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Distribution of Sources and Loads
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Abstract——Constructing self-sustained highway transportation 
energy systems (HTESs) hinges on effective sustainable energy 
planning along highways. Addressing the complex spatial-tempo‐
ral distribution characteristics of sources and loads presents a 
formidable challenge in accurately determining the siting and 
sizing of sustainable energy installations. In this study, we uti‐
lize a map rasterization approach and decentralized connection 
models for quantifying the spatial-temporal distribution charac‐
teristics of sources and loads. Leveraging these insights, the 
source-load-network cooperative operation models in uncertain 
scenarios, which seamlessly integrate highway and electricity 
networks, are built and embedded in the multi-objective robust 
planning model, enabling dynamic resource and demand man‐
agement. The proposed planning model simultaneously optimiz‐
es the capacity, location, and connectivity of wind and photovol‐
taic power plants in HTES, while improving the robustness. 
Moreover, a multi-objective-oriented evaluation framework that 
adjusts the planning priorities based on three key dimensions –– 
investment economy, self-sustained operation, and energy utili‐
zation efficiency –– is formulated. The dynamic weight alloca‐
tion mechanism enables tailored planning schemes that address 
diverse operational objectives effectively. Simulations of an actu‐
al HTES validate the effectiveness of the proposed planning 
model, demonstrating its capability to harmonize the inherent 
variabilities in the spatial-temporal distribution of sources and 
loads. The results highlight the significant variability in out‐
comes based on different objective orientations, underscoring 
the adaptability potential of the proposed planning model in de‐
signing futuristic HTES.

Index Terms——Highway transportation energy system, sustain‐
able energy, robust planning, spatial-temporal distribution, sit‐
ing and sizing, wind power plant, photovoltaic power plant.

I. INTRODUCTION 

THE transportation sector consumes huge amounts of fos‐
sil energy and emits significant greenhouse gases, se‐

verely constraining the transition to energy cleanliness. Ac‐
cording to data released by the International Energy Agency, 
the transportation industry consumes approximately 28% of 
the global energy and accounts for 23% of the global green‐
house gas emissions [1]. In the context of the Chinese “car‐
bon peaking and carbon neutrality” targets [2], promoting 
the substitution of fossil energy and changing the pattern of 
energy consumption in the transportation sector are key solu‐
tions for meeting China’s commitment to carbon peaking 
and carbon neutrality. In addition, the planning outline of the 
national comprehensive and stereoscopic transportation net‐
work issued by the Chinese government states that it is nec‐
essary to promote the integrated development of transporta‐
tion and energy networks [3]. In addition to these policies, 
the abundant clean energy along transportation routes pro‐
vides favorable conditions for energy transition [4]. Conse‐
quently, the construction of a self-sustained clean energy sup‐
ply framework adapted to transportation scenarios is a practi‐
cal approach.

Among all transportation systems, the traditional highway 
transportation system is one of the most significant contribu‐
tors to carbon emissions and requires an effective method to 
achieve energy cleanliness. With the increasing number of 
electric vehicles (EVs) and the vigorous development of sus‐
tainable energy technologies in recent years, most research‐
ers have highlighted the rich resources along highways to 
construct self-sustained highway transportation energy sys‐
tems (HTESs), thereby changing the way of energy supply 
on highways [4]. For instance, Bangladesh has begun to in‐
stall bifacial photovoltaic (PV) power along highways [5]. In 
South Korea, numerous PV power systems have been in‐
stalled on the roofs of on-street parking lots in rest areas and 
on slopes along highways [6]. China has built the world’s 
first PV highway on the Jinan South Ring Highway [7]. Al‐
though the above engineering projects indicate that there are 
numerous distributed sustainable energy resources along 
highways, the inherent source-load characteristics and di‐
verse operational conditions in highway transportation sys‐
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tems present challenges for fully utilizing these resources. In 
addition, different planning schemes cause HTESs to exhibit 
distinct characteristics, which are reflected in various aspects 
such as energy capture, transmission, and consumption. Con‐
structing a self-sustained HTES for different situations gener‐
ally has different focuses on these aspects. Therefore, it is 
necessary to evaluate sustainable energy planning schemes 
from multiple perspectives, based on the relationship be‐
tween energy supply and demand, from which the targeted 
planning schemes can be selected.

In recent years, with the large-scale development of EVs, 
researchers have begun to explore the use of clean energy 
on highways from the perspective of the planning and opera‐
tion of charging stations. Reference [8] proposes a planning 
method for hybrid refueling stations that include PV and hy‐
drogen allocation. This method is effective for meeting the 
demands of both EVs and fuel-driven vehicles. Reference 
[9] proposes a planning framework to realize the self-sus‐
tained operation of charging stations on highways, including 
the installation of PV panels and carbon capture and storage 
systems. In [10], a two-stage method is proposed for siting 
and sizing the standalone fully-renewable-powered charging 
stations on highways. Similarly, [11] realizes the site selec‐
tion and capacity allocation of charging stations with integra‐
tion of PV power and energy storage on highways. Refer‐
ence [12] builds a hybrid energy management system con‐
taining PV power, wind power, and energy storage for high‐
way chargers. However, the clean energy is only integrated 
into the charging stations to facilitate self-sustained opera‐
tion at the station level in the above study. Studies on self-
sustained solutions for the HTES are still scarce.

Although some researchers have conducted preliminary ex‐
plorations into the construction of self-sustained HTES, 
some gaps still exist in current work. Instead of planning, 
most current studies have focused on the scheduling of self-
sustained HTES. For instance, to enhance the operation of 
self-sustained HTES, the capability of mobile energy storage 
is applied to transfer energy in space and time in [13] and 
[14]. Reference [15] provides a self-sustained operation 
scheme for a highway rest-area energy system by integrating 
distributed PV power and energy storage. However, current 
studies on the planning of self-sustained HTES focus on lo‐
cal highway areas. Reference [16] proposes a configuration 
method for self-sustained microgrids for highway service ar‐
eas. Reference [17] designs a wind-PV hybrid energy system 
based on the foldable umbrella mechanism, which can be in‐
stalled in the medians of highways to simultaneously capture 
PV and wind energy. Reference [18] proposes a dynamic 
planning method for highway energy supply stations integrat‐
ing charging and hydrogen refueling to cope with the growth 
in EV charging demand and the change in the proportion of 
hydrogen fuel cell vehicles. Reference [19] develops a zero-
carbon energy system for highway service area by integrat‐
ing renewable energy sources to replace grid electricity. 
These planning methods do not apply to the planning of the 
overall HTES. Specifically, for an overall HTES, the power 
load originates from multiple locations along highways, such 
as service areas, tunnels, route facilities, and toll stations. 

Constructing a self-sustained HTES requires self-sustained 
schemes not only for local areas but also for the entire 
length of highways. Therefore, to realize the self-sustained 
operation of the overall HTES, the construction location, 
construction capacity, and connection nodes of sustainable 
energy power plants to electricity network are the key issues 
that need to be further investigated for sustainable energy 
planning. Therefore, it is necessary to study the sustainable 
energy planning schemes for an overall HTES, which are 
still lacking till now.

