
Citation: Yao, L.; Bai, C.; Fu, H.; Lou,

S.; Fu, Y. Optimization of Expressway

Microgrid Construction Mode and

Capacity Configuration Considering

Carbon Trading. Energies 2023, 16,

6720. https://doi.org/10.3390/

en16186720

Academic Editor: Abu-Siada

Ahmed

Received: 25 July 2023

Revised: 14 September 2023

Accepted: 18 September 2023

Published: 20 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Optimization of Expressway Microgrid Construction Mode and
Capacity Configuration Considering Carbon Trading
Lei Yao 1,2, Chongtao Bai 3, Hao Fu 2, Suhua Lou 3,* and Yan Fu 3

1 School of Economics, Wuhan University of Technology, Wuhan 430072, China; lyy@cggc.cn
2 Gezhouba Group Transportation Investment Co., Ltd., Wuhan 430030, China; fuhao20951@cggc.cn
3 State Key Laboratory of Advanced Electromagnetic Engineering and Technology, Huazhong University of

Science and Technology, Wuhan 430074, China; chongtao_bai@hust.edu.cn (C.B.);
m202372470@hust.edu.cn (Y.F.)

* Correspondence: shlou@mail.hust.edu.cn

Abstract: An expressway microgrid can make full use of renewable resources near the road area
and enable joint carbon reduction in both transportation and energy sectors. It is important to
research the optimal construction mode and capacity configuration method of expressway microgrid
considering the carbon trading and carbon offset mechanism. This paper establishes a design model
for an expressway microgrid considering the operating features of each component in the microgrid
under two patterns of grid-connected/islanded and two types of AC/DC. The goal of the proposed
model is to minimize the annualized comprehensive cost, which includes the annualized investment
cost, operational cost, and carbon trading cost. The model designates the optimal construction
mode of an expressway microgrid, i.e., grid-connected or islanded, AC or DC. As a mixed integer
nonlinear programming (MINLP) problem, the proposed model can be solved in a commercial solver
conveniently, such as GUROBI and CPLEX. The validity and practicality of the proposed model
have been demonstrated through case studies in several different application scenarios, which also
demonstrate the necessity of considering carbon trading mechanisms in the design model.

Keywords: microgrid planning; expressway microgrid construction mode; AC/DC microgrid; carbon
trading mechanism

1. Introduction

With the depletion of fossil energy and increasingly serious environmental problems,
carbon reduction from both the energy and transport sectors is an important way to
help achieve carbon neutrality [1,2]. Electric vehicles (EV) and solar energy-powered
expressways are considered a promising approach for sustainable development in both
the energy and transport sectors [3–5]. In recent years, the rapid growth of EV ownership
has led to an increasing demand for charging on expressways. On one hand, expressway
service areas are usually located in remote areas, and the existing distribution network is
incapable of carrying several charging points for EVs charging simultaneously [6,7]. On
the other hand, when DC charging points are integrated with DC components, such as
photovoltaic power generation and battery energy storage into the DC system, it can reduce
power loss during the AC–DC conversion process and achieve greater economic benefits [8].
The traditional AC grid-connected construction mode of expressway service areas may
no longer be applicable. Besides EV charging loads, expressways also include various AC
loads, such as tunnel ventilation and lighting, service area cooling and heating, monitoring
and communication, etc.; therefore, it is of great practical significance to determine the
best expressway microgrids construction mode (AC/DC, grid-connected/islanded) and
optimize the capacity configuration while considering the limitations of the installed
capacity of renewable energy generation and AC/DC loads structure in different load
centers. In addition, with the constant development and improvement of the global carbon
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market, expressway microgrids with a large amount of renewable energy generation
have the opportunity to obtain significant revenue from the carbon market [9], which can
promote energy transition and affect the construction mode of expressway microgrids. It is
also an important factor in promoting the green economy on the expressway system.

At present, the problems of expressway microgrid planning are mainly focused on
the location of charging stations and capacity optimization of generators and battery
energy storage. Reference [10] proposed a mathematical model of EV charging demand
at a rapid charging station for the planning of an expressway distribution system based
on the fluid dynamic traffic model and the M/M/s queueing theory. To consider the
waiting time of EV users and the operating cost of station operators, references [11,12]
proposed a charging station multi-objective planning model based on dynamic traffic flow
simulation on expressways. In terms of the AC/DC microgrid planning, reference [13]
developed a combinatorial optimization technology to solve the optimal selection problem
of AC/DC hybrid microgrid and pointed out that using different types of energy storage
and properly distinguishing loads is conducive to reducing the total cost of the microgrid.
References [14,15] proposed a microgrid planning model to determine the optimal size and
generation combination of distributed power sources in microgrids, as well as the type of
microgrid. With the increasing proportion of distributed power sources and DC loads, DC
microgrids may be more advantageous than AC microgrids [14–16]. For an interconnected
microgrid, reference [17] introduced the concept of a DC power exchange expressway to
interconnect AC microgrid clusters on the expressway. In order to increase the flexibility
of a banded featured microgrid, reference [18] proposed a new evolutionary model of
a railway energy supply system for railway PV integration systems by constructing a
three-in-one traction–storage–information integrated station. Reference [19] compared
the technical and economic benefits of several configurations of solar energy integration
into the railway microgrid and proposed a design methodology for selecting the railway
power supply components. In terms of the carbon trading mechanism in a microgrid,
references [20,21] established low-carbon economic operation models of microgrid systems
considering carbon capture technology, which can significantly reduce the carbon emissions
of microgrids. Reference [22] proposed a joint IGDT dispatch strategy for a microgrid cluster
considering the tiered carbon price and quantified the uncertainty of wind and PV factors
on dispatching operations.

