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Abstract: A hybrid energy system is built for the power demand of a community in Xinjiang of China, and pumped storage
and lithium batteries are used as energy storage devices. The feasibility of different configurations is evaluated through techno-
economic analysis. Technical-economic parameters are set in the HOMER Pro software to obtain optimal configuration and
techno-economic evaluation and sensitivity analysis. The study also explores the impact of different types of PV tracking systems
and module costs on system performance. The results show that the lowest levelized cost of energy (LCOE) (0.135 $/kWh) can
be achieved with pumped hydro, which is more economical than lithium batteries. PV tracking systems can improve solar
efficiency. Compared with diesel systems, renewable energy has economic advantages and environmental benefits. In most
regions of Xinjiang, solar energy is more competitive than wind power. In areas with abundant wind resources, the integration of
wind and solar energy can reduce costs.
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0 Introduction

The future energy framework necessitates broad participation from renewable sources to address human development
and common interests'"!. To achieve the Paris Agreement’s goal of limiting global temperature rise below 2 °C, China has set
carbon peaking and neutrality goals, promoting green energy transitions nationwide® . Establishing its carbon market and
investing in renewable energy industries underscores China’s commitment to energy security and sustainability™ . North-
west China stands out as pivotal for renewable energy research and industrialization due to favorable conditions that facilitate
large-scale power plant construction, laying a strong foundation for renewable energy utilization”=*!, The utilization scale of
photovoltaic (PV) and wind turbines (WT) increases year by year. However, structural challenges within the renewable sector
cannot be ignored. Renewable energy’s inherent volatility and uncertainty contribute to frequent energy shortages or excesses,
posing significant risks to energy systems and grids!'®'?, Hybrid energy systems incorporating sufficient storage facilities
offer a viable solution, balancing supply and demand through complementary equipment configurations'*~'>!. Accelerating
technological development in remote areas, exemplified by wind farms and solar stations, faces transmission capacity limi-
tations and high grid expansion costs, prompting interest in oftf-grid systems for their economic benefits and self-sufficiency
potential!'®~"1, Research on off-grid hybrid systems has utilized mathematical methodologies, heuristic algorithms, reinforce-
ment learning, and commercial modeling software like HOMER, SAM, and PVsyst/?-23,

Various case studies highlight the efficacy of hybrid systems across various settings. For instance, a non-residential
consumer in Iran benefited from a PV/WT/Battery system with an LCOE of 9.3~12.6 ¢/kWh**. Consumers in Egypt can get
LCOE of 2.1 ¢/kWh with a grid-connected PV/WT system, which is lower than the retail electricity price (6.9 ¢/kWh)™!, In
Malawi, grid-connected PV/Biogas system can achieve optimal LCOE at 0.095 $/kWh”®!, Similar initiatives in Baluchistan
can have lower pollution gas emission (64%) and LCOE (0.3 $/kWh) than diesel generators (DG) system!®”. In Malaysia,
optimized systems can obtain LCOE of 0.279 $/kWh with 41.6% renewable fraction (RF)?®. Investigations in India revealed
advantages of PV/WT/DG/Battery configurations across different cities'®”. Further, particle swarm optimization (PSO) was
used in Algerian villages for energy system design, showing the minimum LCOE of 0.37 $/kWh under 93% renewable
fraction®. Seawater desalination projects in Jordan demonstrated PV/WT/DG/Batteries system has LCOE of 0.063 $/kWh
and RF of 98.2% and reduction of CO[; 1, Strategies like combined dispatch (CD) and load following (LF) were evaluated for
their impacts on emissions and LCOEP?, and the evaluation of LCOE is similar for different dispatch strategies (0.31~0.33
$/kWh) for both PV/DG/LA and PV/DG/Li-ion and RF is significantly higher (77%~80%) in LF than the CD (59%~62%)
and the CC (32%~52%) strategies. PV/DG systems could meet all loads at minimal costs in different scenarios®!. Cases of
hybrid energy systems were studied to supply electricity demand. The optimum configuration could obtain minimum LCOE
of 5.12 INR/kWh in a grid-connected system and 16.12 INR/kWh in an off-grid system for the electrical load of a residential
house in India®. PV-based systems on Yongxing Island can reduce LCOE and CO, by 3.7% and 4.3%". Hydrogen
storage has economic benefits for long-term energy storage which can reduce costs to the lowest LCOE (0.50 $/kWh) in
Colorado®®. Sensitivity analyses highlighted the importance of capital costs and discount rates in determining LCOE and
renewable fractions®®”!. PV/Wind/Hydro/Pumpedhydrostorage (PHS) can have lower LCOE (0.136 $/kWh) compared to the
DG system (0.355 $/kWh) in Canada™/. A hybrid WT/DG/Battery system for 280 homes in Lanzhou can obtain the optimal
net present cost (NPC) of $7.73 M and LCOE of 0.471 $/kWh"*?. In different PV tracking methods, the dual-axis tracker
achieved maximum power, highest PV penetration, and lowest LCOE and NPC. Sensitivity analysis showed that temperature,
wind speed, and hub height are key factors for PV/WT systems! .

