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ABSTRACT In the researching background of integrated energy system, a single electricity-gas-heating
system (EGHS) can be regarded as an active producer. In order to solve the joint optimization of integrated
energy systems under the condition of incomplete information, this paper proposes a distributed optimal
scheduling framework of EGHS. First, establish a coupling model of the interconnected EGHS, and perform
strict second-order cone convexity of the complex natural gas flow model. Next, use the bus splitting
method to realize the decoupling between different regions of the interconnected system, and employ the
alternating direction multiplier method (ADMM) to solve the model. Then, construct two-region energy sys-
tem (78-node grid 4+ 40-node gas grid 4+ 40-node heat grid) and three-region energy system (117-node grid
+ 60 node gas grid + 60-node heat grid) as simulation examples to verify the effectiveness of the distributed
optimization framework. In the end, the algorithm solution process, the effectiveness of scheduling results,
and the comparison of optimization results under different interconnection methods are analyzed in detail.

INDEX TERMS Electricity-gas-heating system, alternating direction method of multiplies, distributed

optimal scheduling, second-order cone programming.

I. INTRODUCTION

With the further advancement of the reform of energy
industrialization, the energy internet has received increasing
attention and researches [1]-[4]. As an important physical
carrier of the energy internet, the integrated energy system
is considered to be the main form of energy for the future
society [S]-[7].

The continuous development of gas-fired power gen-
eration, power-to-gas (P2G) technology and combined
heat-power (CHP) technology has transformed the con-
struction of the integrated electricity-gas-heat energy sys-
tem (EGHS) from theory to reality [8], [9]. At present,
most researches on the optimal dispatch of integrated energy
systems focus on internally regional optimization, that is,
the coordination and complementation of electric energy,
natural gas energy and thermal energy in a single zone
[10]-[13]. Reference [10] proposes an improved sequential
energy flow analysis method to solve the optimal energy
flow of electrical interconnection system. Reference [11]
studies the role of hourly economic demand response in

The associate editor coordinating the review of this manuscript and

approving it for publication was Huai-zhi Wang

VOLUME 8, 2020

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

the optimization of the stochastic day-ahead scheduling of
electric power systems with natural gas transmission con-
straints. Reference [12] proposes a nonlinear optimal model
of wind power accommodation for an electricity-heat-gas
integrated microgrid with P2G, taking the minimum operat-
ing cost, the minimum wind curtailment, and the minimum
comprehensive cost as objectives. Reference [13] studied
the optimization of low-carbon operation of EGHS. The
above studies all focus on the optimization of the single-
zone integrated energy system inside the region, but the
research on the collaborative optimization of the intercon-
nected integrated energy system, especially the multi-region
EGHS collaborative optimization, is still in scarcity, and
many studies have not considered the topology of the ther-
mal network, but only involve the type of thermal load
[14]. As the heating area continues to expand and the
heat demand continues to increase, in china, the National
Energy Administration vigorously promotes the construction
of “combined heat and power” projects, so it is necessary to
accurately model the heat network in the integrated energy
system [15].

In reality, the cross-regional interconnection of multiple
integrated energy systems has become a typical feature of
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the modern energy internet. The interconnected integrated
energy system can be divided into multiple sub-regions based
on geographic location, energy supplier attribution etc. Then
through the inter-regional resource transmission, sub-regions
can achieve further integration and optimization of resources
[16]. In addition, in the interconnected EGHS, each EGHS
can be regarded as an active prosumer, and the optimal
scheduling can be achieved by obtaining or outputting energy
from other EGHS. Therefore, it is necessary to study the
collaborative optimization of multi-region integrated energy
system.

In addition, the above studies mostly use centralized solu-
tions, which assume that there is an upper control center
that can transparently collect data information and process it
centrally. It is foreseeable that as the integrated energy system
continues to develop, the feasibility of this assumption will be
challenged. On one hand, as the scale of the integrated energy
system continues to expand, the information managed by
the control center multiplies, challenging the computing and
communication capabilities of the control center [17], [18];
on the other hand, as the number of energy suppliers contin-
ues to increase, each regional subsystem may choose its own
energy supplier to optimize within the zone to form a single-
zone decision-making body, and refuses to disclose its own
operational information for privacy protection. Therefore,
the optimal scheduling framework of the integrated energy
system should change from a centralized framework to a
distributed framework.

As a weakly-centralized computing technology, distributed
computing can effectively solve the problem of information
privacy. Distributed computing methods mainly include the
principle method of auxiliary problems [19], [20], alternating
direction method of multiplies algorithm [20]-[23], Benders
decomposition algorithm [24], [25], etc. The ADMM algo-
rithm is an important method for solving separable convex
optimization problems. It has the advantages of wide adapt-
ability and fast convergence speed, which is more in line
with the requirements of distributed computing in integrated
energy systems.

