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ABSTRACT Interconnectivity is an important development trend of future energy revolution. A more
precise planning model is needed to enhance the interaction of multiple energy sources. In this paper, a joint
planning model of active distribution network and transportation network including electricity, gas, heat, and
traffic loads is proposed. The main highlights of this model are summarized below. Firstly, this issue puts
forward a novel mixed user equilibrium mathematical model nesting fast charging station user equilibrium
considering the charging fee, charging time, and queuing time of various charging facilities. Secondly, this
work constructs a new generation of suburban integrated energy system (SIES) model considering electricity,
biogas, gas, and heat energy, and fully explores the significant role of biogas digestors in a SIES. Thirdly,
because the proposed model is a mixed integer nonlinear problem, the piecewise linear method, big-M
method, and second-order cone relaxation are used to deal with the nonlinear constraints. Finally, a SIES
based on the IEEE 33-node distribution network and a 12-node traffic network is designed for case studies.
The results revealed that the new equilibrium will decrease vehicle charging cost strongly up to 19.58%.
Moreover, biogas digesters are conducive to new energy consumption, resulting in the proportion of power
supply from the upper-level grid falling to 30.87%.

INDEX TERMS Suburban integrated energy system (SIES), planning, user equilibrium, biogas digester.

I. NOMENCLATURE
A. ABBREVIATIONS
SIES Suburban integrated energy system
FCS-UE Fast charging station user equilibrium
ADN Active distribution network
TN Traffic network
IEH Integrated energy hub
NGN Natural gas network
PVT Photovoltaic thermal
BD Biogas digestor
B2G Biogas to gas
EB Electric boiler
FCF Fast charging facility
EV Electric vehicle
NV Normal vehicle
CV Charging vehicle

The associate editor coordinating the review of this manuscript and

approving it for publication was Xiaosong Hu .

B. SETS
� Sets of all alternative types of a device
4od Sets of available travel paths for an

O-D pair
4road Sets of roads in traffic network
2FCS Sets of fast charging stations
2IEH Sets of integrated energy hub
2Bus/2Brch Sets of buses and branches in the

active distribution network
2from

Brch/2
to
Brch Sets of the first/last nodes of feeders

[o, d] Sets of all O-D pairs

C. VARIABLES
f CF Charging vehicle flow in FCFs
uCF The actual cost of FCFs
UFCS The equivalent equalization cost of FCSs
x Construction variables
v Selected variables
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TCF/Twait/T ch arg e The actual equivalent time cost
of FCFs/queuing/charging

tCV/tNV The actual total traveling time
of CV/NV under current
circumstance

TCV/TNV The equalization cost of CVs/NVs
f road/f CV/f NV The total/CV/NV flow on traffic

roads
T in/TW/T out The internal/wall/external

temperature of biogas digestors
N Construction quantity
P̃/Q̃/h̃ Adjusted active/reactive/heat power
λc/λd Charging power/discharging power
χc/χd Charging/discharging indicator

indexes
SSOC State of charge

D. PARAMETERS
fd Traffic demands
T bio
0 The best reaction temperature of

biogas digester
C in/CW Thermal insulation parameters of

biogas digesters
Rin/RW Thermal consumption parameters of

biogas digesters
βmin/βmax The minimum/maximum curtail

percentage
P/Q/h/g Original active/reactive/heat/gas power
η Conversion efficiency
PD/QD/gD/hD Active/reactive/gas/heat demands
Rij/Xij Feeder resistance/reactance
P̄line/Q̄line Upper limit of active/reactive power

of feeder

Û/ ¯̂U Lower/upper limit of nodes voltage
Pgen/P̄gen The minimum/maximum active

power of upper-level grid
Qgen/Q̄gen The minimum/maximum reactive

power of upper-level grid
c Single equipment cost
Nmax Maximum investment amount

II. INTRODUCTION
Nowadays, great changes are taking place in energy pattern
of the world. The trend of energy diversification facilitates
all components being closely linked to maximize energy uti-
lization [1]. Against this background, integrated energy sys-
tem (IES) combining independent systems of various energy
forms has emerged [2]. IES is equipped with energy coupling
components, such as combined heat and power (CHP) and
power to gas (P2G), to manage and transform each energy
flow, which breaks the traditional barriers that different sys-
tems can only be planned independently. As a result, higher
power supply reliability, lower cost and better power quality
can be achieved [3]. Up to now, many governments and enter-
prises have put forward research projects and engineering

practices on the IES, such as ‘‘New Infrastructure’’ raised
by State Grid in China [4], the ‘‘Japan smart community
alliance’’ in Japan [5], ‘‘GRID 2030’’ in the United States [6].

In view of the benefits of IES, the research on the expansion
planning of IES has attracted more and more attention in
recent years. A new multi-energy system planning model
starting with nothing was proposed in [7]. In this model,
integrated energy hub (IEH) was regarded as a directed
acyclic graph with multiple layers which was an innovative
application of graph theory, and then planned in two steps
divided into investment and operation. In [8], deep research
applied to planning problem of coupled active distribution
network (ADN) and natural gas network (NGN) has been
done. The planning results demonstrated that it was ben-
eficial for IES to take active managements such as termi-
nal voltage adjustment, reactive power compensation and
energy storage device management. Literature [9] proposed
a two-layer multi-stage model to plan the IES coupled with
electric distributed network and NGN, whose upper layer
used the improved binary particle swarm optimization to
determine the location and capacity of target system, while
its lower layer used the internal point method to decide
the optimal operation mode in several stages. In [10], the
two-level planningmodel aiming at levelized cost took hydro-
gen energy into consideration in the IES. Besides, a recon-
struction decomposition algorithm was proposed to solve
the model. In [11], a long-tern coordinated expansion model
was designed to solve the multi-stage planning problem of
multi-energy system coupling gas, heat, and electric systems.
In addition to the traditional IES that considers electricity
and natural gas together mentioned in the above references,
biogas, as one of the important renewable energy sources with
low cost and easy production, has also attracted the attention
of scholars in this field. In [12], a planning task, containing
a biological biogas digestor model, was conducted for inde-
pendent microgrid systems in remote areas that have poor
construction of ADN. There was a research paper showing
that biogas digestor with electric-heat feedback can improve
biogas production performance and ensure that it can meet
the gas demand of users economically in a low temperature
environment [13]. Further study, [14] discussed the optimal
dispatching strategies of multiple such microgrids that allow
energy exchange through the trading market. However, there
still is no a planning model for ADNs with integrated energy
stations while considering biogas energy.