The review of the previous research works indicates that renewable energy systems consisting of different components
have been investigated to satisfy the electric supply, and the overall techno-economic performance analysis has been carried
out. Researchers have explored different regions, system compositions, and strategies, and analyzed indicators such as LCOE,
NPV, LPSP, and excess electricity under different scenarios. However, the detailed and comprehensive analysis of various
configurations of hybrid power systems in the Northwest zones of China is still inadequate in previous studies, potentially
limiting the selection of optimal systems and future development. Furthermore, few studies have thoroughly evaluated the
practical performance of different PV tracking systems within hybrid energy systems or considered the dynamic effects
of market adjustments and industry improvements on system costs. The dynamics of market adjustment and the industry

improvement may fluctuate costs, misleading practical decisions adversely.
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To address these limitations, this paper aims to explore the application potential of PV/WT/PHS-based energy systems
in cold climate regions of Northwest China. Several cities in Xinjiang Uygur Autonomous Region of China are selected to de-
ploy the energy systems. By modeling renewable energy systems with diverse electricity generation and storage components,
we conduct a comprehensive evaluation of the potential and performance of different hybrid power system configurations.
Additionally, an analysis of different photovoltaic tracking systems is also conducted to examine the practical impact on the
overall renewable energy system. Sensitivity analysis is also carried out to describe the effects of variables such as price of
components and technical parameters. Our research provides insights into the optimal hybrid power system configuration for

cold climates, supporting decision-making for future renewable energy projects and policies in Northwest China.

1 System Description

HOMER Pro optimization tool is employed to optimize various models and evaluate the suitability of hybrid systems
with solar PV panels, WT and PHS for a residential community in Urumgqi. The project was compared with an alternative
configuration utilizing Lithium-ion (Li*) battery bank to meet an equivalent load demand. Furthermore, the economic and

environmental advantages of these hybrid systems are investigated in contrast to a conventional diesel-only power source.

1.1 Modelling and Initial System Design

This study involves several system components with different functions. The energy generation configuration includes
PV, WT and DG, and the energy storage options include PHS and battery bank, as shown in Fig 1. Converters are also
essential for electricity conversion throughout the system. HOMER Pro necessitates several input parameters, including
project lifetime, hourly resource data and load data, architecture metrics, detailed technical and economic specifications of
components™'!. The lifespan of the project has been established as a twenty-year duration. The nominal discount rate is
adopted as 8%, reflecting a cautious approach for renewable energy initiatives, while the inflation rate is estimated at 2%.
The penalty for anticipated capacity shortage has been set at zero.
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Fig 1 Configurations of off-grid systems (a)PV/WT/PHS, (b) PV/WT/Battery

1.2 Load Profile

The proposed system would serve a community consisting of 210 family households, 3 shops, 1 school, 1 clinic and 1
community office, located in Xinjiang Uygur Autonomous Region of China. As shown in Fig 2, the daily average electricity
consumption of this community is set at 2 024.8 kWh. The load demands may be affected by synthesis factors, such as
weather conditions, economic criteria, and geographic location. Therefore, based on the comprehensive conditions, the daily
and hourly randomness is set as 12% and 8% to make the calculation result more convincing and practical. The average
hourly power for users is 84 kW, while the peak power can reach 245 kW throughout the year. The peak user load throughout
the year is concentrated from May to September. The peak load of the day is mainly between 18 and 22 o’clock in the
afternoon.
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1.3 Resources Assessment

Xinjiang exhibits a typical temperate continental climate characterized by its arid conditions, with an average annual pre-
cipitation of approximately 297 mm!*~#!, In accordance with building energy consumption thermal management standards,
this locale qualifies as a cold climate zone, with nighttime temperatures averaging 4 °C and daytime temperatures averaging
13 °C annually™. The region possesses significant natural resources, particularly in wind and solar energy, rendering it
well-suited for practical applications of renewable energy sources.

In accordance with the mean data downloaded from the NASA Surface Meteorology and Solar Energy website!*”, the
hourly data for solar irradiation, wind speed, and ambient temperature in Urumgqi are presented in Fig 3.
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Fig 3 Hourly data for solar irradiation, wind speed, and ambient temperature in Urumqi

The monthly solar irradiation data is displayed in Fig 4. Notably, the solar irradiation levels exhibit a seasonal pattern,
with higher values observed during the summer months (May to July) and lower values during the winter months (November
to January of next year). The average monthly solar irradiation reaches its peak at 0.275 kW/m? in May and reaches its lowest
point at 0.097 kW/m? in December.
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The wind speed within the region exhibits significant variations, ranging from 0 to 20 m/s at a height of 50 meters. The
average annual wind speed is recorded at 4.26 m/s, as depicted in Fig 4 and Fig 5. This favorable wind condition enables the
region to harness clean and emission-free wind energy.

