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ABSTRACT There are the transmission loss of the electric power network, the delay and loss of the
heating network, the insufficient utilization of flexible resources such as energy storage in the integrated
electric-heat system, which may lead to the imbalance of supply and demand and energy waste. In this
paper, the coordinated dispatch of integrated electric-heat system (IEHS) considering the transmission
characteristics of the electric power network and heating network, which is formulated as a convex quadratic
program. The strong linkage of electric power and heat supplies can be decoupled to reduce wind power
curtailment by exploiting the energy storage and regulation capabilities of the district heating network
(DHN), storage batteries, electric boilers (EBs) and heat storage tanks (HSs). The energy storage system
works according to the situation division strategy designed in this paper. This paper introduces the wind
curtailment boundary power and optimizes dispatch based on the wind curtailment boundary power and unit
output, which can make full use of the energy storage capacity and reduce the wind abandonment power.
Since the electric power system (EPS) and the distribution heating system (DHS) are controlled separately by
different operation organizations, IEHS is solved using double-2 iterative algorithm. The double-A iterative
algorithm, with guaranteed convergence for convex programs, can achieve a fully distributed solution for
the IEHS and requires only a small amount boundary information exchange between the EPS and the DHS.
At last, one integrated electric-heat system was studied to demonstrate the effectiveness of the proposed
method which achieves the effective solution in a moderate number of iterations. This system includes two
10-nodes heating system and one 14-nodes electric power system.

INDEX TERMS Integrated electric-heat system, energy storage situation, network transmission character-
istics, wind power accommodation, double-A iterative algorithm.

I. INTRODUCTION

In recent years, China’s energy structure has been
continuously adjusted with energy and environmental prob-
lems. Distributed power sources and energy storage equip-
ment have continued to emerge. Wind power resources are
rapidly expanding in scale which as a clean, pollution-free,
high-quality renewable new energy. A combined heat and
power (CHP) unit has the ability to produce electricity and
heat simultaneously. The fuel efficiency of a CHP unit can
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reach 90%, while that of conventional thermal units is only
60% [1]. Due to its high efficiency, CHP units are more envi-
ronmentally friendly than conventional thermal units [2], [3].
However, because the output of CHP units is routinely
determined by the heat loads, so wind power generation is
restricted, especially in winter, when the electricity demand
is low but the heat load is high [4].

One direct solution to increase the operational flexibility
of the CHP and reduce wind curtailment is to install storage
batteries [5], EBs [6], [7] and HSs [8]. The energy storage
equipment has the functions of time-shifting and storage of
energy which has been widely applied and promoted [9].
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Another solution is to consider the pipeline energy storage
and transmission characteristics of the DHN which does not
require additional investment [10]. Due to the transmission
delay and loss of the district heating network, the transmis-
sion loss of the electric power network, which will seriously
affect the accuracy of system scheduling. By considering the
transmission characteristics of the district heating network
and the power network, coordination of the electric power
system and heating system can effectively increase the regula-
tion flexibility and enhance the utilization of wind power. The
energy storage system adopts the situation division strategy
designed in this paper to work, introduces the wind curtail-
ment boundary power and optimizes dispatch based on the
wind curtailment boundary power and unit output, which can
make full use of the energy storage capacity and reduce the
wind abandonment power.

There may be a number of small DHSs in different districts
and only one EPS in a large area, such as a city. Actually,
the DHSs and the EPS have different control center and they
are controlled separately by different operating organizations
without a coordinator. As shown in Figure 1, an integrated
electric-heat system is composed of the EPS and the DHSs.
The EPS consists of traditional thermal units, wind turbines,
storage batteries, electric loads and transmission lines which
is controlled by the electricity control center (ECC). A DHS is
managed by the district heating control center (HCC) which
is composed of heat-exchanger stations, insulated hot-water
pipelines and heat loads, as well as heat sources, including
CHP units, EBs, and heat storage tanks. Some information
must be exchanged between the ECC and HCCs to achieve
coordination in the dispatch of an integrated electric-heat sys-
tem. However, it does not require the information exchange
between the district heating control centers.

