International Journal of Hydrogen Energy 137 (2025) 160-189

Contents lists available at ScienceDirect

International Journal of Hydrogen Energy

A EM journal homepage: www.elsevier.com/locate/he

Check for

Systematic review of hydrogen, biomass, biogas, and solar photovoltaics in &
hybrid renewable energy systems: Advancements, challenges, and
future directions

a,b,*

Swapandeep Kaur , Raman Kumar “, Kanwardeep Singh ¥, Sehijpal Singh
& Department of Electrical Engineering, Guru Nanak Dev Engineering College, Ludhiana, 141006, India

Y I K. G. Punjab Technical University, Kapurthala-Jalandhar, Punjab, India

¢ Department of Mechanical and Production Engineering, Guru Nanak Dev Engineering College, Ludhiana, Punjab, 141006, India

d Jadara Research Center, Jadara University, Irbid, 21110, Jordan

¢ Department of Mechanical Engineering, Graphic Era (Deemed to Be University), Dehradun, 248002, India

ARTICLE INFO ABSTRACT

Handling Editor: Suleyman I. Allakhverdiev Transitioning to Hybrid Renewable Energy Systems (HRES) is essential for a sustainable, low-carbon future. This
systematic review evaluates progress in hydrogen, biomass, biogas, and solar photovoltaics (PV) and emphasizes
their significance in hybrid energy frameworks. A thorough analysis of 174 research articles was performed using
VOSviewer, categorizing the literature into seven themes: “Renewable Energy Technologies and Transition”,
“Advanced Bioenergy and Optimization”, “Integrated Energy Systems and Hydrogen Technologies”, “Energy
Systems Management and Optimization”, “Sustainable Energy Fundamentals”, “Innovations in Hydrogen and
Sustainable Energy”, and “Biohydrogen and Biomass Technologies”. The review results revealed that integrating
hydrogen, advancing bioenergy, implementing Al-driven energy management, and utilizing hybrid storage so-
lutions are crucial for enhancing energy efficiency and grid stability. High costs, intermittency challenges, and
regulatory hurdles hamper large-scale implementation. Addressing these issues through policy initiatives and
innovative technologies can expedite the rollout of HRES, promoting a clean, resilient, and energy-secure future.
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1. Introduction

The global energy industry is experiencing a significant trans-
formation driven by concerns over climate change, dwindling fossil fuel
resources, and the rising demand for sustainable energy solutions. Long-
lasting reliance on fossil fuels has led to significant environmental
challenges, such as greenhouse gas (GHG) emissions, climate change,
and air pollution [1]. Therefore, it is necessary to shift towards many
new effective energy sources that are much more reliable and environ-
mentally friendly. Renewable energy sources (RES) such as solar,
hydrogen, biomass, and wind have become promising alternatives that
can decarbonize energy production and improve energy security [2].
However, the unpredictable nature of solar and wind energy highlights
the need to develop HRES that integrate various energy sources to
guarantee a stable and continuous power supply [3]. Fig. 1a depicts the

global electricity generation share by multiple sources. Among fossil
fuels, coal plays the leading role in electricity generation at 35.1 %,
followed by natural gas at 22.5 %. In contrast, renewable energies show
hydropower at the top of the list with 14.2 %, while wind and solar
exhibit promising growth rates of 7.8 % and 5.5 %, respectively. Nuclear
energy stands at a steady 9.1 %, while oil and other renewables
contribute smaller shares at 2.3 % and 2.6 %, respectively. The other
non-renewables (0.8 %) category points to minor but existing de-
pendencies [4].

Among the diverse renewable energy technologies, hydrogen,
biomass, biogas, and solar photovoltaics (PV) have garnered significant
attention for their potential to create an extremely efficient and sus-
tainable hybrid power system [5]. Hydrogen is increasingly recognized
as a clean energy carrier, generated from renewable sources through
water electrolysis, biomass gasification, and photoelectrochemical
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methods. [6]. Its high energy compactness and long-term storage
capability allow it to address solar and wind energy generation vari-
ability [7]. Biomass and biogas sourced from farm waste, organic resi-
dues, and purpose-grown energy crops represent another promising
renewable energy source [8]. These resources facilitate carbon-neutral
energy generation, decreasing reliance on fossil fuels while effectively
utilizing waste materials [9]. Solar PV technology is in huge demand due
to its falling costs and improved efficiency [10]. When combined with
biomass and hydrogen storage, solar power can help create a balanced
and robust energy system that meets diverse energy needs [11,12].

As an effective solution for fast increasing energy demand, HRES has
been a great solution globally [13]. In contrast, single RES have several
intermittency issues whereas HRES combines various RES to have a
stable and secure energy supply [14]. HRES can have improved energy
production, storage and utilization with minimized environmental im-
pacts by integrating complementary energy technologies such as
hydrogen, biomass/biogas, and solar PV, [15,16]. Thus, HRES enhances
energy security, reduces dependence on fossil fuels, and supports a
low-carbon energy economy [17]. The block diagram for HRES is shown
in Fig. 1b illustrates multiple renewable energy sources.

Hydrogen is vital in HRES due to its dual role as an energy carrier and
storage solution. It can be generated through electrolysis powered by
surplus solar and wind energy, stored for long durations, and later
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converted into electricity using fuel cells [18]. This flexibility makes
hydrogen ideal for balancing energy supply and demand in hybrid sys-
tems [19]. The block diagram of Hydrogen HRES is shown in Fig. 2a.
There is enormous expansion in the solar PV market due to improve-
ments in photovoltaic efficiency, battery storage integration, and
grid-connected solar systems [20,21]. New technologies such as bifacial
solar modules, floating solar parks, and perovskite solar cells enhance
energy yields. Integrating solar PV with hydrogen and biomass systems
is becoming increasingly prevalent, with ongoing research into
multi-energy hybrid models that combine solar power, electrolysis, and
biomass gasification for fully sustainable energy solutions [22,23]. The
block diagram of solar (PV) HRES is shown in Fig. 2b.

Biomass and biogas are a stable and flexible energy sources, the
energy flow chart for biomass and biogas is shown in Fig. 3a and b,
respectively. Biomass and biogas mitigating the variability of solar and
wind energy [24,25]. Hybrid systems utilizing biomass can transform
organic waste into useable energy, benefiting waste management and
supporting a circular economy [26]. Solar photovoltaic systems,
commonly utilized as a renewable energy source, synergize with
biomass and hydrogen technologies in daily clean electricity generation.
Combining solar PV with energy storage solutions significantly boosts
system efficiency and reliability, making it a key element of HRES [27].

HRES are renowned for their technological advancements and
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Fig. 1. (a) global electricity generation share by energy sources (2023), (b) block diagram for hybrid renewable energy System.
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significant capacity to deliver economic and environmental benefits,
particularly in rural and remote areas [28]. It will help create a much
cleaner, more resilient global decarbonized, secure, and economically
sustainable energy system [17]. Recent advances in HRES have occurred
over the last few years, especially in integrating hydrogen,

(b}

Fig. 2. Block diagram renewable energy System (a) hydrogen, (b) solar photovoltaic (PV) cell.
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biomass/biogas, and PV [29]. These developments seek to boost system
efficiency, reduce costs, and enhance the scalability of hybrid energy
solutions [30].

Demand for hydrogen is increasing daily due to advancements in
electrolysis technology, fuel cells, and hydrogen storage solutions [31].
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Studies show that green hydrogen [32], generated from surplus solar or
wind energy through electrolysis can function as a long-term energy
storage solution, mitigating the intermittency of renewable energy
sources [33,34]. Hydrogen-based power-to-gas (P2G) systems are being

()

Fig. 3. Energy flow chart (a) biomass, (b) biogas.
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investigated to mix hydrogen with the current natural gas infrastructure,
facilitating the transition to a hydrogen economy [35-37].

Recent progress in thermochemical [38] and biochemical conversion
technologies have transformed the biomass and biogas sectors [39].



S. Kaur et al.

Greater hydrogen production efficiency from biomass can be achieved
by using improved gasification techniques, leading to enhanced energy
yields and reduced carbon emissions [40]. Additionally, developments
in anaerobic digestion increase methane production from organic waste,
endorsing decentralized power generation. Biogas and hydrogen fuel
cells integrated to improve system efficiency and maintain consistent
power supply [41]. Additionally, waste-to-energy initiatives are gaining
momentum. These initiatives utilize agricultural and municipal waste to
produce clean energy while supporting waste management and
enhancing energy security [42].

The reviewed literature highlights various advancements and chal-
lenges in HRES systems, refer to Table 1. Research has investigated
various hydrogen production methods, such as solar-driven, photo-

catalytic,

Table 1

photo-electrochemical

(PEQ),

biomass-oriented, and

Key research contributions of review articles: Hybrid renewable energy systems.
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biological approaches. However, these processes face many challenges,
such as low conversion efficiency, higher costs, and energy-heavy pro-
cesses. Similarly, HRES studies also focused on energy integration,
storage, and cost-efficiency, highlighting the importance of hybrid en-
ergy storage solutions and the need for policy support.

While previous works have provided valuable insights, they are often
limited to specific domains (e.g., nanotechnology, PEC, biomass gasifi-
cation) without a complete, systematic review of hydrogen, PV, biomass
and biogas in HRES in an unified manner. So, there is a need to fill this
gap by systematic cluster analysis. This study analyzed 174 research
articles to identify critical perceptions, trends, and future research di-
rections. The uneven nature of past studies delays the comprehensive
understanding of HRES regarding their efficiency, cost-effectiveness,
and sustainability. The primary research problem is:

Ref. Focus Area Key Topics Challenges and Trends Publication Type of Review
Year/Citations
[43] e Future of electricity e Fossil fuel replacement, smart grids, e Need for energy storage e 2011/876 e Broad review on
generation renewables expansion o Smart grids for balancing electricity transition
supply-demand
[44] e Photocatalytic hydrogen e Solar-driven hydrogen from water e Need for advanced e 2011/572 e Short review on
production e Biomass derivatives photocatalysts photocatalysis
e Optimization of reaction
conditions
[45] e Hydrogen production from e Biomass gasification, electrolysis e Low efficiency of solar-based e 2012/645 e Exergy efficiency
renewables e Exergy efficiency electrolysis comparison
o High energy demand for
liquefaction
[46] e PEC hydrogen production e Biomass derivatives, water splitting e Thermodynamic efficiency e 2014/367 e Review on PEC systems
from biomass e Photoanodes advantage
e Future material challenges
[471 e Nanotechnology in e Nanotech applications in solar, wind, e Limited studies in wind e 2015/389 e Review on nanotech
renewable energy biomass, tidal e Geothermal, tidal applications applications
[48] e Clean energy solutions e Renewable vs nuclear energy e Improvement potential for e 2015/1024 e Comparative
e Multigeneration systems renewables assessment
e Economic and environmental
trade-offs
[49] e Hydrogen production from e SCWG of biomass, solar-to-hydrogen e High cost of photovoltaic cells e 2016/512 e State-of-the-art review
renewables efficiency e Low solar-to-hydrogen
e Hydrogen storage efficiency
[50] e Hybrid renewable energy e Space heating, cooling e Need for hybrid storage e 2018/418 e Comprehensive review
(HRE) systems e Power generation, hydrogen o Cost optimization on HRE
production e Policy support
[51] e Photo-electrochemical e PEC water splitting, photocathodes o Efficiency improvement, e 2019/275 e Review on PEC
(PEC) hydrogen production o Photoanodes durability challenges developments
e Biomass upgrading e New material
[52] e Biological hydrogen e Photo-fermentation e Process integration, e 2020/192 e Comprehensive review
production o Dark fermentation, photolysis optimization of substrates and on bio-hydrogen
e CO gas-fermentation conditions
[53] e Power-to-gas with hydrogen e Renewable energy sources, hydrogen o Intermittency of renewables, e 2021/179 e Comprehensive review
production, efficiency comparison cost of hydrogen production
[54] e Hybrid and polygeneration o Renewable energy, hybrid energy e Integration of multiple energy e 2022/16 o Comprehensive review
systems systems, polygeneration sources, scalability
[55]1 e Biogas and methane e Anaerobic digestion, methane capture, e Impurities in biogas, storage e 2022/97 e Comprehensive review
mitigation biogas upgrading and grid integration
[56] e Sustainable energy solutions e Low-carbon technologies, energy e Need for novel energy storage, e 2023/5 e Conference review
storage, hydrogen-based systems hydrogen adoption challenges
[57] e Hydrogen generation and e Electrolysis, gasification, storage e Efficiency, cost of hydrogen e 2023/145 e State-of-the-art review
storage methods storage
[58] e Green hydrogen system o Electrolyzers, renewable energy o System efficiency, technological ¢ 2024/9 e Comprehensive review
Configurations sources, hydrogen storage maturity
[59] e Solar thermal hydrogen e Solar collectors, steam reforming, o Efficiency improvements, e 2024/13 e Focused review
production thermochemical water splitting scalability
[60] e Hydrogen as a clean energy e Hydrogen production from o Infrastructure, cost, global e 2025/0 e Comprehensive review
carrier renewables, fossil fuel alternatives transition
[61] e Solar thermal hydrogen e PV-to-hydrogen, concentrated solar o Efficiency, cost-benefit analysis e 2025/1 e Comparative review
pathways power
[62] e Wave energy converters e Point absorber, oscillating water o Performance optimization, e 2025/1 e Comprehensive review
column, hydrodynamic modeling deployment challenges
Present e HRES e Systematic review: Consortium 174 o Critical literature review of *« — e Systematic literature
work e Solar, hydrogen, biomass articles into clusters based on each cluster review

and biogas

keywords
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“How can a systematic review of HRES including hydrogen, PV,
biomass and biogas deliver a comprehensive understanding of their in-
terdependencies, challenges, and future research directions?”