2 Modelling, Simulation and Optimization

2.1 Components
2.1.1 Solar PV
This study examined PV solar module with a rated capacity of 1 kW and a panel efficiency of 20.40%. The derating

factor for the photovoltaic panel is established at 90%, while the power temperature coefficient is set at -0.41%/°C. The power
output generation of PV modules can be calculated using the following equation:

G
PPV:YPVﬁ)V(G_)[l+ap(Tc_Tc,STC)], (D

STC

where Ypy is the rated capacity of PV array (kW); fpy is the derating factor (90%); G is the incident solar irradiation on the
PV array (kW/m?) at each time step; Ggrc is the incident solar irradiation at standard test conditions (1 kW/m?); «, is the
temperature coeflicient of power (-0.41%/°C); T. is the PV cell temperature (°C); and T, src is the PV cell temperature under
standard test conditions (25 °C).
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The cell temperature T, can be obtained from the energy balance of the PV module*®':
Ta'Gt = TIPVG + UL(TC - Tu), (2)

where ta is the effective transmittance-absorptance of PV array; npy is the PV panel efficiency (20.4%), U, is the heat transfer
coeflicient (kW/(m?-°C)); T, is the ambient temperature (°C). Equation (2) can be rewritten as follows:

TC.=T{,+G(TU—Q)(1—M). 3)

L T

However, the value of (ta/U.) is challenging to be measured. Therefore, based on the manufacturer report on the Nominal
Operating Cell Temperature (NOCT) which results at 800 W/m? solar irradiation, at 20 °C ambient temperature, and at no
load condition (i.e., 7py=0), the Equation (3) can be rewritten as follows:

T T nocr — Tanocr

—= . “)
UL GNOCT
It is possible to obtain the final PV cell temperature by using the Equation (5):

T.=T,+G

T. -T,
eNoct — L aNoct (1 _ Uﬂ)’ (5)

whereby HOMER assumes the value of ra as 0.9.

The PV module incurs a capital expenditure of 716 $/kW, a replacement cost equivalent to capital cost, and an annual
operational cost of 7.2 $/kW™". The expected lifespan of the module is 25 years. Parameters of PV are listed in Table 1.
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Table 1 Parameters of PV

Parameter Unit Specification
Model - Generic flat plate PV
Electrical output type - Direct current
Rated capacity kW 1
Derating factor % 90
Lifetime years 25
Temperature effect on power %/°C -0.41
Efficiency % 17.3
Dedicated converter efficiency % 98
Capital cost $/kW 716
Replacement cost $/kW 716
Operation and maintenance $/kW/year 7.2

The selected PV model in base case has no tracking system. To analyze the performance of PV system with PV tracking,
different tracking systems are introduced in this paper. PV tracking systems are usually classified into two types, which are
single-axis and dual-axis tracking. Three different types of PV models, which are horizontal-axis, vertical-axis and dual-axis,
are built in HOMER Pro software. The horizontal-axis tracking system can be seamlessly integrated with various adjustment
strategies tailored to specific time intervals, including monthly, weekly, daily, and continuous adjustments. Notably, the
vertical-axis and dual-axis systems also offer the option of continuous adjustment™"!,

2.1.2  Wind Turbine

In this study, the wind turbine with a rated capacity of 10 kW was selected to adapt to the capacity scale. The power

output generation of WT can be calculated by™®!:

O, V < Vin,

vl
Prated ) 7:2 ) Vin <v< Vrated s

out “in (6)
P rated »

Viated <V < Vouts
0, Vou <V,

Pyr =

where Py is the output power of wind turbine (kW); P4 is the rated output power (20 kW); vy, Viyea and v, are respectively
the cut-in, rated and cut-out characteristic speeds (m/s); and v is the actual wind speed (m/s). The turbine’s rated wind speed
is set at 15 m/s, while the cut-in speed and cut-out speed are specified as 3 m/s and 25 m/s, respectively. Additionally, the
estimated lifetime of the wind turbine is 20 years.

Table 2 Parameters of WT

Parameter Unit Specification
Model - XANT M-21-ETR
Electrical output type - Direct
Number of blades - 3
Regulation method - -
Rated capacity kW 10
Hub height m 31.8
Lifetime years 25
Cut-in wind speed m/s 3
Cut-out wind speed m/s 25
Rated wind speed m/s 15
Capital cost $/kW 900
Replacement cost $/kW 900
Operation and maintenance $/kW/year 9

Table 2 provides the technical specifications of the XANT M-21-ETR model. The chosen WT, which produces AC
voltage, possesses a rotor diameter of 20.7 m and a hub height of 31.8 m. The estimated costs for the capital investment,
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replacement, as well as operation and maintenance (O&M) of the WT are set at 900 $/kW, 900 $/kW and 9 $/year (1% of the
capital cost), respectively*.
2.1.3 Diesel Generator

DG is a typical choice to generate electricity to supply the off-grid load demand which combusts diesel fuel and releases
carbon dioxide (CO,) and some polluting gases such as carbon monoxide (CO) and nitrogen oxides (NO,), etc. In this study,
the diesel-based systems are considered for the comparison with renewable power, focusing on economic and environmental
performance. The fuel consumption of DG in (L/h) is related to the rated powerand output power of DG, which can be
described as follows*”':

f;lg = angraled + degouu (7)

where f, is the fuel consumption of DG (L/h); Py s the rated power of the DG (270 kW); Pygy is the output power of
the DG (kW); a is the fuel curve intercept coefficient (L/kWh); b is the fuel curve slope (L/kWh).

