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Abstract: Over the past fifteen years, solar photovoltaic (PV) technologies have become a
part of the global energy transition, primarily driven by sustained reductions in capital costs.
This rapid deployment has intensified the need for robust, technology-specific performance
assessments under diverse climatic conditions. This study presents a comparative evaluation
of three crystalline silicon PV cell technologies, which are Passivated Emitter and Rear
Contact (PERC), Tunnel Oxide Passivated Contact (TOPCon), and Silicon Heterojunction
(SHJ/HJT), across Tiirkiye’s climatically heterogeneous regions using PVsyst simulation
software. A rigorously controlled modelling framework was employed, in which all
system-level parameters, including irradiance data, thermal behaviour, array configuration,
and loss assumptions, were held constant across simulations, thereby isolating the impact of
cell architecture on energy yield. The results demonstrate clear performance differentiation
among the examined technologies. SHJ modules exhibit superior energy output under
high temperature conditions due to favourable temperature coefficients, whereas TOPCon
modules show enhanced robustness under harsh operating environments and improved
resistance to lifetime degradation. PERC technology, despite its maturity, remains competitive
in regions characterised by moderate climatic stress. These findings indicate that PV
technology selection should extend beyond nominal efficiency metrics to incorporate thermal
sensitivity, degradation behaviour, and low irradiance performance. Consequently, informed
PV investment and deployment strategies must align cell technological attributes with
specific environmental conditions. While controlled PVsyst simulations provide a consistent
comparative baseline, their practical relevance depends on careful contextualisation to

real-world operating environments.

Keywords: PV cell technology; renewable energy; PV cell performance; PVsyst;

performance optimization

1. Introduction

Over the past fifteen years, solar energy has undergone a transformation,
evolving into a major contributor to global electricity. Photovoltaic (PV) systems
have advanced through coordinated progress in technology, economics, and policy
frameworks. Continuous reductions in generation costs, as reported by IRENA
(2024) [1], have coincided with rapid capacity expansion and sustained innovation.
Crystalline silicon has emerged as the prevailing PV material, supported by advances
in cell structures such as PERC, TOPCon, and silicon heterojunction designs, which
have substantially elevated commercial module efficiencies. Parallel improvements

in manufacturing processes and system integration have further accelerated cost
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reductions, positioning utility-scale solar power among the most economically
competitive electricity generation options worldwide [1]. The trend of PV technology
in terms of installed cost, capacity factor and levelized cost of electricity is given in

Figure 1.
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Figure 1. Global weighted average and range of (a) Total installed cost; (b) Capacity factor;
(c¢) Levelized cost of electricity for utility-scale solar PV, 2010-2024 [1].

The global installed capacity of solar power has an exponential increase. In 2010,
global solar PV capacity was approximately 40 GW. By the end of 2024, it surpassed
more than 1000 GW, driven largely by policy incentives, cost competitiveness, and
climate commitments. The largest contributions have come from China, the European
Union, the United States, and, more recently, India and Southeast Asia. According to
the IEA report, Solar Energy is expected to be an energy pioneer by the end of 2030 [2].
Foreseen energy outlook by 2030 is illustrated in Figure 2.
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Figure 2. Foreseen energy outlook by 2030 [2].

The global diffusion of solar power has been enabled by supportive policy
instruments, market mechanisms and technological maturation. Concurrent advances
in PV cell architectures reflect distinct strategies to mitigate recombination losses while
sustaining cost effectiveness and scale manufacturing [2]. The main structure of these
PV cells is illustrated in Figure 3 below [3].

According to the projections presented in the International Technology Roadmap
for Photovoltaic (ITRPV), while PERC will gradually lose dominance, TOPCon is
projected to emerge as the leading technology due to its higher efficiency potential

and manufacturing compatibility, whereas SHJ adoption may remain constrained by
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cost and process complexity [4]. Market share expectation of PV cell technologies is
given in Figure 4.
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Figure 3. Illustrated structure of PV technologies: (a) PERC; (b) TOPCon; (¢) SHJ; (d)
Tandem [3].
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Figure 4. Market shares for different cell technologies from GW-scale manufacturers [4].

Despite substantial progress in photovoltaic deployment, challenges related to cell
structure and ambient limitations remain.. PERC technology, while industrially mature,
faces efficiency saturation and is increasingly affected by irradiation and degradation,
constraining lifetime performance. TOPCon cells offer improved passivation but
introduce challenges related to process complexity, contact resistivity, and cost
scalability in mass production. Silicon heterojunction (SHJ) technologies achieve
high efficiencies and favorable temperature coefficients; however, their reliance on
low-temperature processing, indium-containing transparent conductive oxides, and

tight manufacturing tolerances poses economic and supply chain constraints. The
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competitive landscape of PV technology is thus shifting toward high-efficiency
architectures that can balance performance, reliability, and cost. As global demand
for clean energy accelerates, continuous innovation in materials, processes, and device
architecture will determine the leading technologies in the next generation of solar
photovoltaics. A comparison matrix of these technologies is given in Figure 5 [3,5].
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Figure 5. Comparison of PV cell technologies [3,5].

Kivambe et al. compared the performance of PERC, TOPCon, and SHJ PV
modules operated for three years under Qatar’s desert conditions, evaluating degradation
rates, energy yields, and structural defects among other key parameters [S]. Zhou et
al. proposed novel heterojunction architectures aimed at overcoming key technical
limitations of PERC modules, which have emerged over the past decade as dominant
players in the photovoltaic market [6]. Shen et al. conducted extensive investigations
into mainstream approaches for enhancing solar cell efficiencies employed in
photovoltaic modules [7]. Anderson et al. developed a comprehensive dataset by
analyzing the parameters of fifteen distinct PV cell types intended for use within the
PVsyst simulation software [8]. Chang et al. have provided a critical assessment of key
materials employed in advanced photovoltaic technologies, particularly in PERC and
TOPCon solar cells. Their analysis highlights material performance attributes, potential
limitations, and implications for enhancing efficiency and durability [9]. Liu et al.
emphasized that impedance spectroscopy enables the characterization of degradation
processes in photovoltaic modules, offering valuable insights into performance decline.
Their study further underscores its utility in comparing different PV cell types, thereby
facilitating a deeper understanding of aging mechanisms and operational stability [10].
Xu et al. conducted research on photovoltaic panel performance, with a particular
focus on TOPCon. Their study explored strategies to enhance efficiency, offering
insights into technological optimizations and design improvements that can drive
superior energy conversion in advanced PV architectures [11]. Liu et al. carried
out investigations aimed at enhancing the performance of SHIJ type photovoltaic
panels. Their work focused on optimizing device architecture and material properties,
thereby improving energy conversion efficiency and operational stability [12]. Li
et al. investigated the influence of varying material thicknesses on UV resistance,

with a specific focus on TOPCon photovoltaic cells. Their findings reveal critical
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correlations between layer configuration and lifetime durability, offering guidance
for improving reliability in advanced PV Technologies [13]. Liang et al. provided a
comprehensive overview of solar cell evolution from silicon based PV panels to SHJ
type technologies, examining how mechanical and other structural properties influence
performance. Their analysis highlights the interplay between design parameters and
efficiency, offering valuable perspectives for advancing PV module engineering [14].
Leung et al. investigated the evolution of photovoltaic panel technologies alongside
an assessment of circular economy principles. Their study emphasizes sustainable
material use, end-of-life management, and recycling strategies, linking technological
advancement with environmental and economic resilience in the solar energy
sector [15]. Yuan et al. examined performance and energy efficiency losses in
PERC cells. Their research identifies key degradation mechanisms, quantifies their
impact on lifetime output, and provides insights into mitigating efficiency decline
through material and process optimization [16]. Gao et al. investigated the effect of
doped materials on the efficiency of silicon solar cells. Their study demonstrates how
controlled doping strategies can modify electronic properties, enhance carrier transport,
and ultimately improve energy conversion efficiency [17]. Li et al. conducted an
investigation into lead (Pb) content across 96 photovoltaic samples, including PERC
panels. Their analysis evaluates the presence and distribution of Pb, highlighting
implications for environmental safety, regulatory compliance, and sustainable
management in PV technologies [18]. Oz et al. explored the optimization of PV panel
manufacturing processes, focusing on the development of low-temperature lamination
techniques for Perovskite/Si tandem structures. Their work aims to enhance structural
integrity and performance while ensuring compatibility [19]. Chen et al. discussed
advancements and technological innovations in screen printing within PV solar cell
manufacturing. Their review highlights improvements in printing precision, paste
formulations, and process integration, contributing to higher efficiency, reduced
material waste, and enhanced scalability in photovoltaic production [20]. Karade
et al. investigated the potential of inorganic tandem solar cells, outlining their
advantages alongside the challenges that must be addressed. Their study highlights
prospects for high efficiency and stability while emphasizing the need to overcome
material compatibility, fabrication complexity, and barriers [21]. Khokhar et al.
emphasized that achieving p-type TOPCon solar cells requires meticulous process
optimization. Their findings underline the critical role of refining fabrication parameters
to maximize energy conversion efficiency and ensure consistent performance in advanced
PV technologies [22]. Zhang et al. investigated the use of carbon films in the production of
solar cells. Their research demonstrates how carbon-based layers can enhance conductivity,
and stability, offering a promising pathway for photovoltaic device engineering [23]. Wang
et al. examined the impact of doping processes on the performance and efficiency of
TOPCon solar cells. Their study reveals how optimized dopant selection and concentration
can improve carrier lifetime, reduce recombination losses, and enhance overall energy
conversion in advanced PV architectures [24]. Pirot-Berson et al. investigated the influence
of structural layers on SHJ-type solar cells. Their research highlights how variations in
layer composition, thickness, and interface quality affect carrier transport, recombination
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dynamics, and overall device efficiency in photovoltaic systems [25]. Nasser et al.
investigated the structural properties of PERC-type solar cells. Their study examines
how layer configuration, material quality, and interface characteristics influence carrier
dynamics and overall device performance, providing insights for optimizing efficiency and
durability in advanced PV systems [26]. Jang et al. explored loss mechanisms and layer
engineering in perovskite/Si tandem solar cells. Their research identifies critical factors
affecting energy conversion efficiency and demonstrates how tailored layer design can
mitigate losses, enhance carrier management, and optimize performance in photovoltaic
devices [27]. Jager et al. highlighted photovoltaic technology as a key instrument for
achieving decarbonization, emphasizing its strategic role in the energy transition. Their
assessment focuses on deployments, evaluating their potential to deliver substantial carbon
reductions while supporting sustainable energy generation [28]. Brecl et al. investigated
the performance of bifacial PV systems. Their study evaluates how varying irradiance
components impact energy yield, providing a framework for more accurate performance
prediction and optimization of bifacial photovoltaic installations [29]. ChenLi et al.
examined the degradation reactions of TOPCon solar cells in acidic environments. Their
investigation reveals the chemical and structural changes induced by acid exposure,
offering insights into durability challenges and strategies for enhancing corrosion resistance
in advanced PV technologies [30]. Du et al. conducted applications specifically on
TOPCon type solar cells, analyzing their effects on performance and efficiency. Their
findings demonstrate how targeted modifications in cell design and processing can
enhance energy conversion, reduce losses, and improve operational stability in advanced
photovoltaic systems [31]. Su et al. investigated silicon heterojunction solar cells, focusing
on their energy conversion characteristics. Their research highlights the design advantages
of solar architectures, demonstrating improved carrier collection, reduced recombination
losses, and enhanced overall efficiency in photovoltaic applications [32]. Banerjee et al.
investigated the structural properties of PERC-type solar cells, examining their influence
on energy conversion efficiency. Their study identifies key design and material factors
that affect performance, offering strategies to optimize structure for enhanced photovoltaic
output [33]. Cao et al. examined the impact of back contacts on the efficiency of
photovoltaic cells. Their research analyzes how contact design, material selection, and
interface quality influence carrier transport and recombination, ultimately affecting overall
energy conversion performance [34]. Kirchartz et al. studied the transition of PV solar
cell efficiency from prototypes to commercial production. Their work addresses the
performance gap, identifying factors such as material uniformity, process scalability, and
defect control as critical to maintaining high efficiency in mass manufacturing [35]. Huang
et al. conducted research on SHJ-type solar cells, which have recently emerged as one of
the most advanced cell architectures. Their study explores material optimization, interface
engineering, and fabrication techniques aimed at maximizing efficiency and operational
stability [36]. Xu et al. examined the influence of individual layers on the efficiency
of TOPCon solar cells. Their research highlights how variations in thickness, material
properties, and interface quality can significantly impact carrier dynamics, recombination
behavior, and overall energy conversion performance [37].

Hudisteanu et al. examined the influence of operating temperature on photovoltaic



Energy Storage and Conversion 2025, 3(4), 3850.

panel performance. This study experimentally investigates monocrystalline and
polycrystalline panels of identical nominal power (30 Wp) using a climatic chamber
and solar simulator. Elevated temperatures notably reduce open circuit voltage,
power output, and conversion efficiency, while cooling the panel’s backside enhances
performance. Results indicate a temperature coefficient of efficiency around —0.52%/°C
and demonstrate differences between panel types due to material and spectral response.
The findings underscore the potential of temperature management to optimize PV
efficiency, supporting sustainable energy integration in building applications [38].
Karafil et al. stated PV panels convert solar energy directly into electrical energy
through semiconductor materials. Panel performance is influenced by multiple factors,
including tilt angle, shading, dust, wiring losses, solar radiation, and temperature, with
the latter two being particularly significant. Solar radiation varies by panel location and
time of day, directly affecting power output, whereas ambient temperature exhibits an
inverse relationship with panel power. This study simulated the PV panel equivalent
circuit in PSIM and MATLAB using catalogue data to investigate the effects of
temperature and solar irradiance panel performance [39]. Wang et al. examined how
solar spectral irradiance distributions (SIDs) critically influence on the photoelectric
conversion performance of photovoltaic materials. This study evaluated the practical
conversion efficiency of ten PV materials in Beijing and Changsha, China, using
average photon energy. Photon energy utilization efficiency is proposed to compare
performance across materials with identical aperture areas. Monocrystalline silicon
performs best under reference spectra, whereas gallium arsenide excels when average
photon energy exceeds 1.95eV. Perovskite materials show variable mismatch factors
depending on bandgap and spectral conditions. The study further proposes an ideal PV
material optimized for regional SIDs, offering guidance for tailoring PV technologies to
local solar spectra [40]. Bevanda et al. stated spectral irradiance is crucial for optimizing
photovoltaic system performance. This study evaluated eight PV technologies across
79 European sites using satellite sky conditions. Results reveal systematic blue shifts
in real spectra, with only 2-5% resembling AM1.5 reference conditions. Thin film
technologies exhibit substantial spectral gains under blue-shifted spectra, whereas
crystalline silicon variants maintain high stability (<1.6%). Latitude-dependent effects
are influenced by air mass, water vapor, and aerosol content. The findings highlight the
necessity of site spectral assessments to maximize energy yield and inform technology

selection for diverse climates [41].

2. Materials and methods

In this study, PVsyst is employed as a robust energy yield calculation tool.
Its advanced hourly simulation framework enables detailed modelling of thermal
behaviour, system losses, shading, and component interactions. Owing to its validated
databases and analytical depth, PVsyst constitutes a reliable platform for rigorous
photovoltaic performance assessment. The selected provinces’ map of case is given
in Figure 6.

PVsyst simulations were conducted in Tiirkiye to estimate the electricity
generation of PERC, TOPCon, and SHJ photovoltaic cell technologies across

7
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provinces representing distinct climatic and geographical conditions. The selected
cities, chosen for their characteristic environmental features, are illustrated on the
Turkish Solar Energy Potential Atlas, underscoring their relevance for comparative

photovoltaic performance assessment.

Yalova Erzurum
The lowest altitude city The highest Rize
altitude city The dampest city

Ardahan

The coldest city
kWh/m2-year
I 1400- 1450
[ 1450 - 1500
[ 1500- 1550
[ 1550- 1600
[ 1600- 1650
[ 1650 - 1700
[ 1700- 1750
Il 1750 - 1800
1 1500 - 2000

Kocaeli- The dirtiest city

RZURU

s
ey

The city with'average solar
radiation and climate conditions

The lowest rainy city

—

1cm=125km

Canakkale
The windiest city

Sanlurfa Bitlis
The hottest city The snowiest city

Figure 6. Selected provinces for PVsyst study case.

Ankara represents a semiarid continental climate typical of Central Anatolia.
Ardahan and Erzurum exhibit severe high altitude continental climates, while
Bitlis reflects eastern highland conditions with pronounced winter snowfall. Igdir
constitutes a low altitude microclimate within Eastern Anatolia, characterized by
hotter summers and reduced precipitation. Canakkale experiences a transitional
Kocaeli (Gebze)

and Yalova represent humid Marmara climates with moderate seasonal variability.

Mediterranean/Marmara climate influenced by maritime effects.

Rize exemplifies the humid Black Sea climate with persistent precipitation, whereas
Sanlurfa displays a hot semiarid climate marked by extreme summer temperatures
and strong seasonal aridity. Key climatic parameters and altitudes are summarized in
Table 1.

Table 1. Climatic parameter summary with altitudes.

Province Climate type Annual P.(mm) Temp range (°C) Altitude (m) Notable features
Ankara Semi-arid continental 350-400 —5t032 ~938 Dry summers, spring rainfall peak
Ardahan High-altitude continental 500-600 —20to0 25 ~1800 Long, snowy winters
Erzurum High-altitude continental 450-550 —20 to 26 ~1900 Harsh winters, short mild summers
Bitlis Mountain continental 800-1200 —10to 27 ~1540 Heavy winter snowfall
Transitional . .
Canakkale . 600-700 5to 30 ~5 Maritime moderation
Mediterranean—Marmara
Kocaeli Humid Marmara 700-900 4to0 30 ~130 Even precipitation distribution
. Semi-arid lowland . . .
Igdir . 250-350 —51to0 35 ~850 Mild winters for Eastern Anatolia
continental
) Humid subtropical (Black Year-round rainfall, orographic
Rize 2000-2500 7 to 28 ~6
Sea) enhancement
L Extreme summer heat, winter
Sanliurfa Hot-summer semi-arid 350450 5t042 ~518 . .
rainfall concentration
Yalova Humid Marmara 800-1000 6to 30 ~2 Mild winters, warm summers




Energy Storage and Conversion 2025, 3(4), 3850.

It clearly visualizes how provinces like Erzurum and Ardahan sit at the highest
elevations, while Rize combines low altitude with extremely high precipitation,
illustrating the strong maritime influence of the Black Sea. Igdir remains low in
precipitation despite its moderate altitude, reflecting its enclosed basin microclimate.
The completed climate zone clustering chart showing the selected provinces positioned
by altitude and annual precipitation, with colour coding for their respective climate

types, is shown in Figure 7.
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Figure 7. Climate zone clustering by altitude and precipitation.

Recent advancements in PV module manufacturing have resulted in diverse
technological approaches, each optimized for specific performance, cost, and
durability objectives. Among notable industry examples, Huasun Solar’s DS585,
JinkoSolar’s JKM-585N-72HL4-BDYV, and JinkoSolar’s JKM585M-7RL4-V represent
three distinct design philosophies: SHIJ/HJT, TOPCon, and P-Type Monocrystalline
PERC, respectively. Also, technical parameters of these cells are embedded in the

PVsyst software program.

*  Huasun Solar DS585: This model integrates SHJ cell architecture, which combines
crystalline silicon wafers with thin amorphous silicon layers. The design aims
to minimize recombination losses, enhance bifaciality, and maintain superior
temperature coefficients. Its n type base structure provides immunity to light
induced degradation (LID).

*  JinkoSolar JKM-585N-72HL4-BDV: Employing n-type TOPCon technology, this
module focuses on achieving high conversion efficiencies through advanced
passivation and optimized carrier transport. TOPCon cells typically exhibit
improved performance under low irradiance, superior bifacial gains, and better
degradation resistance compared to standard PERC designs.

»  JinkoSolar JKM585M-7RL4-V: This model uses p type monocrystalline cells,
typically associated with PERC enhancements. = While more mature and
cost-efficient to manufacture, p-type cells are more susceptible to LID and have
slightly lower efficiency ceilings compared to n type technologies. However, they
remain a reliable choice for projects prioritizing proven performance and lower

upfront costs [3,5,6]. A technical feature comparison of cells is given in Table 2.
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Table 2. Technical feature comparison.

Model Cell type Base wafer type Technology Potential limitations
. ) Higher manufacturing complexity
Huasun Solar DS585 SHJ/HIT N-Type Heterojunction
and cost
. Slightly higher cost than PERC;
JinkoSolar . . .
TOPCon N-Type Passivating Contact ~ emerging large-scale manufacturing
JKM-585N-72HL4-BDV
base
. P-Type . . I . .
JinkoSolar . Passivated Emitter ~ Light-induced degradation (LID) risk,
Monocrystalline P-Type . .
JKM585M-7RL4-V (PERC) and Rear Cell lower efficiency potential than n-type

3. Results and discussion

The assumptions adopted in this study are as follows:

For the PERC cell type, the JinkoSolar JKM585M-7RL4-V PV module was used;
for the TOPCon cell type, the JinkoSolar JKM-585N-72HL4-BDV PV module
was employed; and for the SHJ cell type, the Huasun Solar DS585 PV module was
selected.

Calculations were performed for the ten previously specified cities.

In PVsyst, the technical parameters of the aforementioned PV cell types are
embedded within the software’s database.

All simulations were conducted assuming an installed capacity of 1 MW.

The nominal PV module power was set at 585 W for all three cell types.

A Huawei inverter with a nominal capacity of 200 kW was used in all cases.

In PVsyst, only the PV cell type was varied to determine the resulting energy
output; all other parameters and site-specific conditions for each location were

kept constant, in line with the ceteris paribus assumption.

A detailed sample of PVsyst result is given in Figures 8—11 for Sanliurfa province.
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Figure 8. System generation results for Sanliurfa province: (a) PERC; (b) TOPCon; (¢) SHIJ.
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Figure 9. System output power distribution for Sanlurfa province: (a) PERC; (b) TOPCon;
(c) SHIJ.

Global variability (weather data + system) Annual production probability

Variabilty (Quadratic sum) 53% Variabilty 83.4 MW
PSO 1662.4 MWh
= 1549.1 MWH
o5 1517.2 MWh

Probability distribution

T T T T T

P50 = 1662.4 MWh

P90 = 1549.1 MWh

o10f P95 = 1517.2MWh

L L L
1400 1500 1600

L
1700 1800 1900 2000
E_Grd system production MWh

(2) ()

Global variability (weather data + system) Annual production probability

Variabilty (Quadratic sum) 53% Variabilty 89.6 MW
P50 1686.1 MWh
= 15711 MWh
=3 1533.8 MWh

Probability distribution
o T T T

P50 = 1686.1 MW
o.d0f- i

035 B

P90 = 1571.1 MWh

015 3
010 P95 = 1538.8 MWh 1
005 E
L L L L L
1400 1500 1600 1800 1900 2000

1700
E_Grid system production MWh

©
Figure 10. Probability distribution for Sanlwurfa province: (a) PERC; (b) TOPCon; (¢) SHJ.
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Figure 11. Loss diagram of systems: (a) PERC; (b) TOPCon; (c) SHJ.

The following Table 3 presents recorded annual PV production (MWh) by

technology across select Turkish provinces, each uniquely defined by a climate

characteristic.

Table 3. A summary of the PVsyst study.
Province Climate feature PERC (MWh) TOPCon (MWh) SHJ (MWh)
Ankara Moderate continental 1567.2 1577.5 1576.0
Ardahan Coldest winters (high elevation) 1636.4 1639.3 1634.4
Bitlis Snowiest, mountainous 1766.3 1775.7 1773.2
Canakkale Windy coastal terrain 1462.5 1473.9 1473.0
Kocaeli High air pollution 1274.1 1283.3 1282.6
Igdir Low precipitation, dry basin 1322.1 13323 1331.6
Rize Wettest, humid 1369.3 1377.5 1375.6
Sanlurfa Hottest summer region 1662.4 1683.6 1686.1
Yalova Lowest elevation, coastal 1304.5 1293.5 1304.5
Erzurum Highest elevation, frigid winters 1789.9 1795.3 1791.0

According to the PVsyst result:

SHJ modules consistently lead in conversion efficiency (lab scale ~26.8%) thanks

to superior surface passivation and high open-circuit voltage [5]. SHJ exhibits

superior thermal resilience (temperature coefficient ~0.23%/°C), maintaining

performance in high temperature environments [42,43]. SHJ modules suffered up

to high performance loss over three years, largely due to encapsulant degradation
and delamination. SHJ is ideal where efficiency peaks matter, high irradiance sites
(e.g., Sanliurfa).

TOPCon follows closely with ~26% efficiency, enhanced carrier selectivity, and
low degradation properties. TOPCon shows moderate temperature sensitivity,
outperforming PERC in hot climates. = TOPCon demonstrated remarkable
reliability; one module endured only relatively low degradation. TOPCon is a
resilient all-rounder excelling in high elevation, high humidity, windy, or polluted
environments due to superior temperature stability and lifetime durability.

PERC modules, while more affordable and widely deployed, retain comparatively
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lower efficiency (~23.3%). PERC is most affected by heat, with higher
performance decay in hotter conditions. = PERC experienced high initial
degradation that later stabilized. An effective baseline option for stable, moderate

climates or low-budget scenarios, though with lower yield potential under stress.

A heatmap diagram is given in Figure 12 for PVsyst results.
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Figure 12. Heatmap diagram of PVsyst results.

Note: The red starred entries indicate the maximum values observed within each row.
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Tiirkiye’s abundant solar resource makes large scale PV deployment strategically
compelling, yet climate sensitive technology choice is decisive. Rising heat and
extremes increasingly constrain performance. Aligning SHJ with hot, high irradiance
regions, TOPCon with harsh or variable climates, and PERC with stable zones
maximizes energy yield, resilience, and long term system reliability nationwide

sustainably. A summary is given in Table 4.

Table 4. A summary of PV technology-climate fit.

Technology Key strengths Ideal climate fit(s)
High efficiency, lowest degradation in harsh climates, . . . .
TOPCon o High-altitude, humid, dusty, coastal, snowy (most provinces)
moderate temp sensitivity
SHJ (HJT) Highest efficiency, best thermal coefficient Hot climates (e.g., Sanlurfa) despite degradation risk
PERC Most cost-effective, mature technology Moderate climates (e.g., Yalova) under lower stress

4. Discussion

Photovoltaic electricity generation in Tiirkiye displays pronounced spatial
heterogeneity, reflecting the combined influence of solar availability and region’s
climatic conditions. An assessment of provinces including Kocaeli, Yalova, Igdur,
Rize, Canakkale, Ankara, Ardahan, Sanlurfa, Bitlis, and Erzurum demonstrates that
cumulative PV output is governed by the interaction of altitude, ambient temperature,
humidity, air quality, and irradiance. Provinces such as Kocaeli and Yalova exhibit the
lowest total production, consistent with the adverse effects of dense industrial aerosols
and low elevation, both of which are known to suppress effective solar irradiance and

module performance.
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Erzurum records the highest production levels, attributable to its high altitude and
cool thermal regime. Reduced operating temperatures at elevated sites are widely
reported to enhance PV efficiency, in some cases exceeding 40% gains relative to
lowland, warmer environments. Provinces characterized by high humidity and frequent
precipitation, notably Rize and Bitlis, achieve intermediate to high production levels.
Although atmospheric moisture can attenuate incoming radiation and increase module
temperatures, adequate solar availability compensates for these losses, sustaining
robust generation.