Not only IESs but also electric vehicles (EVs) have drawn
society focusing because of its environmental friendliness.
With the growth of EV ownership, the charging risks continue
to increase, which has brought challenges to the safe opera-
tion of ADN [15]. In line with this tendency, it’s essential
to considered EVs’ charging load into initial planning stage.
A planning for fast charging station (FCS) using a new graph
computing method was done in [15], but this article used
flow capture model to estimate the charging load, which leads
to ignoring the impact of charging stations’ location on the
users’ travel path. In [16], authors discussed several different

VOLUME 8, 2020 226009



C. Weng et al.: Coupled Planning of SIES With Electric-Biogas-Traffic Considering FCS Equalization

modes of charging load regulation and control, showing
that orderly charging and discharging management plays a
positive role in safe and economic operation of ADN, but
ignored the spatial transfer characteristics of EV charging
load. [17] comprehensively considered travel path, charging
opportunity and marginal price factors of EV users to pur-
sue the optimal operation state of ADN and TN. Inspired
by [17], an IES planning model innovatively coupling three
networks, i.e. ADN, TN, and NGN, at the same time were
proposed in [18]. What’s more, in the simulation of EV users’
travel behavior, the model also takes into charging waiting
time as an index, but omitted users’ selection behavior of
different types of charging facilities. The same team has other
explorations in FCS planning, that is, in [19], they proposed
a three-dimensional function linearization method of travel
time on road capacity growth, and explored the impact of road
expansion on traffic load.

To the best of our knowledge, there still remains research
gaps from the following aspects:

1) The studies on the planning of an IES coupled with IEH,
TN and ADN are still in their infancy. More than that, most of
current studies consider the NGN as main gas source to meet
users’ demands [7]–[9], which give rise to the influences of
users’ gas demand and EV charging flow on IES planning
in suburban areas or somewhere without mature NGN are
ignored.

2) Although there are relatively complete studies on the
charging rules of EVs, no relevant reports have been found to
consider the influence of internal structure of FCSs on users’
charging behaviors, thus affecting the planning results.

Based on the aforementioned discussions, a coupling plan-
ningmodel for suburban integrated energy systemwith ADN,
TN, and IEH is proposed in this paper to fill the research gap.
In ADN, the main planning items are the constructions of line
upgrading, distributed generations (DGs) and electricity stor-
ages (ESs), and at the same time, simple active managements
are carried out such as static var compensator (SVC) invest-
ment, DG curtailment and demand response (DR). In IEH,
a new model including BDs, biogas to gas (B2Gs), gas boil-
ers (GBs), electric boilers (EBs), combined heat and power
(CHPs), power to gas (P2Gs), heat storages (HSs), and gas
storages (GSs) is proposed, and it’s worth mentioning that
BD model contains thermal feedback mechanism whose gas
production superiority has been proven [13]. In TN, a novel
mixed user equilibrium based on Wardrop theory is applied
to simulate steady traffic flow, and furthermore, FCS user
equilibrium (FCS-UE) is developed to simulate the actions
of users’ selection of different fast charging facility (FCF)
types, affected by queuing time, charging time, and charging
fee mainly. Reviewing the above, it can be inferred that the
proposed model is a large mixed integer nonlinear problem
(MINLP). To obtain accurate planning results efficiently,
the piecewise linearization method (PWL), big-M method,
and second-order cones relaxation (SOCR) are utilized in
relaxing model. At last, the effectiveness and advance of the
proposed model are tested by the IEEE 33-node distributed

network, a 12-node transportation network, and three new
IEHs coupled together.

The contribution of this paper to fill the research gap can
be summarized as follows:

1) A novel mixed user equilibrium model nesting FCS-UE
is proposed. Under the background of information sharing,
this new equilibrium can simulate steady-state traffic flow
in the whole process of user travel and charging, and realize
refined planning modeling in FCSs.

2) A new IEH model containing biogas digestors and fast
charging stations is proposed. Moreover, it’s the first time
to develop a SIES planning model with electric, heat, gas,
biogas, traffic energy flow and embedded in ADN and TN.

The remain sections of this paper are organized as follow.
Section II introduces the SIES instruction. Then, the novel
mixed user equilibrium nesting fast charging station user
equilibrium and its planning expansion model are developed
in Section III. Section IV demonstrates the SIES modeling
and Section V illustrates the linear mathematical planning
model of SIES. Next, the proposed system is tested and
numerical results are analyzed in Section VI. Finally, con-
clusions are summarized in Section VII.

III. NEW GENERATION SUBURBAN INTEGRATED ENERGY
SYSTEM (SIES) ARCHITECTURE
Land resources within urban are increasingly scarce, more
and more people are migrating to the edge of city, and IEH
with a certain scale is bound to move to suburbs for reliev-
ing pressure on urban land use. Against this background,
this paper produces a new generation SIES model, which
conforms to the trend of expanding EV users and takes the
fact that there is no mature NGN coverage in suburbs into
account. As the system structure diagram shown in Fig.1,
the components of SIES are partitioned into three parts, that
are (a) IEH: renewable generation supplies (wind generators
(WGs), photovoltaic thermals (PVTs), and BDs), energy con-
version devices (B2Gs, P2Gs, CHPs, GBs, EBs, and FCFs)
and energy storage devices (ESs, GSs, and HSs), (b) energy
demand: traffic load, power load, gas load, and heat load,
(c) extra network: the ADN and the TN. It is worth mention-
ing that thanks to the continuous development of communi-
cation technology, the interaction of various energy sources
is closer and more immediate. The specific performances are:
EV users can optimize the charging plan under traffic guid-
ance measures and provide it to the SIES equipment decision;
conversely, SIES can affect the actual equilibrium of TN by
configuring different numbers and types of FCFs. ADN and
TN are connected through IEH to form an interdependent and
interact SIES.

IV. TRANSPORTATION NETWORK MODELING WITH THE
NOVEL USER EQUILIBRIUM
A. FCS USER EQUILIBRIUM
1) DEFINITION AND PLANNING EXPANSION EQUILIBRIUM
The actual operation of FCSs has a relatively large impact on
the steady-state vehicle flow distribution of the TN, especially

226010 VOLUME 8, 2020



C. Weng et al.: Coupled Planning of SIES With Electric-Biogas-Traffic Considering FCS Equalization

FIGURE 1. The structure of suburban integrated energy system proposed in this article.

on the route selection of users with charging needs. Therefore,
this paper proposes the concept of FCS user equilibrium,
and analyzes the steady-state operation of FCSs. Its specific
physical definition is as follows:
Definition: EV users arriving at a certain FCS will always

choose the appropriate FCFs according to queuing time,
charging time, charging cost, and selected equipment must
be the best choice in current state (that is, the lowest cost).
Based on this objective selection mode, in a steady state,
the cost of choosing different types of FCFs in a FCS is the
same, and any user who changes the current selection will
pay higher cost. This steady state is defined as FCS user
equilibrium (FCS-UE).