Table 3 outlines the basic specifications of the diesel generator and fuel®. The diesel generator is designed with a
minimum starting threshold of 25% to ensure a prolonged operational lifespan. The capital cost, replacement cost, and O&M
cost are estimated at 370 $/kW, 296 $/kW, and 0.05 $/h*%,

Table 3 Parameters of DG

Parameter Unit Specification
Model - Auto size genset
Fuel - Diesel
Lower heating value MlJ/kg 43.2
Fuel density kg/m? 820
Carbon content of fuel % 88
Sulfur content of fuel % 0.4
Fuel curve intercept L/kWh 4.52
Fuel curve slope L/kWh 0.236
Carbon monoxide (CO) emission g/l 16.5
Unburned hydrocarbons emission g/L 0.72
Particulates matter emission g/L 0.1
Nitrogen oxides (NO,) g/L 15.5
Fuel sulfur to PM % 2.2
Minimum load ratio % 25
Fuel price $/L 1
Capital cost $/kW 370
Replacement cost $/kW 296
Operation and maintenance $/h 0.05

2.1.4 Energy Storage System

Energy storage systems can contribute to off-grid systems in achieving energy balance requirements at different time
intervals. In the base case, a PHS system has been considered as a viable storage option. It features a 22 kW generator
set with an efficiency rating of 90% and a total water reservoir capacity of 1 000 m>. The nominal voltage is 240 V and the
maximum current of charge and discharge is 91.6 A. The capital cost for this PHS system is 1 000 $/kW, while the operational
and maintenance costs amount to 100 $/kW/year. Furthermore, the projected lifespan of the PHS system is estimated to be
30 years®¥. The detailed parameters of PHS are presented in Table 4. A PHS builds potential energy by storing water in
a reservoir at a certain height when there is excess energy. It converts the potential energy to electricity by releasing the
potential energy to turn the turbine generator when there is a demand. The reservoir is located at a certain height above
the turbine generator (the head height) to generate potential energy. The flow rate is the amount of water (meters cubed per
second) that flows in or out. The following equation is used to calculate the energy storage capacity of a pumped hydro

system!*8!:
_ 98 lnpvresHhead

3.6x100 7 ®
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where E is the energy stored (kWh); p is the density of water (1 000 kg/m?); V,, is the volume of the reservoir (m?); Hy,q is
the head height (m); 7 is the efficiency of energy conversion referring to the turbine losses (90%).

As a comparative selection, lithium-ion battery is selected as an available energy storage device to replace pumped
storage. The generic 1 kWh Li-ion battery from ASM is employed in this study. The battery energy storage variation is
featured by the state of charge (SOC), as shown below!*':

Nen Pen (1) — Pais (1) [ 1ais

,i=1,2,---,8760, )
Cbal

SOC(i+1)=SOC@) +

where SOC is the state of charge of the batteries (%); i is the time step of the simulation iteration (h); 1., and ng, are the
battery charging/discharging efficiency (%); P., and Py are the battery charging/discharging power (kW); Cy,, is the usable
capacity of the battery bank (kWh).

Table 4 Parameters of PHS

Parameter Unit Specification
Model - Generic 245 kWh pumped hydro
Nominal voltage \Y 240
Maximum charge current A 91.6
Maximum discharge current A 91.6
Generator efficiency % 90
Head height m 100
Rated power kW 20.44
Capacity kWh 245
Lifetime years 30
Capital cost $/kW 1000
Replacement cost $/kW 1 000
Operation and maintenance $/kW/year 200

It is acknowledged that the battery could not be charged and discharged at the same time, the duration of battery charging

and discharging are limited as follows™":
tch(i) + tdis(i) < tslep9 (10)
where t,, is the battery charging duration (h), assumed as 1 or O in this study; 7y is the battery discharging duration (h),
assumed as 1 or 0 in this study; and #., is the time step of the simulation (h), assumed as 1 hour in this study.
To prevent the over-charging and over-discharging for a longer lifetime, some constraints are made for the upper and

lower limits of SOC and power of charging and discharging:

SOC,;in < SOC(i) < SOC x5 (11)
Pch,min S Pch(l) S Pch.maxs (12)
Pdis,min S Pdis(i) S Pdis,maxs (13)

where SOC,;, and SOC,,,, are the lower and upper limits of SOC (%); Peymin and P . are the lower and upper limits of
power of charging (kW); and Py min and Pyismax are the lower and upper limits of power of discharging (kW).

As shown in Table 5, the nominal voltage and nominal capacity are 3.7 V and 1.02 kWh, respectively. The battery system
possesses a maximum charge current of 167 A and a maximum discharge current of 500 A. The capital cost, replacement
cost, and operation and maintenance cost are estimated at 300 $/kW, 270 $/kW and 3 $/kW/year. It owns a lifetime of 10
years, and can cycle 3 000 times totally®*,

2.1.5 Converter

A bi-directional converter should be implemented to maintain equilibrium in the energy exchange between the DC and

AC domains. Energy conversion equipment has different functions: inverters convert DC to AC while rectifiers convert AC

to DC. The energy conversion can be calculated as follows!:

Enut :anin’ (14)



176 Journal of Xinjiang University (Natural Science Edition in Chinese and English) 2025

where E,, is the output energy of converter (kWh); 7. is the efficiency of energy conversion (95%); and E;, is the input energy
of converter (kKWh).

The inverter demonstrates an efficiency of 95%, with a lifespan of 16 years. The rectifier, meanwhile, features a capacity
of 100% and an efficiency of 95%. The initial capital costs, replacement costs, and O&M costs for the converter under
investigation are assumed to be 300 $/kW, 300 $/kW and 3 $/kW/year, respectively'®!. Table 6 comprehensively summarizes
the salient features of the converter.

