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Abstract. Combining biomass with solar and wind energy to produce electricity and hydrogen, referred to as the Solar-Wind-Biomass Hybrid
Renewable Energy System (SWB-HRES), provides optimal economic and environmental efficiency. This paper presents research findings from a case
study of SWB-HRES implemented in Hoa Bac commune, Danang City, Vietnam, utilizing HOMER software for system modeling and optimization.
The study aims to identify the optimal configuration for SWB-HRES with hydrogen production and assess its compatibility with grid-connected SWB-
HRES without hydrogen production. A detailed analysis of greenhouse gas (GHG) emission reductions corresponding to different system
configurations is also provided. The results indicate that the optimal SWB-HRES configuration for Hoa Bac includes a 15-kW solar panel, a 9-kW wind
turbine, an 8.3 kW syngas generator, a 20-kW electrolyzer, a 24-kW converter, and a hydrogen storage tank with a capacity of 1 kg. This setup
supports an annual electricity load of 7,300 kWh and produces 1,183 kilograms of hydrogen per year. For grid-connected HRES with hydrogen
production, the solar-biomass system demonstrates superior economic and environmental efficiency compared to the wind-biomass configuration.
The economic efficiency of SWB-HRES with hydrogen production matches that of SWB-HRES selling electricity to the grid when the hydrogen cost
is $4.5/kg for discontinuous syngas generator operation and $5/kg for continuous operation. Furthermore, integrating biomass energy into HRES
proves to be an effective strategy for GHG emission reduction. For the same electricity output of 62,863 kWh/year, the solar-wind HRES without
hydrogen production achieves a GHG emission reduction of 33 tons of CO.-eq, while the solar-wind-biomass HRES with hydrogen production
achieves a reduction of 217 tons of CO2-eq. Given that the performance of HRES depends on geographic location, equipment availability, and energy
pricing, practical implementations should validate simulation results with experimental data collected on-site.
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1. Introduction and specialized catalyst materials to generate hydrogen and

oxygen (Agyekum, 2024; Hoang et al., 2023a). This approach
offers several advantages, including zero emissions, high-purity
hydrogen production, and seamless integration with renewable
energy technologies (Hassan et al., 2024; Wang et al., 2020;
Zhang et al., 2023). Nevertheless, significant challenges such as
material stability, energy efficiency, and the high cost of
specialized catalysts hinder its widespread adoption (Ahmed
and Dincer, 2019; Liu et al., 2014).

Hydrogen production via water electrolysis is highly flexible
and can be implemented at various scales (Godula-Jopek, 2015;
Heidari et al., 2024). However, the primary challenges of this
method stem from the electricity source used and its overall
energy efficiency (El-Shafie, 2023). Additionally, the high initial
capital costs associated with electrolysis equipment, particularly
for large-scale facilities, result from the reliance on expensive
materials (Badgett et al., 2021). When powered by renewable
energy, electrolysis enables the production of carbon-neutral
green hydrogen (Sanz-Bermejo et al, 2014). This method

Hydrogen is one of the most promising energy sources for
the future. As a sustainable fuel, it has extensive potential
applications in electricity generation, transportation, industrial
manufacturing, and daily life (Hoang et al, 2023b; Le et al,
2025). Projections indicate that hydrogen energy will account
for approximately 11% of global energy demand by 2025 and
34% by 2050 (Hussam et al, 2024; Tarhan and Cil, 2021).
Consequently, advancing hydrogen production technologies
from renewable energy sources is crucial for the global energy
transition.

Various hydrogen production methods have distinct
advantages and limitations (Younas et al., 2022). Currently, the
predominant commercial method is steam methane reforming
using natural gas (Cao et al., 2020; El-Shafie, 2023). However,
this process relies on non-renewable feedstock and fails to align
with the Net Zero strategy. In contrast, the
photoelectrochemical water-splitting method utilizes sunlight
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facilitates decentralized hydrogen production, making it viable
for applications ranging from hydrogen refueling stations to
large-scale industrial production. Furthermore, it has broad
applicability across various sectors, including transportation
and energy storage (Palmer et al., 2021; Terlouw et al., 2022;
Widera, 2020). Electrolysis also functions as an energy storage
solution, helping to stabilize the electrical grid by absorbing
surplus renewable energy during periods of excess generation
and supplying energy when renewable power generation is
insufficient (Laimon and Yusaf, 2024; Zeng and Zhang, 2010).
In recent decades, hydrogen production from renewable
energy sources such as solar and wind has garnered significant
research interest (Alzahrani et al., 2022; Hasan and Geng, 2022;
Okonkwo et al., 2022). Due to the intermittent nature of
individual renewable energy sources, current research trends
focus on expanding Hybrid Renewable Energy Systems (HRES)
for hydrogen production (Demir, 2024; Swaminathan et al,
2024). Integrating multiple renewable energy sources enhances
hydrogen production efficiency while reducing pollutant
emissions (Bui et al., 2021; Bukar et al., 2024; Nasser et al., 2022;
Taipabu et al, 2022), thereby lowering the cost of green
hydrogen. Garcia et al. (Garcia G. and Oliva H., 2023)
investigated hydrogen production in a solar-wind HRES using
HOMER software and reported that hydrogen production
efficiency reached 60%, surpassing the efficiency of standalone
solar or wind energy systems. Similarly, Dufo-Lépez et al. (Dufo-
Lopez et al., 2007) conducted a techno-economic analysis of a
hybrid solar-wind renewable energy system for hydrogen
production using HOMER software. Their findings
demonstrated that hydrogen production efficiency in hybrid
renewable energy systems is significantly higher than in systems
utilizing individual renewable energy sources. In recent years,
hydrogen production from biomass has attracted increasing
interest from both researchers and industry (El-Shafie, 2023;
Kachroo et al., 2024; Morya et al., 2022). Utilizing biomass not
only helps reduce carbon emissions but also promotes a circular
economy by closing the carbon cycle and minimizing the
amount of organic waste requiring landfill disposal (Hosseini
and Wahid, 2016; Iribarren et al., 2014). Biomass, which includes
various plant-based materials and organic waste, is the only
renewable carbon-containing raw material and holds significant
potential as an alternative to fossil fuels (Dahmen et al., 2025;
Lykas et al, 2024). Its key advantages include renewability,
abundance, and ease of utilization. Throughout its lifecycle, the
net CO, emissions from biomass are nearly zero due to the
carbon sequestration effect of photosynthesis. Currently,
biomass is the fourth-largest energy source globally,
contributing approximately 10% of total primary energy
consumption (Dahmen et al., 2025). The most efficient way to
harness biomass energy is by converting it into fuels (Shokri et

al., 2024).
Several technologies have been developed for hydrogen
production from Dbiomass, including thermochemical,

biochemical, photoelectrochemical, and electrolytic methods
(Kharisma et al., 2022; Kong et al., 2023; Saravanakumar et al.,
2023). Biochemical conversion pathways such as fermentation
and anaerobic digestion are effective for feedstocks rich in
starch and sugar but face limitations in processing
lignocellulosic materials (Shanmugam et al., 2023). Biological
dark fermentation is considered a promising approach for large-
scale hydrogen production (Kharisma et al., 2022; Rusdianasari
et al., 2023). Additionally, biomass electrolysis, which operates
at relatively low temperatures (Liu et al., 2020), offers several
advantages, including high hydrogen purity, fast reaction rates,
and lower energy consumption compared to conventional water
electrolysis. This method can efficiently process biomass with
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high moisture content while maintaining low carbon emissions
(M. Li et al, 2023). The energy required to produce 1 kg of
hydrogen via biomass electrolysis varies depending on the
feedstock, with banana peels and cucumbers requiring 35.35
kWh/kg and 42.17 kWh/kg, respectively (Umer et al., 2024b),
while corn straw requires 30.58 kWh/kg (Li et al.,, 2022). In
comparison, hydrogen production through conventional water
electrolysis consumes approximately 47-63 kWh/kg (El-Shafie,
2023). As a result, biomass electrolysis demonstrates 20-45%
higher energy efficiency than traditional water electrolysis,
making it a promising method for cost-effective and sustainable
hydrogen production (Umer et al, 2024b). Despite these
advantages, several technical challenges must be addressed
before biomass electrolysis can be commercially implemented
(Dolle et al., 2022; Luo et al, 2021; Umer et al, 2024a).
Thermochemical methods, including pyrolysis and gasification,
are considered promising for large-scale hydrogen production
from various agricultural and forestry waste materials (Yong
and Abdul Rasid, 2022), primarily due to their higher economic
efficiency compared to other alternatives (Ni et al, 2006).
However, these methods present challenges in maintaining
optimal gasification conditions and require additional
processing to remove contaminants from the hydrogen product
(Cao et al., 2020; Chozhavendhan et al., 2020; Dash et al., 2023)
The removal of such contaminants remains a significant
technical bottleneck for thermochemical biomass-based
hydrogen production (Huang et al., 2025). By employing a
fluidized bed gasifier combined with appropriate catalysts,
hydrogen production rates of approximately 60% by volume
can be achieved (Ni et al, 2006). Given its economic and
environmental benefits, biomass gasification is regarded as a
promising approach for hydrogen production. This method has
garnered increasing interest from researchers, as the resulting
syngas can be directly utilized in fuel cells for energy generation
(R. Li et al, 2023).