This research aims to bridge knowledge gaps and support the tran-
sition toward a more efficient and sustainable hydrogen economy by
addressing these aspects. The impetus for this research stems from the
urgent need to design and optimize hybrid models of renewable energy
that efficiently combine hydrogen, biomass, biogas, and solar PV. So, the
following research objectives are laid.

e To systematically review and classify advancements in HRES by
analyzing hydrogen, biomass, biogas, and solar photovoltaics
integration.

To identify key technological trends, challenges, and opportunities in
energy storage, optimization, and hybrid renewable energy
generation.

e To perform a cluster-based thematic analysis using VOSviewer while
cataloging 174 research articles into seven clusters, allowing in-
terconnections and research gaps.

To evaluate the impact of Al-driven hybrid storage solutions, energy
management, and policy frameworks on improving the scalability of
HRES.

International Journal of Hydrogen Energy 137 (2025) 160-189

e To provide future research directions and policy developments that
support the transition toward a sustainable, decarbonized energy
economy.

This systematic review presents a detailed, cluster-based study of
HRES, organizing 174 research articles into seven thematic clusters
through VOSviewer. By assessing the integration of hydrogen, biomass,
biogas, and PV, the research uncovers significant technological ad-
vancements, energy storage substitutes, and optimization techniques
that improve grid stability and energy efficiency. It also highlights
economic and policy issues that hinder large-scale implementation of
innovative hybrid storage solutions, supportive regulations, and Al-
based energy management techniques. The insights offer a strategic
framework for researchers, policymakers, and industry leaders to
enhance hybrid renewable energy solutions’ scalability, commerciali-
zation, and long-term viability, by supporting sustainability and decar-
bonization efforts.

2. Materials and methods
2.1. Data search strategy

Data for this systematic review were collected from the Scopus
database. The study employed the PRISMA (Preferred Reporting Items

| kfantification of sfudies via databases and registers |

Records denlified nom
Scopus Dalabases (n = G48)

“sysiem’ AMD “hydrogen™ AND

“renewabile’ AND ‘enerqy” AND [ ®

Reoords remmoved belove screeming
Duplicade records remmowesd
in = 0
Records marked as neigible by
automalion ook {n = 0)

[I'I:II.HHII

bipmass” OR “ogas” AND Records removed far ot reasons
wilar’ OH “photavalaic” in=10}
R
. ¥
) Rlecoms exclyded
Iﬁﬂ_ﬂcgddg seened L | in=17) Oiher than English
= 845 {n= 275 Othes than Articles
¥
Hepors souphl tor relneal o | Re=paris nol rettieved
-3 {n = 354) 1 in=1T)
¥
Repons exciuded
Rioponts assessed for chgibility ol = 25
{n = 337} ] \
T Reportd inchuded in chusierns (og ated)
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Cthar neporns reviessed
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i e r
Total sudeas in the review
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Fig. 4. Systematic review workflow illustrated by PRISMA
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for Systematic Reviews and Meta-Analyses) framework to guarantee a
structured and transparent method for conducting the systematic liter-
ature review [63,64] of hydrogen, biomass, and photovoltaic hybrid
energy systems, refer to Fig. 4. A thorough search query was created
using the following keywords:

(TITLE-ABS-KEY(renewable) AND (energy) AND (system) AND
(hydrogen) AND (biomass) OR (biogas) AND (solar) OR (photovoltaic))
AND (LIMIT-TO (DOCTYPE, “ar")) AND (LIMIT-TO (LANGUAGE,
“English"))

The PRISMA flow diagram in Fig. 4 illustrates identifying, screening,
and selecting studies for a systematic review of hydrogen energy sys-
tems, including hydrogen, biomass, and photovoltaic sources. The
identification stage began with retrieving 646 records from the Scopus
database using search terms such as “renewable,” “energy,” “system,”
“hydrogen,” “biomass,” “biogas,” “solar,” and “photovoltaic."

At this stage, no duplicate records or ineligible studies were
removed. During the screening phase, all 646 records were reviewed,
excluding 17 studies for being in languages other than English and 275
records for not being journal articles, such as conference papers or book
chapters, etc. This left 354 reports for retrieval, of which 17 could not be
accessed, resulting in 337 studies being assessed for eligibility. After
evaluating eligibility, 29 reports were excluded for irrelevance to study
area. 90 Studies were identified as part of the most cited clusters and 84
additional reports were reviewed. A total of 174 studies were included in
the final systematic review. This structured process ensures that only the
most relevant and high-quality studies are considered, providing a
strong foundation for the systematic review of hydrogen, biomass, and
photovoltaic hybrid energy systems.

<

” 2

2.2. Cluster formation using VOSviewer

Cluster analysis using author keywords in VOSviewer depicts the
latest trends and associated patterns, helping to recognize emerging
areas and overriding themes. This systematic literature review tool can
also quickly identify research gaps and future directions. This study
utilized VOSviewer (version 1.6.20) for the systematic literature review.
Author keywords were analyzed to produce clusters, categorizing 354
selected articles into seven thematic clusters. Each cluster was named
based on relevant keywords. The VOSviewer analysis was conducted on
a total of 1014 author keywords, from which 63 keywords met the
threshold criterion, with a minimum occurrence of 4. Refer to Fig. 5a, it
depicts a detailed visualization of the clusters and their allied author
keywords, Fig. 5b represents the author keywords network diagram and
Fig. 5c represents the author keywords density diagram.

Cluster names were assigned by carefully reviewing dominant author
keywords and their co-occurrence links within each visualized group.
Each cluster’s label reflects the thematic concentration of the most
frequently occurring keywords. It is validated by reviewing the titles,
abstracts, and contexts of the top-cited articles in that cluster. This
ensured that each cluster name accurately represented the underlying
literature’s prevailing research focus and technological scope.

2.3. Cluster-wise systematic literature review process

A systematic search was conducted once clusters were generated
within the dataset of 354 articles. Cluster names were assigned based on
author keywords, and each keyword was used as a filter to identify
relevant articles in a particular group. However, since multiple author
keywords were used for filtering, some articles appeared in various
clusters. Repeated articles were systematically removed from over-
lapping clusters to maintain accuracy and avoid redundancy, ensuring
each study was assigned to its most relevant category.

For example, in Cluster 7, the keywords “Biohydrogen” and
“Biomass” were used to filter articles. Conditional formatting in Excel
highlighted the top-cited articles from the dataset based on these author
keywords. This search initially produced 93 articles, and those with over
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Fig. 5. (a) Formation of Different Clusters based on Keywords (b) Author
Keywords Network Diagram (c) Author Keywords Density Diagram.

30 citations were chosen for further critical review within the cluster.
Cluster 7 includes 10 articles when duplicates were removed.

A similar process was repeated for all the clusters, achieving well-
structured and non-redundant cluster categories. This critical review
helps extract key insights and organize structured tables. These tables
were examined to identify outlines, trends, and remarkable findings,
leading to a more precise and comprehensive conclusion for each
research domain.
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3. Cluster-wise critical review of literature

To fully grasp the recent progress in HRES, a cluster analysis was
conducted using VOSviewer based on author keywords. This method
classified 174 selected research articles into seven thematic clusters,
each illustrating a distinct focus area within the HRES spectrum. The
clusters showcase interconnected research paths, including renewable
energy transition, bioenergy optimization, integrated hydrogen systems,
and sustainable fuel innovations. Through a critical review of each
cluster, the study uncovers the core technologies, significant findings,
challenges, and future research avenues that influence the advancement
of hybrid systems involving hydrogen, biomass, biogas, and solar PV.
This organized review facilitates a focused assessment of contributions
across various thematic areas, providing a comprehensive understand-
ing of HRES.

3.1. Cluster 1: Renewable Energy Technologies and Transition

There is a need to shift towards renewable energy to achieve a sus-
tainable, low-carbon future. Cluster 1, “Renewable Energy Technologies
and Transition,” surveys different renewable energy technologies, stor-
age systems, and hybrid energy combinations for improving energy ef-
ficiency and minimizing environmental impact. Research in this cluster
emphasizes the integration of the hydrogen economy, wind and solar
power, biomass, and poly-generation systems to optimize the use of
renewable energy, as shown in Fig. 6.

Table 2 depicts a detailed “Renewable Energy Technologies and
Transition” research regarding Cluster 1. Many significant advance-
ments and new innovative startegies were presented such as ice storage
tanks, ground-source heat pumps, and wind turbines. Wind energy
integration has decreased CO, emissions by up to 54 %, providing sus-
tainable district energy systems and hydrogen applications in heating
and cooling [65]. Recent methodologies like carbon capture and
sequestration, involving amine scrubbing and photosynthetic bio-
reactors, reveal potential for sustainable CO, sequestration and
economically feasible emission reduction [35]. Nanotechnology in PVs
and biofuels boosts efficiency and lowers costs, aiding the shift towards
alternative renewable energy sources [66].

Hydrogen production is being thoroughly investigated in developing
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countries in Pakistan, where biomass, solar PV, and municipal solid
waste could yield 6.6 million tons annually, facilitating the establish-
ment of a renewable hydrogen supply chain [67]. Enhancements in
optimizing polygeneration systems integrating renewable and conven-
tional sources have improved energy efficiency [68]. HRES, such as
solar-integrated biodiesel production, demonstrate improved efficiency
and lower NOx [69], while hybrid solar-methanol fuel cell systems
operate at efficiencies exceeding 50 % [70]. Similarly, integrating PV
modules with fuel cells enhances the performance of hybrid power
generation systems by decreasing harmonic distortion [71]. The
techno-economic viability of P2G processes, utilizing electrolysis and
methanation with anaerobic digestion, has been confirmed, resulting in
100 % renewable methane production [72]. Incorporating energy stor-
age with water management demonstrates the feasibility of producing
hydrogen and oxygen through electrolysis while removing micro-
pollutants [73]. Renewable hydrogen production efficiencies, primarily
via biomass gasification, have reached top energetic and exergetic effi-
ciencies of 53.6 % and 49.8 %, respectively [74]. Thermodynamic an-
alyses of energy storage systems suggest pumped hydro storage
efficiencies from 58 % to 94 %, while molten salt storage shows signif-
icant exergy destruction [75].

Hydrogen economy adoption strategies using fuzzy AHP-TOPSIS
models, featuring significance of strategic decision-making in China
have been assessed [76]. Poly generation techniques when integrated
with HRES supports many new applications such as hydrogen produc-
tion and desalination [77]. Hybrid optimization of RES, such as
PV/wind/biogas/fuel cell (FC) systems, achieves a 100 % renewable
energy share, showing cost-effective solutions for sustainable energy
provision [78]. The Integrated Energy Production Unit concept boosts
power system flexibility and emission reductions through the incorpo-
ration of PV power [79].

Educational insights reveal a lack of awareness regarding renewable
energy and hydrogen technologies among teacher candidates, stressing
education’s role in advancing the energy transition [80]. Biomass-based
multigeneration systems improve energy and exergy efficiencies by 4.8
% and 6.3 % when paired with cooling systems, making them suitable
for off-grid residential applications [81]. Renewable-powered multi-
generation systems using concentrated photovoltaic-thermal (CPVT)
technology achieve energetic efficiencies reaching 71.06 %, providing
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Fig. 6. Cluster 1: Renewable energy technologies and transition.
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Table 2
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Themes and insights on renewable energy technologies and transition: Cluster 1.