In recent years, extensive work has been conducted on
the coordinated optimization of integrated electric-heat sys-
tem, the emergence of intelligent algorithms has solved this
problem. For example, particle swarm algorithm [11]-[13],
genetic algorithm [14], ant colony search algorithm [15],
harmonic search algorithm [16] and group search opti-
mizer [17], [18] all can be used to solve the coordination
and optimization of integrated electric-heat system. However,
the common defects of intelligent algorithms are that the
computation time is long and it is difficult to use them in
real-time applications. Another type of solution method is
based on mathematical programming techniques. For exam-
ple, the application of the branch and bound algorithm
for combined heating, cooling and power dispatch is pre-
sented in [19]. Some novel algorithms including the feasible
region method [20] and the mixed-integer linear program-
ming algorithm [21] have also been employed to solve
this problem. A two-layer algorithm is proposed in [22] to
solve the combined heat and power economic dispatch prob-
lem, but the computation efficiency of the algorithm is not
demonstrated in real systems. The paper [23] introduces a
decomposition-coordination algorithm to solve the optimal
operation of the integrated electrical and heating systems;
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however, no proof of convergence is presented. Moreover,
the pipeline energy storage of the DHN is not considered
in [22], [23].

This paper proposes an efficient double-X iterative algo-
rithm to solve the electric-heat network coordination prob-
lem which considering the transmission characteristics of the
electric-heating network. The double-A iterative algorithm
has been successfully implemented to solve a number of
optimization problems in power systems, such as the optimal
power flow problem [25], [26]. In addition, the double-2 iter-
ative algorithm can be used to solve the dynamic economic
dispatch problem [27] and multi-area energy and reserve
dispatch under wind uncertainty and equipment failures [28].
The double-A iterative algorithm requires only minor bound-
ary information to be exchanged without any central coor-
dination. Hence, the double-A iterative algorithm is simple,
efficient and practical [28]. Most importantly, the double-A
iterative algorithm can guarantee the privacy of data during
decision making and achieve a fully distributed solution for
the coordinated optimization problem.

The main contributions of this paper are as follows:

1) A coordination model for integrated electric-heat sys-
tem is proposed to adapt to conditions where the EPS
and DHSs are controlled separately by different oper-
ating organizations.

2) Wind curtailment boundary power is defined, and the
situation division method for the energy storage system
is proposed, which can optimize dispatching according
to each energy storage state to maximize the utilization
of energy storage.

3) Aiming at several typical components of urban elec-
tric and heating systems, such as electric boilers, heat
storage tanks and storage batteries, a coordinated opti-
mization method for the integrated electric-heat system
considering the characteristics of network transmission
is proposed. The proposed model is convex with linear
constraints, the solution of which is computationally
tractable.

4) A solution is proposed based on the double-A itera-
tive algorithm, which is simple and efficient, does not
require central coordinator and involves only a small
amount boundary information exchange between the
EPS and the DHSs.

Il. STRUCTURE AND COORDINATION MODE OF
INTEGRATED ELECTRIC-HEAT SYSTEM

A typical integrated electric-heat systems structure is shown
in Figure 1, which includes a power generation part composed
of thermal units, wind turbines, CHP units, as well as power
grids, heating networks, EBs, HSs, storage batteries, electri-
cal loads and heat loads.

The optimization model of the integrated electric-heat sys-
tem is established, which can reduce the power deviation of
the supply and demand side caused by the delay and loss of
network. Moreover, flexibility resources are effectively used
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FIGURE 1. Structure diagram of the integrated electric-heat system with
energy storage.

in the system optimization process and the utilization of wind
power is improved while system operating costs is reduced.

The integrated electric-heat system needs to exchange
some information during the coordination period, only the
ECC and the HCC need to exchange some information in
each coordination period to determine the transmission power
on the feeder. The coordination model of the integrated
electric-heat system is described in the following sections.

The CHP units are coupled with the EBs, the power flow
from DHS to EPS through the feeder can be expressed as
equation (1). Generally, in high-voltage lines, AC power flow
can be approximately simplified to DC power flow. The
power flow constraint of the feeder in this paper is simplified
to equation (2), which does not affect the accuracy of the
calculation.

Phet = Pcup,it — PEB,it (D
1

Phe,t = _(eh,t - e,t) (2)
Xhe

where Py, ; is the power flow from % to e on the feeder he in
period t. The total electric output of the CHP units of heating
system i is Pcpp,i:, PEp.i: 1s the output power of the wind
turbine to the electric boiler of heating system i. 6, ; and 6, ;
are the voltage phase angles of the bus bar e and bus bar 4 on
the DHS side in period ¢. The direct current resistance of the
feeder is x.p.

