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Highways consume a significant amount of electrical energy annually, especially
in remote desert regions where the cost of electricity is high. This research
explores the utilization of natural resources along desert highways to establish
hybrid energy generation systems for service areas. Three service areas along the
desert highway in northern Xinjiang, China, serve as case studies. To assess the
feasibility of hybrid energy generation systems in these service areas,
meteorological data for the three locations were obtained from the NASA
platform. The HOMER Pro software was employed for technical, economic,
and environmental analyses of the systems. The results indicate the feasibility
of Photovoltaic (PV)/Wind/Battery hybrid energy systems in the Huanghuagou,
Kelameili, and Wujiaqu service areas. The application of these hybrid energy
generation systems across the three service areas could provide 3,349,557 kWh
of electrical energy annually for the desert highway. Sensitivity analysis reveals
that the Net Present Cost (NPC) and Cost of Energy (COE) values decrease with
increasing radiation levels, while NPC shows an increasing trend with growing
load demand, and COE exhibits a decreasing trend. Among the three regions,
Wujiaqu demonstrates the highest economic viability, with a COE of $0.34/kWh
and an NPC of $3,141,641/kWh. Furthermore, Wujiagu exhibits the lowest
environmental impact, with CO, emissions of 198,387 kg/yr, SO, emissions of
493 kg/yr, and NO, emissions of 1,711 kg/yr.

road engineering, service area, hybrid energy, feasibility, economic, technical,
environmental

1 Introduction

The development of highways significantly impacts a nation’s economic growth.
Highways consume a substantial amount of electrical energy annually, and typically, the
power supply for highways is sourced from nearby cities to ensure reliable electricity.
However, for highways located in remote areas, particularly desert highways, the cost of
electricity transportation is prohibitively high. Addressing the power supply challenges for
desert highways has become an urgent matter. Desert regions, where highways are often
situated, possess immense potential for energy asset utilization. Exploring the renewable
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natural resources such as wind and solar energy within the road
corridor of desert highways could offer a strategic solution to
alleviate the energy challenges faced by the transportation system.
The electrification of infrastructure assets in desert highway areas
holds significant promise for mitigating energy-related concerns in
the transportation sector.

In recent years, the construction technology of highways has
been continuously developing (Jiang et al., 2022; Sun et al., 2023z;
Sun et al.,, 2023b; Wang et al.,, 2023; Shi et al., 2024), while new
energy technologies are also constantly being updated and iterated.
In the field of renewable energy utilization on expressways, (Zhang
et al., 2022), assessed the photovoltaic road potential for electricity
generation in Chinese highways. The research findings indicate that
the installed capacity of Chinese highways is 700.85 GW, with the
capability to generate 629.06 TWh. (Yuan et al, 2023). Research
proposes a technology method for energy collection using
temperature differences on highway road surfaces. (Kim et al,
2018). studied the establishment of site selection criteria for
photovoltaic (PV) power generation projects on Korean national
roads. They conducted a survey of spatial information data for
unused roads, determining the feasibility of potential project
locations selected using these criteria for future solar road
projects. Jiang et al. (2024) proposed a multi indicator evaluation
method based on Analytic Hierarchy Process (AHP) and
Geographic Information System (GIS) to fully utilize solar energy
resources along highways. (Ahmad et al,, 2020) investigated the
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design method of roadside vertical axis wind turbine generators and
conducted experimental validation. The results show that the
equipment can be installed on one side of the road, providing
clean and affordable energy for road lighting. It is evident that
individual renewable energy sources such as wind power and
photovoltaics have broad prospects for application in the
transportation sector. However, the main drawback of utilizing a
single renewable energy source is the intermittent nature of its use,
significantly reducing the reliability of renewable energy systems. To
enhance the reliability of power supply and reduce economic costs,
this study considers combining renewable energy with batteries and
diesel generators to create a Hybrid Renewable Energy System
(HRES). This system aims to supply power to critical loads at
important energy nodes on highways. Compared to a single
renewable energy system, a hybrid energy system has advantages
such as high reliability and low cost (Ribo-Pérez et al., 2021).