The transition to green hydrogen as a replacement for fossil
fuels is an inevitable trend; however, it currently lacks a
competitive price advantage in the market (Huang et al., 2025).
The production cost of green hydrogen generally ranges from 3
to 8 USD/kg, while blue hydrogen costs between 1 and 2
USD/kg, and gray hydrogen is priced between 0.5 and 1.7
USD/kg (El-Emam and Ozcan, 2019). Hydrogen production
from renewable energy sources is more expensive than steam
methane reforming, which costs approximately 2.08 USD/kg
without carbon capture and storage (CCS) and 2.27 USD/kg
with CCS (Ji and Wang, 2021). Projections suggest that by 2050,
the average cost of green hydrogen will stabilize at around 3.70
USD/kg (Agyekum, 2024). The cost of green hydrogen depends
on factors such as the availability of renewable energy,
electricity prices, and equipment costs at the system's
installation site. For example, the estimated cost of hydrogen
production from solar-wind hybrid renewable energy systems
(HRES) is approximately 2 USD/kg in Chile and Argentina
(Armijo and Philibert, 2020), 6.2 USD/kg in the United States,
and 4.64 USD/kg in Morocco (Fopah-Lele et al., 2021; Koleva et
al, 2021; Mokhtara et al,, 2021; Touili et al., 2018). The payback
period for HRES-based hydrogen production systems is
typically around four years (Akyuz et al., 2012). Cost reductions
in HRES-based hydrogen production can be achieved through
the optimal selection of system components and improvements
in efficiency. Additionally, hydrogen production costs vary
depending on the primary electricity source. In the context of
Hong Kong, the production cost of green hydrogen from
thermal power generation, solar-grid energy, and wind energy
is 2.165 USD/kg, 2.132 USD/kg, and 2.060 USD/kg,
respectively (Ayub et al., 2025). If electricity is sourced from
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offshore wind energy, the projected cost of green hydrogen is
estimated to range between 3.60 and 3.71 EUR/kg in 2030,
decreasing to approximately 2.05 to 2.15 EUR/kg by 2050
(Herdem et al., 2024; Komorowska et al, 2023). The cost of
hydrogen production from biomass varies depending on the
conversion method employed. According to (Ji and Wang,
2021), the estimated hydrogen production costs are as follows:
gasification (1.77-2.77 USD/kg), direct bio-photolysis (2.13
USD/kg), indirect bio-photolysis (1.42 USD/kg), photo-
fermentation (2.83 USD/kg), and dark fermentation (2.57-6.98
USD/kg). It was also estimated that hydrogen production via
biomass pyrolysis costs between 8.86 USD/GJ and 15.52
USD/GJ, depending on the scale of the facility and the type of
biomass used (Padro and Putsche, 1999). In comparison,
hydrogen production using water electrolysis powered by wind
and solar energy costs approximately 20.2 USD/GJ and 41.8
USD/GJ, respectively (Huang et al, 2025). These figures
indicate that biomass pyrolysis presents a more economically
viable hydrogen production pathway compared to water
electrolysis using renewable electricity.

From an environmental perspective, the maximum
greenhouse gas (GHG) emissions over the lifecycle of biomass-
generated electricity devices reach 650 g CO,-eq/kWh,
compared to 300 g CO,-eq/kWh for solar power and 124 g CO,-
eq/kWh for onshore wind power (Abdelsalam et al., 2024).
However, the environmental impact of biomass must be
evaluated holistically, considering its role in integrated solid
waste treatment. When biomass is processed into fuel (syngas)
and converted to electricity using internal combustion engines
or gas turbines, the CO, emitted is reabsorbed by subsequent
plant growth, maintaining atmospheric CO, equilibrium.
Conversely, if biomass is not recovered and treated, it
decomposes into biogas, which contains a significant proportion
of CH,—a greenhouse gas with a global warming potential over
20 times higher than CO,. Integrating biomass into hybrid
renewable energy systems can significantly contribute to
sustainable energy production within the future hydrogen
economy (Zhou et al, 2023). To enhance energy reliability,
biomass can be stored in the form of Refuse-Derived Fuel (RDF)
to mitigate the intermittency of renewable energy sources such
as solar and wind power in a multi-generation hybrid renewable
energy system (Heidarnejad et al., 2024; Phung et al., 2024; Xuan
et al, 2023). Such systems simultaneously produce multiple
forms of energy, including electricity, heat, and hydrogen,
making them an effective and environmentally sustainable
solution to energy challenges (Nanvaei Qeshmi et al., 2025).
Optimizing system components and operational parameters is
crucial to maximizing performance while minimizing costs and
environmental impact (Nanvaei Qeshmi et al., 2025).

The combination of solar energy and biomass for hydrogen
production was explored in the literature. In a study, solar
energy was used to electrolyze water into hydrogen and
oxygen, with the oxygen subsequently utilized to enhance the
biomass gasification process for additional hydrogen
production (Cormos, 2024). The evaluation results indicate that
the system’s overall energy efficiency improved, with an
equivalent hydrogen production cost of 2.47 USD/kg (Cormos,
2024), which is only slightly higher than the hydrogen
production cost from steam methane reforming with CO,
capture (2.27 USD/kg) (Ji and Wang, 2021). Specific studies on
multi-generation HRES integrating solar, wind, and biomass-
based energy are presented in (Bui et al., 2023; H. H. Nguyen et
al, 2024; V. G. Nguyen et al., 2024). Despite the many potential
benefits of biomass-based multi-source energy generation,
several technical, economic, and environmental challenges
remain to be addressed.
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The above overview highlights that multi-generation HRES
represent a sustainable model for future energy production.
Integrating biomass into solar-wind renewable energy systems
enhances energy conversion efficiency, improves economic
viability, and reduces GHG emissions. Biomass within multi-
generation HRES can be converted into hydrogen through
several approaches:

e Direct conversion via biochemical, photoelectrochemical,
or electrolytic methods. However, this approach is limited
to specific biomass types and is not applicable to solid
waste in general.

e Indirect conversion through gasification or pyrolysis
produces syngas that can be further processed into
hydrogen. While this method is applicable to various
biomass sources and carbon-containing solid waste, it
requires a hydrogen refining system to remove impurities
from the syngas.

e FElectrolysis of water using electricity generated from
biomass. This is the simplest approach, wherein solid
waste is converted into electricity, which is then integrated
with other power sources in the HRES to supply energy to
the grid and produce hydrogen.

To ensure the energy source for the future, the energy used is
not only electricity but includes various other forms of energy.
Thus, developing the hybrid solar-wind-biomass energy system
is important because of the following reason:

¢ Integrating electricity and fuel production

(polygeneration) to diversify the use of renewable energy
for various purposes.

¢ Integrating biomass into the hybrid energy system, on one

hand recovering energy from solid waste, reducing

greenhouse gas emissions, and on the other hand,

reducing the amount of waste that needs to be landfilled.
The fact shows that most current research focuses on electricity
generation from solar and wind energy, while biomass energy
has great potential but has not been effectively exploited.
Therefore, research on integrating biomass energy into the
hybrid solar-wind-biomass renewable energy system is very
practical in the energy transition, reducing greenhouse gas
emissions, and meeting the net zero roadmap. Indeed, this
study employs HOMER software to evaluate the economic and
environmental efficiency of various multi-generation HRES
configurations that integrate solar, wind, and biomass energies
for electricity and hydrogen production. Simulations are
conducted based on the renewable energy conditions of
ecologic Hoa Bac village, Da Nang, using input parameters that
reflect current equipment costs and electricity purchase and
sale prices in Vietnam. In this work, the simulation of a hybrid
renewable energy system of solar, wind, and biomass energy,
abbreviated as SWB-HRES, applied in Hoa Bac commune is
studied. This mountainous commune is in Hoa Vang District,
approximately 30 km from the center of Da Nang City. The
geographic coordinates are 167.1'N and 10758'E, as shown in
Figure 1. Hoa Bac is a buffer zone between the Bach Ma
National Park and Ba Na-Nui Chua, with an average elevation
of about 200 m above sea level. Hoa Bac commune currently
has a total natural area of 33,864 hectares, with 1,383
households comprising 4,356 inhabitants. Hoa Bac has 2 villages
of ethnic minorities, Ta Lang and Gian Bi, with 248 families,
mainly of the Co Tu ethnic group. Most of the local population
here lives through agriculture. The community-based tourism
model has recently brought visitors closer to the Co Tu ethnic
group. With the emergence of the homestay tourism model,
some residents have shifted to service-oriented activities. These
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TRUNG QUOC

Fig. 1 Geographlc locatlon of Hoa Bac Commune Hoa Vang Dlstrlct Da Nang City

ecotourism models also help preserve the region's distinctive
traditional cultural elements. Therefore, Hoa Bac should be
developed sustainably, first implementing energy transition,
reducing dependence on fossil fuels, and developing renewable
energy. In this study, we investigate a renewable energy model
to partially replace electricity from the grid and partially replace
petroleum products with green hydrogen.

2. Methodology

2.1. Schematic diagram for the SWB-HRES system

Figure 2 presents the diagram of the SWB-HRES renewable
energy system. Biomass is processed into RDF fuel pellets,
which are then gasified into syngas in the gasifier (Alzahrani et
al.,, 2022; Garcia G. and Oliva H., 2023). After passing through
the filtration system, the syngas is directed to a gas storage tank.

AC DC

Grid

28
HEﬁ

Converter

When solar power and wind power generation exceed the load
capacity, the surplus power is supplied to the water electrolysis
unit to produce hydrogen and oxygen. Oxygen enriches the air
as an oxidizing agent provided to the gasifier (Xuan et al., 2023).
Hydrogen is stored in metal hydride tanks to fuel motorcycles.
The remaining hydrogen is kept in a storage tank or directed to
the syngas storage tank to blend into fuel supplied to the
generator's internal combustion engine. When the solar and
wind power generation is lower than the load capacity, the
internal combustion engine generates electricity to ensure a
continuous and stable power supply. Thus, the internal
combustion engine-generator unit acts as an energy storage
system in this system. The electrical energy obtained from
various sources is integrated into the power grid through a
converter. Hydrogen is stored in metal hydride canisters at low
pressure and temperature for use in motorcycles. Thus, this

Wi turbine

PV panek

Fuel cell motorcycle
Hydrogen canister !
E

Generator

Biomass

Gas bag

Fig. 2 Diagram of the hybrid SWB-HRES renewable energy system
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Fig. 3 a) Solar radiation in Hoa Bac Commune; b) Average wind
speed in Hoa Bac Commune

SWB renewable energy system can be seen as a poly-generation
system that provides electricity and fuel.