Currently, a carbon trading mechanism is most often applied in the optimal scheduling
of microgrid systems, and there is little research on the decision method or design model
for the construction mode selection of an expressway microgrid considering a carbon
trading mechanism.

The main contributions of this paper are summarized as follows:

(1) This paper proposes a MINLP model that includes carbon trading and a carbon
offset mechanism for optimizing the construction mode and capacity configura-
tion of expressway microgrids with various energy sources. In addition, this paper
compares the effects of different source-load structures on the optimal construction
mode selection.

(2) The necessity and validity of taking carbon trading mechanism into account is investi-
gated by comparing the planning results with different carbon trading models.

(3) The effects of the changing of CER trading price on the optimal construction mode
selection are compared.

The rest of this paper is organized as follows. Section 2 provides a brief overview of
the problem. Section 3 uses a probabilistic approach to model renewable energy generation
output. Section 4 establishes a design model that considers the carbon trading and carbon
offset mechanism to decide the optimal construction mode and capacity configuration of an
expressway microgrid. Section 5 presents the case study, and Section 6 offers conclusions.
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2. Problem Statement

The structure of an expressway microgrid is shown in Figure 1, which is divided into
two types of AC/DC and two patterns of a grid-connected/islanded microgrid for a total
of four construction modes. In order to facilitate the description, the DC grid-connected
mode, AC grid-connected mode, DC islanded mode, and AC islanded mode are referred
to as mode 1 to 4, respectively. The islanded pattern includes wind power, photovoltaic
power generation, diesel generator, battery energy storage, and AC and DC loads. The
grid-connected pattern includes transmission lines and transformers between the microgrid
and distribution network but does not require the configuration of diesel generators. Since
both power sources and loads are divided into AC and DC, the corresponding converters
need to be configured according to the microgrid type. Note that the static var compensator
(SVC) needs to be configured for reactive power balancing to address voltage stabilization
in the AC microgrid.
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Figure 1. Schematic diagram of the expressway microgrid structure.

With the carbon offset mechanism and certified emission reduction (CER) trading,
which is indicated in Section 4.1, a large amount of renewable energy generation can obtain
significant profits from the carbon trading market; therefore, this paper takes the carbon
trading and carbon offset mechanism into account and proposes a design model that aims
at minimizing the annualized investment cost, operational cost, and carbon trading cost of
the expressway microgrid.

3. Probabilistic Renewable Energy Generation Modeling
3.1. Modeling of Solar Irradiance and PV Module Output Power

In order to take into account the random possibility of cloud cover, the solar irradiance
is modeled by the probability density function (PDF) of clearness index KT , which is defined
as the ratio of the horizontal irradiance to the extraterrestrial total solar irradiance. The
PDF of clearness index can be expressed as Equation (1).

P(KT) = αCI
(KTU − KT)

KTU
eλCIKT (1)

In Equation (1), KTU is the maximum value of the clearness index. αCI and λCI are
functions of the maximum value and mean value KTM of the clearness index as follows [23]:

αCI =
λCI

2KTU

eλCIKTU − λCIKTU − 1
(2)

λCI =
2γCI − 17.519e−1.3118γCI − 1062e−5.0426γCI

KTU
(3)
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γCI =
KTU

KTU − KTM
(4)

Based on the definition of the clearness index, the solar irradiance Iβ on a PV panel
with inclination β can be calculated as in Equation (5).

Iβ =

[(
Rb + ρ

1− cos β

2

)
+

(
1 + cos β

2
− Rb

)
pkd

]
IOKT −

(
1 + cos β

2
− Rb

)
qkd IOKT

2 (5)

In Equation (5), Rb is the ratio of beam radiation on a tilted surface to a horizontal
surface. ρ is the reflectance of the ground. pkd and qkd are the linearized parameters for
diffuse radiation on a horizontal plane. IO is the extraterrestrial total solar irradiance.