Ref. Focus Area Technology/Method Key Findings Potential Impact
[67] e Wind energy e Ice storage tanks e SPI: 1.06 e Supports sustainable district energy
e Ground-source heat pump e CO, emissions reduced: 54 % systems
e Wind turbines
[76] e CO, capture e Amine scrubbing e Photosynthetic reactions in controlled e Development of economically and
e Sequestration e Photosynthetic reactions in environments environmentally sustainable systems
bioreactors
[73] e Nanotechnology e Nanomaterials in PVs o Improved efficiency and stability o Facilitates transition to alternative
e Biofuels o Reduced cost of solar energy and biofuel and RES
systems
[88] e Hydrogen economy in Pakistan e Biomass e 6.6 million tons/year hydrogen production e Hydrogen supply chain development
e Solar PV potential
e Municipal solid waste for
hydrogen production

[69] e Optimization of polygeneration o Renewable and conventional e Control strategies to optimize system e Efficient production of power
systems for energy efficiency sources performance

[711 e Design of HRES e HRES with solar o TES in TCR increased biodiesel productionby e Integration of HRES

349 %
e HRES emitted 12 % less NOx

[78] e Hybrid solar systems for residential e Methanol-fed PEM fuel cells with e System efficiency above 50 % o Efficient and cost-effective power
energy generation solar collectors e Feasibility through bench test and prototype generation for residential use

[65] e Hybrid power generation system e PV modules with NF MPPT e HPG system design reduces harmonic e Efficient hybrid systems for
design and performance analysis controller distortion renewable energy integration

o Air-breathing fuel cells

[35] e Techno-economic analysis of P2G o Electrolysis and methanation e Economic feasibility demonstrated e Sustainable methane production
processes integrated with anaerobic e 100 % renewable energy used for methane

digestion production

[66] e Integration of energy storage with e Micropollutant removal e Electrolysis driven by renewable energy is e Integration of energy storage with
water management feasible and sustainable for climate and wastewater treatment plants

water protection

[68] e Renewable energy-based hydrogen e Solar PV e Biomass gasification had the highest o Efficient hydrogen production
production efficiencies energetic and exergetic efficiencies (53.6 % through renewable sources

and 49.8 %) e Feasibility of multi-stage processes

[70]1 e Thermodynamic analysis of energy =~ e Pumped-hydro e Roundtrip efficiencies range from 58 t0 94 % e Selection of efficient storage systems
storage systems e Molten salt shows the highest exergy for renewable energy integration

destruction

[72] e Evaluation of RES for hydrogen e Fuzzy AHP-TOPSIS for RES e Solar e Strategic renewable energy adoption
economy in China evaluation for hydrogen systems in China

[74] e Renewable and conventional o Renewable and fossil fuel-fed e Focus on energy services integration e Multi-energy vector systems with
energy sources advanced energy systems diverse applications

e Polygeneration e Hydrogen and desalination
[75] e Optimization of hybrid RES e PV/WT/BG/FC with hybrid o System achieved 100 % renewable energy o Standalone hybrid systems for cost-
optimization algorithms fraction effective renewable energy supply
e ACS minimized using HFGA

[77]1 e Integrated energy production unit e PV power o IEPU concept enhances system flexibility o Supports emission reduction goals
concept for power systems with renewable energy integration and power system flexibility

[791 e Educational perspectives e Qualitative research e Awareness of renewable energy and e Role of education in promoting

e Renewable energy and hydrogen e Teacher candidates hydrogen renewable energy adoption

[80] e Development of renewable energy- e Biomass e Energy and exergy efficiencies increased by o Comprehensive energy solutions for
based multigeneration systems 4.8 % and 6.3 % with cooling system off-grid residential areas

[81] e Renewable-powered e CPVT e System achieved energetic efficiencies up to e Environmentally friendly
multigeneration energy systems 71.06 %

[82] e Integration of renewable energy e Hydrogen electrolysis o Electric efficiencies ranged from 40 % to 43 o Efficient use of waste and renewable
with waste gasification % energy for power generation
technologies e Better performance than separate systems

[83] e Hybrid power generation using e Biogas e Carbon emissions reduced by 96 % e Cost-effective and sustainable hybrid
biogas and renewable energy e Cost savings of 28.42 % systems for societal and industrial use

e THD of 4.53 %

[84] e Rural electrification using hybrid e Hybrid PV/wind/biogas/fuel cell e Adding fuel cells increased costs by 33-37 % e Affordable and sustainable rural

RES system but improves system flexibility electrification solutions
e On-grid energy costs 0.096-0.125 $/kWh

[85] e Liquid solar fuel production for o Synthetic fuels from renewable e Achievable process efficiency: ~50 % e Carbon-free synthetic hydrocarbon
transport applications energy e Product cost: ~1 US$/liter for large-scale fuels for transport

units

[86] e Solar biomass co-fired systems with e Hydrogen injection to reduce e CO, emissions reduced by 2 % e Enhanced efficiency and
hydrogen integration fossil fuel and CO, emissions e Exergy destruction cost lowered: 3.36 % sustainability in energy generation

[87]1 e Hydrogen-based urban energy e Hydrogen from surplus wind/ o Exergy efficiency: 0.80 e Sustainable urban energy systems

systems

solar power
Hydrogen-enriched biogas

Supports net-zero exergy districts

using hydrogen

environmentally sustainable energy options [82]. Hydrogen electrolysis,
alongwith waste gasification, generates 40 %-43 % electric efficiencies
[83].

Biogas and renewable energy together result in a 96 % reduction in
carbon emissions and potential cost savings of 28.42 %. Thus, it is a

sustainable and economically viable choice for industries and society
[84]. Solutions for rural electrification utilizing hybrid PV/wind/bio-
gas/fuel cell systems show that although incorporating fuel cells boosts
costs by 33 %-37 %, it enhances system flexibility, with on-grid energy
prices between $0.096 and $0.125 per kWh [85]. Liquid solar fuel
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production for transport applications achieves about 50 % process effi-
ciency with an estimated cost of around $1 per liter for large-scale units,
facilitating carbon-free synthetic hydrocarbons for transport [86].
Co-fired solar biomass systems with hydrogen injection lower CO,
emissions by 2 % while decreasing exergy destruction costs by 3.36 %,
thus improving energy generation sustainability [87].

Fig. 7 shows efficiency distribution across renewable energy tech-
nologies attained in different studies. Hydrogen production from
biomass shows an energetic efficiency of 53.6 %, whereas electrolysis-
based hydrogen production has a slightly lower efficiency of 49.8 %
[74,83].

Hybrid solar systems consisting solar collectors with fuel cells having
efficiency more than 50 % can be used mainly for residential purpose
[70]. The P2G process for methane generation has 100 % efficiency
[72]. Pumped-hydro energy storage with operating efficiency near 58 %
are highly significant for integrating RES [75]. Liquid solar fuels having
50 % efficiency, is a workable substitute for conventional fossil fuels and
mainly used for transportation purposes [86]. Biogas hybrid systems
reduces carbon emissions up to 96 % and is a sustainable and
cost-effective solution for industrial and societal applications [84].
Multigeneration systems utilizing biomass achieve an energetic effi-
ciency of 71.06 %, illustrating their potential to enhance overall energy
system performance [82]. Finally, solar biomass co-firing systems,
combined with hydrogen injection, demonstrate an electric efficiency
between 40 % and 43 %, further promoting low-carbon energy pro-
duction [87].

3.1.1. Conclusion and future directions for cluster 1

Cluster 1, “Renewable Energy Technologies and Transition,” high-
lighted the vital role of HRES, hydrogen technologies, and energy stor-
age solutions for successful transition to sustainable and low-carbon
energy systems. HRES along with energy storage and optimization al-
gorithms, multi-energy integration, and hybrid systems offer advantages
over single-source renewables. Technologies based on hydrogen,
alongside P2G and Liquid Solar Fuel production, hold great promise and
can improve the present renewable scenario and increase energy
security.

Significant efficiency gains are observed with systems integrating
solar with hydrogen and multigeneration technologies. Future research
should improve these technologies to lower costs and boost perfor-
mance, promoting their broader acceptance in global energy markets.
Cluster 1 highlights that future research needs to concentrate on scaling
up hydrogen production while looking into cost reductions and
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enhancing hydrogen storage infrastructure. Hydrogen-enriched biofuels
integrated with district energy systems must focus on new de-
velopments. There is a need to optimize HRES, which comprises hybrid
photovoltaic, wind, and fuel cell systems for rural electrification and
grid stability.

3.2. Cluster 2: Advanced Bioenergy and Optimization

Cluster 2 “Advanced Bioenergy and Optimization” presents
renewable energy production through bio-based technologies and
advanced computational methods. It explores efficient biomass con-
version, waste-to-energy solutions, and hybrid bioenergy systems inte-
grated with renewables, solar and wind, refer to Fig. 8.

Table 3 presents a complete analysis of hydrogen production
methods from renewable sources with a focus on different regions and
technological approaches. Several studies explored that hydrogen pro-
duction through biomass gasification, solar PV, geothermal, and elec-
trolysis, improves efficiency, feasibility, and environmental benefits.

Ni et al. [89] depicted that 40 % of transportation energy demand
and significant energy security with clean hydrogen production can be
achieved in Hong Kong using wind-PV electrolysis and biomass con-
version. Ishaq et al. [68] compared renewable hydrogen efficiencies and
identified biomass gasification as the most efficient method with 53.6 %
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Table 3

Advanced bioenergy and optimization: Cluster 2.

International Journal of Hydrogen Energy 137 (2025) 160-189

Ref. Focus Area Technology/Method Key Findings Potential Impact
[89] e Renewable hydrogen in Hong e Wind e Renewable sources (solar, wind, and e Enhances energy security and reduces
Kong e PV biomass can produce significant hydrogen) fossil fuel dependency
e Electrolysis e 40 % of transportation energy demand e Potential for clean hydrogen
e Biomass conversion achieved production from waste
[68] e Renewable hydrogen e Solar PV e Biomass gasification has the highest e Optimized hydrogen production from
efficiency analysis e Geothermal efficiency (53.6 % energetic, 49.8 % various renewable sources
e Biomass gasification exergetic) e Biomass as the most efficient method
o Solar PV and geothermal have lower
efficiencies
[90]1 e Biological hydrogen e Green algae o Integrating different biological processes e Enhances biohydrogen production
production e Purple bacteria improves hydrogen yield and solar spectrum efficiency through combined
e Anaerobic fermentation utilization biological systems
[88] e Hydrogen economy in e Solar e Biomass is the most feasible feedstock for e Lays the foundation for a hydrogen
Pakistan e Wind hydrogen in Pakistan (6.6 million tons economy in Pakistan
e Geothermal annually) e Leveraging renewable resources for
e Biomass e Solar PV (2.8 million tons) energy security
e Municipal solid waste e Municipal solid waste (1 million tons)
[91] e Optimal hydrogen supply e Superstructure-based optimization e MILP approach optimizes hydrogen o Integration of multiple renewable
system in Jeju island, Korea e A mixed-integer linear programming production from renewable sources resources for cost-effective hydrogen
MILP e Minimizes costs production
e Electrolysis e Economic analysis for feasibility
e Biomass gasification
[92] e Biomass gasification for e Biomass gasification e Biomass gasification can be enhanced using e Reduced carbon footprint by
hydrogen e Catalytic conversion concentrated solar energy integrating solar energy
e Solar-thermal integration
[94] e Hybrid energy systems for e Wind-PV-diesel hybrid o A wind-hydrogen-battery system is the most e Reduces dependence on fossil fuels
households e Hydrogen utilization economical e Clean energy solutions for residential
e Battery storage e Net present cost: $63,190 use
e Energy cost: $0.783/kWh
[93] e Renewable hydrogen for e Biomass gasification e Hydrogen from renewable sources o Enables fossil-free ammonia synthesis
ammonia synthesis e Biogas reforming e Promising solution for sustainable ammonia e Energy efficiency and sustainability of
e High-temperature water electrolysis production (Haber-Bosch process) different hydrogen production
methods
[95] e Multi-renewable hydrogen e Biomass electrolysis e Enhanced efficiency e Hydrogen fueling stations
production e Powered by wind and solar e Reduced electricity consumption e On-site hydrogen production
[96] e Environmental and economic e Photocatalysis e Solar-hydrogen has near-zero emissions e Sustainable hydrogen production
impacts of hydrogen e Photoelectrolysis e Reduced carbon footprint
e Biomass gasification
[971 o Off-grid energy system for e Biogas-CHP-PV hybrid system e Lowest capital and energy costs e Rural electrification
rural areas e Decentralized energy solutions
[98] e Municipal solid waste (MSW) e MSW gasification with SOFC and o Increased efficiency (50 %) compared to o Waste-to-energy solutions
gasification stirling engine waste incineration o Reduced landfill dependency
[99]1 e Solar thermal-based multi- e ORC e Produced electricity, heating, cooling, e Multi-output energy systems
generation system e Absorption chillers hydrogen, biomass e Enhanced resource utilization
e Electrolyzer
e Belt dryer
[105] e Hydrogen and fuel cell e Fuel cells e Hydrogen enables transportable zero- e Fuel cell applications
applications e Hydrogen from renewables emission power e Hydrogen economy
e Biogas reforming e Clean transportation
[100] e Hydrogen production cost- e AHP and fuzzy AHP applied to eight e Fossil fuel-based hydrogen production is o Identifies cost-benefit trade-offs in
benefit analysis hydrogen production technologies cost-effective hydrogen production
e Water splitting by chemical looping is the o Highlights promising renewable
most promising among renewables hydrogen production methods
[101] e Biogas-hydrogen engine e Simulation-based control of engine e Adding 20 % hydrogen to biogas improves e Boosted hybrid RES with optimized
optimization parameters engine efficiency engine control
e Increased NOx emissions by 10-15 %
[102] e Renewable methanol e Biomass gasification e A novel biomass gasification system coupled e Optimized model for large-scale inte-

production

Solar power
o Alkaline water electrolysis

with a 50.4 MW solar plant

grated renewable power systems

energetic and 49.8 % energetic efficiencies.

Hydrogen plays a vital role in sustainable ammonia synthesis [93]

Melis et al. [90] investigated biological hydrogen production by
integrating green algae, purple bacteria, and anaerobic fermentation to
improve hydrogen yields and solar spectrum utilization. On a regional
scale, Jeju Island in [91] employed a mixed-integer linear programming
(MILP) approach to optimize hydrogen supply, reducing costs and
integrating multiple renewable sources. Advancements in biomass
gasification are evident in studies [92,93], with solar-thermal integra-
tion enhancing efficiency and reducing land requirements. Hydrogen
applications extended to household energy systems [94], and
wind-hydrogen-battery hybrid system proved to be the most economical
for residential use in Tehran.

and multi-renewable hydrogen production [95] making it highly
applicable for industrial and energy sectors. Environmental and eco-
nomic impacts [96] indicated that solar-based hydrogen has near-zero
emissions, whereas coal has the highest, reinforcing the sustainability
of renewable hydrogen. Off-grid solutions [97] and municipal solid
waste (MSW) gasification [98] also offered decentralized energy solu-
tions, reducing landfill dependency and capital costs.