Then the mathematical expression form of FCS-UE is
given below: 

f CFk,t (u
CF
k,t − U

FCS
t ) = 0

f CFk,t ≥ 0
uCFk,t − U

FCS
t ≥ 0

k ∈ �CF,∀t

(1)

In (1), the first equation constraints users’ selection mode;
the second constraint restricts charging flow range; the third
represents the cost object request. Since this paper discusses
SIES planning problem including FCSs, the construction of
FCFs should be considered into FCS-UE. Logic variable xCFk

is introduced to imply the construction condition of each FCF
and binary variable vCFk,t is to denote users’ selections. Then,
the planning expansion equilibrium of FCS-UE is expressed
as the following disjunctive equation:

Situation 1 Situation 2 Situation 3∣∣∣∣∣∣∣∣
∀xCFk =1

vCFk,t=1 vCFk,t=0
f CFk,t >0 f CFk,t =0

uCFk,t=U
CF
t uCFk,t ≥ U

CF
t

∣∣∣∣∣∣∣∣∨
∣∣∣∣∣∣∣∣
∃xCFk =0
vCFk,t=0
f CFk,t =0
uCFk,t ∈R

∣∣∣∣∣∣∣∣∨
∣∣∣∣∣∣∣∣
∀xCFk =0
vCFk,t=0
f CFk,t =0

uCFk,t=U
CF
max

∣∣∣∣∣∣∣∣
xCFk ∈ {0, 1}, vCFk,t ∈ {0, 1}, k ∈ �CF, ∀t (2)

There are three different situations of FCS-UE changing
with the configuration of FCFs, that are all construction
(Situation 1), partial construction (Situation 2) and no con-
struction (Situation 3). In Situation 1, all types of FCFs are
requested to satisfy FCS-UE. If vCFk,t is true, f CFk,t > 0 and
uCFk,t = UCF

t are valid; otherwise, f CFk,t = 0 and uCFk,t >

UCF
t . In situation 2, some types of FCFs aren’t equipped

which don’t participate in the equilibrium. Correspondingly,
if xCFk = 0, no EV user can select this type of FCFs for
charging. And in order to avoid the influence of the special
circumstance on original equilibrium, theoretical use cost is
not restricted by the equilibrium and can be any real value.
In situation 3, no FCF is built, so there is no FCS-UE. As a
result, the balanced cost ought to be set an extremely bad

VOLUME 8, 2020 226011



C. Weng et al.: Coupled Planning of SIES With Electric-Biogas-Traffic Considering FCS Equalization

FIGURE 2. Schematic diagram of fast charging station.

valueUCF
max to eliminate impact on travel path choice of EV in

TN. But (2) is non-convex, which is not conducive to solution
of FCS-UE, so this paper uses big-M method [20] to relax,
thus yielding:

vCFk,t ≤ xCFk (3)

0 ≤ f CFk,t ≤ M ∗ vCFk,t (4)

−M ∗ (1− xCFk ) ≤ uCFk,t − U
CF
t ≤ M ∗ (1− vCFk,t ) (5)

0 ≤ UCF
max − u

CF
k,t ≤ M ∗

∑
k∈�CF

xCFk (6)

where M is a big constant. (3) implies FCF investment is a
sufficient condition for selection. (4) expresses the utility of
logic choice variables, which constrain the available range
of charging flow. (5) is the key formula of FCS-UE as well
as the accurate expression of the restricted equivalent cost
under various situations. And the equilibrium time in the
extreme case of no construction is represented by (6). After
conversion, FCS-UE expression is transformed into convex
which is useful in SIES planning.

2) TIME AND COST SPENT IN FCSs
Conventionally, EV users who want to get recharged need to
go through two steps: queuing and charging, as demonstrated
in the schematic diagram of the FCS (Fig. 2). Meanwhile,
the cost paid by users is not only economic costs (charging
fees), but also time costs (queuing time and charging time).
Therefore, the equivalent time cost function of FCSs can be
calculated as:

TCF
k,t = Twait

k,t + T
ch arg e
k + Cch arg e

k /ς = uCFk,t (7)

Twait
k,t = t0k · JC ·

f CFk,t

c̄0k − f
CF
k,t

(8)

T ch arg e
k = t0k (9)

where ς is the cost-time conversion factor. In line with [17]
and [18], this paper employs Davidson function [21] based
on queuing theory to characterize the queuing time in FCSs
as (8) shown, where, t0k is the service time, which is numer-
ically equal to T ch arg e

k,t as (9) displayed; JC is defined as the

time shape coefficient of Davidson function and c̄0k charac-
terizes the maximum service capacity of FCS road. It’s noted
that all time units in (7)-(9) are minute.

3) CHARGING FLOW
In terms of the relationship between supplies and demands,
the feasible range of charging flow is defined as:∑

k

f CFk,t,w = f CVw,t

f CFk,t,w ≥ 0

k ∈ �CF, w ∈ 2FCS (10)

B. A MIXED USER EQUILIBRIUM MODEL OF TN
NESTING FCS-UE
1) MATHEMATICAL EXPRESSION OF THE MIXED USER
EQUILIBRIUM
In actual TNs, we use whether the vehicle needs to be
charged as a criterion, and divide it into two types: charging
vehicles (CVs) and normal vehicles (NVs). Their respective
travel paths are different. The travel route chosen by the
former must be able to complete the travel tasks and need
to pass through a FCS, while the latter choose all routes
that can reach the destination. In light of such a travel law,
taking origin-destination (O-D) pairs to express travel needs,
Wardrop user principle [22] is exploited to establish mixed
user equilibrium model of TN:

CV
equilibrium


f CVod,n,t (t

CV
od,n,t − T

CV
od,t ) = 0

f CVod,n,t ≥ 0
tCVod,n,t − T

CV
od,t ≥ 0

∀[o, d], n ∈ 4CV
od ,∀t

(11)

NV
equilibrium


f NVod,n,t (t

NV
od,n,t − T

NV
od,t ) = 0

f NVod,n,t ≥ 0
tNVod,n,t − T

NV
od,t ≥ 0

∀[o, d], n ∈ 4NV
od ,∀t

(12)

Logic variables vCVod,n,t and v
NV
od,n,t are introduced to trans-

form nonlinear expression into convex expressions using
big-M method:

CV
equilibrium


0 ≤ f CVod,n,t ≤ M · vCVod,n,t
0 ≤ tCVod,n,t − T

CV
od,t ≤ M · (1− vCVod,n,t )

vCVod,n,t ∈ {0, 1}, ∀[o, d], n ∈ 4
CV
od ,∀t

(13)