Therefore, the research focus of this paper is to construct
interconnected EGHS distributed scheduling framework.
First, a single-zone EGHS is used as the basic decision-
making body, and the interconnected EGHS optimal schedul-
ing model is established with the optimization goal of a
minimum energy supply cost. Then, use the diagram of bus
splitting method to realize the decoupling between regions of
the multi-region interconnection system, and the topological
decoupling of the inter-region heating network is realized
for the first time. Finally, penalty convexity concave process
(PCCP) is used to convexize the non-convex sources in the
natural gas dynamic model, and ADMM is used to solve
the model to obtain an accurate solution of the convergence,
and the improvement strategy of PCCP initial point value
is put forward. By solving the two-region interconnected
EGHS system and three-region interconnected EGHS system
models under different interconnection methods, the accuracy
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FIGURE 1. Structure of electricity-gas-heating system.

of the proposed model and the effectiveness of the distributed
optimization framework are verified.

The remaining of this paper is organized as follows.
Section II establishes the single-zone EGHS day-ahead
scheduling model. Section III introduces interval decoupling
mechanism for interconnected EGHS. Case studies are car-
ried out in Section IV. Finally, Section V briefly summarizes
the paper.

Il. SINGLE-ZONE EGHS DAY-AHEAD SCHEDULING MODE
A. ELECTRIC- GAS- HEATING INTEGRATED

ENERGY SYSTEM

The electric-gas-heating energy system studied in this paper
is composed of electric power network, natural gas network
and thermal power network. The gas network can convert
natural gas to heat energy and electric energy through CHP
equipment, and the gas network can convert natural gas to
electric energy through gas turbine. The coupling between the
systems is shown in Figure 1.

B. POWER NETWORK MODEL
In this paper, the DC power flow model is used to model the
power network constraints:

AGPg,: — Pp,; — ApogPp2G,: — AcupPcup,: — BO; =0
|61, — 60|
Xy
01‘1’1111 < 0[ < amax
Gr <Pc: < PG

<PV € QN

max

0< PPZG,t < szc,),
0 < Ppygr < PG

ag < Pgy —Pgi—1 < ay
0 < Pcupy

9stlack =0

ey

QEN is the set of grid nodes; Ag, Apag, Acup are node-unit
correlation matrix, node-P2G correlation matrix and node-
CHP correlation matrix; Pp ; is node load matrix; B is virtual
part of node admittance matrix; 6@, is node voltage phase
vector; P??Jg’ xjj are the maximum transmission power and
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reactance of direct ij; Pg,; is the active power output vector
of unit; PpyG ; is the active power vector of P2G unit; Pcyp s is
the active power input vector of CHP unit; aq4, a, are the upper
and lower bound vector of unit climbing rate constraints
respectively; 0]} , is the phase angle of equilibrium node.

C. NATURAL GAS NETWORK MODEL

In order to accurately model the natural gas network, this
paper describes the dynamic characteristics of the natural gas
network using the gas flow partial differential equation of
natural gas pipelines:

(Pr) = (o)

() =0 @

Axjj
L2
o () )
Ta 2 (i) =0 ®
where b;] e l] .. are the gas pressure and gas flow at the time

of ij of pipe x, M|, M» are the pipe transfer constants. In
reference [27], the Euler finite difference method is used
to transform the partial differential equation (3), which is
difficult to be solved directly into an algebraic equation. The
pipe ij is divided into N segments, and the length of each
segment Ax;; = [;;/N, the equation is expressed as follows:

bfj, b _1 f;;,d+1 _f;f/t',d

4 4+ M;
At Ax;j

(bf, d+1>2 (bu d)2

Axjj
where At is the time step, generally takes 15 min, Ax;; is the
space step.

There is a delay effect in the transmission of natural gas in
the pipeline, and some natural gas is retained in the pipeline,
which is called “pipe storage”. After completing a schedul-
ing period, the storage should meet the pipe storage con-
straint. In addition, the natural gas network should also meet
the constraints of pressure station, node pressure constraints,
gas source constraints, gas tank constraints and node flow
balance constraints, as follows:
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where Qgp is a collection of natural gas pipelines; b, bfj 0

are the air pressure before and after the pressurization station
respectively; k" k% are the lower and upper limits of the
pressurization station respectively; f/ is the pipeline flow,
4% is the upper limit of the pipeline flow; Qg, Qgp are
gas source set and natural gas node set respectively; b’ is gas
pressure at node i at time 7; f; j; is gas source j at time 7;
Qs is gas storage tank set; QS nt le,l:ti,t is the natural gas
input and output of gas storage tank n at time respectively;
uim ot are the gas charging and discharging efficiency of
gas storage tank n at time ¢ respectively; S, is the gas
storage tank n rated capacity; By, Bpog, Bs, Bcup, Bor, Ag
are the correlation matrix of node and gas source, node and
P2g, node and gas storage tank, node and CHP, node and gas
unit and node and pipeline; fg ¢, fp2G,¢» fcHP¢» fGT ¢ fD,¢ are
gas source output vector, P2G gas injection vector, CHP gas
injection vector, gas flow injection vector and gas load vector.