In terms of technical and economic analysis, (El-houari et al,, 2021),
conducted a simulation of technical, economic, and environmental
analyses of hybrid renewable energy systems in 24 selected cities in
Morocco. They demonstrated the social and economic benefits of
promoting the use of hybrid energy systems in remote towns and
villages on the African continent (Haghighat Mamaghani et al, 2016).
employed Net Present Cost (NPC), initial capital cost, and Levelized
Cost of Energy (COE) as economic indicators to analyze the technical
and economic feasibility of hybrid energy systems in three small rural
communities in Colombia. They proposed different configuration

Resource data |

Load profile
I |

System control

' |
| 1 |
| : |
: . | constraints |
I .
: | Economic data I | variables :
=~} 1 life cycle cost |
: | Technology choice | L !

HOMER Simulation
and optimization '

objective functions

| selection of the :
: optimal renewable |

]
1 1

Comparison I I
. !I!!l!l!.,llm g energy system
= e e e
9 7 Technology Emissions
pecmssomsession . e
II : === : oo \ e a\ =
| i T ikl heE .
: : i Input : Electrical load . D/</‘><°/O X . ol f
| Sensitivity analysis | | uncertain » W - BN
q : 1 t——r
: q Stlle Solar average T R
b AL ' Electrical load Solar average
FIGURE 1

Construction method of mixed energy system in desert expressway service area.

Frontiers in Energy Research

02

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1362957

Wang et al.

10.3389/fenrg.2024.1362957

[ ]Huanghuagou
[ K elameili
[ Wujiaqu

i

Jan Feb MarAprMayJun Jul Aug Sep Oct Nov Dec

~
T

~ w - n -
T T T T T

Solar irradiation(kW h/m’/day)

-
T

0

Desert Expressway Service Area Monthly average solar radiation data

b4 Huanghuagou |
L Kelameili ]
aprn
6.0
C E Huanghuagou D
55} - Kelameili
[ Wujiaqu
SO0
@
g
45+
3
&
=40+
L
z
35
3.0
25
Jan Feb Mar AprMayJun Jul Aug Sep Oct Nov Dec

Monthly average wind speed

FIGURE 2
Meteorological resource data of service area location.

combinations of diesel generators, solar photovoltaic modules, and
wind power equipment (Rezaei et al,, 2021). and others studied off-grid
hybrid renewable energy systems, analyzing the impact of changes in
discount rates and inflation rates on system costs (Uwineza et al., 2021).
conducted a feasibility analysis of mixed energy resources on Popova
Island, studying the influence of discount rates and fuel costs on hybrid
energy systems, providing references for decision-makers (Vendoti
et al, 2020). and others utilized renewable resources in rural
locations to find optimal configuration combinations that meet
power loads, constructing a hybrid energy generation model. The
research results indicate that a combination of photovoltaic, wind,
biogas biomass, diesel generators, and batteries is an economical and
reliable solution (Coban et al., 2022). performed a feasibility analysis of a
wind and photovoltaic hybrid energy generation system in selected
locations in Somalia, comparing off-grid and grid-connected modes.

During the construction process of highways, harmful gas
emissions will be generated. Therefore, in the feasibility analysis
stage of new energy construction, it is also necessary to analyze
environmental emissions (Renken et al., 2018; Biichner et al., 2019;
Walther et al., 2019; Wu et al., 2024). In terms of environmental
impact, (Vergara-Zambrano et al., 2022), proposed a design method
for a solar-biogas hybrid renewable energy system that can help
reduce environmental pollutant emissions by 30%-80%. (Razmjoo
et al, 2021). studied a hybrid power system composed of
photovoltaics, wind, diesel generators, and batteries. The results
indicate that the renewable rate of this hybrid system exceeds 72%,
resulting in a reduction of over 2000 kg of CO, emissions per
household annually. (El-houari et al., 2020). investigated a mixed

Frontiers in Energy Research 0

30

Kelameili
Waujiaqu

, Ambient temperature (°C)
= = 2

—
=

-20

Jn.n F;b Mlar:\lpr.\‘llay.];m J:ll A:lg S‘ep()lct .\’Iov Dlec
Monthly ambient temperature data

energy system incorporating renewable sources such as solar, wind,
and biomass, leading to an annual reduction of 26.48 tons of CO,
emissions. (Das et al., 2021). researched a photovoltaic and wind
energy hybrid system using different energy storage technologies,
demonstrating that the hybrid energy system can reduce carbon
dioxide emissions by 134,183.5 kg annually.