Hydrogen’s potential in multi-generation energy systems [99] and
fuel cells [100] strengthened the case for its integration into clean
transportation and decentralized power generation. Optimizing
biogas-hydrogen engine parameters [101] improved efficiency and

170



S. Kaur et al.

reduces emissions, while renewable methanol production [102] coupled
biomass gasification with a large-scale solar plant for enhanced eco-
nomic benefits.

Biomass gasification emerged as the most efficient hydrogen pro-
duction method [68] with further improvements possible through
solar-thermal integration [92]. Other methods like solar PV and
geothermal exhibit lower efficiency but contribute to diversified
hydrogen production.

MILP-based optimization in Jeju Island [91] and hybrid energy
systems [101] provides the most optimized cost effective hydrogen so-
lution. Trade-offs between fossil-based and renewable hydrogen,
emphasized long-term economic and sustainability benefits [102,103].
According to studies conducted by Refs. [89,96], and [102], hydrogen
from renewable sources can significantly reduce carbon emissions.
Integrating solar, biomass, and electrolysis created a sustainable and
decentralized hydrogen economy. Hydrogen has been proved to be
highly versatile. Waste-to-energy solutions [104] and off-grid electrifi-
cation [97] further expanded its applicability.

Fig. 9 outlines the efficiency (%) and cost ($/MWh) of various
hydrogen production methods, emphasizing their trade-offs. Biomass
gasification is the most efficient method at 53.6 %, with relatively low
costs at $90/MWh ([74,92]). Electrolysis and fuel cells deliver moderate
efficiency ranging from 45 % to 50 %, accompanied by higher costs of
$110 to $120/MWh ([91,105]). Biological methods, such as fermenta-
tion and algae-based hydrogen production, demonstrate a lower effi-
ciency of 40 % but hold promise for renewable hydrogen [90].
Meanwhile, photocatalysis shows the lowest efficiency at 35 % and the
highest cost at $140/MWh, though it produces nearly zero emissions
[96]. This analysis helps to identify ideal hydrogen production pathways
that strike a balance between efficiency and cost.

The comparison in Table 4 shows the performance of different
hydrogen production methods with respect to energy efficiency, pro-
duction cost, CO emission, and so on. Biomass Gasification proves to be
the most energy-efficient renewable-based technology with an energy
efficiency of 53.6 %, relatively moderate cost of about $90/MWh, and
CO; emissions of 2.87 kg COz-eq/kg Hy. Though the emissions are
slightly higher, it is well-balanced in efficiency and cost and therefore is
a feasible renewable solution. Solar Electrolysis with PV has moderate
efficiency (45-50 %) and low emission rates (1.45 kg CO2-eq/kg Hy) but
is restricted by its high cost of production (between $110 and $120/
MWh), which keeps it from being economically viable for widespread
application. Wind Electrolysis has the same efficiency (~50 %) but is
better for the environment, having the lowest CO, emissions (1.29 kg
COs-eq/kg Hy) and slightly lower production costs than solar, and is one
of the cleanest approaches.

Methanol Electrolysis (MEP) offers the highest energy efficiency
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Fig. 9. Comparative analysis of efficiency and costs for hydrogen produc-
tion methods.
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(~65 %) of all listed processes. Its cost is comparatively low at ~$80/
MWh, and emissions are moderate (~2.00 kg CO2-eq/kg Hy) based on
methanol production. It uses less energy than traditional water elec-
trolysis, indicating possible hybrid renewable-fossil applications. Bio-
logical approaches like algae-based and fermentation-based hydrogen
are sustainable with low emissions but low energy efficiency (35-40 %)
and very high costs ($130-140/MWh), so they are less practical to use
for present industrial needs. Biogas Reforming is somewhere in the
middle when it comes to cost (~$95/MWh) and efficiency (~48 %), but
it has the highest level of emissions (3.61 kg COs-eq/kg Hj), which
would call into question its sustainability even though it has cost
benefits.

In general, the efficiency vs. cost vs. environmental balance is
apparent. Solar and wind electrolysis are favored for clean hydrogen at
higher costs, but methanol electrolysis and biomass gasification present
a cost-performing balance depending on resource supply and environ-
mental concern.

3.2.1. Conclusion and future directions for cluster 2

The studies in cluster 2 collectively emphasized the growing feasi-
bility of hydrogen as a clean energy carrier, with biomass gasification,
electrolysis, and hybrid renewable systems leading the way. Cost and
efficiency remain key challenges, but technological advancements and
optimization models (e.g., MILP and chemical looping) offer promising
solutions. Environmental benefits, particularly in reducing carbon
footprints, solidified hydrogen’s role in future energy landscapes.

Biomass gasification and electrolysis through Al-driven optimization
and hybrid renewable integration must be the key areas to be focused on
in the future. Hydrogen adoption becomes easier while developing
economic incentives, subsidies, and financial models. Hydrogen fueling
stations, storage solutions, and transportation applications should be
further explored to enhance hydrogen’s practical deployment.

3.3. Cluster 3: Integrated Energy Systems and Hydrogen Technologies

Cluster-3, “Integrated Energy Systems and Hydrogen Technologies,”
emphasizes innovative approaches for sustainable energy production
and utilization. It includes bioenergy, biomass gasification, electrolysis,
and hybrid systems for efficient hydrogen generation. The cluster scru-
tinizes multigeneration and polygeneration systems and also optimizes
resources through exergoeconomic analysis, as illustrated in Fig. 10.

Table 5 explored various methodologies for sustainable hydrogen
production and integrated energy systems. Hydrogen generation
through electrolysis, biomass gasification, and advanced hybrid ap-
proaches are mainly focused to improve efficiency and sustainability.
Comparative environmental impacts of different hydrogen production
pathways, with wind-powered electrolysis in studies [106,107] shows
lowest global warming potential. Similarly [104,108], highlighted
large-scale renewable hydrogen initiatives in China and Japan,
demonstrating the feasibility of transitioning towards self-sufficient
energy systems.

Innovations in multigeneration and polygeneration systems are
crucial for increasing efficiency and reducing emissions. Studies such as
[81], and [109] illustrated integrated energy systems that simulta-
neously generate electricity, heating, cooling, and hydrogen. These
systems achieve high energy and exergy efficiencies while reducing
carbon footprints. Integrating solar power with biomass gasification, as
shown in [103] optimizes land use and enhances system reliability.
Hydrogen applications extend beyond energy production to trans-
portation and household use. Research in Refs. [110,111] focused on
renewable-powered EV charging infrastructure, demonstrating
cost-competitive, grid-independent solutions. Meanwhile [112],
explored the role of hydrogen as a clean cooking fuel, which could
significantly reduce reliance on biomass in developing regions. Hybrid
systems combining solar, wind, and biogas technologies, as seen in Refs.
[113,114], optimized energy access for underserved communities.
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Table 4
Comparative analysis of hydrogen production methods.
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Production Cost
($/MWh)

Hydrogen Production Method Energy Efficiency

(%)

CO,, Emissions (kg CO»-eq/kg Hp) Key Remarks

~90
110-120
~100
~80

Biomass gasification

Solar electrolysis (PV)
Wind electrolysis

Methanol electrolysis (MEP)

53.6 (energetic)
45-50
~50

Biological methods (Algae/ ~130-140
Fermentation)

Biogas reforming ~95

Most efficient renewable method

Low emissions; high cost

Lowest emissions

Requires less energy than water
electrolysis

Environmentally friendly, low efficiency

~2.87

1.45

1.29

~2.00* (dependent on methanol
source)

Low

3.61 Highest emissions

Fig. 10. Cluster 3: Integrated energy systems and hydrogen technologies.

The hydrogen production through wind and solar electrolysis offers
the lowest environmental impact [107], while biogas reforming remains
the least sustainable option due to high CO; emissions. Multigeneration
systems [81], provide a versatile solution for increasing efficiency
compared to standalone renewable technologies. Studies like [111,113]
indicates that hybrid renewable systems can provide cost-effective en-
ergy access in developing nations. Another key comparison emerged
between polygeneration and traditional energy systems. While poly-
generation systems [115] demonstrate superior efficiency in utilizing
biomass and renewables, their economic viability depends on district
heating and infrastructure. Similarly, integrating renewables with fossil
fuels for methanol production [116] reduces emissions but faces effi-
ciency and cost competitiveness challenges.

Fig. 11 depicts the global warming potential of hydrogen production,
showcasing CO, emissions (kg CO, eq/kg Hy) from various hydrogen
production technologies, according to analysis by findings from [107].
Among the techniques analyzed, wind-powered electrolysis stands out
as the most environmentally friendly, producing just 1.29 kg CO2 eq/kg
H,. Solar electrolysis is a close second with emissions of 1.45 kg CO,
eq/kg Hy. In contrast, biomass gasification has considerably higher
emissions at 2.87 kg CO3 eq/kg Hy due to carbon released during con-
version. Cho et al. [107], shows that biogas reforming has highest
emissions, generating 3.61 kg CO3 eq/kg Ha. The research indicates that
renewable hydrogen production can lower emissions by 68-92 %
compared to fossil-based hydrogen. Guo et al. [104] pointed China’s
commitment to large-scale solar hydrogen production, while Cheng
et al. [108] highlighted Japan’s significant potential for renewable en-
ergy integration. These developments jointly strengthen the shift toward
cleaner hydrogen production with lower CO, emissions.
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3.3.1. Conclusion and future directions for cluster 3

Cluster 3 emphasizes the growing role of hydrogen technologies and
integrated energy systems in enabling a sustainable energy transition.
While renewable hydrogen production advances, cost reduction and
efficiency improvements remain critical. Multigeneration and hybrid
systems offer viable pathways for maximizing renewable energy utili-
zation, but their widespread adoption requires policy support, infra-
structure investment, and economic incentives.

Future research should focus on optimizing energy storage solutions,
improving the exergoeconomic performance of integrated systems, and
enhancing hybrid renewable setups for continuous power supply.
Nanotechnology and phase-change materials further improve energy
efficiency and cost-effectiveness. Hydrogen is highly applicable in
transportation, industry, and residential and will also be essential for
achieving large-scale decarbonization. Integrating solar, wind, and
bioenergy technologies with hydrogen systems can accelerate the tran-
sition towards a low-carbon economy, ensuring energy security and
sustainability.

3.4. Cluster 4: Energy Systems Management and Optimization

Cluster 4, “Energy Systems Management and Optimization,” exam-
ines advanced methods such as hybrid energy systems, multi-period
modeling, and exergy analysis to enhance power generation and
resource use, as shown in Fig. 12.

Table 6 depicts cluster 4 and the research works [118,119] focused
on large-scale renewable energy transitions. The analysis by Lund et al.
[118] presented a simulation-based approach to achieve 100 % renew-
able energy system in Denmark by 2050, emphasizing the importance of
flexible energy system design, considering balancing electricity supply
and demand. Investigation [119] expanded this concept to the European
Union, using a multi-period mixed-integer programming model to
examine a stepwise transition in the transport and power sectors.

Mousavi et al. [120] explored microbial fuel cells and electrolysis for
clean energy and water treatment, with potential applications in
hydrogen production and carbon sequestration. Dadak et al. [121]
analyzed a solar-driven hydrogen co-generation system using solid oxide
electrolysis cells (SOEC) with a biogas generator, achieving an annual
hydrogen production of 29.2 tons. Additionally, Boulmrharj et al. [122]
examined hydrogen cogeneration in buildings using photovoltaic (PV)
panels, electrolyzers, and PEM fuel cells, demonstrating an electrical
efficiency of 32 % and an overall system efficiency of 64.5 % when
including thermal energy. These studies highlight the potential of
hydrogen as a clean energy carrier, with applications in sustainable
wastewater treatment, decentralized hydrogen production, and
energy-efficient buildings as shown in Table 6.