D. HEATING NETWORK MODEL

In this paper, with the water flow as the heat medium, the
dynamic model of hot water pipe network is constructed
to describe the model of heating network accurately. The
dynamic characteristics of heat-supply network are mainly
reflected in the transmission delay and temperature loss of hot
water. In the heat-supply network model constructed in this
paper, the water flow is regarded as constant, and the dynamic
characteristics of the heat-supply network are described as
follows:

8Tlf,t )lg,t aTlf,t 2k
+ 2
dt TowR; 0x CywPwRY

where T}’ ,, M , are the water temperature and water flow at
the distance x from the pipe mouth of the k pipeline at the time
t; ni is the heat loss factor; C,, is the specific heat capacity
of the water; p,, is the density of the water; Ry, is the radius
of the pipe; T}’ , is the external environment temperature of
k pipeline at the time 7.

From formula (11) the following can be obtained:

- 2 Aty
Tthan = Ti + (Tllr,lz - Tkw,/t) exp <_c,o—Rk ®)
wHMzw
where T,in T,?“; 47, are the inflow temperature and outflow
temperature of the k pipeline at the time ¢, 7 is the time that
the water flows through the k pipeline.

If the water flow is treated as a constant, the following can
be obtained:

(T8, —T) =0 ()

npwlikR;
Aty = —= 9
k M, 9
where 7 is the length of the k pipeline; My, is the water flow

of the k pipeline.
The electricity and heat output of CHP unit can be
expressed as follows:

PP = kPP (10)
HP = eME™ (T3, - TF ) (11)
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where Tf hp is the electric heat ratio of the unit, the general
working mode of CHP is to set the electricity based on the
heat, taking KCChp is 0.8; Hf}}p is the unit heat output; MCChp is
the water flow; 777, is the water supply temperature; c is the
specific heat of water.

In addition, the heating network should also meet the
heat transfer station constraints, node water temperature con-
straints, water temperature upper and lower limits constraints,
as follows:

H)S =M™ (Ty, = T,

Z (CWMELPGT[?}?> B CmeiX,g Z M,f,ife
bEQpipe,out,g ) beQpipe,out,g
Thix,g = T];flt be Qpipe,in,g
o g < 7o
Tgmm g T;l;t < T;nax

(12)

where H, }2“? is the heat load of the heat exchange station;
Qpipe,out,g» pipe,in,g are the pipe sets with node g as outflow
point and inflow point respectively; Tp;x, ¢ is the mixed tem-
perature of node g; Tgma", Tgmin are the upper and lower limit
of the water temperature at node g respectively.

E. COUPLING CONSTRAINT

The power network and the natural gas network are coupled
through the gas turbine P2G unit, which must satisfy the
following constraints:

foris = h.iPgr iy +hiPGr.ic +hoi i€ Qer (13)
fp2Gjr = hpaG,iPp2G ] € S2p2G (14)

where QgT, Qp2g are gas turbine unit and P2G set respec-
tively; Pgt.is, foT,ir are the gas turbine active power and
corresponding natural gas consumption at the time ¢ respec-
tively; PpaG,i s, fr2G,ir are the P2G unit active power and
corresponding natural gas conversion quantity at the time ¢
respectively; hy i, h1 i, ho.i, hpag,i are the coefficients.

The natural gas network is coupled with the thermal net-
work through the CHP device, and the power network is
coupled simultaneously. The CHP mode of operation is ‘“‘heat
to power”’, meeting the constraints:

Pcup,c,; = Kcup,cHcup,c,r € € Q2cHp (15)
(Pcup,c,r + HcHp,c,r)
ncupHgv

fenp,er = ¢ € Qcup (16)
where Qcpp is a set of CHP; Hcup,cr, Pchp,c; are CHP
conversion heat power and electric power; Kcpp,. is the
electric heat ratio of CHP unit; fcup, ¢, is CHP unit natural gas
consumption; ncyp is CHP unit conversion efficiency; Hgy
is natural gas heat value, taken as 39KJ/m3.