Several similar studies on the planning of sustainable ener‐
gy resources in distribution networks provide references. For 
instance, the renewable energy capacity allocated to each 
node of a distribution network is optimized in [20] and [21]. 
Reference [22] proposes planning schemes for PV and wind 
power in distribution networks based on deep learning. Ref‐
erence [23] builds a spatial-temporal carbon-response model 
to guide the planning of devices in distribution networks, 
thereby reducing carbon emissions. However, this model can‐
not be directly applied to HTES, as it fails to consider the ef‐
fect of differences in the spatial-temporal distribution charac‐
teristics of sources and loads on planning schemes. Such an 
effect is significant for the overall HTES and cannot be ig‐
nored because of the long span of highway electricity net‐
works. In addition, the aforementioned studies focus only on 
the economy of planning schemes. However, building a self-
sustained HTES requires achieving the local use of clean en‐
ergy, which requires evaluating planning schemes in terms 
of energy supply and energy consumption. In conclusion, to 
provide a rational planning scheme of sustainable energy for 
HTES, there is a need not only to further investigate the ef‐
fect of source-load distribution characteristics along high‐
ways on planning schemes, but also to evaluate them from 
multiple perspectives.

Given the background and literature review presented 
above, this paper proposes a multi-objective robust planning 
model for HTES based on the spatial-temporal distribution 
of sources and loads. The key contributions of this study are 
summarized as follows.

1) The spatial-temporal distribution characteristics of the 
sources and loads are quantified using the map rasterization 
approach and decentralized connection model, respectively. 
Thus, the proposed planning model is effective in realizing 
the integrated optimization of the construction location, con‐
struction capacity, and connection nodes of sustainable ener‐
gy power plants to electricity network.

2) The source-load-network cooperative operation models 
for HTES are developed. These sophisticated models incor‐
porate the complex interactions between decentralized power 
generation within the electricity network and the distributed 
energy demands of the highway infrastructure, ensuring the 
optimal synergy between disparate elements of the energy 
ecosystem. By correlating these operation models in uncer‐
tain scenarios with the planning variables, we leverage the 
advantages of the two-stage robust optimization to enhance 
the robustness of the proposed planning model.

3) A multi-objective-oriented evaluation framework is pro‐
posed, which enhances the adaptability of the proposed plan‐
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ning model across three critical dimensions: investment econ‐
omy, self-sustained operation, and energy utilization efficien‐
cy. By utilizing a dynamic weight allocation mechanism, this 
framework not only enables the proposed planning model to 
adapt to diverse operational requirements, but also provides 
bespoke planning schemes that are meticulously aligned with 
each strategic dimension. This nuanced evaluation frame‐
work is specifically designed to address the complexities and 
varied priorities of HTES, setting a new standard for multi-
objective energy planning.

The remainder of this paper is organized as follows. Sec‐
tion II explains the problem description and motivation. Sec‐
tion III describes the multi-objective robust planning model 
for sustainable energy power plants. Section IV proposes the 
multi-objective-oriented evaluation framework. In Section V, 
a simulation is conducted on an actual HTES to verify the 
validity of the proposed planning model. Finally, Section VI 

presents the conclusion.

II. PROBLEM DESCRIPTION AND MOTIVATION 

The effective exploitation of sustainable energy resources 
along highways is key to achieving the self-sustained opera‐
tion of HTES. However, the characteristics of long span and 
wide distribution cause the energy supply and demand in 
HTES to exhibit significant spatial-temporal distribution 
characteristics. 

For example, Xixiang Highway is a pilot project in China 
for the integrated development of highways and energy [24]. 
As shown in Fig. 1, the abundance of wind and PV energy 
resources varies significantly at different locations along the 
highway, whereas major power consumers, including service 
areas, tunnels, route facilities, and toll stations, are distribut‐
ed unevenly.

In terms of highway loads, there are 136 km of tunnels, 
accounting for 58% of the total route length (233 km). 
Among them, there are eighteen extra-long tunnels (117 
km), eight long tunnels (15 km), and seven short and medi‐
um tunnels (4 km). The highway includes five large service 
areas, three toll stations, and several facilities along its route. 
As the power grid around Xixiang Highway is weak with a 
low coverage level, it is difficult to supply adequate and reli‐
able electricity for the large power demand of the entire 
highway. However, the abundance of sustainable energy in 
this area provides an effective solution. In addition, an inde‐
pendent electricity network including three 110 kV substa‐
tions and five 35 kV substations has been constructed along 
the Xixiang Highway. By leveraging wind and PV energy to 
build power plants, this electricity network can serve as a 
channel for the integration, transmission, and consumption 
of sustainable energy [25].

III. MULTI-OBJECTIVE ROBUST PLANNING MODEL FOR

 SUSTAINABLE ENERGY POWER PLANTS 

This section introduces a multi-objective robust planning 
model that ensures the strategic development of sustainable 

energy within a self-sustained HTES. This model is intricate‐
ly designed to harness the spatial-temporal distribution char‐
acteristics of sources and loads and is integrated seamlessly 
within the highway-electricity coupling network. By optimiz‐
ing the installed capacity, construction location, and connec‐
tion nodes of sustainable energy power plants to electricity 
network, this model realizes the comprehensive planning of 
energy infrastructure. Moreover, we develop multiple sophis‐
ticated objective functions that encapsulate investment econo‐
my, self-sustained operation, and energy utilization efficien‐
cy to guide the formulation of optimal energy planning 
schemes. The complex interplay of these objectives is metic‐
ulously orchestrated to produce tailored energy solutions that 
ensure the robustness and sustainability of system perfor‐
mance. The detailed architecture of the proposed planning 
model is presented in Supplementary Material A Fig. SA1, il‐
lustrating its integral role in shaping future HTES.

A. Source-load-network Cooperative Operation Models

A typical self-sustained HTES consists of sources, loads, 
and highway-electricity coupling networks. Specifically, the 
sustainable energy is used to enhance the self-sustained oper‐
ation of HTES. The loads in the HTES are distributed along 
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Fig. 1.　Brief illustration of Xixiang Highway in China. (a) HTES structure. (b) Distribution of source. (c) Distribution of load.
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the highway, mainly originating from service areas, tunnels, 
route facilities, and toll stations. In addition, the highway 
and electricity networks form a coupled relationship based 
on the spatial distribution of loads.
1)　Source: Sustainable Energy Power Plants

Electricity in HTES is mainly provided by wind and PV 
power plants. Battery storage is used for power regulation.

1)　Wind power plants
The wind speed measured at the ground monitoring sta‐

tion must be converted to the wind speed at the wind turbine 
rotor shaft, which is expressed as:

vw
ist = vm

ist (hw/hm )a (1)

where s is the index of scenario; t is the index of time; i is 
the index of power plant; vw

ist is the wind speed at the wind 
turbine rotor hub; vm

ist is the measured wind speed at the 
ground monitoring station; hw is the height of wind turbine 
rotor hub; hm is the height of ground monitoring station; and 
a is the surface roughness coefficient.