Many researchers, such as Taheri et al. [123] evaluated a biomass
and solar hybrid power system using a triple combined cycle with a PEM
electrolyzer, achieving an exergetic efficiency of 30.44 % while reducing
CO4 emissions. Cao et al. [124] examined biomass gasification with
SOFC and solar-powered hydrogen injection, reducing CO, emissions by
12.9 % and increasing power output by 8.7 %. Additionally, few studies
integrated biogas reforming with a SOFC and hybrid renewable power to
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Table 5

Integrated energy systems and hydrogen technologies: Cluster 3.
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Ref. Focus Area Technology/Method Key Findings Potential Impact
[106] e Hydrogen production from e Electrolysis e Various hydrogen production methods from e Cost-competitive hydrogen production for
renewable sources e Biomass gasification renewable sources are under development passenger vehicles and sustainable energy
e Pyrolysis o Water electrolysis using wind/solar/ systems
e Fermentation biomass energy conversion
e Photoelectrochemical water
splitting
[107] e Global warming potential of e Wind- and solar-powered e Wind electrolysis has the lowest global e Supports the transition to low-carbon
hydrogen production electrolysis warming impact (1.29 kg CO, eq/kg Hy) hydrogen and integration into natural gas
technologies e Biomass gasification e Biogas reforming has the highest (3.61 kg networks
e Biogas reforming CO, eq/kg Hy)
o Renewable hydrogen has 68-92 % lower
emissions than fossil-based hydrogen
[113] e Hybrid energy for Cameroon e PV e Optimal energy system designs found for e Energy access for underserved populations
e Fuel cell various community sizes in Cameroon
e Electrolyzer e Lowest LCOE was $0.071/kWh
e Biogas hybrid system
[110] e EV charging using renewables e CPV/T e System can fast-charge 80 EVs daily e Grid-independent EV charging using
e Wind e H, and NHj3 fuel cells ensure continuous renewables and fuel cells
e Biomass operation
e H, and NHj fuel cells
[112] e Hydrogen as cooking fuel o Solar-powered electrolysis e Hydrogen cooking fuel reduces CO, impact e Cleaner cooking fuel for biomass-dependent
communities
[114] o Flexible biogas production e Demand-driven biogas o Flexible feeding reduces gas storage needs e On-demand renewable power generation
system by up to 65 % without stability loss with reduced infrastructure needs
[104] e Solar hydrogen production in e Solar-driven H2 production e China focuses on large-scale solar hydrogen e Hydrogen as a future energy carrier for
China production reducing emissions and increasing security
e Sustainability and energy security
[108] e Renewable energy integrationin e Solar PVs e Japan has 14 times more solar and offshore =~ e Demonstrates feasibility of self-sufficient
Japan e Offshore wind wind resources than needed for 100 % renewable electricity system in Japan at
e Pumped hydro energy renewable electricity competitive costs
storage e Cost of balancing 100 % renewable
e High-voltage interconnection electricity is $20-27/MWh
[103] e Polygeneration system for e Biomass gasification (direct/ o Integration of indirect gasification, steam e Supports year-long electricity and hydrogen
electricity and hydrogen indirect) reforming, and Brayton cycle production using biomass and solar power
e Solar power tower e Produces 340 MW electricity at €0.073/
e Rankine cycle kWh and 97 kt/yr of hydrogen
e Brayton cycle
e Water gas shift reactor
[109] e Multi-generation energy system e Biomass combustor e Produces 17.4-18.4 MW electricity e Enhanced sustainability by integrating
e PV thermal panels e 4.1 MW heating power, heating, cooling, and CO; capture
e Waste heat recovery e 1.2 MW cooling
e Absorption chiller e 5.8-11.3 kg/h hydrogen
o Ejector refrigeration o Captures 234.1 kg/s CO, with 90 % removal
e CO; capture
e Organic Rankine cycle
[102] e Methanol production from e Biomass gasification e Optimized PV-biomass system achieves grid e A scalable approach for renewable
renewable energy e Solar power plant energy interaction of 0.60 kWh (Toronto) methanol production and energy storage
o Alkaline water electrolysis e 0.57 kWh (Crotone) per kWh required by
e Syngas hydrogenation the electrolyzer
[111] e Renewable energy for electric e Solar o Biogas-PV system generates 3.9 GWh/yr e Supports sustainable EV adoption in sub-
vehicle (EV) charging e Wind electricity saharan Africa with renewable-powered
e Biomass hybrid power e 55.6 tonnes/yr hydrogen charging infrastructure.
o HOMER pro software e CO, reduction of 460 tons/yr replacing 100
optimization gasoline vehicles
[116] e Integration of renewables with e Biomass co-gasification e Biomass reduces GHG emissions by 24.34% e Evaluates trade-offs in renewable integra-
fossil fuels for methanol e Solar hydrogen e Lowers energy efficiency. tion with fossil fuel processes for methanol
production e Coal-based poly-generation e Solar hydrogen improves carbon utilization production
but negatively impacts efficiency and cost
[117] e Sustainable multi-generation e Electrolytic hydrogen o Energy efficiency: 28 % e Sustainable remote area utility supply
system e Ammonia synthesis o Exergy efficiency: 18.9 % e 60 % carbon footprint reduction
e Phase change material-based o Highest exergy destruction in MSF (25 MW)
energy storage & Rankine cycle (32 MW)
[115] e Biomass-based polygeneration e Biomass gasification o Electricity efficiency: 46 % e Smart energy system integration

system

Electrolytic hydrogen
e Bio-SNG storage

Bio-SNG efficiency: 69 %
District heating: 85-90 % efficiency

Renewable energy transition
Economic feasibility dependent on district
heating

improve off-grid energy solutions [125].

The transition to renewable energy in industrial sectors is examined
by Ampah et al. [126] which investigated renewable electricity and
hydrogen applications for coal mining in China. Many studies on
large-scale renewable energy transitions [118,119] highlighted the
feasibility of 100 % renewable energy systems, emphasizing the

dominance of wind and solar by 2050. In contrast, hydrogen-based
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technologies [120-122] focused on decentralized hydrogen produc-
tion, microbial fuel cells, and cogeneration systems, showcasing hy-
drogen’s potential as a clean energy carrier for various applications,
including wastewater treatment and energy-efficient buildings. Biomass
and hybrid energy systems studies [115,123-125] provided solutions for
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Fig. 11. CO, footprint of renewable versus biomass-based hydrogen.

stable and flexible renewable power, integrating biomass gasification,
solar energy, and SOFC technologies to enhance efficiency and reduce
emissions.

The analysis, based on studies ([118-126]) explores the relationships
between energy efficiency, CO, reduction, hydrogen production, and
exergy efficiency across various energy systems.

Fig. 13a analyzes the correlation between energy efficiency (%) and
CO4 reduction (%) for various energy technologies. More significant CO5
reduction is generally linked to renewable-based and hybrid systems
such as 100 % RES [118], EU carbon neutrality initiatives [119], and
biomass hybrid power [123]. CO, emissions can be reduced by 12.9 %
using biomass gasification with SOFC system [124] and further by 72 %
using solar-driven hydrogen co-generation [121]. So, it can be
concluded that solar energy is crucial for decarbonization initiatives.

Fig. 13b highlights the interaction between energy efficiency and

International Journal of Hydrogen Energy 137 (2025) 160-189

hydrogen production across various energy models. Solar-driven
hydrogen co-generation [121] and renewable energy for coal mining
[126] the highest hydrogen output (29.2 and 15 tons/year, respec-
tively). However, some systems, such as 100 % RES [118] and
biomass-based polygeneration [115], do not prioritize hydrogen pro-
duction, emphasizing their role in direct power generation. The trend
suggests increased hydrogen production is attainable in
renewable-integrated hydrogen production systems, but their efficiency
trade-offs must be evaluated.

Exergy efficiency across the energy systems is shown in Fig. 13c. The
hydrogen cogeneration system in buildings [122] demonstrates the
highest exergy efficiency at 60 %, followed by solar-driven hydrogen
co-generation [121] and biomass-based polygeneration [115], both
around 50 %. Biomass gasification and SOFC [124] show lower exergy
efficiency at 42 %, indicating that while biomass-based solutions
contribute to sustainability, their energy conversion effectiveness is still
evolving. This highlights the need for optimization in biomass and
hybrid renewable power technologies to enhance their exergetic
efficiency.

The heatmap presented in Fig. 13d provides a statistical overview of
how energy efficiency, CO2 reduction, and hydrogen production corre-
late. Energy efficiency and CO, reduction exhibit a positive correlation,
implying that higher efficiency contributes to lower emissions as seen in
Refs. [118,119], and [123]. Hydrogen production has a weaker corre-
lation with energy efficiency, suggesting that some hydrogen-producing
systems prioritize hydrogen yield over efficiency ([121,126]).

3.4.1. Conclusion and future directions for cluster 4

The studies of cluster 4 demonstrated the effectiveness of biomass
integration in hybrid energy systems, which can enhance energy secu-
rity, reduce emissions, and optimize resource utilization. The
renewable-integrated systems, involving solar-driven hydrogen pro-
duction [121] and hydrogen cogeneration [122] proved to be the most

Fig. 12. Cluster 4: Energy systems management and optimization.
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Table 6
Energy systems management and optimization: Cluster 4.

International Journal of Hydrogen Energy 137 (2025) 160-189

Ref. Focus Area Technology/Method Key Findings Potential Impact/Applications
[118] e 100 % RES e Hour-by-hour simulation o Design of a flexible energy system e Denmark’s transition to renewable energy
balancing electricity supply and demand e Policy implications for biomass vs. wind
e 100 % renewable energy possible by 2050 power reliance"
[119] e EU carbon neutrality by e Multi-period mixed-integer e Stepwise transition in transport and power ¢ EU-wide renewable energy transition
2050 programming sectors e Economic and social benefits, including 1.5 M
e Wind and solar dominate by 2050 new jobs
[120] e Microbial fuel cells e Microbial electrolysis o Utilization of microbes for clean energy and e Sustainable wastewater treatment
e Desalination cells water treatment o Renewable hydrogen production
e Potential for hydrogen and carbon
sequestration
[123] e Biomass & solar hybrid e Triple combined cycle with PEM o Solar-based hydrogen reduced CO, e Decarbonization of power generation
power electrolyzer emissions and biomass consumption e Cost-optimized hybrid energy system
o Exergetic efficiency: 30.44 %
[115] e Biomass-based e Bio-SNG from biomass o Electricity and bio-SNG production with e Flexible energy production; supports 100 %
polygeneration gasification and electrolysis high efficiency renewable transition in Denmark
e District heating enhances feasibility
[125] e Biogas-based SOFC e Biogas reforming for SOFC and e Wind and solar hybrid power e Off-grid renewable energy system
system hybrid renewable power e Decentralized hydrogen and power production
[121] o Solar-driven hydrogen e SOEC with PV e Annual hydrogen production: 29.2 tons e Decentralized hydrogen production
Co-generation e Biogas generator e Largest exergy destruction in SOEC reactor e Optimization for various geographic locations
[122] e Hydrogen cogeneration e PV e Electrical efficiency: 32 % e Energy-efficient buildings
in buildings o Electrolyzer e Overall system efficiency reached 64.5 % o Distributed hydrogen energy applications
o PEM fuel cell with thermal energy
[124] o Biomass gasification & e Solar-powered hydrogen injection e Reduced CO, emissions by 12.9 % o Improved SOFC performance
SOFC to SOFC o Increases power output by 8.7 % at slight e Sustainable hydrogen-integrated biomass
exergy efficiency loss power
[126] e Renewable energy for ¢ HOMER Pro-based PV, wind, e Renewable-based electricity and hydrogen e Carbon neutrality pathway for China’s coal

coal mining diesel hybrid

for mining
Potential to replace diesel transport

mining sector
On-site hydrogen refueling for trucks

efficient and sustainable technologies. Meanwhile, biomass-based
technologies offer moderate performance and require further optimi-
zation to enhance their CO2 reduction potential and exergy efficiency.
Thus, it can be concluded that solar and hybrid renewable systems play a
massive role in decarbonizing energy production while supporting
hydrogen-based energy transition [115,124].

Many innovative technologies and storage solutions for wind and
solar systems are essential for balancing supply and demand. Large-scale
hydrogen production, storage, and transport into energy markets
require adequate infrastructure. Decarbonizing mining, transportation,
and heavy manufacturing industries is essential to achieving better
renewable energy solutions.

3.5. Cluster 5: Sustainable Energy Fundamentals

Cluster 5 “Sustainable Energy Fundamentals” investigates the
essential principles and technologies for shifting towards renewable
energy. It prioritizes sustainability and efficiency, by examining energy
production, storage, and conversion progress. This cluster showcases
innovative solutions like biofuel production, hydrogen storage, and
hybrid energy systems, illustrated in Fig. 14.

Table 7 provides valuable insights into renewable energy technolo-
gies and effective strategies for improving sustainable energy solutions.
Bioelectrochemical systems [127] showed how bacteria can transform
CO9, Hy, and O3 into biomass and alcohols, improving solar energy
utilization. Storage and biofuel production. Liu et al. [128] demon-
strated the biological production of ammonia from N3 and Hy0 using
bacterial catalysis, with potential applications in biofertilizer produc-
tion, emphasizing a distributed, sustainable approach to ammonia
production.

When comparing the results, several common themes emerge. A
recurring issue is the energy storage challenge, with studies like those by
[129]. Pumped hydro and biomass are identified as the most viable
solutions to this problem, with the need for diversified storage tech-
nologies highlighted as essential. The HoRES energy system model [130]
for island microgrids and the hybrid automata algorithm proposed by
[131] showcased the importance of optimizing energy management and
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ensuring uninterrupted power supply in off-grid systems. Producing
renewable fuels like hydrogen and DME (Dimethyl Ether) from solar
energy and CO; [132] further emphasized the importance of CO» utili-
zation in industrial-scale fuel production. Biohydrogen production
through photoelectrocatalysis [133] offered promising avenues for clean
fuel generation, but further efficiency improvements are required for
large-scale implementation.

3.5.1. Conclusion and future directions for cluster 5

Cluster 5 adopts a multifaceted strategy integrating renewable en-
ergy sources, efficient storage systems, and advanced fuel production to
achieve sustainable energy objectives. Many initiatives must be taken in
the future to enhance the efficiency of renewable fuel production,
especially in biofuels and hydrogen. Also, to mitigate the intermittent
nature of RES, optimized energy storage technologies must be
optimized.

3.6. Cluster 6: Hydrogen and Sustainable Energy Innovations

Cluster 6, “Hydrogen and Sustainable Energy Innovations,” explored
the most advanced techniques in hydrogen production, storage, and
integration with RES. It focuses on innovative approaches like hybrid
renewable systems, photocatalysis, and biomass-based technologies as
shown in Fig. 15.