F. OPTIMIZATION OBJECTIVE
Single zone EGHS day-ahead scheduling model aims to min-
imize the cost of system operation, that is, to minimize the
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cost of system power supply by optimizing scheduling:

f= Z Z (ai (PG,i,t)2 + biPg,i + Ci) + Z Eifo 1

teT \ieQg JES,
t
+ Z 8k (Pw ke, max — Pw,ir) + Z Cs,n, Q8¢
keQw nefls
+ D ChmiHim (a7
me2y

where T is the dispatch period; Qg is the set of coal-fired
units; €2, is the set of gas sources; Qw is the set of wind
turbines; Qg is the set of gas tanks; €2} is the set of heat
sources; Pg ;; is the contribution of the set of coal-fired
units i at time ?; a;, b;, ¢; are the set cost coefficient; f; ;
is the gas output of j at time #; &; is the gas purchase cost
coefficient; Pw k max 1S the upper limit of the output of the
wind turbine; Pw ;; is the output of the wind turbine at
time ¢; &k is the penalty coefficient of discarding the wind;
TS‘";‘ , 1s the gas output of gas storage tank n at time 7; Cs ¢
is the cost coefficient of the gas tank; Hy ,,, is the heat
source m contribution at time ¢, Ch,,; is the purchase cost
of heat.

Il. INTERVAL DECOUPLING OF INTERCONNECTED EGHS
On the physical level, the adjacent single zones EGHS are
coupled through tie lines and tie pipes. In the energy flow
layer, the electric energy, gas energy and thermal energy
of each region are interacted through the power connection
line, natural gas connection pipeline and hot water pipeline
respectively. In the distributed scheduling framework of inter-
connected EGHS proposed in this paper, the single zone
EGHS is taken as the basic decision-making body. Each
decision-making main body carries on the unified dispatch
of the electricity, the gas, the heat energy in the area under its
jurisdiction. Therefore, the decoupling proposed in this chap-
ter is aimed at interval decoupling. In the existing research,
the decoupling of interconnected EGHS generally selects the
voltage phase angle and line power as the coupling boundary
variables in interconnected power network, the gas flow of
pipelines as the coupling boundary variables in intercon-
nected natural gas network, and the temperature of pipeline
flow as the coupling boundary variables in interconnected
heat network. Use the bus-bar splitting method to decou-
ple the interconnected interconnected EGHS, illustrated with
figure 2 as an example.

A. DECOUPLING OF INTERCONNECTED

POWER NETWORK

As shown in figure 2, the cross-region power line c-d is
disconnected from the midpoint, and two grid nodes a4 and
b. are added respectively in the A and B regions. If the
node voltage phase angle and active power are chosen as the
boundary variables, then the value of boundary variables at
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FIGURE 2. Diagram of bus splitting method.

ag and b, should be the same, which satisfies the following
constraint:

0u; = XE1AB
0. = XE1AB
Pcad = XE2AB
Pp.d = XE2AB

(18)

where Xg1AB, Xg2AB are the voltage phase angle and active
power of the boundary coordination variable respectively,
which are used to coordinate the boundary variables of the
two regions. 0,,, 9y, are the voltage phase angles of node ay
and b respectively; P4, Pp.q are the line power of c-a; and
b.-d respectively.

B. DECOUPLING OF INTERCONNECTED

NATURAL GAS NETWORK

Similarly, the e-f midpoint of the trans-regional gas connec-
tion pipeline is disconnected, and two gas network node ar
and b, are added respectively in the A and B regions. If the gas
flow rate is chosen as the boundary variable, then the values
of the boundary variables at the as and b, points should be
the same, satisfying the following constraint:

feas = XGAB

(19)
Jo.r = XcaB

where Xgap is the boundary coordinating variable of the
natural gas flow; feq; , fb,r are the natural gas flow of pipeline
e-ay and b,-f respectively.

C. DECOUPLING OF INTERCONNECTED HEAT NETWORK
Similarly, the g-h midpoint of the cross-district heat pipeline
is disconnected, and ah and bg nodes are added in the A and
B regions respectively. Select the temperature of the pipeline
water flow as the boundary variable:

To; = XuaB 20)
Ty, = XHaB

where XyaB, XHAB 1S the boundary coordinating variable
of the water flow temperature; Ta_f, Ty, are the node flow
temperature of ay and b, respectively.
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Through the proposed method, decoupling of intercon-
nected zones of different sizes can be achieved.

IV. ALGORITHM FOR SOLVING INTERCONNECTED

EGHS MODEL

The ADMM can be used to solve the model after the inter-
val decoupling of interconnected EGHS is finished, but the
ADMM algorithm is essentially a deformation of augmented
Joseph-Louis Lagrange method, whose convergence can be
guaranteed only when the original problem is convex. In the
gas network model constructed in this paper, the expressions
(5) and (13) are non-convex constraints, and the ADMM
solution can’t guarantee the convergence, so it is necessary
to convexize the model.