With the hourly clearness index PDF in different seasons and utilizing the Monte Carlo
simulation technique, the hourly solar irradiance in different seasons can be calculated
in Equation (5). The PV module output power in different seasons can be calculated as
follows [24]:

PPV = PS
Iβ

IS

[
1 + kp(Tc − TS)

]
(6)

In Equation (6), PPV is the PV available output power. PS, IS, and TS are the rated
output power, solar irradiance, and PV module temperature under standard test conditions,
respectively. kp is the power temperature coefficient. Tc is the PV module temperature of
the operating environment.

3.2. Modeling of Wind Speed and Wind Turbine Output Power

In this paper, the wind speed is modeled by the Weibull distribution, as in Equation (7):

f (vw) =
k
c

(vw

c

)k−1
e−(vw/c)k

(7)

In Equation (7), f (vw) is the distribution probability of wind speed vw. K and c are
the shape and scale parameter, respectively, which can be calculated by many different
methods [23].

With the hourly wind speed PDF in different seasons and the Monte Carlo simulation
technique, the hourly wind turbine output power in different seasons can be calculated
as follows:

Pw =


0, vw ≤ vci or vw ≥ vco

Prated
vw−vci
vr−vci

, vci ≤ vw ≤ vr

Prated, vr ≤ vw ≤ vco

(8)

In Equation (8), Prated is the rated output power of the wind turbine. vci, vco, and vr
are the cut-in speed, cut-out speed, and rated speed of the wind turbine, respectively.

4. Expressway Microgrid Construction Mode and Capacity Configuration
Optimization Design Model
4.1. Introduction of Carbon Trading Mechanism
4.1.1. Free Carbon Emission Allowance

In order to realize the low-carbon development of the transportation energy system,
the impact of carbon emissions needs to be considered in the expressway microgrid design
model. At present, the initial carbon emission allowances of each enterprise are allocated
in a gratuitous manner. The initial free carbon emission allowances are allocated on the
basis of unit capacity [25]. In the expressway microgrids, the main sources of carbon
emissions are diesel generators in an islanded pattern and thermal generators’ power from
the distribution network in a grid-connected pattern. In this paper, it is assumed that the
carbon emissions of each unit are proportional to the power output. When the actual carbon
emissions of the system exceed the free allocation, the excess carbon emissions should be
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purchased in a carbon trading market. The free carbon emission allowance allocated for
the expressway microgrid can be expressed as Equation (9).

Qco2 = (1− In)ξgEg + InξbuyλbuyEbuy (9)

In Equation (9), Qco2 is the free carbon emission allowance. In is the decision variable
for the grid-connected/islanded pattern (1 for grid-connected pattern, 0 for islanded
pattern). ξg and ξbuy are the carbon emission allowance of the unit electric power output of
the diesel generators in an expressway microgrid and thermal generators in an external grid,
respectively. Eg and Ebuy are the electricity generated by diesel generators and external
thermal generators, respectively. λbuy is the ratio of electricity generated by thermal
generators in the external grid.

4.1.2. Carbon Trading Model Considering Carbon Offset Mechanism

As a complementary mechanism to carbon emissions trading, the carbon offset mech-
anism originates from the clean development mechanism (CDM) and has spawned a
project-based market with CER as a commodity [26]. Distributed power sources in micro-
grids can be declared as CER projects for offsetting system carbon emissions or listing for
sale. The CER of an expressway microgrid can be expressed as Equation (10).

ECER = µEFCM(Ew + EPV) (10)

µEFCM = 0.75µEFOM + 0.25µEFBM (11)

In Equations (10) and (11), ECER is the certified emission reduction. Ew and EPV are
the annual power generation of wind power and PV. µEFCM, µEFOM, and µEFBM are the
emission factor of the operating margin, build margin and combined margin, respectively.

The actual carbon emissions of an expressway microgrid can be expressed as
Equation (12).

Etotal = (1− In)µgEg + InµbuyλbuyEbuy (12)

In Equation (12), Etotal is the actual carbon emissions before carbon offset mechanisms
are taken into account. µg and µbuy are the carbon emission factor for the diesel generators
in an expressway microgrid and thermal generators in an external grid, respectively.

An excessive CER offset ratio will have a shock effect on the supply and demand
relationship in the carbon trading market [27]. CERs’ carbon offsets shall be constrained by
Equation (13) and the benefit of trading CER residuals after offsetting carbon emissions can
be expressed as follows.

Eoffset = min[ECER, βoffsetEtotal] (13)

CCER = λCER(ECER − Eoffset) (14)

In Equations (13) and (14), Eoffset is the carbon offset allowances. βoffset is the maximum
carbon offset ratio factor. CCER is the expressway microgrid CER trading benefit. λCER is
the CER trading price.

The net carbon emissions Eco2 of an expressway microgrid considering carbon offset
mechanisms can be expressed as Equation (15).