NV
equilibrium


0 ≤ f NVod,n,t ≤ M · vNVod,n,t
0 ≤ tNVod,n,t − T

NV
od,t ≤ M · (1− vNVod,n,t )

vNVod,n,t ∈ {0, 1}, ∀[o, d], n ∈ 4
NV
od ,∀t

(14)

The new constraints (13)-(14) show that the travel costs of
routes are not higher than the equilibrium cost is a necessary
and sufficient condition for choosing these routes, which is in
full compliance with the physical meaning of Wardrop user
equilibrium.
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2) TRAVEL TIME AND COST
Similarly, discuss CV and NV separately.

tCVod,n,t = T Traveling
od,n,t + UFCS

w,t ∀[o, d], n ∈ 4CV
od ,

∀t, w ∈ 2FCS ∩4
CV
od (15)

tNVod,n,t = T Traveling
od,n,t ∀[o, d], n ∈ 4NV

od , ∀t (16)

T Traveling
od,n,t =

∑
r

TBPR
r,t ∀[o, d], n∈4od , r ∈n, ∀t (17)

TBPR
r,t = t0r

1+ 0.15×

(
f roadr,t

c0r

)4
 r ∈ 4road, ∀t

(18)

where, 2FCS ∩ 4
CV
od denotes the set of FCSs in CV route

and r ∈ n means r is the road section traveled by plan n.
As (15) illustrated, the total travel time of CV includes road
travel time and FCS equivalent time cost; while NV has no
charging action, so it only involves the former, according
to (16). Equation (17) is the concrete expression of users’ road
travel time, which is the cumulative travel time of each road.
In (18), Bureau of Public Road (BPR) function [23] is drawn
on to characterize road travel time.

3) MIXED TRAFFIC FLOW
For such a traffic mixed equilibrium system, it involves the
overlap of double traffic flows. The quantitative relationship
of mixed traffic flow in TN is expressed as:

f roadr,t =
∑
n

f CVn,t +
∑
n

f NVn,t r ∈ n, ∀t (19)
∑
n

f CVn,t = fdCVod,t

f CVn,t ≥ 0
∀[o, d], n ∈ 4od , ∀t

(20)
∑
n

f NVn,t = fdNVod,t

f NVn,t ≥ 0
∀[o, d], n ∈ 4od , ∀t

(21)

Equation (19) shows the superposition of two components
of steady-state traffic flow on roads, namely the flows of CV
and NV. The demand conservation equations between O-D
pairs of CV and NV in TN are defined in (20)-(21).

V. SUBURBAN INTEGRATED ENERGY SYSTEM
MODELING
A. INTEGRATED ENERGY HUB MODELING
1) BIOGAS DIGESTER
The BD is essentially a renewable source. Due to low emis-
sion and widespread distribution of biomass, it has been used
widely in the word especially in suburban areas where raw
materials are abundant. The working mechanism of BDs is
organic matters such as manure, weeds, and straw are decom-
posed by anaerobic bacteria, and a large amount of biogas is
produced during the period. Furthermore, study has shown

FIGURE 3. The heat conduction model of BD with thermal feedback
mechanism.

that inmid-temperature anaerobic decomposition process, the
biggest environmental factor affecting the efficiency is the
reaction temperature [24], that indicates too high or too low
temperature is not conducive to survival of anaerobic bacteria.
In [13], the basic regular expression of gas production and
reaction temperature of the BD is obtained by fitting data,
which is simplified as:

gbio = a
∣∣∣T in
− T bio

0

∣∣∣+ b (22)

where, a and b are fitting parameters, and a < 0. (22) is in line
with the basic trend that when reaction tank temperature is
closer to the optimal reaction temperature, biogas production
is more sufficient. Summarized by survival law of anaerobic
bacteria, T bio

0 = 35◦C.
As a place for anaerobic decomposition, BDs’ thermo-

dynamic characteristics should be focus of our attention.
Based on the thermodynamic conduction model established
in [25], in this paper, the temperature attenuation effect is
equivalent to thermal resistance, and the insulation effect is
equivalent to heat capacity. The heat conduction model of the
BDwith thermal feedbackmechanism is shown in Fig. 3. And
heat conduction equation is:

TW
t − T

in
t

Rin + RW/2
+ QHR

t = C in T
in
t − T

in
t−1

1t
(23)

T out
t − T

W
t

Rout + RW/2
+

T in
t − T

W
t

Rin + RW/2
= CW TW

t − T
W
t−1

1t
(24)

whereQHR
t represents feedback heat. In (23), the inside of the

BD is the object of heat conduction, and (24) aims at the wall.

2) WIND GENERATION

(1− βWG
max)

_

P
WG

w,t

≤ PWG
w,t ≤

_

P
WG

w,t (25)

−PWG
w,t · tan(arccos(θ

WG
max ))

≤ QWG
w,t ≤ P

WG
w,t · tan(arccos(θ

WG
max )) (26)

0 ≤
_

P
WG

w,t ≤
∑
k

NWG
w,k P̄

WG
k (27)

k ∈ �WG, w ∈ 2IEH, ∀t
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3) PHOTOVOLTAIC THERMAL

(1− βPVTmax )
_

P
PVT

w,t

≤ PPVTw,t ≤
_

P
PVT

w,t (28)

−PPVTw,t · tan(arccos(θ
PVT
max ))

≤ QPVT
w,t ≤ P

PVT
w,t · tan(arccos(θ

PVT
max )) (29)

hPVTw,t =
_

h
PVT

w,t (30)

0 ≤
_

P
PVT

w,t ≤
∑
k

NPVT
w,k P̄

PVT
k (31)

0 ≤
_

h
PVT

w,t ≤
∑
k

NPVT
w,k h̄

PVT
k (32)

k ∈ �PVT, w ∈ 2IEH, ∀t

Similar active management measures are adopted in WGs
and PVTs. Equations (25) and (28) perform wind and solar
abandonments respectively, while heat abandonment is not
considered as (30) shown. In (26) and (29), reactive power
output range is restricted in form of ultimate power factor.
(27), (31), and (32) indicate that maximum output power is
proportional to the number of WGs and PVTs installed.

