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Economic and environmental
assessment of different energy
storage methods for hybrid energy
systems

Ying Liu & Yaru Zhang™*

Due to the environmental impact of fossil fuels, renewable energy, such as wind and solar energy,

is rapidly developed. In energy systems, energy storage units are important, which can regulate the
safe and stable operation of the power system. However, different energy storage methods have
different environmental and economic impacts in renewable energy systems. This paper proposed
three different energy storage methods for hybrid energy systems containing different renewable
energy including wind, solar, bioenergy and hydropower, meanwhile. Based on Homer Pro software,
this paper compared and analyzed the economic and environmental results of different methods in the
energy system through the case of a residential community in Baotou City. The result showed that (1)
the use of batteries as energy storage in communities posed the lowest energy costs whose NPC was
$197,396 and LCOE was $0.159, consisting of 20 batteries, 19.3 kW PV, 6 wind turbines, a 12.6 kW
converter. (2) Lower fuel cell prices mean lower NPC and the increase in the Electric Load Scaled
Average implied a decrease in LCOE and the increase of the NPC. (3) The use of fuel cells also had
impacts on the environment, such as resulting CO, and SO,.
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China officially announced the plan that “Achieve carbon peak by 2030 and carbon neutrality by 2060” at the 75th
session of the United Nations General Assembly in 2020'. In order to achieve the dual-carbon goal and reduce
the proportion of fossil fuel energy in the energy system, China has begun to accelerate the transition from fossil
energy to renewable energy. In 2023, China’ total installed capacity of renewable energy power generation was
1.45 billion kWh, accounting for more than 50% of the country’s total installed power generation capacity®.
However, the electricity generated by renewable energy sources, such as wind and solar, is unstable**. While
energy storage can regulate the fluctuation of electricity and provide stability to the power grid®>~’. Therefore,
energy storage plays an important role in ensuring national energy security®.

Many scholars have conducted research. For details, please refer to 2. Literature Review. It can be seen that
the integration of various energy storage technologies in the hybrid energy system has been applied and studied.
However, few people made a comparative analysis of the economic and environmental aspects of different
energy storage methods in renewable energy systems. Therefore, the scientific aim of the work is to propose
three different energy storage methods for hybrid energy systems containing different renewable energy such as
wind, solar, bioenergy and hydropower, and the subject of the research was to obtain comparison and analysis
of the technical and economic results of different methods in the energy system. This study is an extension
of the economic and environmental impacts of different energy storage methods in existing research. Three
energy storage methods are as following. Method 1: battery as the only energy storage technology. Method 2:
hydrogen fuel cell as the only energy storage technology. Method 3: battery and hydrogen fuel cell mixed use as
energy storage technology. Then, taking Baotou City as an example, and the simulation analysis will be carried
out. The innovation point of this paper lies in that through multi-scenario comparative analysis, for the first
time, the economic and environmental benefits of battery, fuel cell and hybrid energy storage technologies are
comprehensively evaluated in the community-level hybrid renewable energy system, providing an empirical
framework for energy storage selection in areas rich in wind and solar resources. Section 2 presented literature
review. Section 3 proposed the design frameworks of three energy storage methods. Section 4 presented the data
of the model and used a Baotou residential community case study. Section 5 compared three storage schemes
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economically and environmentally, analyzes cost sensitivity. Section 6 proposed the conclusion and research
limitations and future directions.
The full text is abbreviated as follows in Table 1.

Literature review

Energy storage technologies

There are many scholars studied renewable energy systems with energy storage technologies. The abbreviation
table is shown in Table 1. Das et al. Das, et al.” used a hybrid photovoltaic and wind energy system with
different energy storage technologies to meet the load needs of remote communities and found that proper
energy storage technology can significantly affect system performance. Xin et al. Xin, et al.!’ pointed out that
rechargeable batteries, currently occupied the largest share of the energy storage market and were vital to the
sustainable energy transition and industrial decarbonization in response to global climate change. Sharma et
al.!! studied the optimal BESS size and the results show that the current input costs of batteries in South Australia
were economically beneficial. Li et al.!?> examined the energy management, operation control methods and
application methods of large BESS and emphasized that BESS was economical and important, and the normal
operation of battery and extending its life was vital. Jahangir et al.!> introduced an off-grid hybrid renewable
energy system composed of photovoltaic panels, wind turbines and biogas generators with battery storage. Fuel
cells with hydrogen are generally emerging as a new era of technological development'®. As a result, many
countries have incorporated hydrogen development into their national strategies and taken steps to promote
the fuel cell industry'®. Rekioua et al.!® investigated a hybrid photovoltaic and fuel cell system for standalone
applications to achieve the goal of minimizing system LCC. Abomazid et al.'” investigated how to optimize the
energy management of hydrogen facilities by integrating battery storage systems and solar photovoltaic systems.
Hu'® analyzed the current situation of hydrogen energy and fuel cell development in China, pointing out that
the Chinese government attached great importance to hydrogen energy and fuel cell technology. Das et al."®
focused on independent hybrid renewable energy systems in remote areas of Australia to explore the impact
of energy storage technologies, including battery energy storage, hydrogen energy storage, and photovoltaic
technology tracking technology on system performance. Hoang and Yue et al.>*?! studied the importance of
combining battery energy storage system with solar photovoltaic system in hydrogen energy production and
this integration can improve the economy and efficiency of the system, enabling efficient conversion from
solar to hydrogen energy. Gonzélez et al.? evaluated the energy efficiency and economy of solar and hydrogen
storage facilities in different application methods, and points out that the cost of hydrogen energy storage was
significantly lower than that of traditional power storage technologies. Kalinci et al.?? built a conceptual model
for a hybrid renewable energy system of hydrogen energy and battery storage on Bozcaada Island in Turkey,
including photovoltaic, wind and fuel cells.