Note that if only the CHP units are connected to the border
bus in a DHS, the electricity consumptions of EBs are set to
zero in Eq. (1). In addition, for the EB plants without CHP
units, the power outputs of CHP units are set to zero.

Ill. ANALYSIS OF TRANSMISSION CHARACTERISTICS OF
ELECTRIC-HEAT NETWORK

In the integrated electric-heat system, the balance of active
power must be maintained among wind turbines, thermal
units, CHP units, EBs, storage batteries and electric loads
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to keep the grid frequency within the qualified range. The
energy loss during the transmission of electric energy con-
stitutes the characteristics of the electric power grid. The
heat loss and delay effect of the heat transfer medium in the
heat transfer process constitute the characteristics of the heat
network.

A. POWER GRID TRANSMISSION CHARACTERISTICS
Equation (3) shows the balance of electrical power of the
system.

M
AP =Pg; + ZPCHP,i,t + Pees.pis.c + Pw.EL.t

i=1

M
— Pegs.cuas — Y Pepii — Pey — Pey =0,
i=1

3

where AP is the system electric power deviation, N is the
number of thermal power units, Pg ;, is the electric output
of the j-th thermal power unit, M is the number of heating
systems, PEgs pIs.t is the storage batteries output power,
Pw gL is the power supplied by the wind power plant to
the electric load end, PgEs.cra.; is the input power of the
storage batteries, L is the total number of electric load, Pgr. ;
is the demand of the /-th electric load, T is the total schedul-
ing period. Pg ; is electric transmission loss of the system,
as shown in equation (4) [24], [25].

R R R M
PE,t - Z Or,tBrmOm,t +2 Z Z Or,tBriPCHP,i,t
r=1 m=1 r=1 i=I
M M
+ ZZPCHP,i,zBmPCHP,n,z, t=1...... T

i=1 n=1

“

where O, ; is the electric output of the rth thermal power unit.
By, Byi and Bj, are the corresponding elements of the loss
coefficient matrix B. The coefficient of the B matrix satisfies
B,i = Bj», which can be specifically calculated from the line
parameters and the daily operating status of the power system.
The system has two types of units, one is pure generator unit,
the other is CHP unit. The pure generator units include wind
turbines and thermal units, the total number is R.

The output of the wind turbine of the system is shown in
equation (5) and the input power of storage batteries satisfies
equation (6).

M
Pw. = Pepis+PwieL:+Pwees:  (5)

i=1
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Pw EES,: = PEES,CHA,1 (6)

where Py ; is the output of the wind turbine of the integrated
electric-heat system, Pw ggs ; is the output power of the wind
turbine to the storage batteries.

B. HEATING NETWORK TRANSMISSION
CHARACTERISTICS

Part A discusses the transmission characteristics of the elec-
tric network. Here, the transmission loss and delay of the ther-
mal network will be discussed, which has a greater impact on
the optimal dispatch of integrated electric-heat system [26].
Equation (7) shows the balance of thermal power of the
system.

AH; = Hcpp,ir + Hgp,HL,i,e + Hus our,ic — HEv it
—Hgi; =0, i=1---M,t=1...T (1)

where AH; is the sum of the thermal power deviation of
the i-th heating system, MWth, the total thermal output of
the CHP units of i-th heating system is Hcpp,; 1, the thermal
power output of the electric boiler direct to heating network
of i-th heating system is Hgp gy, 1, the thermal power output
released by the heat storage tank to the heating network of the
i-th heating system is Hys our.i.r» Hev .ir 1s the heat load of
the i-th heating system, Hg ; ; is heat loss of the i-th heating
system.

According to the principle of steady-state heat transfer, the
thermal loss of the heat medium flowing through a pipe dl, of
a sufficiently small length is shown as equation (8) [26], [27].
T, —Top

> e
where AHE is the heat loss of the heat medium flowing
through a unit length of pipe, kW. [,is the length of the heat
medium flowing through the pipe g, km. T is the temperature
of the heat medium in the pipe g,°C. Ty is the ambient temper-
ature around the pipe, °C. >_ ¢ is the total thermal resistance
per kilometer of the pipe between the thermal medium and
the surrounding medium, km -° C /kW.