Table 8 shows research on hydrogen production, energy strategy,
and integrated renewable energy systems. Many advanced methods such
as photocatalysis, electrolysis, and gasification were studied to improve
hydrogen production efficiency. Li et al. [138] highlighted that surface
modifications can enhance efficiency using graphite-like carbon nitride
(g-C3Ny) for photocatalytic hydrogen generation. However, this meth-
odology too faces challenges in achieving significant improvements. In
contrast [117], suggested a multi-generation hydrogen system inte-
grating ammonia synthesis with potable water and power production for
remote areas. Cao et al. [139] revealed that injecting hydrogen powered
by solar energy enhances the efficiency of biomass gas turbines, leading
to lower CO, emissions and more significant power generation. Mousavi
et al. [140] and Bozgeyik et al. [141] introduced multi-generation
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Table 7

Sustainable energy fundamentals: Cluster 5.

International Journal of Hydrogen Energy 137 (2025) 160-189

Ref. Focus Area Technology/Method Key Findings Potential Impact
[127] e Solar-to-fuel storage e Bioelectrochemical systems e Bacteria convert CO,, H,, and O, into e Enhancing solar energy storage
e Water splitting biomass and fusel alcohols, improving and biofuel production
fuel yields
[128] e Sustainable ammonia production e Bacterial catalysis, renewable e Biological NH3 production from N, and e Distributed and sustainable
electricity H,0, potential biofertilizer applications ammonia production
[130] e Renewable energy planning e H2RES energy system model e Model tested on multiple islands for 100 e Energy planning tool for island
% renewable energy integration and remote microgrids
[134] e Energy transition and storage integration e Solar, wind, and biomass e Storage options are vital for stabilizing e Supports orderly and efficient
e Storage systems (battery, hydrogen, energy supply energy transition planning
methane, ammonia)
[131] e Off-grid renewable energy management e Hybrid automata algorithm with e Uninterrupted power supply in islanded e Optimizes off-grid energy sys-
batteries and hydrogen storage systems tems with diverse renewables
e Reducing fossil fuel use by 95.6 %-99.4
%
[129] e Renewable energy storage challenges e Biomass o Storage limitations hinder 100 % o Need for diversified solutions
e Pumped hydro renewable power supply
o Batteries and hydrogen
[135] e Integrated biohydrogen refinery (IBHR) e Hydrothermal hydrolysis o 83-99 % waste destruction o Converts biomass waste into
e Biohydrogen fermentation e 11x energy yield increase via hydrogen and electricity
o Fuel cell electricity electrodialysis efficiently
[136] e Hybrid solar-biomass energy system o Integrated gasification with solar o 21.1 % exergy efficiency o Enhances renewable energy
tower e Hydrogen/ammonia production of 20 g/ systems through waste heat
e Reverse osmosis desalination sand 79 g/s recovery
[132] e Year-round DME production from e Solar PV e Solar and unreacted gas recycle optimal e Industrial-scale renewable fuel
electrolytic hydrogen and CO, (Gulf of e Wind for 197 kt/year DME production, CO, utilization
Cadiz, Spain) e Electrolyzer e Production cost: 1.4 €/kg
e Gas purification
e DME synthesis
e Mathematical programming
[137] e Hydrogen for north Europe e Wind e Hydrogen supports stationary and e Hydrogen infrastructure
e Solar PV transport sectors development
e Hydro storage e Energy trade benefits renewables
e Fuel cells
e Hydrogen storage
e Temporal simulation
[133] e Hydrogen production via photo e WO3 photoanodes e Hydrogen production efficiency depends e Clean fuel generation
electrocatalytic degradation e Solar energy on organic additive
e Photoelectrocatalysis e Solar-to-hydrogen efficiency: 2.35 %

systems that utilize solar, biomass, and geothermal energy to produce

Hydrogen and Sestainable Enargy novations

Fig. 15. Cluster 6: Hydrogen and sustainable energy innovations.

optimization is needed for large-scale applications.

hydrogen, electricity, cooling, and freshwater. Tebibel et al. [142]
highlighted that methanol electrolysis requires significantly less energy
than water electrolysis for hydrogen production, but further

Fig. 16a illustrates the combined contributions of various hydrogen
production technologies toward three key performance metrics:
hydrogen yield, energy efficiency, and CO, reduction. The technologies
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Table 8
Hydrogen and sustainable energy innovations: Cluster 6.

International Journal of Hydrogen Energy 137 (2025) 160-189

Ref. Focus Area Technology/Method

Key Findings Potential Impact

[138] e Photocatalysis for hydrogen o g-C3Ny

[130] e Energy planning for hydrogen e H2RES simulation model
[139] e Hybrid renewable hydrogen e Biomass-solar
e Hybrid system,
e PEM electrolyzer
[771 o Integrated energy production e PV electrolysis
e CO,-to-methanol
[117] e Multi-generation hydrogen e Ammonia synthesis from hydrogen
system e Wastewater electrolysis
[142] e Methanol electrolysis for e Methanol electrolysis process (MEP)
hydrogen o PV electrolysis
[143] e Photocatalysis e Pt-based photocatalysts
e Nanocatalysts e Benzaldehyde oxidation
[144] e Hydrogen strategy in EU e Carbon capture for hydrogen
e Wind-biomass hydrogen
[145] e Hydrogen from biomass-solar e TiO, nanotube arrays (TNTAs) with
light Pd quantum dots (Pd QDs)
e Photoelectrochemical (PEC) system
[146] e Solar-based rice husk e Thermodynamic analysis
gasification for hydrogen
e Power
e Cooling, and freshwater
[147] e Co-combustion of H, and CHsin e Hydrogen-enriched methane/biogas
micro gas turbines blends
e Combustion testing
[140] e Biomass-solar-polygeneration e Kalina cycle
for Kish island, Iran e Gas turbine
e Steam cycle
e Organic Rankine cycle
o Multi-effect desalination
e PEM electrolyzer
[141] e Solar, geothermal, and biomass- e Solar collectors
based multi-generation system e Rankine cycles
e Absorption cooling
e Gas turbine
o Geothermal unit
e Electrolyzer
[148] e Hybrid solar-biomass power and e Biomass gasification

hydrogen production plant

Aspen HYSYS simulation
Exergy analysis

Surface modifications improve photocatalytic
hydrogen generation but efficiency remains
low (~2 %).

Modeling renewable hydrogen integration for
island energy systems.

Biomass gas turbine performance improved.

Enhance solar-to-hydrogen con-
version efficiency.

Used for energy planning in
multiple island case studies.
Reduced CO, emissions

Increased power generation

CO;, captured from biomass plants can
synthesize fuels with hydrogen.
Integrated with potable water and power

Integrated systems for renewable
energy and hydrogen production
Sustainable energy supply for

production. remote areas
e MEP requires 65 % less energy than water e Improved efficiency
electrolysis

Enhanced hydrogen production efficiency. New approaches for
photocatalytic hydrogen
production

Policy-driven transition towards
hydrogen economy in EU

Boosted PEC efficiency

EU prioritizes renewables for hydrogen
production

Hydrogen production 164.8 pmol cm?
15x higher than pure water splitting

Hydrogen production rate = 0.0603 kg/s
Energy efficiency: 46.8 %

Cooling: 911.4 kW

Freshwater: 410.9 kg/s

20 % Hy/biogas blend reduced CO emissions
by 29.8 % and NOx by 47.1 %

United energy systems for multi-
output applications

Cleaner combustion for
microturbines

MSW is the most economical fuel

DPW has least environmental impact

MPW has best energy and exergy efficiency
(41.68 % and 34.19 %)

Waste-to-energy applications

Hydrogen mass flow: 3.52 kg/h
Freshwater: 6.16 kg/s

Energy efficiency: 65.55 %
Exergy efficiency: 27.09 %

Multi-generation systems for
sustainable development

Hydrogen production: 7912.5 tons/year
Power output: 38.89 Mwe

Exergy efficiency: 55.8 % for hydrogen and
39.6 % for power

High-efficiency renewable power
and hydrogen production

discussed are Methanol Electrolysis (MEP), PV Electrolysis, Biomass
Gasification, and Hybrid Systems ([77,139,141,142]). MEP [142] shows
the highest hydrogen yield while using 65 % less energy than water

electrolysis, making it an extremely efficient method. PV Electrolysis
[77] offered lower energy efficiency and yield than MEP, but yielded
reduced emissions. Further, reliance on fossil fuels can be reduced using
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Fig. 16. (a) Contribution of Hydrogen Technologies to Key Metrics (b) Efficiency vs. Cost Trends in Hydrogen Production (2015-2025).
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biomass gasification [139] which turns biomass into hydrogen. Hybrid
Systems [141]deliver balanced outcomes across all three metrics,
aligning them as a sustainable option.

Fig. 16b illustrates the efficiency and cost reduction advancements of
hydrogen production technologies from 2015 to 2025. The efficiency
gains (blue line) showcase developments in renewable hydrogen pro-
duction techniques, photocatalysis [143], biomass-solar hybrids [139],
and enhanced electrolysis methods [142]. Over this period, efficiency
has improved from 40 % to nearly 80 %, corresponding with innovations
in single-atom catalysts [143] and biomass hybridization [139]. Meth-
anol electrolysis [142] and hybrid systems [141], show a consistent drop
in hydrogen production costs.

3.6.1. Conclusion and future directions for cluster 6

Hybrid renwable energy systems enhance sustainability by inte-
grating multiple sources, improving energy efficiency, and addressing
diverse energy needs. While advancements in hydrogen production and
multi-generation systems are encouraging, challenges remain in maxi-
mizing efficiency, cost-effectiveness, and system integration, especially
in remote communities.

Future research should focus on scaling these technologies,
improving hydrogen production methods like photocatalysis and elec-
trolysis, and merging waste-to-energy solutions. Strengthening energy
system modeling, optimizing hydrogen integration, and enhancing
policy support are crucial for fostering a hydrogen economy. Assessing
environmental and social impacts will encourage wider acceptance and
contribute to a stronger, more sustainable energy future.

3.7. Cluster 7: Biohydrogen and Biomass Technologies

Cluster 7 “Biohydrogen and Biomass Technologies,” as shown in
Fig. 17 mainly focuses on biological and biomass-based methods to
create clean, renewable hydrogen and energy.

Table 9 show diverse cutting-edge technologies and approaches for
merging hydrogen production with renewable energy frameworks. Qin
et al. [116] examined the trade-offs between reducing greenhouse gas
emissions and achieving energy efficiency in hybrid systems that inte-
grate biomass co-gasification with solar hydrogen production. Boujjat
et al. [149] pointed out the stability of syngas generation from hybrid
solar/auto thermal gasification. Barbuzza et al. [36] examined
hydrogen-to-methane processes for energy storage. Redwood et al.
[135] concentrated on fermentative biohydrogen for electricity gener-
ation, illustrating waste-to-energy routes that transform organic matter
into valuable energy. Siddiqui et al. [136,146] studied hybrid
solar-biomass systems for hydrogen and energy production, highlighting

Fig. 17. Cluster 7: Biohydrogen and biomass technologies.
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how waste heat recovery and the use of agricultural waste can enhance
energy generation. El Emam et al. [150] explored hybrid renewable
energy systems that merge solar gas turbines with biomass SOFC,
enabling dual-mode renewable power generation and boosting overall
system efficiency.

A recurring theme in these studies is optimizing hybrid systems that
incorporate various renewable sources, boosting energy efficiency,
reliability, and sustainability. Mousavi et al. [151] introduced a poly-
generation system integrating biomass, solar energy, and a Kalina cycle
to optimize fuel choices and advance multi-energy utilization. Burulday
et al. [148] investigated the generation of high-purity hydrogen using
biomass and solar energy to foster a sustainable hydrogen economy.

3.7.1. Conclusion and future directions for cluster 7

Cluster 7 shows that HRES, which combines solar, biomass, and
hydrogen production, holds significant promise for addressing global
energy challenges. These systems improve efficiency and reduce emis-
sions while offering more reliable and sustainable energy solutions.

Future efforts should focus on incorporating such hybrid systems,
particularly in energy storage, fuel production, and integrating waste-to-
energy processes. Progress in hybrid hydrogen production and energy
management technologies will be crucial for establishing a scalable,
sustainable hydrogen economy and facilitating the transition to clean
energy systems. Evaluating these systems’ economic viability and scal-
ability at an industrial level will help ensure their commercial success.

3.8. Cluster-wise Key Findings

This section will present insights specific to each cluster based on the
seven thematic clusters identified through VOSviewer analysis.
Cluster 1: Renewable Energy Technologies and Transition.

e HRES mitigates intermittency issues and improves grid stability.

o Biogas hybridization in HRES can reduce carbon emissions by 96 %,
demonstrating high sustainability potential.

Solar-biomass hybrid systems lower CO2 emissions by 2 % and
reduce exergy destruction costs by 3.36 %.

Cluster 2: Advanced Bioenergy and Optimization.

Biomass gasification has the highest hydrogen production efficiency

(53.6 % energetic, 49.8 % exergetic).

e Al-driven modeling (MILP) optimizes hydrogen production costs in
hybrid systems.

e Waste-to-energy solutions provide 50 % efficiency, a sustainable

alternative to landfill disposal.

Cluster 3: Integrated Energy Systems and Hydrogen Technologies.