The focus of this study is to analyze the technical and economic
feasibility of hybrid energy systems in service areas of desert highways,
using three service areas along a desert highway in northern Xinjiang,
China, as a case study. The study optimizes the best configuration of
renewable energy for critical energy nodes in the road domain. In off-
grid mode, using Net Present Cost (NPC) and Levelized Energy Cost
(COE) as economic indicators, different system configuration
parameters are optimized through simulation, analyzing the
economics of service areas in different regions. Additionally,
sensitivity analysis of hybrid energy systems in different regions is
conducted, considering variables such as radiation intensity and the
impact of load demand growth on the system.

2 Construction method of service area
hybrid energy systems
2.1 Construction approach

The hybrid energy simulation software used in this study is

HOMER Pro, designed by the National Renewable Energy
Laboratory (NREL) in the United States. This simulation tool is

3 frontiersin.org
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TABLE 1 Geographical and climatic data of selected areas on desert highways.

Name of the Longitude Latitude Altitude(m)  Scaled annual average (kwh/ = Scaled annual average
area §3)] (°N) m?/day) (m/s)
Huanghuagou 87.55 46.53 576 3.94 423
Kelameili 87.40 4525 479 409 451
Wujiaqu 87.57 4422 460 4.08 3.87
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FIGURE 3

Mixed energy system in desert expressway service area.

TABLE 2 Comparison of main electricity load in service areas.

Name of the area Surveillance system (kW) Lamp (kW) Average (kWh/day)
Huanghuagou 75 45 1920
Kelameili 50 ‘ 45 1920
Wujiaqu 50 ‘ 30 2,880

primarily utilized for optimizing hybrid power systems, conducting
feasibility analyses, and performing technical, economic, and
sensitivity analyses. Figure 1 illustrates the feasibility analysis
process for the hybrid energy system in service areas along a
desert highway.

Initially, the location of the desert service area where the
hybrid energy system is to be constructed is selected. The
available types of green energy in the region are analyzed, and
meteorological data for the area, as well as technical and
economic parameters for the selected green energy equipment,
are obtained. Subsequently, through simulation and optimization
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calculations using HOMER Pro software, the best hybrid energy

configuration is evaluated based on two crucial economic output
parameters: Net Present Cost (NPC) and Levelized Cost of
Energy (COE), considering environmental and technical

factors. Finally, a sensitivity analysis of the hybrid energy

system is conducted for uncertain variables.
The Net Present Cost (NPC) is a crucial economic parameter for

assessing hybrid energy systems. The formula for calculating the
total Net Present Cost is as follows (Jahangir et al., 2020; Sifakis et al.,
2021; Al-Buraiki and Al-Sharafi, 2022; Ma et al., 2022b; Das

et al.,, 2022):

frontiersin.org
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TABLE 3 Input parameters of hybrid energy system components.

Component name Cost ($) Replacement cost ($) Operation and maintenance (S)
Pv module (Li et al,, 2020) 1,000/KW 950/KW 10/year 25years
Diesel generator (Coban et al., 2022) 75000 75000 0.1 ($/op. hour) 4,000 (Hour)
Battery (Uwineza et al,, 2021) 560 560 16.8 12years
Wind (Li et al., 2022) 13000 11000 50 20years
Converter Akhtari and Baneshi, (2019) 300 300 0 20years

TABLE 4 Summary of optimization results for huanghuagou.

PV/Wind/Diesel/Battery = PV/Diesel/Battery = Wind/Diesel/Battery = PV/Battery  Diesel only
COE ($/kWh) 0.32 0.33 0.37 0.89 0.42
NPC($/kWh) 4430135 4581608 5057828 12180140 5786267
Renewable fraction (%) 47 36.8 29.4 100 —
Pv capacity (kW) 331 465 — 4,453 —
Wind capacity 30 — 53 — —
Diesel generator (kW) 440 440 440 — 440
Battery capacity (kWh) 607 575 304 6,460 —
Converter (kW) 161 175 135 459.5 —
Excess energy (kWh) 1323860 1333591 1254602 6413484 1153904
NPC ($) = TAC (1) investment cost of establishing hybrid energy, the greater the
CRF(g,n) benefits obtained.

Where TAC is the Total Annualized Cost (the sum of all the
annualized costs for each system component), and CRF is the
Capital Recovery Factor. The calculation formula is as follows
(Ramesh and Saini, 2020; Ma et al., 2022a; Demirci et al., 2022):

_ q(1+q)
CRF = ey 1 2)

Where n is the project’s lifecycle in years, and q is the annual
interest rate.