The change of heat energy that contained in the heat
medium is related to its temperature drop and flow rate, which
is shown as equation (9).

AHg = —3600kmdT ©)

AHE =2

dl, ®)

where m is the flow rate of the heat medium, m?3 /h, k is the
constant of proportionality, kK = cp and c is the specific heat
capacity of the heat medium, kJ/(kg -° C), p is the density of
the heat medium, kg /m?>.

HE ; is the heat transmission loss of the system, which is
shown as equation (10) according to the basic principle of
steady-state heat transfer.

n
Hg, =) AHg (10)
g=1
where # is the total number of sections of the pipeline that the
heat medium flows through.
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Combine equation (7) and (8), we take integrals on both
sides at the same time, which is shown as equation (11).

. A S S 1
_ — — [
/0 kmY e ¢ fT‘. T, — To (in

To simplify the calculation, it is assumed that the external
environment temperature is constant, so 7o and )_ ¢ in (11)
can be considered as constants and the Sukhov temperature
drop formula can be obtained by solving the above equation.

—27 —21
Tj = Tiemse' + (1 —efie )T, (12)
After sorting out equation (12) and applying it to the
heating network, the temperature loss equation of pipeline
transmission is shown as equation (13).

)L/,'j

‘Illh,
Tj=(T; —To)e ™ +To 13)

where T; and T; represent the temperature of hot water flow-
ing through nodes i and j respectively, and the flow direction
is from node i to node j, [;; represents the length of pipe i — j,
mf’ is the water flow of pipe i — j, A is the temperature loss
coefficient of the unit length of the pipe which is determined
by the nature of the pipe, kW/km°C.

The energy exchange at the heat load node can be
expressed as equation (14).

¢l = eml! (Tyi — Thg,i) (14)

where qbf"“d represents the magnitude of the heat load at
the node i, mf’ represents the water supply flow of the heat
load at the node 7, T, ; and T}, ; represent the water supply
temperature and the return water temperature at the node i
respectively.

The thermal delay cannot be reflected in the heat balance
relationship, but the delay time needs to be considered in
the actual simulation calculation. The flow time of the liquid
in the tube is approximately equal to the delay time of the
heating network [28]. The flow time of hot water in the pipe
section of the heating network with length A; is shown as
equation (15).

Al nd?p

At = 15
4Gy, (15

where p is the density of the fluid, kg/m?3, Al is the length of
the pipe section, m, d is the inner diameter of the pipe section,
m, G ; is the fluid flow rate inside the pipe section at ¢, kg/h.

The distribution of the thermal power output by the EB is
shown in equation (16) and the input, output power of the
thermal storage tank satisfies equation (17).

Hgp i = Hgp HL,ii + HEB HS, it (16)
Hgp ps,it = Aus,INHHS IN it 17

where Hgp i is the thermal output by the electric boiler of
the i-th heating system, Hgg ps i; is the thermal output by
the electric boiler to the heat storage tank of the i-th heating
system, Hys v i ; is the heat storage power of the heat storage
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tank of the i-th heating system, Ags v is the efficiency of the
thermal tank device.

IV. ANALYSIS OF ENERGY STORAGE SITUATION
DIVISION STRATEGY

The start-stop strategy of energy storage system is mainly
divided into threshold start-stop and wind curtailment start-
stop. In the threshold start-stop strategy, although reducing
the threshold can improve the wind power accommodation
rate, there also is a problem of starting energy storage when
the heat load is high or without wind curtailment. It is clearly
uneconomical because the process of produce thermal of
electric boilers needs to consume high-grade electric energy
while the thermal energy is low-grade energy relatively. Com-
pared with the direct coal combustion for thermal, the effi-
ciency of heating using high-grade electric energy is lower
due to the addition of multiple energy conversions in the
process [29]-[31]. The wind curtailment start-stop strategy
can avoid unnecessary multiple energy conversions. Energy
storage starts working during periods of high heat load and
wind power curtailment, which is equivalent to converting
excess wind power into thermal. The peak period of the
electric load is shifted, while the accommodation rate of wind
power and the operation economy of the system are improved.