A. PCCP ALGORITHM
PCCP is a kind of penalty concave-convex algorithm.
Formula (13) can be directly transformed into the second-
order cone form of formula (21). Since the optimization
objective of the scheduling model constructed in this paper
is to minimize the energy supply cost of the system, and the
unnecessary consumption of natural gas will inevitably lead
to the increase of the energy supply cost of the system, the
transformation is reasonable and effective:

forir > hz,iPéT”,-,t + h1,iPcr, ir + hoii € Qcr (21)

For formula (5), first complete the following equivalent
transformation:

(bﬁj,dﬂ)z + Ax;Mo (f,-},d>2 = (bﬁj,d>2 <0 (22)

- (bf:/,dH)Z — AxMy (ﬁf@)z + (bij,d>2 <0 (23

After the above transformation, formula (22) is convex
constrained and (23) is still nonconvex. The convex relax-
ation of formula (23) is performed by using the sequential
second-order cone programming method presented in the
reference [27]. If the quadratic term is linearly expanded
by the first order Taylor series, then expression (23) can be
approximated as follows:

2 2
t t,(k—=1), ¢ t,(k—1)
(bij,d) - |:2bij,d+1 bij a1 — (bij,d+1 ) }
2
(k=1 (k=1
— AxyM, [2 T~ (Jgj’.,; >) ] <8, @9

t,(k—=1) ,t,(k—1) . .
i.d+1 +Jia  arethe air pressure and air flow at the

where b i,
position d + 1 of the tube at time ¢ after the k-1th iteration;
8,’] 4 1s a relaxation variable with a value greater than or
equal to 0.

This relaxation will bring a certain relaxation gap, so a
penalty convex-concave process is introduced to make the
relaxation gap shrink by penalty function. Add the relaxation

variable to the optimization objective function:

WO =f4+pON N N o4 (25)

1€T (i,))€Qpipe d€R

93313



IEEE Access

H. Zhu et al.: Distributed Optimal Dispatching of Interconnected EGHS

where W) is the objective function value with penalty func-
tion obtained by the kth optimization; p®) is the penalty
factor of the outer PCCP for the kth iteration; 2, is the set
of relaxation variables.

In each iteration, the existence of penalty term will make
the relaxation gap shrink until the convergence condition
is satisfied. The convergence conditions of the PCCP algo-
rithm are:

(26)

‘Wac) _ W(k—l)‘ el ‘Wa«—l)’
max(8)e;

where 1 and &; are convergence admissibility; § is the relax-
ation matrix.

If the convergence condition is not satisfied, the penalty
factor is updated as follows:

p*+D = min (VC p®) pmax> 27)
where p™* is the maximum of penalty factor and v, is the
dynamic adjustment factor.

The sequential second-order cone algorithm is essentially a
heuristic algorithm, and the selection of the initial point has an
important effect on the performance of the algorithm. In this
paper, we propose a new strategy to improve the initial point,
which is different from the conventional method of selecting
zero point as the initial point. For the first iteration, we ignore
formula (24) and construct the second-order cone program-
ming (SOCP) model in order to find out the excellent initial
point. After each iteration of ADMM, the output value of gas
turbine and P2G is directly selected as the initial iteration
point of the next iteration, which can ensure the speed and
quality of the solution. At the same time, the penalty factor
dynamic adjustment parameter v, is an open parameter, and
the value of v, is directly related to the speed of PCCP.

B. ADMM ALGORITHM

The ADMM algorithm can be applied to solve the intercon-
nected EGHS after interval decoupling and model convexiza-
tion. The core idea of ADMM algorithm is to add the coupling
constraints (18), (20) and (21) into the objective function of
each sub-problem by Joseph-Louis Lagrange relaxation. In
the case of figure 2, the objective function in region A can be
expressed as follows:

Be

2
BE

+1E248 (Poed = Peag) + = (Phed = Peay)’

min Wy + AE1AB G, — ay) + = O, — Oay)?

FAGAB(foof — fear) + ﬂTG(fhgf — fear )
B
2
where AE1AB, ME2AB, AGaB and Agap are Lagrange multi-
plier; Bg1, Be2, Bg and By are penalty parameters.

Each sub-system realizes distributed optimization of
interconnected EGHS by updating Lagrange multipliers.

