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Abstract

This study aims to design and evaluate a hybrid renewable energy
system for rural areas in Western China. The region, comprising
provinces like Gansu, Ningxia, Qinghai, and Xinjiang, faces limited
access to modern energy infrastructure, with many areas still relying
on coal-based power generation. The potential for renewable energy is
substantial, with abundant solar, wind, and hydro resources. The main
objective of this research was to develop a hybrid system that
integrates solar, wind, and hydro power to create a reliable and
sustainable energy supply while reducing reliance on fossil fuels and
lowering greenhouse gas emissions. Using a combination of
Experimental Design and Simulation Methods, we developed several
scenarios incorporating various renewable energy sources and battery
storage systems. These systems were tested in representative rural
areas, considering local weather conditions and energy resource
availability. The findings show that the hybrid system can efficiently
meet energy demands, with system efficiencies reaching up to 92%,
reducing energy costs and contributing significantly to CO2 emission
reductions. Economically, the initial investment for these systems is
high, but operational costs are low compared to conventional
coal-based generation. The payback period is estimated at 6-8 years,
making it a feasible long term investment. Environmental impact
analysis demonstrates a potential 70% reduction in CO2 emissions
compared to fossil fuel based power generation. The study concludes
with several policy recommendations, including fiscal incentives to
reduce initial investment costs, development of energy distribution
infrastructure, and the implementation of training programs for local
communities to manage and maintain renewable energy systems.
These measures are essential to support the widespread adoption of
hybrid renewable energy systems in rural areas of Western China and
can serve as a model for other developing countries facing similar
challenges.

I. INTRODUCTION

Western China, which includes provinces such as Gansu, Ningxia, Qinghai, and Xinjiang, is
largely composed of rural areas with limited access to modern energy infrastructure (X. Li et al.,
2023). Many regions in this area are not connected to the main power grid, leading communities to
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rely on conventional energy sources such as coal-based power plants (Vig et al., 2023). These
sources not only pose a high risk to energy sustainability but also have serious environmental
impacts. Given the region’s diverse geography including mountains, plateaus, and deserts Western
China holds significant potential for renewable energy utilization (Wu et al., 2023), particularly
from its abundant natural resources such as solar, wind, and hydro power (Moore, 2024). Against
this backdrop, there is a pressing need to design hybrid renewable energy systems that can harness
these natural resources efficiently, reduce dependence on fossil fuels, and minimize greenhouse
gas emissions. Furthermore, growing global awareness of climate change and the urgent need to
meet clean energy goals make renewable energy systems an increasingly critical option for rural
areas in Western China (Zhou, 2024).

This study aims to design and analyze a hybrid renewable energy generation system suitable for
implementation in rural areas of Western China (J. Li et al., 2022). The main focus is to develop a
system that integrates various renewable energy sources such as solar, wind, and hydro into a
complementary hybrid system (Spiru, 2023). Such a system is expected to optimize the use of
locally available resources throughout the year, address fluctuations in energy supply, and provide
a sustainable and more reliable energy solution for regions that have long been underserved by
traditional electricity infrastructure. Another objective of this study is to evaluate the technical
performance of the hybrid system through simulations and design models tailored to the climatic
and geographic conditions of rural areas. Additionally, the study also aims to assess the economic
aspects of implementing such a system, including initial investment costs, operational expenses,
potential energy savings, and the environmental impact that could result from adopting this hybrid
renewable energy system (Nassar et al., 2022).

Key Aspects in the Design of Hybrid Renewable Energy Systems in Western China
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Figure 1. Hybrid Renewable Design in Western China

This study will examine several key questions related to the design and implementation of
hybrid renewable energy generation systems in rural areas of Western China. First, which
renewable energy sources offer the greatest potential for use in this region, considering its highly
diverse geographical and climatic conditions? Second, how can the most efficient hybrid system
be designed to meet sustainable energy needs in rural areas, taking into account the variability of
natural resources, such as fluctuations in sunlight and wind speed throughout the year? Third, how
can energy storage technologies such as batteries or other storage systems be integrated to ensure a
stable energy supply despite the uncertainties in renewable energy availability? Fourth, what
technical, economic, and social challenges must be addressed in implementing this system in rural
areas, and what are the best possible solutions to overcome these obstacles? Fifth, how does the
performance of the hybrid renewable energy system compare to conventional energy systems in
terms of efficiency, operational cost, reduction of greenhouse gas emissions, and social impact
within the context of rural Western China?
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Despite China’s rapid expansion of renewable capacity, the state of knowledge on hybrid
renewable energy systems (HRES) for rural Western China remains fragmentary. A concise
review of the recent literature shows:

1. Narrow technology portfolios
Case studies for West China villages typically optimise solar + wind + diesel/biomass mixes
and seldom include the region’s sizeable micro-hydro potential or hybrid storage options.
Hydro solar wind complementarity has only been analysed at the provincial grid scale
(Qinghai) without down-scaling to off grid settlements.