4) POWER TO GAS

gP2Gw,t =
3.412ηP2G · PP2Gw,t

GHV
(33)

0 ≤ PP2Gw,t ≤
∑
k

NP2G
w,k P̄

P2G
k (34)

k ∈ �P2G, w ∈ 2IEH, ∀t

5) COMBINED HEAT AND POWER

PCHPw,t =
GHV · ηeCHP · g

CHP
w,t

3.412
(35)

hCHPw,t =
GHV · ηhCHP · g

CHP
w,t

3.412
(36)

0 ≤ gCHPw,t ≤
∑
k

NCHP
w,k ḡCHPk (37)

k ∈ �CHP, w ∈ 2IEH, ∀t

6) GAS BOILER

hGBw,t =
GHV · ηGB · gGBw,t

3.412
(38)

0 ≤ gGBw,t ≤
∑
k

NGB
w,k ḡ

GB
k (39)

k ∈ �GB, w ∈ 2IEH, ∀t

7) ELECTRIC BOILER

hEBw,t = ηEB · P
EB
w,t (40)

0 ≤ PEBw,t ≤
∑
k

NEB
w,k P̄

EB
k (41)

k ∈ �EB, w ∈ 2IEH, ∀t

8) FAST CHARGING FACILITY

0 ≤ f CFw,k,t < c̄0k (42)

PEVw,t = υTr · f
CV
w,t ≤ N

CF
w,k P̄

CF
k (43)

0 ≤ NCF
w,k ≤ M · xCFw,k (44)

k ∈ �CF, w ∈ 2IEH, ∀t

9) BIOGAS TO GAS

ggasw,t = ηB2Gg
B2G
w,t (45)

0 ≤ gB2Gw,t ≤ N
B2G
w ḡB2G (46)

w ∈ 2IEH, ∀t

Equations (33)-(46) establish energy conversion supply
modellings of IEH, where 3.412 is unit conversion coeffi-
cient (1w = 3.412 btu/h) and gross heating value satisfies
GHV = 4.0611 × 104btu/m3 normally. Notably, the flow
of CVs at each FCS is limited by the maximum capacity
of road at corresponding station in (42). And (43) indicates
charging power demands are positively related to charging
flow, where υTr is unit share. Besides, the number of FCFs is
constrained by FCS construction intention, as shown in (44).
(45) gives the conversion relationship from biogas to natural
gas, the physical basis for that is both main components are
methane.

10) ELECTRIC/GAS/HEAT STORAGE

0 ≤ λcw,t ≤ M · χc
w,t (47)

0 ≤ λdw,t ≤ M · χd
w,t (48)

χc
w,t + χ

d
w,t ≤ 1 (49)

χc
w,t ∈ {0, 1}, χd

w,t ∈ {0, 1}

0 ≤ λcw,t ≤
∑
k

NS
w,k λ̄

c
k (50)

0 ≤ λdw,t ≤
∑
k

NS
w,k λ̄

d
k (51)

0 ≤ SSOCw,t ≤
∑
k

NS
w,k S̄

S
w,t (52)∑

t

λcw,t +
∑
t

λdw,t = 0 (53)

SSw,t = SSw,t−1 + (ηcSλ
c
w,t − λ

d
w,t/η

d
S)1t

(54)

k ∈ {�ES/�GS/�HS}, w ∈ 2IEH, ∀t

The charging and discharging characteristics of energy
conversion devices are collectively expressed in (47)-(54).
Binary variables χc and χd are introduced to characteristic
the mutual exclusion of charge and discharge assisted by
big-M method, as reported in (47)-(49). Equations (50)-(51)
constrained the maximum power, then the max capacity is
limited in (52). In (53), the charge is request to be equal to
discharge during planning period ensuring the recyclability.
At last, changing law of the capacity at each moment is
described.
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11) ENERGY BALANCE CONSTRAINTS

PIESw,t + P
WG
w,t + P

PVT
w,t + P

CHP
w,t + P

Ed
w,t

= PP2Gw,t + P
EB
w,t + P

Ec
w,t + PD

e
w,t + P

EV
w,t (55)

QIES
w,t + Q

WG
w,t + Q

PVT
w,t

= QDew,t (56)

gIESw,t + g
P2G
w,t + g

gas
w,t + g

Gd
w,t

= gGBw,t + g
CHP
w,t + g

Gc
w,t + gD

g
w,t (57)

hCHPw,t + h
GB
w,t + h

EB
w,t + h

PVT
w,t + h

Hd
w,t

= QHR
w,t + h

Hc
w,t + hD

h
w,t (58)

gbiow,t = gB2Gw,t (59)

(55)-(59) demonstrate IEH energy balance of five types:
electrical active power, electrical reactive power, natural gas,
heat, and biogas. The left side of these equations is energy
input, and the right side is output. Obviously, these energy
balances need to be true at all moments. Through the con-
version of electricity-heat, electricity-gas, heat-gas, biogas-
gas, and biogas-heat, the complementary supply of electricity,
heat, and gas is well realized.

B. ACTIVE DISTRIBUTION NETWORK MODELING
the SIES proposed in this paper involves ADNwith two active
management methods including reactive power compensa-
tion and demand response. Related constraints are exhibited
separately as follow:

1) ACTIVE MANAGEMENT CONSTRAINTS

0 ≤ QSVC
j,t ≤

∑
k

NSVC
j,k Q̄SVC

j,t (60)

j ∈ 2SVC, k ∈ �SVC, ∀t

PDej,t = (1− βej,t ) · P̃D̃
e
j,t (61)

QDej,t = (1− βej,t ) · Q̃D̃
e
j,t (62)

0 ≤ βej,t ≤ β
e
max (63)

j ∈ 2Bus, ∀t

In (60), the reactive power compensation range of SVC is
stinted. And active and reactive power are curtailed with the
same ratio, modelled in (61)-(63). To add, βemax shouldn’t be
greater than 1.

2) POWER FLOW CONSTRAINTS∑
jk

Pjk,t =
∑
ij

Pij,t −
∑
ij

Îij,tRij

−PIESt,if{j∈2IES}
− PDet,if{j∈2Bus}

+ Pgent,if{j∈2gen}

(64)∑
jk

Qjk,t =
∑
ij

Qij,t −
∑
ij

Îij,tXij − QIES
t,if{j∈2IES}

−QDet,if{j∈2Bus}
+ Qgen

t,if{j∈2gen}
+ QSVC

t,if{j∈2SVC}

(65)

Ûj,t = Ûi,t − 2
(
Pij,tRij + Qij,tXij

)
+ Îij,t

(
R2
ij + X2

ij

)
(66)

Ûj,t Îjk,t = P2jk,t + Q
2
jk,t (67)

jk ∈ 2from
Brch, ij ∈ 2to

Brch, j ∈ 2Bus, ∀t

where, the square terms of current and voltage are expressed
as Îj,t and Ûj,t to facilitate the solution. Subscript if{j ∈ 2}
in (64)-(65) is valid only when the bus j belongs to the set2,
and 2from

Brch/2
to
Brch denote the first/last nodes set of feeders.