The Levelized Cost of Energy (COE) is the average cost of
electricity produced by the hybrid energy system per kilowatt-hour.
The calculation of COE involves dividing the annualized cost of
electricity generation (total annualized cost minus the cost for
servicing thermal loads) by the total electrical load served. The
COE calculation formula is as follows (Toopshekan et al., 2020; Al-
Najjar et al., 2022; Ang et al,, 2022; Khan et al., 2022):

TAC

COE=———— (3)
Eac+ Epc + Egey

Where TAC is the annualized cost of electricity generation;
EAC, EDC, and Edef represent the total amounts of alternating
current (AC), direct current (DC), and deferred load (kWh/year),
respectively.

NPC and COE are used as evaluation indicators for hybrid
energy systems. The smaller the NPC and COE, the better the
economic efficiency of the hybrid energy system. The lower the

Frontiers in Energy Research

2.2 Location meteorological resource data

The selected desert highway in this study is located in the
Gurbantiinggiit Desert region of Xinjiang, China, with the
highway overall running in a north-south direction. As illustrated
in Figure 2A, the chosen service areas along the highway, from north
to south, are Huanghuagou, Kelameili, and Wujiaqu. The
geographical and climatic data for the selected region are
presented in Table 1.

The solar radiation data used in this study are sourced from the
NASA database (July 1983- June 2005). Figure 2B illustrates the
monthly average solar radiation and clarity index data for the
selected highway service areas. The solar radiation in the regions
of Huanghuagou, Kelameili, and Wujiaqu ranges between
1.37 kWh/m2/d and 6.42kWh/m2/d. The annual average solar
radiation values for Huanghuagou, Kelameili, and Wujiaqu are
3.94, 4.09, and 4.08 kWh/m2/d. From the graph, it can be seen
that solar radiation has larger data in May and June, while the
radiation data in January and December is smaller. This is because in
summer, the Sun is closer to the region, resulting in a significant
increase in radiation.

The available annual average wind speeds within the study location
are depicted in Figure 2C. The maximum wind speeds for
Huanghuagou, Kelameili, and Wujiaqu occur in April at 5.19 m/s,
while the minimum speeds are observed in January at 3.05 m/s. The
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FIGURE 4

Technical and economic analysis of hybrid energy system in huahuanggou service area.

TABLE 5 Summary of kelameili optimization results.

System PV/Wind/Diesel/Battery = PV/Diesel/Battery = Wind/Diesel/Battery = PV/Battery  Diesel only

COE ($/kWh) 0.34 0.34 0.42 0.80 0.50
NPC($/kWh) 3738790 3746409 4598883 8675314 5405541
Renewable fraction (%) 54 50 16.8 100 —

Pv capacity (kW) 427 432 — — —

Wind capacity (kW) 9 — 37 — —

Diesel generator (kW) 440 440 440 — 440
Battery capacity (kWh) 1,069 1,063 151 4,608 —
Converter (kW) 153 160 98 247 —
Excess energy (kWh) 1066558 1050523 904588 5255743 1052992

annual average wind speeds for Huanghuagou, Kelameili, and Wujiaqu
are 4.23, 451, and 3.87 m/s, respectively. Kelameili experiences the
highest annual average wind speeds from January to April and July to
December, while Huanghuagou peaks from June to July. Wujiaqu
consistently maintains lower average wind speeds than the other
regions. Altitude information affects the magnitude of wind speed,
and it is also an important parameter in hybrid energy simulation
analysis. Therefore, when obtaining data, it is also necessary to collect
altitude information of the area where it is located.

Frontiers in Energy Research 06

Environmental temperature data significantly impact the actual
output power of PV modules. The monthly average environmental
temperature data for the three service areas are illustrated in
Figure 2D. The highest temperature in Huanghuagou is 25.57°C
in July, with a minimum of -14.13°C in January. Kelameili
experiences a maximum temperature of 27.81°C in July, with a
minimum of —10.07°C in January. Wujiaqu reaches a maximum
temperature of 26.46°C in July, with a minimum of -8.19°C
in January.
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TABLE 6 Summary of wujiaqu optimization results.