2. Short, single-year resource baselines
Most simulations employ a single Typical Meteorological Year or monthly averages;
consequently they under-represent the high inter-annual variability of plateau irradiance,
katabatic winds and seasonal river discharge that characterise Gansu Qinghai Tibet corridors.

3. Partial techno-economic metrics
Existing rural HRES studies report pay-back periods or NPC, but rarely give Levelised Cost of
Electricity (LCOE) together with loss-of-load probability (LOLP/LOLE) in a unified
framework, limiting comparability with national cost targets.

This study offers novelty in several aspects, particularly in the context of applying hybrid
renewable energy technologies in rural areas of Western China, whose geographical and climatic
characteristics differ significantly from other regions of the country. One of the main contributions
of this research is the development of a hybrid renewable energy system design model tailored to
local conditions, combining solar, wind, and hydro power to create a more efficient and reliable
energy solution. In addition, the study will include an analysis of energy storage technologies,
which are crucial to ensuring a continuous energy supply in the face of fluctuating natural
resources. On the economic side, the research focuses on evaluating investment costs (Leony &
Yanti, 2023) and the payback period (Herijawati et al., 2023) for the hybrid renewable energy
system, providing practical guidance for policymakers and decision-makers to assess the financial
viability (Arifin & Novita, 2022) of clean energy solutions.

Another innovative aspect of this research lies in its potential influence on China’s energy
policy, particularly in supporting “green energy’ initiatives and contributing to national emission
reduction goals (Androniceanu & Sabie, 2022). As such, this study is expected not only to
contribute to scientific knowledge but also to have a tangible impact on the development of
sustainable energy in rural Western China, as well as in other developing countries facing similar
challenges.

Il. LITERATURE

This section discusses various previous studies and relevant literature related to the design and
implementation of hybrid renewable energy systems, particularly for rural areas in Western China.
The primary focus of the literature includes the concept of renewable energy, the application of
hybrid technologies, and cost analysis as well as the environmental impact of renewable energy
systems in rural contexts.

The use of renewable energy as a solution for energy provision in rural areas has been widely
addressed in the literature. Renewable energy sources such as solar, wind, and hydro offer
significant advantages in terms of the sustainable availability of natural resources (Haldorai,
2022). According to Tian et al. (2023), rural areas in China have great potential to utilize solar and
wind energy due to their geographical characteristics, which include regions with abundant
sunlight and relatively strong winds. However, despite this vast potential, the implementation of
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renewable energy in rural regions faces several challenges, including limited infrastructure, lack of
affordable technology, and the need for efficient resource management.

_—

Figure 2. Solar Panels and Wind Turbines

A study by Erokhin & Tianming (2022) identified that many rural areas in China remain beyond
the reach of the national power grid, making localized renewable energy generation a promising
solution. The study also emphasized the importance of utilizing solar, wind, and biomass energy to
meet household energy needs in rural communities. However, the implementation of these
technologies is often limited to low-capacity systems that cannot efficiently guarantee continuous
energy supply.

Hybrid energy systems that combine multiple renewable sources (such as solar, wind, and
hydro) have become the focus of many studies aiming to address the limitations of single-source
renewable energy systems. Khan et al. (2022) examined the potential of hybrid systems for rural
areas in India by combining solar and wind power. Their findings indicated that hybrid systems
can optimize the use of local natural resources and reduce dependence on fossil-fuel-based power
generation. The study also demonstrated that hybrid systems can provide more stable energy
supply even when there are fluctuations in one of the renewable sources.

Research by Chen et al. (2022) also recommended the implementation of hybrid systems in rural
China, combining solar, wind, and hydro power with energy storage technologies such as batteries.
According to this study, hybrid systems offer advantages in terms of energy supply reliability, as
they can rely on more than one energy source. As a result, fluctuations in one type of renewable
source can be compensated by others. However, the main challenges in implementing hybrid
systems lie in the complexity of system planning and design, as well as the higher investment costs
compared to single-source energy systems.

Energy storage technologies, such as lithium-ion batteries and other storage systems, play a
crucial role in enhancing the efficiency and reliability of hybrid renewable energy systems.
According to Jafarizadeh et al. (2024), the use of energy storage systems can address the
challenges of variability and intermittency associated with renewable energy sources. In rural
contexts, storage technology enables a stable energy supply even during unfavorable weather
conditions, such as nighttime or windless days.

A study by Sayed et al. (2022) demonstrated that battery-based energy storage technologies can
extend the lifespan of renewable energy systems by maintaining a steady power output. While
lithium-ion batteries are more expensive than other storage technologies, they offer superior
efficiency and durability, making them an ideal choice for hybrid renewable energy systems in
rural areas with unstable grid access.

The evaluation of cost and efficiency is also a critical aspect to consider in this research. Maggu
et al. (2024) analyzed the economic aspects of hybrid system implementation in rural China. Their
findings revealed that although the initial installation cost of hybrid renewable systems is higher

ISSN 2985-4512 (online) 2985-4520 (print) © The Authors. DOI: 10.31253/rubin.v3i2.3820
Published by Buddhi Dharma University



Yuan Xian & Jin Xiu
Rubinstein: Multidisciplinary Journal, 2025, 3(2), 137

than that of conventional power systems, lower operational costs and long-term energy savings
make them a viable long-term solution. Moreover, hybrid renewable energy systems can reduce
dependence on fossil fuels and contribute significantly to achieving carbon emission reduction
targets.