Thermal conditions emerge as a critical determinant of technology performance.
In Sanlurfa, where irradiance is intense but ambient temperatures are elevated, PERC
modules deliver slightly lower outputs than TOPCon and SHJ technologies. This
pattern reflects the higher temperature coefficient and thermal sensitivity of PERC
architectures. Similar constraints are observed in industrialized urban settings such
as Kocaeli, where particulate pollution reduces optical transmittance and further limits
yield.

Provincial PV performance in Tiirkiye is shaped by a convergence of climatic
drivers. Cooler, high altitude environments favor technologies with strong thermal
tolerance, while humid regions benefit from maintenance strategies that mitigate
moisture and soiling losses. High irradiance zones consistently outperform others, yet
only when thermal and atmospheric effects are adequately managed. These findings
indicate that maximizing PV yield in Tiirkiye requires climate fit technology selection
and region’s operational strategies, rather than reliance on solar resource magnitude

alone.

5. Conclusion

A comparative evaluation of photovoltaic electricity generation across Turkish
provinces, conducted for PERC, TOPCon, and SHJ (HJT) cell architectures, provides
a structured perspective on the interaction between climate, technology choice, and
modeling methodology in energy system assessment. All yield estimates were derived
using PVsyst, a widely established platform for PV system design and performance
prediction. To ensure methodological rigor, irradiance datasets, meteorological
inputs, thermal formulations, shading assumptions, and loss factors were maintained
identically across simulations; the PV cell technology constituted the sole variable.
This ceteris paribus framework enables a transparent comparison of technology fit
behavior, independent of confounding parameter shifts, while acknowledging that
variability may exceed what numerical models can fully resolve.

PVsyst employs advanced physical representations, including one-diode electrical
models, cell temperature formulations, and standardized meteorological databases
such as Meteonorm and PVGIS, to generate internally consistent and reproducible
outputs. Within this controlled environment, provinces at higher elevation and with
cooler ambient conditions, notably Erzurum, consistently achieve the highest simulated
production across all module categories. In contrast, low altitude or industrialized
provinces such as Kocaeli and Yalova exhibit the lowest yields, reflecting the well
documented effects of elevated module temperatures, atmospheric pollution, and
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soiling on PV performance.

Despite the internal consistency of these simulations, deviations are expected
under operational conditions. Factors such as long term degradation, dust accumulation,
ultraviolet exposure, and localized microclimatic dynamics introduce uncertainties
that are only partially captured by numerical tools. Even so, PVsyst’s modeling
framework offers a reliable comparative baseline, particularly valuable during early
stage feasibility analysis, where relative performance trends are more critical than
absolute yield values.

The results highlight the necessity of aligning PV technology characteristics
with regional climatic conditions in procurement and investment decisions. In high
temperature environments such as Sanliurfa, SHJ modules, distinguished by low
temperature coefficients and enhanced thermal stability, display a relative performance
advantage over thermally sensitive PERC designs. In humid or snow affected regions,
including Rize and Bitlis, technologies exhibiting strong low irradiance response and
resilience to soiling, often SHJ or well passivated TOPCon variants, are more likely
to sustain superior output in practice. Consequently, module selection should extend
beyond nominal efficiency or cost considerations to incorporate the interaction between
cell physics and local climate.

The ceteris paribus simulations conducted in PVsyst establish an essential
reference under equalized conditions, enabling objective technology comparison.
Final system design and technology choice, however, must be refined using site’s
parameters encompassing irradiance regimes, temperature distributions, altitude,
soiling intensity, and maintenance strategies. Integrating high-fidelity simulation
outcomes with regional climatic intelligence ultimately supports more reliable,
resilient, and economically robust photovoltaic deployments across Tiirkiye’s diverse

geographic landscape.
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Abstract: Hydrogen plays a vital role as an energy carrier in the global effort to combat climate
change, with significant applications in sectors such as transportation and ammonia production.
However, traditional hydrogen production methods are heavily carbon-intensive, with over
98% of hydrogen derived from fossil fuels. This primarily occurs through steam methane
reforming (76%) and coal gasification (22%). While steam methane reforming is cost-effective,
it generates approximately 9 kg of CO: per kg of hydrogen. Consequently, advancing green
hydrogen production methods has become a critical area of research. This study explores
and compares various green hydrogen production techniques powered by renewable energy
sources, including solar, wind, hydro, biomass, and hybrid systems. Production methods such
as electrolysis, thermal, chemical, photonic, and biological processes are evaluated using a
Pugh matrix, accounting for factors including efficiency, hydrogen yield, resource availability,
operating conditions, cost, and greenhouse gas emissions. The findings indicate that alkaline
electrolysis currently represents the most viable option for green hydrogen production. These
findings affirm alkaline electrolysis as the most appropriate near-term technology for large-scale
green hydrogen implementation in Oman and the GCC, while also advocating for the ongoing
development of PEM and emerging pathways to ensure long-term diversification. Ultimately,
this study provides a clear and practical decision-support framework for the strategic selection

of hydrogen technologies in renewable-rich arid regions.

Keywords: green hydrogen; Pugh matrix technique; renewable energy; fossil fuels;
water splitting

1. Introduction

Global energy demand is rising due to population growth, industrial expansion,
urbanization, and rapid technological advancement [1]. Currently, fossil fuels remain
the predominant source of energy for electricity generation, transportation, and
industrial processes, resulting in substantial emissions of greenhouse gases (GHGs) and
air pollutants, including COz, NOy, SOy, and particulate matter [2]. The energy sector
alone accounts for nearly three-quarters of global greenhouse gas emissions, thereby
constituting the primary contributor to climate change [3]. In response, international
initiatives have increasingly concentrated on attaining net-zero carbon emissions by
2050, with the aim of restricting the global temperature increase to 1.5 °C, as delineated
in major global energy roadmaps [3]. Realizing these ambitious objectives necessitates

a fundamental transformation of energy production systems, emphasizing a significant
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transition toward low-carbon and carbon-free energy carriers.

Hydrogen offers unique advantages as an energy vector, including high
gravimetric energy density, versatility in end-use applications, and zero carbon
emissions at the point of use [4,5]. Beyond its conventional role in ammonia and
methanol production, hydrogen is increasingly recognized as a strategic medium for
long-duration and seasonal energy storage and for sector coupling between electricity,
industry, transport, and synthetic fuel production [6, 7]. In power-to-gas-to-power
(P2G2P) systems, surplus renewable electricity can be converted into hydrogen via
electrolysis, stored for extended periods, and reconverted to electricity or used as
an industrial feedstock. Although the round-trip efficiency of such chains typically
remains below 35-40%, hydrogen remains one of the few technically viable options
for large-scale and seasonal energy storage [8—10]. Moreover, hydrogen—ammonia
coupling provides an attractive pathway for long-distance energy transport and export,
particularly in regions with established ammonia infrastructure and strong renewable
resource potential [11,12].

Recent state-of-the-art studies increasingly emphasize that hydrogen production
technologies cannot be evaluated in isolation but must be assessed within integrated energy
storage and conversion systems. Large-scale system analyses highlight electrolysis-based
hydrogen as a cornerstone of future low-carbon energy systems, enabling long-duration
storage, renewable curtailment mitigation, and sector coupling [ 13—16]. Techno-economic
assessments indicate that alkaline and PEM electrolysis currently dominate commercial
deployment, while solid oxide electrolysis remains at the demonstration stage due
to durability and system-integration challenges. Parallel research underscores the
growing importance of hydrogen conversion to ammonia and synthetic fuels to improve
volumetric energy density, transportability, and export competitiveness, particularly for
renewable-rich regions [17,18].

Hydrogen can be utilized in transportation, power generation, industrial heating,
and chemical manufacturing, particularly in ammonia and methanol production [19,20].
When produced using renewable energy sources, hydrogen, commonly referred to
as “green hydrogen”, offers a pathway to deep decarbonization that is difficult to
achieve through direct electrification alone. The current hydrogen production remains
overwhelmingly carbon-intensive. More than 98% of global hydrogen production relies
on fossil fuel-based methods, primarily steam methane reforming (SMR) and coal
gasification, which collectively contribute substantial CO: emissions, approximately 9
kg of CO:2 per kg of hydrogen produced via SMR [21]. This reality has intensified global
research efforts to identify sustainable, environmentally benign hydrogen production
technologies powered by renewable energy sources such as solar, wind, hydropower,
and biomass. The literature has extensively examined a diverse array of green
hydrogen production technologies, encompassing water electrolysis (including alkaline,
proton exchange membrane, and solid oxide methods), thermochemical water splitting,
photonic processes, and biomass-based pathways [4, 21-23]. These technologies
differ significantly in terms of efficiency, hydrogen yield, operating conditions, cost,
resource availability, and technological maturity. While many studies have focused on
thermodynamic, techno-economic, or exergy-based evaluations of individual hydrogen
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production routes [23-25], fewer have addressed the comparative selection problem:
how to systematically identify the most suitable green hydrogen production method
when multiple, often conflicting, criteria must be considered simultaneously.

Existing comparative studies often utilize sophisticated multi-criteria decision-
making (MCDM) tools, such as AHP, TOPSIS, or fuzzy-based methodologies. While
these tools are highly effective, they necessitate extensive data, hierarchical structuring,
and expert judgment, which may not always be readily accessible, particularly in
the context of emerging hydrogen markets [4,22]. Consequently, there is a practical
necessity for transparent and low-complexity decision-making frameworks that
can facilitate early-stage planning, policy development, and technology evaluation.
Moreover, a significant gap exists in the regional contextualization of green hydrogen
technology selection. The majority of published studies adopt a global or generic
perspective, with limited consideration of country-specific factors such as renewable
resource availability, water constraints, infrastructure readiness, and economic
priorities. This limitation is particularly pertinent for countries in the Middle East and
North Africa (MENA) region, where renewable energy potential is substantial, yet
techno-economic and environmental conditions vary considerably across locations.

Oman represents a strategically essential and underexplored case for green
hydrogen deployment. The country has one of the world’s highest levels of solar
irradiation, ample land, and strong ambitions to diversify its energy mix and reduce
dependence on fossil fuels. At the same time, Oman faces challenges related to water
scarcity, infrastructure development, and cost competitiveness, making the selection of
an appropriate hydrogen production technology a critical decision [26,27]. Choosing
a suboptimal technology could lead to high costs, inefficient resource utilization,
or delayed adoption, undermining national decarbonization objectives. Despite
these strategic considerations, there is a lack of structured, technology-selection
studies specifically tailored to Oman’s context. Existing research largely focuses
on resource assessments or individual technology analyses, without offering a
systematic comparison of green hydrogen production pathways that balances technical
performance, economic feasibility, operational conditions, and environmental impact.

To bridge this gap, the present study uses the Pugh matrix decision-making
technique to assess 15 green hydrogen production methods against six critical criteria:
efficiency, hydrogen yield, raw material availability, required operating conditions,
cost, and greenhouse gas emissions. The Pugh matrix is selected for its simplicity,
transparency, and appropriateness for early-stage technology evaluation, rendering it
particularly advantageous for policymakers, planners, and engineers in nascent hydrogen
economies. This study offers a comprehensive comparative analysis of major green
hydrogen production technologies through a structured yet accessible decision-making
framework. It highlights the trade-offs among competing technologies across multiple
performance criteria, thereby facilitating a clearer understanding of their relative
strengths and limitations. Additionally, it provides insights specific to Oman to support
strategic decision-making for sustainable hydrogen deployment. By addressing both
methodological and regional gaps, this work aims to support informed and pragmatic
decisions toward the large-scale adoption of green hydrogen in Oman and other regions
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rich in renewable resources.

2. Materials and methods

This study employs a structured multi-criteria evaluation framework to identify
the most suitable green hydrogen production technology, accounting for technical,
economic, and environmental considerations. = The methodology integrates a
comprehensive review of green hydrogen production pathways with a Pugh matrix
decision-making technique to rank alternative technologies transparently and
systematically. An extensive review of peer-reviewed journal articles, International
Energy Agency reports, and recent review studies was conducted to identify
relevant green hydrogen production pathways [4, 5,21, 28]. Based on this review,
fifteen hydrogen production methods were selected for evaluation, representing
the most prominent renewable-based and low-carbon hydrogen production routes
discussed in the literature. The identified technologies were classified into five major
categories: electrolysis-based processes, thermolysis and thermochemical water-
splitting processes, photonic processes, biological biomass-based processes, and
thermochemical biomass-based processes. This classification facilitates a systematic
comparison across fundamentally different production mechanisms while ensuring
comprehensive coverage of current green hydrogen technologies. The overall
classification of green hydrogen production technologies is illustrated in Figure 1,
adapted from [22,29].

H2 Renewable Source

Water Splitting

Thermolysis
Electrolysis & . Photonic Biological Thermochemical
Thermachemical

[ Alkaline j[ PEM ][ Solid-Oxide ] [Photocata\y‘tic][letoele:tricalj [Biorphntolvsis ][ Fern'l'::lrt';tinnj [Ferr:tz:aolian] [ Gasification j[ Pyrolysis j [ Liguification ]

Figure 1. Green hydrogen production technologies.

2.1. Electrolysis

Electrolysis is a process in which water is decomposed into hydrogen and oxygen
gases at two electrodes immersed in a liquid medium. The electrochemical cell,
comprising solely pure water and two electrodes connected to an external power source,
constitutes the core of an electrolysis unit. Upon reaching the critical voltage between
the electrodes, hydrogen gas is generated at the cathode, which is negatively charged,
while oxygen gas is produced at the anode, which is positively charged.

There are primarily three types of water electrolysis: (a) Alkaline Electrolysis.
Alkaline water electrolysis was the first commercially viable water electrolysis technology
and remains the most prevalent today. This method utilizes energy to dissociate
water molecules into hydrogen and oxygen, with the requisite electrical energy for
producing green hydrogen potentially sourced from renewable energy [30]. (b) Proton
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Exchange Membrane (PEM) Electrolysis. The proton exchange membrane (PEM) water
electrolysis technique, initially developed by General Electric for fuel cell applications
and subsequently for electrolysis, employs a polymeric proton exchange membrane as the
solid electrolyte. Nafion is the most widely used membrane, consisting of a sulfonated
fluorinated polymer. The thickness of the Nafion membrane ranges from 25 to 250 pm,
with the specific thickness required for a given application determined by the operating
conditions of the electrolyzer. The efficiency of electrolysis is enhanced with increased
membrane thickness. (c) Solid Oxide Electrolysis (SOE). Solid oxide electrolysis (SOE)
is increasingly recognized for its enhanced capability to generate ultra-pure hydrogen and
convert electrical energy into chemical energy. The operational temperature of a solid
oxide electrolyzer, typically ranging from 800 to 1000 °C, sets it apart from both alkaline
and proton exchange membrane (PEM) systems. At these elevated temperatures, steam is
introduced into the electrolyzer instead of water. The primary components of SOE include
two porous electrodes and a dense ionic conducting electrolyte. Yttria-stabilized zirconia
(YSZ) is the most frequently utilized electrolyte in SOE, owing to its robust mechanical
strength and high oxygen-ion conductivity [31,32]. The schematic diagrams for alkaline
electrolysis, PEM electrolysis, and Solid oxide electrolysis are shown in Figure 2.
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Figure 2. (a) Alkaline electrolyser [33]; (b) PEM electrolysis; (¢) Solid oxide electrolysis [34].

2.2. Thermolysis and thermochemical water splitting

Thermolysis and thermochemical water splitting are methodologies that employ
thermal energy to produce hydrogen from water. Thermolysis is a single-step process
that involves the dissociation of water and necessitates a high-temperature energy source
exceeding 2500 K. It is crucial to achieve adequate dissociation to prevent the formation
of an explosive mixture. This requirement imposes stringent demands on the materials
due to the extremely high temperatures involved. Thermochemical water splitting, in
contrast, entails a sequence of cyclic chemical reactions that ultimately result in the
dissociation of water into hydrogen and oxygen. Notably, this process frequently does
not necessitate the use of a catalyst or a membrane for the separation of hydrogen and
oxygen. The operational temperature generally ranges from 600 to 1200 K. Employing
higher temperatures reduces the number of cycles required for thermochemical water
splitting. Moreover, the incorporation of electrical energy to facilitate the process
introduces the concept of hybrid cycles [35]. Various chemicals and metals can be
employed in distinct thermochemical water splitting cycles. Notably, the two-step and
three-step thermochemical cycles represent the fundamental forms [36,37]. Figure 3

shows the thermolysis reaction of thermochemical water-splitting processes.
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Figure 3. Thermolysis reaction.
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In the two-step thermochemical cycles depicted in Figure 4, a metal oxide in a low
valence state can undergo reduction to form the metal and release oxygen. Alternatively,
a metal oxide with a higher valence state may be reduced to produce a metal oxide with a
lower valence state. In this process, a temperature range of 17003000 K must be supplied
by the heat source, and a solar collector can be utilized to harness concentrated solar
radiation. To date, the primary limitations of this type of thermochemical cycle include the
necessity of materials that can withstand very high temperatures and the relatively lower

efficiency of two-step thermochemical cycles compared to electrolysis [37].
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Figure 4. Two-step thermochemical metal oxide cycle [38].

Three-step processes can be derived from two-step processes by replacing the
reaction that occurs at the highest temperature with a two-step reaction process. This
alteration serves to lower the maximum temperature requirement for the cycle. The
Sulphur-Iodine (S-I) cycle, also referred to as the General Electric cycle, is the most
prominent example within this category. It was initially proposed in the 1970s by
General Electric [37]. A schematic diagram of the Hybrid Sulfur cycle is presented
in Figure 5.

| ———)
H:SOuq —® SO+ 120y, +H0p

ﬁl

BUNSEN SECTION

0%
7

[soz(wquoﬂ)—Im) —> H;SOyy + 2HI ] g @

ﬂ HEAT

| |
[ 2HL, —* Lg+Hyy ]

‘o

Figure 5. Schematic diagram for a three-step S-1 thermochemical cycle [39].

24



Energy Storage and Conversion 2025, 3(4), 3891.

2.3. Photonic process

Hydrogen can also be produced using a photonic process in which photon
energy is used. This can be classified into two processes: photocatalytic and

photoelectrochemical (also known as photoelectrolysis) water splitting.
2.3.1. Photocatalytic water splitting

The photocatalytic process uses direct sunlight in the presence of a photocatalyst,
such as titanium oxide (TiO,), which is used in powdered form and dispersed in water.
Light will be radiated in this water, and the water will split into hydrogen and oxygen.
This is a very flexible and cheap method of hydrogen production. The benefit of
photocatalysts is that water splitting can occur in the homogeneous phase without
the need for transparent electrodes or direct illumination. However, there are some
disadvantages and challenges of employing this method in large-scale production.

In a photocatalytic cell, a semiconductor such as platinum (Pt) or Titanium oxide
(TiO3) can be considered a photoelectrochemical cell, which provides both oxidation
and reduction at its surface. It happens in a series of steps. Figure 6 shows the
schematic representation of photocatalytic overall water splitting on a metal-loaded

semiconductor (such as Pt/TiO;) particle system [40].
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Figure 6. Process of the photocatalytic system [40].

2.3.2. Photoelectrochemical

The basic principle behind photoelectrochemical water decomposition, shown in
Figure 7, is that light energy is converted into electricity in a cell made up of two
electrodes submerged in an aqueous electrolyte, one of which must be made of a
semiconductor to absorb light. Water is then electrolyzed using this power. Numerous
photoelectrode materials, including WO3, Fe, O3, and TiO,, have been researched for
usage as thin films in the photoelectrochemical process, and TiO, is found to be the
most promising photoelectrode for this reaction [41].

2.4. Biomass process

Biomass can undergo two distinct processes: biological and thermochemical
processes. The primary biological processes encompass bio-photolysis and fermentation,
with bio-photolysis further categorized into direct and indirect bio-photolysis.

Similarly, fermentation can be classified as dark fermentation and photo-fermentation.
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Thermochemical conversion stands out as the leading technology for producing hydrogen
from biomass, building on methodologies used in biofuels such as biomethane, which is
derived from steam methane reforming (SMR). The three main thermochemical routes

involved in this process are gasification, pyrolysis, and aqueous phase reforming [21].

Photoanode Cathode|
Electrolyte

Figure 7. Process of photoelectrochemical cell (PEC) water splitting [42].

2.4.1. Biological process
Biophotolysis

There are two types of biophotolytic H, generation processes: Direct and indirect
biophotolysis. Direct biophotolysis is a straightforward water-splitting mechanism
that produces biohydrogen in either cyanobacteria or green algae. Various types of
microalgae are used for biophotolysis, but the most used species is the microalgae
Chlamydomonas reinhardtii (C. reinhardtii). Green algae in anoxic conditions can
convert around 22% of the light energy by using hydrogen as an electron donor during
carbon dioxide fixation, even at low light intensities. Green microalgae produce
hydrogen in the dark under anaerobic conditions to support hydrogen metabolism.

Indirect biophotolysis was created to solve the issue of oxygen suppression of
biohydrogen synthesis in direct biophotolysis. Cyanobacteria (green-blue algae) and
Chlamydomonas reinhardtii are the most commonly used in this process. Production
of biohydrogen and the separation of oxygen are the two steps in this process.
Photosynthesis in an open pond converts atmospheric CO; into carbohydrates and
oxygen, serving as the primary phase of the oxygen separation process, which
comprises two stages. The subsequent stage involves inducing anaerobic, dark
conditions in a closed bioreactor, where the generated carbohydrates are metabolized
to yield acetic acid and biohydrogen [43].
Fermentation

Biomass rich in carbohydrates can be used as a renewable resource to
assist photoheterotrophic (light fermentation) and anaerobic (dark fermentation)
microorganisms in their production of biohydrogen. Dark fermentation is one of
the most promising biological pathways for producing biohydrogen. It occurs under
anaerobic conditions in the absence of light and uses the fermentative conversion of
organic substrates and biomass to biohydrogen. Organic waste can also be used in this
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process to form hydrogen. The pH, organic food, feed rate of nutrients, temperature,
solids retention time, and partial pressure of hydrogen must all be controlled in the
dark fermentation process in order to enhance the hydrogen yield [43].

In photofermentation or light fermentation, light energy is converted into biomass,
and photosynthetic bacteria break down a variety of substrates to produce hydrogen.
In this procedure, organic acids such as acetate, lactate, and butyrate are converted by
purple nonsulfur (PNS) photosynthetic bacteria, such as Rhodobacter species, under
anaerobic and anoxic conditions. Bacteria absorb solar energy, produce Adenosine
triphosphate (ATP) through their photosynthetic mechanism, and use nitrogenase to
turn organic acids into Hydrogen. The nitrogenase enzyme is responsible for producing
hydrogen in this method as well. Because purple non-Sulphur bacteria can perform
anoxygenic photosynthesis, in which no oxygen is evolved, there are no issues during
photo fermentation despite nitrogenase being oxygen-sensitive. As a result, the
nitrogenase activity is not inhibited, which is a significant advantage over the direct
biophotolysis [22,44].

2.4.2. Thermochemical process for biomass

One of the most efficient ways to extract hydrogen-rich gases from biomass is
using thermochemical processes. The key tenets used in these technologies include
gasification, pyrolysis, and hydrothermal liquefaction.

Gasification is the thermochemical breakdown of biomass at high temperatures
(800-900 °C) in a limited-oxygen environment. Various product ratios, including Hp,
CO, CO,, CH4, C4Hy, and tars, are generated depending on operating parameters,
such as temperature, catalysts, and the gasification medium. A catalyst used during
gasification will accelerate the cracking reaction and lower the activation energy,
thereby reducing energy consumption. Various types of catalysts are used, but the
nickel-based catalyst showed better performance [45-50].

Pyrolysis resembles gasification but occurs at lower temperatures (400-800 °C)
and is carried out without oxidizing agents. Therefore, the pyrolysis of biomass
yields three distinct products: a liquid called bio-oil, a solid called bio-char, and
a gaseous product called syngas. The relative proportions of these products are
influenced by factors such as the composition of the feedstock and the pyrolysis process
parameters. Pyrolysis can be categorized into two main types: rapid (fast) pyrolysis and
traditional pyrolysis, depending on the specific operational conditions. Fast pyrolysis,
which involves high temperatures and short residence times, is chosen for hydrogen
production because charcoal is the main byproduct of conventional pyrolysis. Catalytic
pyrolysis utilizes metal-based catalysts, such as Ni or alkali metals, or non-metal-based
catalysts, such as activated carbon. Both have demonstrated their capability to enhance
the production of hydrogen [48-50].

Hydrothermal liquefaction is a relatively low-temperature (300400 °C),
high-pressure (40-200 bar) process that produces bio-oil from a relatively wet biomass
in the presence of a catalyst and hydrogen. A liquid biocrude, along with hydrogen

and other byproducts, is the major outcome of this process [51].
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2.5. Green hydrogen production method selection

Selecting an optimal green hydrogen production pathway in Oman and the broader
Gulf Cooperation Council (GCC) region is a complex multi-criteria decision-making
(MCDM) challenge. While the region boasts some of the highest levels of solar irradiation
globally, abundant land resources, and a strong governmental commitment to hydrogen
export and energy diversification, it also confronts significant constraints. These include
acute water scarcity, harsh operational conditions, infrastructure readiness issues, and
the need to compete on cost with fossil-fuel-based hydrogen [52-54]. The unique
characteristics of specific regions highlight the need for a decision-support framework that
effectively balances technical performance, resource availability, operational feasibility,
economic viability, and environmental impact. Relying solely on single-criterion or purely
economic optimization approaches is inadequate. Consequently, structured Multi-Criteria
Decision-Making (MCDM) techniques have gained prominence in the assessment of
hydrogen technology, particularly in arid and resource-constrained regions such as Oman
and the Gulf Cooperation Council (GCC) [55-57].