Wind-powered electrolysis produces only 1.29 kg CO» eq/kg Ha.
Japan’s 100 % self-sufficient hydrogen economy can be proved using
a large-scale renewable integration strategy

e Multigeneration systems combining hydrogen, power, heating, and
cooling improve energy and exergy efficiencies.

Cluster 4: Energy Systems Management and Optimization.

o HRES efficiency and real-time energy distribution can be improved

using Al-driven smart grids.

Hybrid polygeneration systems with biomass and hydrogen achieve

up to 60 % exergy efficiencies.

e Solar-driven hydrogen co-generation reduces CO, emissions by 72
%.

Cluster 5: Sustainable Energy Fundamentals.
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Table 9

Biohydrogen and biomass technologies: Cluster 7.

International Journal of Hydrogen Energy 137 (2025) 160-189

Ref. Focus Area Technology/Method Key Findings Potential Impacts
[116] e Coal-green energy e Biomass Co-Gasification e GHG emission reduction vs. energy efficiency trade- e Hybrid energy systems
integration e Solar hydrogen offs
[36] e Renewable energy storage e Wood Hydrogasification e Hydrogen to methane process for energy storage o Efficient renewable storage
[135] e Biohydrogen o Integrated biohydrogen refinery o Fermentative biohydrogen for electricity generation =~ e Waste-to-energy solutions
[152] e Cyanobacteria hydrogen e Nickel-enhanced hydrogenase o Optimized cyanobacteria hydrogen production e Biological hydrogen pathways
activity
[136] e Solar-biomass hybrid o Integrated gasification e Waste heat recovery improves efficiency e Optimized multi-generation
o Solar Tower
[146] e Rice husk gasification e Solar-biomass hybrid system e Renewable hydrogen and power production o Agricultural waste utilization
[150] e Hybrid renewable energy e Solar gas turbine e Dual-mode renewable power generation e Optimized hybrid energy
e Biomass SOFC
[149] e Solar biomass gasification e Hybrid solar/Autothermal e Stable syngas production despite solar variability o Reliable renewable fuel
gasification production
[151] e Polygeneration system e Biomass o Optimized biomass fuel selection o Efficient multi-energy use
e Solar
e Kalina cycle
[148] e Hybrid hydrogen production e Solar power plant e High-purity hydrogen production from biomass e Sustainable hydrogen economy
L]

Biomass gasification

e Bioelectrochemical systems enhance solar energy utilization by

converting CO; into biofuels.

Hybrid automata algorithms improve off-grid energy management

and reduces fossil fuel use by 95.6 %-99.4 %.

Renewable-powered ammonia synthesis provides a better alternative
to fossil-based nitrogen fertilizers.

Cluster 6: Hydrogen and Sustainable Energy Innovations.

electrolysis.

e Hybrid biomass-solar hydrogen production improves power gener-

e Biohydrogen production from cyanobacteria and enzymatic
fermentation increases yield efficiency.
e Polygeneration systems such as Kalina cycles, steam turbines, and

biomass optimize energy efficiency.

3.8.1. Cross-cluster insights

Table 10 presents a comprehensive cluster-wise comparison of

Methanol electrolysis requires 65 % less energy than water

ation efficiency, reducing CO, emissions.

e Multi-generation systems incorporating hydrogen, cooling, and

desalination optimize renewable energy utilization.

Cluster 7: Biohydrogen and Biomass Technologies.

Hybrid solar-biomass gasification ensures stable syngas production.

various HRES research themes, focusing on hydrogen production

scope.

methods, efficiency metrics, core technologies, challenges, and future

Cluster 1 concentrates on renewable transition through solar PV,

wind, and power-to-gas (P2G) systems, employing biomass gasification

and PV-electrolysis. It demonstrates strong energy performance with

hydrogen efficiency at 53.6 % and multigeneration reaching 71.06 %.
However, it faces significant challenges such as high initial capital in-
vestment and storage limitations. The future direction includes scaling
up hybrid energy models and deeper integration of hydrogen into

renewable grids.

Table 10
Cluster-wise comparative analysis of HRES research themes.
Cluster ~ Theme Key Hydrogen Efficiency Challenges Future
Technologies Production Methods Highlights Scope
1 Renewable energy technologies e HRES e Biomass gasification e Hy: 53.6 % o High initial costs o Scale-up of hybrid
and transition e Wind e PV-electrolysis e Multigen: 71.06 e Storage systems
e Solar PV % limitations e Hydrogen integration
e P2G systems
2 Advanced bioenergy and e Biomass e Gasification, biological e Ha: 53.6 % o Cost-efficiency o Off-grid optimization
optimization e Biohydrogen o PV-electrolysis e Bio-Hy: ~40 % e Low conversion e Hydrogen fueling
e MILP models rates systems
3 Integrated energy systems and e Multigen/ o Solar electrolysis e Wind electrolysis: e System e Urban HRES
hydrogen technologies polygeneration e Wind electrolysis 50 % complexity e Transportation
e Solar -+ biomass e Exergy: ~60 % e Economic e EV support
feasibility
4 Energy systems management e SOFC e Solar/biogas e Exergy: 30-60 % o Efficiency vs. e Al-based optimization
and optimization e Microbial fuel cells electrolysis cost e Decarbonizing industry
e HRES o Infrastructure
gaps
5 Sustainable energy o Bioelectrochemical e Photoelectrochemical e PEC: 2.35% e Low PEC o Distributed biofuels
fundamentals systems e Fermentation e Ammonia: efficiency e DME synthesis
e Ammonia synthesis Emerging e Limited scaling
6 Hydrogen and sustainable e Photocatalysis e Methanol electrolysis e MEP: ~65 % e Low maturity e Scale-up of MEP and
energy innovations o MEP e Biomass gasification e Hybrid: ~60-70 e Material costs photocatalysis
e Hybrid hydrogen %
7 Biohydrogen and biomass e Biohydrogen refinery e Fermentation e Gasification: e Feedstock e Waste-to-Hy
technologies e Solar-biomass e Hybrid solar biomass ~55 % variability e Rural deployment
e Hybrid: ~50-60 e Thermal
% instability
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Cluster 2 focuses on bioenergy and energy optimization techniques,
particularly MILP-based modeling approaches. The primary hydrogen
production methods include gasification, biological processes, and PV-
electrolysis. While similar efficiencies (Hz at 53.6 % and biohydrogen
at ~40 %) are observed, this cluster is constrained by low conversion
rates and cost-efficiency barriers. The research here is geared toward off-
grid system development and creating practical hydrogen fueling
infrastructure, especially in remote and underserved regions.

Cluster 3 emphasizes integrated systems, particularly polygeneration
and urban HRES frameworks, employing solar and wind electrolysis.
With exergy efficiencies around 60 % and wind electrolysis efficiency
near 50 %, the systems offer decent performance but are hindered by
their inherent complexity and uncertain economic feasibility. The
cluster looks ahead to applications in smart urban energy planning and
transportation systems, such as EV integration.

Cluster 4 revolves around energy system management, including
solid oxide fuel cells and microbial fuel cells within HRES setups. Effi-
ciency ranges from 30 % to 60 %, and the systems are oriented toward
balancing performance with cost. The significant challenges are infra-
structural gaps and cost-driven decision-making. This cluster holds
promise for Al-based optimization strategies and industrial
decarbonization.

Cluster 5 deals with fundamental research in sustainable hydrogen
generation, featuring emerging technologies like photoelectrochemical
(PEC) and ammonia synthesis. PEC efficiency is notably low at 2.35 %,
and most technologies are at a low maturity level, limiting scalability.
Nevertheless, future directions include the development of distributed
biofuels and advanced DME synthesis for cleaner alternatives.

Cluster 6 is notable for investigating innovative hydrogen solutions
such as photocatalysis, methanol electrolysis (MEP), and hybrid
hydrogen production systems. With MEP reaching energy efficiency
levels of ~65 % and hybrid methods up to 70 %, this cluster outperforms
most in energy yield. Despite this, the technologies are underdeveloped,
with high material costs being a limiting factor. Scaling these methods
could significantly enhance the hydrogen landscape.

Cluster 7 is rooted in biomass and biohydrogen technologies,
employing solar-biomass hybrid setups and fermentation-based
hydrogen production. Efficiency values range between 50 and 60 %,
with gasification methods achieving up to 55 %. Key barriers include
feedstock inconsistency and thermal instability, yet this cluster shows
strong potential for rural deployment and waste-to-hydrogen applica-
tions in decentralized settings.

The analysis reveals high-efficiency systems like those in Clusters 1
and 6 show technical promise, but real-world implementation still faces
economic and infrastructural constraints. Emerging technologies in
Cluster 5 offer long-term potential, while Clusters 2 and 7 may
contribute significantly to decentralized and rural hydrogen applica-
tions. Cross-cluster interaction and targeted policy support will be
essential to accelerate sustainable hydrogen deployment.

Thematic analysis of all seven clusters highlights converging tech-
nologies and recurring challenges in HRES. Key technologies, including
hydrogen electrolysis, biomass gasification, and solar PV integration,
consistently emerge across clusters, emphasizing their critical impor-
tance in sustainable energy transitions. Furthermore, multi-generation
systems, Al-driven optimization, and hybrid storage solutions (e.g.,
battery-hydrogen) improve system efficiency and resilience. Identified
challenges include substantial initial costs, insufficient standardized
hydrogen infrastructure, feedstock availability for biomass, and un-
certainties in policy and regulations, particularly in developing regions.
Across all clusters, a common focus is scaling integrated systems,
enhancing exergoeconomic performance, and advancing energy storage
technologies for grid stability. Future research should aim to create
scalable hybrid models, bolster supply chains, and integrate renewables
with local socio-economic development, particularly focusing on rural
electrification and waste-to-energy solutions. Provides a concise over-
view of technologies, hydrogen production methods, efficiency metrics,
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challenges, and future directions across the clusters.

Hydrogen presents great long-term storage and grid balancing pos-
sibilities but often entails significant capital costs and lacks adequate
infrastructure. In contrast, solar PV is the most established and cost-
effective technology, enjoying rapid cost declines and extensive imple-
mentation, although its intermittent nature requires additional storage
or generating sources. Biomass and biogas, sourced from agricultural
and organic waste, not only deliver dispatchable energy but also aid in
waste management and rural electrification; however, their scalability is
hindered by feedstock availability and emissions produced during
combustion or gasification.

In hybrid systems, solar PV works well with hydrogen to utilize
excess energy during the day, converting it into green hydrogen for later
electricity generation. Biomass and biogas provide dependable base-
load power and can generate biohydrogen or synthetic natural gas
(SNG) when combined with hydrogen technologies. Each resource off-
sets the others’ weaknesses solar ensures clean peak energy production,
hydrogen offers long-term flexibility, and biomass/biogas guarantees
base-load consistency, illustrating the importance of integrating multi-
ple energy vectors in future renewable energy systems.

4. Challenges, Potential Solutions, Limitations, Policy
Recommendations, and Future for Hybrid Renewable Energy
Systems

Fig. 18 depicts integrating various RES, including solar, wind,
biomass, and hydrogen, alongside power conditioning units, energy
storage solutions, and grid connections. It illustrates the efficient energy
flow from generation through conversion, storage, and distribution to
meet demand. The Energy Management System (EMS) is vital in man-
aging power fluctuations, ensuring grid stability, and addressing mis-
matches between demand and supply. Challenges such as intermittency,
high costs, storage constraints, land use disputes, and regulatory ob-
stacles were highlighted. Potential solutions like smart grids, Al-
enhanced energy management, and hybrid storage systems were pre-
sented. It demonstrates the feasibility, reliability, and scalability of
HRES in creating a sustainable energy future.

Table 11 presents significant challenges that HRES faces, including
their causes and possible solutions. The variability in solar and wind
energy highlights the need for energy storage and Al-driven forecasting.
High investment costs may be alleviated through government incentives
and collaborative partnerships. Limitations of batteries necessitate the
development of advanced storage technologies and recycling efforts.
Grid stability demand using smart grids and AI management can be
achieved by integrating HRES. It includes floating solar panels and
agrovoltaics to address land constraints. Maintenance efficiency can be
improved through IoT-enabled predictive servicing. Environmental is-
sues necessitate implementing sustainable battery and biomass solu-
tions, while the challenge of demand-supply imbalances calls for smart
energy management strategies to improve efficiency. It also includes
peer-to-peer (P2P) energy trading [153], network cost and energy loss
allocation for the P2P energy market [154].

4.1. Limitations of HRES deployment

Despite swift technological advances, the widespread adoption of
HRES encounters notable economic and socio-political obstacles. A
major challenge is the substantial capital investment required, particu-
larly for technologies such as hydrogen electrolysis, advanced biomass
gasification, and solar PV with integrated storage. The absence of scal-
able financing options, extended payback periods, and ambiguous tariff
structures diminishes the financial appeal of these systems. Volatile
energy prices and limited ways to monetize excess energy lead to un-
predictable revenue streams. These economic challenges are exacer-
bated by fragmented policies, regulatory inconsistencies, and a lack of
long-term planning, all undermining investor confidence and
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Fig. 18. Challenges in hybrid renewable energy systems.

hindering project scalability.