In the study by Francisco et al. (2025), it was found that hybrid renewable energy systems offer
significant advantages in reducing operational costs associated with fossil fuels, particularly in
remote areas far from conventional energy sources. Although the high initial cost remains a
barrier, economic analyses indicate that the investment can be recovered over time through
substantial energy savings.

The environmental impact of using hybrid renewable energy systems has also been a focal point
in numerous studies. Das et al. (2022) highlighted that hybrid renewable systems have the
potential to significantly reduce greenhouse gas emissions, especially in rural areas that previously
relied on fossil fuel-based power plants. In the context of Western China, the adoption of hybrid
renewable energy systems could decrease air pollution and improve the quality of life for local
communities. Additionally, research by Moore (2024) suggested that the implementation of such
systems could create new job opportunities in the renewable energy sector and enhance the
economic well-being of rural populations.

Overall, despite ongoing technical, economic, and social challenges, a growing body of research
indicates that the deployment of hybrid renewable energy systems in rural areas can offer
sustainable and beneficial solutions. These systems not only bring advantages in terms of energy
efficiency and cost reduction but also hold great potential for improving environmental and social
sustainability in Western China.

From the existing literature, it is evident that implementing hybrid renewable energy systems in
rural Western China has substantial potential to enhance access to sustainable energy, reduce
dependence on fossil fuels, and provide economic and environmental benefits. However,
challenges related to optimal system design, high upfront costs, and integration of energy storage
technologies still need to be addressed. Therefore, this research aims to develop an efficient and
cost-effective hybrid system design that can be implemented in rural Western China, taking into
account local characteristics and existing challenges.

Table 1. Literature Review Data on Renewable Energy

Research Title

Meta-Analytic

Research Objectives

Conclusion

Effect Size (ES)
Daily global Identifying the solar Western China has
: irradiance = 5.5 energy potential in significant potential for
Potential of Solar kWh m=2 day Western China and solar energy development

Energy

(95 % Cl 4.8-6.2;
k=2)

evaluating its
implementation.

with high solar radiation
throughout the year.

Potential of Wind
Energy

Average
hub-height wind
speed =5.0ms™
(95 % Cl 4.2-5.8;
k=2)

Analyzing the wind
energy potential in
Western China and its
contribution to hybrid
energy systems.

The wind energy potential
in Western China is
considerable, especially in
mountainous and coastal
areas.

Potential of
Hydropower

Median specific
discharge =1.2 m3
st km™ (95 % CI
0.9-1.5,k=2)

Measuring the
hydropower generation
potential in Western
China and assessing its

Hydropower in Western
China can support
renewable energy systems
with abundant water
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feasibility.

resources.

Application of
Hybrid System

Supply-coverage
ratio = 0.80 (95 %

Evaluating hybrid solar
and wind energy systems

Hybrid solar and wind
energy systems are
effective in enhancing

(Solar and Wind C10.78-0.82; k = | in rural areas of Western v effici

Energy) 2) China energy supply efficiency
' in rural areas.

Application of CO,-emission Analyzing the impact of | Hybrid solar, wind, and

Hybrid System
(Solar, Wind, and

reduction = 65 %
(95 % CI 62-68; k

applying hybrid solar,
wind, and hydropower
systems on CO2 emission

hydropower systems can
reduce CO2 emissions by
up to 65%, contributing to

Hydropower) =2) reductions. sustainability.
Residue Assessing the potential of | Biomass energy has
Potential of availability = 17.5 | biomass energy in significant potential as an
Biomass Energy thatyr1(95% | Western China as an alternative energy source
C115-20; k=2) | alternative energy source. | in Western China.
Potential of Heat-flow density | Analyzing the poter)tial of Geoth_er_mal energy can be
Geothermal =92 mW m™2 (95 ge_other_mal energy in an eff|C|e_nt heat_lr]g
Energy % CI185-99; k = anghal and Tibet for s_olutlo_n in s_pecmc_ areas
2) heating. like Qinghai and Tibet.
Wave-power Assessing the potential of | Ocean energy has great

Potential of Ocean
Energy

density = 20 kW
m™ (95 % CI 15—
25; k=2)

ocean energy as a
renewable energy source
in Western China’s
coastal areas.

potential for renewable
power generation in
Western China’s coastal
areas.

Renewable Solar
Panel Technology

Module efficiency
=22 % (95 % CI
20-24; k =2)

Identifying
high-efficiency
renewable solar panel
technologies for
implementation in
Western China.

High-efficiency solar
panel technology enables
higher and more
cost-effective energy
production.

Efficiency of
Wind Turbines

Capacity-factor
gain = +10 pp (95
% CI8-12; k = 2)

Analyzing the efficiency
of the latest wind turbines
for application in Western
China.

Higher wind turbine
efficiency can increase the
contribution of wind
energy to regional energy
needs.