3) SECURITY CONSTRAINTS

0 ≤ Pij ≤
∑
k

χL
ij,k P̄

line
k (68)

0 ≤ Qij ≤
∑
k

χL
ij,k Q̄

line
ij (69)∑

k

χL
ij,k = 1 (70)

Û ≤ Ûj ≤
¯̂U (71)

Pgen ≤ Pgenj ≤ P̄
gen (72)

Qgen
≤ Qgen

j ≤ Q̄
gen (73)

χL
ij ∈ {0, 1}, j ∈ 2Bus, ij ∈ 2Brch

In (68)-(70), the upper power flow limit of feeders is
determined by upgrade situation, χL

k is the binary variable for
that. (71) defines voltage safety range. And upper-level grid
power supply restrictions are shown in (72)-(73).

VI. THE OPTIMAL MODELLING OF SIES AND IT’S
LINEARIZATION METHOD
A. MODEL SUMMARY
Through the analysis of the components in section III-V, this
paper proposes the optimal planning model of SIES, which
will be introduced in detail below.

1) OBJECTIVE FUNCTION
This model aims to minimize the annual comprehensive cost,
including investment costs and operating costs.

min F = a · finv + f ADNope + f
IEH
ope + f

Tr
ope (74)

a: INVESTMENT COSTS finv

finv =
∑
ϑ

∑
k∈�ϑ

cϑk N
ϑ
w,k +

∑
ij∈2Brch

∑
k∈�line

cLk χ
L
ij,k

ϑ ∈ {2SVC,2bio,2WG,2PVT,2P2G,2CHP,

2GB,2FCF,2B2G,2ES,2GS,2HS} (75)

b: THE OPERATING COSTS OF ADN f ADNope

f ADNope = f ADNenE + f
ADN
loss + f

ADN
cur_load (76)

f ADNenE =

∑
t

∑
j∈2gen

cenEPgenj,t (77)
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f ADNloss =
∑
t

∑
ij∈2Brch

closs Îij,tRij (78)

f ADNcur_load =
∑
t

∑
j∈2Bus

ccur_loadβej,t P̃D̃
e
j,t (79)

c: THE OPERATING COSTS OF IEH f IEHope

f IEHope = f cur_DGope + f DGope + f
P2G
ope + f

CHP
ope + f

GB
ope + f

EB
ope

+ f B2Gope (80)

f cur_DGope =

∑
t

∑
w∈2IEH

ccur_DGP

[(
_

P
WG

w,t − P
WG
w,t

)
+

(
_

P
PVT

w,t − P
PVT
w,t

)]
(81)

f DGope =
∑
t

∑
w∈2IEH

[
cDGP

(
PWG
w,t + P

PVT
w,t

)
+ cPVTh hPVTw,t

]
(82)

f P2Gope =
∑
t

∑
w∈2IEH

cP2GPP2Gw,t (83)

f CHPope =
∑
t

∑
w∈2IEH

cCHPgCHPw,t (84)

f GBope =
∑
t

∑
w∈2IEH

cGBgGBw,t (85)

f EBope =
∑
t

∑
w∈2IEH

cEBgEBw,t (86)

f B2Gope =
∑
t

∑
w∈2IEH

cB2GgB2Gw,t (87)

d: THE OPERATING COSTS OF TN f TNope

f TNope =
∑
t

∑
∀[o,d]

ς
(
fdCVod,tT

CV
od,t + fd

NV
od,tT

NV
od,t

)
(88)

2) CONSTRAINS
The SIES model contains investment constrains and opera-
tion constrains of the ADN, the IEH, and the TN.

a: INVESTMENT CONSTRAINS Con-inv

0 ≤
∑
k

N ζw,k ≤ N
ζ
max, ∀w ∈ 2IEH (89)

where superscript ζ represents all alternative equipment of
SIES.

b: THE CONSTRAINS OF ADN Con− ADN
{(60)-(73)}

c: THE CONSTRAINS OF IEH Con− IEH
{(22)-(59)}

d: THE CONSTRAINS OF TN Con− TN
{(3)-(10), (13)-(21)}

B. LINEARIZATION METHODS
The proposed optimal model has several non-convex con-
straints, which is not convenient to solve the optimal value.
Therefore, the linearization method of the nonlinear expres-
sion involved in this paper is introduced below.

1) MODIFIED PIECEWISE LINEARIZATION (MODIFIED PWL)
PWL is a method to analyze nonlinear system by dividing
nonlinear function into several linear segments reasonably,
whose effectiveness has been proven in [19]. In order to
express the mathematical properties of original function,
we usually take X points at equal intervals, corresponding
horizontal coordinates are xi, i = 1, 2, · · · ,X , and vertical
ones are yi = f (xi), i = 1, 2, · · · ,X . However, only partial
endpoint values are not a good representation of any value
in the feasible region. Thus, SOS2 variable sets {mi} [26] are
adopted in this paper as weight variables to approximate the
target value.

Davidson function (8) is processed using the modified
PWL, yielding:



yDavii = t0k · JC ·
xDavii

c̄0k − x
Davi
i

xDaviXDavi < c̄0k

f CFk,t =
∑
i

mDavi
i · xDavii

Twait
k,t =

∑
i

mDavi
i · yDavii∑

i

mDavi
i = 1

0 ≤ mDavi
i ≤ 1

mDavi
i ∈ SOS2, i = 1, 2, · · · ,XDavi

(90)

In (90), the first equation is utilized to calculate endpoint
value, and the third and fourth restate the original variables.
What’s more, it’s noted that since the original function is
meaningless at xDavii = c̄0k , the feasible range is slightly
tightened as the second equation shown. The others are sup-
plementary constraints on SOS2 set which are implemented
by YALMIP toolbox expediently.