A. BASIS AND PRINCIPLES OF ENERGY STORAGE
SITUATION DIVISION
The basis of energy storage situation division: The energy
storage system situation division method is proposed by imi-
tating the different operating states of power systems and
equipment under different operating conditions. For meeting
the load demand, minimizing wind curtailment power and the
economic cost, the energy storage system is divided into the
following states: 1) electric boiler direct thermal state, 2) ther-
mal storage tank state, 3) storage batteries state, 4) energy
release state of the storage batteries and thermal storage tank.
The principle of energy storage situation division: The
energy storage system adopts the wind curtailment start-stop
plan. And according to the wind curtailment boundary power,
the energy storage equipment is turned on to participate
in regulation during the optimization process. To make the
scheme feasible, it is necessary to judge whether the system
has wind curtailment during the period time, which need to
consider the electrical load of the system and the output of
each set. If there have wind curtailment, the energy storage
system is activated to participate in peak load regulating.
Otherwise, the energy storage system releases energy to par-
ticipate in heating.

B. ENERGY STORAGE SYSTEM ON-OFF

JUDGEMENT MARK

The connection between the electric grid and the heating
network are CHP units, EBs and non-power generation com-
ponents (such as circulating pumps). The electrical power is
produced by thermal power units, CHP units and wind power
units. However, due to the constraints of heat load, the output
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regulation capacity of CHP units is greatly reduced. In addi-
tion, the reverse peak regulation and instability of wind power
make peak regulation difficult, all tasks fall on the thermal
power units. The time-shifting energy storage system has
an important effect on the flexibility of the system and the
accommodation of wind power. In the optimization process,
when there have excess wind power in the system, the energy
storage system participates in peak shaving according to
the specific situation. Otherwise, the energy storage system
releases energy according to the situation. The wind curtail-
ment boundary power is the new definition proposed in this
paper. Wind curtailment boundary power indicates the mini-
mum boundary power value without wind curtailment, which
is the minimum power output of the set without wind curtail-
ment. The system’s wind curtailment start-stop plan can not
only reduce the wind curtailment volume, but also reduce the
system operating cost. The wind curtailment boundary power
is shown as equation (18).

Pfiag.i,t = PcHP,min,i,t + PG,min,s + PPRW 1 (18)

where Ppg i+ is the wind curtailment boundary power of the
i-th heating system, Pcgp, min,ir 1S the total minimum electric
output of CHP unit of the i-th heating system, PG, min,t is the
minimum electric output of thermal power unit, Pprw  is the
predicted output of wind power.

C. JUDGEMENT OF ENERGY STORAGE SYSTEM SITUATION
Based on the relationship between the wind curtailment
boundary power and the set output, energy storage capacity,
the energy storage system is divided into four situations as
follows.

1) ELECTRIC BOILER DIRECT THERMAL STATE

In the direct thermal control state of the electric boiler,
the system electric load is provided by the thermal power
units, CHP units and part of the output of wind turbines. The
system heat load is provided by the CHP units and the part of
wind power converted by electric boilers. The system wind
curtailment boundary power and balance equation are shown
as equation (19).

Pgp: < Pfiagit < PeL,t + CeBPEBE

Hgv i = Hcpp,ir + HEgp it
M

Per = ZPCHP,i,t + PG+ Pw.EL:
v (19)
Py, = ZPEB,i,t + Pw EL.t
i=1
Hgp it = PEB,iMEB
0<¢ep =<1

where Pgg ; g is the rated electric power of the electric boiler
of the i-th heating system, ngp is the electric heating effi-
ciency of the electric boiler, ¢gp is the power utilization factor
of the electric boiler.
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2) THERMAL STORAGE TANK STATE

In the thermal storage state of the thermal storage tank, the
electrical load of the system is provided by the thermal power
units, CHP units and part of the output of wind turbines.
The system heat load is provided by the CHP units and the
part of wind power converted by electric boilers (note that
the thermal storage tank only stores energy at this time).
The system wind curtailment boundary power and balance
equation are shown as equation (20).

Pgr+ + CeBPEBiE < Pfag.it < PEL,t + PEB,iE

Hgv i = Hcpp,ir + HEgp i
M

Per, = E Pcppit + PGt + Pw EL
i=1
M

Py, = ZPEB,i,t + Pw EL.t
i=1
HEgp i+ = CepPEB. i, ENEB
Hpys v i,y = (PEB,i,t — §EBPEB.i,.E)NEB
Sus.ir = (1 — w)SHS i,r—1 + Hus IN i,t AHS,IN

(20)

where Sys ;s is the heat storage capacity of the heat storage
tank of the i-th heating system, p is the thermal loss rate of
the heat storage tank.