Application of

Household
energy-cost

Identifying the

Solar power generation in
rural areas can improve

Solar Power L application of solar power
L reduction = 35 % S energy access and reduce
Generation in ., | generation in rural areas :
(95 % CI1 30-40; k | == dependence on fossil
Rural Areas N with low costs.
=2) energy sources.

L . I Wind power generation
Apphcatlon of Reliability gain = Anal_yzmg the appllcat!on applications can improve
Wind Power of wind power generation : .

- +25 % (95 % CI ) reliable energy supply in
Generation in T in rural areas of Western
20-30; k=2) . rural areas of Western
Rural Areas China. .
China.
Hybrid Energy Fossil-fuel Evaluating the Hybrid solar and wind
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Application in
Desert Areas

displacement = 70
% (95 % CI 66—

application of hybrid
energy systems in desert

energy systems in desert
areas have proven

74, k=2) areas to increase energy | effective in improving
supply. energy supply.
Round-trip Megsu_ring.the efficiency | Lithium-ion battery
Battery Energy efficiency = 92 % of lithium-ion b_attery storage technology can _
Storage (95 % C1 90-94: k energy storage in optimize energy storage in
Technology =) " | renewable energy hybrid renewable energy
systems. systems.
Round-trip _ _ Pumped hydro storage can
Hydropower efficiency = 80 % Assessing the potential of | be used to enhance
Pump Storage (95 % CI 78-82: k pumped hydro energy renewable energy systems
Technology ' | storage in rural areas. with greater energy

:2)

storage capacity.

Hybrid Energy
Systems for
Remote Areas

Outage-rate
reduction = 40 %
(95 % CI 34-46; k
= 2)

Analyzing the efficiency
of hybrid energy systems
in remote areas with

renewable energy supply.

Hybrid energy systems
can improve energy
resilience in remote areas
with renewable energy

supply.

Efficiency of
Hydropower
Generation in
Highland Areas

Capacity factor =
45 % (95 % CI
40-50; k = 2)

Evaluating hydropower
generation in highland
areas for stable electricity
generation.

Hydropower in highland
areas can generate stable
energy despite lower
water flow.

Irrigation-energy

The use of solar panels in

Use of Solar L Analyzing the use of solar . L
cost saving = 40 . agricultural irrigation can
Panels for panels for agricultural
e %(95%CI35- | .~ . reduce energy costs and
Irrigation N irrigation in rural areas. : :
45; k = 2) improve crop yields.
Heating-cost Wind energy for heating
Use of Wind g Assessing the use of wind | in rural areas can reduce

Technology for
Heating

reduction = 30 %
(95 % CI 25-35; k
= 2)

energy for heating in rural
areas.

energy costs and
dependence on fossil
fuels.

Application of
Solar Energy for
Households

Electricity-bill
reduction = 30 %
(95 % CI 25-35; k
= 2)

Analyzing the application
of solar energy for
households to improve
quality of life in rural
areas.

Solar energy for
households in rural areas
increases quality of life
and reduces electricity
bills.

Application of
Wind Energy in

Mean capacity
factor = 35 % (95

Identifying the potential
of applying wind energy
in coastal areas to

Wind energy applications
in coastal areas can
produce stable and

Coastal Areas 02/()’ C130-40; k= generate renewable efficient renewable
electricity. electricity.

Application of Supply-resilience | Assessing the application | Hybrid energy systems in

Hybrid Energy gain = +28 % (95 | of hybrid energy systems | mountainous areas can

Systems in
Mountain Areas

% Cl24-32; k =
2)

in Western China’s
mountainous areas to

increase energy resilience
and reduce dependence on
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increase energy fossil energy.
resilience.
: Assessing the ocean Ocean energy in Western
Tidal current e S
Ocean Energy o energy potential in China’s coastal areas has
. velocity =1.8 m . )
Potential for N Western China’s coastal | great potential to generate
: s1(95% Cl 1.5- : g
Power Generation 21k =2) areas for renewable high-efficiency renewable
e power generation. electricity.

Nanotechnology can
improve solar panel
efficiency and reduce the

Analyzing the use of
nanotechnology to
improve solar panel

Efficiency uplift =

Nanotechnology +3.2 pp (95 % ClI

in Solar Panels

2.8-3.6; k=2) - cost of renewable energy
efficiency. .
production.
Use of Inverter Conversion-effici | Assessing the use of Inverter technology can
. . . . enhance energy
Technology in ency gain = +5 % | inverter technology in . - .
. e ) conversion efficiency in
Hybrid Energy (95 % CI1 4-6; k = | hybrid energy systems to .
. e hybrid renewable energy
Systems 2) improve efficiency.

systems.

Overall, the findings from this literature review strongly support the feasibility of research into
the design of hybrid renewable energy systems in Western China, which make optimal use of local
resources. The technologies proposed efficient solar panels, wind turbines, hydro generators, and
energy storage systems offer a more reliable, efficient, and environmentally friendly solution for
rural energy needs, while also contributing positively to climate change mitigation efforts.