PV/Wind/Diesel/Battery monthly average power generation

System PV/Wind/Diesel/Battery = PV/Diesel/Battery = Wind/Diesel/Battery = PV/Battery  Diesel only

COE ($/kWh) 0.34 0.35 0.43 0.83 0.56
NPC($/kWh) 3141641 3183166 3923007 7574182 5146344
Renewable fraction (%) 65 60 24 100 —

Pv capacity (kW) 422 469 — 3,408 —

Wind capacity (kW) 14 — 40 — —

Diesel generator (kW) 440 440 440 — 440
Battery capacity (kWh) 1,090 1,112 307 3,651 —
Converter (kW) 139 132 96 272 —
Excess energy (kWh) 959139 960086 820624 4938917 984292

2.3 System design and modeling

The desert highway service area hybrid energy system is
comprised of PV modules, wind turbines, diesel engines, and
batteries. Photovoltaic components and batteries are connected to
the DC bus, while diesel generators and wind turbines are connected
to the AC bus. The electrical load for highway use is connected to the
AC bus, and bidirectional converters facilitate the connection
between the DC and AC buses, as shown in Figure 3A.

Frontiers in Energy Research 07

Based on the design data for the desert highway, the annual
energy demand for Huanghuagou, Kelameili, and Wujiaqu in
2022 was obtained, and the power consumption was assessed.
Based on the collected load data, combined with the time of
energy consumption in different service areas and the power of
energy consuming equipment, the corresponding energy
consumption loads for different areas can be calculated.
According to the collected load data, the daily average power
consumption for Huanghuagou, Kelameili, and Wujiaqu service
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FIGURE 6

Technical and economic analysis of the hybrid energy system in wujiaqu service area.

areas is 10.5, 10.5, and 5.79 MWh, respectively. The main reason
for the different load data in different regions is that there is
inconsistency in the number of electrical equipment used in
different areas. Compared to Huanghuagou and Kela Meili,
Wujiaqu has the smallest electrical equipment. We obtained
these data through design documents. The service area is a
critical energy node for the highway, encompassing a mix of
small industrial buildings for refueling, charging, monitoring,
communication, business (including supermarkets and public
restrooms), and residential purposes. Among various load types,
monitoring and lighting are essential loads for the daily
operation of the service area. Therefore, this study considers
monitoring and lighting as important loads, intending to
harness natural resources within the road domain to provide
green energy for these loads, constructing a hybrid energy
system. The daily average power consumption for monitoring

and lighting in Huanghuagou, Kelameili, and Wujiaqu service
areas is 1920, 1920, and 2,880 kWh, respectively, as shown
in Table 2.

In the HOMER Pro software, input relevant data for the
Huanghuagou, Kelameili, and Wujiaqu highway service areas to
conduct an analysis of the hybrid energy system’s capacity,
environmental impact, and economic considerations. The hybrid
energy system diagrams for the three service areas are depicted in
Figures 3B-D, respectively.

Photovoltaic Modules: The final power generated by solar
photovoltaics is influenced by various factors such as solar
irradiance, characteristics of the photovoltaic cells (e.g.,
conversion efficiency, placement of photovoltaic panels, and
derating factors), and the temperature of the photovoltaic cells.
The equation used to calculate the output of a photovoltaic array is
as follows (Oko. et al.,, 2012):

TABLE 7 Optimal mixed energy environmental emissions for huanghuagou, kelameili, and wujiaqu.

Carbon Carbon Unburned Particulate Sulfur Nitrogen
Dioxide Monoxide Hydrocarbons Matter (kg/yr) Dioxide Oxides (kg/yr)
(kg/yr) (kg/yr) (kg/yr) (kg/yr)
Huanghuagou 434502 642 4.94 14.8 1,080 3,748
Kelameili 305045 451 347 104 758 2,631
Wujiaqu 198387 293 225 6.76 493 1711
Frontiers in Energy Research 08 frontiersin.org
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CO, emissions from hybrid energy systems and diesel generator
only systems.

R
Ppy = R—T [devYpv (1 + apy (Tc — Tesrc))] (4)
T.STC

Where RT is the solar radiation incident on the site’s
photovoltaic array (kW/m2); RT, STC is the solar irradiance at
Standard Test Conditions (STC) (1 kW/m2); dPV is the derating
factor for PV (%); YPV is the rated capacity of the photovoltaic
array; aPV is the power temperature coefficient, 0.44 (%/°C), for the
selected photovoltaic modules; TC is the temperature of the
photovoltaic cells in °C; TC, STC is the temperature of the
photovoltaic cells at STC (25°C).