Similarly, deal with (18) and (22) and then get the relax-
ation expressions following:

ybioi = a
∣∣∣xbioi − T bio

0

∣∣∣+ b
T in
=

∑
i

mbio
i · x

bio
i

gbio =
∑
i

mbio
i · y

bio
i∑

i

mbio
i = 1

0 ≤ mbio
i ≤ 1

mbio
i ∈ SOS2, i = 1, 2, · · · ,Xbio

(91)
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FIGURE 4. The topology diagram of SIES planning test case coupling ADN, TN, and IEH.



yBPRi = t0r

1+ 0.15×

(
xBPRi

c0r

)4


f roadr,t =
∑
i

mBPR
i · xBPRi

TBPR
r,t =

∑
i

mBPR
i · yBPRi∑

i

mBPR
i = 1

0 ≤ mBPR
i ≤ 1

mBPR
i ∈ SOS2, i = 1, 2, · · · ,XBPR

(92)

2) SECOND-ORDER CONE RELAXATION (SOCR) [27]
In line with [28], (67) is relaxed from the non-convex form to
the following second-order cone form:∥∥∥∥∥∥

2Pjk,t
2Qjk,t

Îjk,t − Ûj,t

∥∥∥∥∥∥
2

≤ Îjk,t + Ûj,t (93)

So far, the SIES planning model has been turned into mix-
integrated second-order cone problem (MISOCP). The final
model can be summarized as follows:

min FSIES
: (74) ∼ (88)

s.t. Con-inv’ : (89)

Con-ADN’ : (60) ∼ (66), (93), (68) ∼ (73)

Con-IEH’ : (92), (23) ∼ (59)

Con-TN’ : (3) ∼ (7), (90), (9) ∼ (10),

(13) ∼ (17), (91), (19) ∼ (21)

VII. CASE STUDY
A. BASIC PARAMETER SETTING
In this section, the IEEE 33-node distributed network [29]
and a 12-node traffic network [30] are employed to verify the
advantages of proposed model, whose topologies are shown

in Fig.4. Two originally independent networks are coupled by
three IEHs located in Buses No.5, No.11, No.33 of the ADN
and Lines 1-2, 3-7, 11-12 of the TN respectively.

More detail parameters of SIES used in this paper’s cases
are as follow:

1) Most information of ADN is consistent with the stan-
dard one except power demand, which is exaggerated to
1.5 times in line with the development tendency of soci-
ety. And considering the operating safety, the allow-
able voltage fluctuation range is 0.96-1.04. WG and
PVT power factors are set to θWG

max = θPVTmax = 0.9,
and the max curtailment percent of them is βWG

max =

βPVTmax = 50%.
2) Table 4 lists the maximum traffic demands of each O-D

pair including EV demands and NV demands. And
the basic traffic flow value is set to 20 vehicles/hour
matching the system scale. Conversion parameter from
traffic flow to charging demand is set as υTr = 0.5MW.
Time shape coefficient JC is assumed as 0.6.

3) The heat and gas demand around each IEH are summa-
rized in Table 5. What’s more, the table also displays
the charging road capacity c̄0k in each IEH.

4) All alternative equipment information in this plan-
ning is shown in Table 6-11. For summary, device
types include upgradable lines, SVCs, WGs, PVTs,
BDs, P2Gs, CHPs, GBs, EBs, ESs, GSs, HSs and
FCFs.

5) Table 12 summarizes the unit operating economic cost
of each equipment involved, which is essential to the
objective function of planning model.

6) The robust output sequences of renewable energy are
extracted from the actual historical records, which are:
DG output data, electric/gas/heat demand data from
Elia Group in 2018 [31], traffic demand in 2019 [32]
and temperature information in Beijing in 2018 [33].
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TABLE 1. The planning results of the SIES model proposed in this paper.

The representative scenarios are shown in Fig.12 and
Fig.13 which reflect the volatility of renewable gener-
ations and various loads.

All simulations are completed on a personal computer. The
mathematical modeling is programmed in MATLAB R2020a
using YALMIP toolbox [34] and solved byGUROBI 9.0 [35].

B. PLANNING RESULTS AND ANALYSIS
For the convenience of subsequent analysis, the SIES plan-
ning model proposed in this paper is defined as Case A. The
planning results calculated in 13379s are shown in Table 1,
and the investment costs are shown in Table 2. According
to the results, line upgrading mainly occurs around the main
lines of the ADN and IEHs, which are both SIES power
nodes. The DG supplies are mainly constructed in the IEH #3
with high energy demand, and the corresponding energy
conversion devices are also configured with varying degrees
of increase, not only to meet the energy demand of various
forms, but also to use energy conversion to enhance the
absorption efficiency of renewable energy. For the IEH #1
with no gas load, P2G devices are not equipped, but there is an
increase in the number of energy conversion devices used to
turn biogas into other energy forms. In addition, regardless of
whether there are gas demands around the IEHs, each energy
station chooses to build BDs, which highlights the green and
economic advantage of biogas production, further proving
that the biogas digesters play an indispensable role in the
SIES. We also note that each IEH builds the same number
of different types of FCFs, which is an intuitive expression of
FCS-UE.

TABLE 2. The investment costs of the SIES model ($104).

FCS-UE accurately represents the users’ charging behav-
ior. Fig.5 demonstrates the charging flow distribution in
IEH #2 under FCS-UE. We find that when there are few CVs
in the FCS, the vehicles always choose FCFs with the least
comprehensive charging cost and charging time. This often
happens at midnight and early morning, such as during the
period in Fig. 5 where the queuing time is at an extremely low
level; and when charging flow is heavy, EV users are shunted
to another type of FCFs for charging, but the number of users
who choose the FCFs with high fixed cost is always less than
low. According to the analysis above, it’s predictable that the
queuing time surges if CV users always choose single type
of FCF. Thus, two cases are designed to verify the utility of
FCS-UE and mixed user equalization proposed in this paper.
Case B: No traffic information for charging flow at FCSs.

All CV users choose the FCFs with lower fixed cost because
of self-interest.
Case C:No road congestion information is available to EV

users. All EV users select the shortest route to travel without
changing their travel plans due to road congestion.

Comparing the results of Cases A, B, and C shown
in Table 3 and Fig.6, conclusions are summarized below:

1) The total cost is greatly reduced under the FCS-UE pat-
tern, especially for CV users. Fig. 6 demonstrates FCSs
equivalent time cost of each IEH. The costs of Case A
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TABLE 3. The planning results of FCSs in three comparative cases.

FIGURE 5. The charging flow distribution in IEH #2 under FCS-UE.

are significantly less than without and controlled below
50 minutes in all scenarios. Especially in the peak
period of charging flow, such as 16:00 every day,
the cost spike is most obviously reduced. Compared
with ignoring CV charging guidance in FCSs (Case B),
the maximum decrease is 15.98%; and with no EV
traffic guidance in TN (Case C), 19.58% is the biggest
drop. More intuitively, the total cost of CV is decreased
by 4.67% compared by Case C. In addition, with the
current proportion of CV, FCS-UE has little effect on
NV analyzed by the similar cost of NV traveling.

2) Considering FCS-UE only increases the investment of
FCFs slightly. FCSs average utilization rate is defined

as
[∑
w

∑
t
(PEVw,t/

∑
k
NCF
w,k P̄

CF
k )
]
/3, and the results are

43.93% in Case A, 44.72% in Case B, and 44.70% in
Case C. It can be concluded that diversion behavior
under FCS-UE reduces average utilization of FCSs
slightly, but these measures increase the diversity of
users’ choices.