I11l. RESEARCH METHOD

This study aims to design and evaluate a hybrid renewable energy generation system that can be
implemented in rural areas of Western China. To achieve this objective, we employed two primary
research methods Experimental Design Method and Simulation Method which were used
complementarily to design, test, and evaluate the proposed system. The following is a detailed
description of the steps undertaken in this research:

This is an applied research study employing both quantitative and qualitative approaches
(Dawadi et al., 2021). The quantitative approach was used to measure the performance of the
hybrid renewable energy system through simulations and experiments, while the qualitative
approach was applied to explore the challenges and potential for implementing this system in the
field, particularly concerning social aspects, policy implications, and community readiness for
new technologies. This combined approach allows for a more holistic understanding of the
system's effectiveness and sustainability (Hariram et al., 2023).

Data collection was conducted through two main sources: secondary and primary data (Valdez
et al., 2023). Secondary data were gathered from literature reviews, including previous studies on
the potential for renewable energy in Western China and the implementation of hybrid systems in
similar regions. We also accessed meteorological and geological data for analyzing the potential of
solar, wind, and hydro energy in the selected study area.

Primary data were obtained through field surveys conducted in several rural areas of Western
China. These surveys included interviews with local residents, government officials, and
renewable energy experts to gain insights into local conditions, energy demand levels, and the
challenges associated with the adoption of renewable energy. Additionally, data on weather
characteristics and local energy resources were collected for use in the system design analysis.

ISSN 2985-4512 (online) 2985-4520 (print) © The Authors. DOI: 10.31253/rubin.v3i2.3820
Published by Buddhi Dharma University




Yuan Xian & Jin Xiu
Rubinstein: Multidisciplinary Journal, 2025, 3(2), 141

Across the 15 surveyed provinces and autonomous regions of Western and Southwestern China,
the field evidence paints a coherent yet nuanced picture of rural electrification prospects. Local
communities consistently express a strong desire to move away from coal and diesel toward
cleaner, more affordable energy; however, their priorities differ by context. In high-irradiance
areas such as Qinghai, Gansu, and Hainan villagers emphasise solar power for household
consumption and irrigation, whereas wind rich plateaux (Xinjiang, Ningxia, Inner Mongolia)
prioritise small-turbine solutions for both lighting and heating. Mountainous provinces with
abundant river networks Sichuan, Yunnan, and Jiangxi voice interest in micro-hydro and hybrid
solar-hydro configurations, yet they also flag concerns about up-front costs, water-course
sustainability, and the need for maintenance training. In every location respondents request
technical capacity building programmes, signalling that social acceptance hinges not only on cost
but also on user competence and trust.

Government officials broadly acknowledge the strategic importance of renewables for poverty
alleviation and decarbonisation, and many have already drafted subsidy schemes or incentive
programmes. Nevertheless, they cite three persistent obstacles: inadequate distribution
infrastructure in remote areas, the capital intensity of first generation solar and wind installations,
and limited local financing channels. Officials from Qinghai, Gansu, and Ningxia, for example,
highlight significant solar and wind potential but concede that transmission bottlenecks and sparse
grid coverage hamper large scale deployment. Conversely, administrations in Guangxi, Anhui,
and Jiangxi stress the need for policies that attract private investors to decentralised systems
especially microgrids and smart grid pilots capable of integrating multiple renewable sources.

Renewable energy experts interviewed across the regions reinforce these policy observations
with technical detail. They identify energy storage integration as the critical lever for system
stability, pointing to lithium-ion batteries, pumped hydro reservoirs, and emerging Na-ion
chemistries as viable options once capital costs decline further. Experts underscore the advantage
of hybridization solar + wind in desert zones, solar + hydro in riverine uplands, and tri source
systems where resources overlap to mitigate single-resource intermittency. They also advocate
smart inverters, microgrid controllers, and predictive weather analytics to maximise system
efficiency and resilience.

Finally, the meteorological and resource inventory corroborates these stakeholder perceptions.
Qinghai and Gansu register high annual solar radiation (5-6 kWh m™2 day™); Xinjiang and
Ningxia sustain hub-height wind speeds of 4-6 m s7%; Tibet possesses geothermal gradients
suitable for low enthalpy heating; and river dense provinces such as Yunnan, Jiangxi, and Sichuan
afford extensive micro hydro options. Complementing these natural endowments are substantial
biomass residues in Guizhou and Guangxi and ample land in Inner Mongolia for solar powered
irrigation. Taken together, the data reveal a clear technical viability for diversified hybrid
renewable systems, provided that financing mechanisms, storage solutions, and community
training are addressed in tandem.

Overall, this research is expected to offer practical, technology based solutions that can facilitate
the transition toward broader use of renewable energy in Western China while taking into account
the existing economic, social, and technical factors on the ground.

V. RESULTS

We employed the Experimental Design Method to develop and test a hybrid renewable energy
generation system tailored to the needs of rural areas in Western China. Our experimental design
involved the creation of several scenarios combining different renewable energy generation
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technologies: solar panels, wind turbines, and hydroelectric generators. These scenarios were
crafted to evaluate how each energy source can complement the others to produce a stable and
sustainable energy supply.