The output of wind power plants is expressed as [26]:
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where P w
ist and P͂ w

ist are the maximum actual and predicted 
outputs of wind power per unit capacity, respectively; δw is 
the prediction error of wind power; DP w

ist is the wind power 
curtailment; S w

i  is the installed capacity of wind power plant; 
vin, vout, and vr are the cut-in, cut-out, and rated wind speeds, 
respectively; and Qw

ist and Q̄w
ist are the actual and maximum 

reactive power of wind power plant, respectively.
2)　PV power plants
The output of PV power plants is expressed as [27]:

P͂ pv
ist = Istϕ[l + β(TCst - Tstcst )]/Istc (6)

TCst = Ttempst + (Noct - 20)Ist /Istc (7)

(1 - δpv )P͂ pv
ist £P pv
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ist (8)
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ist £ Q̄pv
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where P pv
ist and P͂ pv

ist are the maximum actual and predicted 
outputs of PV power per unit capacity, respectively; δpv is 
the prediction error of PV power; DP pv

ist is the PV power cur‐
tailment; Ist is the radiation intensity; ϕ is the derating fac‐
tor; S pv

i  is the installed capacity of PV power plant; β is the 
power-temperature coefficient; TCst and Tstcst are the actual 
and standard operating temperatures, respectively; Istc is the 
radiation intensity under standard test conditions; Ttempst is 
the environmental temperature; Noct is the nominal tempera‐
ture of PV cell; and Qpv

ist and Q̄pv
ist are the actual and maxi‐

mum reactive power of PV power plant, respectively.

3)　Siting and sizing of sustainable energy power plants
Considering the spatial-temporal distribution characteris‐

tics of sustainable energy, a map rasterization approach is ap‐
plied to determine the siting and sizing of wind and PV pow‐
er plants [28]. This approach divides the planning area into 
Ngrid rasters, as shown in Supplementary Material A Fig. 
SA2. Each raster is used as a candidate location for con‐
structing sustainable energy power plants. Therefore, S w

i  and 
S pv

i  in each raster need to be optimized in the proposed plan‐
ning model.

Nw =Npv =Ngrid (11)

ì
í
î

ïï
ïï
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i £ S̄ w

i

0 £ S pv
i £ S̄ pv

i

(12)

where Nw and Npv are the numbers of wind and PV power 
plants, respectively; and S̄ w

i  and S̄ pv
i  are the maximum capaci‐

ties of wind and PV power plants in each raster, respectively.
Moreover, the battery storage is allocated to wind or PV 

power plants and it should satisfy the following constraints:

P̄ bs
i = ηS w/pv

i (13)
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i (17)

socbs
max £ socbs

ist £ socbs
max (18)

∑
t = 1

T

P bs
istDt = 0 (19)

bsÎ{w_bspv_bs} (20)

where the superscript bs =w_bs or pv_bs represents the bat‐
tery storage allocated to wind or PV power plant, respective‐
ly; S bs

i  is the installed capacity of battery storage; η is the al‐
location rate; P̄ bs

i  and P bs
ist are the maximum and actual 

charging/discharging power of battery storage, respectively; 
Q̄bs

i  and Qbs
ist are the maximum and actual reactive power of 

battery storage, respectively; ω is the charging time of bat‐
tery storage; socist is the state of charge of battery storage; 
ηc and ηdis are the charging and discharging efficiencies of 
battery storage, respectively; T is the total time; and Dt is 
the time interval.

When the location of a sustainable energy power plant is 
determined, the electricity network node nearest to the pow‐
er plant is selected as the connection point.

Lw/pv
i =min{lin|n = 12Nn } (21)

where Lw/pv
i  is the length of the grid-connected transmission 

lines for wind/PV power plant; lin is the distance between 
the wind/PV power plant and electricity network node n; 
and Nn is the total number of electricity network nodes.
2)　Load: Highway Transportation Load

In HTES, the load dynamics are uniquely characterized by 
their origins, i.e., service areas, tunnels, route facilities, and 
toll stations, which represent not only the core consumption 

580



ZHAO et al.: MULTI-OBJECTIVE ROBUST PLANNING FOR SELF-SUSTAINED HIGHWAY TRANSPORTATION ENERGY SYSTEMS CONSIDERING...

points in the system but also the complex interplay of ener‐
gy demands across highway infrastructures. The distinct load 
distribution is pivotal because it shapes the strategic deploy‐
ment of sustainable energy resources and informs the design 
of energy distribution models. Addressing the varied load 
characteristics is crucial for ensuring the efficiency and sus‐
tainability of HTES, making it a focal point in our system 
planning and optimization efforts.

1)　Service area
The service area is an integrated energy system with multi‐

ple types of energy demands, including electricity, heat, 
cold, and gas loads [29], as shown in Supplementary Materi‐
al A Fig. SA3. The conversion between different types of en‐
ergy is achieved using electric boilers (EBs), electric cooling 
machines (ECMs), gas boilers (GBs), absorption refrigera‐
tion machines (ARMs), and power-to-gas (P2G). Different 
devices have different energy conversion efficiencies. More‐
over, the energy storage such as electricity storage (ES) heat 
storage (HS), cold storage (CS), and gas storage (GS), is ap‐
plied to enhance the energy balance. The balance between 
the supply and demand for multiple types of energy is ex‐
pressed as:

Ag Pg + Sg =Lg (22)

Pg =[P SA
gstP

EB
gstP
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Sg =[P ES
gstP

HS
gstP

CS
gstP

GS
gst ]

T (24)

Lg =[P eb
gst +P ev

gstP
h
gstP

c
gstP

g
gst ]

T (25)

Ag =

é

ë

ê

ê

ê

ê
êê
ê

ê

ê

ê ù

û

ú

ú

ú

ú
úú
ú

ú

ú

ú1 -1 -1 0 0 -1 0
0 ηEB 0 -1 ηGB 0 0

0 0 ηECM ηARM 0 0 0

0 0 0 0 -1 ηP2G ψ

(26)

where g is the index of service area; Ag, Pg, Sg, and Lg are 
the matrices of energy conversion factors, output power, en‐
ergy storage outputs, and energy loads, respectively; ηEB, 
ηGB, ηECM, ηARM, and ηP2G are the energy conversion efficien‐
cies of EB, GB, ECM, ARM, and P2G, respectively; ψ is 
the calorific value of natural gas; P SA

gst is the power supplied 
by an electricity network to a service area; P EB

gst, P ECM
gst , 

P ARM
gst , P GB

gst, and P P2G
gst are the power consumed by EB, ECM, 

ARM, GB, and P2G, respectively; Ggst is the volume of the 
purchased natural gas; P ES

gst, P
HS
gst, P

CS
gst, and P GS

gst are the out‐
put power of ES, HS, CS, and GS, respectively; P eb

gst and 
P ev

gst are the load power of building and charging power of 
EV, respectively; and P h

gst, P c
gst, and P g

gst are the power of 
heat, cold, and gas loads, respectively.