Next, analyze the coupling relationship of various energies
in IEHs of the SIES. Taking the planning and operation
results under Case A as a reference, the transmission of each
energy flow in IEH#2 is shown in Fig. 7, where the upper
part of the abscissa axis is energy production, and the lower
part is energy consumption. Comprehensive analysis of the
conversion of three different energy forms (electricity, heat,
and gas), the conclusions are as follows:

1) The outputs of BD and WG have good seasonal
complementary characteristics. Due to the low wind
resources in summer, WG outputs are at a low level
throughout the year (orange color blocks in subgraph
(a) of Fig. 7), while higher temperatures in summer
are more suitable for fermentation of biogas digesters
(yellow color blocks in subgraph (c) of Fig. 7). The
situation is reversed in winter. At this time, wind
resources are abundant, which just makes up for the
energy gap caused by insufficient gas production due to
low temperature. As a result of this complementarity,
the direction of energy conversion varies in different
seasons. In summer, gas energy is supplemented by
electricity through the cogeneration device; in winter,
electricity is mainly supplied to the gas load through

FIGURE 6. The FCSs equivalent time cost of each IEH.
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FIGURE 7. The optimal operation strategies for each energy flow in IEH#2.

P2Gs. In addition, the source of heat load supply also
changes with the seasons, that is, from air to heat in
summer using CHPs mainly, and from electricity to gas
and then converted into heat in winter with P2Gs and
GBs mainly.

2) The BD with heat feedback provides a new absorption
channel for renewable energy. Its utility is most obvi-
ous in winter when WGs have high output. Surplus
electricity is converted into gas through P2Gs, and
then converted into heat energy through GBs to supply

heat load, and the remainder is fed back to BDs to
increase the fermentation temperature, thereby assist-
ing gas production. On the other hand, SIES is 100%
powered by renewable energy from 4:00 to 24:00 in
winter, which shows that the system proposed in this
paper can adapt to the access of high proportion of
renewable energy.

In view of the above analysis, it’s predicted that BDs with
thermal feedback play an important role in the SIES. The
working conditions of the BD are shown in Fig. 8, which
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FIGURE 8. The working conditions of BD in different seasons.

FIGURE 9. The working conditions of BD in Case A and D.

shows that the thermal feedback can effectively maintain the
temperature insides at a certain level even in low tempera-
ture conditions (winter especially). And then, two cases are

TABLE 4. The information of traffic demand (in p.u.).

designed to further explore the important role of the BD
model applied in this paper.
Case D: SIES planning choose the BD without thermal

feedback mechanism, that is, only the room temperature
determines the temperature of BD insides.
Case E: BD isn’t the optional devices for SIES planning.

SIES relies on the upper-level grid, WG, and PVT for energy
supply.

Fig. 9 shows the output of BDs with and without thermal
feedback. The results once again show that the feedback
improves the gas supply capacity of traditional BDs, which
is beneficial to suburbs with immature NGNs. In order to
fully reflect well absorption capacity of BDs in this paper,
Fig. 10 compares the consumption ofWG and PVT of IEH #3

FIGURE 10. The curtailment strategy of Case A, Case D, and Case E.
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TABLE 5. The information of IEH demand.

FIGURE 11. The Energy supply ratio of upper-level grid.

FIGURE 12. Wind power, solar power and temperature outsides in
seasonal representative days.

in Cases A/D/E. It can be intuitively concluded that the model
in this paper (the result shown in subgraph (a)) is good for
the consumption of new energy devices, and only a few
cases have the phenomenon of wind and light abandoning
with less reduction, such as winter during the day; while
no thermal feedback mechanism or ignoring BD investment
greatly increases the reduction of renewable energy, espe-
cially in winter. The followings are quantitative analyses.
According to statistics, the average reduction of WG for
Cases A/D/E is 1.47%/8.1%/18.46% respectively, and those
of PVT is 1.34%/4.14%/8.72%. Energy supply ratio of the
upper-level grid is calculated by

∑
Pgent /

∑
PDe

t , whose
results are shown in Fig. 11. It’s found that BD with thermal
feedback reduces the dependence of SIES on the upper-level
grid by 5.8% and 15.89% compared with Case D and
Case E.

VIII. CONCLUSION
This article proposes a planning model for suburban inte-
grated energy system. In this model, a new IEH that adapts

FIGURE 13. Electrical, heat, gas and traffic demand factors in seasonal
representative days.

TABLE 6. The parameters of available power feeders.

TABLE 7. The parameters of available SVCs, WGs and PVTs.

to the weak current situation of suburban NGN and couples
FCSs is developed. And a newmixed user equilibrium nesting
FCS-UE is put forward to describe EV traveling behaviors.
From the analysis of the simulation results, conclusions can
be drawn as follows:

1) EV traveling behavior in linewith new user equilibrium
nesting FCS-UE decreases the cost greatly. In order
to prove the superiority of the new equilibrium, two
control groups are set, that is no CV charging guidance
and no EV traffic guidance. The case studies show the
maximum equivalent time reduction is up to 15.98%
and 19.58%, respectively. What’s more, CV users’ cost
is reduced under the FCS-UE mode proposed in this
paper meanwhile considering the diversity of FCFs
configurations.

2) BD with heat feedback has good renewable energy
absorption capability. The outputs of BDs and WGs
have seasonal complementary characteristics. Under
this circumstance, the transfer of electricity-gas load
between different seasons is realized by energy
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TABLE 8. The parameters of available P2Gs, CHPs, GBs and EBs.

TABLE 9. The parameters of available energy storage devices including ESs, GSs and HSs.

TABLE 10. The parameters of available BD.

TABLE 11. The parameters of available FCFs.

TABLE 12. Unit operating economic cost of equipment involved.

conversion devices. In addition, the thermal feedback
mechanism can not only increase the annual biogas
production of traditional BDs, but also provide a new
channel for renewable energy consumption. Cases dis-
play that the annual abandonment of WG under this
mechanism is only 1.47%, and of PVT is 1.34%merely.
Furthermore, given that SIES has superior consumption
ability, it’s capable for SIES to operate under a high
proportion of renewable energy access, and even the
highest energy supply ratio can reach 100%.

However, the scope of this article is limited to the suburbs
where the NGN is weak.With the continuous improvement of
suburban supporting facilities, the NGN is bound to mature.
Based on this trend, the study on expansion planning of SIES

coupling ADN, TN, NGN, and suburban IEH is the next
research direction of our team.

APPENDIX
See Figures 12 and 13, Tables 4–12.
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