Economic and environmental analysis

Many scholars have also studied the economic and environmental analysis of energy storage. Algahtani and
Balta-Ozkan?! evaluated PVsystems with battery storage in Neom. The techno-economic analysis showed
that the current tariff structure was not economically viable and suggested that tariff of $0.08/kWh would be
feasible. Seedahmed and Mustafa et al.*® optimized energy systems with PV panels, converters, and batteries for
commercial applications in Mecca, achieved a minimum COE of $0.11/kWh and reduced NPC by eight times.
Chung et al.?¢ studied the economic evaluation of renewable energy including wind and solar energy and used a
fuel cell and diesel engine generator as the base power supply in off-grid and grid-connected situations in South
Korea and found greenhouse gas emissions would fall. Jahangir et al.!* proposed a solar-wind-biomass hybrid
renewable energy system with battery storage and found that the COE range of the optimal system was 0.128
to 0.223 $/kWh. Increasing the price of biomass from $20 / ton to $60 / ton can reduce the power generation of
biogas generators by at least 86% and also found that carbon dioxide was reduced by 67.49% compared to the
base case. Odetoye?” et al. proposed a power generation mix consisting of PV, CSP and small hydropower (SH)
with NPC of $55.7 million for a renewable microgrid with battery storage and $408 million for a diesel microgrid
with LCOE of $0.26 and $1.01 per kWh, respectively and found that the system could reduce carbon dioxide
(CO,) emissions by up to 7,540 metric tons per year. Khan®® et al. proposed various feasible configurations for
the integration of energy storage systems such as batteries and hydrogen in remote communities in Pakistan,
resulting in COE of $0.127 /kWh and NPC of $0.127 /kWh. Abdulrhman?® et al. simulated grid-connected

Full name Abbreviation
Net Present Cost NPC
Levelized Cost of Energy LCOE

Wind turbine WT
Photovoltaic panel PV

Energy Cost COE

Life Cycle Cost LCC

Battery Energy Storage System | BESS
Concentrated Solar Thermal CSp

Table 1. Nomenclature.
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PV and PV with cells configurations and found that grid-connected PV systems are more viable at industrial
electricity prices, with a levelized energy cost of $0.016/kWh, a net present value of $4233,274, a return on
investment of 426.5%, and a payback period of 4.7 years.

The model of the energy system

Energy system modeling tools are widely used in academic research, with scholars selecting different platforms
based on specific research objectives. Yang and Li** used HOMER Pro to design an off-grid solar-wind-battery
system for a remote community, optimizing cost and reliability, while Song et al.*! employed it to assess the
impact of battery degradation on long-term system economics. Coban et al.*>** conducted a technical and
economic study on the hybrid renewable energy system in the energy-deficient cities of Cadaado and Beledweyne
in Somalia, and analyzed the feasibility of centralized and decentralized configurations based on HOMER Pro
software modeling.

In contrast, EnergyPLAN is favored for national or regional energy transition studies, where long-term policy
and sector coupling are key concerns. Davide et al.** applied EnergyPLAN to analyze 100% renewable scenarios
in Europe, integrating wind, solar, and hydrogen storage, whereas leva et al.’> used it to evaluate the role of
biomass in decarbonizing district heating systems. Meanwhile, RETScreen is commonly used for preliminary
feasibility and carbon reduction assessments due to its simplicity. Owolabi et al.*® applied RETScreen to compare
the financial viability of solar PV projects across different climates, and used it to estimate emissions reductions
from rural electrification projects in developing countries. DER-CAM has been utilized for distributed energy
resource optimization and policy analysis, particularly in urban microgrid studies. Michael et al.*” employed
DER-CAM to assess the economic benefits of demand response in commercial buildings, while Eskander,
Monica and Silva*®® modeled the impact of carbon pricing on DER adoption in microgrids. Jalaee et al.*
successfully applied the COA-ANN hybrid method to global carbon emission prediction, and Jalaee et al.*0
used the WOA-ANFIS framework in coal consumption prediction under high-noise data. Furthermore, the
evaluation of Al-driven hydrogen storage technologies provides key technical support for the system design of
renewable energy-coupled hydrogen storage®!*2. At the prediction level, Mao et al.***** proposed the wind and
solar power range prediction method based on meteorological reconstruction and deep learning to enhance
the ability of uncertainty management. In system optimization, physical models and data-driven strategies are
integrated to achieve motor efficiency improvement, collaborative planning of hydrogen energy chains, and
multi-objective regulation of microbial fuel cells**-*. Building load management refines itemized prediction
through generative adversarial networks to support dynamic response**.

HOMER Pro has been extensively applied in microgrid and hybrid renewable energy system optimization
due to its minute-level simulation capability, which takes the minimum NPC as the objective function, and the
constraint is the battery charge and discharge, power balance and other technical limitations. It generates the
optimized system configuration according to the LCOE and NPC ordering, and the results show the economic
benefits and gas emission of each scheme®~>%. Homer Pro supports hourly high temporal resolution energy
supply and demand matching analysis, accurately simulating the seasonal and intraday fluctuation characteristics
of wind/solar resources, providing a scientific basis for energy storage configuration and system redundancy
design. Homer Pro allows users to customize component parameters such as photovoltaic panel efficiency and
is compatible with traditional energy equipment like diesel generators, providing a seamless technical path for
the future construction of renewable hybrid systems. Meanwhile, Homer has been widely adopted by the global
academic and industrial communities and has become a benchmark tool in the field of optimizing renewable
energy systems.

Methodology

In order to simulate and compare the economic utility of different methods, four scenarios were constructed.
They are Scenario 1: Hybrid renewable energy systems without storage energy, Scenario 2: Hybrid energy
systems with battery storage energy, Scenario 3: Hybrid energy systems with fuel cell storage energy, Scenario 4:
Hybrid energy systems with battery and fuel cell storage.

Hybrid renewable energy systems without storage energy

In this scenario, there is no energy storage which serves as a foundation, which provides a basic comparison
for the subsequent research on the necessity of energy storage systems. The basic energy architecture is shown
in Fig. 1, including wind resources, solar resources, biomass, grid, where AC refers to alternating current, and
DC refers to direct current. The system consists of photovoltaics, wind turbines, hydrokinetic, biogas generator,
batteries and converters. The photovoltaic (PV) subsystem which converts solar radiation into electricity and
the wind turbine (WT) subsystem which converts wind energy into electricity and then provides it to the
alternating current (AC) are the main source of energy. The biogas power generation system converts organic
waste such as crop straw into biogas through anaerobic fermentation technology, which drives the generator to
produce electricity. The hydropower system utilizes the water resources. It converts the kinetic energy of water
into mechanical energy through micro hydro turbine units and then converts it into electrical energy through
generators. Among them, Converters are used to maintain the energy flow between DC and AC, and are capable
of converting AC power to DC power (rectification), or DC power to AC power (inverter). Conversion in the
form of current is essential for the electrical load of household appliances and is also important in renewable
energy hybrid system.

Hybrid energy systems with battery storage energy
Figure 2 shows the architecture of the first method to store energy is hybrid energy systems with battery storage.
The battery can help the hybrid system eliminate the lack of power generation and absorb the surplus electricity
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Fig. 1. Architecture diagram of hybrid renewable energy systems without storage energy.