These energy conversion devices and energy storage devic‐
es satisfy the following operational constraints.
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where θ is the index of energy conversion device; δ is the in‐
dex of energy storage device; P θ

gmax and P δ
gmax are the maxi‐

mum output power of energy conversion device and energy 
storage device, respectively; DP θ

gmax is the maximum climb‐
ing power of energy storage device; E δ

gst is the storage 
amount of energy storage device; ηδdis and ηδch are the energy 
release and energy storage coefficients of energy storage de‐
vice, respectively; E δ

gmax and E δ
gmin are the maximum and 

minimum storage amounts of energy storage device, respec‐
tively; and E δ

g0 is the initial storage amount of energy stor‐
age device.

With the increasing number of EVs, its charging power 
P ev

gst in service areas has become an important component. 
However, the charging load exhibits disorderliness and uncer‐
tainties owing to numerous combinations of multiple factors 
such as arrival time, charging duration, driving distance, and 
energy consumption per kilometer. Moreover, a limited num‐
ber of charging piles may cause queuing problems. There‐
fore, to address these problems, we formulate a charging 
load simulation process that integrates the uncertainty and 
queuing problems, as presented in Supplementary Material 
B. By leveraging the Monte Carlo algorithm, this process ef‐
fectively characterizes the stochastic charging behaviors of 
EVs, whereas the queuing models are embedded in this pro‐
cess depending on the number of charging piles.

The highway and electricity networks are coupled to each 
other. Electricity generated by sustainable energy power 
plants flows to the load side through the electricity network 
transmission. To effectively select the connection nodes of 
sustainable energy power plants, it is necessary to determine 
the power that the electricity network needs to supply to the 
service areas, i.e., P SA

gst. However, as discussed above, the to‐
tal electricity demand of service area cannot be directly ob‐
tained because of the conversion between different types of 
energy in the service area. Therefore, an operation model 
that optimizes the power allocation of multiple types of ener‐
gy is constructed to obtain the optimal value of P SA

gst.

ì

í

î

ï

ï
ïï
ï

ï

ï

ï
ïï
ï

ï

min Cg =∑
s = 1

Ns∑
t = 1

T∑
θ

cθP θ
gst +∑

s = 1

Ns∑
t = 1

T∑
δ

cδ|P
δ
gst| +∑

s = 1

Ns∑
t = 1

T

cGGgst

s.t.   θ ={EBECMARMGBP2G}

        δ ={ESHSCSGS}

        (22)-(32)

(33)

where Cg is the total operation cost of service area; cθ and cδ 
are the unit operation costs of energy conversion device and 
energy storage device, respectively; cG is the unit purchase 
cost of natural gas; and Ns is the number of scenarios.

2)　Tunnel
The electrical equipment in tunnels includes ventilation, 

lighting, and monitoring systems. A typical intraday load 
curve of tunnels is shown in Supplementary Material A Fig. 
SA4. The power demand of tunnels can be expressed as:

P T
kst = LT

k pT P Ttypical
t (34)

581



JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 14, NO. 2, March 2026

where P T
kst is the power demand of the kth tunnel; LT

k  is the 
length of the kth tunnel; pT is the power demand per kilome‐
ter of tunnel; and P Ttypical

t  is a typical power demand of tun‐
nels.

3)　Route facility
The core of HTES design lies in the route facilities that in‐

clude an array of essential monitors and signals strategically 
distributed along the highway. These facilities are not merely 
functional components. They represent critical nodes of con‐
tinuous energy demand to ensure the safety and efficiency of 
highway management. Therefore, the power demand of route 
facilities is shown as:

P RF
kst = pRF Lk (35)

where P RF
kst is the power demand of the kth section of high‐

way; pRF is the power demand per kilometer of highway; 
and Lk is the length of the kth section of highway.

The focus on route facilities underscores their pivotal role 
in maintaining the operational integrity and sustainability of 
HTES, marking a significant advancement in the domain of 
highway energy management.

4)　Toll station
Toll stations generally require 24-hour uninterrupted pow‐

er supply with little or no fluctuation. The power demand of 
the mth toll station can be expressed as a constant value P TS

m .
3)　Network: Highway-electricity Coupling Networks

In HTES, the sustainable energy power plants are connect‐
ed to electricity network nodes to feed power, whereas loads 
at different locations in the highway network are connected 
to different nodes to obtain power from the electricity net‐
work. In this context, the power is allocated among multiple 
lines to satisfy the power demands of each node. Therefore, 
to characterize the coupling of the electricity and highway 
networks in HTES, the following models are constructed 
based on LinDistFlow models [30].

P source
nst = ∑

lÎΩn

Plst +P load
nst (36)

Qsource
nst = ∑

lÎΩn

Qlst +Qload
nst (37)

-P̄l £Plst £ P̄l (38)

-Q̄l £Qlst £ Q̄l (39)

0 £P g
nst £ ug

n P̄g    ug
nÎ{01} (40)

0 £Qg
nst £ ug

nQ̄g    ug
nÎ{01} (41)

Unst = k 2
nn'Un'st - 2(Rnn' Pnn'st +Xnn'Qnn'st ) (42)

U 2
nmin £Unst £U 2

nmax (43)

P source
nst =∑

i = 1

N w
n

(S w
i P w

ist -DP w
ist +P w_es

ist ) +

              ∑
i = 1

N pv
n

(S pv
i P pv

ist -DP pv
ist +P pv_es

ist ) +P g
nst (44)

Qsource
nst =∑

i = 1

N w
n

(Qw
ist +Qw_es

ist ) +∑
i = 1

N pv
n

(Qpv
ist +Qpv_es

ist ) +Qg
nst (45)

P͂ load
nst =P SA

nst +P T
nst +P RF

nst +P TS
nst +P RL

nst (46)

(1 - δload )P͂ load
nst £P load

nst £(1 + δload )P͂ load
nst (47)

where Ωn is the set of lines connected with node n; Plst and 
Qlst are the active and reactive power of line l, respectively; 
P̄l and Q̄l are the maximum active and reactive power of 
line l, respectively; P source

nst  and P load
nst are the active power of 

source and load at node n, respectively; Qsource
nst  and Qload

nst are 
the reactive power of source and load at node n, respective‐
ly; Unst (Un'st ) is the square of voltage at node n (n'); Rnn' 
and Xnn' are the resistance and reactance of line nn', respec‐
tively; U max

n  and U min
n  are the maximum and minimum volt‐

ages at node n, respectively; knn' is the voltage ratio between 
node n and node n'; N w

n  and N pv
n  are the numbers of wind 

and PV power plants connected to node n, respectively; P g
nst 

and Qg
nst are the active and reactive power flowing into 

node n from the upper power grid, respectively; ug
n denotes 

whether the node n is connected to the upper power grid; P̄g 
and Q̄g are the maximum active and reactive power from the 
upper power grid, respectively; P SA

nst, P T
nst, P RF

nst, P TS
nst, and 

P RL
nst are the loads of service area, tunnel, route facility, toll 

station, and residential area at node n, respectively; P͂ load
nst is 

the predicted load power; and δload is the predicted load error.