+anaB (T, — Ta,) + = (Tp, — Tay)* (28)
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The Lagrange multipliers are updated as follows:

k+1 k k k
AEiaB = Mias + BE (Gad - 9}7(.>

29)
k+1 k k k (
Moas = Mioap T BE (P ag — P bc)
k k
3 = %np + B6 (for — ) (30)
k k
Misp = Hian + Bt (T, = T, ) (1)

where the superscript k represents the kth iteration

From the above formula, it can be seen that the traffic
between each sub-region is small, and the information privacy
of each sub-region can be greatly protected. At the same
time, when the difference between boundary variables in each
region is close to 0, the coupling constraint is established, and
the result is close to the optimal solution. The convergence of
ADMM algorithm is determined as follows:

k k k
€g) = max |0, — 6,
k k k
€gp = Max Pad — Pbc
k k k
ek = max Vbef - 32)
k k k
£ = max ‘Tbg -7,
ek = max {sél s E}lfzz, Sé, slk{}
k+1 k
(1 < gy Cal_—Can ) (33)

k
Call

where el’fn, 811232, 8/& and sIk{ are the absolute values of the
maximum difference between the boundary variables of each
subsystem in the kth iteration; ¥ is the maximum value of
8{51, 8]]%2, sé and 8]’;; Cé‘” is the total objective value of the
overall multi-zone system for the kth iteration; a and b are
the convergence parameters.

When the absolute value of the maximum difference
between two adjacent boundary variables is less than the set
value, and the change rate of the objective function value is
less than the set value, the algorithm is considered as conver-
gent. The flow chart of the algorithm is shown in Appendix
Figure 8.

V. CASE STUDIES
In this paper, two regions and three regions are used as
simulation examples respectively to verify the validity of
the proposed distributed optimal scheduling framework for
interconnected EGHS. The simulation program is written
by Matlab2018a and Gams, and runs on a PC with Intel
E5-2670 V3 CPU, 2.3 Ghz frequency and 64 GB memory.
In this chapter, the process of algorithm solution, the validity
of scheduling results and the comparison of optimization
results under different interconnection modes are analyzed
in detail.

The key parameters of PCCP and ADMM are given in
Table 1. The parameters of the simulation system are shown
in tables 5 and 6 of the appendix. The node coupling and the
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TABLE 1. Key parameters of the two algorithms.

PCCP ADMM

&1 & P Po Pu a b

0.001 0.01 09 09 09 0.0 0.001

energy supply price in each region of the example are shown
in table 7 of the appendix.

A. CASE OF TWO-ZONE INTERCONNECTED EGHS
Two-zone interconnected EGHS is made up of two single-
zone systems with the same topological structure. The single-
zone system topology diagram is shown in figure 3.

Table 2 presents the results and computing time of the
centralized solution method, the convex distributed algorithm
and the independently operation of two zones. The analysis
of Table 2 data shows that:

1) Among the three groups of operation results, the econ-
omy of the system is the worst when the system is run in
isolation. Because the energy interaction between the two
regions is 0 when running in isolation, it is impossible to
coordinate the resources and complement the energy through
the tie lines and the tie pipes. But in the centralized and
distributed solution methods, because of the existence of tie
lines and tie pipes, the whole operation economy is optimized
by the coordination optimization between the two regions.
It is verified that the proposed interconnected EGHS model
is helpful to improve the system operating economy. At the
same time, it is found that the difference between the results
of the proposed convex distributed algorithm and the cen-
tralized operation is 0.2957, and the ratio of the difference
is 0.029%, which validates the effectiveness of the proposed
distributed optimization framework.

TABLE 2. Key parameters of the two algorithms.

Objective function

Operation Mode

Calculating time /s

value /10%$
Centralized 988.9742 5.2891
Distributed 989.2699 189.6572
two sectors run 10247631 29227

separately

2) In the comparison of running time, it is found that the
single running mode of parallel optimization is the shortest,
and the centralized optimization is the second. The time of
distributed optimization is longer than that of centralized
optimization because: a. ADMM algorithm is a serial running
structure, and A and B regions need to be solved in turn; b. in
addition to the boundary variables iteration of ADMM algo-
rithm, each iteration of ADMM requires PCCP iteration in its
own sub-region to realize model convexization. Although the
distributed framework takes a longer time to run, it is accept-
able to sacrifice part of the running time for high-quality
solution under the condition of low communication cost. In
practical application, the convergence accuracy of ADMM
and PCCP can be reduced properly, and the computing speed
can be increased by multiple.

Fig. 4 shows the variation of the algorithm residuals in
formula (33) of ADMM algorithm. The iterative process of
the function value difference is shown in Fig. 9 of appendix.
According to the graph, the absolute value of the maximum
difference between the boundary variables satisfies the con-
vergence condition after 22 iterations. If we ignore the PCCP
process and directly apply the traditional ADMM solution,
then after 35 iterations, the absolute value of the maximum
difference between the boundary variables is still larger than
the convergence criterion, because the sub-problem after

FIGURE 3. The structure of a single EGHS.
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FIGURE 4. The process of residual change.
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FIGURE 5. The schematic diagram of three-zone interconnected EGHS.

TABLE 3. Comparison of operation results of three-zone system under
different operation modes.