Table 5 Parameters of Li-ion battery

Parameter Unit Specification
Model - Generic 1 kWh Li-ion [ASM]
Nominal voltage v 3.7
Nominal capacity kWh 1.02
Maximum capacity Ah 276
Maximum charge current A 167
Maximum discharge current A 500
Rate constant 1/h 1
Effective series resistance ohms 0.000 36
Round-trip efficiency % 90
Other round-trip losses % 10
Fixed bulk temperature °C 20
Lifetime years 10
Cycle times - 3000
Capital cost $/kW 300
Replacement cost $/kW 270
Operation and maintenance $/kW/year 3

Table 6 Parameters of converter

Parameter Unit Specification
Model - Cl-mini-1 000 N

Manufacture - Cybo-energy
Inverter efficiency % 95
Rectifier efficiency % 95
Relative capacity % 100
Lifetime years 16
Capital cost $/kW 300
Replacement cost $/kW 300

Operation and maintenance $/kW/year 3

2.2 System Simulation and Index for Optimization
2.2.1 Description of System Simulation and Optimization

This study develops an integrated model of PV modules, wind turbines, batteries and converters, configured based on
system-specific parameters. Meteorological data, system details, and equipment specifications are input for simulations. Af-
ter modelling and data importing, the simulations will commence by using built-in solver, and the detailed hourly simulations
will be performed over a predefined period. Power generation, energy storage charging and discharging, and other relevant
metrics are calculated based on the model and input data. The CD strategy is chosen by this study to provide a comprehensive
approach to managing renewable energy systems efficiently by integrating multiple resources and optimizing their operation
based on real-time demand. The process considers the characteristics and capabilities of each resource to ensure their com-
bined output meets the system’s demand. The optimal operating schedule is determined for each resource based on allocated
load, considering factors such as resource efficiency, generation costs and constraints. The goal is to find the most economic
and reliable dispatch schedule to meet load requirements. Fig 6 illustrates the simulation workflow of HOMER.
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2.2.2  Index for Optimization

Loss of power supply probability (LPSP) is a parameter characterizing the stability of the energy supply of the renewable

energy system (%). The equations of LPSP can be presented by

[511

Eunmel

LPSP =

b
E]oad

where E),, is the total annual energy load (kWh); and E,,, is the annual unmet energy load (kWh).
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Fig 6 Working framework for optimization using HOMER

15)

The excess energy E., reflects the amount of energy that cannot be consumed. The equations of excess energy can be

presented by!®”!

Eex = Elotal - Es9

(16)

where E\, is the total annual generated energy (kWh); and E| is the total electrical load supplied which is equal to the sum

of primary load and deferrable load (kWh).

The net present cost (NPC) refers to the present value encompassing all installation and operational expenses of all

components incurred throughout the project’s lifespan, while deducting the present value of generated revenues. A financial

method for estimating NPC is presented as the following function?':

CA = Can,cap + CO&M + Crep’

NPC

CRF(d,n) =

Ca

~ CRE(d,n)’

did+1)y
d+1y-1°
d-f
1+f°

A7)

(18)

19)

(20)

where C, is the total annualized cost, which is the sum of annual costs of each component ($); C,, ., is the annualized capital

cost of a system component ($); Cogu is the operation and maintenance cost ($); C., is the replacement cost ($); d is the real
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discount rate, with a value of 6% in this paper; n is the project lifetime, in years; d’ is the original discount rate, with a value
of 6% in this paper; f is the inflation rate, with a value of 0% in this paper.
LCOE represents the average cost per unit of energy generated within a particular system over lifetime of the project
($/kWh). The equations of LCOE can be presented by
Ca

LCOE= —=, 1)
E,

where E| is total electrical load supplied that is equal to the sum of primary load and deferrable load (kWh).

2.3 Sensitivity Analysis

A sensitivity analysis has been conducted to quantify the effect of input variables on the pivotal parameters of the
project. Within the simulation platform, the indicators include the LCOE and the NPC. The capital cost of the equipment is a
significant factor among the variables. In the sensitivity analysis, the influence of geography is also considered, according to
the typical weather data.

3 Results and Discussion

3.1 Performance Comparison of Optimized System, Over designed System and under Designed System
3.1.1 Components Capacity

A time series simulation is conducted to find the lowest LCOE and NPC while satisfying technical and economic
constraints. The optimized results include LCOE, NPC, component size, energy output, excess energy, unmet load and
shortage capacity, as presented in Table 7. Three configurations PV/WT/PHS (case-1), PV/PHS (case-2) and WT/PHS (case-
3) are considered for the analysis. It is evident from Table 7 that the optimized system (case-1) consists of 522 kW PV,
150 kW WT, 253 kW converter and 5 390 kWh PHS capacity. PV/PHS system obtains the second priority in economic
performance, which consists of 682 kW PV, 255 kW converter and 6 125 kWh PHS. WT/PHS configuration includes 1 720
kW WT, 489 kW converter, and 10 780 kWh PHS.