B. Objective Functions from Multiple Perspectives

In this paper, we develop multiple objective functions that 
are core to the HTES planning model. These functions are 
tailored from three strategic perspectives: investment econo‐
my, self-sustained operation, and energy utilization efficiency.
1)　Minimizing Investment Cost

To optimize the investment economy, the objective func‐
tion f1 aims to minimize the total investment cost Cinv:

min f1 =Cinv (48)

Cinv = (αcw + ew )∑
i = 1

Nw

S w
i + (αcpv + epv )∑

i = 1

Npv

S pv
i +

∑
i = 1

Nw +Npv

(csS
es
i + cp P̄ es

i ) (49)

α =
ϑ(1 + ϑ)y

(1 + ϑ)y - 1
y (50)

where cw and cpv are the construction costs of wind and PV 
power plants, respectively; ew and epv are the operation costs 
of wind and PV power plants, respectively; cs and cp are the 
investment costs for capacity and power of energy storage, 
respectively; ϑ is the depreciation rate; and y is the project 
year.
2)　Maximizing Self-sustained Rate

To optimize the self-sustained operation, the objective 
function f2 aims to maximize the self-sustained rate.

max f2 =

1
Ns
∑
s = 1

Ns∑
i = 1

Npv∑
t = 1

T

(S pv
i P pv

ist -DP pv
ist ) +∑

i = 1

Nw∑
t = 1

T

(S w
i P w

ist -DP w
ist )

∑
n = 1

Nn∑
t = 1

T

P load
nst

  (51)

Electricity sources in HTES can be divided into sustain‐
able energy power plants and an upper power grid. Maximiz‐
ing the self-sustained rate of HTES means maximizing the 
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share of sustainable energy generation for loads and minimiz‐
ing the amount of electricity supplied from the upper power 
grid. Therefore, (51) can be converted into:

min Cg = cbuy∑
s = 1

Ns∑
t = 1

T ∑
n = 1

Nn

P g
nst (52)

where Cg is the cost of electricity purchased from the upper 
power grid; and cbuy is the unit cost of electricity.
3)　Maximizing Energy Utilization Rate

To optimize the energy utilization, the objective function 
f3 aims to maximize the energy utilization rate.

max f3 =
1
Ns
∑
s = 1

Ns

æ

è

ç

ç

ç

ç

ç
çç
ç
ç

ç

ç

ç
ö

ø

÷

÷

÷

÷

÷
÷÷
÷
÷

÷

÷

÷
1 -
∑
i = 1

Npv∑
t = 1

T

DP pv
ist +∑

i = 1

Nw∑
t = 1

T

DP w
ist

∑
i = 1

Npv∑
t = 1

T

S pv
i P pv

ist +∑
i = 1

Nw∑
t = 1

T

S w
i P w

ist

(53)

Maximizing the energy utilization rate of HTES means 
maximizing the share of actual sustainable energy generation 
and minimizing the amount of sustainable energy curtail‐
ment. Therefore, (53) can be converted into:

min Cc = ccur∑
s = 1

Ns ( )∑
i = 1

Nw∑
t = 1

T

DP w
ist +∑

i = 1

Npv∑
t = 1

T

DP pv
ist (54)

where Cc and ccur are the total and unit costs of the sustain‐
able energy curtailment, respectively.

The tripartite method reflects a substantial analytical and 
computational endeavor, underscoring the innovation inher‐
ent in the proposed planning model and representing a signif‐
icant advancement. Through this method, we enable planners 
and stakeholders to dynamically adjust the planning parame‐
ters to meet specific operational targets, showcasing the 
adaptability and forward-thinking design of the proposed 
planning model.

C. Two-stage Robust Optimization

Considering the uncertainties of wind, PV, and load pow‐
er, the box uncertainty set can be established as:

Φ: ={U|P w
istÎ[(1 - δw )P͂ w

ist (1 + δw )P͂ w
ist ]

         P pv
istÎ[(1 - δpv )P͂ pv

ist (1 + δpv )P͂ pv
ist ]

         P load
nstÎ[(1 - δload )P͂ load

nst (1 + δload )P͂ load
nst ]} (55)

U =[P w
istP

pv
istP

load
nst ]

T (56)

Equations (55) and (56) indicate that the actual value is 
equal to the predicted value plus the uncertain prediction er‐
ror. Accordingly, a two-stage robust optimization is proposed 
to ensure that the uncertain scenarios are adopted. In the 
first stage, the installed capacities of wind and PV power 
plants are optimized to minimize the total investment cost. 
Based on the results in the first stage, the second stage aims 
to minimize the operation cost in the worst-case scenario 
with uncertainties. The complete planning model with the ob‐
jective function f is expressed as:

ì
í
î

min f =ω1Cinv +max min (ω2Cg +ω3Cc )

s.t.  (1)-(21) (34)-(47)
(57)

where ω1, ω2, and ω3 are the weights of the investment 
economy, self-sustained rate, and utilization rate, respectively.

The model in (57) is expressed in compact form as:
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X

{ }C T X + max
UÎΦ

min
Y

BTY

X =[S w
i S

pv
i P w_es

ist P
pv_es
ist Qpv_es

ist Q
pv_es
ist ]T

Y =[DP w
istDP pv

istQ
w
istQ

pv
istP

g
nstQ

g
nstPnn'stQnn'stUist ]

T

s.t.   DX ³ d
        EX = 0
        FY ³GU + e
        HY + (J +KX)U + IX = 0

(58)

where X is the variable vector in the first stage; Y is the vari‐
able vector in the second stage; C and B are the column vec‐
tors of the coefficients that correspond to the objective func‐
tion in (57); D, E, F, G, H, J, K, and I are the coefficient 
matrices of variables under the corresponding constraints; 
and d and e are the constant vectors. The first constraint in 
(58) corresponds to (12) and (16) - (18). The second con‐
straint in (58) corresponds to (19). The third constraint in 
(58) corresponds to (4), (5), (9), (10), (38) - (41), and (43). 
The fourth constraint in (58) corresponds to (36), (37), 
and (42).

By leveraging the column-and-constraint generation 
(C&CG) algorithm [31], (58) can be decomposed into a mas‐
ter problem and subproblem for an effective solution.

The master problem is formulated as:

ì

í

î

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

min
X

{C T X + ϕ}

s.t.  ϕ ³BTYr

       DX ³ d
       EX = 0

       FYr ³GU *
r + e

       HYr + (J +KX)U *
r + IX = 0

(59)

where ϕ is the intermediate variable; r is the index of itera‐
tions; and U *

r  is the value of U in the worst-case scenario af‐
ter the rth literation.