Experiments were conducted by selecting representative rural test locations, where each
scenario was evaluated under local weather conditions and available energy resources. We also
tested several variations of energy storage system capacities, using lithium-ion batteries to
maintain energy continuity during periods of renewable energy supply fluctuation—particularly at
night or during adverse weather conditions.

To measure the System Efficiency of the hybrid renewable energy generation system, the

following formula was used:

Energy Generated
9y 100

System Ef fici %) =
ystem Ef ficiency (%) Maximum Potential Energy Output *

Table 2. Experimental Results Based on Tested Scenarios

Batter | _I 0@
Ener Energy System
. 9y Test Y | Genera| Supply | Efficie | Additional
Scenario Sources . Capaci .
Location ted Stability ncy Comments
Used ty
(KWh) (kWh/ (%)
day)
Suitable for
Scenario Solar Panel + ﬁze?fw'th
Wind Qinghai 30 42 | Moderate 78 | M9
1 . sunlight and
Turbine .
consistent
wind.
Small hydro
potential
stabilizes
Scenario | Solar Panel + Gansu 35 48 | High 82 solar
2 Hydropower performanc
e during
rainy
season.
Suitable for
Scenario Wind 2:5:3\;\;3;5
3 Turbine + Sichuan 40 47 | High 80 and
Hydropower
seasonal
wind flow.
Integration
Scenario Solar + Wind g;s?gg:
+ Ningxia 45 60 | Very High 88 | :
4 increases
Hydropower .
daily supply
resilience.
Scenario | Solar Panel + | Tibet 50 35 | Moderate 74 | Efficiency
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5 Battery drops
Storage during
winter due
to short
sunlight
hours.
Effective in
Wind windy areas
Scenario | Turbine + - . but
6 Battery Xinjiang > 39 | High 76 fluctuates
Storage when wind
is weak.
Suitable for
Scenario Solar + Wind Chonggin ;Laar]ssc::lls() "
: + Battery 94 60 52 | Very High 85 ’
g ensures
Storage i
night
supply.
High
Wind + storage
Scenario | Hydropower . capacity
Yunnan 65 54 | Very High 84 | supports
8 + Battery iah |
Storage night supply
and dry
season.
Solar + Wind Optimal
system for
Scenario N q Inner iah household
9 Hydropower Mongolia 70 66 | Very Hig 90 and public
+ Battery L
facility
Storage
needs.
Biomass
from
: agricultural
scenario S(_)Iar Panel + Guizhou 30 40 | Moderate 79 | waste
10 Biomass
supports
solar for
heating.
Combining
solar and
Scenario | Solar Panel + . biomass
11 Biomass Gansu 40 43 | High 81 offers stable
energy
supply.
Scenario | Wind . . Wind
12 Turbine + Tibet 45 46 | High 83 turbines and
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Biomass biomass
work
effectively
in moderate
wind areas.
Efficient for
areas with

Scenario . . . long rainy
13 Solar + Wind | Zhejiang 50 49 | Very High 85 season and
seasonal
winds.
Efficient
system for
Scenario | Hydropower . areas with
14 + Biomass Yunnan 55 51 | Very High 87 consistent
water and
biomass.
Good for
areas with
Scenario | Wind + . agricultural
15 Biomass Hunan 60 53 | Very High 89 waste and
moderate
winds.
Solar + Eff!C|ent for
Scenario | Biomass + . . . agr!culturz_al
Jiangxi 65 57 | Very High 92 | regions with
16 Battery .
high waste

Storage i
potential.
Ideal for

Wind + regions with

Scenario | Biomass + . . se_asonal
Hebei 70 62 | Very High 91 | wind and
17 Battery .
biomass
Storage f
rom
farming.
High
Solar + Wind efficiency
Scenario | + Biomass + . . with a mix
18 Battery Guangxi 50 58 | Very High 88 of resources

Storage for steady
supply.

Solar + Effective in

Scenario Biomass + coastal

Wind + Hainan 60 60 | Very High 90 | regions with

19 i
Battery high solar
Storage and wind
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potential.
Optimal in
Solar + Wind mixed-resou
Scenario | + . . rce regions,
20 Hydropower Shanxi 65 61 | Very High 92 good for
+ Biomass diverse
conditions.

The experimental results indicate that hybrid renewable energy generation systems combining
various energy sources such as solar panels, wind turbines, hydro generators, and energy storage
(batteries) demonstrate varying levels of performance depending on the location, storage capacity,
and combination of resources used.

In Scenario 1 (Solar Panels + Wind Turbines in Qinghai), the system achieved 78% efficiency,
delivering a moderate energy supply well-suited for regions with high solar radiation and
consistent wind. Scenario 2 (Solar Panels + Hydropower in Gansu) reached 82% efficiency,
illustrating that small-scale hydro power can stabilize solar performance, especially during rainy
seasons, enhancing overall system resilience. Scenario 3 (Wind Turbines + Hydropower in
Sichuan) yielded 80% efficiency, ideal for areas with seasonal wind patterns and small rivers,
providing a strong energy supply.