Table 7 Optimization results of configurations

- . PV/WT/PHS PV/PHS WT/PHS
Characteristics Unit
case-1 case-2 case-3
PV capacity kW 522 682 0
WT capacity kW 150 0 1720
PHS capacity kWh 5390 6125 10 780
Battery capacity kWh 0 0 0
Converter capacity kW 253 255 489

3.1.2  Economic Performance

The costs of components are described in Fig 7. PV/WT/PHS system obtains the priority in economic performance with
its LCOE of 0.139 $/kWh. In case-1, the NPC of the system is $1.17M and total capital cost is $1.07M. Among the various
components, PHS system represents the largest cost share, accounting for 45.3% of the total capital cost. This is followed by
the PV system (35.0%), the WT (12.6%), and the converter (7.1%). In case-2, the LCOE for PV/PHS is 0.144 $/kWh and the
NPC is $1.22M, which shows that case-2 can rival the optimal configuration (case-1). PHS consumes nearly 49.4% of initial
capital cost and PV takes 43.8%. WT/PHS (case-3) is the most expensive option among the three configurations comprising
PHS with the expense of WT ($1.55M) and PHS ($0.97M), which exhibits a relatively higher LCOE of 0.352 $/kWh and
NPC of $2.98M due to the expense of WT ($1.55M) and PHS ($0.97M).

The analysis demonstrates that among the proposed system configurations, the PV/Wind/PHS-based system achieves the
lowest LCOE at 0.139 $/kWh. Notably, the optimal system necessitates a smaller capacity of PHS compared to case-2 and
case-3 to meet the demand. While other configurations may fulfill the load demand with varying equipment sizes and costs,
the PV/WT/PHS system emerges as the optimal choice. In the context of system optimization, it is economically beneficial
to satisfy a portion of the peak load demand, rather than the entire supply, when the peak demand at any given time step is
exceptionally high. In such scenarios, a small amount of unmet load may occur. However, if peak load can be fully met, the



No.2 PU Xiaohua, et al: Techno-Economic Potential Evaluation of Small-Scale off-Grid Renewable- - - 179

system inherently necessitates the inclusion of high-cost equipment that often operates below its full capacity. As a result,
the system requires a greater upfront capital investment, leading to a subsequent elevation in LCOE.
3.1.3 Techno Performance

The energy output, excess energy and unmet load are shown in Fig 8. In case-1, PV contributes 921 MWh/year, nearly
84.4% of total energy generation and WT generates 170 MWh/year (15.6%). The excess energy is 243 MWh/year (22.3%),
which is relatively high. The unmet load demand is 1 072 kWh/year, which is insignificant (0.14%) compared to the total
load of 738 MWh/year. In case-2, PV can generate 1 202 MWh/year with 332 MWh (27.7%) excess, while the unmet load
is only 1 214 kWh/year (0.14%). The excess energy in case-2 is higher than the case-1 configuration since the entire energy
supply relies on PV. In case-3, WT can support 1 950 MWh/year, while producing excess energy of 1 112 MWh/year and
the excess energy percentage is 57.0%. In case-3 configuration, there exists a large amount of excess energy that cannot be
utilized due to the severe imbalance between the source and load. Higher capacity WT and PHS are required to meet energy
demand.

The proposed system’s technical feasibility is evident from the minimal unmet electric load and negligible capacity
shortage across all configurations. The PV/WT/PHS-based system is cost-effective with lower cost and capacity shortages
compared to the other two alternative configurations (Fig 8). The analysis reveals that WT contributes significantly less
(15.6%) to the total energy generation compared to PV (84.4%). Only 67.6% of the electricity generated is utilized to satisfy
annual demands, while 22.3% remains excess due to transmission and conversion inefficiencies. The integration of PV,
WT, and PHS can contribute to meeting peak load demands, which is economically and environmentally competitive when
compared to other hybrid system studies.
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Fig 7 NPC and LCOE of different systems Fig 8 Electricity production and expenditure

3.2 Comparison with Lithium-ion Battery Storage System

Conventional storage components would be compared to determine the optimal storage unit for a hybrid system. This
study attempts to compare PHS with battery storage considering ganalogous hybrid configurations. Observations have re-
vealed that the PHS is advantageous over battery-based systems, both in technical and economic terms. The comparison is pre-
sented and discussed concisely. The study encompasses three distinct configurations: PV/Wind/Battery (case-4), PV/Battery
(case-5), and Wind/Battery (case-6), to facilitate comprehensive comparisons.

The optimized results for hybrid configurations are summarized in Table 8. The PV/WT/Battery system of case-4 has
the lowest LCOE and NPC of 0.289 $/kWh and $2.445M, respectively followed by PV/Battery of case-5 (LCOE of 0.304
$/kWh, NPC of $2.576M) and WT/Battery of case-6 (LCOE 0.792 $/kWh, NPC $6.700M). The optimal system (case-4)
comprises 1 620 kW PV, 150 kW WT, 269 kW converter and 2 000 kWh Li battery. PV can generate the maximum electricity
(2 856 MWh/year), whereas WT delivers 170 MWh/year in total. The excess energy amounts to 2 223 MWh/year (73.5%).
On the other hand, the case-5 configuration comprises 1 620 kW PV panels and 2 600 kWh battery. The system produces
2 856 MWh/year. While the excess electricity is 2 039 MWh/year (71.4%) in case-5 with the unmet load of 777 kWh/year
(0.11%). WT/Battery system comprises 2 880 kW WT, which generates electricity of 3 265 MWh/year. In case-6, excess
electricity is 2 470 MWh (75.7%), and the unmet load is 1 204 kWh/year (0.16%).
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If the energy storage system is switched from PHS to batteries, the LCOE will more than double the original cost. The
results indicate that battery storage is significantly more costly than PHS, which tends to result in a smaller deployed storage
capacity and a relatively higher investment in generation capacity to ensure system reliability. The shortage of energy storage
cannot make full use of the large amount of power generated by WT generators. The excess energy will be dumped in off-grid
scenarios, which may lead to the waste of energy and increase in cost.