The subproblem is formulated as (60). It is a two-layer 
model that can be converted into a single-layer model for an 
effective solution using the Karush-Kuhn-Tucker condi‐
tion [32].

ì

í

î

ïïïï

ïïïï

max
UÎΦ

min
Y

BTY

s.t.   FY ³GU + e

        HY + (J +KX * )U + IX * = 0

(60)

where X * is the value of X solved by (59).
The specific solution process of C&CG algorithm is given 

as follows.
Step 1: initialize the uncertainty parameters in the worst-

case scenario as U0. The upper boundary UB =+¥ and the 
lower boundary LB =-¥ are set. Set r = 0.

Step 2: solve the master problem (59) based on U0 to de‐
rive the optimal solution (X *

r + 1ϕ
*
r + 1Y

*
1 Y

*
2 Y *

r ). Update 
LB =max{LBϕ*

r + 1 }.
Step 3: insert X *

k + 1 into (60) to solve the subproblem. De‐
rive the optimal value BTY *

r + 1 and uncertainty parameters in 
the worst-scenario Ur + 1. Update UB =min{UBBTY *

r + 1 }.
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Step 4: if UB - LB £ ε exists, return X *
r + 1 and Y *

r + 1; other‐
wise, the variable Yr + 1 is created and the following con‐
straints are added to the master problem (59). Update 
r = r + 1 and go to Step 2.

ì

í

î

ïïïï

ïïïï

ϕ ³BTYr + 1

FYr + 1 ³GU *
r + 1 + e

HYr + 1 + (J +KX)U *
r + 1 + IX = 0

(61)

IV. MULTI-OBJECTIVE-ORIENTED EVALUATION FRAMEWORK 

In this section, a multi-objective-oriented evaluation frame‐
work is proposed based on the analytical hierarchy process 
(AHP) [33], to determine the weights of the three objectives 
according to different planning requirements.

A. Structure of Multi-objective-oriented Evaluation Frame‐
work

Based on the analytical concept of decomposition fol‐
lowed by integration, the multi-objective-oriented evaluation 
framework is decomposed into three layers, as shown in Fig. 
2. The optimal objective function f in (57) is the problem to 
be solved and is chosen as the target layer. From (48)-(54), 
the factors affecting the target layer can be summarized as 
installed capacity A1, electricity from the upper power grid 
A2, load demand A3, sustainable energy generation A4, and re‐
source endowment A5. These factors constitute the criterion 
layer of this evaluation framework. The scheme layer in‐
cludes three planning objectives: investment economy B1, 
self-sustained rate B2, and energy utilization rate B3. Finally, 
the weights of the three planning objectives in the objective 
function f are determined based on the influence relation‐
ships among the three layers.

B. Weight Allocation Mechanism

By analyzing the interrelationships between neighboring 
layers, the final weights indicating the importance of differ‐
ent objectives in the scheme layer relative to the target layer 
could be determined.
1)　Construction of Judgment Matrices

In this part, two judgment matrices are created. The first 
judgment matrix indicates the importance of factors in the 
criterion layer relative to the target layer, and the importance 
levels are different when oriented toward different planning 
objectives:

X¶ =[axy ]NA ´NA (62)

where X¶ is the judgment matrix of criterion layer relative to 
target layer oriented toward the planning objective ¶; axy is 
the importance level of Ax compared with Ay relative to the 
target layer, and its value is given in Supplementary Material 
A Table SAI; and NA is the number of factors in the criteri‐
on layer.

The second judgment matrix YAj
 represents the importance 

of elements in the scheme layer relative to Aj in the criterion 
layer, which is relatively objective and generally does not 
change when the subjectively oriented objective changes.

YAj
=[bxy ]NB ´NB (63)

where bxy is the importance level of Bx compared with By 
relative to Aj in the criterion layer, and its value is given in 
Supplementary Material A Table SAI; and NB is the number 
of factors in the scheme layer.
2)　Consistency Test of Judgment Matrices

A consistency test is necessary to check whether the con‐
struction of the judgment matrices X¶ and YAi

 is effective, 

which is expressed in Supplementary Material C.
3)　Weight Determination

The maximum characteristic roots λX
max and λY

max of X¶ and 
YAi

 are used to calculate their eigenvectors, respectively, 

which are normalized to the weight vector of the criterion 
layer relative to target layer W C - T

¶ =[ωC - T
Aj

]T and the weight 

vector of scheme layer relative to the criterion layer W S - Aj =
[ωS - Aj

Bx
].

ì
í
î

ïï
ïï

X¶W
C - T
¶ = λX

maxW
C - T
¶

YAi
W S - Ai = λY

maxW
S - Ai

(64)

W C - T
¶ =[ωC - T

A1
ωC - T

A2
ωC - T

A3
ωC - T

A4
ωC - T

A5
]T (65)

W S - Ai =[ωS - Ai

B1
ωS - Ai

B2
ωS - Ai

B3
]T (66)

Finally, the vector W S - T
¶  including the weights of three 

planning objectives ω1-ω3 in the objective function is deter‐
mined as:

W S - T
¶ =[ω1ω2ω3 ]= (W C - T

¶ )T (W S - C )T (67)

W S - C =[W S - A1W S - A2W S - A3W S - A4W S - A5 ] (68)

V. SIMULATION RESULTS AND DISCUSSION 

The proposed planning model is applied to the Xixiang 
Highway in China, as shown in Fig. 3. To support the simu‐
lation, the real-world meteorological data on the wind speed, 
solar radiation, and temperature are obtained from the NASA 
meteorological database MERRA-2 [34]. Based on these da‐
ta, the map rasterization approach processes the studied area 
into 25 rasters with a precision of 0.25° ´ 0.25°. To character‐
ize the source-load fluctuation, the typical intraday outputs 
of wind and PV power as well as the typical intraday de‐
mand of loads on weekdays and holidays in spring, summer, 
autumn, and winter, are obtained using the K-means cluster‐
ing algorithm, as shown in Supplementary Material A Fig. 
SA5. Table I lists the parameter settings. The charging pow‐
er curves of five service areas in different scenarios are 
shown in Supplementary Material B Fig. SB2.

Target
layer

Criterion
layer

Scheme
layer

Objective function f

Installed
capacity
A1

Electricity from
upper power

grid A2

Load
demand
A3

Sustainable
energy

generation A4

Resource
endowment

A5

Investment
economy B1

Self-sustained
rate B2

Energy utilization
rate B3

Fig. 2.　Structure of multi-objective-oriented evaluation framework.
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The optimization model is implemented on a laptop com‐
puter with an Intel Core i9-12900K CPU (3.20 GHz) and 
solved using the MIP solver CPLEX via MATLAB 2022a 
with the YALMIP toolbox.