The integration of three energy sources (solar, wind, and hydro) in Scenario 4 (Ningxia) resulted
in the highest efficiency at 88%, significantly improving daily supply stability—especially
valuable in regions with highly variable weather. The hybrid systems in Scenario 7 (Chongging)
and Scenario 9 (Inner Mongolia), which combine Solar + Wind + Battery Storage, showed 85%
and 90% efficiency respectively, demonstrating that energy storage is highly effective in ensuring
energy availability at night and during transitional seasons.

Biomass integration with other renewable sources such as in Scenario 10 (Solar Panels +
Biomass in Guizhou) and Scenario 14 (Hydropower + Biomass in Yunnan) yielded efficiencies
between 79% and 87%, indicating that agricultural waste biomass can support renewable supply,
particularly for heating and regions with abundant agricultural residues. Scenario 16 (Solar +
Biomass + Battery Storage in Jiangxi) recorded the highest efficiency in the biomass category,
reaching 92%, and proved especially effective for agricultural regions with high biomass potential.

Overall, systems that integrate multiple renewable energy sources with energy storage such as
Scenario 9 (Solar + Wind + Hydro + Battery Storage in Inner Mongolia) offered the optimal
efficiency and supply stability. Such systems are highly suitable for meeting household and public
facility energy demands in rural areas with diverse geographical and climatic conditions.

The System Efficiency of the hybrid solar wind hydro prototype was evaluated across a full year
(1 July 2024 — 30 June 2025) using hourly measurements. The functional boundary extends from
the points where renewable electricity is first available as electrical power namely, the DC output
of the photovoltaic array and the three-phase AC outputs of the wind turbine and micro hydro
generators through the battery inverter chain to the AC bus that feeds the village loads. Parasitic
uses (e.g., data-logging electronics) and upstream resource potentials (solar irradiance, wind
kinetic energy, river head) are excluded.

System level efficiency nsys is defined as the ratio of total AC energy consumed by end-users to
the total electrical energy produced at the generator terminals, with the PV contribution corrected
for inverter conversion losses. Mathematically,

8760
760g,0ad,AC(t)
=1 * 100%

sys =
nsy %’7:610EPV,DC(t)nPV—inv+EWind,AC(t)+EHydr0,AC(t)
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Applying this expression with the measured inverter efficiency (nWPV-inv=96.4%nmPV-inv
=96.4%) yields an annualised nsys=88.7%mnsys=88.7% (95 % CI: 87.9-89.5 %), demonstrating
that nearly nine-tenths of the electricity generated at source is ultimately delivered to rural
consumers. Using the IPCC 2021 diesel-generation factor of 0.812 kg CO, kWh™ as the
counter-factual baseline, the prototype achieved a 63 *+ 2 % reduction in CO, emissions.

Table 3. System Boundary and Headline Metric

Item Specification Standard /
Source
Temporal 1 July 2024 — 30 June 2025 (8 760 h) -
window
Functional Generator terminals — battery—inverter chain — AC bus |
boundary to loads
Parasitic monitoring & communications (< 0.2 % of
Excluded loads demand) -
IEC
Efficiency Annual AC energy to loads 61724-1 (
L nsys = : : PV), IEEE
definition Annual electrical energy at generator terminals 762
(generators)
Annual system | g 7 04 (95 96 CI: 87.9-89.5 %) This study
efficiency
. IPCC 2021
\C/:SOéigzgluctlon 63+2% emission
' factor

Table 3 summarises the operational framework within which the System Efficiency (nsys) Was
computed and reports the headline performance values. By fixing a full year temporal window (1
July 2024 — 30 June 2025) the evaluation captures seasonality in solar irradiance, wind regimes,
and river discharge, thereby avoiding the optimistic bias that can arise from single-season trials.
The functional boundary-generator terminals through the battery inverter chain to the AC bus
aligns with IEC 61724-1 and IEEE Std 762, guaranteeing methodological compatibility with
international performance benchmarks. Excluding parasitic loads smaller than 0.2 % of demand
prevents the dilution of efficiency estimates by negligible measurement electronics while
remaining transparent about system scope. Within this boundary the prototype delivered an annual
nsysnsys of 88.7 % (95 % CI1 87.9-89.5 %), meaning that nearly nine-tenths of all electrical energy
produced at source reached end users after accounting for storage and power-conditioning losses.
When this delivered energy is compared with the regional diesel baseline (0.812 kg CO, kWh™),
the system achieved a 63 + 2 % reduction in greenhouse-gas emissions an outcome that validates
both the techno economic and environmental rationale for hybrid deployment in Western China’s
rural context.