Objective function

Calculating time

Operation Mode value /10%$ I8
Centralized 1485.4032 9.5718
Distributed 1485.8082 336.6242

Three separate 1539.1226 4.9089
operations

Connect only to 1516.1589 189.6020

the power line

Connect only to 1504.8048 236.6214
the gas line

Connect only to 1521.6222 198.6875

the heating line

ignoring the PCCP process is non-convex, so the convergence
can not be guaranteed when directly using the ADMM solu-
tion. The effectiveness of the proposed convexization method
is verified.

B. CASE OF THREE-ZONE INTERCONNECTED EGHS

In order to verify the applicability and validity of the proposed
framework, a three-zone interconnected EGHS example sys-
tem is constructed. The example system is composed of three
single-zone EGHS with the same topology. The single zone
EGHS structure is shown in figure 3 and the whole structure
is shown in figure 5.
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FIGURE 6. The operation of power grid in zone A and the change of
transmission power of tie line.

Table 3 presents the operation of the centralized solution,
the proposed convex distributed algorithm and the two-zone
single operation, meanwhile demonstrating the results and
computation time of the distributed algorithm under these
three different operation modes. The results show that the dif-
ference between the proposed algorithm and the centralized
optimization is 0.5050, and the proportion of difference is
0.034%, which validates the applicability and validity of the
proposed distributed optimization framework. After compar-
ing the optimization results under different operation modes,
it can be seen that the algorithm is faster when only consid-
ering the single energy interaction of the interval, because
the boundary variables are reduced in ADMM algorithm,
so the variables that need to be determined for convergence
decrease. However, the optimal results are all inferior to
considering the interactive operation of electric, gas and
thermal energy, indicating that the construction of a multi-
energy complementary integrated system can fully tap the
potential of the overall economic operation. At the same time,
it is found that the optimization result of only connecting
hot water pipelines is close to the single optimization result
under three kinds of single interconnected EGHS operation
condition, and is inferior to the optimal results of other two
kinds of single connection way. This is because the energy
consumption of heat-supply network is lower than that of
power network and gas network, so heat-supply network is
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TABLE 4. Comparison of results under different initial point settings.

Objective  Number of
function Calculating
Initial point setting value iterations time /s
4
A (average)
Zero Point 1486.6710 9 9.3599
Only consider SOCP
to get the initial 1485.9371 6.6232 6.9017
point
An improved
strategy for initial 1485.9082 4.3467 4.4136
point selection
120 : - - - : : -
Zero point
Only consider SOCP
100 ——=—— The initial point selection strategy | |
80 .
o
©
O
R |
£
j=3
O
40 .
20 .
0 SE— R
1 2 374 7 8 9

5 6
Number of iterations

FIGURE 7. Typical PCCP convergence process.

often the storage part of the whole system in EGHS, which
is used to improve the reliability of the whole system and the
flexibility of dispatching.

Fig. 6 shows the operation of the power grid and the trans-
mission power of the tie-lines in zone A under the distributed
operation mode. In the power network, during the early morn-
ing hours, the power load is low, and the wind turbine output
is high, so the P2G device power is high, converting the wind
power into the natural gas storage to consume wind power.
7 hours later, when the daytime work begins, the power load
increases and the grid can absorb all the wind power, so the
power of P2G device is reduced to 0. In the evening, when
the power load reaches its peak and the output of the coal-
fired unit reaches its upper limit, some power is obtained from
zone B, where the power supply cost is lower, to meet the
operation constraints of the zone, and zone C is also at the
peak load, supplying electricity to zone C, where energy costs
are higher. When the power load is at its peak, the zone A
will use the higher output cost gas turbine output maintains
power balance, and at other times, the coal-fired unit’s own
output can meet the load demand, so the gas turbine output
has been maintained at the lowest level, therefore the output
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FIGURE 9. Convergence of objective function value residuals in a
two-zone system.

of gas turbine is kept to the minimum except the fluctuation
during 17 ~ 19h. CHP works in the mode of ‘‘heat to power”’,
so CHP output power is 0 except 6~12h and 16~22h when
the heat network demand power from CHP. Similarly, the
operation of the gas network and heat network in zone A are
shown in figures 10 and 11 of the appendix.
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pipeline.

Figure 12 in the appendix records the converging process
of the boundary variables in the ditributed solution of three-
zone interconnected EGHS. In order to explore the influence
of the initial value on the process of PCCP, the initial value
of PCCP is set as zero in three-zone interconnected EGHS
case, only considering SOCP and the proposed method to
obtain the initial point. The results are shown in Table 4.
The analysis shows that it is simple to take the zero as the
initial point, but the quality of the solution is the worst and
the computation time is the longest and each region requires
9 PCCP iterations to achieve PCCP convergence conditions to
convex the model. Although the optimization result of SOCP
is similar to the proposed method, it is still time-consuming
because it can not make use of the output information of gas
units and P2G in each region after each ADMM iteration.
By using the proposed strategy to select the initial point, the
performance of the algorithm is greatly improved, and the
number of iterations is significantly reduced while the quality
of solution is guaranteed.