AC
Wind | Wind turbines AC—— 5
resources
Solar ».| Photovoltaic bC - | s
resources panels ~_/
——AC—>| Grid
Biomass Biogas AC _
resources o generator >
AC——p>] Load
Hydrokinetic »| Hydrokinetic AC >
resources
Batteries <¢—DC—P| — —— —~_ < AC P

Fig. 2. Architecture diagram of hybrid renewable energy systems with battery storage energy.

generated by renewable energy to achieve the purpose of improving the energy conversion efficiency. Since
the output of renewable energy such as solar and wind energy is intermittent and uncertain, the battery can
store excess electrical energy and release it during peak demand, the existence of batteries may balance supply
and demand and improve the stability and reliability of the system. Through the storage function of batteries,
renewable energy may be better utilized'®.

Hybrid energy systems with fuel cell storage energy

Fuel cell converts chemical energy directly into electricity, which is generated by a series of chemical reactions
that occur inside the cell and has high energy conversion efficiency and low environmental pollution and they
work by using hydrogen and oxygen in a biochemical reaction under the action of a catalyst to produce water
and electricity®. The classification of fuel cells is based on several electrolyte materials selected in fuel cell design,
and hydrogen fuel cells are one of the most widely used fuel cell types because they use hydrogen as a fuel and
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oxygen as an oxidizer and hydrogen fuel cell has high electrical efficiency, up to 70%°6-%°. Therefore, hydrogen
fuel cell is selected in this paper.

The system architecture of method 2 is shown in Fig. 3 in which fuel cell, electrolyzer and hydrogen storage
tank were added. The system consists of photovoltaic panel, wind turbine, biogas generator, electrolyzer,
hydrogen storage tank, fuel cell and converter. The third sub-system electrolyzer started to work when there was
a surplus of solar and wind energy, using the excess electrical energy for water electrolysis to produce hydrogen
and oxygen, and the hydrogen can be fed into the hydrogen storage tank. The hydrogen generated is used by a
fourth sub-system fuel cell stack, which generates electricity to DC.

Hybrid energy systems with battery and fuel cell storage energy

The overall architecture is shown in Fig. 4. The system consists of photovoltaic panel, wind turbine, biogas
generator, electrolyzer, hydrogen storage tank, fuel cell, battery and converter. The hybrid energy system of fuel
cell and battery can combine the high efficiency of fuel cell and the high power density of battery. As a device that
converts chemical energy directly into electric energy, the fuel cell has the advantages of high efficiency and low
emission. However, fuel cells are slow to respond to cold starts and cannot provide enough power quickly when
the load changes®®¢!. To reduce the impact of these questions, batteries are introduced into the system, whose
fast response characteristics may quickly replenish or absorb power when the fuel cell starts or the load changes
to guarantee the stability and reliability of the system.

Data

Site description

The case data is selected from Baotou whose geographical location is 40°39.2’N and 109°50.3’E with the population
of 600 people, which is consist of 300 households. The reason why Baotou can be energy development base is its
richness in renewable resources, and its huge space for the development of renewable energy technology. The
landform of Baotou is mainly composed of plateaus, grassland, forest and cultivated land®2. Therefore, biomass
energy from agriculture and livestock is abundant. Second, Baotou has sufficient sunshine and massive solar
energy resources, with an average annual sunshine time of more than 2,700 h in most areas, and the amount
of wind energy reached 69.611 million kW, an increase of 52.38% in 2023%. Besides, Baotou has strong winds
throughout the year, and the windier phase of the year lasts for 3 or 4 months from February to June, with an
average wind speed of more than 15.3 km per hour, of which April is the highest average hourly wind speed in
January, reaching 18.1 km per hour. At the same time, Baotou accounts for 14.49% of the mountainous land,
75.51% of the hilly grassland, and 10% of the plains, with developed agriculture and abundant biomass natural
resources. Besides, Baotou has broad prospects for the development of hydrogen energy industry market®.

Natural resources

Solar resources

The greater the value of annual radiation intensity and annual sunshine duration, the more abundant solar
energy resources, the more favorable for the development of the photovoltaic industry. The monthly average
daily solar Global Horizontal Irradiance (GHI) and Clarity Index (CI) data for Baotou City during a 22-year
period (July 1983-June 2005) were selected for the photovoltaic panel POWER calculation, and the data were
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Fig. 3. Architecture diagram of hybrid renewable energy systems with fuel cell storage.
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Fig. 4. Architecture diagram of hybrid renewable energy systems with battery and fuel cell hybrid storage
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Fig. 5. Monthly average solar global horizontal irradiance GHI and clarity index CI in Baotou.

obtained from the NASA Global Energy Forecast (POWER) database. The monthly average daily GHI and CI
data are shown in Fig. 5, and the highest average monthly GHI in Baotou is estimated to be 6.39 kWh/m?2.

Wind resources

Wind speed of the case location during the 22 years (July 1983-June 2005) was selected, and the data is from
NASA’s Global Energy Forecast (POWER) database, and the monthly average wind speed is shown in Fig. 6.
With an average wind speed of 5.67 m/s, the region has a suitable wind potential, with the highest average wind
speed in April being 7.05 m/s.

Biomass resources

Baotou plants a large number of crops every year. Crop straw and agricultural product processing residues, urban
and rural organic waste and other biomass resources are rich, the development of biomass power generation
industry has good resources. Baotous agricultural sector plays an important role in biomass production.
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Fig. 7. Available biomass per month in Baotou.

According to the data, corn, sunflower and bean straw account for more than 90% of the resources that can be
collected from the main crop waste straw in Baotou. The annual collection and utilization of agricultural waste
straw in Baotou are 1,588,500 tons®. In this study, Fig. 7 shows the biomass technology potential of Baotou City,
assuming a gasification rate of 0.59 kg/kg for agricultural waste (the amount of biogas produced per unit mass of
biomass), considering a lower calorific value of biogas LHV (energy contained in 1 kg of biogas that can be used
by a biogas generator set) of 5.5 M]/kg, a carbon content of 7%, and a biomass cost of 0 $/t°1-¢.