3) STORAGE BATTERIES STATE

In the state of storage batteries, the electrical load of the
system is provided by the thermal power units, CHP units
and part of the output of wind turbines. The heat load of the
system is provided by CHP units and the part of wind power
converted by electric boilers. The system wind curtailment
boundary power and balance equation are shown as equa-
tion (21).

Pgp: + PEBiE < Pflag,it

Hgv i = Hcpp,ir + HEgp i

M

PeL: = ZPCHP,i,t + PG, + Pw.EL
i=1
M

Py, = ZPEB,i,t + Pw gLt + PEES .CHAt
i=1
Hgp,ir = CEBPEB,i ENEB

Hys iv.i,r = (PEB,i,r — CEBPEB.i,E)NEB

Sus,it = (1 — W)Sus,ir—1 + Hys N i, AHS IN

Egps,t = (1 — ©)EEEs,i—1 + PEES,CHA,t YEES,CHA

1)
where Eggs ; is the storage capacity of the storage batteries
device, MWh, t is the self-loss rate of the electric power of

the storage batteries device, Yegs,cra is the charging effi-
ciency of the storage batteries device.
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4) ENERGY RELEASE STATE OF THE STORAGE BATTERIES
AND THERMAL STORAGE TANK

When the energy storage system is in the release state of
the storage batteries and thermal storage tank, the electrical
load of the system is provided by electrical energy storage
and thermal power units, CHP units and all output of wind
turbines. The system heat load is provided by CHP units and
thermal storage tanks. The system wind curtailment boundary
power and balance equation are shown as equation (22).

Pfiagir < PEL s

Hpys our it

Sus,ir =1 — WSus,i—1 — ———
P)»HS,OUT
EES,DIS, t
Eggsy = (1 — 1)Eggs -1 — ————
YEES,DIS

Hgy it = Hcpp,i + Hys, our, i

M
Ppry = Z Pcup,it + PGt + Pw,r + PEES DIS 1

i=1

(22)

where Ags our 18 the release efficiency of the heat storage tank.

The energy storage system situation division strategy is
shown in Figure 2. The specific process is shown as follows.

® Under the premise of the minimum electric output of
the thermal power units and the CHP units, the system has
surplus wind power, the wind curtailment boundary power is
more than the system electrical load. At this time, the electric
boiler starts to work and the surplus wind power is converted
into thermal power by the electric boiler. The thermal energy
of the system is directly supplied by the electric boiler, while
the CHP unit reduces the thermal output.

@ Under the premise of the minimum electric output of the
thermal power units and CHP units, the system has surplus
wind power, the wind curtailment boundary power is more
than the sum of the system electrical load and the rated power

2 U By (<P <Py, +CraPrn s x o= 2 Po*CenPinie < Prugis S Pory Pini

= °

@ @ s f@. - electric
I\ = J\ ¥ al load

LA o [

Thermal unit Thermal unit

() )
S| Nz —

P/ el PP AN | [ == —
ANAWA Wi J_ =y I |
wind turbine j [T

o = S : EBi HSi |

\ [3 \ F?K ,,,,,,,,,, § S\ 13 heat -
|E) . NS e loadi |
|_C"P_'""“_I Power transmission  Heat transmission I I Pouer issi Heat

—_— - p— e
P, +P,,,,.,_,, < P/mg.:./ 2 | 4 1)/70;1.7.7 /5 ELt
electric @ c electric

0 alload

Z

storage battery

M

Thermal unit

alload | \/j@\ ﬁ&J

storage battery

Power Heat

FIGURE 2. Energy storage system regulation strategy diagram.
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of some electric boilers. The heat storage tank is activated,
the excess wind power is converted into heat energy and
stored in the heat storage tank.

® When the electric boiler is operating at the rated power,
the energy storage system is in the storage batteries state.
The remaining wind power that does not exceed the rated
electric power of the electric boiler is converted into heat
power by the electric boiler to supply the heat load and the
heat storage tank. Part of the electric power which exceeds
the rated electric power of the electric boiler is supplied to
storage batteries.