Eco2 = Etotal − Eoffset (15)

With the CER trading benefit, the carbon trading cost can be calculated as Equation (16).

CCT = ε(Eco2 −Qco2)− CCER (16)

In Equation (16), CCT is the carbon trading cost of the expressway microgrid. ε is the
carbon trading price.
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4.2. Objective Function

The objective of this paper is to minimize the annualized comprehensive cost of the
expressway microgrid, which comprises the annualized investment cost, operational cost,
and carbon trading cost. The objective function can be expressed as Equation (17).

min

[
λCRFCINV + 1

Y

Y
∑

y=1

(
CCT

y + 365 ∑
s∈S

ωsCOP
y,s

)]
λCRF = i(1+i)Y

(1+i)Y−1

(17)

In Equation (17), CINV and COP
y,s correspond to the total investment cost and daily

operational cost in year y of the expressway microgrid, respectively. λCRF is the capital
recovery factor. i is the discount rate. Y is the planned cycle of the expressway microgrid. S
is the set of operating scenarios. ωs is the probability of scenario s occurring.

4.2.1. Investment Cost

The total investment cost of an expressway microgrid includes the fixed investment
cost, grid-connected pattern investment cost, islanded pattern investment cost, DC micro-
grid investment cost, and AC microgrid investment cost.

The fixed investment cost is the equipment cost that needs to be spent in any con-
struction mode of the microgrid, including the cost of wind and PV power generation
units, battery energy storage, and charging points. The grid-connected pattern investment
cost is the additional cost of a microgrid in a grid-connected pattern, including the cost
of the transmission lines, transformer, and converter. The islanded pattern investment
cost is the cost of controllable generators required to ensure the reliable operation of the
microgrid. The DC microgrid investment cost includes the cost of rectifiers for AC gener-
ator units, such as wind power generation and diesel, as well as inverters for AC loads
in load centers. The AC microgrid investment cost includes the cost of SVCs, rectifiers
for DC loads, and inverters for DC power generation equipment. Equations (20)–(23) are
multiplied by their respective decision variables in Equation (18) in order to remove the
cost of undecided modes.

CINV = CFIX + InCGC + (1− In)CIS + ImCDC + (1− Im)CAC (18)

CFIX = cwPN
w + cPVNPVPN

PV + cP
b NbPN

b + cE
b NbEN

b + cINV
EV NEV (19)

CGC = clineLGC + (ctrans + Imccon)PN
line (20)

CIS = cINV
g PN

g (21)

CDC = crec

[
PN

w + (1− In)PN
g

]
+ cinvPmax

L (22)

CAC = cinv

(
PN

PV + PN
b

)
+ crecPN

EVNEV + cSVCQN
SVC (23)

In Equations (18)–(23), CFIX, CGC, CIS, CDC, and CAC correspond to the fixed invest-
ment cost, grid-connected pattern investment cost, islanded pattern investment cost, DC
microgrid investment cost, and AC microgrid investment cost, respectively. Im is the
decision variable for the AC/DC type (1 for DC, 0 for AC). cw, cPV, and cINV

EV are the unit
capacity investment cost of wind power, the PV power unit, and the EV charging point,
respectively. NPV and Nb are the number of PV panel replacements in the planning cy-
cle. PN

w , PN
PV, and PN

g are the installed capacity of wind power, PV power generation, and
the diesel generator, respectively. cP

b and cE
b are the investment cost per unit of battery

energy storage power and energy capacity, respectively. PN
b and EN

b are the power and
energy capacity of battery energy storage, respectively. ctrans, ccon, cinv, crec, and cline are
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the investment cost per unit capacity of the transformers, converters, inverters, rectifiers,
and per unit length of the transmission line, respectively. LGC and PN

line are the length
and capacity of transmission line. cINV

g is the unit capacity investment cost of the diesel
generator. Pmax

L , PN
EV, and NEV are the maximum AC load and the power and number

of single charging points, respectively. cSVC and QN
SVC are the investment cost per unit

capacity and installed capacity of SVC.

4.2.2. Operational Cost

The operational cost includes the fuel cost in an islanded pattern and the power
trading cost with the distribution network in a grid-connected pattern. For the purposes
of simplification and enhanced representation, the subscript y is dropped from all the
variables as follows.

COP
s = (1− In)CFUEL

s + InCLINE
s (24)

CFUEL
s = ∑

t∈T
Ig
s,t

(
agPg

s,t + bgPN
g

)
(25)

CLINE
s = ∑

t∈T

(
cbuy

t Pbuy
s,t − csell

t Psell
s,t

)
∆t (26)

In Equations (24)–(26), CFUEL
s and CLINE

s are the fuel cost and power trading cost,
respectively. Note that the cost of power trading is negative when the revenue of power
sales is greater than the cost of power purchase. Ig

s,t is the on–off variable of the diesel
generator. ag and bg are the cost factors for the diesel generator. Pg

s,t is the actual active

power output of the diesel generator. cbuy
t and csell

t are the purchase and sale price of
electricity at time t, respectively. Pbuy

s,t and Psell
s,t are the actual purchase and sale active

power between the expressway microgrid and distribution network, respectively. T is the
set of time periods.