Figure 3a and Figure 3b present solar radiation and the
average wind speed in Hoa Bac Commune, extracted from
NASA's climate database. The maximum solar radiation occurs
at noon in summer, around 1.2 kW/m?. The peak average wind
speed is about 20 m/s during the last months of the year. In
general, solar radiation is high in the year's middle months, but
wind energy is low.
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2.2 Research tools

In this study, we use HOMER software to calculate the
optimal selection of components for the grid-connected HRES
system in Hoa Bac Commune. Figure 4a presents the SWB-
HRES calculation diagram within HOMER. In this diagram,
solar power, wind power, and power generated from the
generator are all direct current. These power sources are
converted to alternating current to supply the load through a
converter. This diagram simplifies the grid synchronization
system for each component of the SWB-HRES system.
According to this diagram, the generator uses a mixed
renewable gas fuel, including syngas and hydrogen. This fuel
mixture is simplified to biogas in HOMER.

The electricity load uses alternating current and is assumed
to be a cluster of households, consuming an average of 20 kWh
per day with a peak power of 7.15 kW, as illustrated in Figure
4b. The required hydrogen production annually ranges from
1,100 kg to 1,200 kg. Since the produced hydrogen is stored in
a tank, its flow rate does not need to meet the requirements
fully, like the AC electrical load. The energy used for hydrogen
production is surplus energy from the HRES after supplying the
load. Therefore, in the simulation, we can set the maximum
hydrogen load to 100%, and the average daily hydrogen load
can be selected to be greater than its annual average value. In
Vietnam, the price of electricity is calculated on a tiered basis.
The average residential electricity price is approximately
$0.21/kWh. The average selling price of renewable electricity
to the EVN grid is $0.094/kWh. In this HRES, we select the
initial power of the solar panel array and the average wind
turbine array. HOMER automatically adjusts the specifications
of the generator set while the power of the converter and
electrolyzer is adjusted to ensure the system's output
specifications. The hydrogen storage tank can hold 1 kg of
hydrogen.

3. Results ad discussion

3.1. General cases of HRES Solar-Wind-Biomass

Table 1 presents the amount of electricity and hydrogen
produced in the SWB-HRES. In the case of HRES without

(a)

Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec

Month of Year
(b)

Fig. 4 Diagram of the layout of SWB-HRES; a) Components connected to the grid; b) Variations in load power by hour of the day and by day
of the year (b)
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Table 1
Electricity and hydrogen production
Seen PV (kWh/ WT (KWh/ Gen. (kWh/ - lzlg‘ﬁ"} Sold (kWh/
’ year) year) year) 2 year) year)
SWB-H; 18152 14767 72708 2093 0 790
SWB 18152 14767 72708 0 0 92728
16 7 16 7 EPres, Worth ($) @ROI (%) @y (year) [ 160000
PV ] L
14 14 P 0 e 140000
12 WT | =12 4 NoH2 82102 417 588 - 120000
| L . DR
| 2 4p J80 |
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a &£
S R ARSI
4 P : 5 47 - 40000
2 2 1 L 20000
0
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Day of Year

Fig. 5 Variation of PV, WT, and Generator power over the days
in the first three months of the year

hydrogen production, we select the configuration of a 15kW
peak PV and a 9kW wind turbine (case SWB). In the case of
HRES with hydrogen production (SWB-H2), a 20 kW
electrolyzer was added in the case of SWB-H2, in which
HOMER optimizes the generator output at 8.3 kW. The
converter capacity is 22 kW (case SWB) and 24 kW (case SWB-
H2). The system produces 105,627 kWh/year. In the case of
SWB, the system sold to the grid 92,728 kWh/year. In the case
of SWB-H2, the system sold 790 kWh/year to the grid and
produced 2,093 kg of hydrogen per year.

Figure 5 introduces the chart of the variations in power
output from generation sources in the SWB system during the
first three months of the year. Solar and wind power fluctuate
according to weather conditions, while the generator output
remains stable at 80% of maximum capacity. This is an extreme
hypothetical case, as engines powered by biomass-derived fuel
are challenging to operate continuously in practice due to their
dependence on sources like syngas and biogas.

Figure 6 demonstrates that, in this extreme case, when the
price of hydrogen ranges between $4.5/kg and $5/kg, the
hydrogen-producing HRES achieves a higher present worth and
return on investment (ROI) compared to the HRES without
hydrogen production. Additionally, the payback period for the

57 OwT WPv [OGrid [EGen
Conv. 4 kW

4
3 4
2

P (MWh)

Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec
Month of Year

(a)

-0

Without H2

4.5 $/kgH2 5.0 §/kgH2

Fig. 6 Assessing the economic effectiveness of the extreme case
when the generator operates continuously based on hydrogen cost

hydrogen-producing HRES is comparable to that of the non-
hydrogen-producing HRES. Therefore, for HRES to operate nor
mally, we can schedule the engine's operation or adjust the
engine's power and operating time according to the AC load. If
we schedule the engine's operation, it isn't easy to accurately
guarantee when the generator needs to manage to supplement
the load. Therefore, automatically adjusting the engine
according to the AC load will be more reasonable. In this case,
we adjust the power of the converter.

Figure 7a illustrates the variation in average electricity
output by month throughout the year from solar, wind, biomass,
and grid sources. Solar power dominates in the year's middle
months, wind power in the latter months, and biomass
compensates to meet load requirements. Figure 7b shows the
variation in power output from these sources over the days in
July. Solar power only operates during the day, while solar
output is interrupted at night. Wind power shows a lower degree
of fluctuation. Biomass power, when active, only fluctuates
slightly to compensate for load power. The electrical output
component of the PV is 18,152 kWh, and the WT is 14,767 kWh,
which does not change according to the power of the converter.
However, the electricity generated by the generator increases
from 16,463 kWh when the converter power is 4 kW to 29,938
kWh when the converter power is 6 kW to compensate for the

61 OwT WPV [OGrd [MGen
Conv. 6 kW

1.2 1

0 m
Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec
Month of Year

(b)

Fig. 7 Electricity generation components by month throughout the year for a converter power; a) 4 kW; b) 6 kW
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12 P\
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(a)

Converter capacity: 6kW

P (kW)

23 24 25 26 27 28 29 30
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(b)

Fig. 8 Variation in the power of PV, WT, and Gen. over the
last weeks of May with converter power, a) 4 kW, b) 6 kW

power when solar energy and wind energy are lower than the
inverter's power.

Figure 8 illustrates that the generator operates only when
the combined solar and wind power output falls below the
converter's capacity. The generator's maximum electrical
output matches the converter's capacity, corresponding to
scenarios where solar and wind power contributions are zero.
Under these conditions, the syngas generator functions as an
energy storage device. For this purpose, a reliable supply of
syngas fuel is essential, which is not feasible with conventional
biomass energy applications. In this case study, biomass is
converted into RDF to enable storage and utilization based on
demand schedules. To ensure efficient operation, the
gasification system must be equipped with an automated smart
control system capable of dynamically managing fuel
conversion and energy generation processes.

When the converter capacity is increased, not only does the
generator's capacity increase, but its operating time also
extends. As illustrated in Figure 9, a converter capacity of 6 kW
results in longer daytime operating hours for the generator
compared to a 4-kW converter capacity. Specifically, the
generator operates for 5,759 hours and 6,838 hours for the 4-
kW and 6-kW converter capacities, respectively. This extended
operating time leads to higher maintenance costs for the engine
and accelerates its wear and tear, ultimately shortening its
lifespan and increasing equipment replacement costs. In the
SWB-HRES system, the operation of the syngas generator is
influenced by the availability of biomass feedstock. Therefore,
in practical applications, it is essential to optimize the
generator's operation schedule, which can be achieved using
the advanced scheduling options available in HOMER software.
Additionally, a sensitivity analysis should be conducted to
evaluate the generator's performance under varying operating
periods, ensuring optimal efficiency and cost-effectiveness.
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The electricity generated by the system is primarily used to
supply AC loads, with any surplus directed to the electrolysis
cell for hydrogen production. As illustrated in Figure 10 (above),
hydrogen output reaches its peak during periods of maximum
solar radiation, specifically between 11:00 AM and 1:00 PM.
Conversely, hydrogen production is minimal at night, as the
generator predominantly supplies power to the electrolysis cell
during this time. The generator's power output establishes a
consistent baseline for hydrogen production, as depicted in
Figure 10. The results indicate that optimizing the electrolyzer
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Fig. 10 Variation of hydrogen production by hour throughout the
year (above) and by day in August (below)
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Fig. 11 Variation in hydrogen output by month over the year for
converter power ratings, a) 4 kW, b) 6 kW

capacity requires maintaining hydrogen production throughout
both daytime and nighttime. To achieve this, scheduling the
generator to operate during nighttime hours is recommended to
enhance the system’s cost-effectiveness. This approach would
reduce the required capacity of the electrolyzer and
simultaneously lower the engine's maintenance costs.

Figure 11a and Figure 11b illustrate the average hydrogen
output for converter power levels of 4 kW and 6 kW. The overall
trend in hydrogen output variation throughout the year remains
consistent regardless of the converter capacity. However, the
average annual hydrogen production by the HRES increases
from 900 kg/year with a 4-kW converter to 1,183 kg/year with
a 6-kW converter. Both the wind turbine and syngas generator
are capable of producing either AC or DC electric power; in this
case study, they generate DC power. A converter is required to
transform DC power into AC power to supply AC loads and
enable electricity sales to the grid. Any surplus power is
allocated for hydrogen production. Therefore, the converter can
be conceptualized as a "valve" that regulates and splits the
energy flow between the hydrogen production system and the
ACload.

With the HRES configuration, increased hydrogen
production enhances the economic feasibility of the system.

Table 2
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Fig 12 Comparison of cumulative cash flow in the case of 4 kW
and 6 kW inverter capacity

Figure 12 compares the cumulative cash flow for converter
capacities of 4 kW and 6 kW. When relying solely on grid
electricity, the initial investment is zero, and annual electricity
costs accumulate based on consumption, reaching $17,258 after
25 years. In contrast, the HRES achieves a cumulative return of
$2,238 after 25 years for the 4-kW converter and $21,448 for the
6-kW converter. The payback period is determined by the
intersection point between the present cash flow curve of the
HRES and that of the grid electricity scenario. As shown in
Figure 12, the payback period is 12.66 years for the 4-kW
converter and 9.52 years for the 6-kW converter. Therefore, to
maximize the economic efficiency of the HRES, the electricity
output from the generator cluster should be optimized to
achieve the highest possible production levels.