In this study, we employ the Pugh matrix decision-making technique to evaluate
and prioritize green hydrogen production technologies suitable for implementation in
Oman and comparable GCC environments. The Pugh matrix functions as a comparative
evaluation tool, facilitating the assessment of multiple alternatives against a common set of
criteria relative to a defined baseline [57]. While advanced multi-criteria decision-making
(MCDM) methods such as AHP, TOPSIS, PROMETHEE, and ELECTRE have been
widely applied in studies of hydrogen and renewable energy [58—60], the Pugh matrix
is particularly well-suited for the early-stage strategic technology selection required
in the Omani and GCC hydrogen roadmap for several reasons: Compatibility with
early-phase hydrogen planning: Oman’s green hydrogen sector is currently in a scaling and
infrastructure-development phase. At this stage, decision-makers necessitate a transparent
and adaptable screening tool rather than a data-intensive optimization model. The Pugh
matrix facilitates rapid comparison of multiple production routes under conditions of
limited or evolving data [57,61]. Equal-level evaluation of interdependent criteria: In
the GCC context, criteria such as efficiency, water use, operating conditions, and cost are
strongly interrelated. Hierarchical decomposition, as required by AHP, may oversimplify
these interactions. The Pugh matrix permits all criteria to be evaluated at the same level,
which aligns more closely with the integrated nature of hydrogen system challenges in arid
regions [62]. Transparency for policy and industrial stakeholders: Hydrogen development
in Oman involves multiple stakeholders, including policymakers, utilities, investors, and
export-oriented industries. The intuitive scoring structure of the Pugh matrix enhances
interpretability and facilitates stakeholder engagement and consensus-building [63]. Proven
relevance in engineering and process selection: The Pugh matrix has been extensively
applied in engineering design, process selection, and sustainability-driven technology
screening, rendering it well-suited for the comparative assessment of hydrogen production

technologies under region-specific constraints [57,64].
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2.6. Criteria definition and weighting with regional relevance

The Pugh matrix is implemented through a structured seven-step procedure that
explicitly considers Oman/GCC conditions.

Step 1: Definition of Alternatives—The alternatives consist of technically viable
hydrogen production pathways that can be integrated with Oman’s renewable energy
potential, particularly solar and wind resources, and aligned with export-oriented
hydrogen strategies.

Step 2: Definition of Evaluation Criteria—Six criteria have been identified
following a comprehensive review of hydrogen production technologies and the
principal regional challenges impacting the deployment of green hydrogen in Oman
and the GCC. These criteria are as follows: Energy efficiency, which underscores
the necessity to optimize output from renewable electricity resources; Hydrogen yield,
which affects land use, scalability, and export potential; Raw material availability,
with a particular focus on access to water and feedstocks in arid environments;
Required operating conditions, which consider high ambient temperatures, dust, and
infrastructure constraints; Cost, which continues to be a significant barrier to the
competitiveness of green hydrogen in the region; and Emissions, which are aligned with
Oman’s decarbonization and net-zero objectives. These criteria collectively address the
technical, environmental, and socio-economic realities of hydrogen production in arid,
high-temperature regions [53,55,56,65].

Step 3: Criteria Prioritization—The criteria are ranked in descending order of
importance based on their relevance to overcoming the dominant barriers to green
hydrogen competitiveness in Oman. Efficiency and hydrogen yield are prioritized due
to the capital-intensive nature of renewable-based hydrogen systems, followed by raw
material availability and operating conditions, which are critical in water-scarce and
high-temperature environments. Cost and emissions, while still essential, are ranked
lower due to ongoing policy support and long-term decarbonization commitments.

Step 4: Assignment of Relative Weightages—Linear weightages from 6 (highest
priority) to 1 (lowest priority) are assigned to the criteria. This weighting scheme
reflects strategic priorities specific to Oman’s hydrogen ambitions while maintaining
simplicity and methodological transparency [61].

Step 5: Baseline Selection—A conventional hydrogen production pathway or a
reference green hydrogen method is selected as the baseline and assigned a neutral
score of zero, enabling relative comparison across alternatives.

Step 6: Evaluation Scale Definition—A discrete qualitative-to-quantitative
evaluation scale is adopted (Table 1), ranging from Excellent (+3) to Not acceptable
(—2). This scale allows expert judgment to be systematically translated into numerical
values while accommodating uncertainty typical of emerging hydrogen technologies.

Step 7: Score Aggregation and Ranking—Weighted scores are calculated by
multiplying criterion weightages with the corresponding evaluation scale values. The
aggregated scores are then used to rank hydrogen production pathways according to
their suitability for deployment in Oman and the GCC.
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Table 1. Evaluation scale points.

Description Scale
Excellent +3
Very good +2
Good +1
Acceptable/OK 0
Poor -1
Not acceptable -2

2.7. Sensitivity analysis in the regional context

A sensitivity analysis is conducted to assess the robustness of the technology
rankings under uncertainty in criterion importance. Criterion weightages are varied
by +10-20% to reflect alternative policy priorities, such as increased emphasis on
water availability or cost reduction. This analysis is particularly relevant in the
Oman/GCC context, where hydrogen strategies are evolving in response to infrastructure
development, desalination integration, and export market dynamics [63,66]. The results
confirm whether the preferred production pathway remains dominant across plausible

regional scenarios.

3. Results and discussion

The Pugh matrix methodology was applied to evaluate fifteen green hydrogen
production pathways using six criteria relevant to the Oman/GCC context: efficiency,
hydrogen yield, raw material availability, required operating conditions, cost, and
greenhouse gas (GHG) emissions. The results provide a structured comparison of
the relative suitability of each technology for deployment under arid-climate and

resource-constrained conditions.

3.1. Criterion-level performance analysis

From an efficiency perspective, proton exchange membrane (PEM) electrolysis,
solid oxide electrolysis (SOEC), and hydrogen liquefaction achieved the highest
weighted scores. These technologies benefit from advanced electrochemical and
thermodynamic characteristics that allow high conversion efficiencies [53, 55].
However, high efficiency alone does not guarantee regional suitability, particularly
in Oman, where water scarcity, operational robustness, and capital cost remain
dominant constraints [67]. In terms of hydrogen yield, alkaline electrolysis emerged
as the leading technology. This outcome reflects its proven capability for continuous
large-scale hydrogen production and its compatibility with industrial-scale deployment,
both of which are essential for export-oriented hydrogen strategies envisioned in
Oman and the GCC [68, 69]. Raw material availability is a critical factor in arid
regions. Alkaline electrolysis, fermentation-based routes, gasification, pyrolysis,
and liquefaction achieved the highest scores in this category due to their reliance on
widely available materials or mature supply chains. In contrast, PEM electrolysis and
photoelectrochemical routes scored lower because of their reliance on scarce noble

metals and specialized membranes, which increase supply-chain vulnerability and
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costs [70,71].

Regarding operating conditions, alkaline electrolysis and PEM electrolysis
performed strongly due to their moderate temperature and pressure requirements. These
characteristics enhance reliability and safety under Oman’s high ambient temperatures
and dust-prone environments, compared to high-temperature thermochemical cycles
that require complex thermal management systems [72]. Cost analysis indicated that
photolysis, fermentation, gasification, pyrolysis, and liquefaction achieved relatively
favourable scores. However, many of these technologies remain at laboratory or pilot
scales and face significant challenges related to efficiency, scalability, and system
integration, limiting their short-term applicability in the GCC [73, 74]. For GHG
emissions, electrolysis-based routes powered by renewable electricity achieved the
highest scores, confirming their potential for near-zero operational emissions. In
contrast, biomass and thermochemical conversion pathways exhibited comparatively
higher emissions due to upstream processing and auxiliary energy requirements [53,75].

Although the present analysis adopts a structured qualitative—quantitative MCDM
approach, the ranking outcomes are broadly consistent with reported quantitative
performance indicators in the literature. Typical specific electricity consumption for
alkaline and PEM electrolysis ranges between 48-55 kWh kg™ H:, corresponding
to system efficiencies of 65-75%, while solid oxide electrolysis may exceed 80%
under high-temperature operation but with significantly higher system complexity.
When embedded in power-to-gas-to-power chains, overall round-trip efficiencies
decline to approximately 35—40%, highlighting the importance of coupling hydrogen
primarily to long-duration storage, industrial feedstocks, and ammonia or synthetic
fuel production rather than short-term grid balancing [76, 77]. Incorporating such
thermodynamic and techno-economic performance indicators into future extensions of
the present framework would further strengthen the robustness of technology selection

for large-scale deployment in Oman.

3.2. Overall ranking and technology prioritization

The aggregated weighted scores (Table 2) reveal that alkaline electrolysis
achieved the highest overall score: 55, followed by PEM electrolysis: 50, and
solid oxide electrolysis: 39. A significant performance gap exists between these
leading technologies and the remaining alternatives, indicating a clear preference
for electrolysis-based hydrogen production in the Oman/GCC context. This result
highlights the importance of balanced performance across multiple criteria rather than
optimization of a single parameter. Technologies that scored highly in efficiency but
poorly in cost or material availability were outperformed by mature electrolysis systems

that offer robustness and scalability.

Table 2. Production processes and the results of the Pugh matrix.

Electrolysis Thermochemical water split Photonic Biological processes Thermochemical processes
Criteria  Weight Baseline Solid Ther- Two Three Photo- Direct  Indirect Dark Photo Gasifi-
Alkaline PEM oxide molysis steps steps catalytic PEC photo- photo- ferment- ferment- cation Pyrolysis Liquification
X1 1 i {
¥ (Mox) (S-D water split lysis lysis ation ation
Effici 6 6x2 6x3 6x3= 6x (1) 6x0 6x1 6x(-2)= 6% (-2) 6x2 6% (-2) 6x1 6 x(-2) 6x1 6x0= 6x3=
icienc;
Y =12 =18 18 =-6 =0 =6 -12 =-12 =12 =-12 =6 =-12 =6 0 18
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Table 2. Cont.

Electrolysis Thermochemical water split Photonic Biological processes Thermochemical processes
Criteria  Weight Baseline i Solid Ther- Two Three Photo.— Direct  Indirect Dark Photo Gasifi- ) o '
Alkaline PEM oxide molysis steps steps catalytic PEC photo- photo- ferment- ferment- cation Pyrolysis Liquification
X1 1 i {
4 (Mox) (S-D water split lysis lysis ation ation
5x
Yield 5 $¥35x2 Sxl= o SxCD) o 5x0 . SxL Sx(D= SxCh) L0 5x(Y) Sx1 Sxl= o Sxl Sx(D) o 5x()
i —
=15 =10 5 =-5 =0 =5 -10 =-5 - 10 =-10 =5 5 =5 =-5 =-10
Raw
Material 4 4x3 4x2 4x2= 4x1= 4x1 4x1 4x2=8 4x2= 4x1 4x1= 4x3 4x3= 4x3 4x3= 4x3=
aterial =12 =8 8 4 =4 =4 8 =4 4 =12 12 -12 12 12
Availability
Required 3x3 3x3 3x1= 3x(=1) 3x0 3x1 1x1=3 3x1= 3x3 3x3= 3x3 3x3= 3x0 3x1= 3x1=
Condition =9 =9 3 =-3 =0 =3 3 =9 9 =9 9 =0 3 3
Cost 2 2x2 2x1 2x1= 2x(-1) 2x1 2x1 2x(=2)= 2x(-2) 2x3 2x3= 2x3 2x3= 2x3 2x3= 2x3=
o =4 =2 2 = =2 =2 -4 =4 =6 6 =6 6 =6 6 6
1% 1 x
. 1x3 1x3 1x3= 1x3= 1x3 1x3 _ 1x3= 1x3 1x3= 7 1x(=1) 7 1x(=1) 1x(1
Emission 1 -3 N 3 3 N N 1x3=3 3 -3 3 EJ: - 571; - -
Total 55 50 39 -9 9 23 -12 =7 24 0 37 19 28 15 28

The evaluation scale used in the Pugh matrix is as follows:

Evaluation
Scale
Excellent
Very

Good
Good
Acceptable
Poor

Very

Poor

Value

3.3. Comparative discussion: Alkaline vs. PEM electrolysis

Alkaline electrolysis ranked first due to its technological maturity,
cost-effectiveness, and operational simplicity. Operating at moderate temperatures
(50-80 °C) and pressures (up to 30 bar), it is well suited for large-scale deployment
in Oman. The use of low-cost electrolytes such as potassium hydroxide (KOH)
or sodium hydroxide (NaOH), along with non-noble metal catalysts, significantly
enhances economic viability and material availability [68,78].

PEM electrolysis ranked second, benefiting from higher efficiency (up to 90%),
compact system design, and high hydrogen purity (up to 99.9%). These features make
PEM particularly attractive for integration with variable renewable energy sources
such as solar and wind [79]. However, its reliance on platinum-group metals and
polymer membranes increases capital cost and supply-chain risk, which currently
limits its competitiveness for large-scale deployment in Oman [70, 80]. While PEM
technology is expected to improve as material costs decline and recycling pathways
mature, alkaline electrolysis remains the most practical near-term solution for Oman

due to its established industrial base and lower economic risk.

3.4. Implications for Oman and the GCC

The findings suggest that alkaline electrolysis currently represents the most
appropriate technology for green hydrogen production in Oman, considering regional
limitations related to water availability, cost sensitivity, climatic conditions, and
infrastructure readiness. Proton exchange membrane (PEM) electrolysis serves as a
robust complementary option, particularly for prospective decentralized or flexible
operational scenarios. Other production methods, such as thermochemical cycles,
photolysis, and biological processes, hold promise for long-term diversification but

necessitate significant technological advancement before they can be adopted on a large
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scale in the Gulf Cooperation Council (GCC) region.

4. Conclusion

Hydrogen is anticipated to assume a pivotal role in future low-carbon energy
systems, particularly in the decarbonization of sectors that are challenging to abate
and in facilitating the export of renewable energy. Nevertheless, the sustainability and
competitiveness of hydrogen are critically contingent upon the selection of suitable
production technologies. This study assessed fifteen green hydrogen production
methods utilizing a structured Pugh matrix decision-making framework specifically
adapted to the Oman/GCC context. Six efficiency criteria which are: hydrogen yield,
raw material availability, required operating conditions, cost, and greenhouse gas
emissions, were employed to encapsulate the technical, economic, and environmental
dimensions pertinent to arid regions.

The findings suggest that alkaline electrolysis and PEM electrolysis are the
most viable methods for green hydrogen production, with total scores of 55 and
50, respectively. Alkaline electrolysis outperforms PEM in terms of yield, material
availability, cost, and technological maturity, whereas PEM exhibits superior efficiency
and hydrogen purity. Given Oman’s existing infrastructure, climate, and cost
constraints, alkaline electrolysis is identified as the most suitable short-term solution for
large-scale green hydrogen implementation. Therefore, it is recommended that alkaline
electrolysis be prioritized for near- and medium-term hydrogen initiatives in Oman
and the GCC. Meanwhile, PEM electrolysis should be supported through targeted
research, development, and pilot projects, particularly for integration with variable
renewable energy sources. Additionally, emerging technologies such as photolysis,
thermochemical cycles, and biological routes should continue to be explored as part
of a long-term hydrogen diversification strategy.

While the Pugh matrix offers a transparent and practical framework for decision
support, it is important to acknowledge several limitations. The method’s reliance
on expert judgment may introduce subjectivity, influenced by regional experience
and data availability. Additionally, the linear weighting approach does not explicitly
account for nonlinear trade-offs between water consumption, energy efficiency, and
cost, which are critical considerations in arid regions such as Oman. Furthermore,
the Pugh matrix generates relative rankings rather than absolute performance metrics.
Despite these limitations, when combined with sensitivity analysis and region-specific
criteria definition, the method provides a robust and defensible approach for early-stage
screening of green hydrogen technology in Oman and the GCC. Future research should
incorporate quantitative techno-economic analysis and water—energy nexus modeling
to complement the qualitative MCDM approach. The proposed methodology offers a
transparent and robust framework for the early-stage selection of hydrogen technologies
and can be readily adapted to other arid, resource-constrained regions pursuing green
hydrogen development.
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Abstract: The increasing adoption of electric vehicles (EVs) has highlighted persistent
challenges related to battery efficiency, limited lifespan and performance fluctuations during
highly dynamic driving conditions. To address such issues, this study proposes a novel
Hybrid Energy Storage System (HESS) that strategically combines lithium-ion batteries and
supercapacitors to take advantage of the high energy density of batteries and the rapid
charge-discharge characteristics of supercapacitors. The hybrid configuration is governed
by an Arduino-based control unit equipped with an intelligent power management algorithm,
which tracks real-time acceleration profiles and dynamically allocates power to the appropriate
energy source. During steady-state operation, the batteries supply the required power, while
peak loads during sudden acceleration or regenerative braking are effectively handled by
the supercapacitors. Extensive simulations and laboratory experiments demonstrate that this
strategy significantly reduces battery stress, mitigates thermal effects, and increases overall
cycle life. Additionally, a dedicated mobile application enables real-time monitoring of
key operating parameters, including SOC, vehicle speed and overall system status, thereby
improving user interaction and enabling proactive maintenance decisions. Overall, the
proposed HESS substantially improves energy efficiency and operational stability, representing
a practical and scalable solution for achieving long-term sustainability and high performance in

next-generation electric vehicle technologies.

Keywords:  hybrid energy storage system (HESS); electric vehicles (EVs);
supercapacitors; energy management system (ESS); battery management; Arduino

control

1. Introduction

1.1. Background

The rising number of internal combustion engine (ICE) vehicles, which depend
heavily on non-renewable fossil fuels, has led to serious energy shortages and
environmental degradation, including increased greenhouse gas emissions [1-3]. In
response, many countries are accelerating the transition toward electric vehicles (EVs)
as a cleaner and more sustainable alternative to reduce oil dependency and curb urban air
pollution [4,5]. The first electric vehicle (EV) was developed in 1834 [6]. Throughout
the 19th century, numerous companies, particularly in America, Britain, and France,

endeavored to advance EV technologies [7]. However, these early vehicles relied on a
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single battery source, which proved insufficient for practical use [8—11]. Additionally,
technological limitations in battery design combined with the rapid progress of internal
combustion engine (ICE) vehicles contributed to the decline of EV popularity by the
1930s [12-14]. In 1898, German engineer Dr. Ferdinand Porsche developed the
first hybrid electric vehicle (HEV), known as the Lohner Electric Chaise [15]. HEV
technology was designed to address the limitations of both ICE vehicles and pure EVs by
combining an internal combustion engine with a battery-powered electric motor [16—18].
This hybrid configuration offers several advantages, including reduced emissions,
improved reliability, enhanced fuel efficiency, and extended driving range compared
to either ICE vehicles or EVs alone [19,20]. Additionally, HEVs can recover kinetic
energy during braking, similar to EVs, improving overall energy efficiency [20, 21].
However, the HEV powertrain is inherently more complex due to the integration of
multiple components and sophisticated control systems [22—24].

The use of electric vehicles (EVs) gained early momentum through the efforts
of the California Air Resources Board (CARB), which issued strong regulatory
signals aimed at reducing vehicular emissions [25-27]. This initiative drew global
attention, as EVs were seen as a promising solution to environmental pollution [28-30].
Consequently, countries around the world began accelerating their shift toward electric
mobility in an effort to build cleaner and more sustainable transportation systems.
Several factors influence the efficiency and performance of electric vehicles, with the
energy storage system (ESS) being one of the most critical components [31]. The ESS
plays a central role in determining the overall functionality and range of an EV. Among
the various energy storage options, batteries remain the most widely used devices
across all EV platforms [32]. While different battery chemistries have been explored,
lithium-ion (Li-ion) batteries have emerged as the most promising due to their high
energy density, lightweight design, and widespread use in portable electronic devices
such as smartphones and laptops [33].

Despite their advantages, the broader adoption of EVs is still hindered by limitations
such as the relatively low energy density and limited lifespan of Li-ion batteries [34].
Several factors such as overheating, internal redox reactions, and overcharging, can
accelerate battery degradation. Although significant advancements have been made
to mitigate these issues, battery performance still poses a barrier to the large-scale
deployment of electric vehicles [35]. One of the primary factors that reduces the
battery lifecycle in electric vehicles (EVs) is the sudden discharge of energy during
peak power demands, such as rapid acceleration [36]. This scenario frequently occurs
in EVs due to varying influences like driving habits and road conditions, which cause
abrupt fluctuations in power consumption [37,38]. While batteries perform optimally
under steady, smooth power demand at constant speeds, such ideal conditions are rarely
encountered in real-world driving. Therefore, to extend the lifespan of the energy storage
system, an effective battery management system (BMS) is essential to regulate and
ensure a smooth and consistent flow of power from the battery to the vehicle. One
of the prominent solutions is to utilize the supercapacitor along with the battery to
absorb the fluctuation in energy consumption by the battery during unprecedented events.
Several studies investigated the impact of the integration of a supercapacitor along
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with a battery on electric vehicle performance and durability. Research by Pedram et
al. [39] demonstrated that hybrid systems significantly reduce battery current ripple
under dynamic load conditions, leading to improved battery efficiency and thermal
behavior. Similarly, Garcia et al. [40] highlighted that hybrid configurations enhance
powertrain reliability by decoupling high-power transients from the main battery. Other
works have focused on the optimization of power flow between storage devices, showing
that proper coordination between batteries and supercapacitors can substantially extend
battery cycle life and improve regenerative energy utilization [41,42].

More recent studies have explored advanced control frameworks for HESS
in EVs. For example, fuzzy-logic-based and model predictive control approaches
have been proposed to achieve smoother power sharing and improved energy
efficiency [43, 44].  Optimization-based strategies using dynamic programming
and real-time energy management have also been reported to enhance system-level
performance under standardized driving cycles [45]. In addition, several authors have
examined the role of supercapacitors in absorbing regenerative braking energy more
effectively than batteries, thereby reducing energy losses and mechanical braking
demand [46]. These studies collectively confirm that HESS offers clear technical
advantages over single-source battery systems.

Despite these advancements, experimental validation remains limited in many
reported works. A significant portion of the literature relies heavily on numerical
simulations using predefined driving cycles, with minimal focus on hardware
implementation or real-world operating conditions [41-44]. Moreover, while some
studies have introduced sophisticated energy management algorithms, their practical
deployment is often constrained by computational complexity, sensor dependency, and
the need for accurate system modeling [47-50]. Recent research has also begun to
emphasize the importance of real-time monitoring and connectivity; however, loT-based
integration in HESS is still at an early stage and is rarely coupled directly with control
decisions [51-55].

Overall, although existing studies clearly demonstrate the benefits of hybrid
battery—supercapacitor systems, several shortcomings remain when viewed from a
practical implementation perspective. Most studies do not provide a simple and intuitive
criterion for activating supercapacitor support during real driving conditions, often
relying instead on complex SOC- or model-based thresholds. Charging strategies for
supercapacitors are frequently limited to regenerative braking, reducing their availability
during frequent acceleration events. Furthermore, many proposed HESS architectures
depend on multiple DC-DC converters, increasing system cost and complexity and
limiting applicability in low-cost EV platforms. Experimental prototype validation and
user-level monitoring are also insufficiently addressed. In contrast, the present work
directly tackles these limitations by introducing a throttle-variation-based activation
mechanism, a low-complexity switching architecture, and integrated loT-based real-time
monitoring, thereby offering a practical and scalable solution aligned with real-world

electric vehicle operation.
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1.2. Purpose of this research

As discussed in the above section, most existing studies on HESS for electric
vehicles primarily focus on improving energy efficiency, power smoothing, and battery
performance through advanced control strategies and converter-based architectures.
While these studies demonstrate the technical benefits of combining batteries and
supercapacitors, many of them rely on complex energy management algorithms, such as
optimization-based or predictive control methods, which limit their practical applicability
in real-time and low-cost electric vehicle platforms. In addition, several studies
assume that supercapacitors are charged exclusively through regenerative braking, which
restricts their effectiveness under frequent acceleration or urban driving conditions.

Furthermore, existing research often lacks clear and practical criteria for
determining when the supercapacitor should actively support the battery during
vehicle operation. Although peak power mitigation is widely acknowledged, few
studies explicitly define the activation threshold or duration of supercapacitor operation
in a manner that is simple, intuitive, and implementable using low-complexity hardware.
Most reported works emphasize simulation-based validation under standardized driving
cycles, with limited focus on prototype-level implementation or real-world operation.
Moreover, real-time monitoring and remote visualization of battery and supercapacitor
health parameters are rarely integrated directly into the energy management framework,
despite their importance for diagnostics, reliability, and user awareness.

To address these gaps, this study proposes an loT-based hybrid battery—
supercapacitor energy storage system for electric vehicles that emphasizes simplicity,
practicality, and real-time applicability. The proposed system introduces a throttle-
variation-based energy management strategy to explicitly identify peak power demand
conditions and dynamically allocate power between the battery and supercapacitor.
By reducing control complexity and integrating real-time monitoring, the proposed
approach aims to enhance battery lifetime and improve overall system performance.

The main contributions of this research are summarized as follows:

a. Development of a low-complexity hybrid battery—supercapacitor energy storage
architecture for electric vehicles, in which the supercapacitor is employed as an
auxiliary power source to mitigate peak power demands and reduce battery stress
during rapid acceleration events.

b. Design and implementation of a throttle-difference-based energy management
strategy that provides a clear, intuitive, and real-time criterion for activating
supercapacitor support, eliminating the need for computationally intensive control
algorithms.

c. Integration of an loT-based monitoring framework that enables real-time
observation and remote visualization of key vehicle and energy storage parameters,
including state of charge and vehicle speed, thereby enhancing system transparency
and operational reliability.

d. Validation of the proposed hybrid energy storage system through both simulation
and prototype-level hardware implementation, demonstrating its practical
feasibility and effectiveness in improving battery lifetime and operational
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efficiency under dynamic driving conditions.

2. Methodology

This work presents the detailed methodology adopted for the design, implementation,
and validation of the proposed loT-based hybrid energy storage system for electric vehicles
using a battery and supercapacitor. The methodology focuses on system architecture,
operating principles, energy management strategy, control and switching logic, IoT-based
monitoring, and simulation setup. The proposed approach aims to protect the battery from
sudden peak power demands by intelligently coordinating power flow between the battery

and the supercapacitor under different driving conditions.

2.1. System architecture

The suggested system architecture is a hybrid energy storage system in which a
lithium-ion battery is the primary energy source and a supercapacitor bank serves as
an auxiliary energy storage device to handle peak power needs, as shown in Figure 1.
An Arduino microcontroller serves as the system’s central control unit. The controller
continuously monitors throttle input to determine the vehicle’s operating mode. The
controller uses relay-based switching to switch the energy source between the battery
and the supercapacitor in response to throttle changes. This architecture enables the
battery to run under more stable current circumstances, while the supercapacitor meets

short-duration high-power demands during abrupt acceleration.
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Figure 1. Schematic of System Architecture-hybrid energy storage system.

During normal driving conditions, the lithium-ion battery provides the electric car
with sustained energy. The battery’s high energy density makes it suited for long-term
operation; yet, it is vulnerable to large current transients. In the proposed architecture,
the battery provides power mostly during steady-state operation, avoiding exposure to
sudden peak loads that could exacerbate aging and thermal stress.

To address quick power fluctuations, a supercapacitor bank has been included as an
additional energy storage device. Supercapacitors have a high-power density and a quick
charge-discharge rate, making them excellent for supplying energy during unexpected
acceleration events. When peak power demand is recognized, the supercapacitor
temporarily replaces the battery as the motor’s primary power source, protecting it from
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high current discharge and increasing its operational life.

The Arduino microcontroller serves as the system’s central processor. It accepts
input from the throttle potentiometer and other sensors, processes the control algorithm,
and generates relay switching signals. The Arduino implements the energy management
logic in real time, ensuring a smooth transition between battery and supercapacitor modes.
Its low cost, simplicity, and ease of programming make it ideal for prototyping and
low-cost electric vehicle applications.