Wind Components: Wind turbines can convert kinetic energy
into electrical energy. The electricity generated by a wind power
system depends on factors such as air density, wind direction, site
height, nearby topography, site temperature, and other elements. An
arc is used to simulate the wind turbine. The power curve is a graph
illustrating the relationship between energy output and wind speed
at a specific hub height. The power output of a wind turbine under
standard temperature and pressure conditions is expressed as
(Sharma et al., 2022):

1 3

PoWeryrsrp = EPaAUhub (5)
Zha |

Uhub = Uan( Zh b> (6)
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TABLE 8 Load variables.

Location Load demand

Huanghuagou 2,880.00 3,168 3,456 3,744 4,032
Kelameili 2,280 2,508 2,736 2,964 3,192
Wujiaqu 1920 2,112 2,304 2,496 2,688

TABLE 9 Light radiation variables.

Location Solar radiation

Huanghuagou 3.94 433 4.72 5.12 5.51
Kelameili 4.1 4.51 4.92 5.33 5.74
Wujiaqu 4.09 4.49 4.90 5.31 5.72

Where p, is the air density at standard pressure and
temperature (1.225 kg/m?), A is the cross-sectional area of the
wind flow (m?), Uy, is the wind speed at the hub height of the
wind turbine (m/s), U,, is the wind speed at the anemometer
height (m/s), Zj,,;, is the hub height of the wind turbine (m), Z,,, is
the anemometer height (m), vp is the power-law exponent, ¢ is
the actual air density (kg/m®). This equation represents the
output power equation of the wind turbine at standard
pressure and temperature. The actual performance of the wind
turbine is expressed as:

POW@T"WT = <§) X POWeI'WT)STp (7)

a

Battery Components: As the hybrid energy
constructed in this study operates as an off-grid model, it is

necessary to store excess electricity when the system’s capacity

system

exceeds demand or when the energy load requirements decrease.
Additionally, when the power generated by the hybrid energy
system does not meet the demand for load electricity, energy
storage batteries are essential. The battery selected for this study
is a lithium iron phosphate battery, which uses lithium iron
phosphate (LiFePO4) as the positive electrode material and
carbon as the negative electrode material in a lithium-ion
battery. Lithium iron phosphate batteries have advantages
such as high operating voltage, large energy density, long cycle
life, good safety performance, low self-discharge rate, and no
memory effect (Ramli et al, 2018). The battery capacity is
calculated based on the load electricity demand and the
number of autonomous days, as follows:

Npan = % (8)

Where n, represents the autonomous days. E;: Daily load
electricity demand. Vj: Battery efficiency (90%). V;,,: Inverter
efficiency (95%). D, Battery discharge depth (80%).

Diesel Generator: In this study, a diesel generator is utilized as a
backup for renewable electricity output to meet power demands,
with a minimum capacity of 25%. The fuel cost is set at 0.88$/L, and
the estimated diesel maintenance oil cost is 1.34$/L/HG. The fuel
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The impact of changes in load demand on NPC and COE.

consumption rate F (t) is defined by the formula (Askari and
Ameri, 2012):

F(r) = FOPrate_gen + FIPgen (1) )

In the equation: F(t): Fuel consumption rate of the diesel
generator. F,: Intercept coefficient. F;:Slope of the fuel curve.
Prate gen: Rated output power of the diesel generator. Pg,(t):
Active output power of the diesel generator.

Converters: Converters are integrated into the microgrid system,
where the DC component is used for AC loads and vice versa.
Converters can be inverters (converting DC to AC), rectifiers
(converting AC to DC), or a combination of both. In this study,
the SG100k3 inverter is employed. Both the inverter and rectifier
have an efficiency of 95%. It is assumed that the inverter can operate
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simultaneously with the AC generator, and the rated capacity of the
rectifier relative to the inverter is 100% (He et al., 2018).

The primary input parameters for the components of the hybrid
energy system are detailed in Table 3.