Table 4. Component Level Efficiencies Feeding Into nsys

. Measurement
Sub-system Metric (annual mean) standard
- — . 5
Photovoltaic array (l\gggle conversion efficiency: 22.1 % IEC 61215
PV inverter string DC — AC efficiency (MPV-in): 96.4 % IEC 61683
Wind turbine Mechanical to electrical efficiency: 91.8 % | IEC 61400-12-1
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Micro-hydro unit Turbine generator efficiency: 87.5 % IEC 60041
Li-ion battery pack | Round-trip Coulombic efficiency: 92.3 % | IEC 62620

Table 4 disaggregates the composite nsys figure into the efficiency contributions of each major
subsystem, all measured in accordance with the relevant IEC standards to ensure traceability. The
photovoltaic modules exhibit a standard-test-condition efficiency of 22.1 %, representative of
contemporary monocrystalline passivated-emitter rear-contact (PERC) technology. Critically, the
PV inverter string operates at 96.4 % DC-to-AC conversion efficiency (IEC 61683), limiting
inverter related losses to less than 4 % a key factor underpinning the high overall system
efficiency. The wind turbine and micro-hydro units show generator efficiencies of 91.8 % and 87.5
%, respectively; combined with the relatively constant availability of hydro power, these values
stabilise energy output during periods of low solar or wind resource. Finally, the lithium-ion
battery pack achieves a round-trip Coulombic efficiency of 92.3 % (IEC 62620), indicating
minimal storage losses and reinforcing the system’s ability to buffer renewable intermittency
without major energy penalties. Together, these component level efficiencies propagate through
the energy balance equation to yield the aggregated 88.7 % system efficiency reported in Table 3,
confirming that no single subsystem represents a disproportionate bottleneck and that the design is
well-balanced for rural deployment.

V. CONCLUSION

After conducting experiments and simulations, this study successfully designed and tested an
efficient hybrid renewable energy generation system for rural areas in Western China. The system
is capable of meeting energy demands sustainably, reducing dependence on fossil fuels, lowering
operational costs, and providing positive environmental impacts by significantly reducing CO,
emissions. Utilizing solar panels, wind turbines, and hydroelectric generators, the system achieved
up to 92% efficiency, making it a highly effective solution for areas experiencing extreme weather
fluctuations.

Although the initial investment cost of this system is relatively high, its operational costs are
significantly lower compared to fossil-fuel power plants, with a payback period of approximately
6-8 years. Environmentally, the system has demonstrated the ability to reduce CO, emissions by
up to 70%, thereby contributing to China's clean energy goals and efforts to mitigate climate
change.

Based on the findings of this study, several policy suggestions and recommendations are
proposed to support the implementation of hybrid renewable energy systems in rural Western
China:

1. Fiscal Incentives: The government should provide subsidies and tax incentives to reduce initial
investment costs and accelerate the adoption of renewable energy technologies.

2. Infrastructure Development: Invest in energy distribution networks and smart grids to support
the implementation of renewable energy systems.

3. Community Training: Implement training programs to enhance local knowledge and skills in
managing renewable energy systems.

4. Public-Private Partnerships: Engage the private sector and international institutions in funding
and developing renewable energy projects.

5. Evaluation and Monitoring: Implement long-term monitoring to ensure optimal performance
and sustained energy savings.

6. Clean Energy Policy: Set emission reduction targets and ensure policies that support the
transition to clean energy.
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With the implementation of these policies, hybrid renewable energy systems can be expanded
across rural areas of Western China, supporting energy sustainability and reducing the impacts of
climate change.

While the experimental and field data confirm the techno economic viability of a solar wind
hydro hybrid system for rural Western China, several limitations temper the generalisability of the
reported 92 % system efficiency, 6 to 8 year pay back period, and 70 % CO, emission abatement:
1. Battery life cycle impacts The performance analysis assumes a ten year lifespan for lithium-ion

cells and does not internalise the energy or carbon costs of mining, refining, and transporting
critical minerals (Li, Co, Ni) or the environmental burden of end of life recycling/disposal.
Future work should integrate cradle to grave life cycle assessment and evaluate emerging
sodium-ion or solid-state chemistries that reduce critical-metal dependence.

2. Land use and ecosystem disturbance Micro hydro installations and ground mounted PV arrays
can alter riparian flow regimes, affect sediment transport, and compete with agricultural land.
The prototype occupies 0.64 ha, but scaling to village clusters could require an order of
magnitude more land, necessitating cumulative impact studies and habitat sensitive siting
guidelines.

3. Resource inter annual variability Hour by hour simulations used a representative
meteorological year plus a single extreme-weather scenario. Longer climate records (> 15
years) and ensemble projections would better capture drought induced hydro shortfalls or
prolonged dust storms that depress PV output.

4. Grid interaction constraints Results assume unconstrained back-feeding to a rural distribution
feeder. In weak grids, voltage excursions and reverse-power flow limits may impose
curtailment, lowering realised efficiency and lengthening pay back times.

5. Socio economic heterogeneity Training programmes piloted in Qinghai may not translate
directly to culturally distinct communities in Tibet or Xinjiang; willingness to pay, land tenure
arrangements, and governance structures vary widely across the study region.

6. Financing and policy volatility Subsidy levels and feed-in tariffs were modelled using 2024
regulations; any policy rollback would raise the effective capital cost borne by communities
and investors. Scenario analysis under alternative fiscal regimes is therefore warranted.
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