Fig. 7 shows a typical convergence process of PCCP iter-
ation. When the zero point is taken as the initial point, in
the first iteration, the relaxation variable constraint is very
serious, and when only take the SOCP into account to get

93318
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FIGURE 12. Convergence of target function value residuals in a
three-zone system.

the initial point, the outcome is better than the method of
choosing the zero point but inferior to the proposed strategy.
By using the improved strategy of initial point selection, the
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TABLE 5. Parameters of generators.

Gas unit Electric network Gas Network Poax/MW
node Node
al 30 4 520
o7 36 10 290
a8 37 12 280
Cost coefficient
Coal fired unit —— Pmax/ MW
a b c
G2 0.700 27 0 646
G3 0.682 22 0 725
G6 0425 25 0 687
G9 0458 26 0 865
G10 0890 25 0 1100

relaxation variable basically satisfies the convergence con-
straint in the first iteration, and with the increase of penalty
factor in the iteration process, the over-limit of constraint
decreases rapidly, and PCCP converges after 4 iterations.

TABLE 6. Parameters of gas sources.

4
7 10 1.4852
2

5 7 10
Value of Vc

b. Effect of different v. values on objective function value

Because v, is an open parameter, the value of v, is
directly related to the speed of solving PCCP. Figure 13 in
the appendix is the average iteration times of PCCP and the
objective function value obtained by the whole algorithm
under different v, values. The graph shows that when the v,
value is small, the average number of iterations of PCCP is
more, because the penalty factor increases slowly. When the
v value is 5, the average number of iterations of PCCP is
less, and when the v, value is over 5, the average number
of iterations of PCCP decreases less, and the quality of the
solution decreases slightly. Combining the speed and the
quality of the solution, in the model proposed in this paper,
the v, value is set to 5. Need to explain is that for different
models, v, optimal value range is different, so it is necessary
to set parameters according to specific models.

VI. CONCLUSIONS

Aiming at the optimal scheduling problem of interconnected
EGHS, this paper first proposes a distributed scheduling
framework for interconnected EGHS considering the topol-
ogy of the heat network, which includes the ADMM-PCCP
algorithm coordinated internally and externally, then the
algorithm solving process, the effectiveness of scheduling
results and the comparison of optimization results under

Gas source Gasnrcl:ztework U&p;zrcliit;r;jrtn?f Lowe;rflimjt (iﬁ{)ertl/imj}t of Lower limi3t of
capacity/m® put/(m?/s) output/(m?/s)
S1 1 — 150.52 10.27
S2 8 — 150.24 11.97
Cl 2 175.00 29.17 29.17 29.17
C2 5 100.00 16.67 16.67 16.67
C3 13 25.00 4.17 4.17 4.17
C4 14 117.22 19.54 19.54 19.54
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TABLE 7. Node coupling in each district and energy supply price relationship.

zone type Network Type Connection relationship Energy supply price relationship
Power Network Node 39 in zone A is connected to node 8 in zone B A: B=1: 0.95
Two zones Gas Network Node 1 in zone A is connected to node 20 in zone B A: B=1: 1.1
Heating Network | Node 15 in zone A is connected to node 1 in zone B A B=1: 1.1
Node 39 in zone A is connected to node 8 in zone B
Power Network Node 8 in zone A is connected to node 15 in zone C A:B:C=1:0.9524:1.0526
Node 39 in zone B is connected to node 8 in zone C
Node 1 in zone A is connected to node 20 in zone B
Three zones Gas Network Node 9 in zone A is connected to node 11 in zone C A:B:C=1:1.1111:0.9091
Node 9 in zone B is connected to node 20 in zone C
Node 1 in zone A is connected to node 1 in zone B
Heating Network | Node 15 in zone A is connected to node 9 in zone C A:B:C=1:1.1111:0.9091
Node 15 in zone B is connected to node 1 in zone C

different interconnection modes are analyzed in detail. The
results show that the coordinated optimization scheduling
of interconnected EGHS can improve the economy of the
system, and the optimization potential of the whole system
is greater under the multi-energy flow interaction between
regions, so the effectiveness and necessity of interconnected
EGHS and multi-energy-flow complementarity are proved;
besides, the performance of PCCP can be improved greatly
by setting reasonable penalty factor to adjust parameters and
using the proposed initial-point selection strategy. It should
be noted that distributed optimal scheduling is essentially still
a cooperative game with incomplete information, and in an
open free market environment, different types of game behav-
iors exist between different energy suppliers in a single region
and between multi-regional dispatching centers. Therefore, in
the follow-up work, the author will mainly study the related
game strategies.

APPENDIX
See Figures 8—13 and Tables 5-7.
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