The throttle potentiometer represents the electric vehicle’s accelerator input. It
generates an analog signal based on the driver’s acceleration requirement. The controller
continuously monitors the throttle position and calculates the variation between time
periods. This variation is the essential indicator for detecting unexpected acceleration and
activating supercapacitor support. The relay modules function as electrically regulated
switches, connecting the battery or the supercapacitor to the motor drive circuit. The
relays open or close in response to Arduino control signals, allowing the right energy
source to be selected. Relay-based switching is preferred because of its simplicity,
dependability, and adaptability for low-complexity system designs. The DC motor
reflects the electric car prototype’s traction load. It turns electrical energy into mechanical
motion, and its power consumption changes with throttle input. Peak power requirements
result from sudden increases in motor speed or torque demand, which are met by the
hybrid energy storage system. The motor driver connects the energy storage system
and the DC motor. It provides controlled power to the motor, protects the controller
from excessive currents, and allows for smooth motor performance under variable load
situations.

A voltage regulator provides a constant and regulated voltage to the Arduino,
sensors, Wi-Fi module, and display modules. This component protects low-power
devices from voltage fluctuations and maintains system stability. The system features
a 16 x 2 LCD display for user engagement and monitoring. It allows for the local,
real-time viewing of system data such as voltage, current, motor speed, and active energy
source. This display simplifies debugging, testing, and on-site monitoring. The Wi-Fi
module allows for remote system monitoring using IoT technology. It sends crucial
operational data to a mobile app or online interface, such as battery and supercapacitor
status, motor speed, and charge level. This feature improves system openness, enables
remote diagnostics, and allows for future extensions like data logging and predictive
maintenance.

Overall, the suggested system architecture allows for coordinated interaction
between energy storage devices, control units, power electronics, and monitoring
components. By dynamically dividing power between the battery and supercapacitor
depending on throttle variation, the architecture significantly decreases battery stress
during peak demand events while maintaining efficient and dependable electric vehicle

performance.

2.2. Operating principle of the hybrid energy storage system

The operating principle of the proposed hybrid energy storage system is based on
classifying vehicle operation into two distinct modes, namely normal demand mode
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and peak demand mode, according to the variation in throttle input, named as throttle
difference. The throttle difference is defined as the change in vehicle acceleration
between two consecutive time steps. It represents the variation in throttle input demanded
by the driver or control system. A low throttle difference indicates smooth driving
with gradual power demand, whereas a high throttle difference corresponds to sudden
acceleration or deceleration. These rapid changes generate transient power spikes that
stress the battery. During normal driving conditions, when the throttle position changes
gradually and the power demand remains relatively low, the lithium-ion battery supplies
energy to the DC motor. This mode ensures efficient utilization of the battery for
sustained energy delivery and avoids unnecessary stress on the battery during steady-state
operation.

In the developed prototype, the throttle input is implemented using a potentiometer
connected to the Arduino microcontroller. The potentiometer provides an analog signal
proportional to the driver’s acceleration demand. The microcontroller continuously reads
this signal and compares the current throttle value with the previous value to determine
the throttle variation. When the throttle variation remains below a predefined threshold,
the system remains in battery mode. In this state, the battery relay remains closed while
the supercapacitor relay remains open, allowing the battery to supply power to the motor
through the motor driver.

During sudden acceleration or rapid changes in throttle position, the power demand
of the DC motor increases sharply. Supplying this transient power directly from the
battery can result in high current draw, increased internal losses, and thermal stress,
which accelerate battery degradation. To prevent this, the proposed system activates
the supercapacitor during peak demand conditions. In the prototype, when the throttle
variation exceeds the predefined threshold, the Arduino generates control signals that
disconnect the battery relay and simultaneously connect the supercapacitor relay. As a
result, the supercapacitor becomes the primary energy source for the motor during this
short-duration high-power event.

Due to its high-power density and fast charge—discharge characteristics,
the supercapacitor is capable of supplying the required transient current almost
instantaneously. During this period, the battery is effectively isolated from the peak
load, thereby reducing high-current stress and protecting it from accelerated aging.
The motor continues to operate smoothly because the switching process is fast and
does not interrupt the power supply to the motor. Once the acceleration stabilizes
and the throttle variation falls below the threshold value, the system automatically
switches back to battery mode. The Arduino deactivates the supercapacitor relay and
reconnects the battery relay, allowing the battery to resume supplying energy for normal
vehicle operation. This continuous monitoring and rapid switching process ensures
that the supercapacitor is used only when necessary, while the battery is reserved for
energy-intensive but low-power-fluctuation operation.

In the prototype, the current operating mode—battery or supercapacitor—is
displayed on the 16 x 2 LCD and transmitted to the remote monitoring interface via the
Wi-Fi module. This allows real-time observation of system behavior and verification of
correct switching during different driving conditions. Through this operating principle,
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the proposed hybrid energy storage system effectively smooths battery current, enhances
battery lifetime, and improves overall system performance under dynamic driving

conditions.

2.3. Energy management strategy

The energy management strategy of the proposed system is based on throttle
variation rather than complex state-of-charge or model-based control methods. The
throttle input is measured using a potentiometer connected to the Arduino. The controller
continuously compares the current throttle value with the previous value to compute the
throttle difference.

A predefined threshold is used to distinguish between normal and peak demand
conditions. When the throttle difference remains below the threshold, the system
operates in battery mode. When the throttle difference exceeds the threshold, indicating
sudden acceleration, the controller activates the supercapacitor. This rule-based strategy
is simple, computationally efficient, and suitable for real-time implementation in
low-cost electric vehicle platforms. By prioritizing the supercapacitor during high-power
demand events, the strategy reduces battery current peaks and minimizes battery
degradation. At the same time, the battery remains responsible for supplying energy

during steady-state operation, ensuring optimal utilization of both energy storage devices.

2.4. Control algorithm and switching logic

The control algorithm is implemented using Arduino programming and operates
in a continuous loop. The algorithm begins by reading sensor data, including throttle
position, voltage, current, and motor speed. The throttle value is mapped and compared
with a predefined threshold to determine the operating mode. If the throttle value exceeds
the set threshold, the Arduino sends a control signal to deactivate the battery relay and
activate the supercapacitor relay. In this mode, the supercapacitor supplies power to the
motor. If the throttle value remains below the threshold, the battery relay remains active,
and the supercapacitor is disconnected. The switching logic is designed to be fast and
reliable, ensuring smooth transitions between battery and supercapacitor modes without
interrupting motor operation. The controller periodically checks the throttle condition
and updates the relay states accordingly. This logic ensures continuous protection of the
battery from sudden high current demands.

2.5. loT-based monitoring framework

An loT-based monitoring framework is included in the proposed hybrid energy
storage system, allowing for real-time observation and remote supervision of vehicle
and storage parameters. A Wi-Fi module connected to the Arduino microcontroller
establishes a wireless connection between the hardware system and a remote monitoring
platform. The microprocessor continuously collects data from voltage, current, and
speed sensing devices, as well as the functioning state of the energy storage system, and
communicates it via the Wi-Fi module at regular intervals. Key metrics such as battery
voltage, supercapacitor voltage, motor current, motor speed, and the active working
mode (battery or supercapacitor) are sent to a mobile app or web dashboard. This enables
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users to check the energy storage system’s real-time status without requiring physical
access to the vehicle. The device also gives instant visual feedback on switching events,
allowing for verification of proper supercapacitor activation during peak power demand.

The IoT framework improves system transparency and dependability by allowing
remote diagnostics and fault detection. Any problematic behavior, such as sudden
voltage decreases or frequent switching events, can be detected in real time, allowing
for prompt corrective action. Furthermore, continuous data logging enables performance
analysis and long-term evaluation of battery and supercapacitor utilization trends. This
architecture also lays the groundwork for future improvements, such as predictive
maintenance, cloud-based data analytics, and adaptive energy management methods

based on past driving behavior.

3. Simulation setup

3.1. Simulation environment and system modeling

The simulation of the proposed loT-based hybrid energy storage system was carried
out using Proteus 8 Professional software prior to hardware implementation. Proteus
was selected because of its strong capability to simulate microcontroller-based systems
and mixed analog—digital circuits, making it suitable for validating Arduino-controlled
power electronics applications. The complete system schematic was designed in the
Proteus environment to closely resemble the actual hardware prototype. All major
system components were modeled, including the Arduino microcontroller, lithium-ion
battery, supercapacitor bank, relay modules, DC motor, motor driver, voltage regulator,
throttle potentiometer, and display units. Each component was connected according to
the proposed system architecture to ensure accurate representation of power flow and
control behavior. Virtual instruments such as the LCD and virtual terminal were used
to observe voltage, current, motor speed, and operating mode during simulation. This
modeling approach ensured that the simulation environment closely matched real-world
system behavior.

3.2. Control logic and workflow

The control logic of the hybrid energy storage system was implemented by
uploading the Arduino program into the simulated microcontroller within Proteus
(Figure 2). The Arduino code continuously reads the throttle input provided through
a virtual potentiometer and processes it according to the predefined energy management
strategy. The throttle value is monitored in real time and compared with a preset threshold
to identify normal and peak power demand conditions. Based on the throttle input,
the Arduino controls the relay switching logic to select the appropriate energy source.
When the throttle variation remains below the threshold, the battery relay is activated,
allowing the battery to supply power to the motor. When the throttle variation exceeds
the threshold, indicating sudden acceleration, the controller deactivates the battery relay
and activates the supercapacitor relay. This switching process follows the simulation
flow illustrated in the flowchart and ensures a smooth transition between battery and
supercapacitor modes without interrupting motor operation. The switching behavior,
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relay response, and motor operation were carefully observed during simulation to verify
the correctness of the control logic. The results confirmed that the control algorithm

performs as intended and accurately follows the proposed energy management strategy.

| Initialize system |
v

| Read Throttle Input |
v

| Calculate Throttle Difference |

if Throttle Difference
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Activate Supercapacitor/ Activate Battery/
Deactivate Battery Deactivate Supercapacitor

L Supply Power to Motor =
v
Monitor & Display Parameters
v
Loop Back

Figure 2. Workflow diagram of a hybrid energy storage system.

4. Results

This work presents the results obtained from the simulation and implementation
of the IoT-based hybrid energy storage system using a battery and a supercapacitor for
electric vehicle applications. The purpose of this work is to evaluate the performance
of the proposed system under different operating conditions and to verify the
effectiveness of the control strategy. In addition, the effectiveness of the proposed
hybrid configuration in improving energy utilization and extending battery operating
duration was also analyzed. The results include simulation-based analysis, comparison
between battery-only and battery-supercapacitor operation, and evaluation of energy
usage over time. Special emphasis is given to the improvement in battery duration
achieved by integrating a supercapacitor, as illustrated in the comparative energy usage
results.

4.1. Simulation results

When a control signal is sent by the microcontroller, the DC motor is activated via
a motor driver circuit. The motor driver, composed of various electronic components,
ensures smooth voltage delivery to the DC motor while minimizing fluctuations and
protecting the motor from abrupt voltage changes. A Wi-Fi modem is integrated into
the system to enable real-time monitoring of vehicle parameters over the internet. These
monitored features include the SOC of the battery and the vehicle’s speed, which are
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tracked at different time intervals. The supercapacitor bank is designed to be charged
via a solar panel mounted on the roof of the vehicle. Figure 3 illustrates the circuit
diagram in Proteus software. However, in our prototype setup, the supercapacitor is
charged using an external battery source. The lithium-ion battery, on the other hand,
is charged by converting AC voltage to DC using a full-bridge rectifier followed by
a filter circuit to ensure stable charging. The throttle difference ranges from 1 to 100
units and serves as the key variable on which our prototype operates. It represents the
variation in throttle position between two consecutive operational states of the vehicle.
This difference determines whether the system draws energy from the battery or the

supercapacitor.

Figure 3. Circuit Diagram of Supercapacitor setup in Proteus.

In our setup, a threshold value of 50 units is predefined, serving as the boundary
between the operating states of the battery and the supercapacitor. An algorithm,
implemented through Arduino programming, monitors the throttle difference in real time.
If the throttle difference between two-time instances is less than or equal to 50 units, the

system draws power from the battery as shown in Figure 4.

Digital Osdilloscope

Figure 4. Simulation performance under a throttle difference of less than 50 units.

The throttle variation required to compute this difference is generated using a
throttle potentiometer, which simulates acceleration and deceleration states in the

prototype. The potentiometer shown in Figure 1 is used to measure the throttle
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difference. When this throttle difference remains below the preset threshold value, the
microcontroller continuously sends a signal to the relay connected to the battery, keeping
the battery circuit closed and supplying power to the system. This state persists until the
microcontroller sends a signal to open the battery relay.

Whenever the throttle difference exceeds the set threshold, the system requires more
energy. If this high energy demand is supplied solely by the battery within a short time,
it can cause rapid battery drain, reducing the battery’s overall lifecycle. To prevent this,
the microcontroller sends a signal to open the battery relay and simultaneously closes
the relay connected to the supercapacitor, as shown in Figure 5. The supercapacitor then
acts as the primary energy source, quickly discharging to provide the extra charge needed
by the system. This switching process continues with the microcontroller monitoring the
throttle difference every 3 s. When the throttle difference drops below the threshold
again, the system switches back to the battery as the power source. By offloading these
short bursts of high energy demand to the supercapacitor, the battery is protected from
rapid drain, thereby extending its lifetime. Additionally, the SOC of both the battery and
the supercapacitor is continuously monitored and displayed via a mobile app connected
through a Wi-Fi modem. This allows real-time tracking of the charge levels at any given

time.

Digital Oscilloscope n

Figure 5. Simulation performance under a throttle difference greater than 50 units.

Before building the physical prototype, the expected results were first verified using
Proteus Design Suite software. After confirming the simulation results, the prototype
hardware was developed, as shown in Figure 6. The system’s performance was evaluated
in two conditions: a) With only the battery; b) Supercapacitor along with the battery.
Figure 7 presents a detailed comparison between the conventional battery-only energy
storage system and the proposed battery—supercapacitor hybrid system under identical
operating conditions. The results clearly demonstrate the advantages of hybridization in
terms of voltage stability, energy consumption behavior, and operational duration.

Figure 7a illustrates the schematic voltage response of a lithium-ion battery and
the hybrid battery-supercapacitor system when subjected to step load conditions. In the
battery-only case, the voltage response is relatively slow and settles at a lower level
due to the limited power handling capability of the battery and its internal resistance.
On the other hand, the hybrid system shows a much faster voltage rise and achieves a

higher and more stable voltage profile. This improved response is mainly due to the
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supercapacitor, which can rapidly supply or absorb power during sudden load changes.
As a result, voltage fluctuations are minimized, leading to smoother and more reliable
system operation.
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Figure 6. Hardware implementation of a prototype of a hybrid battery-supercapacitor system.
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Figure 7. (a) Schematic voltage response of a lithium-ion battery and the proposed
battery—supercapacitor hybrid system under step load conditions; (b) Comparison of energy
consumption profiles for a battery-only system and the hybrid configuration under equivalent
load conditions, showing reduced peak energy demand and slower decay in the hybrid system;
(c) Operational time comparison between battery only and hybrid storage systems for a constant

power requirement; (d) Power supply duration comparison between battery-only and hybrid
system.

Figure 7b compares the energy consumption profiles of the battery-only system
and the hybrid configuration under equivalent load conditions. It can be observed
that the battery-only system experiences a rapid decline in stored energy, indicating
higher peak energy demand and faster battery depletion. In contrast, the hybrid system
exhibits a slighter and more gradual decrease in energy. This behavior confirms that
the supercapacitor effectively supports transient and peak power demands, thereby
reducing the energy drawn from the battery. Consequently, the battery operates under
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less stressful conditions, which is beneficial for extending its lifetime. By offloading
peak energy demands to the supercapacitor, battery degradation is estimated to decrease
by 20-30% compared to traditional single-source systems. Figure 7¢ presents a direct
comparison of the operational time for both configurations under a constant power
requirement. When operating solely with the battery, the system supplies approximately
1 kW of power for nearly 5 hours before the stored energy is exhausted. However, in
the hybrid configuration, the battery supplies a reduced average power of about 0.5
kW, while the supercapacitor assists during high-power demands. This load sharing
allows the system to operate for approximately 10 h, effectively doubling the operational
duration compared to the battery-only case. This result clearly highlights the significant
improvement in battery usage efficiency achieved through hybridization. Figure 7d
further illustrates the power supply duration comparison between the two systems. The
battery-only configuration delivers a higher power level for a shorter time, followed by a
sudden drop once the battery energy is depleted. In contrast, the hybrid system maintains
a lower but more stable power output over a longer duration. This sustained power
delivery demonstrates that the supercapacitor successfully reduces high current stress
on the battery and enables a more controlled and gradual discharge process.

The results presented in Figure 8 further analyze the performance of the proposed
battery—superacapacitor hybrid system by comparing its energy output and power supply
duration with a conventional battery-only configuration. These results provide deeper
insight into how hybridization affects energy utilization and operational sustainability.
Figure 8a shows the variation of cumulative energy output with time for both the
battery-only system and the hybrid battery—supercapacitor system. In the battery-only
case, the energy output increases rapidly during the initial hours due to the higher power
draw from the battery. However, this rapid energy delivery leads to faster depletion of the
battery. In contrast, the hybrid system exhibits a more gradual increase in energy output
over time. Although the rate of energy output is lower, the hybrid configuration maintains
energy delivery for a longer duration. This behavior indicates that the supercapacitor
assists in meeting short-term power demands, allowing the battery to discharge at a
slower and more controlled rate. Figure 8b presents a direct comparison of power
supply duration between the two configurations. The battery-only system supplies a
constant power of approximately 1 kW, but this power delivery is sustained only for
about 5 h, after which the battery energy is exhausted, and the output abruptly drops to
zero. On the other hand, the hybrid battery—supercapacitor system supplies a reduced
but stable power of approximately 0.5 kW for nearly 10 h. This extended power supply
duration clearly demonstrates the effectiveness of load sharing between the battery and
the supercapacitor.

The results highlight that, while the battery-only system delivers higher power for
a short time, the hybrid system prioritizes energy efficiency and longevity by spreading
the energy output over a longer period. This trade-off is particularly desirable in electric
vehicle applications, where sustained operation and reduced battery stress are more

critical than short-term high-power output.
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Figure 8. (a) Energy output as a function of time for a battery-only system and the proposed
battery—supercapacitor hybrid, showing that the hybrid configuration delivers a smoother and
more gradual energy profile over extended operation; (b) Power supply duration comparison
for both configurations, highlighting that the hybrid system maintains continuous power for a
longer period by reducing instantaneous load on the battery.

4.2. 10T hybrid energy storage system

The results presented in this work clearly demonstrate the effectiveness of the
proposed IoT-based hybrid energy storage system that integrates a lithium-ion battery
with a supercapacitor for electric vehicle applications. By analyzing voltage behavior,
energy consumption, power delivery, and operational duration, the comparative
evaluation between the battery-only system and the hybrid configuration provides strong
evidence of the benefits achieved through energy storage hybridization. One of the most
important observations from the results is the improvement in voltage stability under
dynamic load conditions. The voltage response analysis shows that the battery-only
system exhibits a slower response and lower steady-state voltage due to its limited power
handling capability and internal resistance. In contrast, the hybrid battery—supercapacitor
system responds more rapidly and maintains a higher and smoother voltage profile.
This improvement is primarily attributed to the supercapacitor’s ability to deliver high
power almost instantaneously. Stable voltage behavior is critical for electric vehicle

operation, as it directly influences motor performance, control reliability, and overall
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system efficiency.

Energy consumption analysis further highlights the advantages of the hybrid system.
The battery-only configuration experiences rapid energy depletion when subjected to
equivalent load conditions, indicating higher peak energy demand and increased battery
stress. When the supercapacitor is introduced, the energy decay becomes noticeably
slower. This demonstrates that the supercapacitor successfully absorbs transient and peak
power requirements, allowing the battery to operate in a more favorable and less stressful
regime. As a result, the battery is protected from sudden high current draws, which are
known to accelerate aging and thermal degradation. A key outcome of this study is the
significant improvement in operational time achieved through hybridization. The results
show that, for a constant power demand, the battery-only system supplies approximately
1 kW of power for about 5 h. In contrast, the hybrid system delivers a reduced average
power of around 0.5 kW for nearly 10 h. This effectively doubles the operating duration
of the system. Such an improvement is particularly valuable for electric vehicles, where
extended driving range and efficient energy utilization are major performance indicators.

The energy output analysis further supports these findings. While the battery-only
system delivers energy at a faster rate initially, it does so at the cost of rapid energy
depletion. The hybrid system, on the other hand, provides a more gradual and sustained
energy output over time. This controlled energy delivery reflects better load sharing
between the battery and the supercapacitor, resulting in improved system endurance and
reliability. Although the instantaneous energy output of the hybrid system is lower, its
ability to maintain power delivery over an extended period makes it more suitable for
real-world driving conditions. Power supply duration comparison also reveals a clear
distinction between the two configurations. The battery-only system delivers higher
power for a short duration, followed by an abrupt cutoff once the battery energy is
exhausted. In contrast, the hybrid system maintains a steady and consistent power output
for a longer period. This smoother power profile reduces mechanical and electrical stress
on the drivetrain and power electronics, contributing to improved system durability.

Overall, the results confirm that integrating a supercapacitor with a lithium-ion
battery significantly enhances energy management performance. The hybrid energy
storage system improves voltage stability, reduces peak energy demand, extends battery
operating time, and enhances overall system reliability. Additionally, the IoT-based
monitoring framework enables real-time observation of key parameters, making the
system more transparent and suitable for future optimization and intelligent energy

management strategies.

5. Conclusions

The study developed an loT-based energy management framework to enable
real-time monitoring, control, and optimization of energy systems. The proposed
system integrates sensors, microcontrollers, and wireless communication modules to
continuously collect operational data such as voltage, current, power flow, state of charge,
and load conditions. This data is transmitted to a remote interface, allowing users to
observe system behavior and make informed decisions in real time. The IoT framework

supports coordinated operation of energy storage devices, loads, and power electronics,
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enabling efficient energy utilization and improved system reliability. By leveraging
real-time data acquisition and communication, the proposed system enhances operational
transparency, enables remote diagnostics, and supports intelligent energy management

strategies. The major findings of the study are summarized as follows.

a. The IoT-based monitoring system successfully enables real-time visualization
of key electrical and operational parameters, improving system awareness and
facilitating timely detection of abnormal operating conditions.

b.  Real-time data transmission and remote accessibility allow effective supervision
and control of the energy system, reducing manual intervention and enhancing
overall operational efficiency.

c.  The integration of IoT technology improves coordination between energy sources,
storage devices, and loads, leading to more stable system operation and optimized
energy flow.

d. The proposed system demonstrates potential for reducing energy losses and
improving system performance through data-driven monitoring and control,
while also providing a scalable platform for future extensions such as predictive

maintenance and intelligent energy optimization.

Despite its contributions, this study has several limitations that should be
acknowledged. The proposed loT-based energy system was implemented under
controlled conditions and does not fully account for communication delays, data loss,
cybersecurity concerns, or hardware reliability issues that may arise in real-world
deployments. In addition, the system does not incorporate advanced data analytics or
machine-learning-based decision-making, which could further enhance performance.
Therefore, future work should focus on integrating intelligent data analytics, addressing
cybersecurity and communication reliability, and validating the proposed framework
through long-term real-world implementation to improve its robustness and practical

applicability.
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Abstract: Ammonia is used for global fertilizer production and is increasingly viewed as a
viable carrier for renewable hydrogen and long-duration energy storage. Realizing this potential
requires catalysts and process architectures that enable both Na-to-NHs synthesis and NHs-to-Hz
decomposition at substantially reduced temperature and pressure. This review surveys recent
advances in which alkali- and alkaline-earth metal hydrides, amides, and imides act as dynamic
redox and hydrogen/nitrogen-transfer media, undergoing reversible interconversion with N2, Ha,
and NHs. We summarize thermocatalytic systems where hydridic H™ and electron-rich lattices
promote N: activation, heterolytic Hz cleavage, and N-H bond formation, including composite
catalysts that exploit cooperative interfaces with transition metals and complex or mixed-anion
hydrides that relax constraints imposed by conventional metal-only surfaces. We also discuss
photo-assisted routes that leverage defect-stabilized charge carriers in hydrides to drive nitrogen
conversion under illumination, and chemical-looping strategies that decouple nitrogen fixation
from hydrogenation (or hydrogen release) to tune thermodynamics and mitigate competitive
adsorption. Across these platforms, recurring motifs include lattice-mediated hydride/proton
shuttling, interfacial electron donation, and reversible nitride-imide—amide formation that can
be engineered to balance activity, selectivity, and stability. Finally, we outline key barriers to
practical deployment, air/moisture sensitivity, carrier volatility, phase segregation, and limited
operando understanding and highlight design priorities for stabilizing reactive phases and
integrating reactors compatible with renewable heat, photons, or electricity, thereby enabling

scalable and decentralized ammonia and hydrogen technologies.

Keywords: ammonia synthesis; hydrogen production; hydrides; imides; amides

1. Introduction

The consequences of global warming witnessed in the past century have led
to the need to design and develop clean and sustainable sources of energy [, 2].
Renewable energy is by far one of the most imperative sustainable solutions to the
reduction of the environmental damage that the vast use of fossil fuels has created.
Nonetheless, intermittency and uncertainty of renewable energy and the geographical
disparity between energy production and consumption centers are serious obstacles to
power generation through these sources. Such a gap complicates the provision of energy

needs in the world. Thus, to narrow these time and space gaps, a special supply-demand
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management system should be developed [3]. Replacement of carbon-based fuel
by hydrogen-based energy carriers can be done through the fact that hydrogen is a
high-energy storer, and its gravimetric density of 120 MJ per kilogram is very high [4].
However, hydrogen is not an efficient long-range energy carrier because its volumetric
energy density of 9.8 kJ/L at standard temperature and pressure (STP) is much less than
that of gasoline (31.7 MJ/L) and methanol (15.8 MJ/L) [5,6]. The carbon footprint
should be mitigated by coming up with sustainable technologies that would utilize,
or utilize rather indirectly, carbon-free energy carriers. Hydrogen production through
sustainable means is a subject that has been receiving a lot of attention in the last few
decades, and this has led to the introduction of new and more efficient processes of
producing H, using various hydrogen-based resources [7-10]. Hydrogen, being the
lightest gas, has a much lower liquefaction temperature (about —250 °C) than the rest
and needs a significantly greater volume per unit mass. To overcome these challenges,
hydrogen can be transported and stored safely by converting it to a different chemical,
which is commonly referred to as an energy vector. It can then be applied on-site
by decomposing thermally or endothermically reforming it to the desired form [11].
Other promising materials to store liquid hydrogen transportable are chemical hydrides,
ammonia, methanol, methylcyclohexane, formic acid, and methanol. Methanol was
one of the initial alternatives to be considered in making hydrogen locally, but as it
emits COx, it cannot be used in car engines. In addition, some of the metal hydrides,
including NaAlH4, Mg(BHy),, and LiAlHy4, have been investigated as carbon-neutral
sources to recycle hydrogen but were incapable of meeting the demands of on-site,
reversible hydrogen storage. In the same way, the metal amine salts and metal—organic
frameworks (MOFs) have been studied in terms of sustainable hydrogen production.
Nevertheless, such techniques are not as viable as commercial applications because of
the low capacity of MOFs to store hydrogen, and the challenges of thermal manipulation
of amine-containing systems (including ammonia production). The Haber-Bosch
process is the most common method of producing industrial amounts of ammonia today,
with N, and H; reacting at high temperature (350-500 °C) and pressure (15-35 MPa)
in the presence of an iron-based catalyst to produce NH3; [12—14]. This process is
known to be energy-demanding, and its carbon footprint is high, with an estimated
consumption of 1~2% of the worldwide energy input and an annual carbon dioxide
emission of more than 670 million tons. The proportion of the energy input into the
process converted to the chemical energy of the ammonia molecule is approximately
60%; the remainder of the energy is lost, primarily in the hydrogen production of
natural gas, production of ammonia, and gas separation [15-17]. The dissociation
of ammonia is an endothermic reaction and is accompanied by rising entropy, and
theoretical equilibrium conversion is greater than 99% at 400 °C. Nevertheless, high
conversion rates are typically attained at high temperatures exceeding 600 °C because
of a large kinetic barrier. Thus, the creation of an efficient catalyst is an issue of
burning importance, and Ni-based and Ru-based catalysts are under analysis to this

day. Ammonia synthesis and decomposition [18-21] are shown in Figure 1.

