08:00:00 1850 1202 648 1850 28.85 44.40 0.0833 5.2330 0.7050

09:00:00 1850 1202 648 1850 28.85 44.40 0.0833 5.2330 0.7050

10:00:00 2150 1398 752 2150 28.85 44.37 0.0969 6.0870 0.8160

11:00:00 2150 1398 752 2150 28.85 44.37 0.0969 6.0870 0.8160

12:00:00 2150 1398 752 2150 28.85 44.37 0.0969 6.0870 0.8160

13:00:00 2600 1685 915 2600 28.85 44.52 0.1167 7.3370 0.9900

14:00:00 2800 1817 983 2800 28.85 44.46 0.1259 7.9110 1.0630

15:00:00 2800 1817 983 2800 28.85 44.46 0.1259 7.9110 1.0630

16:00:00 2800 1817 983 2800 28.85 44.46 0.1259 7.9110 1.0630

17:00:00 2800 1817 983 2 800 28.85 44.46 0.1259 7.9110 1.0630

18:00:00 2800 1817 983 2 800 28.85 44.46 0.1259 7.9110 1.0630

19:00:00 2800 1817 983 2 800 28.85 44.46 0.1259 7.9110 1.0630

20:00:00 2800 1817 983 2 800 28.85 44.46 0.1259 7.9110 1.0630

21:00:00 2550 1654 896 2 550 28.85 44.48 0.1146 7.2000 0.9700

22:00:00 2300 1493 807 2 300 28.85 44.44 0.1035 6.5030 0.8750

23:00:00 2300 1493 807 2 300 28.85 44.44 0.1035 6.5030 0.8750
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