A. Multi-objective-oriented Weight Allocation

To analyze the differences of the proposed planning model 

oriented toward different objectives, the following four plan‐
ning schemes are set. ① Scheme 0 (S0): with no sustainable 
energy; ② Scheme 1 (S1): oriented toward investment econ‐
omy; ③ Scheme 2 (S2): oriented toward self-sustained rate; 
and ④ Scheme 3 (S3): oriented toward energy utilization 
rate.

Based on the multi-objective-oriented evaluation frame‐
work, the judgment matrices are constructed for S1, S2, and 
S3. For S1, the installed capacity is more important in the 
objective function. For S2, the electricity from the upper 
power grid and the load demand are more important in the 
objective function. For S3, the sustainable energy generation 
and resource endowment are more important in the objective 
function. Therefore, based on the importance of each ele‐
ment when oriented toward different objectives as described 
above, the judgment matrices X¶ oriented toward different 
objectives are constructed in Supplementary Material C. Be‐
sides, the values of matrices YAi

 are almost constant for dif‐

ferent goal orientations, as shown in Supplementary Material 
C. Then, the solutions of final weights can be derived, as 
listed in Table II. The results indicate that, when oriented to‐
ward a certain goal, the corresponding weight is greater.

B. Robustness Analysis

The proposed planning model is solved under S1-S3, with 
a favorable convergence performance, as shown in Fig. 4. 
Specifically, the upper and lower boundaries converge after 
approximately 15 iterations, confirming the computational 
validity of the proposed planning model. To further examine 
the robustness, the wind and PV power plants planned in the 
18th grid under S2 as well as the load at node 4 are ana‐
lyzed. As shown in Fig. 5, the actual values lie near the 
boundaries of the uncertainty interval. This is because the 
model in (58) aims to determine the optimal solution in the 
worst-case scenario with multiple uncertainties, which corre‐
sponds to the maximum objective of the second stage in 
(58). During hours 1-11 and 20-24, the actual values of wind 
and PV power lie on the lower boundary of the uncertainty 
interval, whereas the actual value of load power lies on the 
upper boundary of the uncertainty interval, which leads to a 
higher electricity purchase cost in the second stage. This re‐
flects the worst-case scenario. During hours 12-19, the actu‐
al values of wind and PV power lie on the upper boundary 
of the uncertainty interval, whereas the actual value of load 
power lies on the lower boundary of the uncertainty interval, 
which leads to a higher power curtailment cost in the second 
stage. This also reflects the worst-case scenario. The above 
results indicate that the proposed planning model can design 
planning schemes that consider the worst-case scenario with 
multiple uncertainties, thereby enhancing the robustness.

TABLE Ⅱ
SOLUTIONS OF FINAL WEIGHTS

Scheme

S1

S2

S3

ω1

0.4017

0.1489

0.1451

ω2

0.3655

0.5064

0.3412

ω3

0.2328

0.3447

0.5137

Line number;i Route facilityService area; Tunnel;

1
2

3

4 5

6
7

8

Electricity network

Highway network

Annual electricity
consumption
(106 MWh)

1 23

46

7

8 5

Upper
power grid

3
4
5
6
7

1
2 34

5

6

7

110 kV substation; 35 kV substation; Transmission line

Residential load; Supply rangeToll station; Connection line;

Fig. 3.　Schematic diagram of coupling between highway network and elec‐
tricity network.

TABLE Ⅰ
PARAMETER SETTINGS

Category

Wind power plant

PV power plant

Highway

Other

Symbol

vin

vout

vr

hw

cw

ew

ϕ

β

Tstcst

Noct

cpv

epv

pT

pRF

P TS
m

cbuy

ccur

cs

cp

r

y

Value

3 m/s

25 m/s

11 m/s

70 m

1209 $/kW

50 $/kW

0.7

-0.0045%/℃

25 ℃

46.5 ℃

675 $/kW

10 $/kW

20 kW/km

1 kW/km

15 kW

0.069 $/kWh

0.138 $/kWh

138 $/kW

413 $/kWh

0.05

20 years
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C. Analysis of Planning Schemes

The installed capacity of wind and PV power plants con‐
structed in each raster under S1-S3 is listed in Table III. Ta‐
ble IV lists the values of multiple objectives under S0-S3. 
First, the total costs under S1-S3 are all lower than that un‐
der S0, which indicates that constructing sustainable energy 
power plants for HTES not only promotes energy cleanliness 
but also improves the economy. In particular, S1 provides 
the smallest installed capacity of sustainable energy power 
plants. Consequently, the investment cost under S1 ($1.25×
106) is the lowest compared with that under S2 ($2.04×106) 
and S3 ($1.62×106). Besides, the sustainable energy power 
plants are almost running at the maximum power output to 
meet the large power demand, which makes S1 maintain the 
highest energy utilization rate (99.68%). However, the small‐
est installed capacity results in the lowest sustainable energy 
generation. In this context, the electricity network must rely 
on the upper power grid to provide a large amount of elec‐
tricity to meet the large load demand, resulting in the lowest 
self-sustained rate (38.07%) under S1. S2 is designed to en‐
sure that the power load in an HTES is satisfied as much as 
possible through sustainable energy generation. Consequent‐
ly, a larger installed capacity of sustainable energy power 
plants is required under S2 to reduce the amount of power 
supplied from the upper power grid, thus ensuring that S2 
maintains the highest self-sustained rate (55.72%). However, 
a large installed capacity makes the sustainable energy gener‐
ation not fully consumed during certain periods. Consequent‐
ly, the energy utilization rate under S2 (94.62%) is lower 
than that under S1 (99.68%). Moreover, a high energy utili‐
zation rate (99.32%) with a certain degree of self-sustained 
rate (45.26%) is ensured under S3. As discussed above, as 
there is a clear difference between planning schemes orient‐
ed toward different objectives, the planning schemes should 
be selected to meet local needs.

In addition, Fig. 6 illustrates the siting schemes of the 
wind and PV power plants. According to the distribution of 
natural resources presented in Fig. 1, wind energy resources 
are more abundant in the northwestern and central parts of 

TABLE Ⅳ
VALUES OF MULTIPLE OBJECTIVES UNDER S0-S3

Scheme

S0

S1

S2

S3

Total 
cost ($)

4.56×106

4.05×106

4.42×106

4.10×106

Operation 
cost ($)

4.56×106

2.80×106

2.38×106

2.48×106

Investment 
cost ($)

0

1.25×106

2.04×106

1.62×106

Self-sustained 
rate (%)

0

38.07

55.72

45.26

Energy 
utilization 

rate (%)

0

99.68

94.62

99.32
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Fig. 4.　Convergence performance of proposed planning model. (a) S1. (b) S2. (c) S3.