59



Energy Storage and Conversion 2025, 3(4), 3826.

Ammonia synthesis Ammonia decomposition
y | & J
VL =1 b ST
- ‘ > | > 4
Y
i 3
Thermal-catalytic ammonia synthesis Hydndesl Thermal-catalytic ammonia decomposition
e
) )’ 7
W f A/
$oa¥ iyt ‘ 5%
i
’ S ‘
N Amides or Imides

Chemical looping ammonia synthesis Chemical looping ammonia decomposition

|7 Green ammonia
l synthesis e

. i
&

N

- U s

Pl =

Figure 1. Roadmap: ammonia synthesis and decomposition were mediated by Hydrides,
Imides, and Amides [22].

Recent work shows that alkali and alkaline-earth metal hydrides, amides, and
imides can participate dynamically in nitrogen and hydrogen transformations. Their
strongly reducing character, reversible interconversion among H- and N-containing
phases, and cooperative behavior with transition metals enable alternative pathways
for Nz activation, N—H bond formation, and NHs decomposition, often under
milder conditions than traditional metal catalysts. These materials also support
chemical-looping concepts that separate nitrogen fixation from hydrogenation (or
hydrogen release), reducing competitive adsorption and allowing thermodynamic
tuning.

This review consolidates advances in thermocatalytic ammonia synthesis
and cracking enabled by hydride/amide/imide chemistry, surveys photo-assisted
routes that exploit long-lived charge carriers in hydrides, and evaluates
chemical-looping strategies for both ammonia production and hydrogen generation.
We highlight mechanistic insights, performance-limiting steps, and materials/reactor
challenges—particularly air/moisture sensitivity, carrier volatility, phase segregation,
and the need for operando understanding—to guide the design of robust, scalable
systems compatible with renewable heat, photons, or electricity.

2. Ammonia as a hydrogen storage medium

Ammonia is a hydrogen storage and transportation medium that has a number of
advantages. These are a large hydrogen storage capacity (17.7 wt.%), a comparatively
simple liquefaction (at low temperatures, 0.86 MPa), a high volumetric energy density
(108 kg Hy m ™), zero emissions of carbon, and the capability to generate the gas in large
amounts by the well-established Haber-Bosch (HB) process. Still, the conventional
HB process consumes a lot of energy and generates a lot of CO;. Numerous methods
of modernizing the existing technology have been suggested to make the synthesis of
ammonia sustainable, with an emphasis on the use of water electrolysis to generate
hydrogen [23,24]. The steam reforming of methanol or methane (CH4 + H,O = CO
+ 3Hj,, with an enthalpy change of +68.7 kJ per mole of H;) consumes more energy
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compared to the decomposition of ammonia (2NH3 = N; + 3H,, with an enthalpy
change of +30.6 kJ per mole of Hy). Therefore, ammonia decomposition is more
economically feasible for on-site hydrogen regeneration [25]. The decomposition of
ammonia in the production of H, has received significant attention, especially in the
efforts to have a complete understanding of the reaction process. This is aimed at
keeping the lowest practical reaction temperature and maximizing the conversion and
hydrogen generation rate [26-29].

Thermodynamically, high conversion is achievable at 300 to 350 °C, ammonia
can be broken down, and the conversion back to 96.0 to 98.0%. Nevertheless, the
degradation of NHj3 catalyzed is normally at higher temperatures (above 450 °C) due
to kinetic limitations. As a result, past researches have paid significant attention to
the creation of catalysts that can decompose NH3 at reduced temperatures [30-32].
Numerous strategies have been explored to lower the operating temperature of NHs
decomposition, including tuning active-metal composition and particle size, optimizing
supports, modifying reactor architectures, and engineering adsorption energetics.
Reported intrinsic activity trends for NHs decomposition commonly place Ru among
the most active metals; however, Ru catalysts can still show limited performance at
<450 °C and are constrained by high cost. These limitations motivate the development
of Ru-free alternatives, including Fe-, Ni-, and Co-based catalysts and bimetallic
systems (e.g., CoMo, NiFe), often combined with high-surface-area supports (Al2Os,
Si0O2, CaNH) and electronic promoters (K, Na, La, Ce) to improve activity and stability
under practical conditions [33—42].

The comparison between ammonia and other common fuels is presented in detail
in Table 1, but special attention is given to the energy density, heating values, and
the volumetric and energetic costs [43]. Previous research has demonstrated that
alkali metal hydrides and ammonia could offer a form of reversible hydrogen storage
substance with a high capacity and the capability to liberate hydrogen under moderate
conditions spontaneously. In this process, the reaction of desorption of hydrogen can
be represented:

MH + NH3—MNH, + Hy(M = Li, K and Na)

Table 1. Comparison between NHj and conventional fuels.

HHV Density Energy density Specific energetic Specific volumetric
Type of fuel/storage 4 N 1 P (MPa) - 3
(MJkg™) (kgm™) (GJm™) cost ($GJ ) cost ($m )
Ha/metal hydrides 142 25 3.5 1.4 35.2 125
CNG (CHy)/integrated storage
55.5 188 10.4 25 383 400
system
Gasoline (CsHas)/liquid tank 46.7 736 344 1 29.1 1000
Methanol 152 749 11.4 1 60.9 693
LPG 48.9 288 19 1.4 28.5 542
NH3i/metal amines 17.1 610 10.4 1 17.5 183
NH;/pressurized tank 22.5 603 13.5 1 13.3 181

Note: HHV: Higher heating value, CNG: compressed natural gas, and LPG: liquefied petroleum gas.
Source: Reprinted with permission from the studies by Zamfirescu and Dincer [43] and Klerke et al. [44].
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The key difficulty in creating hydrogen storage material using alkali metal
hydrides and ammonia is to attain not only excellent kinetics of both hydrogenation
and dehydrogenation taking place, but also a high storage capacity. The Li-NHj
system contains the most hydrogen (8.1 wt.%) of the systems examined, and due to
its exothermic hydrolysis-type reaction, it is possible to operate at relatively lower
temperatures [45-48]. Li-NHj3 can also be improved with 5 mol.% of KH and
KNH,, which will enhance the kinetics of hydrogen desorption/absorption significantly.
Attractive research is underway to study the catalytic properties of these compounds
on the Li-NHj3 system, depending on potassium. Hydrogen desorption characteristics
of the reactions between lithium hydride and NH3 at temperatures of 50-200 °C in
the presence of various particle sizes. The possibility of applying multiple potassium
compounds to serve as catalysts to enhance the kinetics of the hydrogen desorption
process of the Li-NH3; system. In a study, it was revealed that three methods are
efficient in enhancing the desorption kinetics of this system: doping by using potassium
compounds, increasing the reaction temperature, and ball milling of the LiH particles to
decrease their size [49]. As of late, new advancements in large-scale water electrolysis
have provided significant promise in terms of the commercial generation of green
hydrogen. A water electrolysis method should be sustainable, and to achieve this, power
that is generated in a carbon-neutral environment, e.g., solar and wind energy, can be
used. Then, in the cases where the commercial use is applicable, the nitrogen in the
cryogenic air distilled mix and the green H, generated in the process could be combined
to create carbon-free green ammonia. The NHj3 can then be cheaply distributed to all
parts of the world and stored through the large capacity infrastructure that is now in
existence. Finally, ammonia breakdown units that are located on-site could generate
carbon-free, renewable Hp, which can be applicable in hydrogen refueling stations,
fuel cells, internal combustion engines, or power generation systems. This discussion
examines the prospects and challenges of the use of ammonia as an energy carrier and
emphasizes the importance of hydrogen as a future fuel. It evaluates the methods of
Hj; generation with the breakdown of NHj3 in different working conditions with reactor
types and catalysts. The three major barriers to the establishment of a hydrogen-based
economy of tomorrow are the creation of effective reactor systems, the advancement
of H, purification technology, and the creation of cheap and efficient catalysts. At this
point, there is a lot of research being conducted on the utilization of metal hydrides
in ammonia synthesis and degradation. This research also has a comprehensive
techno-economic analysis and operational feasibility study of a number of reactor
designs. It gives recommendations to hasten the commercialization process, as per
the literature, as well as our experience, to achieve maximum efficiency of the NHj3
breakdown and generation of green H. Considering the above, the creation of efficient
catalysts and innovative processes of ammonia generation and breakdown under
moderate conditions is urgent but extremely difficult for the development of the energy
economy of ammonia-hydrogen. Indicatively, these recent reports have shown many
types of new catalysts to ammonia synthesis, including electrodes supported metals
(Ru/C12A7: ¢ [50], Ru/CaN: e [51,52], etc.), intermetallic compounds (LaCoSi [53],
LaRusSi [54], etc.), rare earth metal nitrides or carbides supported transition metals
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(LaN[55,56], CeN [57], CeC, [58], etc.). Moreover, since one of the centers of this review is
hydrides, which contain hydride ions (H"), strong reducing activities, and have a special
role in the activation of nitrogen, they contain hydrogen [59]. At present, the hydrides
mostly being utilized in the production of ammonia are: (i) binary metal hydrides
(LiH [16], BaH; [60], TiH; [61] etc.), (ii) complex hydrides (LisRuHg, BayRuHg,
etc.) [62], (iii) mixed anion hydrides (Ln-OH [63], Sm;O3 (Sm-H) [64], TiO,<Hy [65],
BasCrN4H [66], BaCeO3;.xNyH [67], Hydride materials above, either (co)-catalysts or
catalyst supportes in thermocatalytic ammonia production, alkali or alkaline earth metal
hydrides (such as LiH, BaH;) [68,69] as nitrogen carriers in chemical looping ammonia
synthesis (CLAS) have been shown to perform well. The primary catalysts used in the
breakdown of ammonia are (i) supported or non-supported monometallic catalysts (e.g.,
Fe, Co, Ni, Ru, Rh, Pt, Ir) [70—74]; (ii) supported or non-supported metal alloy catalysts
(e.g., FeCo, CoNi) [75-78]; (iii), metal carbide catalysts (e.g., WC, MoC) [79]; (iv),
metal nitride [2,6,25,80-87].

3. Thermocatalytic ammonia synthesis

3.1. Alkali and alkaline earth hydrides as catalysts

Ammonia synthesis, the opposite of ammonia breakdown, is a more significant
process in catalysis and is regarded as a bellwether [61]. It is one of the reactions that
has been most studied regarding heterogeneous catalysis. Over the previous century,
the majority of periodic table elements have been sieved and judged on their catalytic
ability in the rate of ammonia generation [88]. Fused iron and supported Ru catalysts
have also been prepared in the case of the KAAP process and the Haber-Bosch process.
There has been a well-established trend in volcanoes, which shows the extent to which
the action of the ammonia synthesis process is sensitive to the nature of the transition
metals. This pattern of activity has been successfully explained by the concept of energy
scaling relations, i.e., the idea that the energies of the adsorption of reactive species on
transition-metal surfaces scale with one another. Alloys or transition metals with small
N adsorption energies, such as Fe, Ru, and CoMo, are useful catalysts in the synthesis
of ammonia. Other transition metals do not because they will not bind N at all (strongly
enough; Ni), or bind it too strongly (early 3d metals V, Cr, and Mn). A major challenge
to the production of ammonia is the energy scaling relations [89,90].

3.2. Transition metals alkali hydride composite catalysts

The active for ammonia synthesis would make a suitable ammonia decomposition
catalyst. We should naturally investigate the TM-Li;NH combination for ammonia
production. Higher H, partial pressure causes Li;NH to convert to LiH, as shown
in Figure 2. Therefore, in ammonia synthesis conditions, the TM-Li;NH composite
would change to TM-LiH. When early and late 3d transition metals from V to Ni
come into contact with LiH, their kinetic behaviors and catalytic performances are
dramatically changed [16]. Figure 3a,b illustrates how the addition of LiH at 573 K
and WHSV of 600.000 mL g.,; ' h ™! can increase ammonia synthesis rates by up to
3—4 orders of magnitude (except for Fe) when compared to bare TM(N). It has been
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demonstrated that certain TMs, namely VN and CrN, as well as Ni, a late TM, are
catalytically inactive; yet, they can catalyze the creation of ammonia at the proper rates
when they combine with LiH. It’s important to note that the Cr-, Mn-, Fe-, and Co-LiH
catalysts have measurable activity at 423 K; at 523 and 573 K, they perform 12-20
and 2-3 times better, respectively, than the reference RuCs/MgO catalyst, as shown in
Figure 3c.
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Figure 3. (a) Synthesis rate of ammonia of a series of TM-LiH catalysts versus temperature;
The inset is the magnified version of the rates in the temperature range 420 to 500 K. N,/H,
= 1:3, pressure = 1 MPa; (b) activity of 3d TM (V to Ni) with or without LiH at 573 K
and 1 MPa [16]; (c¢) Rates of ammonia synthesis regarding a sequence of alkali/alkaline earth
hydroxide-containing catalysts and reference catalysts [22].

The most interesting experimental observation is the fact that, rather than the
normal volcano-like behavior, the Cr-, Mn-, Fe-, and Co-LiH catalysts display similar
activities and a high-land-like behavior (Figure 3b). This indicates that LiH enhances
the catalytic activity of these TM(N) or causes an absence of catalysis depending

on the binding energy of the transition metals to N. It is a clear indication that the
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scaling relations of TM-only surfaces have been overused. Li was demonstrated to
have the least promoting effect on transition metals in the synthesis of ammonia, with
known ample promoting effects of the hydroxides of alkali or alkaline earth metals, in
particular those of K, Cs, and Ba, on transition metals. The notable impact of LiH on
TM is not typical. LiH is primarily distinguished from its (hydro)oxide counterparts
by the existence of H—, an electron and proton carrier essential to its operation (i.e.,
H-in LiH may undergo reductive addition to form an N—H bond and weaken the N=N
triple bond). Additional research with other alkali and alkaline earth metal hydrides for
ammonia catalysis highlights the significance of H™. One way to increase the catalytic
activity of Co metal is to combine it with barium hydride (BaH,) [91]. The rate of
ammonia synthesis of the Co-BaH, catalyzed by carbon nanotubes (CNTs) is around
two orders of magnitude faster than the rate of BaO-Co/CNTs at 573 K and 1 MPa. On
the same note, the catalytic activity of Mn nitride (e.g., MnsN) is enhanced one to three
orders of magnitude by the presence of NaH, KH, CaH,, or BaH,. Mn nitride is mainly
promoted in the AH order of BaH,, LiH, KH, CaH,, and NaH. This is not similar to
conventional alkali or alkaline earth (hydra)oxide promoters [60]. Figure 3¢ shows
the rates of ammonia synthesis of a series of TM-AH composite catalysts at different
temperatures of 573 K and pressures of 1 MPa.

The linkage between transition metals, hydrogen, nitrogen, alkali/alkaline earth
metals, and nitrogen is intuitive, and thus it is not surprising that hydride catalysts
exhibit a great deal of increased activity. We proposed a two-active-center paradigm,
which shows the synergy between the use of AHs and TM in catalyzing ammonia
production. The rationale behind this model is the fact that separate TM and AH
phases comprise the functional 3d TM-AH catalysts. This model entails three steps
(Figure 4a) [16]. A useful framework is a dual-site mechanism in which adjacent
transition-metal (TM) and alkali/alkaline-earth hydride (AH) phases cooperate. In
this view, (i) Nz is activated on TM sites, (ii) activated N species are transferred
to the neighboring hydride phase, where hydridic H™ and electron density facilitate
N-H bond formation, and (iii) subsequent hydrogenation steps proceed via heterolytic
H: activation at the TM—AH interface, ultimately releasing NHs while regenerating
reactive sites. This cooperative chemistry can mitigate limitations imposed by
scaling relationships on TM-only surfaces, although key details—including interfacial
structure, charge/proton (hydride) transfer pathways, and the dominant adsorption
modes of N2 and Ho—remain active topics of investigation.

Gas-phase cluster reaction experiments to provide profound mechanistic insights
into the relationship between hydrides and transition metals. It has been suggested
that structurally well-defined gas-phase clusters produced by a catalyst are appropriate
models to match the catalyst’s reactive site. Clusters formed from an Fe-LiH catalyst by
laser ablation using gas-phase optical spectroscopy combined with mass spectrometry
and quantum chemical computations [93, 94]. Several intricate hydride clusters,
including [LiNH2]™ [95] and [LisFeHg], were discovered. These hydride clusters
changed into [FeNH,]™ and [LiNH;]™ moieties upon coming into contact with N,
demonstrating the cleavage of the N=N link as well as the production of N-H, Li-N,
and Fe-N bonds (Figure 4b). While it is challenging to use traditional methods to
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define the Fe-LiH catalyst’s surface composition, the aforementioned cluster reactions
suggest that [Li—Fe—H] species might be present and operate as the reactive site for N,
activation and hydrogenation through an alternative mechanism. We speculated on the
possibility that complex transition-metal hydrides could serve as effective catalysts for
the synthesis of ammonia in light of these findings [92].
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Figure 4. (a) Proposed reaction mechanism of ammonia synthesis catalyzed by TM-AH
composite catalysts [16]; (b) Lithium iron hydride gas clusters react with N, to form
[LiNH;]-containing clusters [92].

3.3. Complex hydride catalysts

Although LisFeHs is known, it requires extreme synthesis conditions, whereas
several ternary Ru hydrides (e.g., LisaRuHs and BazRuHs) can be prepared under far
milder conditions. These materials provide a practical testbed for the concept that
complex hydrides can function as catalytic platforms for ammonia synthesis. Reported
activity data show that Ba:RuHs (often used with MgO) is among the most active
catalysts under comparatively mild conditions; for example, at 573 K, its NHs synthesis
rate exceeds that of conventional Cs—Ru/MgO, and ppm-level effluent NHs has been
detected near ambient pressure at lower temperatures, as shown in Figure 5a [95-97].

It is generally accepted that on a standard TM catalyst, N, is largely adsorbed
dissociatively on active sites that contain many metal atoms, like C7 or B5 sites on
the surface of Fe or Ru, respectively. The active sites on LisRuH¢ and Ba,RuHg are,
however, constituted by the electron- and H-rich [RuHg] anion and the Li or Ba cations
surrounding it, and the long RuRu atomic distance defines why N, is not an adsorbate in
a dissociative manner. A chemical alternative pathway was discovered through effective
collaborative work with Vegge et al. Theoretical calculations on a LisRuHg model
confirmed the (110) facet by showing an H-assisted associative activation of N, on the
[RuHg] center (Figure Sb,c¢). Firstly, N, adsorbs on the [RuHg] site in an end-on complex.
H™ is gradually carried to the polarized N-N antenna to generate a set of NxHy (x = 0-2,
y = 0-3) intermediates by reducing it with protons of the surrounding Li cations. Hj is
then switched on to replenish the surface. It is the interaction of the transition metals,
hydridic hydrogen, and alkali cations that allows the unique reaction pathway of the

synthesis of ammonia with a short energy span of 1.75 eV, which prefers N, to NH3 at
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lower temperatures. This mechanism is experimentally supported by FTIR of adsorbed
N, and NH; compounds, and tests involving 15N,-14N, isotope exchange [97-99].
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Figure 5. (a) Temperature-dependent NH; synthesis rate of various Ru catalysts at 0.1 MPa
with Hp: N, = 3:1; (b) Time course effluent concentration of the ammonia synthesis of various
Ru complex catalysts at 0.1 MPa with H,N, = 1:3 and WHSV = 10800 mLg 'h™!; (¢) calculates
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catalysts [97].
Note: Color code: Ru: red, Li: white, H: yellow, N: blue.

3.4. Mixed-anion hydride catalysts

Recently, there has been a lot of interest in mixed-anion materials, including
oxyhydrides and oxynitrides, because of their unusual characteristics, like rapid
hydride ion conductivity, increased ferroelectric behavior, and significant catalytic
activity [67,100]. The kinetic and isotope exchange experiments showed that the
hydrogen of the lattice in the Ru/BaTiO,sHys took part in the catalytic cycle,
according to the Mars-van Krevelen mechanism of NH3 formation (Figure 6a), and
the phenomenon of hydrogen poisoning the catalyst was significantly reduced. His
performance is higher than that of Co-based catalysts of the state of the art. The
BaAl,O4.<Hy has a stuffed tridymite structure and interstitial cage sites that contain
anionic electrons. The surface of it has an ultralow work function (1.7-2.6 ¢V), and
thus, it can strongly contribute to electron donation to Co, significantly reducing
N, to NH3; with the help of lattice H™ ions (Figure 6b). This three-dimensional,
tetrahedrally built structure of the stuffed tridymite structure based on AlO4 affords
a high degree of chemical stability, which guards against oxidation of both the
anionic electrons and hydrogen ions that are present in the structure. This structural
strength guarantees a higher level of resistance to the environment and reusability
of the catalysts compared to other reported hydride-based systems [101]. Figure
6¢c shows the Development of perovskite-type oxyhydrides such as Ru-loaded

BaCeOs—N,H,, enabling highly active ammonia synthesis, with N> dissociation on
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BaCeO;-«N,Hy surfaces faster than N—H bond formation. Ru/BaCeO; follows a
Langmuir—Hinshelwood mechanism where N> and H: are dissociatively adsorbed
on Ru, with N: dissociation as the rate-determining step. For Ru/BaCeOs-N,H,,
Hosono et al. proposed a Mars—van Krevelen mechanism involving lattice N or
anion-vacancy-activated Nz reacting with lattice H™ to form NNH intermediates that
hydrogenate to NHs [87].
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Figure 6. Schematics for catalytic ammonia synthesis over: (a) BaTiO,sHos [61]; (b)
BaAl,O4.<Hy [101]; (¢) BaCeO3.<NyH, [67]; (d) Ba3SiO; 87No soH 86 [102] and their supported
catalysts.

The above oxyhydride or oxynitride-hydride catalysts all tend to have a transition
metal site in their lattice structure or have the transition metal site on them as an active
site, whereas in oxide materials containing no transition metal sites, there are very few
effective catalysts. In the recent past, Kitano et al. have published a new orthosilicate
oxynitride-hydride (Ba3SiO; 87N soH1.8¢) with ammonia synthesis capability through
a catalytic reaction involving anion vacancy. The lattice can easily be desorbed to
produce H™ and surface N3~ anions under conditions of ammonia synthesis. The crystal
has a great structural malleability, thus enabling it to produce and host a large number of
electrons at anion vacancy sites. In the absence of any transition metal sites, these anion
vacancies can directly activate N, molecules and generate ammonia in an associative
hydrogenation reaction (Figure 6d).

3.5. Photo-driven ammonia synthesis using hydrides

The fact that solar energy is a renewable and plentiful resource has attracted a
lot of interest among researchers in terms of artificial solar-driven chemical reactions
and catalytic processes. Research has found that some alkali/alkaline earth metal
hydrides are semiconducting [103,104]. It caused people to be immediately interested
in studying the photon-hybrid interactions to trigger new chemical reactions [105].
Recently, Guan et al. found that LiH can be rapidly colored in the ultraviolet (UV) light
as white turns to pale blue (Figure 7a) and that electron paramagnetic resonance (EPR)
spectroscopy (Figure 7b) showed the occurrence of F-center defects (color centers) in
the lattice of UV-irradiated LiH samples. The presence of this phenomenon suggests
that LiH is dehydrogenated by UV radiation. Fourier-transform infrared spectroscopy
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(FTIR) showed evidence of N-H stretching vibrations to be observed in samples of LiH
when subjected to UV ray irradiation in the presence of N,.
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Figure 7. (a) Mass spectrometry of LiH with the presence or absence of UV light and the
presence or absence of Ar at room temperature. Inset is the digital photographs of LiH under
UV and no UV light, (b) LiH EPR spectra under illumination or no illumination. The rate is
written as: (c¢) The rate of photocatalytic ammonia synthesis LiH during the UV irradiation;
(d) Processing schemes of the charge carrier separation processes of the LiH photolysis
process [106].

Follow-up measurements showed that introducing an N2/H: feed with low H-
content to LiH enables photocatalytic NHs formation under ambient-temperature
illumination. Mechanistic analyses suggest that UV illumination generates electron—
hole pairs; photogenerated holes oxidize H™ to form H:, while electrons are trapped
in long-lived color centers associated with hydrogen vacancies (Figure 7d). These
trapped electrons facilitate N activation and enable photo-switchable nitrogen
conversion, allowing NHs formation without transition-metal catalysts. This work
highlights hydrides as mediators for photocatalytic nitrogen fixation and suggests
potential solar-driven routes for ammonia synthesis [106].

4. Chemical looping ammonia synthesis (CLAS)

4.1. Fundamental concepts and thermodynamics

Chemical looping ammonia synthesis (CLAS) separates NHs formation into
sequential steps mediated by solid nitrogen carriers, reducing direct competition
between N2 and H: adsorption that constrains conventional single-surface catalysis.
Depending on the hydrogen source, CLAS can operate as H.O-CLAS (water as the
hydrogen source) or H>-CLAS (hydrogen gas). In H:O-CLAS, metals first fix N2 to
form metal nitrides, which are then hydrolyzed to release NHs and form oxides that are
subsequently reduced back to the metal. Thermodynamic analyses of hydride-based
carriers indicate that nitrogen fixation to imide/nitride phases can be favorable
over broad temperature windows (=0-500 °C) for selected Li/Mg/Ca/Ba systems,
while the corresponding hydrogenation steps are often endothermic and strongly

dependent on carrier composition. These trends help identify hydride/imide pairs
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that are both thermodynamically viable and potentially tunable for practical looping
conditions [107-112].