4.3. Constraints
4.3.1. Power Balance Constraints

The active power generated by the components within the microgrid and purchased
from the distribution network must meet the active load demand. In particular, AC
microgrids also need to satisfy the balance between reactive power output and reactive
load demand.

Pw′
s,t + PPV′

s,t + Pdis′
s,t + (1− In)Pg′

s,t + InPbuy′

s,t = PL′
s,t + PEV′

s,t + Pch′
s,t + InPsell′

s,t (27)

(1− Im)
[

Qw
s,t + QPV

s,t + Qdis
s,t + (1− In)Q

g
s,t + InQbuy

s,t + QSVC
s,t −QL

s,t

]
= 0 (28)

In Equation (27), P∗
′

s,t refers to the net active power considering the converter losses of

the corresponding component in the AC/DC expressway microgrid. Qw
s,t, Qg

s,t, and Qbuy
s,t are

the reactive power of wind power generation, diesel, and the transmission line, respectively.
QPV

s,t and Qdis
s,t are the reactive power of the inverters between these DC components and

the AC bus. QSVC
s,t is the reactive power of SVC. QL

s,t is the reactive load demand.

4.3.2. Renewable Energy Installed Capacity Constraints

Wind and PV power generation installations are constrained by the amount of available
l and area. The exploitable area near the expressway load center is limited, so the installed
capacity of an expressway microgrid cannot exceed the maximum exploitable limit.

0 ≤ PN
w ≤ PNmax

w (29)

0 ≤ PN
PV ≤ PNmax

PV (30)
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In Equations (29) and (30), PNmax
w and PNmax

PV are the maximum exploitable wind and
PV power generation installed capacity in the load center, respectively.

4.3.3. Renewable Energy Output Constraints

Wind and PV power output is limited by the maximum available output, which can be
calculated using the methodology in Section 3. Component aging will lead to a significant
decrease in the PV module efficiency. In order to indicate this feature, Equation (31) uses
the PV module efficiency decay coefficient to limit the actual PV output.

0 ≤ Pw
s,t ≤ αs,tPN

w (31)

0 ≤ PPV
s,t ≤ βs,t

(
1− ηPV

de YPV

)
PN

PV (32)

0 ≤ Pw 2

s,t + (1− Im)Qw 2

s,t ≤ PN 2

w (33)

0 ≤ PPV 2

s,t + (1− Im)QPV 2

s,t ≤ PN 2

PV (34)

Pw′
s,t = [ηACDC Im + (1− Im)]Pw

s,t (35)

PPV′
s,t = [Im + (1− Im)ηDCAC]PPV

s,t (36)

In Equations (31)–(36), αs,t and βs,t are the maximum available output per unit value
of wind and PV power, respectively. Pw

s,t and PPV
s,t are the actual active output of wind

power and PV power generation in scenario s at time t, respectively. ηPV
de is the PV power

generation efficiency decay coefficient. YPV is the usage time of the PV module. ηACDC and
ηDCAC are the AC/DC and DC/AC conversion efficiency, respectively.

4.3.4. Diesel Generator Output Constraints

The active and reactive power outputs of diesel generator are limited by the in-
stalled capacity.

Pmin
g ≤ Pg

s,t ≤ PN
g (37)

0 ≤ Pg 2

s,t + (1− Im)Q
g 2

s,t ≤ PN 2

g (38)

Pg′
s,t = [ηACDC Im + (1− Im)]Pg

s,t (39)

In Equation (37), Pmin
g is the minimum active output of the diesel generator.

4.3.5. Battery Energy Storage Constraints

One lithium battery was introduced to the optimization model. Equation (40) limits
the charging and discharging power of the battery energy storage to be less than the power
capacity. Equation (42) guarantees that the charging and discharging power cannot be
positive at the same time. The change of stored electricity can be calculated as indicated
in Equation (44). Equation (45) limits the lower and upper limits of the state of charge,
which takes into account the decrease in energy capacity of the battery energy storage.
Equation (46) ensures that the beginning and end states are consistent.