3.2. Impact of the HRES configuration on the economic efficiency of
the system

3.2.1. HRES without generator

When the system only has solar power without a generator,
the electrolyzer can only produce hydrogen during the day;
thus, the solar panels' peak and electrolyzer capacity must be
significant to achieve the same hydrogen output as other
continuous production methods. Table 2 shows that, in this
case, the peak capacity of the solar panels is 52 kW, and the
capacity of the electrolyzer is 30 kW. When solar power is
replaced with wind power, hydrogen production can occur at all
hours of the day, reducing the wind turbine capacity to 37.5 kW
and the electrolyzer capacity to 18kW unchanged. When the
system uses solar power combined with wind power, the
system's peak capacity is 44.5 kW, with the electrolysis tank
having a capacity of 24 kW. To ensure the same electricity and
hydrogen production, the system's total capacity ranges from
37.5 kW (wind power) to 52 kW (solar power), a difference of
14.5 kW.

Figure 13 compares the economic efficiency of SW-HRES

Capacity of the equipment and electricity, hydrogen output according to different configurations of SW-HRES

S(kw) W(kW) Ptota (kW) Pe Pconverter E (kWh/year) H; (kg/year) E excess (kWh/year)
52 0 52 30 23 62927 1143 48
0 37.5 37.5 30 23 61529 1152 38
25 19.5 44.5 24 24 62249 1169 12
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Fig. 13 Analysis of the SW-HRES configurations' economic efficiency with and without hydrogen production
Table 3
Power capacity of equipment and production of electricity hydrogen according to different configurations of SWB-HRES
S w B Ptotal Pelectrolyzer Pconverter E H: E excess
(kW) (kW) (kW) (kW) (kW) (kW) (kWh/year) (kg/year) (kWh/year)
20 0 8.3 28.3 18 6 62529 1181 5
0 19.5 8.3 27.8 18 6 62827 1173 65
15 9 8.3 323 18 6 62863 1183 32

configurations with and without hydrogen production. The
results show that in the case of a grid-connected HRES
combining only solar and wind energy, the wind power option
with hydrogen production has the lowest economic efficiency,
with a present worth of only $19,765, a return on investment of
just 3.2% per year, and a payback period extending to 17.9
years. The solar-wind configuration, both with and without
hydrogen production, demonstrates similar economic efficiency
in terms of ROI and payback period. Among the analyzed
configurations, the solar power combined with hydrogen
production option achieves the highest economic efficiency.
This configuration yields a present worth of $69,952, an ROI of
8.8% per year, and a payback period of 8.15 years. Therefore,
for a grid-connected SW-HRES system integrated with
hydrogen production but excluding a syngas engine, the S-H2
configuration (solar power with hydrogen production) emerges
as the most economically viable option. The similar results were
also reported in the previous studies (Jahangir and Cheraghi,
2020; Alhijazi et al., 2023).

Table 3 summarizes the power capacity of the equipment
and the electricity and hydrogen production generated over the
year. When HRES includes a syngas generator, the system's
total capacity varies slightly from 28.3 kW for the WB system to
32.3 kW for the SWB system, a difference of 4 kW. This
difference is very low compared to the 14.5 kW in the case
without the syngas generator. This result indicates that the
syngas generator plays a crucial role in stabilizing the power
capacity of the HRES system, thereby reducing the capacity of
solar panels or the capacity of the wind turbine to achieve the
same amount of electricity and hydrogen production.

3.2.2. HRES with syngas generator

Figure 14 compares the economic efficiency of SWB-HRES
configurations with and without hydrogen production. The
economic efficiency analysis based on the price of HRES
components found in Vietnam. The results show that the SB
option with hydrogen production has the lowest economic
efficiency in the case of grid-connected HRES involving solar,

Present Payback
Scenario worth (S) ROI (%) (year)
SWB 40304 9.5 6.96
SWB-H2 38706 7.4 9.52
WB-H. 20237 4.3 12.99
SB-H2 53309 11.7 6.48
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Fig. 14 Analysis of the SWB-HRES configurations' economic efficiency with and without hydrogen production

ISSN: 2252-4940/© 2025. The Author(s). Published by CBIORE



H.H. Nguyen et al

wind, and biomass energy. The present worth of this option only
reaches $20,237, with a return on investment of only 4.3% per
year, and the payback period extends to 12.99 years. The SWB
option with hydrogen production and the one without is
equivalent in present worth. However, the ROI is lower due to
a larger initial investment and longer payback period. The SB
option with hydrogen production provides the highest
economic efficiency. This option has a present worth of $53,309,
a return on investment of 11.7% per year, and a payback period
of 6.48 years. Compared to the WB option with hydrogen
production, the profits of the SB-H2 option double, and the
investment payback period is halved. Thus, in the case of grid-
connected SWB-HRES with hydrogen production, the option
consisting solely of solar energy combined with biomass offers
the highest economic efficiency. The similar results could be
found in the literature (Kumar and Channi, 2022; Dodo et al.,
2022).

3.3. Comparison of standalone HRES and grid-connected HRES
with hydrogen production

In both cases of the SWB-HRES being off-grid and grid-
connected, the power of the devices S, W, and B remains
unchanged, as shown in Table 3. The system generates 62,863
kWh of electricity and 1,183 kg of hydrogen annually. The
amount of electricity exchanged with the grid in the grid-
connected case is negligible (buying 6 kWh/year and selling 247

BEwr [Jpv Gen
SWB standalone HRES with hydrogen production

o-III I
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Month of Year
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sy
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kWh/year). Figure 15a and Figure 15b show the variation in
electricity production by month throughout the year for both the
off-grid and grid-connected SWB-HRES scenarios. In both
cases, the total annual production of wind, solar, and generator
electricity accounts for 23.5%, 28.9%, and 47.6%, respectively.
When the HRES generator system serves as a backup energy
system to compensate for solar and wind energy shortages
compared to the load, we set the maximum ultimate hydrogen
load at 100%, so the minimum load for the internal combustion
engine operating in the off-grid HRES system must be
maintained to ensure power is supplied to the electrolyzer. This
level is set at 90% to ensure the annual electricity production
provided by the generator in the off-grid HRES system is
equivalent to that when it operates in the grid-connected HRES.

Figure 16a and Figure 16b compare the variation in power
output from generation sources in independent SWB-HRES and
grid-connected systems during the last week of May. The power
output from wind and solar energy remains consistent across
both configurations. In the independent HRES setup, the
generator operates at 90% of its maximum capacity, resulting in
4,021 operating hours per year with 850 starts. In contrast, the
grid-connected system adjusts the generator’s electrical power
output to align approximately with the average maximum AC
load, which is lower than the generator’s output in the

Ewt PV [Grid Gen
67 swa grid connected HRES with hydrogen production
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Z
w
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Month of Year
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Fig. 15 Electricity production from different components of the SWB-HRES combined with hydrogen production in various cases, a) off-
grid, b) grid-connected
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independent HRES configuration. In the grid-connected system,
the generator operates for 6,838 hours annually with only 470
starts. While extending the generator’s operating time in the
grid-connected HRES increases operational costs due to shorter
equipment replacement intervals, the surplus power can be sold
to the grid, compensating for these costs. Additionally, the
reduced number of starts positively impacts the engine's
lifespan by minimizing wear and tear caused by frequent start-
stop cycles. Therefore, the grid-connected HRES offers greater
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economic and operational benefits
independent HRES.

Figure 17a and Figure 17b illustrate the annual variations
in the generator's electrical power output for grid-connected
and off-grid HRES configurations. In the grid-connected HRES,
the generator's power output fluctuates based on the load
demand, whereas in the off-grid HRES, the generator operates
exclusively at its preset rated capacity when active, or remains
at zero when turned off. As discussed earlier, from an economic
perspective, the grid-connected HRES demonstrates superior
performance compared to the independent HRES. However,
from a technical standpoint, operating the generator at its rated
capacity is more advantageous in terms of fuel efficiency
compared to partial-load operation. Therefore, in practical
applications, it is essential to carefully analyze and balance the
trade-offs between economic and technical benefits to optimize
system performance.

Figure 18a and Figure 18b compare the variations in
hydrogen production during the final days of May for grid-
independent and grid-connected HRES configurations. The
results reveal that fluctuations in hydrogen production are lower
in the grid-connected HRES compared to the grid-independent
HRES. Although the average annual hydrogen production
remains the same for both configurations, the grid-connected
HRES is better suited for applications requiring stable hydrogen
loading conditions, particularly in scenarios with low maximum
ultimate hydrogen demand. Conversely, if hydrogen is
considered a supplementary product of the HRES, the flow rate
of hydrogen becomes less critical. In this case, the independent
HRES offers an effective solution for utilizing surplus electricity
production without relying on batteries for energy storage. This
approach enhances the cost-effectiveness of the system by
reducing storage infrastructure requirements.