Generation unit

Wind turbine

The output power of a power generator depends on air density, wind speed and rotor area. The output power of
the wavelet transform is calculated by Eq. (1)%:

1
P,. ., = 3 XPX Aw x V' x PowerCof ficient (1)

Where p is the air density, Aw is the area swept by the air, V is the wind speed, Power Cofficient is the power
coefficient, indicating how much energy is converted into electricity, usually provided by the fan manufacturer,
the air density p is calculated according to formula (2)%7:

Pressure

p (2)

“Rx Temperature

Where Pressure is the atmospheric pressure, R is the gas constant, Temperature is the temperature, this data is
from HOMER Pro. The value of V is derived from NASA meteorological data, which is an academic literature
or standard. We present it in the Wind resources section, while Aw, which is the swept area of the rotor, is the
value provided by the manufacturer in the software after the wind turbine model is selected. The air density p of
1.225 kg/m” is the standard atmospheric condition, which is the built-in data of HOMER Pro. PowerCofficient
is the default value of HOMER. In this study, the model of wind turbine selected is AWS HC 4.2 kW, and the
specifications of this model of wind turbine are shown in Table 2°2.
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Component characteristics Value
Nominal power (W) 4200
Capital cost ($/unit) 9660
Replacement cost ($/unit) 7560
Operation and maintenance cost ($/year) | 100
Life cycle (year) 20
Efficiency (%) 40

Table 2. Description of technical and economic parameters of wind turbines.

Component characteristics Value
Nominal power (W) 250
Capital cost ($/kW) 1300
Replacement cost ($/kW) 1300
Operation and maintenance cost ($/year) | 20
Life cycle (year) 20
Efficiency (%) 15.2
Derating factor (%) 80

Table 3. Description of technical and economic parameters of solar photovoltaic panels.

Photovoltaic panel

The available output power of photovoltaic power generation is calculated using formula (3) according to
input parameters such as the size of photovoltaic array, ambient temperature and solar radiation intensity, and
continuously optimizes the final optimal power of photovoltaic power®:6%:

PPVZYPVXfPVXﬂx[1+0‘(TC_TS)] G)
1000

Among them, P,,,, refers to the power generation of solar panels, Y, represents the output power of photovoltaic
arrays under standard tests, f,,, represents the derating factor (considering the loss caused by pollution on solar
panels and the impact of environmental temperature effects), Tt is the total solar radiation incident on PV
panels, « is the temperature coefficient, T . is the battery temperature, and the temperature of the solar panels. T
is the battery temperature. The battery temperature is calculated by Eq. (4)7%

NOCT72O> I

Tc(t):T“(t)+( 0.8 “Ts

(4)

In formula (4), T, is the ambient temperature (°C) and NOCT is the nominal operating temperature of the
battery (°C). The solar photovoltaic panel used in this study is Sharp ND-250QCS, and the efficiency of the
selected solar photovoltaic panel is 15.2%. The economic and technical data of the specific photovoltaic panel
modules are shown in Table 37!

Biogas generator

Biomass is organic matter that can be converted into energy, and the recovery of energy from biomass can
produce heat or electricity. Most internal combustion engines can use biogas as fuel, and the reported electrical
efficiency is usually 30 to 40%. The selected biogas generator(BioGen) set has a service life of 20,000 h, assuming
that the investment, replacement and maintenance costs of the biogas generator set are 1500 dollars/kW, 1500
dollars/kW and 60 dollars/year, and the specifications of the biogas generator set are shown in Table 4572,

Grid

In hybrid renewable energy systems, grid connectivity helps to ensure the stability of the energy supply side,
while also facilitating the access and utilization of clean energy sources such as hydrogen. And depending on
the grid recovery price, additional economic benefits can be gained by selling excess power and participating in
demand response. The residential electricity ladder price in Baotou is divided into three grades, with the first
grade (annual electricity consumption of 2040 kWh and below) : 0.07$/ kWh; The peak electricity price: 0.10$/
kWh; Valley Electricity price: 0.035$/ kWh. The grid recycling price is 0.04 $/kWh.

Energy storage unit

Battery

The nominal capacity and voltage are factors that affect the efficiency of the battery. The battery efficiency and
voltage can be calculated by Egs. (5), (6), and the storage capacity of the battery is calculated by Eq. (7) 7>.

Scientific Reports|  (2025) 15:25592 | https://doi.org/10.1038/s41598-025-09732-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Component characteristics Value
Capacity (W) 15
Capital cost ($/kW) 1500
Replacement cost ($/kW) 1500
Operation and maintenance cost ($/year) | 60
Life cycle (hour) 20,000
Fuel price ($/kg) 0.053
Sulfur content (%) 0
Carbon content (%) 7
Density (kg/m?) 0.720
Low heating value (M]/kg) 5.5
Minimum load ratio (%) 30

Table 4. Description of technical and economic parameters of biogas generator.

Component characteristics Value
Voltage (V) 6
Life cycle (year) 12
Minimum charging ratio (%) 20
Capital cost ($/kW) 1100
Replacement cost ($/kW) 1100
Operation and maintenance cost ($/year) 10
Efficiency (%) 80

Table 5. Description of technical and economic parameters of batteries.

I'n,om X Rint X Ibatt
att = 1 — 5
Thate ( Viom X Inom ) ( )
Viatt = Eo — (Rint X Ipatt) (6)
Nba,tt X ‘/batt X ]'ma:c
max.b — 7
Pracy 1000 @

In Formula (5), (6) and (7), batt represents the battery efficiency, I, = represents the nominal current, R,,
represents the internal resistance, i, represents the battery current, V,  represents the nominal voltage, E;
represents the no-load voltage, N, , represents the number of batteries, and I represents the maximum
current of the battery. R, Vnom, EO are cited from the Battery Modeling Review. This study systematically
compared the typical parameter ranges of lead-acid/lithium-ion batteries, and the specific values were calibrated
from the technical manual of the Surrette 6CS25P battery. The system configuration parameters, N, I are
optimized and generated based on the built-in algorithm of HOMER Pro software Version 3.14. The calculation
method of battery capacity (kW) is shown in Eq. (8)7:

_ EL x AD
" DOD X Nin X Mpatt

t

Cs

(8)

E, is the total energy demand, AD is the days of autonomy, and DOD is the depth of discharge, Minand npatt
are inverter efficiency and battery efficiency respectively. The calculation formulas for efficiency and capacity
in Formula 10 adopts the energy storage capacity calculation standard released by the Renewable Energy
Laboratory (NREL) of the United States. Surrete 6 CS 25P battery was used in this study. The technical and
economic parameters of the selected battery were shown in Table 5. Assuming a life of 12 years, the investment,
replacement and maintenance costs of the battery were 1100 $/kW, 1100 $/kW and 10 $/year respectively’*.