4.2. Nitrogen carriers and advanced CLAS strategies

Experiments using LiH/Li-NH and BaH»/BaNH carrier pairs demonstrated CLAS
at atmospheric pressure around 350 °C. Kinetic analysis indicated that nitrogen fixation
has a substantially higher apparent activation barrier than the subsequent hydrogenation
step, making carrier nitridation the rate-determining process in BaH>/BaNH-mediated
looping. Introducing transition metals (Fe, Co, Ni) markedly improved kinetics; Ni
showed the strongest effect, reducing the apparent activation energy for nitrogen
fixation (e.g., from ~109 to ~46 kJ mol™ in Ni-BaH:) and enabling measurable NH3
formation at lower temperatures. Reported rates reached ~1533 and ~3125 pmol
g h™ at 300 °C for Ni-LiH and Ni-BaH>, respectively, and supporting Ni-BaH-
on high-surface-area Al.Os enabled NHs formation below 100 °C. Cycling tests also
indicated multi-cycle operation, although phase segregation can contribute to activity

decay shows in (Figure 8a,b).
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Figure 8. (a) A: H,0-CL, B: H,-CL, C: AH-CL (three different types of CLAS). Where M, A
is metal and alkali/alkaline earth metal; (b) Thermodynamic investigations of processes I and
IT of AH-CL. TM catalyzed; (¢) BaH; nitridation; (d) The rate of NH; in Ni-catalyzed AH-CL
as compared to some of the active catalysts in the traditional thermocatalytic process [68].

More experiments demonstrated that ammonia production can be realized
below 100 °C with the support of Ni-BaH; on the high-surface-area Al,O3. The
Ni-BaH,/Al,O3 CLAS performance in the ammonia synthesis reaction at 250 °C and
1 bar pressure was found to be an order of magnitude higher than the high-activity
Cs-Ru/MgO catalyst under the same temperature and 10 bar pressure. And cycling tests
were also performed on the Ni-BaH, sample, which showed that at least 10 cycles can
be performed at 250 °C. The 10th cycle activity was nearly 80% of the original value.
Additional studies found that the process of activity decay could be caused by phase
segregation of Ni and BaH; following repeated cycles. Amazingly, re-ball milling the
sample allowed restoring the activity to some extent shows in Figure 8c,d [68].
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The CLAS process separates the ammonia synthesis into two or more consecutive
stages through the use of nitrogen carriers [107]. This method is successful in
overcoming the scaling relations of the single transition metal catalysts. CLAS
does not require the competitive adsorption of N, and H; by step-wise feeding, as
conventional catalytic methods of ammonia synthesis do. Also, the thermodynamics
and the kinetics of each step may be optimized by adjusting the properties of
the carriers of nitrogen [108]. A multifunctional composite nitrogen carrier was
developed by Feng et al., which combined BaH,;/BaNH nitrogen carriers with
the conventional nitride carriers (Mn4N) (Figure 9a) [69]. Findings showed that
MmnyN not only catalyzes nitrogen fixation and ammonia release in the course of
transformations of hydrogen and imides but also plays a secondary transport role in
nitrogen through MnsN-Mn;N conversion. This compound carrier pledged CLAS at
200400 °C, where MnyN-BaH, gave a rate of ammonia synthesis of 3142 umol g~
h™! at 300 °C, which was many times better than the performance of the individual
carriers. Those outcomes of cycle stability indicate that the MnyN-BaH; performance
is fundamentally stable after 6 complete cycles at 275 °C and atmospheric pressure.
Moon et al. provide an in-situ neutron spectroscopy and diffraction analysis
that is supported by first-principles simulations to examine the structural change
throughout the nitridation and hydrogenation of Ni-BaH; [113]. They determined
that ball-milling of the Ni-BaH, precursor triggers a dramatic reduction in the size of
the BaH, particles and an increment of its defect density and potential elevation of its

reactivity.
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Figure 9. (a) The mediating scheme of CLAS with MnN,-BaNH composite N carrier [69]; (b)
N, -TPR of plain and cobalt-composite LiH and LiyNH [114]; (¢) The results of the LiH in the
presence of Li; O in the TG-MS reaction were compared with the results without Li, O [114]; (d)
CLAS: Molten LiCI-KCl eutectic molten Salt, Li-Sn alloy [115]; (e) Schematic diagram of the
CLAS reaction mediated by ZnLiH-Li,NH [116]; (f) Electro-directed CLAS reaction mediated
by LiH/Li,NH cycle Conceptual cycle [117]; (g) NaH/NaNH,-mediated NaH/NaNH,-mediated
conceptual cycle of Plasma-driven CLAS [118]; (h) Photo-driven CLAS process mediated by
LiBaH; Conceptual cycle [119].
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The findings of inelastic neutron scattering and diffraction confirm the
transformation of BaH; into BaNH when it reacts with Nj. In the hydrogenation, along
with the recovery of the product of hydrogenation, a barium imide intermediate lacking
nitrogen can be detected. It was found that hydrogenation is more difficult than the
nitridation process compared to other catalysts, and this supports the preferential N,
activation property of the Ni/BaH, catalyst. In the case of LiH, Yan et al. examined
the impact of Pd on the CLAS mediated by LiH [120]. The LiH-Li;NH reaction was
modified by the formation of the tertiary Pd Li-Pd-H and Li-Pd alloys in the reaction,
and the rate of the reaction was greatly accelerated. Makepeace et al. discovered that
the compositions of Li-N-H over a wide range may be made through either solid-state
synthesis or N; reaction [121]. LiH can be nitridated at 300-500 °C to form partially
reduced imides of the general formula Li, + \NH (0 < x < 2), a solid solution of
Li;NH and Li4yNH [114]. The nitride-hydride (LisNH) reacts subsequently with N;
by almost an order of magnitude faster than LiH under similar conditions to form
imide and nitride phases (Figure 9b). Nevertheless, the mechanisms that regulate the
transformation of LiH to Lip+xNH, and the theoretical ammonia yield when subjected
to the hydrogenation process, are only poorly known. Ichikawa et al. found that Li,O
was ball-milled into LiH-Li;NH, inhibiting reactant agglomeration to increase the
kinetics of LiH in the fixation of nitrogen (Figure 9¢) [122]. Tang et al. have created a
lithium-based alloy cycle system of CLAS (Figure 9d) in which nitrogen reacts with
a Li-Sn alloy at 510 °C to form LisN [115]. Li3N is then dissolved in a LiCIl-KCl
eutectic salt, and then reacts with H, at 450 °C to produce LiH and generate NHj.
They were also able to determine that the formation of some intermediate species,
like LiNH, or Li;NH, was possible during the course of the reaction. According to
Wang et al., Zn-LiH produced H; in the process of nitrogen fixing, which gave rise to
many LiZny intermetallic compounds and nitrogen-bearing species, including Li;NH,
LisN, and LiZnN (Figure 9e) [116]. In further hydrogenation, these species produced
ammonia and returned to LiH, Zn, LiZn, and the CLAS cycle was concluded. Kinetic
experiments demonstrated that Zn lowered the apparent activation energy of fixation of
LiH nitrogen between 102 kJ mol™! and 50 kJ mol™'. Within 350 °C and atmospheric
pressure, Zn-LiH generated ammonia 19 times faster than LiH, with a rate of 956 pmol
g 'hl,

The nitrogen fixation through hydrides is a process that is very different from
the classic process of nitrogen activation on the transition metals. The study by
Guan et al. aimed to examine the process of N, activation and transformation on
BaH; by combining the theoretical and experimental methodologies [123]. Over
the recent years, the use of electricity, light, plasma, etc., as external fields to
drive CLAS processes has been studied by researchers, and significant progress has
been made. Although CLAS catalyzed by the AH/ANH complexes may work at
fairly mild conditions, at high temperatures, hydrogenation of ANH to ammonia is
thermodynamically constrained. As an example, the concentration of ammonia in the
equilibrium of the ANH hydrogenation process at 400 °C is just 626 ppm. In order to
solve this problem, Feng et al. came up with an electro-driven LiH/Li;NH-mediated
H,-CLAS process (Figure 9f) [117]. Hemodynamic studies showed that at room
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temperature and pressure, as little as 0.05 V was required to raise the equilibrium
concentration of ammonia in the course of Li;NH hydrogenation between 0.19% and
8.5%. A voltage of 0.11 V at 400 °C and atmospheric pressure would increase the
equilibrium concentration of ammonia to 27.1% further. This paper used molten
salt electrolyte (LiCl-NaCI-KCl) to facilitate the two-step electrochemical reaction by
electrical energy: nitridation of LiH and hydrogenation of Li;NH. The experimental
findings revealed that electrical energy contributed greatly to the hydrogenation of
lithium imide as well as the fixation of nitrogen by lithium hydride; the apparent
rate of the ammonia synthesis was increased by almost eight times relative to the
thermochemical process. Moreover, such a technique theoretically provides better
reaction thermodynamics than the existing Li"-mediated electrochemical ammonia
synthesis reactions and has been experimentally demonstrated to operate at low-voltage
conditions (available currents up to 2.0 V). Wu et al. created a process of H,-CLAS
by a plasma-driven reaction between NaH (Figure 9g) [118]. As stated above, Guan et
al. have found that lithium hydride (LiH) would mediate the process of photocatalytic
ammonia production [69, 106]. These results indicate that external fields may have a
major effect in enhancing the thermodynamic and kinetic performance of the CLAS
process, resulting in ammonia production that is more efficient. Moreover, the
combination of the external field-based processes with the storage and use of renewable
energy may help develop the miniaturized and distributed ammonia production systems.
Nevertheless, studies conducted by external fields to enhance CLAS are infrequent,
and the mechanisms behind the beneficial effect are still unclear, posing tremendous

opportunities in future research and advancements.

5. Thermocatalytic decomposition of ammonia

Over the past decade, substantial progress has been made in ammonia
decomposition technologies aimed at producing high-purity, COx-free H2 [19,124—128].
Thermodynamically, NHs decomposition approaches near-complete equilibrium
conversion at elevated temperatures (e.g., ~99% at 400 °C and ~99.7% at 500 °C),
but residual NHs in the product stream can necessitate additional purification steps.
Achieving scalable and energy-efficient cracking, therefore, depends on advances in
three areas: highly active (preferably Ru-free) catalysts, efficient reactor designs, and
integrated separation/purification strategies. = Mechanistically, NHs decomposition
proceeds through NHs adsorption, stepwise dehydrogenation to surface NHx species,
and recombination/desorption of N> and H:; catalyst choice strongly influences the
rate-limiting steps and the operating temperature window [129-132].

This part discusses the kinetic and thermodynamic concepts of NH; breakdown
on the basis of the appropriate examples explaining how various -catalysts
influence the process. Moreover, the NH3 decomposition mechanisms, including
the photodecomposition, electrochemical decomposition, and thermochemical
decomposition, are also discussed in the article. The initial two have been briefly
discussed, but the third one has been presented in detail, and a discussion about the
kinetics, the processes involved in a reaction, the stability, and the catalytic efficiency
has been presented. Further subsections address the purification of H, and the
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separation processes involved in getting the N, out of the mixture of unreacted NHj
and the generated H; [85] is shown in Figure 10.

NH, N,
o ofe =5

adsorption

Catalyst surface

Structured reactor

’ Catalyst

Figure 10. Decomposition of NH; into N, and H, via catalysis [133].

5.1. Amide- and imide-based catalysts

The breakdown of ammonia is also effective to produce green hydrogen, not
contributing carbon because only nitrogen and hydrogen are emitted, which has
attracted extensive interest. This reaction is thermodynamically preferred by the high
temperatures (low pressures). Indicatively, when the temperature is at 400 °C, the
conversion of ammonia can be at over 99% equilibrium (Figure 11a) [134]. The
supported Ni-based catalysts in use today in industries demand temperatures over 700
°C to convert 99%. Thus, the creation of new and effective catalysts to decompose
ammonia at moderate or low temperatures and the investigation of new processes will
make the reaction temperatures and the use of energy even lower, allowing the mass
production of ammonia decomposition technologies. The Sabatier principle indicates
that the optimal catalyst to use in the decomposition of ammonia must possess an
intermediate nitrogen adsorption energy. As in the case of ammonia synthesis catalysts,
the activity of ammonia decomposition catalysts follows a volcano plot with respect to
nitrogen dissociative adsorption energy (Figure 11b). Since Ru has a moderate energy
of adsorption of nitrogen, it is positioned at the top of the curve and has the highest
intrinsic activity. But the cost is high, and its availability is low, which limits its
application; thus, the aim of finding alternative non-noble metal catalysts to Ru-based
catalysts is a key area of concern in this sphere. Ammonia decomposition catalysts
have been studied by researchers in great depth and volume within the past decades.
The transition metals, alloys, metal nitrides, carbides, and sulfides are the major types
of catalytic systems developed. The most promising have been group IX transition
metals like Ru and Ni, and Mo or W nitride and carbide ammonia decomposers. Those

who may want to learn more can use recent reviews on the same [135,136].
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Figure 11. (a) At different temperatures, NH; was converted to equilibrium at 1 atm;
(b) Experimental rate of ammonia decomposition with various catalysts as a function of
reaction energy of dissociative N adsorption [136]; (¢) The decomposition rate of ammonia by
selected transition metals in the presence of alkali/alkaline earth metals, amides/imides [90];
(d) Schematic representation of the mechanism of ammonia decomposition on TM-Li,NH
composite catalysts [90]; (e) The streamlined diagram of the catalytic ammonia decomposition
process of Li;NH [137]; (f) Schematic diagram explanation of the decomposition of ammonia
on Ni/CaNH [81].

The possible use of alkali and alkaline earth metal imide compounds as hydrogen
storage materials has influenced researchers to carry out thorough investigations of
their structures, physicochemical characteristics, and chemical reactions [138]. Earlier
on, in 1894, Tethered et al. found the degradation of ammonia to N, and Hy when
subjected to heated NaNH, that had attained a dark red color [139]. Chen et al. found
in 2003 that LiNH, breaks down in the presence of temperatures higher than 400 °C,
and releases gas-phase products that contained NH3, Ny, and H; [140]. Scientists have
thought that N, and H; could be a result of NH; decomposition, which is catalyzed
by LiNH,/Li;NH. Using this finding, Guo et al. performed systematic and in-depth
research on the alkali metal amides’ participation in the ammonia decomposition. They
discovered by extensive experimental validation that N, and H, do not directly result
in catalytic decomposition of NH3 by LiNH,/Li,NH but are closely associated with
the stainless-steel reactor on which the test was conducted [141]. LiNH, decomposes
at temperatures under 450 °C to produce mostly NH3, the gaseous product in a quartz
reactor. Within a stainless-steel reactor, however, it is possible to observe N; and H,
signals below 300 °C of temperature, and NaNH; behaves in the same manner. This

observation shows clearly that pure alkali metal amide or imide compounds have very
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low levels of catalytic activity to decompose NH3_and the presence of transition metals
is important in catalyst imide/amide catalysis. At this time, David et al. had reported
that NaNH; had a good exponential ammonia decomposition activity on stainless steel
reactors [142].

The authors proposed the possibility of NaNH, as a new catalyst in ammonia
decomposition, similar to the Ru-based catalysts. In 2015, Guo et al. synthesized
a group of composite catalysts that incorporate Li;NH and either transition metals
or their nitrides (TM-Li;NH) as the components [80]. Figure 11¢ demonstrates that
the intrinsic activities of Ti, V, Cr, Mn, and Cu were low and had a volcano plot.
Introduction of Li,NH gave a big boost to the ammonia decomposition property of
3d transition metals, with Cr and Mn having their activity improved by 1 to 2 orders
of magnitude, and Co and Ni, which are regarded as good catalysts in ammonia
decomposition, improving activity by 2 to 3-fold. MnN-Li;NH was the most active
with a rate of Hydrogen permeation of 37.5 mmolH, gcaflminf1 at 500 °C, 40 times
more active than MnN and similar to highly active Ru/CNTs [90,143]. In their paper on
the alkali metal promoters in ammonia synthesis catalysts, Medford et al. theoretically
showed that the introduction of promoters does not change the shape of the volcano
curve [144]. In the TM(N)-Li2NH system, however, the activities of Li;NH-promoted
Cr, Mn, Fe, Co, and Ni catalysts were fairly close, and not like the volcano-shaped
curve of pure 3d TM catalysts.

This observation indicates that the mechanism of decomposition of ammonia
in this system is different from conventional ammonia decomposition by alkali
metal-promotion of transition metals and their nitrides. According to the XRD, XAS,
TPR, and the isotope experiment results, the authors have suggested a new two-step
ammonia decomposition mechanism (Figure 11d). Firstly, Li;NH is reacted with
TM(N) to give ternary nitrides (LiTMN) and H,. LiTMN, on the other hand, interacts
with NHj3 to form Li;NH and emits N, to form a complete catalytic cycle. In contrast to
the conventional electronically promoted electronics, Li;NH is an NHj3 transfer medium
that allows the reaction to form transition metal nitride intermediates. In 2023, Yang
et al. and Mambretti et al. made an ab initio molecular dynamics simulation (AIMD)
discovery that shows that the dynamic surface structure variations of Li,NH contribute
to the catalytic ammonia decomposition behavior (Figure 11e) considerably [137,145].
In this situation, the surface composition and structure of Li;NH are subjected to a
sequence of dynamic processes that eventually cause the extraction of N, and Hs.
Another point that is made in this research is the role of Li;NH in ammonia breakdown
as opposed to the orthodox role of alkali metals as electronic promoters. Besides the
TM(N)-Li;NH system, Guo et al. transferred these catalyst systems to other metals
with alkali/alkaline earth metal amides/imides and prepared catalytic systems including
Ru-Ba(NH;); [15], MngNs-CaNH [146], MnN-Li,NH [147], Ni-NaNH, [148], and
Ru-Li;NH [149] with all of them showing excellent ammonia decomposition activity.
Moreover, according to Kishida et al., the oblate-spherical Ru particles that are large
and oblate in shape are efficient catalysts of the decomposition of ammonia in the
presence of Ca(NH;), [150]. The characteristically increasing size of the particle of Ru
resulted in a two-order increase in the TOF of Ru-Ca (NH),. The authors attributed
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that being very active Ru-Ca (NH»),, the shape and the optimal size of the particles
of Ru, and the density of the active sites. Subsequently, they reported an effective
ammonia decomposition reactor called Ni-CaNH catalyst that uses an NH, ™~ vacancy
based Mars-von Krevelen mechanism [81]. The ammonia decomposition activity of
Ni-CaNH was found to have an operating temperature that is lower by 100 °C than in
the reference Ni-based catalysts. The main locations of decomposition of ammonia,
according to the results of the experimental and DFT calculations, are the VNH sites
at the Ni-CaNH interface. To begin with, the VNH sites are created in the process of
pretreatment. The addition of a 1:3 N,/H, mixed gas stream leads to the oxidation of
NH;-species in the CaNH lattice to form N, and H, by the nickel catalyst, yielding
VNH sites that have two anionic electrons in them. Next, the NH3 breaks down at
the VNH sites through a four-step reaction. In step I, the adsorption of NH3 to the
positively charged Ca”" sites that surround the VNH sites and the reaction of the two
anionic electron donors on the VNH sites to generate NH; anion and H anion take place.
The reaction of the H-captured at the VNH site with a proton at the NH,-site results
in the production of H; and the generation of NH, . In Step III, the formed NH,™
fills in the VNH site. The NH; " lattice (IV) dissociates into N, and H; (step IV) and
initiates the regeneration of the VNH sites at the Ni-CaNH interface (Figure 11f) [81].
These data indicate that NH,~ vacancies on CaNH are highly significant in enhancing
the reaction of decomposing ammonia. The above-discussed works and the findings
provided evidence of a tremendous potential of alkali/alkaline earth metal amides and
alkaline earth metal imides as catalysts in ammonia decomposition.

The thermodynamic properties of a catalytic reaction are crucial for the strategic
development of catalysts with industrial relevance. The equation expresses the
decomposition of NH3 into H, and Nj:

2NH3(g)—N»(g) + 3H,(g), AH = +46 kJ/mol

Several theoretical works have reported on the relationship between temperature
(250-700 °C) and the rate of NH3 conversion (90-100%). Gibbs free energy is less,
resulting in thermodynamic conversion of NH3. The relationship between temperature
and decomposition of NH3 is not linear in the range of temperatures between 250—450
°C, yet the reaction rate does not considerably increase beyond 450 °C. Thus, in the
high temperature regime, kinetic factors dominate the NH3 breakdown. The awareness
of these kinetic properties is pivotal in the establishment of effective catalytic devices,
and how the process of breaking down takes place [151].

5.2. Hydride-mediated hydrogen production

Certain elements may form metal hydrides, particularly those in groups I-IV.
These substances react readily with ammonia to produce a variety of amides/imides and
nitrides. To create extensive amides, Bergstrom and Fernelius methodically compiled
the reaction between an alkali metal and ammonia in 1933 [152]. The breakdown
processes of these materials have been studied (Table 2), and SEM micrographs of the
raw LiH Figure 12a—d. Kojima et al. have also examined the amides’ capacity to be
recycled. LiNH,, NaNH,, and KNH, spent 4, 4, and 2 h, respectively, in a hydrogen
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flow environment (0.5 MPa). Then, samples were converted to LiH, NaH, and KH,
respectively, in 96%, 100%, and 92% of cases [46,47,153]. Pure hydrogen can be made
using the reaction between MH and NHj and later fed into a fuel cell once purified.
Two hydrogen atoms in LiNH; are bound covalently to a nitrogen atom to produce
the amide ion [NH;]~, which is in turn ionically bound to the Li-ion. As a result, the
enthalpy of formation of LiNH3 is less than that of ionic bonded hydrides, such as LiH;
LiNH; breaks down at a relatively high temperature to yield the end product, LizN. The
same trend can be noted with NaNH,. Interestingly, both thermodynamic and kinetic
considerations show that decomposition of the Mg(NH;), and Ca(NH>); is less stable
when compared to that of LiNH;. Thus, the electronegativity of the metal cation and
the anion of the amide may affect the decomposition properties of the respective amide.
Typically, Mg is more electronegative than Li or Na, and thus the ionic bond formed
between Mg?" and [NH,]™ is weaker than between Li* and [NH,]~, which explains
the faster formation at the cost of the higher temperature decomposition observed with
LiNH, than with other amides studied in this work. In addition, it was established that
these metal hydrides are the ones that react with ammonia more easily, with a lower
electronegativity of the metal cation. On the other hand, ammonia can be released
more effectively by the formation of metal amides with cations possessing a greater

value of the electronegativity [142].

Table 2. Metal Amide Synthesis by Ball Milling Reaction between Metal Hydrides and
Gaseous NHj.

Reaction Time (h) NH; pressure (MPa) Decomposition temp (°C)
LiH + NH; = LiNH; + H, 2 0.4 230-500

NaH + NH3 =NaNH, + H, - 240-500

KH + NH3 = KNH; + H, 1 - 500-600

MgH, + 2NH; = Mg (NH,), + 2H, 13 - 180-500

CaH, + 2NH3 = Ca (NH,), + 2H, 8 - 70-500

The design of a LiH-NH3 hydrogen storage system with improved kinetic
characteristics included a comprehensive investigation of the hydrogen desorption
properties for reactions between lithium hydride with various particle sizes and
NH;3 (0.5 MPa, NH3/MH 1mol/mol) at 50-200 °C. Additionally, various potassium
compounds were investigated as possible catalysts to enhance the system’s hydrogen
desorption reaction’s kinetic characteristics. It is discovered that as the reaction
temperature rises or the particle size of LiH decreases, the kinetic characteristics
of the hydrogen desorption in the LiH-NHj system improve. Figure 11 presents
the hydrogen generation patterns of an hour at varying temperatures of raw LiH,
ball-milled LiH, and KBr-enhanced LiH with NH3 (0.5 MPa, NH3/LiH = 1 mol/mol).
The time-dependent hydrogen generation profiles for reactions carried out at 100 °C
are offered in an inset of the figure. To improve the kinetic characteristics, KBr, KCl,
KF, and KOH are useful; KBr has the most impact [49]. The hydrolysis-type reaction
is exothermic; interestingly, the hydrogen desorption process may occur at ambient
temperature. It has been shown that the response that recycles the by-product LiNH;
back into LiH and NHj3 occurs at 300 °C when the partial pressure of NHj is lowered

78



Energy Storage and Conversion 2025, 3(4), 3826.

under a 0.5 MPa flow of H, [46]. Ammonia must be converted to hydrogen at an
average temperature in order for it to function as a hydrogen carrier. As a result,
using what is already known, systems incorporating NH3 and metal hydrides (MeH,
where Me = Li, Na, K, Mg, and Ca) have been designed for this purpose. The reaction
is formulated as follows [154, 155]. Moreover, several potassium-based substances
were considered as possible catalysts, the goal of which was to increase the kinetic
characteristics of the hydrogen desorption reaction of the system. The results were
that the higher the temperature of the reaction or the size of the particles of LiH, the
better the kinetic characteristics of desorption of hydrogen in the system LiH-NHj.
The compounds identified as most effective in enhancing these kinetic properties are
KBr, KCI, KF, and KOH.

20 AKBr-added LiH
m milled LiH

o« oo
0 2 4 6 8 1012
eraw LiH Reaction Time (nours)

S ———

Ty

Figure 12. Hydrogen generation profile of the reaction of the raw LiH, ball-milled LiH, and
the reaction of KBr-added LiH with NHs: (a—d) SEM micrographs of the unprocessed LiH;
(e) Percentage of reaction yield and the LiH ball-milled under rotation rates of 150 rpm, 300
rpm, and 450 rpm of 2 h; (f—g) Reaction yield on reactions between the raw LiH and the LiH
ball-milled at various rotation speeds in the presence of NH;3 (0.5 MPa, NH3/LiH = 1 mol/mol)
at 100 °C with 1 h reaction time; (h) Arrhenius plot of the kinetic constant of the raw, ball-milled
and KBr-added LiH at the measurement temperatures of 50, 75, 100, 150 and 200 °C [49].

MH + NH;—>MNH, + Hy(M = Li, K, and Na) (1)

5.3. Amide- and chemical looping—mediated hydrogen production

NHj3 suppression using various metal hydride additions. These systems, which
have great volumetric and gravimetric hydrogen densities, are currently under
investigation as materials to store hydrogen, such as LiNH, CaNH, Li/MgNH, and
NaNH [138,153,156,157]. This method is a significant difference from the previous
surface catalytic practice since it involves the stoichiometric reduction and recovery
of sodium amide (NaNH;) through sodium metal. The Na/NaNH, system using
0.5 g of NaNH; and 60 sccm of NHj; at 530 °C gives a 99.2% decomposition
efficiency, which is favorable compared to other nickel and ruthenium-based catalysts
in NH3 decomposition studies, which used a basic flow reactor. The development
of NaNH;-based ammonia cracking devices might increase the usage of NH; as a
sustainable energy storage medium since it is an inexpensive and easily available

substance. Sodium amide acts as a very effective catalyst for the stoichiometric
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breakdown of ammonia, generating NaNH, from sodium metal. With an eye on
sustainable energy applications, this technique departs from traditional transition metal
catalysis by presenting a new class of amide-based materials for hydrogen extraction
from ammonia. At different temperatures, the NaNH, decomposition efficiency of the
supported ruthenium catalyst is shown in Figure 13a, which performs better at higher
conversion levels [142]. Transition metals are the main catalysts for low-temperature

NHj cracking; ruthenium has the best catalytic efficiency.