0 ≤ Pch
s,t , Pdis

s,t ≤ PN
b (40)

0 ≤ Pdis 2

s,t + (1− Im)Qdis 2

s,t ≤ PN 2

b (41)

0 ≤ Pch
s,t⊥Pdis

s,t , Qdis
s,t ≥ 0 (42)
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{
Pch′

s,t = [Im + (1− Im)/ηACDC]Pch
s,t

Pdis′
s,t = [Im + (1− Im)ηDCAC]Pdis

s,t
(43)

Es,t+1 = Es,t +
(

ηchPch
s,t − Pdis

s,t /ηdis

)
∆t (44)

Emin
b ≤ Es,t ≤

(
1− ηb

deYb

)
Emax

b (45)

Es,0 = Es,T (46)

In Equations (40)–(45), Pch
s,t and Pdis

s,t are the actual charging and discharging active
power of the battery energy storage. Es,t is the electricity stored by the battery energy
storage. ηch and ηdis are the charging and discharging efficiency, respectively. Emin

b and
Emax

b are the minimum and maximum electricity stored by the battery energy storage,
respectively. ηb

de is the battery capacity decay coefficient. Yb is the usage time of battery
energy storage.

4.3.6. Transmission Line Constraints

The power purchased and sold between the microgrid and distribution network are
limited by the capacity and power factor of transmission line.

0 ≤ Pbuy
s,t , Psell

s,t ≤ PN
line (47)

0 ≤ Pbuy 2

s,t + (1− Im)Q
buy 2

s,t ≤ PN 2

line (48)

cos ϕline ≤ Pbuy
s,t

/√
Pbuy 2

s,t + (1− Im)Q
buy 2

s,t (49)

0 ≤ Psell
s,t ⊥Pbuy

s,t , Qbuy
s,t ≥ 0 (50) Pbuy′

s,t = [ηACDC Im + (1− Im)]ηlinePbuy
s,t

Psell′
s,t = [Im/ηDCAC + (1− Im)]Psell

s,t /ηline

(51)

In Equations (47)–(51), ηline is the transmission efficiency of the transmission line.
cos ϕline is the power factor limit of the transmission line.

4.3.7. AC/DC Load Constraint

The following load constraints consider the power loss in electronic converters.{
PL′

s,t = [Im/ηDCAC + (1− Im)]PL
s,t

PEV′
s,t = [Im+(1− Im)/ηACDC]PEV

s,t

(52)

In Equation (52), PL
s,t and PEV

s,t are the actual active power of the AC and DC loads,
respectively.

4.3.8. SVC Constraint

The output reactive power of the SVC must be less than the installed capacity.

0 ≤ (1− Im)QSVC
s,t ≤ QN

SVC (53)

In Equation (53), QSVC
s,t is the reactive power of SVC in the AC microgrid.
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5. Case Study
5.1. Basic Data

This paper uses an expressway in the east of China as an example. According to the
local renewable energy output and load data, the typical scenarios of renewable energy
output and load can be selected as shown in Figure 2. The investment cost factors, power
efficiency, and related parameters of each component in the expressway microgrid are
shown in Table 1 [28–32]. The grid-connected distance of the expressway microgrid is
20 km. The maximum AC and DC loads are 200 kW and 500 kW. The maximum installed
capacities of wind and PV power generation that can be deployed are 500 kW and 1500 kW,
respectively. The planning cycle is 20 years, and the discount rate is taken as 8%. The
expressway microgrid design model presented in this paper is a mixed integer nonlinear
programming problem, which can be solved in GUROBI through the MATLAB platform.
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Table 1. The investment cost factors and related parameters.

Parameter Value Parameter Value Parameter Value

cw (USD/kW) 825 cline (USD/kW) 120 ag (USD/kW) 0.1
cPV (USD/kW) 525 ccon (USD/kW) 140 bg (USD/kW) 0.03
cINV

g (USD/kW) 200 cinv (USD/kW) 140 ηACDC & ηDCAC 0.96
cP

b (USD/kW) 150 crec (USD/kW) 140 ηch & ηdis & ηline 0.95
cE

b (USD/kWh) 180 ctrans (USD/kW) 788 cSVC (USD/kvar) 30
ξg (kg/kWh) 0.50 µg (kg/kWh) 0.65 ε (USD/t) 40

ξbuy (kg/kWh) 0.78 µbuy (kg/kWh) 0.92 λCER (USD/t) 20

In order to verify the validity and practicality of the proposed model in different
scenarios, the following scenarios are constructed in this paper:

(a) Scenario a is the base scenario represented by the data above, which is applicable to a
normal expressway microgrid that contains AC and DC loads.

(b) Scenario b reduces the grid-connected distance to 5 km on the basis of scenario a,
which is applicable to expressway load centers close to the point of common coupling.

(c) Scenario c adds the maximum deployable capacity of PV power generation to 3000 kW,
which is the deployable capacity in the available area of the expressway side slopes
around the load center. This scenario is applicable to load centers on east–west
expressways, whose side slopes are able to make full use of PV resources, while
north–south expressways are not.

(d) Scenario d eliminates the DC loads on the basis of scenario a. This scenario is applica-
ble to expressway microgrids that contain only AC loads, such as tunnels and service
areas without charging points.