The economic and environmental efficiency of the HRES
system is compared between the SWB-HRES option that
produces hydrogen and the case where hydrogen is not made
while maintaining the same electricity generation output of the
system. The initial investment for the hydrogen-producing
SWB-HRES system is higher than that of the non-hydrogen-
producing system due to the necessity of an electrolyzer and
hydrogen storage tank. For the non-hydrogen-producing SWB-
HRES system, part of the electricity generated serves the load,
with any surplus sold to the grid. HOMER simulation results
indicate that, in this case, the payback period for the investment
is 6.96 years, with an ROI of 9.5%, and present worth $40,304,
as illustrated in Figure 19.
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Fig. 18 Variation of hydrogen production on the last days of May for SWB-HRES, a) standalone mode, (b) grid-connected model
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The cost of hydrogen produced by the HRES with
hydrogen production was analyzed and compared to that of the
HRES without hydrogen production. In the case of the HRES
without hydrogen production, excess electricity is sold to the
grid. Consequently, the sensitivity analysis of cost variables
depends on the energy price specific to each country. The
energy contained in 1 kg of hydrogen is equivalent to that in 3
liters of gasoline, which costs approximately $3. Therefore, if the
price of green hydrogen is $3/kg, it becomes comparable to the
cost of fossil fuels for heat energy production. If the price of
hydrogen is $4.5/kg, the payback period is longer, and the
present worth, the ROI is lower than those of the non-hydrogen-
producing case. If the price of hydrogen is $5/kg, the payback
period for this system is 9.52 years, longer than that of the non-
hydrogen-producing system, but the ROI is 10.6% higher than
that of the non-hydrogen-producing system. With a hydrogen
price of $5.5/kg, the present worth of HRES with hydrogen
production is about $10,000 higher than that of the non-
hydrogen-producing system. According to The International
Council of Clean Transportation (Navarrete and Zhou, 2024),
the average cost of green hydrogen fluctuates between 3.5
USD/kg and 5.5 USD/kg. Therefore, the SWB-HRES with
hydrogen production is economically feasible. In the case of SB-
HRES with hydrogen production, as shown in Figure 14, when
the price of hydrogen is $5/kg, the present worth and ROI of
the system are higher than those of the SWB-HRES non-
hydrogen-producing system. In view of the economy, the SB-
HRES with hydrogen production operating in the case study site
is the most preferable. The similar finding in economic analysis
of SWB-HRES was also reported in a study of (Li et al,, 2020).

The environmental efficiency is assessed in comparison to
the option of using the power grid. Reducing greenhouse gas
emissions depends on the configuration and products of the
HRES. When the HRES has an engine powered by biomass, the
GHG reduction efficiency must also account for the amount of
CHys it consumes. When the HRES produces hydrogen, the GHG
reduction efficiency needs to consider replacing gasoline with
the amount of hydrogen generated by the system. The following
section will analyze the GHG emission reduction efficiency for
different scenarios: GHG emissions when using grid electricity,
the average CO. emissions for electricity generation in Vietnam
are 521 g/kWh. Therefore, to generate 62,863 kWh/year,
equivalent to HRES, the Vietnamese electricity generation
system emits 33 tons of CO; annually into the atmosphere. For
the case of the SW system not for producing hydrogen, when
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the HRES has only solar and wind power, does not utilize
generators powered by fuel recovered from biomass, and does
not produce hydrogen, the reduction in CO2 emissions into the
atmosphere is equivalent to the CO, emissions generated by
grid electricity production, meaning a reduction of 33 tons of
CO:a.. In the case of the SW system for producing hydrogen, the
amount of electricity generated by the system is used to supply
a load of 7,300 kWh/year, with the remainder used to produce
hydrogen. The reduction in CO: emissions from using
renewable electricity to supply the load is 4 tons/ year.
Regarding energy, 1 kg of hydrogen equals 3 kg of gasoline. The
CO: emissions when using gasoline for internal combustion
engines is 2 kg/litter, equivalent to 2.5 kg of CO2/kg of
gasoline. Therefore, using 1 kg of hydrogen as a substitute for
gasoline reduces CO2 by 7.5 kg. Using 1,183 kg of hydrogen
produced by the system annually to replace gasoline reduces
CO: emissions by 9 tons annually. Thus, the total reduction in
annual CO: emissions that the system provides compared to
using grid electricity is 13 tons of COa.

For the case of the SWB system not producing hydrogen:
The syngas generator produces 33,042 kWh of electricity
yearly. The overall efficiency of the generator engine cluster is
approximately 20%. Assuming the engine runs on biogas that
contains an average of 60% CHas and 40% CO: by mass. The
average calorific value of biogas is 35 MJ/kg. Each year, the
engine consumes 17 tons of biogas. This amount of biogas is
generated from biomass, so if it is not consumed, it will be
released into the atmosphere. The greenhouse effect of CHs is
20 times that of CO.. Therefore, the equivalent CO2 emissions
from the amount of CHa released into the atmosphere from
biogas are 204 tons. The total GHG emissions reduction
equivalent to CO. the system provides each year is 237 tons. In
the case of the SWB system that produces hydrogen, in addition
to reducing emissions of 204 tons of CO: from the power plant,
the system also helps reduce 9 tons of CO. each year by
replacing gasoline with 1,183 kg of hydrogen and reduces 4 tons
of CO2 per year due to loads using renewable energy. Therefore,
the total reduction in CO; emissions each year is 217 tons.

In the case of the SB system producing hydrogen, the
generator produces 38,391 kWh of electricity each year.
Therefore, the corresponding reduction in CO: emissions when
the engine uses fuel recovered from biomass is 237 tons. This
system's total reduction in CO; emissions annually (including
the reduction from using biomass due to the load using
renewable energy and the use of substitute hydrogen) is 250
tons.

34 Economic and environmental effectiveness analysis of
HRES

Figure 20 compares the economic and environmental
effectiveness of HRES options that combine PV, WT, and
biomass with and without hydrogen production. Return on
investment and CO2-eq emission reduction have been chosen
as the comparison parameters. The results indicate that the SB-
H2 option, the solar-biomass HRES combined with hydrogen
production, has superior economic and environmental
performance. If the system does not produce hydrogen, the
SWB option, the solar-wind turbine-biomass HRES, is the best
choice for both the economy and the environment. In general,
while numerous studies have investigated green hydrogen
production using renewable energy sources, the majority have
focused predominantly on solar and wind energy. Although
biomass is considered as potential renewable source in
producing power and hydrogen, integrating biomass energy
into HRES remains challenging due to its inherent complexity
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Fig. 20 Comparison of the economic and environmental
effectiveness of the SWB-HRES options

(Baghel et al., 2024). In our study, biomass is converted into
RDF, enabling efficient storage and utilization to complement
other renewable sources such as solar and wind. A
comprehensive analysis of the environmental impacts
associated with integrating biomass into HRES for hydrogen
production has rarely been reported in the existing literature.
Our research addresses this gap by providing a detailed
assessment of these environmental factors. Additionally, our
findings emphasize the competitiveness of hydrogen pricing,
demonstrating that hydrogen production costs can align
favorably with revenues obtained from electricity sales to the
grid. Furthermore, as highlighted in the introduction, the
efficiency of HRES integrated with hydrogen production
significantly depends on resource availability and fuel prices,
thus varying according to specific implementation sites. Similar
case studies conducted in Vietnam remain scarce in current
literature. Therefore, this research contributes significantly
toward developing an optimized multi-generation HRES
tailored specifically to a practical location. Additionally, this
study is conducted in Vietnam, where the energy transition is in
progress, but lacking fundamental research on solar-wind-
biomass integrated HRES with hydrogen production.
Consequently, our findings will significantly support strategic
planning for renewable energy applications, thereby
contributing toward achieving Vietnam's net-zero goal.

4. Conclusion

In this study, the hybrid renewable energy system utilizing
solar, wind, and biomass energy (SWB-HRES) produces
hydrogen, contributing to energy transformation in electricity
generation, transportation, and solid waste management, which
aligns with Hoa Bac's sustainable development. The optimized
SWB-HRES system includes a 15-kW solar panel, a 9kW wind
turbine, an 8.3kW syngas generator, a 20-kW electrolyzer, a 24-
kW converter, and a 1kg hydrogen storage tank. It supplies
electricity for a load of 7,300 kWh/year and produces 1,183
kilograms of hydrogen/year. In the case of the SWB-HRES
hybrid grid for hydrogen production, the solar power combined
with biomass SB-H2 option provides the highest economic
efficiency. Compared to the WB-H2 option, the profits of the SB-
H2 option double, and the payback period for the investment is
half. The economic and environmental efficiency is highest with
HRES solar-wind turbine-biomass systems that do not produce
hydrogen. When HRES combines hydrogen production,
combining solar energy and biomass yields the best economic
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and environmental results. The economic efficiency of the SWB-
HRES in producing hydrogen is equivalent to the SWB-HRES
selling electricity to the grid when the cost of hydrogen is
$4.5/kg if the engine does not operate continuously and $5/kg
if the engine is not continuously operating. Integrating biomass
energy into HRES is an effective solution for reducing GHG
emissions. When producing the same amount of electricity,
62,863 kWh/year, HRES solar-wind turbines without hydrogen
production reduce emissions by 33 tons COs-eq per year. In
contrast, HRES solar-wind turbine-biomass systems that
produce hydrogen reduce emissions by 217 tons COz-eq.

Acknowledgments: The authors wish to express their
appreciation to the Ministry of Education and Training for
supporting this research under the project B2024.DNA.12,
entitled "Smart controller for engine fueled with flexible gaseous
fuels in hybrid renewable energy system”.

References

Abdelsalam, R.A., Mohamed, M., Farag, H.E.Z., El-Saadany, E.F., 2024.
Green hydrogen production plants: A techno-economic review.
Energy Convers. Manag. 319, 118907.
https://doi.org/10.1016/j.enconman.2024.118907

Agyekum, E.B., 2024. [s Africa ready for green hydrogen energy takeoff?
— A multi-criteria analysis approach to the opportunities and
barriers of hydrogen production on the continent. Int. J. Hydrogen
Energy 49, 219-233.
https://doi.org/10.1016/j.jjhydene.2023.07.229

Ahmed, M., Dincer, I, 2019. A review on photoelectrochemical
hydrogen production systems: Challenges and future directions.
Int. J. Hydrogen Energy 44, 2474-2507.
https://doi.org/10.1016/j.jjhydene.2018.12.037

Akyuz, E., Oktay, Z., Dincer, 1., 2012. Performance investigation of
hydrogen production from a hybrid wind-PV system. Int. J.
Hydrogen Energy 37, 16623-16630.
https://doi.org/10.1016/j.ijjhydene.2012.02.149.