Fuel cell
The output voltage from the fuel cell stack is calculated from Eq. (9)7:

VFC = Ncell . Ecell = FE - Vact - Vohm - ‘/con (9)
Vieo Ny Eeop B Vip Vohm’ V., Tepresent fuel cell output voltage, open circuit voltage, activation, ohm, and

concentration fuel cell overvoltage, respectively. Table 6 shows the technical and economic parameters of fuel
cells”®.
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Component characteristics Value
Capital cost ($/kW) 2000
Replacement cost ($/kW) 1800
Operation and maintenance cost ($/year) | 200
Life cycle (year) 12
Efficiency (%) 85

Table 6. Description of technical and economic parameters of fuel cells.

Component characteristics Value
Capital cost ($/kW) 2000
Replacement cost ($/kW) 1800

Operation and maintenance cost ($/year) | 200

Life cycle (year) 15

Table 7. Description of technical and economic parameters of hydrogen storage tank.

Component characteristics Value
Capital cost ($/kW) 2000
Replacement cost ($/kW) 1800
Operation and maintenance cost ($/year) | 200
Life cycle (year) 12
Efficiency (%) 85

Table 8. Description of technical and economic parameters of electrolyzer.

Component characteristics Value
Capital cost ($/kW) 550
Replacement cost ($/kW) 550
Operation and maintenance cost ($/year) | 10
Life cycle (year) 15
Efficiency (%) 95
Relative capacity (%) 80

Table 9. Description of technical and economic parameters of the converters.

Hydrogen storage tank
Technical and economic parameters of hydrogen storage tank are shown in Table 777.

Electrolyzer

At the end of the reaction, hydrogen is produced at the cathode as Eq. (10) and oxygen at the anode as Eq. (11),
using a combination of electrolyzers, fuel cells, and hydrogen tanks, the storage requirements of the battery
can be reduced. The economic and technical parameters of the electrolyzer selected in this study are shown in
Table 87%.

2H" +2e~ — H, (10)
2H,0 — Oy + 4H™ + 2¢” (11)

Converter
The output power of the inverter is based on the input power and fixed efficiency, which can be obtained from
Eq. (12)7:

Pout = Pin X Ninv (12)

Where P . refers to the output power of the inverter, P, is the input power, and 7., is the fixed efficiency. In this
study, the technical and economic parameters of the selected converter are shown in Table 9%°.
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Application description | Average daily usage time (h) | Utilization number (n) :"(’)vv;rer Total load (kWh)
Lighting 8 6 30 1.44
Refrigerator 24 1 240 5.76

Phone charging 7.5 3 5 0.45

Television 7 1 36 0.252

Air conditioner 4 1 2870 11.48

Laptop 6 1 100 0.6

Random load 5 1 15 7.5

Water heater 1 1 1500 1.5

Total - - - 32.03

Table 10. Electrical load required for each household.
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Fig. 8. Annual load heat map of the community.

Parameter Fuel cell Load

Sensitivity parameter | Initial Capital
Values 50,000;100,000;200,000; 300,000; 500,000; | 100; 200; 250; 300; 350; 400

Scaled annual average electric load

Table 11. Various sensitive variables with different values.

Electrical load demand

When designing a hybrid energy system, it is first necessary to determine the load demand. This stage is very
important to ensure that the energy generated by the system is at an optimal level and whether to build a large
system. Load demand can be determined by calculating the electricity consumption of each household in a small
system. Load demand is determined by estimating the daily usage of electrical equipment in the house. In larger
systems, statistics on energy use in the region are used. In determining the demand, you can directly use the total
energy consumption data in the area, or you can use the per capita daily electricity consumption data to calculate
the load demand. Through data statistics, Table 10 shows that the average power load required per household in
this community is 32.03 kWh.

Figure 8 shows the thermal map of the load at the site, with an average load demand of approximately 165.59
kWh/day and a peak load demand of 23.31 kW. Due to the dry climate of the region, most of the electricity
consumption is in July, as the load continues to grow with the arrival of summer. This data is entered into
HOMER Pro as the main load requirement.

Sensitivity analysis

Sensitivity analysis helps illustrate how system variables affect the overall performance of a system. In this study,
the influence of several sensitive variables on the cost parameters of hybrid energy system was discussed through
comprehensive sensitivity analysis. Table 11 describes the different sensitive parameters evaluated in the analysis
and their corresponding values. Sensitivity analysis is carried out on Method 3 of using hybrid storage, mainly
on the fuel cell price at the power supply end and the Scaled annual average electric load at the power end.

Results and discussions

In this paper, three PV-WT-BioGen- Hydrokinetic hybrid renewable energy systems with different storage
methods are optimized to meet the electricity needs of a community in Baotou. The economic analysis of the
impact of energy storage on the system is mainly based on the NPC and LCOE of the optimization results
obtained by different simulation methods, and the environmental impact of the carbon content, carbon dioxide
content and sulfur dioxide content of the optimization results on the three energy storage methods is analyzed.
The sensitivity analysis of fuel cell price and power demand parameters is used to study the impact of different
price parameters and demand parameters on the economic environment of hybrid energy storage system.
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Results 1 2 3 4 5

NPC ($) 197,396 | 226,315 | 255,051 | 309,036 | 379,803
LCOE (%) 0.159 0.201 0.208 0.236 0.29
Battery (n) 20 15 43 35 45

PV (kW) 19.3 - 52.7 37.1 -

WT (n) 6 13 8 8 14
BioGen (kW) - - - 15 15
Converter (kW) | 12.6 12.7 17.8 22.8 23.6
Dispatch CC CcC CcC LF LF

Table 12. Different optimization options for renewable energy systems with battery storage energy.

Component | Capital ($) | Replacement ($) | O&M ($) | Salvage ($) | Total ($)

Battery 22,000.00 38,127.58 4,338.07 1,639.61 62,826.03
WT 57,960.00 36,276.30 13,014.20 | 25,728.93 81,521.57
PV 25,072.39 20,051.45 8,366.59 | 14,221.47 39,268.96
Converter 6,931.5.0 5,861.92 2,733.57 1,747.40 13,779.58
System 111,963.89 | 100,317.24 28,452.43 | 43,337.42 197,396.15

Table 13. Component cost of renewable energy system optimization solution with battery storage energy.

Generating capacity | KWh/yr | proportion (%)
Photovoltaic panel 31,287 349

Wind turbine 58,407 | 65.1

Total 89,693 10

Table 14. Average annual output of photovoltaic panels and wind turbines.