3 Results and discussion
3.1 Technical and economic analysis
This study analyzes the electricity generation potential of

hybrid three different
locations—Huanghuagou, Kelameili, and Wujiaqu—along the

independent energy systems at

desert highway based on cost-benefit and environmental

indicators. Evaluation is conducted based on parameters such as
COE, NPC, photovoltaic
generation, diesel generator electricity generation, battery capacity,

capacity, wind turbine electricity
bidirectional converter capacity, excess energy production, and
renewable energy penetration rate. The findings for the three

distinct locations along the desert highway are summarized as follows.
(1) Huanghuagou

Optimization results for various system configurations at
Huanghuagou service area are presented in Table 4. According to
the optimization outcomes, the hybrid energy system composed of
PV/Wind/Diesel/Battery has the lowest COE and NPC, amounting
to 0.32$/kWh and 4430135$, respectively. This system requires
331 kW of photovoltaic modules, 30 wind turbines, 440 kW
diesel generators, 607 kWh of battery storage, and a 161 kW
bidirectional The cost summary of different
components in the PV/Wind/Diesel/Battery hybrid energy system

converter.

at Huanghuagou service area is depicted in Figure 4A. The wind
turbine component incurs the highest investment cost, followed by
the battery and photovoltaic components. Additionally, fuel costs
contribute significantly to the overall expenses.

The monthly average electricity generation profile for the PV/
Wind/Diesel/Battery hybrid energy system at Huanghuagou service
area is illustrated in Figure 4B. During the summer, photovoltaic
generation dominates the energy supply, while in winter, due to
reduced sunlight hours, diesel generators become the primary
energy source.

(2) Kelameili

Optimization results for various system configurations at Kelameili
service area are presented in Table 5. According to the optimization
outcomes, the hybrid energy system composed of PV/Wind/Diesel/
Battery has the lowest COE and NPC, amounting to 0.34$/kWh and
37387908, respectively. This system requires 427 kKW of photovoltaic
modules, 9 wind turbines, 440 kW diesel generators, 1,069 kWh of
battery storage, and a 153 kW bidirectional converter. The cost
summary of different components in the PV/Wind/Diesel/Battery
hybrid energy system at Kelameili service area is depicted in
Figure 5A. The battery component incurs the highest investment
modules
components. Additionally, fuel costs contribute significantly to the

cost, followed by photovoltaic and wind turbine

overall expenses.
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Effects of changes in radiation intensity on NPC and COE.

The monthly average electricity generation profile for the PV/
Wind/Diesel/Battery hybrid energy system at Kelameili service area
is illustrated in Figure 5B. As depicted, photovoltaic generation is the
main energy source during the summer, while in winter, due to
reduced sunlight hours, diesel generators contribute the primary

energy supply.
(3) Wujiaqu
Optimization results for various system configurations at Wujiaqu

service area are presented in Table 6. According to the optimization
outcomes, the hybrid energy system composed of PV/Wind/Diesel/
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Battery has the lowest COE and NPC, amounting to 0.34$/kWh and
31416418, respectively. This system requires 422 kW of photovoltaic
modules, 14 wind turbines, 440 kW diesel generators, 1,090 kWh of
battery storage, and a 139 kW bidirectional converter. The cost
summary of different components in the PV/Wind/Diesel/Battery
hybrid energy system at Wujiaqu service area is depicted in
Figure 6A. The battery component incurs the highest investment
cost, modules
components. Additionally, fuel costs contribute significantly to the

followed by photovoltaic and wind turbine
overall expenses.

The monthly average electricity generation profile for the PV/
Wind/Diesel/Battery hybrid energy system at Wujiaqu service area
is shown in Figure 6B. As depicted, photovoltaic generation is the
main energy source during the summer, while in winter, due to
reduced sunlight hours, diesel generators contribute the primary
energy supply.

Through the above analysis, it can be found that the three case
areas have different COE and NPC after optimized configuration
simulation. The main reason is that different areas have different
solar and wind energy resources, and there are differences in energy
demand among different areas.

3.2 Environmental analysis

The emissions of pollutants in hybrid energy systems primarily
depend on the fuel consumption of diesel generators. Table 7 presents a
comparison of different types of pollutants emitted annually at
Huanghuagou, Kelameili, and Wujiaqu highway service areas.