@ When the wind curtailment boundary power is less than
the electrical load of the system, all the wind power output
is used to supply the electrical load, the thermal power unit
and CHP unit increase the electrical output to ensure the
balance of power supply and demand. At this time, the storage
batteries and the thermal storage tank have stored energy. The
thermal storage tank can directly release thermal to the heat-
ing network and the storage batteries can release electrical
energy to the electric load.

Note that the energy storage system regulation strategy
diagram corresponds to the model in Figure 1, which includes
only one electric power system and multiple thermal systems.
The storage batteries of electric power system in Figure 2 are
used as a whole unit and the final optimization result of which
can be obtained comprehensively.

V. MULTI-OBJECTIVE OPTIMIZATION MODEL OF
INTEGRATED ELECTRIC-HEAT SYSTEM BASED ON
ENERGY STORAGE SITUATION DIVISION

This paper comprehensively considers the transmission char-
acteristics of the integrated network and the coordination of
flexible resources such as electric boilers, thermal storage
tanks and storage batteries. A dual-objective optimization
model with the minimum operating cost of the system and
the minimum wind curtailment volume is established.

A. OBJECTIVE FUNCTION
1) OBJECTIVE FUNCTION 1
The objective function of the minimum wind curtailment
volume of the dispatching system is shown as equation (23).

T
minfk = Y (Pw. — Ppw.0) (23)

=1

where fx is wind curtailment power of dispatching system,
Ppw ; 1s the actual output of the wind turbine.

2) OBJECTIVE FUNCTION 2

The value of wind curtailment is also the economic loss of
the system, so the objective function of the smallest operating
cost of system is shown as equation (24).

T
minfp=> " (Cg.i+Ccup.—CwPw..—Prw.)  (24)

t=1

19010

where fp is the total operating cost of the system, $, Cg is
the operating cost of the thermal power unit, $, Ccyp is the
operating cost of the CHP units of the i-th heating system, $,
Cy is the price of wind power, $/MW.

The operating cost of the CHP unit is shown as equa-
tion (25) [32].
Conr :% (AiPZCHPV,-,, + BiPcup,is + CiPcup,itHcHp it

ﬁ1+aﬂémm+5ﬁdmm+Fg

(25)

where A; ~ Fj is the cost coefficient of the i-th CHP unit.
The operating cost of the thermal power unit is shown as
equation (26) [33].
N
Cor =Y @GP, +biPji+¢) (26)
j=1
wherea; ~ ¢; is the cost coefficient of the j-th thermal power
unit.

3) COMPREHENSIVE OPTIMIZATION GOAL

Taking into account the different dimensions of two objective
functions, multi-objective optimization is transformed into
single-objective optimization. The objective function is trans-
formed into the greatest satisfaction within the constraints,
which is shown as equation (27).

Mmax = kijug + ko pp 27

where k; and k; are the weight coefficients, satisfying
k1 + ky = 1. The two membership functions are shown in
equation (28) and (29).

0 fK < Kmax - 81
Sk — (Kmax — 81)
UK = + Kimax — 01 < fx < Kmax
1 Jk > Kmax
(28)
1 fP < Pmin
Prin + 82 — fp
up = mmT Puin < fp < Pmin + 82
0 fp > Pmin + 82
(29)

where pug is the membership function of the wind power
accommodation, up is the membership function of the total
system operating cost, fx and fp respectively correspond to
the specific values of max f; and minf, in each optimization
period, Knax is the specific function value when the maxi-
mum wind power accommodation is the target, Pnip is the
specific function value when the minimum total operating
cost is the target, §; is the acceptable expansion value when
the wind power accommodation is the maximum, §, is the
acceptable expansion value when the total operating cost is
the minimum.

The membership function of the two goals is shown
in Figure 3.
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FIGURE 3. The membership function of the two targets.

B. RESTRICTIONS
1) POWER FLOW CONSTRAINT EQUATION
The power flow constraints are shown as equation (30) [27]:

P =U; Z U](Gl] cos Qij + Bij sin 91‘]’)
J€i

Qi = U Y Uj(Gysiny; — Bjj cos ty)
Jjei

O™ < Qi < O™

where P; and Q; are the active and reactive power injections at
node i. P"* and Q;"** are the allowable active limit transmis-
sion power and reactive limit transmission power of branch i,
respectively. U; and U; are the voltage amplitudes of nodes
i and j. G;; and B;; are the conductance and susceptance of
branch ij. 0j; is the voltage phase angle difference between
the i-th andj-th node.