5.2. Optimization Results and Analysis of Different Scenarios

The purpose of this section is to demonstrate the validity and applicability of the design
model proposed in this paper under different possible expressway microgrid scenarios.



Energies 2023, 16, 6720 11 of 17

5.2.1. Scenario a

The construction mode in this scenario is mode 3, and the comprehensive cost is USD
306,856. The results of the capacity configuration and annualized comprehensive cost of
the expressway microgrid under different construction modes are shown in Table 2 and
Figure 3.

Table 2. The capacity configuration of scenario a under different modes.

Capacity Configuration Mode 1 Mode 2 Mode 3 Mode 4

Wind power generation (kW) 500 500 500 500
PV power generation (kW) 1500 1500 1500 1500

Battery energy storage
power capacity (kW) 251 241 225 158

Battery energy storage
energy capacity (kWh) 1105 1284 1155 750

Diesel generator (kW) 0 0 344 394
Transmission line (kW) 366 360 0 0

SVC capacity (kvar) 0 20 0 28
Annualized comprehensive cost (USD) 316,668 343,093 306,856 323,184
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Figure 3. The economic index of scenario a under different modes.

In this scenario, the renewable energy resources are very limited. Large capacity
transmission lines or diesel generators are required to meet the load demand. Because
of the higher unit price, the grid-connected investment in modes 1 and 2 is much higher
than the islanded investment in modes 3 and 4. Even though the grid-connected pattern
has lower operational costs for purchasing power from the grid, the low operational costs
can hardly compensate for the high grid-connected investment costs due to the large
investment of transmission lines, which leads to a higher comprehensive cost than the
islanded pattern. Moreover, because of the higher DC load demand in scenario a, the
investment and operational costs of a DC microgrid are lower than AC. As shown in
Figure 3, it is more economical to build an islanded DC expressway microgrid in scenario a.

5.2.2. Scenario b

The construction mode in this scenario is mode 1, and the comprehensive cost is USD
246,838. The results of the capacity configuration and annualized comprehensive cost of
the expressway microgrid under different construction modes are shown in Table 3 and
Figure 4.
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Table 3. The capacity configuration of scenario b under different modes.

Capacity Configuration Mode 1 Mode 2 Mode 3 Mode 4

Wind power generation (kW) 500 500 500 500
PV power generation (kW) 1500 1500 1500 1500

Battery energy storage
power capacity (kW) 176 161 225 158

Battery energy storage
energy capacity (kWh) 689 560 1155 750

Diesel generator (kW) 0 0 344 394
Transmission line (kW) 396 404 0 0

SVC capacity (kvar) 0 59 0 28
Annualized comprehensive cost (USD) 246,838 265,343 306,856 323,184
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Figure 4. The economic index of scenario b under different modes.

Compared with scenario a, scenario b is close to the point of common coupling and
has lower transmission line costs per unit capacity. As a result, mode 1 enables the lowest
comprehensive investment cost while increasing the transmission line capacity to reduce
the capacity requirements of the battery energy storage.

5.2.3. Scenario c

The construction mode in this scenario is mode 1, and the comprehensive cost is USD
294,699. The results of the capacity configuration and annualized comprehensive cost of
the expressway microgrid under different construction modes are shown in Table 4 and
Figure 5.

Table 4. The capacity configuration of scenario c under different modes.

Capacity Configuration Mode 1 Mode 2 Mode 3 Mode 4

Wind power generation (kW) 500 500 500 500
PV power generation (kW) 2254 2120 1860 1847

Battery energy storage
power capacity (kW) 273 216 311 280

Battery energy storage
energy capacity (kWh) 1211 1005 1914 1643

Diesel generator (kW) 0 0 288 308
Transmission line (kW) 346 359 0 0

SVC capacity (kvar) 0 16 0 5
Annualized comprehensive cost (USD) 294,699 325,899 294,942 318,934
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Compared with scenario a, the grid-connected investment in scenario c is still higher
than the islanded investment cost, but due to the larger exploitable resources, the grid-
connected pattern (mode 1) can sell the excess PV power to the distribution network, which
saves operational costs and even achieves profit.

5.2.4. Scenario d

The construction mode in scenario d is mode 2, whose comprehensive cost is USD
55,601. The results of the capacity configuration and annualized comprehensive cost of
the expressway microgrid under different construction modes are shown in Table 5 and
Figure 6.

Table 5. The capacity configuration of scenario d under different modes.