Hybrid renewable energy systems with battery storage energy

The simulation results of the method with battery energy storage are shown in Table 12. First of all, the optimal
result based on the NPC minimum is displayed on the second column, with the system configuration consisting
of 20 batteries, 19.3 kW PV, 6 wind turbines, a 12.6 kW converter. As for the economics of the optimization
results, we can see NPC is 197,396%. And LCOE is $0.159, and the selected scheduling strategy is a cyclic
charging strategy. We can see batteries being used in every optimization solution, and the reduction of battery
consumption in result 2 leads to an increase in NPC from $197,396 to $246,314, an increase of 25%, and in
LCOE from $0.159 to $0.201, an increase of 26%.Compared with result 1, result 3,4,5, the optimal configuration
scheme did not use the biogas generator set with low initial cost compared to the wind turbine, but chose the
wind turbine, which can show that the power output of Baotou wind resources is stable whose power generation
may be higher.

In the 25-year project cycle model, the total net present value cost of the system’s optimal Method is $197,396.
Table 13 shows the NPC of each component in the optimization method over the project lifecycle. Among them,
the highest capital cost is the investment of wind turbines, the capital cost of 6 AWS HC 4.2Kw wind turbines
in the initial stage of the project is $57,960, because the life cycle of wind turbines is 20 years, the project life
cycle are 25 years, at the 20th year, the wind turbines are scrapped and 6 new wind turbines are replaced. The
total investment for the wind turbine at the end of the project was $81,512.57. The capital cost of photovoltaic
panels and battery energy storage ranked second and third in the project, respectively $25,072.39 and $22,000.
Therefore, this more reflects the advantages of Baotou’s wind resources and the reasons for choosing wind
turbines in the optimal scheme of this model.

The average annual output of photovoltaic panels and wind turbines is shown in Table 14. Photovoltaic panels
are the stable output of the model, accounting for 34.9% of the system’s power generation, generating 31,287kWh
in the year, while wind power accounts for 65.1% of the annual power generation, with the largest output in
March, April and May, due to the strongest wind speed and abundant wind resources in Baotou during these
three months.

Figure 9 shows the monthly power generation of photovoltaic panels and wind turbines in the system
throughout the year in the optimal Method.

Figure 10(a) shows the annual hourly energy generation of each component in the optimal solution of
renewable energy system with battery energy storage, and (b) shows the charging state of the battery in a year.
In figure (a), the purple part is the hourly power output of wind turbines, the brown part is the hourly power
generation of photovoltaic panels, the green part is the charging and discharging of batteries, and the dark blue
part is the total power load.
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Fig. 9. Energy yield of components in the optimal scheme of renewable energy system with battery storage.
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Fig. 10. Annual hourly energy generation of each component of the optimal renewable energy system with
battery storage.
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Fig. 11. Select the hourly power generation of the system from August 27 to September 2 as shown in Fig. 11.

Results 1 2 3 4
NPC ($) 4.80M | 596 M | 6.24M | 6.53M
LCOE ($) 385 |4.82 475 | 4.98
FC (kW) 250 250 - 250
PV (kW) 101 214 145 148
WT(n) 31 - 66 76
BioGen(kW) - - 15 15
Electrolyzer(kW) | 50 50 50 50
Refomer(kW) 100 100 100 100
HTank(kg) 100 100 50 50
Converter(kW) 5.38 10.6 50.3 50.5
Dispatch CC CC CcC CcC

Table 15. Different optimization options for renewable energy systems with fuel cell storage.

Since the hourly power generation of each component fluctuates most significantly from August to September,
the system power generation from August 27 to September 2 in Fig. 10 is selected, as shown in Fig. 11. We can
see that in each day photovoltaic panels (brown curve) and wind turbines (purple curve) generate electricity to
provide the energy required for the daytime power load (dark blue curve), while batteries (green curve) charge
during the day and discharge at night to meet the nighttime power demand. The disadvantage of the system is
low flexibility, because the extra power generation after the system is operated is 27,444kWh, accounting for
30.6% of the system’s power generation, which means that the power generation is wasted. And, in the event
that any of the wind or photovoltaic components need to be repaired, there is no other backup power supply
available.

Hybrid renewable energy systems with fuel cell storage energy

Table 15 shows the optimal configuration of the hybrid system with fuel cell for the community meeting the
power demand of households. The optimization result of the candidate winning system is the first solution
output by HOMER. The optimization result shows that the solution includes photovoltaic power generation and
wind turbine, and the scheduling strategy is cyclic charging. The cost of the fuel cell is much higher than the
cost pricing of the battery, thus it can be seen that the NPC and LCOE of the optimization result in Table 12 are
higher, whose NPC was $48,000,000 and LCOE was $3.85. As shown in Table 14 result 4: fuel cell 250 kW, PV
148 kW, 76 wind turbines, electrolyzer 250 kW, converter 50.5 kW, and the NPC reached $6530,000. Result 2 did
not use wind turbines, all chose to use photovoltaic panels, NPC rose from $4.4Mz to $5.95 M, also increased by
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Fig. 12. Overview of fuel cell power generation per hour in renewable energy system optimization with fuel
cell storage.

EWT 60
PV 50
FC 40

E
30
3
20
10

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

Fig. 13. Overview of the power generation of each component in the optimization scheme of a renewable
energy system with fuel cell storage.

Quantity kWh/yr | %
Excess power 437,017 | 88.4
Unmet electrical load 3190 |5.28

Capacity shortage 6092 | 10.1

Table 16. Electricity services in an optimal method for renewable energy systems with fuel cell storage.

24%, LCOE increased by 26%. Result 3 did not use fuel cells, and the NPC increase was significantly lower, only
4.7%. On the contrary, the LCOE had decreased, becoming $4.75. The NPC of result 4 went up to $6.53 M and
the LCOE went up to $4.98.

Figure 12 is an overview of the hourly power generation of the fuel cell in the optimal scheme. From the
figure, it can be seen that the fuel cell does not generate power during the day, but basically provides power at
night, because the photovoltaic panel absorbs solar energy during the day to provide power energy and the wind
turbine provides power output during the day.

Figure 13 shows an overview of the power generation of each component in the optimization scheme of a
renewable energy system with fuel cell storage. As can be seen from the figure, as in result 1, wind power is still
the main output source of power generation equipment, photovoltaic panels stable output in a year, and fuel cell
discharge accounts for only a small part.

As can be seen from Table 16, due to the high cost of fuel cells and the shortage of energy storage equipment,
the optimal scheme in the system leads to 437,017kwh of excess power per year, accounting for 88.4%. The
energy waste in Method 1 occurs when renewable generation exceeds load demand and battery storage capacity,
often due to insufficient battery capacity, leading to unutilized excess energy. This reduces system efficiency,
sustainability, and increases LCOE. Similarly, Method 2 exhibits a high excess energy rate (88.4%), primarily
from peak renewable generation outpacing demand and limited fuel cell storage.