3.3 Comparison with Diesel-Only System

The proposed renewable energy-based system without diesel generators can operate with zero emissions. Comparative
analysis is conducted with a system based on the diesel generator to assess its economic and environmental viability. This
study evaluates the hybrid system against diesel generators in terms of LCOE, NPC and emissions. The detailed cost com-
ponents and optimized results are outlined in Table 9. Specifically, the LCOE and NPC of the DG-only system stand at 0.57
$/kWh and $4.84M, respectively.

In DG-only system, 251 277 liters of diesel fuel would be consumed to generate 839 MWh electricity with 657 746 kg
of CO, emission annually. In addition, other emissions data are listed in Table 10. The amounts of carbon monoxide, sulfur
dioxide and nitrogen oxides are 4 146 kg/year, 1 611 kg/year and 3 895 kg/year. The proposed PV/WT/PHS hybrid system

emerges as a financially and environmentally favorable alternative to DG-only system, according to the analysis.

Table 8 System configuration with battery storage

Characteristics Unit PV/WT/Battery PV/Battery WT/Battery
case-4 case-5 case-6
PV capacity kW 1620 1 620 0
WT capacity kW 150 0 2 880
Battery capacity kWh 2000 2 600 7400
Converter capacity kW 269 244 577
Electricity production MWh/year 3026 2 856 3265
Load consumption MWh/year 738 738 738
Excess electricity MWh/year 2223 2039 2470
Unmet load kWh/year 1139 777 1204
PV production MWh/year 2 856 2 856 0
WT production MWh/year 170 0 3265
NPC $ 2.445x10° 2.576x10° 6.700x10°
LCOE $/kWh 0.289 0.304 0.792
Operating cost $/year 40930 49 083 149 535
Initial capital $ 1.98x10° 2.01x10° 4.99x10°
PV capital cost $ 1.16x10° 1.16x10° 0.00
WT capital cost $ 1.40x10° 0.00 2.59x10°
Converter capital cost $ 8.00x10* 7.00x10* 1.70x10°
Battery capital cost $ 6.00x10° 7.80x103 2.22x10°

Table 9 Results based on DG system

Characteristics Unit PV/WT/DG/PHS PV/WT/PHS DG/PHS DG-only
PV capacity kW 611 522 0 0
WT capacity kW 90 150 0 0
DG capacity kW 270 0 270 270
PHS capacity kWh 3185 5390 1470 0

Converter capacity kW 212 253 147 0
Electricity production MWh/year 1206 1091 860 839
Load consumption MWh/year 739 738 739 739
Excess electricity MWh/year 350 243 0 100
Unmet load kWh/year 544 1065 0 0
NPC $ 1.12x10° 1.17x10° 3.65%x108 4.84x10°

LCOE $/kWh 0.13 0.14 0.43 0.57
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Table 10 Emissions of DG-only system

Parameter Unit Value
Carbon dioxide kg/year 657 746
Carbon monoxide kg/year 4146
Unburned hydrocarbons kg/year 181
Particulate matter kg/year 25
Sulfur dioxide kg/year 1611
Nitrogen oxides kg/year 3895

3.4 The Performance of Different Photovoltaic Tracking Methods

Systems with optional tracking methods are simulated to analyze the impact of photovoltaic tracking methods. Fig 9
shows the economic indicators of hybrid energy systems configured with different PV tracking systems and adjustment strate-
gies. The types of PV include fixed, horizontal monthly-adjustment (HM), horizontal weekly-adjustment (HW), horizontal
daily-adjustment (HD), horizontal continuous-adjustment (HC), vertical adjustment (VC) and dual-axis (DA).

The analysis reveals that the fixed PV system incurred a higher NPC averaging $1.17M while the dual-axis system can
achieve a lower NPC (about $1.14M). Similarly, the fixed PV system has a higher LCOE of approximately 0.139 $/kWh
while the dual-axis system has the lowest LCOE of 0.135 $/kWh. In addition, the time interval of adjustment can affect the
performance of PV, and the continuous strategy is the most competitive type in horizontal axis. However, the performance

gap among the last three approaches is not prominent.
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3.5 Sensitivity Analysis of PV/WT/PHS System

3.5.1 The Effects of Capital Cost
Sensitivity analysis is conducted under the adjustment of cost of PV and WT. The cost ratio is the ratio of the proposed
cost to the actual cost. As shown in Fig 10, the value of cost ratio varies from 1.0 to 0.5 with a 0.1 step interval. The results
show that the reduction of the component’s cost can significantly reduce the NPC and LCOE of the PV/WT/PHS system.
The system with the current price can obtain an LCOE of 0.119 $/kWh, while the lowest LCOE can be 0.092 7 $/kWh when
the cost ratios of PV and WT are both set as 0.6 ideally. It can be noted that the power generation components matter to the
capacity design and investment of energy systems. In this case, the impact of PV cost on the change in LCOE may be greater

than that of WT price because the capacity of PV accounts for a larger proportion of the total cost.
Though the cost reduction can achieve a better economic performance, it may cause more energy excess consequently.