Capacity Configuration Mode 1 Mode 2 Mode 3 Mode 4

Wind power generation (kW) 500 500 500 500
PV power generation (kW) 344 238 245 190

Battery energy storage
power capacity (kW) 46 31 35 10

Battery energy storage
energy capacity (kWh) 134 73 93 31

Diesel generator (kW) 0 0 87 97
Transmission line (kW) 80 82 0 0

SVC capacity (kvar) 0 92 0 88
Annualized comprehensive cost (USD) 66,251 55,601 71,193 57,098

There is no DC load and few PV installations in scenario d, which leads to the con-
struction of a DC microgrid without any advantage compared to an AC microgrid under
the same grid connection pattern, even though the AC microgrids need to be configured
with SVC, as shown in Figure 6. Benefiting from a lower load demand, mode 2 becomes
the optimal mode for the key reason of lower operational costs.
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5.3. Comparison between Different Carbon Trading Models

To indicate the necessity of considering carbon trading for expressway microgrid
construction modes and capacity configuration optimization, this section presents a com-
parative analysis of the following three design models based on scenario c: (a) without
considering a carbon offset mechanism and carbon trading costs; (b) only considering car-
bon trading costs; (c) considering both carbon trading costs and a carbon offset mechanism.
The planning results of the different models are shown in Table 6.

Table 6. The planning results of different carbon trading models.

Planning Result Model a Model b Model c

Construction mode Mode 3 Mode 3 Mode 1
Wind power generation (kW) 500 500 500

PV power generation (kW) 1805 1805 2254
Battery energy storage
power capacity (kW) 288 288 273

Battery energy storage
energy capacity (kWh) 1744 1744 1211

Diesel generator (kW) 300 300 0
Transmission line (kW) 0 0 346

As the main power source in an expressway microgrid, renewable energy generation
substantially reduces the level of microgrid carbon emissions. If the carbon offset mecha-
nism is not taken into account, the low cost of carbon emission trading is not enough to
incentivize the microgrid to increase the installed capacity of renewable energy and the
battery energy storage to reduce the carbon emissions of the system. When the carbon
offset mechanism is considered in the design model, the construction mode converts from
mode 3 to mode 1 as the grid-connected pattern is able to consume a large amount of renew-
able energy generation, which provides a significant benefit to the microgrid. Meanwhile,
the renewable energy and battery energy storage capacity configurations have also been
increased. It can be seen that considering a carbon offset mechanism will have a significant
impact on the planning results.

5.4. Sensitivity Analysis of the CER Trading Price

This section explores the sensitivity analysis of different CER trading prices according
to the proposed scenario c. The CER trading price changes from 10 to 30 USD/t, and the
expressway microgrid planning results are represented in Table 7.
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As shown in Table 7, when the CER trading price is lower than 20 USD/t, the lower
CER trading benefit cannot motivate the model to select a grid-connected pattern; therefore,
mode 3 is the optimal construction mode. When the trading price is higher than 20 USD/t,
the grid-connected pattern (mode 1) is able to expand the installed PV capacity and trans-
mission line capacity to increase the CER trading benefit by selling the excess PV power
generation; however, when the CER trading price is higher than 25 USD/t, an additional
configuration of the battery energy storage is needed to consume the excess PV power,
which leads to the CER trading benefit being insufficient to compensate for the additional
battery investment cost. Therefore, the optimal configuration result will no longer change
with the increase in the CER trading price. This section indicates that the CER trading price
will affect the expressway microgrid planning results. It is necessary to consider the impact
of the CER trading price uncertainty on expressway microgrid planning in future studies.

Table 7. The planning results under different CER trading price.

CER Trading Price (USD/t) 10 15 20 25 30

Construction mode Mode 3 Mode 3 Mode 1 Mode 1 Mode 1
Wind power generation (kW) 500 500 500 500 500

PV power generation (kW) 1805 1807 2254 2325 2325
Battery energy storage
power capacity (kW) 288 288 273 303 303

Battery energy storage
energy capacity (kWh) 1744 1743 1211 1211 1211

Diesel generator (kW) 300 300 0 0 0
Transmission line (kW) 0 0 346 346 346

Annualized comprehensive cost (USD) 321,414 308,226 294,699 277,997 261,217

6. Conclusions

This paper presents a design model for expressway microgrids. Considering different
ratios of renewable energy exploitable capacity and load structure, the model is designed
to decide the construction mode and component capacity size of expressway microgrids,
such as renewable energy generation, battery energy storage, converters, etc. The problem
is formulated as an MINLP, which minimizes the annualized comprehensive cost under
system and component constraints. The annualized comprehensive cost includes the
investment cost, operational cost, and carbon trading cost. Of significance, the model
considers carbon trading and a carbon offset mechanism, as well as the relationship between
the actual power and net power under different construction modes.

This paper analyzes several case studies and application scenarios to prove the validity
and practicality of the proposed model. This paper indicates that the expressway microgrid
construction mode is impacted by the renewable energy exploitable limit, grid connection
distance, and load structure. When the type of expressway microgrid is considered as
a decision variable, the annualized comprehensive cost is significantly reduced. More
importantly, the case studies show that considering carbon trading and offset mechanisms
will affect the expressway microgrid planning results. It is necessary to consider the
uncertainty of the CER trading price in future studies.
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