Alhijazi, A.A.X., Almasri, R.A., Alloush, A.F., 2023. A Hybrid Renewable
Energy (Solar/Wind/Biomass) and Multi-Use System Principles,
Types, and Applications: A Review. Sustainability 15, 16803.
https://doi.org/10.3390/su152416803

Alzahrani, A., Ramu, SXK. Devarajan, G., Vairavasundaram, I.,
Vairavasundaram, S., 2022. A Review on Hydrogen-Based Hybrid
Microgrid System: Topologies for Hydrogen Energy Storage,
Integration, and Energy Management with Solar and Wind
Energy. Energies 15, 7979. https://doi.org/10.3390/en15217979

Armijo, J., Philibert, C., 2020. Flexible production of green hydrogen
and ammonia from variable solar and wind energy: Case study of
Chile and Argentina. Int. J. Hydrogen Energy 45, 1541-1558.
https://doi.org/10.1016/j.jjhydene.2019.11.028

Ayub, Y., Zhou, J., Shi, T., Toniolo, S., Ren, J., 2025. Sustainability
assessment of blue hydrogen production through biomass
gasification: A comparative analysis of thermal, solar, and wind
energy  sources.  Bioresour.  Technol. ~ 418,  131798.
https://doi.org/10.1016/j.biortech.2024.131798

Badgett, A., Ruth, M., James, B., Pivovar, B., 2021. Methods identifying
cost reduction potential for water electrolysis systems. Curr. Opin.
Chem. Eng. 33, 100714.
https://doi.org/10.1016/j.coche.2021.10071

Baghel, N., Manjunath, K., Kumar, A., 2024. Assessment of solar-
biomass hybrid power system for decarbonizing and sustainable
energy transition for academic building. Process Saf. Environ. Prot.
187, 1201-1212. https://doi.org/10.1016/].psep.2024.05.004

Bui, T.M.T., Tran, T.H.T., Cao, X.T., 2023. Improving Syngas Quality by
enriching Air by Oxygen used for Oxidant to Gasifier, in:
Proceeding of 26th National Conference on Fluid Mechanic.
Transport and Communication Publishing House, pp. 796-805.

Bui, V.G., Vo, T.H,, Bui, T.M.T., Thi, T.X.N., 2021. Characteristics of
Biogas-Hydrogen Engines in a Hybrid Renewable Energy System.
Int. Energy J. 21, 467-480.

ISSN: 2252-4940/© 2025. The Author(s). Published by CBIORE


https://doi.org/10.1016/j.enconman.2024.118907
https://doi.org/10.1016/j.ijhydene.2023.07.229
https://doi.org/10.1016/j.ijhydene.2018.12.037
https://doi.org/10.1016/j.ijhydene.2012.02.149
https://doi.org/10.3390/su152416803
https://doi.org/10.3390/en15217979
https://doi.org/10.1016/j.ijhydene.2019.11.028
https://doi.org/10.1016/j.biortech.2024.131798
https://doi.org/10.1016/j.coche.2021.10071
https://doi.org/10.1016/j.psep.2024.05.004

H.H. Nguyen et al

Bukar, A.L., Chaitusaney, S., Kawabe, K., 2024. Optimal design of on-
site PV-based battery grid-tied green hydrogen production
system. Energy Convers. Manag. 307, 118378.
https://doi.org/10.1016/j.enconman.2024.118378

Cao, L., Yu, LK.M, Xiong, X., Tsang, D.C.W., Zhang, S., Clark, J.H., Hu,
C., Ng, Y.H,, Shang, J., Ok, Y.S., 2020. Biorenewable hydrogen
production through biomass gasification: A review and future
prospects. Environ. Res. 186, 109547.
https://doi.org/10.1016/j.envres.2020.109547

Chozhavendhan, S., Rajamehala, M., Karthigadevi, G., Praveenkumar,
R., Bharathiraja, B., 2020. A review on feedstock, pretreatment
methods, influencing factors, production and purification
processes of bio-hydrogen production. Case Stud. Chem. Environ.
Eng. 2, 100038. https://doi.org/10.1016/j.cscee.2020.100038

Cormos, C.-C., 2024. Decarbonized green hydrogen production by
sorption-enhanced biomass gasification: An integrated techno-
economic and environmental evaluation. Int. J. Hydrogen Energy
95, 592-603. https://doi.org/10.1016/j.ijhydene.2024.11.281

Dahmen, N., Dinjus, E., Kruse, A., 2025. Fuels — Hydrogen — Hydrogen
Production | Biomass Based, in: Encyclopedia of Electrochemical
Power Sources. Elsevier, pp- 246-255.
https://doi.org/10.1016/B978-0-323-96022-9.00160-2

Dash, S.K., Chakraborty, S., Elangovan, D., 2023. A Brief Review of
Hydrogen Production Methods and Their Challenges. Energies 16,
1141. https://doi.org/10.3390/en16031141

Demir, H., 2024. Design and optimization of hybrid renewable energy
systems for hydrogen production at Aksaray University campus.
Process Saf. Environ. Prot. 192, 543-556.
https://doi.org/10.1016/j.psep.2024.10.080

Dolle, C., Neha, N., Coutanceau, C., 2022. Electrochemical hydrogen
production from biomass. Curr. Opin. Electrochem. 31, 100841.
https://doi.org/10.1016/j.coelec.2021.100841

Dodo, U.A., Ashigwuike, E.C., Emechebe, J.N., 2022. Techno-economic
Evaluation of Municipal Solid Waste-Fueled Biogas Generator as
a Backup in a Decentralized Hybrid Power System. Process Integr.
Optim. Sustain. 6, 431-446. https://doi.org/10.1007/s41660-022-
00223-9

Dufo-Lopez, R., Bernal-Agustin, J.L., Contreras, J., 2007. Optimization
of control strategies for stand-alone renewable energy systems
with hydrogen storage. Renew. Energy 32, 1102-1126.
https://doi.org/10.1016/j.renene.2006.04.013

El-Emam, R.S., Ozcan, H., 2019. Comprehensive review on the techno-
economics of sustainable large-scale clean hydrogen production.
J. Clean. Prod. 220, 593-609.
https://doi.org/10.1016/j.jclepro.2019.01.309

El-Shafie, M., 2023. Hydrogen production by water electrolysis
technologies: A  review. Results Eng. 20, 101426.
https://doi.org/10.1016/j.rineng.2023.101426

Fopah-Lele, A., Kabore-Kere, A., Tamba, J.G., Yaya-Nadjo, I., 2021.
Solar electricity storage through green hydrogen production: A
case study. Int. J  Energy Res. 45, 13007-13021.
https://doi.org/10.1002/er.6630

Garcia G., M., Oliva H., S., 2023. Technical, economic, and CO2
emissions assessment of green hydrogen production from
solar/wind energy: The case of Chile. Energy 278, 127981.
https://doi.org/10.1016/j.energy.2023.127981

Godula-Jopek, A., 2015. Hydrogen production: by electrolysis. John
Wiley & Sons.

Hasan, M.M., Geng, G., 2022. Techno-economic analysis of solar/wind
power-based hydrogen production. Fuel 324, 124564.
https://doi.org/10.1016/j.fuel.2022.124564

Hassan, N.S., Jalil, A.A., Rajendran, S., Khusnun, N.F., Bahari, M.B.,
Johari, A., Kamaruddin, M.J., Ismail, M., 2024. Recent review and
evaluation of green hydrogen production via water electrolysis for
a sustainable and clean energy society. Int. J. Hydrogen Energy 52,
420-441. https://doi.org/10.1016/j.ijhydene.2023.09.068

Heidari, S., Shojaei, A.R., Esmaeilzadeh, F., Mowla, D., 2024.
Optimization of a novel hydrogen production process integrating
biomass and sorption-enhanced reforming for reduced CO2
emissions. J.  Environ.  Chem.  Eng. 12, 114069.
https://doi.org/10.1016/j.jece.2024.114069

Heidarnejad, P., Genceli, H., Hashemian, N., Asker, M., Al-Rawi, M.,
2024. Biomass-Fueled Organic Rankine Cycles: State of the Art
and Future Trends. Energies 17, 3788.

Int. J. Renew. Energy Dev 2025, 14(3), 528-543
| 541

https://doi.org/10.3390/en17153788

Herdem, M.S., Mazzeo, D., Matera, N., Baglivo, C., Khan, N., Afnan,
Congedo, P.M., De Giorgi, M.G., 2024. A brief overview of solar
and wind-based green hydrogen production systems: Trends and
standardization. Int. J. Hydrogen Energy 51, 340-353.
https://doi.org/10.1016/j.ijjhydene.2023.05.172

Hoang, A.T., Pandey, A., Chen, W.-H., Ahmed, S.F., Nizeti¢, S., Ng, K.H.,
Said, Z., Duong, X.Q., Agbulut, U., Hadiyanto, H., Nguyen, X.P.,
2023a. Hydrogen Production by Water Splitting with Support of
Metal and Carbon-Based Photocatalysts. ACS Sustain. Chem. Eng.
11, 1221-1252.
https://doi.org/10.1021/acssuschemeng.2c05226

Hoang, A.T., Pandey, A., Lichtfouse, E., Bui, V.G., Veza, 1., Nguyen, H.L.,
Nguyen, X.P., 2023b. Green hydrogen economy: Prospects and
policies in Vietnam. Int. J. Hydrogen Energy 48, 31049-31062.
https://doi.org/10.1016/j.ijhydene.2023.05.306

Hosseini, S.E., Wahid, M.A., 2016. Hydrogen production from
renewable and sustainable energy resources: promising green
energy carrier for clean development. Renew. Sustain. Energy Rev.
57, 850-866.