,,,,,,,,,,,,,

Flow (scom)

Figure 13. (a) Ammonia decomposition mechanism; (b) Results of the mass spectrometry of
NH; (17, red), H, (2, cyan), and N, (28, blue) of the reaction of 0.25 g of NaNH, and 0.15 g
of Na. The rates of temperature (light gray) and the flow rate of NH3 (dark gray) in the course
of the experiment at atmospheric pressure are shown in the upper pane of a given reaction;
(¢) Comparison of the NHj3 conversion; (d) Impact of containment methods and conversions
obtained at different SCCM flow [142].

When the metal is incorporated with promoter species into complex support
structures, its efficiency is significantly enhanced [158-161]. For the continuous
stoichiometric breakdown of NHj, sodium amide works equally well as a supported
ruthenium catalyst, but at a far cheaper cost of materials. Given its reasonable
cost and excellent efficiency, the Na/NaNH, system may constitute a novel class
of NH3; decomposition catalysts. Because of this potential, NH3 decomposition
should be given a second look as a practical hydrogen delivery technique for various
purposes, including large-scale grid balancing, transportation, and distributed power
production [162]. The mass spectrometry traces 0.25 g of NH3 (red, m/z = 17), H»
(cyan, m/z = 2), and N (blue, m/z = 28) of the reaction of 0.25 g of NaNH, and 0.15 g
of Na (Figure 13b). The temperature (light gray) and rate of flow of NHj3 (dark gray) in
the course of the experiment at atmospheric pressure are shown in the upper panels of
each reaction. Effects of containment techniques. conversion time (Figure 13c¢) time
to obtain conversion of 0.5 g of NaNH; at 475 °C under a flow of 0.2 and 100 sccm in
a reactor with a height of 1.6 mm and 1.141 cm?. The reference data of blank reactor,
Ni foam (only), and 0.5 g of NaNH, (only) are presented. Conversion at higher flows
(50—500 sccm) of NH3, in a 21.3 cm? reactor, of 0.5 g of NaNH, (green symbols), at
0.500 °C (solid circles) and 0.600 °C (solid squares) in the presence of 2 g nickel wool
(Figure 13d). It is shown that the (i) alumina-supported ruthenium (2 g of nickel wool)
(yellow symbols), (ii) 2 g of nickel wool (only) (gray symbols), and (iii) blank reactor

data (open symbols) may be used as a reference.
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The CLADH concept proceeds in two coupled steps. First, metallic Na (or K)
reacts with NHs to form NaNH: (or KNH:) while releasing one-third of the hydrogen.
Second, the amide decomposes to regenerate the alkali metal with concomitant N>
and H: formation, completing the loop. Thermodynamic analysis indicates that the
ammoniation reactions are feasible below ~342 °C (Na) and ~301 °C (K), whereas
amide decomposition to regenerate Na/K becomes favorable above ~275 °C (NaNHz)
and ~252 °C (KNHz2) under relevant gas atmospheres. Moreover, at sufficiently high
temperatures, the Gibbs free energy for amide decomposition can be more favorable
than direct NHs decomposition, suggesting a stronger driving force for hydrogen
generation via the looping route. Experimental characterization (e.g., XRD/FTIR
before and after reaction) supports room-temperature ammoniation to form amides
and high-temperature amide decomposition to regenerate the metals. Adding MnN
accelerates both stages, increasing hydrogen production rates by more than an order of
magnitude relative to the pure amides under comparable conditions, as shown in Figure
14a-d.
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Figure 14. (a) Schematic scheme of CLADH with the use of alkali metals and all the
corresponding pairs of alkali metals and amides; (b) Thermodynamics of CLADH. The solid
curves are the temperature dependence of Gibbs free energy (a—g) of the degradation of NaNH,
and KNHj;; (¢—d) Temperature dependence of hydrogen production rates of CLADH [22]; The
Arrhenius plot of the temperature-dependent rate of hydrogen production over NaNH, and
KNH; with or without MnN; (e) CLADH process on the production of hydrogen and the storage
of solar energy [163].

With MnN addition, hydrogen production was observed at temperatures as low as
~275-300 °C, consistent with a large decrease in apparent activation energy. At 400
°C, MnN-KNH: produced H: at ~0.65 mmol g™! min™' (=59 X faster than KNH:), and
at 425 °C MnN-NaNH- reached ~0.54 mmol g min™ (=54 x faster than NaNH>).
The apparent activation energies decreased to ~67.3 and ~75.7 kJ mol™ for KNH:
and NaNH:, respectively, indicating a strong MnN—amide synergy. Under optimized

81



Energy Storage and Conversion 2025, 3(4), 3826.

CLADH conditions, near-complete amide conversion was achieved (<99% for KNH-
at 400 °C and ~98% for NaNH: at 425 °C). By contrast, when MnN—amide materials
are evaluated under conventional thermal catalytic NHs decomposition conditions (i.e.,
without operating the full looping sequence), much lower net conversion is observed
(reported as ~7% and ~13%), highlighting that the high performance is specific to the
looping pathway, as shown in Figure 14e [22,163,164].

6. Conclusion

Alkali and alkaline-earth metal hydrides, amides, and imides have emerged as
a versatile materials family for ammonia synthesis and decomposition, not merely as
inert supports or promoters but as dynamic participants that store, transfer, and activate
hydrogen and nitrogen. Across the studies reviewed here, a common theme is that
these materials enable reaction pathways that differ from classical transition-metal
surface chemistry: lattice hydride and interfacial hydride/electron transfer can facilitate
heterolytic H: activation, stabilize reactive NxHy intermediates, and, in favourable
cases, relax scaling constraints that limit metal-only catalysts. These features underpin
advances in thermocatalytic ammonia synthesis using hydride/oxyhydride/complex
hydride phases, photo-assisted routes in which hydrides generate long-lived charge
carriers that promote nitrogen conversion, and chemical-looping schemes that separate
nitrogen fixation and hydrogenation to reduce competitive adsorption and tune
thermodynamic driving forces. For ammonia decomposition, amide/imide chemistry
and looping-type concepts offer promising routes to COx-free hydrogen, with the
additional advantage that operating modes can be designed to manage equilibrium
limitations and mitigate residual NHs when paired with suitable purification strategies.

Despite clear progress, several barriers must be addressed to translate
hydride/amide/imide-enabled chemistry into practical, scalable technologies. First,
many of these materials are highly sensitive to air and moisture, and their long-term
stability under realistic feeds (including trace contaminants) and repeated thermal
cycling remains insufficiently understood. Second, performance often depends on
evolving multiphase microstructures and interfaces (e.g., metal-hydride contacts,
nitride/amide gradients, segregating promoters), yet these dynamic features are rarely
controlled deliberately, leading to variability in activity and deactivation through
sintering, phase separation, volatilization of carriers, or loss of active interfacial area.
Third, while chemical-looping approaches demonstrate compelling thermodynamic
and kinetic advantages, overall process efficiency will hinge on integrating fast
solid-state transport, rapid gas—solid reaction steps, and energy-efficient heat
management at scale. Finally, mechanistic interpretations are frequently inferred from
ex situ characterization; robust operando evidence is still limited for key steps such as
Nz activation sites, hydride migration pathways, and the identity of dominant NxHy
intermediates under working conditions.

Future research should therefore prioritize four directions. (1) Stabilize materials
and interfaces: develop protective architectures (core—shells, passivation layers that
remain permeable to H2/N2/NHs), compositional tuning to suppress volatility, and
supports/porous scaffolds that preserve interfacial contact and resist sintering. (2)
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Mechanism-resolved design: combine isotopic labeling with operando spectroscopy
and diffraction (e.g., in situ XRD/neutron methods, XAS, DRIFTS/IR, solid-state
NMR where feasible) to quantify hydride and nitrogen mobility, identify rate-limiting
steps, and distinguish true catalytic cycles from stoichiometric conversion. (3)
Rational promotion and microstructure control: move beyond empirical promoter
selection by mapping how alkali/alkaline-earth species, transition metals, and defects
(vacancies, colour centres, oxyhydride composition) control electron/hydride transfer
and adsorption energetics; design catalysts where the active phase and the active
interface are engineered reproducibly. (4) Process and reactor integration: for
thermocatalysis, couple catalysts to intensified reactors and downstream purification
tailored to ultra-low residual NHs; for photo-assisted routes, improve light harvesting
and charge utilization while quantifying solar-to-chemical efficiencies; for chemical
looping, optimize cycle scheduling, particle engineering, and heat integration, and
evaluate system-level metrics (energy efficiency, durability, safety, and cost) against
incumbent Haber—Bosch and conventional cracking.

Overall, hydride/amide/imide chemistry provides a powerful framework for
rethinking ammonia as both a product and an energy vector. Continued progress
will require aligning fundamental mechanistic insight with materials stabilization and
process engineering so that the most promising laboratory demonstrations evolve
into robust, efficient, and scalable platforms for low-carbon ammonia production and
COx-free hydrogen delivery.
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Abstract: Energy supply is fundamental to modern society, yet its current reliance on fossil
fuels is a major contributor to global warming. A transition to renewable energy is therefore
critical, offering both climate mitigation and economic opportunities. Biogas is a particularly
effective renewable source, addressing energy needs and waste management simultaneously by
converting organic matter into clean fuel. Production occurs through a four-stage anaerobic
digestion process, influenced by parameters such as temperature, pH, C/N ratio, retention time,
mixing, and moisture. Pretreatment methods can significantly enhance efficiency and yield.
For lignocellulosic materials, sodium hydroxide is a common chemical choice, while biological
pretreatment offers a low-energy alternative. Among additives, zero-valent iron nanoparticles
have shown considerable promise. This article aims to identify optimal conditions to make
biogas production more cost-effective. Synthesized studies indicate that maximum biogas
yield is achieved by: reducing feedstock particle size, maintaining an inlet concentration near
8%, applying a ratio of 25, ensuring neutral pH, and operating at mesophilic temperatures. A
key finding is that pretreatment effectiveness is not universal; it is highly dependent on the
specific feedstock and digestion conditions. In conclusion, biogas exemplifies the potential
of renewables to create a more sustainable and resilient energy system. By optimizing its
production, we can advance toward a greener future that reduces environmental impact while

supporting economic growth.

Keywords: energy crisis; biogas; pre-treatment; optimal state; production; nanoparticles;

anaerobic digestion

1. Introduction

The main cause of the energy crisis in society is the need to change the pattern of
energy consumption and strive for sustainability. Despite the increasing energy demand,
fossil fuel resources are depleting, and they currently account for approximately 85% of
the world’s primary energy consumption [1]. Fuel consumption occurs at a much faster
rate than the time it takes for production and replenishment, leading to a rapid depletion
of resources. Moreover, the use of these fuels results in the release of greenhouse gases,
the most significant impact of which is the rising global temperature, posing a threat to
human well-being. The consequences of this temperature increase can be multiple and
devastating, necessitating society to take action to mitigate the upward trend.

With the growing human impact on the environment and the advancement of

societal structures, waste management has become a crucial consideration. Inefficient
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waste disposal practices can result in unpleasant odors, pose risks to human health, and
contribute to surface and groundwater pollution [2]. While there are various methods
available for waste disposal, the most effective approach is to transform this challenge
into an opportunity, aligning with the primary development policy in many countries.
Anaerobic digestion (AD) has emerged as the most favorable and efficient method
for waste management and addressing global warming concerns [3]. Considering its
economic, environmental, and social benefits, anaerobic digestion stands out as the
most promising solution [4]. Anaerobic digestion has significant potential due to its
ability to utilize a wide range of resources and its minimal carbon emissions during
the production process [5]. The process of anaerobic digestion can generate various
forms of energy, including heat, electricity, and transportation fuel, utilizing renewable
sources [6]. In general, biomass resources can be categorized into five main groups
(Figure 1) [7]:

- Urban solid waste;

- Animal waste;

- Agricultural waste;

- Urban sewage;

- Industrial waste.

Figure 1. Biomass sources for biogas production.

The biogas industry has its unique characteristics in different parts of the world
due to the availability of primary resources. Switzerland and Sweden primarily obtain
a significant portion of biogas through the decomposition of wastewater. On the
other hand, Denmark, Germany, and Great Britain utilize more food waste due to the
abundance and accessibility of animal manure [8]. Lignocellulosic materials serve as
one of the most valuable sources of organic materials for biogas production. These
materials are widely available in agricultural and industrial wastes and represent a

renewable resource that is more cost-effective compared to other organic materials.
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Agricultural biomass undergoes a short time lag, resulting in a low biogas yield. To
enhance its productivity and efficiency, pre-treatment is necessary before subjecting it
to anaerobic digestion [9]. The digestion of cellulose in biomass is mainly hindered by
factors such as the presence of lignin, cellulose crystallinity, and particle size [10].

To enhance the absorption of carbohydrates in lignocellulosic biomass during
fermentation processes, it is crucial to decrease the rigidity of the cell fiber, leading
to the breakdown of lignin and the hydrolysis of cellulose and hemicellulose. This
ultimately results in the conversion of these components into polysaccharides and
monomers. Consequently, pretreatments involving physical, chemical, or biological
methods may be required to facilitate the hydrolysis of lignocellulosic constituents [11].

However, there is no consensus on the most appropriate type of pretreatment
for lignocellulosic waste applications, as their effects may vary depending on
the source [12]. The rate of biogas production is influenced by various factors
including the type of pretreatment utilized, operating conditions, bed type, and AD
parameters [13]. Other factors such as reactor type, feed material composition,
concentration, temperature, pH, C/N ratio, residence time, stirring, and moisture
percentage also impact the biogas yield [14]. The objective is to achieve the optimal
biogas production rate while considering the aforementioned factors. The production
cost of biogas can be reduced and made more economical by increasing the amount
of biogas generated. Optimization techniques can lead to a 57% increase in biogas
performance [15]. Therefore, it is essential to search for the ideal conditions and the

best pretreatment methods to achieve the maximum yield of biogas.

2. Biogas

Biogas is the gas generated during the anaerobic digestion of biomass waste,
including animal waste, plant residues, sewage, urban and human solid waste, industrial
waste, and agricultural waste [16]. The anaerobic digestion process involves four
stages in which different bacteria interact with each other [17]. These stages include
hydrolysis, acidogenesis, acetogenesis, and methanogenesis. First step: To harness
the energy contained within biomass, it is necessary to first convert long molecular
chains into smaller units or monomers that can be easily decomposed by bacteria. This
process, known as hydrolysis, involves breaking down these chains and dissolving
smaller molecules in a solution. Hydrolysis plays a crucial role in anaerobic digestion as
it is the initial step in converting complex organic molecules into simple sugars, amino
acids, and fatty acids [18].

The second stage involves the biological process of acidogenesis, which leads
to the further decomposition of the remaining components through the activity of
acid-producing bacteria. During this stage, certain components from the previous stage,
such as acetate and hydrogen, can be directly utilized by methanogens. However, there
are also volatile fatty acids (VFAs) with longer chain lengths than acetate, which require
conversion into compounds that are directly usable by methanogens. The acidification
stage exhibits a rich microbial diversity. During the process of hydrolysis, a majority
of the bacteria involved also contribute to acidification. Additional bacteria from
the genera Enterobacterium, Streptococcus, and Eubacterium are also involved in the
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acidification process [19]. It is important to maintain a pH level above six during
acidification to optimize the conversion process [20].

Third stage: During the steatogenesis phase (stratigraphy), the steatogenic bacteria
interact with newly formed compounds, resulting in the production of acetic acid,
carbon dioxide, and hydrogen. Microbial species such as Clostridium, Syntrophus,
Syntrophomonas, and Syntro-bacteria have been found to contribute to the osteogenesis
process [19]. Fourth stage: In the methanogenesis stage, methanogens utilise
the by-products generated from the preceding stages (acetic acid, carbon dioxide,
and hydrogen) and convert them into methane, carbon dioxide, and water [17].
Methanogenesis is sensitive to pH levels, with optimal conditions occurring between
6 and 8.5. This process involves two distinct groups of bacteria: hydrogenotrophic
bacteria, which facilitate the anaerobic oxidation of hydrogen, and acetoclastic
bacteria, which facilitate the anaerobic conversion of acetic acid, resulting in the
production of methane and carbon dioxide [21]. The synergistic interaction between
the acidogenic bacteria and methanogens renders the entire biogas production process

thermodynamically efficient [22]. Figure 2 illustrates the four stages of biogas

production.
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Figure 2. Wood lignocellulosic biomass (WLB) degradation processing.

The components of biogas include H,O, N, O,, H,S, NH3, and CO, [23]. The
composition of biogas typically consists of 50-70% methane and 30-50% carbon
dioxide [24]. This renewable energy source is produced from abundant raw materials,

making it a cost-effective option with significant economic value [25]. Additionally,
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the waste generated from the anaerobic digestion process serves as fertilizer, enhancing
agricultural fertility while reducing the need for chemical pesticides [26].

2.1. Biogas applications

Biogas serves as a versatile energy carrier with critical applications across multiple
sectors, underpinning its role in the transition to a sustainable energy system. Its
primary uses can be categorized into three key areas: power generation, thermal
energy production, and the provision of renewable fuel. When purified to biomethane
(typically >95% methane content) through upgrading processes, biogas becomes fully
compatible with existing natural gas infrastructure. This allows for its direct injection
into the national gas grid. Consequently, biomethane can be utilized for household and
industrial heating, electricity generation in gas-fired power plants, or as a high-quality
vehicle fuel in the form of compressed natural gas (CNG). A distinct advantage of
biomethane is its storability, which provides essential flexibility to balance supply and
demand within the energy system [27].

The conversion of biogas into electricity via internal combustion engines, gas
turbines, or fuel cells represents one of its most widespread and rapidly growing
applications globally. This pathway delivers significant environmental benefits by
simultaneously displacing fossil fuel-based power and mitigating greenhouse gas
emissions. Crucially, it captures methane—a potent greenhouse gas—that would
otherwise be released from the anaerobic decomposition of organic waste, thereby
contributing to climate change mitigation and improved waste management.

Biogas can be used directly for thermal applications in boilers, furnaces, or in
combined heat and power (CHP) systems. In such processes, a substantial portion
of the biogas’s chemical energy is efficiently converted into usable heat for industrial
processes, space heating, or drying applications [28]. Direct thermal use, especially
when implemented near the production site, offers a highly efficient and cost-effective
energy solution. In summary, the diverse applications of biogas transform it from a
simple waste treatment technology into an integrated, circular solution that addresses

energy security, waste valorization, and environmental sustainability concurrently.

2.2. Characteristics of biogas

The calorific value of biogas is 0.8 times that of natural gas, and it diffuses in the
air at a rate of 40 cm/s [24]. The calorific value and flammability of biogas depend on
the methane content; if the amount of carbon dioxide exceeds 50%, biogas will not be
flammable [25]. Removing carbon dioxide is the most costly stage in biogas production.
As the CO; content increases, the amount of CHy decreases, resulting in a decrease in
the calorific value and flame stability of biogas. When used directly, this can lead to
issues such as unstable combustion and low heat intensity [26].

Biogas has a thermal energy content of 36.7 MJ/m3>. When converted into
electricity using existing engines, it can yield approximately 2 kW of electricity per
cubic meter [27]. Methane gas, which is obtained from biogas, possesses a high octane
number and low carbon content. As compared to fossil fuels, it remarkably reduces the
emission of pollutant gases [28].
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2.3. Types of anaerobic fermentation digesters

There are various factors to consider when selecting a digestion method, including
the execution environment, retention time, properties of the raw material, and available
equipment [29]. In terms of removing organic matter, two main methods are commonly
used: aerobic digestion and anaerobic digestion. Aerobic digestion results in the
production of water and carbon dioxide as byproducts. On the other hand, anaerobic
digestion (AD) produces methane, carbon dioxide, and a small amount of other gases.
The proportions of these gases can vary depending on the type, properties, and quantity
of the raw material [30]. Anaerobic digestion can be further categorized into solid
(HS-AD) digestion and liquid (L-AD) digestion.

In solid-state anaerobic digestion, the dry matter content is typically above 15%,
while in liquid-state anaerobic digestion, it is less than 10%. It has been observed that
the production of methane increases significantly in the case of liquid digestion [31].
Comparing the liquid anaerobic digestion mode to the solid anaerobic digestion mode,
the amount of methane produced is 13.6% higher in the former, which can be attributed
to the optimal carbon-to-nitrogen (C/N) ratio in the liquid mode. However, it is
worth noting that the hydrothermal slurry anaerobic digestion (HS-AD) method offers
advantages over the liquid anaerobic digestion (L-AD) method, including smaller
reactor dimensions, lower cost, minimal nutrient loss, reduced water consumption,
and lower maintenance cost [32]. Anaerobic digestion can be conducted using either
a single-stage or a two-stage process. In the single-stage method, all the necessary
processes for methane production, as well as the destruction of organic compounds, are
carried out in a single stage. On the other hand, the two-stage process involves the
hydrolysis of organic compounds and the production of volatile fatty acids and H; in
the first stage, followed by the production of methane in the second stage.

It has been observed that under both aerobic and anaerobic conditions, the
hydrolysis process is more efficient when conducted in a two-stage system. This
enhanced efficiency leads to an improved yield of methane [33].

When loading substances into the digester, it is possible to use a single material
or a combination of multiple materials. However, a digester tends to be more efficient
when loaded with several materials. This is because the efficiency of the digestion

process increases, leading to accelerated degradation rates [34-36].

3. Types of biogas production digester models

3.1. Biogas production device with buoyancy gas chamber

This type of storage system, commonly referred to as the ”Indian model,” utilizes
a floating cap tank to store gas. The tank moves up and down in response to changes
in gas pressure, ensuring a consistent output pressure. However, this system requires
regular maintenance, and ensuring a proper seal on the tank is crucial. Additionally,
this model is not well-suited for cold regions due to high-temperature loss from the gas

storage tank.
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3.2. Biogas production device with fixed tank

This is known as the Chinese model, which has gained importance and efficiency
due to its underground location. It offers advantages such as space-saving, minimal

space requirements, heat stabilization, and resistance to cold regions.

3.3. Ideal conditions for the growth of bacteria and enzymes

Bacteria are the main factor in biogas production and it is necessary to provide
optimal conditions to accelerate the process and increase the amount of biogas produced.
Critical variables in biogas power plants include temperature, pH, C/N ratio, retention
time, mixing, moisture percentage, particle size, digestion concentration microbial

activity, hydrolysis rate, and biomass degradation degree [37].
3.3.1. Temperature

Temperature is a crucial factor in anaerobic digestive as it impacts enzyme activity
and methane production yield [38]. Significant temperature drops, exceeding 2 degrees
Celsius, have a decisive effect on gas production [39]. Rapid temperature fluctuations
disrupt bacterial activity [40]. When the temperature falls below 30 °C, the digestion
environment becomes acidic. Conversely, when the temperature surpasses 60 °C,
the activity of microorganisms involved in digestion decreases and eventually ceases.
The most optimal temperature from both technical and economic perspectives is the
mesophilic temperature range, as it promotes stability in the digester [41]. Research
has shown that the highest methane production occurs under mesophilic conditions [42].
Increasing the temperature in the anaerobic digestion (AD) process of biomass can lead
to an increase in methane production [43]. Temperature plays a critical role in the
separation and decomposition of solid materials, with better decomposition occurring
at thermophilic temperatures compared to lower, cold-loving temperatures [44].

The production of biogas is significantly higher under thermophilic temperatures
(55 °C) compared to cold temperatures (15 °C) [45]. This is because the endothermic
digestion process leads to faster methane gas extraction, resulting in a shorter retention
time. Therefore, thermophilic temperatures can be used in cases where there are
limitations in the amount or size of the digester [46]. Furthermore, the inhibition
of the system by ammonia in thermophilic digestion is less than in cryophilic
digestion [47]. However, it’s important to note that while there are several advantages to
thermophilic conditions, they are more sensitive to environmental changes compared
to mesophilic conditions [48]. Failure in the thermophilic process occurs when the
temperature changes by more than one degree Celsius per day. To maintain stable
anaerobic digestion, the temperature changes should be limited to less than 0.6 °C
per day [38]. Additionally, biogas production is higher in mesophilic conditions
compared to thermophilic conditions, attributed to the additional formation of volatile
fatty acids [49].

3.3.2. pH and VFA

The optimal pH for biogas production is around neutral, ranging from 6.5 to 7.5.
If the pH falls outside the range of 6 to 8, it can be detrimental to methanogenic bacteria

and can lead to a decrease in biogas production [50]. It also hampers the production of
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biogas and results in the accumulation of more acids [40]. Acidification of the digester
significantly hinders further conversion of organic materials [S1]. A pH of 6.5 or lower
causes a significant decrease in the activity of microorganisms [52]. When the pH
drops below 6, the percentage of methane in biogas decreases to less than 50%, making
it non-flammable [53]. If the pH level of the environment decreases to less than 5.5,
the bacteria become inactive [54]. VFAs determine the pH of the environment and are
one of the most important parameters affecting AD [31]. The number of bacteria can

be controlled by acid-producing bacteria and pH control [55,56].
3.3.3. C/N ratio

The performance of anaerobic digestion is significantly influenced by the C/N
ratio [57]. To ensure stable anaerobic digestion in the long term, it is important to
maintain a balanced C/N ratio [31]. The optimal C/N value for anaerobic digestion of
mixed waste can be achieved by mixing carbon-rich waste streams with nitrogen-rich
substrates such as food waste (FW) and cow manure (CM) [58]. Studies have reported
the ideal C/N ratio for anaerobic digestion to be in the range of 21-31 [59, 60].
Maintaining a C/N ratio of 25-30 is recommended to keep the solution at a neutral pH
(pH = 7) and produce biogas with approximately 70% methane content [53]. Some
researchers have suggested using a lower C/N ratio than the optimal value as it is
more effective for biogas production [52]. If the amount of carbon (C) is lower than
the desired level, excess nitrogen (N) is stored in the digester, resulting in toxicity to
the bacteria. This can lead to a high mortality rate among the bacteria. On the other
hand, if the amount of nitrogen is insufficient, the microorganisms will not be able to
survive due to a decrease in the available food source. In one study involving anaerobic
digestion of three organic materials (dairy waste, chicken manure, and wheat straw), it
was found that the highest methane production occurred at a C/N ratio of 27.2, with a

constant pH and low cumulative ammonia concentration [61].
3.3.4. Time left

The retention time in a biogas production system is directly related to the amount
of biogas produced. A longer retention time and a high rate of organic compounds
result in an increased methane yield. Typically, the recommended retention time in
such systems is between 30 and 50 days [62]. Over time, the amount of biogas produced
will increase, but at a decreasing rate. While the overall biogas production increases, it
may not be economically efficient in terms of the energy and time invested due to the

diminishing returns.
3.3.5. Mixing

The purpose of mixing materials in the digester is to distribute nutrients within the
digester [63], prevent the accumulation of sediment in the loaded materials, achieve
uniform temperature throughout the digester, prevent foam formation, and aid in the
release of biogas from the materials [64, 65]. Depending on the type of mixer used,
the required energy for mixing can be reduced by up to 70% [66]. To enhance the
methane production efficiency of biogas, some of the output material from the digester
can be recycled back into the input [67]. Research has demonstrated that increasing the

stirring speed results in a decrease in mixing time [68]. Paddle stirrers are suitable for
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very viscous fluid and are very common to avoid floating layers. In addition, paddle
mixers with slow speed are more efficient in energy consumption compared to floating

mixers with high speed [69].
3.3.6. Percentage of moisture

Changes in humidity levels have a direct impact on gas production [70]. For
optimal anaerobic fermentation in a biogas system, the ideal solid concentration is
around 7-9%. Increasing the total solids (TS) content by 2—8% can result in a higher
biogas yield, while a TS of 10% or higher may lead to a decrease in biogas production.
When the TS level reaches 8%, the performance can be 1.5 times higher compared to a
TS level of 5% [46]. However, it’s important to note that higher TS levels can lead to
an increase in volatile fatty acids (VFA) and a slight decrease in methane yield.