TABLE Ⅲ
INSTALLED CAPACITY OF WIND AND PV POWER PLANTS 

CONSTRUCTED IN EACH RASTER UNDER S1-S3

Raster

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

S1

S w
i  (kW)

2000

0

0

2050

0

0

0

0

0

0

0

0

1450

0

0

0

0

0

850

1550

0

0

0

0

0

S pv
i  (kW)

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

S2

S w
i  (kW)

2150

0

0

2100

0

0

0

0

0

0

0

0

50

0

0

0

0

3600

0

0

0

0

0

0

0

S pv
i  (kW)

0

0

0

0

0

0

0

0

0

0

1200

1100

1750

0

0

0

0

3700

1100

1750

0

0

0

0

0

S3

S w
i  (kW)
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0

0
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0

0

0

0

0

0

0
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0

0

0

0

0

0
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0

0
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0

0
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0
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0
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0

0

0

0

0
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0
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Fig. 5.　Predicted and actual values of wind, PV, and load power.
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the studied region, whereas solar energy resources are more 
abundant in the west-central part of the studied region. How‐
ever, Fig. 6 shows that not all sustainable energy power 
plants are constructed in the most resource-rich locations. 
This is because the load distribution is different from that of 
sustainable energy resources. The demand in the east-central 
and northwestern parts of the highway is higher, as shown in 

Fig. 3. Therefore, the sustainable energy power plants are 
mainly constructed in the northwestern, central, and eastern 
parts of the studied region to meet the demands of distribut‐
ed loads. The above results illustrate that the siting schemes 
of sustainable energy power plants can effectively balance 
the differences between the distributions of sources and 
loads.

D. Analysis of Operation of Electricity-highway Network

The power balance of the entire HTES is presented in 
Supplementary Material A Fig. SA6. The sustainable energy 
generation is the main source of electricity supply, whereas 
the electricity from upper power grid is used as a supple‐

ment. Energy storage also plays a role in power regulation 
by enhancing power consumption and compensating for pow‐
er shortages. Tables V and VI show the self-sustained rate 
and energy utilization rate, respectively, which vary signifi‐
cantly on different typical days.

The specific differences are analyzed as follows.
1) The self-sustained rate on working days is slightly high‐

er than that on holidays. As larger load demands on holidays 
put pressure on the electricity supply from sustainable ener‐
gy power plants, the upper power grid provides more power 
to mitigate this pressure, leading to a lower self-sustained 
rate on holidays. According to Supplementary Material A 
Fig. SA5, the seasonal fluctuation in wind power is more sig‐
nificant than that in PV power. Overall, the generation capa‐

bility of sustainable energy in summer and autumn is lower 
than that in spring and winter in the studied area, resulting 
in lower self-sustained rates in summer and autumn.

2) In terms of the energy utilization rate, a larger power 
demand on holidays promotes the consumption of more elec‐
tricity from sustainable energy generation. Consequently, the 
energy utilization rate on holidays is higher than that on 
working days. In addition, the electricity from sustainable en‐
ergy generation is higher in spring and winter, as shown in 
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Fig. 6.　Siting schemes for wind and PV power plants. (a) S1. (b) S2. (c) S3.

TABLE Ⅴ
SELF-SUSTAINED RATE ON DIFFERENT TYPICAL DAYS

Scheme

S1

S2

S3

Self-sustained rate (%)

Working day

Spring

48.57

66.16

56.14

Summer

13.56

39.58

31.37

Autumn

29.85

48.85

38.61

Winter

71.71

80.10

68.34

Holiday

Spring

41.26

59.56

47.19

Summer

11.80

34.00

27.08

Autumn

27.05

44.77

35.70

Winter

60.81

72.73

57.62

TABLE Ⅵ
ENERGY UTILIZATION RATE ON DIFFERENT TYPICAL DAYS

Scheme

S1

S2

S3

Energy utilization rate (%)

Working day

Spring

100.00

85.73

96.87

Summer

100

100

100

Autumn

100.00

96.82

100.00

Winter

97.40

86.47

97.66

Holiday

Spring

100.00

94.28

100.00

Summer

100

100

100

Autumn

100

100

100

Winter

100.00

93.68

100.00
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Supplementary Material A Fig. SA5. However, higher elec‐
tricity generation also indicates that electricity is more diffi‐
cult to consume. Therefore, the energy utilization rates in 
spring and winter are lower than those in summer and au‐
tumn.

In addition, the curves shown in Supplementary Material 
A Fig. SA7 illustrate that the power flow of lines in electrici‐
ty network exhibits an overall tendency to flow from nodes 
with small serial numbers to those with large serial numbers. 
This situation occurs primarily on lines 1 and 7. This is be‐
cause sustainable energy power plants connected to nodes 4 
and 8 can transmit excess power to other nodes via lines 1 
and 7, respectively. Furthermore, to increase the self-sus‐
tained rate of HTES, the load power at each node should be 
met as much as possible by sustainable energy power plants 
connected to the electricity network. Therefore, the transmis‐
sion power of lines 1 and 7 under S2 shows negative values 
at more moments than that under S1. Finally, the voltage 
fluctuation of each node under S2 is shown in Supplementa‐
ry Material A Fig. SA8, indicating that the operation scheme 
corresponding to this planning scheme can effectively con‐
trol the voltage fluctuation within a secure margin of ±5% 
of the rated voltage.

VI. CONCLUSION 

This study develops a transformative multi-objective ro‐
bust planning model tailored for the deployment of sustain‐
able energy power plants along highways, with a particular 
focus on addressing intricate spatial-temporal variations in 
energy demands and resource availability. By employing ad‐
vanced source-load-network cooperative operation models, 
we quantitatively characterize the energy distribution, facili‐
tating precise decisions regarding the siting and sizing of 
wind and PV power plants. The contributions are threefold.

1) Quantitative analysis: the proposed planning model al‐
lows us to precisely map and utilize spatial-temporal distribu‐
tion characteristics of source, which are particularly effective 
along the Xixiang Highway, where we observe significant 
variations in sustainable energy.

2) Efficiency in energy management: the adoption of 
source-load-network cooperative operation models facilitates 
the placement optimization of sustainable energy power 
plants, significantly promoting energy consumption and en‐
hancing the efficiency of energy use near high-demand areas.

3) Adaptive multi-objective optimization: the developed 
multi-objective-oriented evaluation framework dynamically 
balances economic, environmental, and energy utilization 
metrics, showing variability in planning outcomes that re‐
spond flexibly to different weighting allocations.

Looking ahead, this study paves the way for further inno‐
vations.

1) Broadening energy sources: future studies will explore 
the integration of additional renewable sources, such as geo‐
thermal energy, tidal energy, and hydrogen, to enhance the 
sustainability of HTES.

2) Enhanced resilience models: incorporating the influence 
of multiple types of emergencies and extreme weather on 
electricity and highway networks will refine energy manage‐

ment strategies, dynamically optimize distribution and con‐
sumption, and enhance HTES resilience.

In conclusion, this study not only fills vital gaps in the ex‐
isting literature on HTES planning, but also sets forth a scal‐
able structure for future sustainable developments in high‐
way energy management. The comprehensive analysis and 
demonstrated practical viability underscore the transforma‐
tive potential of the proposed planning model, providing a 
foundational blueprint for next-generation energy solutions 
in transportation infrastructure.
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