The comparison of CO, emissions for optimal hybrid energy
systems and diesel-only systems at Huanghuagou, Kelameili, and
Wujiaqu locations is illustrated in Figure 7A. In comparison to
other regions, Huanghuagou exhibits higher CO, emissions,
generating approximately 896,305kg of carbon dioxide annually
with the diesel-only power system, whereas the optimal hybrid
energy system produces 425,862 kg of carbon dioxide. Conversely,
Wujiaqu demonstrates lower CO, emissions, with the diesel-only
system producing around 792,513 kg of carbon dioxide annually,
and the optimal hybrid energy system generating 198,387 kg of
carbon dioxide. The renewable energy penetration rates and
electricity generation from different hybrid energy systems in various
regions are depicted in Figure 7B. Wujiaqu service area has the highest
renewable energy penetration rate at 65%, while Huanghuagou service
area has a lower rate at 47%. Examining the electricity generation,
Huanghuagou has a higher annual output, while Wujiaqu has a lower
annual output. Permeability can reflect the proportion of green energy
in hybrid energy. The higher the penetration rate, the more
environmentally friendly the system is and the less impact it has on
the environment. Therefore, in the process of hybrid energy
configuration, it is necessary to pursue a higher penetration rate.

3.3 Sensitivity analysis

The sensitivity analysis reveals the impact of specific variables on
the optimal system type, NPC, COE, and emissions. This study
investigates the influence of load growth and solar radiation
intensity as variables. Considering a 10% growth in load demand,
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the load variables for Huanghuagou, Kelameili, and Wujiaqu are
presented in Table 8. Based on the 2.2 load data and considering a
10% increase rate, calculate the data for four load increases.

Taking into account a 10% increase in solar radiation variables,
the radiation variables for Huanghuagou, Kelameili, and Wujiaqu
are outlined in Table 9. Based on the 2.2 radiation data and
considering a 10% increase rate, calculate the data for four
radiation increases.

Figure 8 illustrates the sensitivity analysis results of the optimal
hybrid energy systems to changes in load demand. The NPC values
for all locations increase with the growth in load demand, while the
COE values decrease with the increasing load demand.

Figure 9 depicts the sensitivity analysis results of the increase in
solar radiation on NPC and COE. The NPC and COE values for all
locations decrease with the rise in radiation intensity.

4 Conclusion

This In this paper, a technical, economic, and environmental
analysis of the hybrid energy generation systems in three service
areas of a desert highway was conducted. The main conclusions are
as follows:

i. Proposed the process and method of constructing a hybrid
energy system for the Desert Expressway service area using
HOMER Pro software. Using NPC and COE as control

with

assessment, configure a hybrid energy scheme.

indicators, = combined environmental  impact
ii. The technical and economic analysis of the Huanghuagou,
Kelameili, and Wujiaqu service areas of the Desert Expressway
indicates that the PV/Wind/Diesel/Battery combination is the
lowest-cost configuration for the hybrid energy system, and
this combination is feasible in all three regions.
iii. Looking at the annual average electricity generation of the
hybrid energy systems, the Huanghuagou system has a higher
annual  average  electricity = generation,  producing
1,323,860 kWh. In contrast, the Wujiaqu system has a
lower annual average electricity generation, producing
959,139 kWh. According to the analysis results, it can be
seen that among the three service areas, the average annual
CO, emissions in Huanghuagou are relatively high at
434502 kg/yr, SO, emissions are 1,080 kg/yr, and NOy
are 3,748 kg/yr. CO,

emissions in Wujiaqu are 198387 kg/yr, SO, emissions are

emissions The average annual
493 kg/yr, and NO, emissions are 1711 kg/yr.

iv. Examining environmental pollutant emissions, the primary
pollutant in the hybrid energy systems is carbon dioxide
(CO,). Therefore, reducing CO, emissions is a key focus of
current air pollution control efforts. The analysis results
indicate that among the three service areas, Huanghuagou
has the highest annual average CO, emissions at
434,502 kg/yr, Wujiaqu has the
198,387 kg/yr.

. Sensitivity analysis results indicate that the Net Present Cost

while lowest at

(NPC) of all three service areas’ hybrid energy systems
increases with an increase in load demand, while the Cost
of Energy (COE) decreases with an increase in load demand.
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Both NPC and COE values for the hybrid energy systems in all
three with
radiation values

service areas decrease an increase in

This study, through the analysis of the technical, economic,
and environmental impacts of the hybrid energy systems in
three service areas of the Desert Expressway, demonstrates the
power generation potential of independent hybrid energy
systems for service areas along the desert highway. The
optimal hybrid energy configurations for each service area
are established, providing an economically and operationally
efficient solution for the hybrid energy systems. This enhances
the energy independence of highways in desert regions and
promotes the sustainable development of highway energy. The
feasibility analysis presented in this study can serve as an
application guide for the design and implementation of
hybrid energy generation at critical energy nodes such as
service areas along desert highways.
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