3.4. Ammonia

Ammonia is produced through the biological decomposition of organic matter and
is commonly found in two forms: NH+4 and free ammonia (NH3) [71]. It serves as an
important growth factor for bacteria, although high concentrations of ammonia can be
toxic to them [72]. Ammonia plays a crucial role in balancing the C/N ratio, and it can
significantly impact the performance of anaerobic digestion (AD) by neutralizing the
volatile fatty acids (VFA) generated during the process [61,73]. However, excessive
ammonia levels can hinder biogas production, cause digestion failures, and result in the

release of ammonia into wastewater [74].

3.5. Long fatty acids

Biodegradation of long-chain fatty acids (LCFA) is the step that determines the rate
of anaerobic digestion. The rate of degradation is limited by the initial concentration of
LCFA, and when the concentration is too high, anaerobic digestion can fail [75]. The
inhibition of the system by saturated fatty acids becomes more intense as the number of
double bonds and chain length increase [76]. Food waste contains a significant amount
of fat, with a concentration of about 5 g/L [77,78].

4. Pre-treatment of biogas

After applying the parameters mentioned by the researchers, pretreatment is
employed to enhance the competitiveness of the anaerobic digestion process. This
approach accelerates and boosts the production rate of the process by utilizing the
decomposition of organic materials [79, 80]. Lignocellulose typically possesses a
resistant structure, but with the application of pretreatment, it becomes feasible
to hydrolyze cellulose and hemicellulose, resulting in the conversion of polymeric
carbohydrates into fermentable monomers. The analysis further investigates the extent
of biogas production [81]. Previous studies have shown that the implementation
of pretreatment increases the methane yield of LBs and decreases the digestion
period [82,83]. Recent experiments have demonstrated that pretreatment techniques
enhance the process of dairy manure fermentation, leading to a significant increase

in biogas production (up to 2 to 3 times) [84, 85]. These pretreatment methods
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can be categorized into three main groups: physical (such as mechanical, thermal,
and ultrasonic treatments), chemical (including acidic and alkaline methods), and
biological pretreatment (involving the use of enzymes, fungal and microbial consortium

pretreatment, microaerobic processes, and ensiling).

4.1. Mechanical pretreatment

Mechanical pretreatment is commonly employed before chemical and microbial
pretreatment to achieve a synergistic effect [86]. Mechanical pretreatment involves
crushing, which has two positive impacts on digestion performance. Firstly, it enhances
methane production efficiency by expediting the reaction, primarily through an increase
in specific surface area, thereby facilitating the digestion of LBs [87]. Secondly, it
improves biomethane production efficiency by breaking down the complex structure
and altering the morphology of LBs, including crystallinity, thus enhancing LBs'
biodegradability [88]. For instance, researchers observed a 43% increase in methane
yield by reducing the particle size of ley crop silage from 2 to 0.125 mm [88]. In a
study, it was found that the consumption rate coefficient doubled when the average
particle size decreased from 2.14 mm to 1.02 mm [31]. This indicates that reducing
particle size can increase the biodegradability of LBs. When particle size is smaller, the
digestion time is shortened, resulting in faster decomposition [89]. However, excessive
mechanical pretreatment (such as excessive particle size reduction) may not favor
methane production due to the accumulation of VFAs. This can lead to a deterioration
in digestion performance [90] and a negative net energy output [88]. Another study
reported a proportional decrease in methane production with a decrease in particle size
of sunflower seed processing waste. The highest methane yield was observed when the
particle size was between 1.4 and 2.0 mm [91].

4.2. Chemical pretreatments

Chemical pretreatments are commonly employed for the digestion of LBs [92].
These pretreatments mainly involve alkaline and acid treatments. Alkaline pretreatment
aims to reduce cellulose crystallinity and lignin content by means of hydrolysis,
consequently enhancing the porosity of LBs. This increased porosity facilitates the
digestion process by microorganisms, making it the most widely utilized pretreatment
method [87]. Typical chemical pretreatments include the addition of reagents such as
ammonia fiber explosion, CO; explosion, as well as acidic and alkaline separation [93].
Figure 3 illustrates the mechanism of alkaline pretreatment on LBs. The decomposition
of LBs is challenging due to the presence of two crucial chemical bonds. The first bond
is the hydrogen bond between lignin and polysaccharides, while the second bond is the
ether-ester bond between hemicellulose and cellulose. These bonds are broken by OH

produced by the alkaline precursor, which leads to easier decomposition of LBs [87].
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Figure 3. Mechanism of alkaline pretreatment: (a) Reaction mechanism between lignin and
OH; (b) Reaction mechanism between lignin complex and OH [89].

After applying a pretreatment of 10% CaO, researchers observed an 11.99%
increase in methane production [94]. For the acid peeling method, sugarcane bagasse
was treated with hydrochloric acid (HCl 0.63 M) for a reaction time of 6.4 min at
a temperature of 136 °C. After 30 days of incubation under mesophilic conditions
(35 °C), 122.2 mL CH4.g~' biomass was obtained [95]. Bases such as NaOH,
potassium hydroxide (KOH), calcium hydroxide (Ca(OH);), or ammonium hydroxide
(NH4OH) help increase the porosity of the materials and reduce the degree of lignin
polymerization [96]. This leads to the dissolution of lignin and makes hemicellulose
more susceptible to enzymatic attack by microbes, resulting in a higher rate of
biogas production [96,97]. Alkaline pretreatment using sodium hydroxide (NaOH) is
one of the most widely used thermochemical methods for pretreating lignocellulosic
biomass [98]. During anaerobic digestion (AD), lignin can be a potential inhibitor
to microorganisms. For instance, when the dissolved lignin concentration reaches
1.0 g/L, the hydrolysis efficiency can decrease by 25% [99]. Zhu et al. reported a
significant increase in biogas yields, up to 57%, with an 8% NaOH pretreatment at
175 °C. The removal of lignin was considered the main contributing factor to this
improvement [100]. Silica is another factor that inhibits the digestion of cellulosic
materials [101, 102]. After NaOH pretreatment, the silica content was reduced by
88.7%, resulting in increased biodegradability of lignocellulosic biomass [86]. In
another study, the pretreatment of raw materials with NaOH showed improved efficacy
compared to untreated raw materials. reported a 111.6% increase in methane production
from wheat straw pretreated with NaOH (4% NaOH at 37 °C for 120 h) [103].

Acidic pretreatment involves the addition of acid to the digester, and the acid used
can include H,SO4, HCI, H,0,, and CH3COOH. This pretreatment method is mainly
targeted at dissolving hemicellulose, which is one of the components of lignocellulosic
biomass (LBs). The acid breaks down the hemicellulose, resulting in significant changes
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in the biodegradation of LBs. However, it’s worth noting that acidic pretreatment
generally has lower performance compared to alkaline pretreatment, even when using
the same molar concentration of acid. This is primarily because acidic pretreatment has
a limited effect on the structure of LBs. The acids, whether organic or inorganic, convert
the hydrogen bonds between cellulose chains into a completely amorphous state. As a
result, the cellulose becomes more susceptible to breakdown into glucose.

In summary, while acidic pretreatment can be effective in dissolving hemicellulose,
it may not have as significant an impact on the overall structure of LBs compared to
alkaline pretreatment. Figures 4 and 5 illustrate the steps involved in the hydrolysis
of the rigid lignocellulosic structure into a simpler and more easily digestible form for
microorganisms. The two figures show that the use of inorganic acids yields better results

compared to organic acids, mainly due to their stronger nature.
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Figure 4. Simplified diagram of lignocellulosic structure and monomers formed after the
combination of cellulose and hemicellulose hydrolysis [104].
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Figure 5. Simplified scheme of lignocellulosic structure disorder after pretreatment [104].
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In a study comparing the effects of H,SO4, HyO,, HCIl, and CH3;COOH
pretreatments on rice straw, it was found that the biogas yield followed the order
of 3% H,O, > 2% H)SO4 > 2% HCl > 4% CH3COOH. This indicates that
pretreatment with hydrogen peroxide (H,O;) had the highest biogas production
potential, followed by sulfuric acid (H,SOj4), hydrochloric acid (HCI), and acetic
acid (CH3COOH) respectively. However, it is generally observed that organic acid
pretreatment at low concentrations may not yield satisfactory results in terms of biogas
production. On the other hand, high concentrations of organic acid pretreatment can
lead to the loss of a significant amount of dry matter, which can be detrimental to
anaerobic digestion (AD) processes. This suggests that finding the right balance and
optimal conditions for pretreatment is crucial for efficient biogas production from

lignocellulosic materials [105].

4.3. Thermal treatment methods

Heat treatment is a process that involves applying heat to substrates, which leads
to deflocculation of macromolecules. This deflocculation occurs due to the increased
surface area of the substrates. As a result, the degradation of complex compounds
is improved, leading to an increase in soluble organic matter. Additionally, heat
treatment interacts with the microbial population, facilitating a greater conversion of
organic matter to biomethane [106]. Some recent studies have suggested that anaerobic
digestion may not be economically viable when thermal pretreatments are used [107].
However, it is possible to make anaerobic digestion profitable through a series of
operations that include increasing energy efficiency, enhancing operational capacity,
and utilizing technological advancements [108]. These measures can contribute to
ensuring the economic feasibility of anaerobic digestion with thermal pretreatment.

Substrate thermal pretreatment methods such as autoclaving, hot water baths,
ovens (hot air ovens), and microwaving are used to keep the substrate warm [109].
In hot water baths, ovens, and autoclaves, heat is transferred through hot water, hot
air, and steam, respectively. The optimal temperature ranges for hot air, microwave,
autoclave, and hot water bath are 90-170 °C, 140-200 °C, 90-175 °C, and 90-100
°C, respectively. All thermal pretreatments have a positive effect on the dissolution
of lignocellulosic biomass (LBs). However, it should be noted that high temperatures
above 150 °C can cause the decomposition of lignin into phenolic compounds, which

are toxic to microorganisms in anaerobic digestion (AD) [86].

4.4. Biological treatment methods

In addition to modifying the biomass structure, biological pretreatment
methods have been shown to enhance methane yield through simultaneous digestion
mechanisms [103]. This method offers several advantages, including low energy
consumption [110] and environmental compatibility [111], which make it a promising
approach.

Biological pretreatment can be achieved through microbial or enzymatic
methods [86]. Microbial pretreatment is a commonly used approach, where fungi
are capable of secreting cellulases, hemicellulases, and ligninase [112]. Enzymes
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play a crucial role in modifying the lignin structure (such as the guaiacyl/sinapyl
ratio), increasing material porosity, reducing cellulose crystallinity, and altering

hemicellulose structure [113].

4.5. Combined pretreatment

Combined pretreatment methods include both physical and chemical changes and

are usually more efficient than physical pretreatment or chemical pretreatment.

4.6. Heat-alkaline pretreatment

Since mixed cultures have a greater ability to break down lignocellulosic enzymes
compared to single cultures, they were initially considered more effective. However,
studies have shown that the pretreatment time required for mixed cultures is much
longer compared to physical or chemical pretreatment methods. Mixed culture
pretreatments can take several days or even weeks, although some are shorter than
monoculture pretreatments [114]. Furthermore, the microbial structure of mixed
cultures can change over time, potentially reducing their degradation ability. The
ultimate advantage of monoculture pretreatment over mixed culture pretreatment
is the ease of controlling growth conditions in a monoculture [115]. Alkaline
or thermal-alkaline pretreatments initially focus on lignin removal followed by
hemicellulose breakdown. The extent of cellulose degradation depends on various
factors including the pretreatment type, raw materials, and methodology employed.
Thermal-alkaline pretreatment offers advantages such as high buffering capacity,
dissolution of COD, and delayering, thereby enhancing the performance of the
anaerobic digestion (AD) process. Previous research indicates that thermal-alkaline
pretreatment at 150 degrees Celsius with 1% NaOH is a more viable and cost-effective
option [13,116]. Thermochemical pretreatment, which combines thermal and chemical

methods, has been recognized as a highly beneficial pretreatment approach [19].

5. Nanoparticles for biogas production

Many nanoparticles are added as additives to the process, which can generally be

divided into three categories:

(1) Zero valent iron nanoparticles (ZVI);
(2) Metal nanoparticles and metal oxide;
(3) Carbon-based nanoparticles.

5.1. Nanoparticles of zero-valent iron (ZVI)

Iron, also known as zero iron, can enhance the hydrolysis process in anaerobic
digestion by acting as an electron donor [117]. Iron nanoparticles are unstable
and gradually release iron ions, thereby promoting the activity of methanogenic
microorganisms [118]. The introduction of iron has been shown to stimulate
and stabilize the anaerobic digester, leading to improved performance in biogas
production [119]. However, it should be noted that while the addition of iron
nanoparticles initially increased biogas production within the first 48 h, excessively

high concentrations resulted in bacteria poisoning and ultimately led to a decline in
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biogas production [120]. The increase in biomethane production with the presence of
iron nanoparticles can be attributed to the effect on the conditions of methanogenic
microorganisms through the control of pH, the amount of volatile fatty acids, and the

concentration of ammonia nitrogen [121].

5.2. Metal nanoparticles and metal oxides

Metals, as essential nutrients, play a crucial role in the efficiency and stability
of agricultural biodigesters [122]. The incorporation of metal elements into anaerobic
digestion can significantly enhance its performance. Apart from the essential elements
found in food (N, O, H, and C), bacteria require metal elements such as metal ions
(Al, Ca, Mg, K, and Na) and heavy ions (Ni, Zn, Cu, Co, Cr) to carry out aerobic
processes [123]. Moreover, certain metal elements like Co, Cu, Fe, and Mo, and Ni
can contribute to the stimulation and stabilization of anaerobic digestion for organic
waste materials, even at low concentrations [124]. The addition of heavy metals such
as Ni?*, Zn?", and Cu®" has been shown to improve the performance of the digester,
with Ni** at 100 ppm yielding the best biogas production [125].

When the concentration of light and heavy metals is excessively high, it inhibits the
system [38]. Zinc has a crucial role in enzymes and serves as a structural ion in the ester
exchange factor, whereas copper is essential for coenzymes and biological electron
transport [126]. In a study, the impact of four types of metal oxide nanoparticles
(TiO,, Al,O3, SiO;, ZnO) on anaerobic digestion was examined, revealing that only
ZnO had a detrimental effect on methane production, with no impact observed at low
concentrations [127].

The increase in iron and zinc oxide nanoparticles and the decrease in cobalt
oxide nanoparticles have a positive impact on methane production yield [128]. The
researchers utilized Fe;O4 nanoparticles for anaerobic digestion of urban waste and
determined the optimal dosage to be 75 g/L. They observed that if the nanoparticle
dosage exceeds this amount, methane production will decrease [129].

5.3. Carbon-based nanoparticles

All compounds that contain carbon atoms in their structure are categorized as
carbon-based nanomaterials, which are further classified based on their geometric
structure. Graphene, fullerenes, and carbon nanotubes are significant examples of
carbon-based nanoparticles used in various industries. Carbon nanotubes (CNTs)
are nanometer-sized hollow tubes made up of carbon atoms, and they can exist
as single-walled or multi-walled structures. Carbon nanotubes possess remarkable
mechanical, absorption, electronic, and thermal properties, making them highly
valuable in many industrial applications. Recently, they have also been explored for
their potential use in biogas production, which is recognized as a branch of renewable
energy.

Single-walled carbon nanotubes (SWCNTSs) are cylindrical structures composed
of a hexagonal lattice of carbon atoms. These nanomaterials play a crucial role in
facilitating direct reciprocal electron transfer (DIET) in the anaerobic digestion (AD)
process. Studies investigating the effects of SWCNTs on biogas production have
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observed an accelerated consumption of the loading materials, leading to a rapid release
of biogas and a reduction in processing time. However, the methane production yield
remains constant throughout the process [130].

Multiwalled carbon nanotubes (MWCNTs) consist of multiple layers of
nested single-walled carbon nanotubes [131]. These nanomaterials have shown
potential in enhancing biogas production through electron transfer to methanogenic
microorganisms. Another successful approach for biogas production involves the
use of ash-based nanomaterials. In a research study, the addition of ash particles
with nano/micro dimensions (obtained from a municipal solid waste incinerator) to
the anaerobic digestion (AD) digester resulted in a significant increase in biogas
production [132].

6. Analysis of technical, economic, and environmental effects

Pretreatment is vital for all types of biomass in biogas production, with cost
being a significant factor. However, an economically viable and cost-effective
pretreatment method is necessary. The primary challenge in biogas production is
implementing a specialized pretreatment process to maximize biogas fuel production.
This objective often involves mechanical pretreatment and optimizing associated
parameters. However, at large industrial scales, mechanical pretreatment can incur
high energy, operating, and maintenance costs, leading to increased overall biogas
production expenses. Consequently, combined pretreatment approaches prove more
economically feasible than single pretreatment methods for achieving efficient biogas
production. Biological pretreatment is an environmentally friendly method, although
its effectiveness is inferior to thermochemical pretreatments. Additionally, it is worth
noting that zero-valent iron nanoparticles show great promise in enhancing biogas
production. A summary of key pretreatment conditions, substrates, and corresponding

biogas yields is given in Table 1.

Table 1. Summary of Key Pretreatment Conditions, Substrates, and Corresponding Biogas
Yields.

Substrate

Pretreatment method & key conditions

Effect on biogas/methane yield

Ley crop silage
Wheat straw

Sunflower seed waste

Wheat straw

Lignocellulosic biomass

Lignocellulosic biomass

Various biomasses

Sugarcane bagasse

Mechanical: Particle size reduction (from 2 mm to 0.125 mm)
Mechanical: Particle size reduction (average size from

2.14 mm to 1.02 mm)

Mechanical: Particle size optimization (1.4-2.0 mm)
Alkaline (NaOH): 4% NaOH at 37 °C for 120 h

Alkaline (NaOH): 8% NaOH at 175 °C

Alkaline (NaOH): General pretreatment

Alkaline (Ca0O): 10% CaO pretreatment
Acidic (HCI): 0.63 M HCI, 136 °C, 6.4 min reaction time

Increased methane yield by ~43%.

Doubled the consumption rate coefficient, indicating increased
biodegradability.

Highest methane yield was observed within this particle size
range.

Increased methane production by 111.6% compared to
untreated straw.

Increased biogas yields up to 57%, primarily due to lignin
removal.

Silica content reduced by 88.7%, significantly increasing
biomass biodegradability.

Increased methane production by 11.99%.

Yielded 122.2 mL CHa per gram of volatile solids (VS) after
30 days under mesophilic digestion (35 °C).
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Table 1. Cont.

Substrate

Pretreatment method & key conditions

Effect on biogas/methane yield

Rice straw

Dairy manure

Waste Flower Straw

Pinewood

(General)

(General - Nanoparticles)

Urban waste

Comparative Acidic: 3% H20:, 2% H2SO0a4, 2% HCI, 4%
CHsCOOH

Thermal-Alkaline: 150 °C with 1% NaOH

Biogas Slurry Pretreatment

Mesophilic Aerobic Digestion (Biological)

Thermal Pretreatment: Hot air (90—170 °C), Microwave
(140-200 °C), Autoclave (90-175 °C), Hot water bath

(90-100 °C)
Additive: Zero-Valent Iron (ZVI) Nanoparticles

Additive: FesOs Nanoparticles at 75 mg/L

Biogas yield order: 3% H20: 2% H.SOs 2% HCI 4%
CH;COOH. Hydrogen peroxide pretreatment showed the
highest potential.

Identified as a more viable and cost-effective pretreatment
option, enhancing Anaerobic Digestion (AD) performance via
high buffering capacity and COD dissolution.

Enhanced biogas production characteristics in anaerobic
digestion.

An efficient and inexpensive biological pretreatment improving
biogas production from highly-recalcitrant feedstock.

All have a positive effect on dissolving lignocellulosic biomass.
Caution: Temperatures 150 °C may degrade lignin into
phenolic compounds toxic to AD microorganisms.

Enhances hydrolysis as an electron donor; stabilizes digester
and improves biogas production. Optimal concentration is
critical as excess causes bacterial inhibition.

Optimal dosage for enhanced methane production. Dosages
exceeding this level led to decreased methane yield.

7. Conclusion

Fossil fuel pollution, which supplies the largest amount of energy in the world,

is the main factor in changing the energy source towards renewable energy. The

primary sources of biogas are found in abundance in the world, and according to

the geographical location and living conditions, its type is different. According to

the two approaches presented, the source of biogas production is adopted. Several

factors, including temperature, reactor type, input concentration, input material type,

and mixing, impact biogas production. To optimize and increase the production rate,

the addition of pretreatment materials that yield positive effects is often beneficial.

However, it is essential to evaluate the economic efficiency of such pretreatments. The

ultimate objective is to reduce the overall cost of the production process while creating

favorable conditions for bacteria.

Temperature fluctuations can disrupt bacterial activity and even halt their

metabolic processes. Extensive research indicates that the most favorable temperature

conditions for efficient digestion and maximum biogas production are typically

within the mesophilic range. Maintaining stable temperature conditions within this

range is crucial for optimizing production yields. Mixing time is inversely related

to the fermentation speed and plays a vital role in preventing sedimentation within

the digester.

The carbon-to-nitrogen (C/N) ratio, commonly found to be around

25 in various studies, is a key parameter influencing microbial activity and biogas

production. While a small amount of ammonia is necessary for bacterial survival,

exceeding the recommended threshold can lead to digestive toxicity and inhibit biogas

production. It should be noted that the concentration and size of the loaded materials

should not be too low or too high; Because it will disturb the digestion process. The

economic efficiency parameter is a limiting factor that has a specific range and there

is no economic value of production outside this range. Speeding up and increasing

the amount of production, which is the main goal, can be strengthened by using
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pre-treatment. Pretreatment is the most common way to improve the AD efficiency
of LBs.

Pretreatment is a process that breaks down the rigid structure of lignocellulose,
converting it into fermentable monomers. This results in a reduction in the digestion
period and a significant increase in biogas yield (2-3 times). While physical
pretreatment is effective, it often requires high energy consumption, making it less
cost-effective. Additionally, excessive reduction during physical pretreatment can lead
to the accumulation of volatile fatty acids. On the other hand, chemical pretreatment
is considered the most efficient method for enhancing AD efficiency. However, it
has drawbacks such as potential secondary pollution and the production of toxins.
Therefore, a careful balance between effectiveness and the associated drawbacks needs
to be considered when selecting the appropriate pretreatment method. It has been
observed that among chemical pretreatments, alkaline pretreatment exhibits the highest
performance. Sodium hydroxide (NaOH) is a commonly used alkaline pretreatment
in anaerobic digestion applications. Comparatively, acidic pretreatment shows lower

performance than alkaline pretreatment when used at the same molar concentration.
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A brief look at publications in this journal, as well as many other journals
covering materials and systems for electrochemical energy conversion and storage,
confirms the impression that mostly electrochemical materials science in terms of
electrode materials, sometimes electrolytes and electrocatalysts, is at work. Once
a study of a newly developed material for a battery or supercapacitor electrode is
(barely) completed, the authors rush to report. In their enthusiastic excitement, they
frequently calculate energy and power density for a single electrode, apparently happily
clueless about the absence of single-electrode batteries and capacitors. Reporting
charge densities with specification of the explored electrode potential range would
be fine [1], and stating explicitly whether only the active material, or the complete
electrode material including binder and conductive additives, even the support and
current collector, has been included in calculating said charge density would be fine! In
case of a complete cell (the terms full cell or full battery are hardly helpful because they
commonly refer to the state of charge), the same applies. Setting up a Ragone plot for
a single electrode (material) is obviously baseless, too, but very popular. Disappointed
authors afraid to lose their chance to demonstrate the high current capabilities of their
electrode have a popular and well-established option: display the capacity, i.e., charge
storage capability, retention as a function of applied current!

The second aspect addressed in the title is experimental studies of material and
device stability. Certainly, storage and power capabilities are interesting and fascinating,
with poor performance on these points, a material is most likely of very small and limited
interest for further investigation, not to speak of development. But beyond this, the
stability of these data is of major importance. No consumer or user is going to buy a
device showing the promised performance only for a few charge/discharge cycles or a few
months. Of course, the expected number of cycles depends on the intended application.
A secondary battery for a mobile phone, which will be exchanged by the user for a
new model with even more gadgets and features after about two years (whether this is
an example of sustainability is another question, and perhaps this habit similar to fast
fashion in other fields of society and economies is indeed likely to fade sometime) is
burdened with much lower expectations than the cells for an electric vehicle or a battery
power station expected to work for ten or more years. Accordingly, an electrode (or cell)

performance stable for less than 100 cycles is hardly more than a suggestion for further
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thorough studies of the causes of the degradation and failure. Instead cycle numbers for
batteries between 1000 and 2000 should be the aim [2] as proposed by various national
and international agencies.

With supercapacitors and their materials, the situation appears to be even worse.
Manufacturers of double-layer (EDLC) capacitors claim millions of charge/discharge
cycles without hitting the generally accepted “failure limits” (20% nominal capacity
loss and/or doubling of the internal resistance). With this in mind, cycle numbers of a
few hundred or maybe 2000 are simply unrealistic or more flatly irrelevant—but are
reported nevertheless. A simple estimate suggests that running 10,000 cycles with 26 s
duration of a single cycle needs three days—an extended weekend! It is hard to imagine
serious reasons for not conducting this experiment with a simple and quite common
cycling instrument. Security concerns regarding unsupervised long-term experiments,
once thrown at the present author by another professor of physical chemistry who
glimpsed a low current electrolysis running overnight in the author’s lab, can certainly
be mitigated by running the cycling in a suitable laboratory with all safety precautions
at industry standards. The extra effort will certainly be appreciated by the scientific

community!
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