Socio-political challenges create obstacles for HRES adoption. Safety
fears and environmental misunderstandings hinder the public’s accep-
tance of hydrogen, biogas, and biomass technologies, especially in res-
idential and rural areas. Many regions also lack the necessary
infrastructure for decentralized hybrid energy systems, and collabora-
tion among stakeholders-governments, utilities, investors, and
communities-remains inadequate. Additionally, the reliance on essential
raw materials like lithium, cobalt, and rare-earth elements adds
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vulnerabilities to the supply chain. Tackling these issues requires unified
policy frameworks, targeted subsidies, public-private partnerships,
awareness initiatives, and international collaboration to secure resilient,
inclusive, and sustainable energy transitions.

4.2. Policy recommendations for improving HRES

As HRES continues to prove its ability to facilitate sustainable energy
transitions, effectively designed and proactive policy frameworks are
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Table 11

Challenges and potential solutions for hybrid renewable energy systems.

Challenge

Explanation

Potential Solutions

Intermittency and
variability

High initial
investment Cost

Energy storage and
battery limitations

Complex system
integration and
management

Grid stability and
synchronization
issues

Land and space
requirements

Maintenance and
reliability challenges

Lack of
standardization and
regulatory barriers

Environmental
impact and
sustainability
concerns

Energy demand-
supply mismatch

Solar, wind, and
hydropower depend on
weather

Biomass and hydrogen
need steady feedstock

Solar panels, wind
turbines, storage, and grid
infrastructure require high
capital

High costs, limited
lifespan, and
environmental concerns
impact battery efficiency

Multiple power sources,
converters, and controllers
complicate system
integration

Hybrid systems must sync
with grids to prevent
instability and power
fluctuations

Large-scale projects need
significant land,
conflicting with
agriculture and
urbanization

Hybrid systems increase
maintenance complexity
and require skilled
servicing

Policy inconsistencies
across regions delay
hybrid system adoption

Battery production,
biomass use, and fossil-
fuel-based hydrogen have
environmental impacts

Fluctuating energy
demand leads to
imbalances in supply and
consumption

Energy storage
(batteries, hydrogen)
[155,156]
Hybridization [157,
158]

Al-driven forecasting
[140,159]
Government
incentives [160]
Public-private
partnerships
[160-162]
Community projects
[41,163,164]
Research on solid-
state [165,166]
Sodium-ion batteries
[167,168]

Hybrid storage
solutions [169-171]
Recycling [172]

Al and IoT-based
smart management
[173-175]
Standardization [32,
131,176,177]
Modular system
design [142,178,
179]

Smart grids [115,
180,181]
Grid-forming
inverters [182-184]
Microgrid
capabilities [131,
185-188]

Floating solar [189,
190]

Rooftop solar [191]
Agrovoltaics [192,
193]

Predictive
maintenance with
IoT sensors [194]
Technician training
[195]

Modular components
[196]
Harmonization of
regulations [197,
198]

Policy support [129,
199,200]
Decentralized energy
policies [78,201]
Battery recycling
[202-204]

Green hydrogen [22,
196,205,206]
Sustainable biomass
sourcing [179,207]
Real-time pricing
[208]

Peer-to-peer energy
trading [205]
Demand-side
management [209]

essential for tackling the current technological, economic, and infra-
structure hurdles. This section presents practical and research-supported
policy recommendations centered on three main areas: hydrogen regu-
lation, reform of biomass subsidies, and rural electrification via HRES
implementation [210].
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4.2.1. Enhancing hydrogen regulation and infrastructure

To fully harness hydrogen’s potential in HRES frameworks, national
governments must set clear and consistent regulations covering
hydrogen production, storage, distribution, and safety compliance
[210]. This entails:

Developing national hydrogen strategies that align with long-term
decarbonization goals and set targets for renewable hydrogen
production.

Standardizing safety codes and technical guidelines for electrolyzers,
hydrogen pipelines, fuel cell infrastructure, and transport mecha-
nisms to reduce risk and improve public trust.

Facilitating permitting and licensing processes for green hydrogen
facilities to reduce bureaucratic delays.

Supporting pilot-scale and demonstration projects through public-
private funding to test hydrogen integration in multi-source HRES
models, particularly in industrial and off-grid regions.

Governments should also prioritize investments in hydrogen infra-
structure, such as hydrogen refueling stations and underground storage,
and encourage international collaborations for cross-border hydrogen
trade.

4.2.2. Reforming biomass subsidies and promoting waste-to-energy
initiatives

Biomass and biogas are pivotal for reliable and dispatchable energy
in HRES, especially in agricultural economies. However, many current
subsidy schemes are fragmented or outdated. Policymakers are
encouraged to [211]:

Implement performance-based subsidies that reward efficient and
low-emission biomass gasification and anaerobic digestion
technologies.

Expand eligibility for subsidies to include decentralized and
community-level biomass systems, encouraging rural entrepreneurs
and cooperatives to participate.

Incentivize agricultural waste collection and supply chains, ensuring
regular feedstock availability and reducing open-field burning.
Introduce carbon credits or feed-in tariffs for verified biomass-
derived electricity and hydrogen to make such systems more
competitive.

e Promote circular economy models by integrating waste management
with energy production, especially municipal solid waste, food
waste, and crop residues.

Such reforms would improve biomass project bankability, reduce
emissions, and create rural employment opportunities.

4.2.3. Promoting rural electrification through HRES

Energy poverty in rural and remote areas remains a significant bar-
rier to equitable development. HRES particularly combinations of PV,
biogas, and hydrogen storage—offer a scalable, clean, and cost-effective
solution for rural electrification. To promote this, the following actions
are recommended [212]:

Deploy HRES-based mini-grids and microgrids under national rural
electrification schemes with capital cost-sharing models involving
government, NGOs, and private developers.

Offer low-interest financing and soft loans for community-owned
renewable energy systems with flexible repayment terms.

Establish service-based tariffs and performance incentives to
encourage long-term maintenance and operation of decentralized
HRES infrastructure.

e Launch awareness campaigns and training programs to build local
technical capacity in HRES installation, operation, and servicing.
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e Encourage gender-inclusive energy policies that promote women’s
participation in renewable energy value chains, especially in rural
biomass and solar micro-enterprises.

A coordinated and flexible policy framework is crucial for speeding
up the global deployment of HRES. These policy recommendations focus
on hydrogen regulation, reforming biomass subsidies, and achieving
energy equity in rural areas, all of which aim to strengthen energy se-
curity, foster clean energy innovation, and guarantee the social sus-
tainability of HRES.

4.2.4. Future scope

The fast-paced development of HRES, especially those that combine
hydrogen, biomass, biogas, and solar PV, offers exciting opportunities
for attaining global energy sustainability. Nonetheless, significant ave-
nues remain to explore in research, innovation, and implementation.
This section highlights the crucial future directions that have the po-
tential to influence the next generation of hybrid energy systems greatly.

Future research should embrace a more integrated and interdisci-
plinary approach to HRES to hasten the global shift toward sustainable
and resilient energy systems. There should be a strong focus on the large-
scale adoption of optimization tools based on Artificial Intelligence (AI)
and Machine Learning (ML) for real-time energy management and
forecasting [213], PV power prediction while considering meteorolog-
ical data [214]. Further investigation is warranted into hybrid energy
storage solutions, especially those that combine hydrogen with new
battery technologies to address intermittency issues, defect detection of
photovoltaic modules [215], and application of fuzzy logic in HRES
development [216], to explore a benchmarking framework [217].
Techno-economic assessments and lifecycle analyses must extend to
encompass decentralized HRES deployments in rural, industrial, and
urban settings. Formulating robust policy frameworks, investment
models, and incentive structures will be essential for enabling
commercialization.

e Advancements in Hydrogen Technologies: Future studies must
focus on creating affordable and efficient hydrogen production
techniques, particularly via water electrolysis utilizing excess
renewable energy and biomass gasification. Advances in photo-
catalysis, methanol electrolysis, and microbial electrolysis are
anticipated to considerably lower production costs and improve
conversion efficiencies. Additionally, there is a critical need to
investigate scalable hydrogen storage solutions like solid-state hy-
drides and underground storage, which can help stabilize energy
systems reliant on significant renewable energy sources.
Integration with Artificial Intelligence and Digital Twins: Al and
digital twin technologies can significantly transform energy demand
forecasting, energy dispatch optimization, and the real-time man-
agement of HRES. Future research should investigate reinforcement
learning, predictive analytics, and cyber-physical integration to
develop intelligent energy systems that dynamically adjust to
resource variations, consumer habits, and grid conditions.
Techno-Economic Optimization and Lifecycle Analysis: When
designing and implementing HRES, lifecycle costs, carbon emissions,
and long-term operational sustainability must be considered. Future
efforts should develop multi-objective optimization models that
harmonize economic, environmental, and technical considerations.
Improved techno-economic evaluations, exergy analyses, and life-
cycle impact assessments will be instrumental in pinpointing the
most effective HRES configurations in diverse geographic and socio-
economic environments.

Rural Electrification and Decentralized Energy Systems:
Expanding HRES in off-grid and underserved communities presents
significant challenges and opportunities. Future initiatives should
focus on creating modular and community-oriented HRES structures
that align with local energy needs. Additionally, incorporating agro-
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industrial waste solutions, micro-hydro systems, and smart metering
can improve energy access and foster economic inclusion.

Policy Innovation and Cross-Sectoral Interactions: In addition to
technical research, upcoming studies should focus on the policy tools
and institutional structures that can foster a supportive environment
for HRES. It is crucial to highlight the collaboration among sectors
such as energy, agriculture, waste management, and transportation
to create cohesive strategies that enhance the effectiveness of
renewable hybrid systems.

Integrating various energy, agriculture, waste management, and
transportation sectors can boost system efficiency and foster a circular
energy economy. Finally, creating open-access databases and digital
twins of HRES will facilitate improved system modeling, simulation, and
validation in real-world scenarios. Innovative technologies like bio-
hydrogen, methanol electrolysis, and multigeneration systems present
significant opportunities for improving the efficiency and sustainability
of HRES. Biohydrogen allows for clean energy generation from waste,
while methanol electrolysis offers a more energy-efficient method for
hydrogen production. Furthermore, multigeneration systems can opti-
mize resource utilization in off-grid and remote regions. Future research
should enhance these new technologies’ efficiency, scalability, and
integration into practical energy systems. The future of HRES research
lies in multidisciplinary innovation that couples advanced technologies
with inclusive policy frameworks. Strategic focus on hydrogen scaling,
Al integration, decentralized systems, and cross-sector collaboration
will be instrumental in transitioning toward a resilient, low-carbon en-
ergy future.

5. Concluding remarks

This systematic review examines the progress, challenges, and future
perspectives in HRES, including hydrogen, biomass, biogas, and solar
photovoltaics (PV). The review highlights new technologies, enhance-
ments in efficiency, and economic viability, while highlighting sus-
tainability and environmental effects.

VOSviewer organizes the literature into seven thematic clusters by
systematically clustering 174 research articles that address various di-
mensions of renewable energy integration, energy storage, optimization
strategies, and policy frameworks. HRES provides a robust and sus-
tainable solution for tackling global energy issues and utilizes the syn-
ergistic advantages of different RES. Hydrogen enables long-term
storage and proves to be a promising energy carrier. It also aids decar-
bonization across sectors, particularly when combined with solar PV and
biomass gasification. Still, significant challenges, such as high upfront
costs, limitations in energy storage, intermittent supply, and regulatory
hurdles, hinder large-scale deployment. However, advanced computa-
tional techniques, Al-based optimization, and hybrid storage systems
offer promising strategies to address these challenges. Various models
enhance efficiency, reinforce grid stability, and enable carbon-neutral
energy generation. Implementing policy measures, driving technolog-
ical innovations, and offering economic incentives are essential to has-
tening the adoption of hybrid energy solutions and facilitating the shift
towards a low-carbon, energy-secure future.

Key Findings.

e HRES enhances energy security and sustainability by integrating
solar PV, hydrogen, biomass, and biogas for improved efficiency.

e Hydrogen is crucial for long-term energy storage and decarbon-
ization, with biomass gasification achieving the highest efficiency at
53.6 %.

e Al-driven energy management and hybrid storage solutions enhance
system performance, reducing intermittency issues in solar and
wind-based HRES.
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e Multi-energy hybrid models integrating solar PV, hydrogen, and
bioenergy achieve high efficiency, with biogas hybrid systems
reducing carbon emissions by 96 %.

e Hydrogen-based power-to-gas (P2G) and waste-to-energy technolo-
gies provide scalable energy storage solutions, supporting grid sta-
bility and off-grid applications.

e Economic barriers remain challenging, but policy incentives, carbon
pricing, and technological advancements can accelerate HRES
adoption.

e Environmental benefits of renewable hydrogen production are sig-
nificant, with wind electrolysis producing only 1.29 kg CO, eq/kg
Hy, reducing emissions by 68-92 % compared to fossil-based
hydrogen.

e Future research should optimize biomass gasification, expand
hydrogen infrastructure, and incorporate Al-driven smart grids for
an efficient hybrid energy transition.

5.1. Limitations of the review

This systematic review provides an extensive cluster-wise analysis of
hydrogen, biomass, biogas, and solar PV integration within HRES.
However, some limitations should be recognized. Firstly, the study is
limited to English-language articles in the Scopus database, which may
exclude important research from other sources or in different languages.
Secondly, while clustering via VOSviewer can highlight thematic areas,
manual filtering and categorization can introduce selection bias. Newer
technologies that lack extensive literature may not be adequately rep-
resented. Future research could enhance findings using meta-analytical
methods, incorporating real-world deployment data, and exploring a
wider range of interdisciplinary sources.
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