As shown in Fig 11, the percentage of excess energy may rise when the capital cost of PV decreases. This is because
the reduction in module costs allows for the design of larger-scale generation modules within the proposed budget amount.
However, the load of the user at each time is limited and cannot fully absorb the power generation. The results mean that the
system may be over designed to fulfill the loads of some extreme cases, and the scaled-up capacity can lead to more resources
not being used efficiently. However, when the cost of WT decreases, the percentage of excess energy may consequently fall

as well.
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Fig 11 Excess energy percentage of different cost ratios of PV and WT

3.5.2 The Performance in Different Regions of Xinjiang

To investigate the potential of renewable energy resources in Northwest China, several regions are chosen for the design
of hybrid energy systems. The performance of PV/WT/PHS (case-1), PV/PHS (case-2) and WT/PHS (case-3) were analyzed.
The results in Table 11 reveal that PV/WT/PHS and PV/PHS systems can be competitive at a certain expense. The optimal

PV/WT/PHS system is in Kashgar, with an LCOE of 0.119 $/kWh. Moreover, Kashgar also has the lowest LCOE of PV/PHS,
which is 0.117 $/kWh. The results mean that Kashgar has a more balanced renewable energy resource to generate electricity
because of its meteorological condition. And the highest LCOE of the case-1 configuration is 0.148 $/kWh in Altay, while
the highest LCOE of the case-3 configuration is 0.158 $/kWh in Tacheng. The results show that the WT/PHS systems are
more expensive than PV/WT/PHS and PV/PHS. The best WT/PHS (case-3) configuration can obtain the lowest LCOE of
0.213 $/kWh in Karamay, with a balanced resource of wind and solar irradiation conditions for renewable energy. While the
most expensive WT/PHS system may get an LCOE of 1.200 $/kWh in Bortala because of the shortage of wind resources.
According to the local climatic conditions, solar energy has an economic advantage over wind energy. Therefore, investors

should choose to expand the scale of the PV system as much as possible. If funds are still available, the construction of WT
can increase the diversity of energy sources. However, it is still not advisable to entirely choose wind power as a single source

of energy according to the economic indicators.
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Table 11 LCOE of systems in different regions ($/kWh)

Region HPBS PV/PHS WT/PHS
Urumqi 0.135 0.139 0.323
Karamay 0.132 0.149 0.213
Turpan 0.142 0.141 0.813
Hami 0.129 0.128 0.812
Changji 0.143 0.142 1.027
Bortala 0.145 0.144 1.200
Bayingolin 0.138 0.138 0.817
Aksu 0.134 0.134 1.187
Kizilsu 0.119 0.117 0.907
Kashgar 0.119 0.117 0.907
Hotan 0.132 0.134 0.443
Ii 0.138 0.138 0.481
Tacheng 0.131 0.158 0.315
Altay 0.148 0.147 0.444
Shihezi 0.135 0.139 0.323
Aral 0.140 0.142 0.512
Tumshuk 0.127 0.126 0.658
Wujiaqu 0.135 0.139 0.323
Beitun 0.148 0.147 0.444
Tiemenguan 0.138 0.138 0.817
Shuanghe 0.145 0.144 1.190
Kokdala 0.138 0.138 0.481
Kunyu 0.119 0.117 0.907
Huyanghe 0.132 0.149 0.213

4 Conclusions

This paper presents an analysis of the potential for a renewable energy-based power supply system in Xinjiang, focusing
on the cost of energy (LCOE) and net present cost (NPC) of systems comprising photovoltaic (PV) and wind turbines (WT)
with pumped hydro storage (PHS) and battery bank. The PV/WT/PHS option is the optimal configuration with the LCOE of
0.139 $/kWh which is lower than the LCOE of PV/PHS (0.144 $/kWh) and WT/PHS (0.352 $/kWh). Diverse resources can
provide valuable contributions to the power supply and solar power is cheaper under local weather conditions.

If the energy storage system is switched from PHS to batteries, the LCOE will be more than 200% of the PHS cost.
Compared to a diesel-only system, the renewable energy system can reduce 657 746 kg of CO, emission annually and obtain
lower LCOE because of the renewable resources. In addition, the PV tracking system can promote PV generation. The
dual-axis system has the lowest LCOE of 0.135 $/kWh. As the price of the module decreases, the LCOE will decrease while
the excess energy percentage may increase. The optimal PV/WT/PHS system is in Kashgar, with an LCOE of 0.119 $/kWh.
In most regions of Xinjiang, renewable energy systems dominated by PV have economic advantages over those dominated
by WT.

Overall, the study demonstrates the potential for a renewable energy-based power supply system to supply electricity to
a remote community at a lower cost and reduce greenhouse gas emissions. However, the results also show that excess energy
matters to techno-economic performance. Therefore, it is important to consider trade-offs when designing a power supply

system for remote areas.
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