Huang, S., Duan, W, Jin, Z., Yi, S., Lv, Q., Jiang, X., 2025. Progress in
carbon capture and impurities removal for high purity hydrogen
production from biomass thermochemical conversion. Carbon
Capture Sci. Technol. 14, 100345.
https://doi.org/10.1016/j.ccst.2024.100345

Hussam, W.K., Barhoumi, E.M., Abdul-Niby, M., Sheard, G.J., 2024.
Techno-economic analysis and optimization of hydrogen
production from renewable hybrid energy systems: Shagaya
renewable power plant-Kuwait. Int. J. Hydrogen Energy 58, 56—68.
https://doi.org/10.1016/j.jjhydene.2024.01.153

Iribarren, D., Susmozas, A., Petrakopoulou, F., Dufour, J., 2014.
Environmental and exergetic evaluation of hydrogen production
via lignocellulosic biomass gasification. J. Clean. Prod. 69, 165—
175. https://doi.org/10.1016/j.jclepro.2014.01.068

Jahangir, M.H., Cheraghi, R., 2020. Economic and environmental
assessment of solar-wind-biomass hybrid renewable energy
system supplying rural settlement load. Sustain. Energy Technol.
Assessments 42, 100895.
https://doi.org/10.1016/j.seta.2020.100895

Ji, M., Wang, J., 2021. Review and comparison of various hydrogen
production methods based on costs and life cycle impact
assessment indicators. Int. J. Hydrogen Energy 46, 38612—-38635.
https://doi.org/10.1016/j.ijjhydene.2021.09.142

Kachroo, H., Verma, V.K., Doddapaneni, T.R.K.C., Kaushal, P., Jain, R.,
2024. Organic/metallic component analysis of lignocellulosic
biomass: A thermochemical-perspective-based study on rice and
bamboo waste. Bioresour. Technol. 403, 130835.
https://doi.org/10.1016/]j.biortech.2024.130835

Kharisma, A.D., Amekan, Y., Sarto, S., Cahyanto, M.N., 2022. Effect of
Hydrogen Peroxide on Hydrogen Production from Melon Fruit
(Cucumis melo L.) Waste by Anaerobic Digestion Microbial
Community. Int. J. Renew. Energy Dev. 11, 95-101.
https://doi.org/10.14710/ijred.2022.40883

Koleva, M., Guerra, O.J., Eichman, J., Hodge, B.-M., Kurtz, J., 2021.
Optimal design of solar-driven electrolytic hydrogen production
systems within electricity markets. J. Power Sources 483, 229183.
https://doi.org/10.1016/j.jpowsour.2020.229183

Komorowska, A., Benalcazar, P., Kaminski, J., 2023. Evaluating the
competitiveness and uncertainty of offshore wind-to-hydrogen
production: A case study of Poland. Int. J. Hydrogen Energy 48,
14577-14590. https://doi.org/10.1016/j.ijhydene.2023.01.015

Kong, G., Liu, Q. Ji, G, Jia, H, Cao, T., Zhang, X., Han, L., 2023.
Improving hydrogen-rich gas production from biomass catalytic
steam gasification over metal-doping porous biochar. Bioresour.
Technol. 387, 129662.
https://doi.org/10.1016/j.biortech.2023.129662

Kumar, R., Channi, H.K., 2022. A PV-Biomass off-grid hybrid renewable
energy system (HRES) for rural electrification: Design,
optimization and techno-economic-environmental analysis. J.
Clean. Prod. 349, 131347.
https://doi.org/10.1016/j.jclepro.2022.131347

Laimon, M., Yusaf, T., 2024. Towards energy freedom: Exploring
sustainable solutions for energy independence and self-
sufficiency using integrated renewable energy-driven hydrogen

ISSN: 2252-4940/© 2025. The Author(s). Published by CBIORE


https://doi.org/10.1016/j.enconman.2024.118378
https://doi.org/10.1016/j.envres.2020.109547
https://doi.org/10.1016/j.cscee.2020.100038
https://doi.org/10.1016/j.ijhydene.2024.11.281
https://doi.org/10.1016/B978-0-323-96022-9.00160-2
https://doi.org/10.3390/en16031141
https://doi.org/10.1016/j.psep.2024.10.080
https://doi.org/10.1016/j.coelec.2021.100841
https://doi.org/10.1007/s41660-022-00223-9
https://doi.org/10.1007/s41660-022-00223-9
https://doi.org/10.1016/j.renene.2006.04.013
https://doi.org/10.1016/j.jclepro.2019.01.309
https://doi.org/10.1016/j.rineng.2023.101426
https://doi.org/10.1002/er.6630
https://doi.org/10.1016/j.energy.2023.127981
https://doi.org/10.1016/j.fuel.2022.124564
https://doi.org/10.1016/j.ijhydene.2023.09.068
https://doi.org/10.1016/j.jece.2024.114069
https://doi.org/10.3390/en17153788
https://doi.org/10.1016/j.ijhydene.2023.05.172
https://doi.org/10.1021/acssuschemeng.2c05226
https://doi.org/10.1016/j.ijhydene.2023.05.306
https://doi.org/10.1016/j.ccst.2024.100345
https://doi.org/10.1016/j.ijhydene.2024.01.153
https://doi.org/10.1016/j.jclepro.2014.01.068
https://doi.org/10.1016/j.seta.2020.100895
https://doi.org/10.1016/j.ijhydene.2021.09.142
https://doi.org/10.1016/j.biortech.2024.130835
https://doi.org/10.14710/ijred.2022.40883
https://doi.org/10.1016/j.jpowsour.2020.229183
https://doi.org/10.1016/j.ijhydene.2023.01.015
https://doi.org/10.1016/j.biortech.2023.129662
https://doi.org/10.1016/j.jclepro.2022.131347

H.H. Nguyen et al

system. Renew. Energy 222, 119948.
https://doi.org/10.1016/j.renene.2024.119948

Le, T.T., Jain, A., El-Shafay, A.S., Bora, B.J., Sharma, P., Nguyen, X.P.,
Duong, X.Q., Maireles Torres, P., Hoang, AT. 2025.
Comprehensive analysis of waste-to-hydrogen technologies
integrated with circular economy principles: Potential and
challenges. Int. J. Hydrogen Energy.
https://doi.org/10.1016/j.ihydene.2025.01.048

Li, M., Wang, T., Chen, X., Ma, X., 2023. Conversion study from
lignocellulosic biomass and electric energy to H2 and chemicals.
Int. J. Hydrogen Energy 48, 21004-21017.
https://doi.org/10.1016/j.ijjhydene.2022.09.191

Li, M., Wang, T., Zhao, M., Wang, Y., 2022. Research on hydrogen
production and degradation of corn straw by circular electrolysis
with polyoxometalate (POM) catalyst. Int. J. Hydrogen Energy 47,
15357-15369. https://doi.org/10.1016/j.ijhydene.2021.11.111

Li, R., Yang, Z., Duan, Y., 2023. Energy, economic and environmental
performance evaluation of co-gasification of coal and biomass
negative-carbon emission system. Appl. Therm. Eng. 231, 120917.
https://doi.org/10.1016/j.applthermaleng.2023.120917

Liu, R, Zheng, Z., Spurgeon, J., Yang, X, 2014. Enhanced
photoelectrochemical water-splitting performance of
semiconductors by surface passivation layers. Energy Environ. Sci.
7,2504-2517. https://doi.org/10.1039/C4EE00450G

Liu, W., Liu, C, Gogoi, P., Deng, Y., 2020. Overview of Biomass

Conversion to Electricity and Hydrogen and Recent
Developments in Low-Temperature Electrochemical
Approaches. Engineering. 6, 1351-1363.

https://doi.org/10.1016/j.eng.2020.02.021

Luo, H,, Barrio, J., Sunny, N,, Li, A, Steier, L., Shah, N., Stephens, L.E.L.,
Titirici, M., 2021. Progress and Perspectives in Photo- and
Electrochemical-Oxidation of Biomass for Sustainable Chemicals
and Hydrogen Production. Adv. Energy Mater. 11.
https://doi.org/10.1002/aenm.202101180

Lykas, P., Bellos, E., Kitsopoulou, A., Tzivanidis, C., 2024. Dynamic
analysis of a solar-biomass-driven multigeneration system based
on s-CO2 Brayton cycle. Int. J. Hydrogen Energy 59, 1268-1286.
https://doi.org/10.1016/j.ijhydene.2024.02.093

Mokhtara, C., Negrou, B., Settou, N., Bouferrouk, A., Yao, Y., 2021.
Design optimization of grid-connected PV-Hydrogen for energy
prosumers considering sector-coupling paradigm: Case study of
a university building in Algeria. Int. J. Hydrogen Energy 46, 37564—
37582. https://doi.org/10.1016/j.ijjhydene.2020.10.069

Morya, R., Raj, T., Lee, Y., Kumar Pandey, A., Kumar, D., Rani
Singhania, R., Singh, S., Prakash Verma, J., Kim, S.-H., 2022.
Recent updates in biohydrogen production strategies and life—
cycle assessment for sustainable future. Bioresour. Technol. 366,
128159. https://doi.org/10.1016/j.biortech.2022.128159

Nanvaei Qeshmi, N., Mirabdolah Lavasani, A., Vahabi, M., Salehi, G.,
Nimafar, M., 2025. Optimization and techno-economic-
environmental assessments of a biomass-powered multi-
generation plant for hydrogen and freshwater production. Renew.
Energy 240, 122216.
https://doi.org/10.1016/j.renene.2024.122216

Nasser, M., Megahed, T.F., Ookawara, S., Hassan, H., 2022.
Performance evaluation of PV panels/wind turbines hybrid
system for green hydrogen generation and storage: Energy,
exergy, economic, and enviroeconomic. Energy Convers. Manag.
267, 115870. https://doi.org/10.1016/j.enconman.2022.115870

Navarrete, A., Zhou, Y., 2024. The price of green hydrogen: How and
why we estimate future production costs [WWW Document].
ICCT2020.

Nguyen, H.H., Pham, V.Q., Bui, V.G., 2024. Optimization of Solar-Wind-
Biomass Hybrid Renewable Energy System at Cu Lao Cham
Island. J. Sci. Technol. Univ. Danang 22, 25-31.

Nguyen, V.G., Sharma, P., Bora, B.J., Bui, T.M.T., Efremov, C., Tran,
M.H., Kowalski, J., Osman, S.M., Cao, D.N., Dong, V.H., 2024.
Techno-economic analysis of a hybrid energy system for
electrification using an off-grid solar/biogas/battery system
employing HOMER: A case study in Vietnam. Process Saf. Environ.
Prot. 191, 1353-1367.
https://doi.org/10.1016/j.psep.2024.09.046

Ni, M., Leung, D.Y.C., Leung, M.K.H., Sumathy, K., 2006. An overview
of hydrogen production from biomass. Fuel Process. Technol. 87,

Int. J. Renew. Energy Dev 2025, 14(3), 528-543
[ 542

461-472. https://doi.org/10.1016/j.fuproc.2005.11.003

Okonkwo, P.C., Mansir, 1.B., Barhoumi, E.M., Emori, W., Radwan, A.B,,
Shakoor, R.A., Uzoma, P.C., Pugalenthi, M.R., 2022. Utilization of
renewable hybrid energy for refueling station in Al-Kharj, Saudi
Arabia. Int. J. Hydrogen Energy 47, 22273-22284.
https://doi.org/10.1016/j.ijjhydene.2022.05.040

Padro, G.P., Putsche, V., 1999. Survey of the Economics of Hydrogen
Technologies. National Renewable Energy Laboratory. 1-57.