Hybrid renewable energy systems with battery and fuel cell hybrid storage energy

Table 17 shows the architecture of the system and associated scheduling policies, the various costs and the
amount of power generated by each component of the architecture. Overall, in the optimal configuration, the
system has an NPC of $3,110,000 and an average power cost of $2.37. The solutions shown in the optimization
results include biogas power generation, photovoltaic power generation, wind power generation, using a
scheduling strategy of load following, 39 batteries, 37 kW PV, 8 wind turbines, and 15 kW BioGen. The optimal
solution for model optimization with hybrid energy storage in Homer Pro did not use fuel cell power storage. It
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mWwWT
mPv

NPC (%) 311M | 316 M |339M | 344 M
LCOE (%) 2.37 2.40 2.58 2.51
FC (kW) - - 250 250
Battery (n) 39 37 45 44
PV (kW) 37 - 24.7 28.5
WT (n) 8 14 8 8
BioGen (kW) 15 15 15 15
Electrolyzer (kW) | - 50 50 -
Refome r(kW) - - 50 50
HTank (kg) - 50 - 50
Converter (kW) 232 259 259 26.0
Dispatch LF LF CcC CcC

Table 17. Local optimization options for renewable energy systems with battery storage and fuel cell hybrid
storage.
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(a) Annual hourly output of each component
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Fig. 14. Power generation of each component in an optimal result for a renewable energy system with battery
and fuel cell storage.

can be seen that in the optimal result of Method 3, the NPC of the system rise from $3,110,000 to $3,160,000, an
increase of $50,000, reaching 6%, and LCOE also rise from $2.37 to $2.40.

In the optimal scheme of renewable energy system with battery and fuel cell energy storage, the power
generation of each component is shown in Fig. 14(a), while the energy storage device only invokes the battery
pack, and the annual charging state of the battery is shown in Fig. 14(b).

Optimization Method 3 includes two kinds of energy storage, battery and fuel cell. The power generation of
each component in the system is shown in Fig. 15. The proportion of fuel cells is also very low.

Comparison of results of three methods

The optimization schemes of the three Methods are shown in Table 18. Method 1 using only batteries as energy
storage has a net present value cost of $197,396 and a unit power cost of $0.159. Method 2 using only hydrogen
fuel cells has a net present value of $4.8 million and a unit power cost of $3.85. The NPC of Method 2 significantly
higher than that of Method 1, with an increase of 24 times. In Method 3, when both batteries and hydrogen
fuel cells can be used, the optimal simulation scheme does not choose to use hydrogen fuel cells. Accordingly,
the NPC is 3.11 million dollars, and the unit power cost is $2.37. Compared with Method 1, both economic
parameters are significantly increased. According to the comparison of the optimized configuration capacity
and net present value cost of each component in the above three Method optimal schemes, it can be seen that
under the same power demand and resource allocation, due to the high cost of fuel cells, the optimization result
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Fig. 15. Power output of each component of Method 3.

Method battery storage | fuel cell storage | battery and fuel cell hybrid storage
NPC ($) 197,396 4.80 M 311 M
LCOE ($) 0.159 3.85 2.37
Battery (n) 20 250 39

FC (kW) - 50 -

PV (kW) 19.3 101 37
WT (n) 6 31 8
BioGen (kW) - - 15
Electrolyzer (kW) | - 100 -
HTank (kg) - 100 -
Converter (kW) 12.6 5.38 23.2
Dispatch CcC CC LF

Table 18. Economic and technical results of three method optimization schemes.

Method battery storage | fuel cell storage | battery and fuel cell hybrid storage
Carbon Dioxide (kg/yr) 0 19,102 19,103

Carbon Monoxide (kg/yr) | 0 0.32340 0.22260

Sulfur Dioxide (kg/yr) 0 45.0 474

Nitrogen Oxides (kg/yr) |0 0 0.0232

Particulate Matter (kg/yr) | 0 0 0.000196

Table 19. Environmental results of three method optimization methods.

of the system when hybrid energy storage is proposed in Method 3 tends to use batteries instead of fuel cell.
The research by Das et al.” and Sharma et al.!! also indicates that battery energy storage has more economic
advantages, but fuel cells have potential in terms of high energy density and long-term storage. The conclusion
of this paper is consistent with these studies, but it further quantifies the cost differences among different energy
storage technologies.

The actual use of fuel cells will lead to the total cost of the system is high, therefore, when using HOMER Pro
for simulation, the optimal configuration of the system and the final cost will be affected. HOMER Pro simulates
different electrical and thermal production and storage technology modules and uses optimization algorithms
to find the best system configurations, where batteries are often prioritized because of their lower cost, while fuel
cells may be marginalized because of their high cost. Although fuel cells can provide efficient energy conversion
in some cases, their high initial investment and operating costs make them less economical than batteries.

Table 19 shows that the Carbon Dioxide (CO,; emission of the hybrid renewable energy system using
batteries is 0, and Method 2 used fuel cells resulting in the highest CO, emission, and the CO, emission of the
hybrid energy system using battery and fuel cell combined energy storage is increased. The results show that
the hybrid energy storage of battery and fuel cell may increase the environmental pollution. At the same time,
the CO emissions of hybrid renewable energy systems using batteries are 0, while the fuel cell used in method
2 has the highest CO emissions. The hybrid energy system using a combination of batteries and fuel cells for
energy storage also leads to an increase in CO emissions. Moreover, SO, emissions of hybrid renewable energy
systems using batteries are zero, while the use of fuel cells in method 2 leads to an increase in SO, emissions.
The hybrid energy system using a combination of batteries and fuel cells for energy storage has the highest SO,
emissions. Another issue is that NO, emissions of hybrid renewable energy systems using batteries are zero.
The NO, emissions caused by the use of fuel cells in method 2 are also zero. The hybrid energy system using a
combination of batteries and fuel cells for energy storage in method 3 will result in NO, emissions. Finally, the
Particulate Matter (PM) emissions of the hybrid renewable energy system using batteries are zero, and the PM
emissions caused by the fuel cell used in method 2 are also zero. The hybrid energy system using a combination
of batteries and fuel cells for energy storage in method 3 will result in PM emissions. The results indicate that
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Cost/ Cost/

Sensitivity/ NPC LCOE | Cost/ Cost/ Emission/

Electric Load Scaled Average (kWh/d) | ($) ($) Operating cost ($/yr) | Initial capital ($) | Carbon Dioxide(kg/yr)
100 2,989,927 | 3.77 116,538.3 462,172.7 0

165 3,107,959 | 2.36 119,081.4 525,042.5 0

200 3,170,703 | 2.0 120,551.6 555,898.9 0

250 3,2602,46 | 1.64 122,247 .4 608,659.4 0

300 3,350,830 | 1.41 124,340.1 653,850.9 0

350 3,437,776 | 1.24 125,596.9 713,537.2 0

400 3,526,107 | 1.11 127,357 763,691.1 0

Table 20. Sensitivity analysis in method 3 on the electric load scaled Average.