Palmer, G., Roberts, A., Hoadley, A., Dargaville, R., Honnery, D., 2021.
Life-cycle greenhouse gas emissions and net energy assessment
of large-scale hydrogen production via electrolysis and solar PV.
Energy Environ. Sci. 14, 5113-5131.
https://doi.org/10.1039/D1EE01288F

Phung, M.T., Bui, V.G,, Tran, T.S., 2024. Proceedings of the 3rd Annual
International Conference on Material, Machines and Methods for
Sustainable Development (MMMS2022), Lecture Notes in
Mechanical Engineering. Springer Nature Switzerland, Cham.
https://doi.org/10.1007/978-3-031-39090-6

Rusdianasari, -, Tagwa, A., Syarif, A., Bow, Y., 2023. Hydrogen Recovery
from Electroplating Wastewater Electrocoagulation Treatment.
Int. J. Adv. Sci. Eng. Inf Technol 13, 592-598.
https://doi.org/10.18517/ijaseit.13.2.16667

Sanz-Bermejo, J., Mufioz-Anton, J., Gonzalez-Aguilar, J., Romero, M.,
2014. Optimal integration of a solid-oxide electrolyser cell into a
direct steam generation solar tower plant for zero-emission
hydrogen  production. Appl.  Energy 131,  238-247.
https://doi.org/10.1016/j.apenergy.2014.06.028

Saravanakumar, A., Vijayakumar, P., Hoang, A.T., Kwon, E.E., Chen,
W.-H., 2023. Thermochemical conversion of large-size woody
biomass for carbon neutrality: Principles, applications, and issues.
Bioresour. Technol. 370, 128562.
https://doi.org/10.1016/]j.biortech.2022.128562

Shanmugam, S., Mathimani, T., Rajendran, K., Sekar, M., Rene, ER,,
Chi, N.T.L., Ngo, H.H., Pugazhendhi, A., 2023. Perspective on the
strategies and challenges in hydrogen production from food and
food processing wastes. Fuel 338, 127376.
https://doi.org/10.1016/j.fuel.2022.127376

Shokri, A., Shakibi, H., Azizi, S., Yari, M., Mahmoudi, S.M.S., 2024.
Optimization of biomass-fueled multigeneration system using
SOFC for electricity, hydrogen, and freshwater production. Int. J.

Hydrogen Energy 88, 1293-1320.
https://doi.org/10.1016/j.jjhydene.2024.09.161
Swaminathan, P., Ghosh, A., Sunantha, G., Sivagami, K,

Mohanakrishna, G., Aishwarya, S., Shah, S., Sethumadhavan, A.,
Ranjan, P., Prajapat, R.,, 2024. A comprehensive review of
microbial electrolysis cells: Integrated for wastewater treatment
and hydrogen generation. Process Saf. Environ. Prot. 190, 458—-474.
https://doi.org/10.1016/j.psep.2024.08.032

Taipabu, M.I., Viswanathan, K., Wu, W., Hattu, N., Atabani, A.E., 2022.
A critical review of the hydrogen production from biomass-based
feedstocks: Challenge, solution, and future prospect. Process Saf.
Environ. Prot. 164, 384-407.
https://doi.org/10.1016/j.psep.2022.06.006

Tarhan, C., Cil, M.A,, 2021. A study on hydrogen, the clean energy of
the future: Hydrogen storage methods. J. Energy Storage 40,
102676. https://doi.org/10.1016/j.est.2021.102676

Terlouw, T., Bauer, C., McKenna, R., Mazzotti, M., 2022. Large-scale
hydrogen production via water electrolysis: a techno-economic
and environmental assessment. Energy Environ. Sci. 15, 3583—
3602. https://doi.org/10.1039/D2EE01023B

Touili, S., Alami Merrouni, A., Azouzoute, A., El Hassouani, Y., Amrani,
A, 2018. A technical and economical assessment of hydrogen
production potential from solar energy in Morocco. Int. J.
Hydrogen Energy 43, 22777-22796.
https://doi.org/10.1016/j.ijhydene.2018.10.136

Umer, M., Brandoni, C., Jaffar, M., Hewitt, N.J., Dunlop, P., Zhang, K.,
Huang, Y., 2024a. An Experimental Investigation of Hydrogen
Production through Biomass Electrolysis. Processes 12, 112.
https://doi.org/10.3390/pr12010112

Umer, M., Brandoni, C., Tretsiakova, S., Hewitt, N., Dunlop, P., Mokim,
M.D., Zhang, K., Huang, Y., 2024b. Hydrogen production through
polyoxometalate  catalysed electrolysis from  biomass
components and food waste. Results Eng. 23, 102803.
https://doi.org/10.1016/j.rineng.2024.102803

ISSN: 2252-4940/© 2025. The Author(s). Published by CBIORE


https://doi.org/10.1016/j.renene.2024.119948
https://doi.org/10.1016/j.ijhydene.2025.01.048
https://doi.org/10.1016/j.ijhydene.2022.09.191
https://doi.org/10.1016/j.ijhydene.2021.11.111
https://doi.org/10.1016/j.applthermaleng.2023.120917
https://doi.org/10.1039/C4EE00450G
https://doi.org/10.1016/j.eng.2020.02.021
https://doi.org/10.1002/aenm.202101180
https://doi.org/10.1016/j.ijhydene.2024.02.093
https://doi.org/10.1016/j.ijhydene.2020.10.069
https://doi.org/10.1016/j.biortech.2022.128159
https://doi.org/10.1016/j.renene.2024.122216
https://doi.org/10.1016/j.enconman.2022.115870
https://doi.org/10.1016/j.psep.2024.09.046
https://doi.org/10.1016/j.fuproc.2005.11.003
https://doi.org/10.1016/j.ijhydene.2022.05.040
https://doi.org/10.1039/D1EE01288F
https://doi.org/10.1007/978-3-031-39090-6
https://doi.org/10.18517/ijaseit.13.2.16667
https://doi.org/10.1016/j.apenergy.2014.06.028
https://doi.org/10.1016/j.biortech.2022.128562
https://doi.org/10.1016/j.fuel.2022.127376
https://doi.org/10.1016/j.ijhydene.2024.09.161
https://doi.org/10.1016/j.psep.2024.08.032
https://doi.org/10.1016/j.psep.2022.06.006
https://doi.org/10.1016/j.est.2021.102676
https://doi.org/10.1039/D2EE01023B
https://doi.org/10.1016/j.ijhydene.2018.10.136
https://doi.org/10.3390/pr12010112
https://doi.org/10.1016/j.rineng.2024.102803

H.H. Nguyen et al

Wang, L., Si, W,, Tong, Y., Hou, F., Pergolesi, D., Hou, J., Lippert, T.,
Dou, S.X., Liang, J., 2020. Graphitic carbon nitride (g-C 3 N 4 )-
based nanosized heteroarrays: Promising materials for
photoelectrochemical water splitting. Carbon Energy 2, 223-250.
https://doi.org/10.1002/cey2.48

Widera, B., 2020. Renewable hydrogen implementations for combined
energy storage, transportation and stationary applications. Therm.
Sci. Eng. Prog. 16, 100460.
https://doi.org/10.1016/j.tsep.2019.100460

Xuan, N.-T.T., Bui, T.M.T., Bui, V.G., 2023. Simulation and experimental
study of refuse-derived fuel gasification in an updraft gasifier. Int.
J. Renew. Energy Dev. 12, 601-614.
https://doi.org/10.14710/ijred.2023.53994

Yong, Y.S., Abdul Rasid, R., 2022. Process simulation of hydrogen
production through biomass gasification: Introduction of
torrefaction pre-treatment. Int. J. Hydrogen Energy 47, 42040—

Int. J. Renew. Energy Dev 2025, 14(3), 528-543
[543

42050. https://doi.org/10.1016/j.ijhydene.2021.07.010

Younas, M., Shafique, S., Hafeez, A., Javed, F., Rehman, F., 2022. An
overview of hydrogen production: current status, potential, and
challenges. Fuel 316, 123317.

Zeng, K., Zhang, D., 2010. Recent progress in alkaline water electrolysis
for hydrogen production and applications. Prog. Energy Combust.
Sci. 36, 307-326. https://doi.org/10.1016/j.pecs.2009.11.002

Zhang, B., Zhang, H., Pan, Y., Shao, J., Wang, X., Jiang, Y., Xu, X., Chu,
S., 2023. Photoelectrochemical conversion of plastic waste into
high-value chemicals coupling hydrogen production. Chem. Eng.
J. 462, 142247. https://doi.org/10.1016/j.cej.2023.142247

Zhou, F., Zhu, L., Yang, L., Hong, Y., Xu, J., 2023. Analysis of a novel
power plant based on tars from biomass gasifier as fuel gas. Appl.
Therm. Eng. 233, 121148.
https://doi.org/10.1016/j.applthermaleng.2023.121148

@ @ © 2025. The Author(s). This article is an open access article distributed under the terms and conditions of the Creative Commons
Attribution-ShareAlike 4.0 (CC BY-SA) International License (http://creativecommons.org/licenses/by-sa/4.0/)

ISSN: 2252-4940/© 2025. The Author(s). Published by CBIORE


https://doi.org/10.1002/cey2.48
https://doi.org/10.1016/j.tsep.2019.100460
https://doi.org/10.14710/ijred.2023.53994
https://doi.org/10.1016/j.ijhydene.2021.07.010
https://doi.org/10.1016/j.pecs.2009.11.002
https://doi.org/10.1016/j.cej.2023.142247
https://doi.org/10.1016/j.applthermaleng.2023.121148
http://creativecommons.org/licenses/by-sa/4.0/