Cost/ | Cost/ | Cost/ Cost/

Sensitivity/ NPC | LCOE | Operating cost | Initial capital | Emission/

Initial Capital of Fuel Cell ($) | ($) ($) ($/yr) ($) Carbon Dioxide(kg/yr)
2500 2.65M | 2.19 96,643 531,127 19,103

5000 2.75M | 2.01 97,543 533,627 19,103

50,000 311 M | 237 118,809 532,586 19,103

100,000 311 M | 237 118,809 532,586 19,103

200,000 311M | 2.37 118,809 532,586 19,103

300,000 3.11M | 2.37 118,809 532,586 19,103

750,000 3.11M | 2.37 118,809 532,586 19,103

Table 21. Sensitivity analysis in method 3 on the initial capital of fuel cell.

the mixed energy consumption of batteries and fuel cells may increase environmental pollution. The studies of
Jahangir et al.!* and Odetoye et al.*” also pointed out the environmental advantages of battery energy storage,
while the emission problem of fuel cells needs to be solved through technological improvements. The emission
data in this article is consistent with these studies, but provides more specific case data.

This paper combines research hotspots and uses the currently more advanced energy storage technologies,
including batteries and fuel cells, as well as the rapidly developing renewable energy power generation
technologies, including wind power generation and solar power generation and so on. However, due to the
differences in various resources in the actual region and the possible differences in technical and economic
parameters and scales of components, the economic and environmental results obtained may be different.

Sensitivity results

CO, values vary the most in the emission data, so CO, is selected for sensitivity analysis. The results of the first
sensitivity analysis in Method 3 on the Electric Load Scaled Average are shown in Table 20. The results of the
first sensitivity analysis on the Electric Load Scaled Average are shown in Table 21. As can be seen from the
table, as the Electric Load Scaled Average increases, the NPC, operating cost of the system and initial capital also
increases. On the contrary, the larger the Electric Load Scaled Average, the smaller the LCOE. Carbon dioxide
emissions are zero and the value remains the same.

The results of sensitivity analysis for fuel cell prices in Method 3 are shown in Tables 20 and 21. As can be seen
from the table, when the cost price of fuel cell drops to $5,000, the economic cost of the hybrid energy system
changes and decreases. That is because when the price of fuel cell is expensive, HOMER Pro’s optimization result
does not use fuel cell. When the cost of fuel cells drops to a certain level, such as $5000, the system will start to
use fuel cells as energy storage devices, and the NPC, system operation cost and initial capital of the optimization
result of the hybrid energy system will also decrease. Similarly, the lower the capital cost of fuel cells is, the
smaller the LCOE will be.

Conclusions and policy implications

Conclusions

Three energy storage methods were purposed, which produced electricity by photovoltaic modules, wind turbine
modules, biogas generators in Baotou City. Three energy storage systems including battery (Method 1), fuel cell
(Method 2) and battery mixed fuel cell (Method 3) are considered. The study found that:

1. The use of batteries as energy storage in communities posed the lowest energy costs, that NPC was $197,396
and LCOE was $0.1598%, consisting of 20 batteries, 19.3 kW PV, 6 wind turbines, a 12.6 kW converter;

2. An increase in the Electric Load Scaled Average implied a decrease in LCOE and the increase of the NPC.
For example, Electric Load Scaled Average increased from 100 kWh/d to 400 kWh/d, then LCOE decreased
from $3.77 to $1.11 and NPC increased from $2,989 to $3,526;
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3.

Lower fuel cell prices mean lower NPC and LCOE. Among them, when the initial capital cost of fuel cells
dropped from $7,500,000 to $5,000, the NPC began to change, decreasing from 3.11 M to 2.75 M, and the
LCOE dropped from $2.37 to $2.01;

Method 2 and 3 have relatively high total CO, and SO, emissions compared to Method 1. Respectively, CO,
and SO, increased from 0 to 19,102 kg/yr and 19,103 kg/yr.

Policy implications
In view of the high energy costs and electricity prices that hinder the viability of hydrogen fuel cells in renewable
energy systems, the following policy implications are proposed:

1.

2.

In order to facilitate the “electricity-hydrogen” coupling, the government should promote the research to
accelerate development of the water, wind, solar, hydrogen storage integrated system;

By national appeal, researchers should enhance fuel cell research and development, and reduce fuel cell pric-
es and environmental pollution to attract investment in renewable energy;

The government should implement financial support policies for science and technology, and provide long-
term and stable financing support. Meanwhile, piloting application of key technologies for renewable energy
substitution to gradually increase the proportion of renewable electricity consumption;

The government should choose to support renewable energy power generation projects to carry out direct
transactions with various types of users and enter into multi-year power purchase and sales agreements with
users to stabilize the electricity cost of hydrogen fuel cell projects.

The development of storage batteries should be continued. Fuel cells and hybrid energy storage are suitable
for high-energy-density, large-scale and long-cycle storage scenarios. Renewable energy systems can collab-
oratively improve air quality through CO, reduction and regional environmental compliance through SO,
control.

The development of new energy vehicles relies on battery and fuel cell technologies. However, at present, fuel
cells are relatively expensive and face technical challenges. Meanwhile, the safety issue of storage batteries
has also drawn much attention. The government needs to strengthen supervision and introduce relevant
policies to ensure battery safety, enhance technical reliability, and promote the sustainable development of
the industry.

Limitations and future research

1.

The model of this study shows that fuel cells are not cost optimal, but their practical feasibility is affected
by a wide range of factors, including policy support, environmental benefits and system reliability. These
additional factors could be included in future research to make a more comprehensive assessment of the
feasibility of method 3 in practical application.

Social acceptance, policy support, public attitude and social and cultural background have an important im-
pact on the adoption of energy storage technology. In order to improve the accuracy and practicability of the
calculation results, incorporating these additional factors into the energy storage model of the energy system
may be the future research direction.

The model is universal and future research can be applied to larger energy systems or industrial systems.
Modifications could be made based on the characteristics of different energy systems to obtain the results.
Extreme weather conditions and the climate resilience of renewable energy availability in different seasons
will have an impact on the implementation of the system. In the future, we will take extreme weather factors
into account in the paper.

Data availability
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