(30)

2) OPERATIONAL CONSTRAINTS OF STORAGE BATTERIES
SYSTEM

The constraints of storage batteries are divided into state of
charge constraints, maximum charge and discharge power
constraints, which are shown as equation (31).

Eggs 1+1 = Eggs,s + Pees,cHA,1 VEES,cHAT
_ Pges.pis. T

YEES,DIS
EEES,max x 20% < EEES,I+1 = EEES,max x 90%

EEES,max x 20% < EEES,I =< EEES,max x 90%

CHA
0 < PEes,cHA,t < DcHA,tPEES max 1

DIS
0 =< Pegs,pis,t < Dpis,iPEES max.e
(3D

where Eggs ;+1 is the remaining capacity of the storage bat-
teries device at the end of the ¢ + 1 cycle, Pggs,cra,; and
Prgs pis,; are the charge and discharge power of the system,
VEES.CHA» VEES.pis are the charge and discharge efficiency of
the system, EEgs max 18 the maximum capacity of the battery
in stable operation, ngb‘f"mam and ng’maxvlare the maxi-
mum charge and discharge power of storage batteries. Dcpa ¢,

Dpys,: and Dyw ; are the charge, discharge and downtime
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states of storage batteries. It only can be one state at a certain
moment, which is 0, —1 or 1.

3) OPERATIONAL CONSTRAINTS OF REGENERATIVE
ELECTRIC BOILERS

The capacity of the electric boiler is limited to a certain extent
and its operating electric power has upper and lower limits,
which will cause damage to the electric boiler when it crosses
the boundary. The power constraint of the electric boiler can
be shown as equation (32).

0 < Pet < PEB max,t (32)

where PEp max,s 1S the upper power limit of electric boiler.
As an energy storage device, the thermal storage tank needs
to maintain a balance of capacity. It only can be one state,
which is heat release or heat storage. The constraint condi-
tions of the thermal storage tank is shown as equation (33).

SHS,min =< SHS,t =< SHS,max
Hpys min < Hus,out,i;r < HHS,max (33)
SoH,min < SoH,: < SoH max

where Sgs min and Sys max are the minimum and maximum
capacities of the heat storage tank under stable operation
conditions, Hys min and Hgs max are the minimum and max-
imum values of output power, Sog min and Sox max are the
minimum and maximum values of heat storage and residual
heat state. Also, it only can be one state at a certain moment,
which is thermal storage or thermal release.

4) OUTPUT CONSTRAINTS OF THERMAL POWER UNITS
The electric output constraint of thermal power unit is shown
as equation (34).

PG jmin < PGjr < PG jmax 34

where Pg j min and P j max are the lower limit and upper limit
of the electric power of the j-th thermal power unit.

5) WIND TURBINE OUTPUT CONSTRAINTS

The output of wind turbine is more difficult to predict. It is
affected by the magnitude of the wind power and has high
volatility and randomness. We can see Appendix A for wind
power forecasting methods. During the optimization process,
the output of wind turbines cannot exceed the predicted value.
The output constraints of wind turbines are shown as equa-
tion (35).

0 < Pw, < PpRW max,t (35)

where Pprw max,: 1S the predicted output of the wind turbine.

6) CONSTRAINTS OF THE THERMAL-ELECTRIC
OPERATIONAL DOMAIN OF CHP UNIT

When the system is running, the CHP units need to meet the
constraints of the thermal-electric operational domain, which
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is shown as equation (36).

Hg}‘}}a,,',,(PCHP,i,z) < Hcnup.ir < Hegp.; (Pchp.i)
Peup.i(Henp.it) < Pcup.ic < Péyp i (Heup.i)
(36)

where Heyp ; (Penp.ii), Heyp i (Pcrp.in), PCgp. i
(Henp,i) and Prgfl’;’ i.:(Hcnp,i,1) form a linear inequality to
determine the thermoelectric operational domain (FOR) of
the CHP unit. The mathematical expression of FOR is shown
as equation (37).

bmiHcup,it + c¢miPcupic > dmi m=1,2,3 (37)

where b,;, ¢ and d,; represent the coefficients of the FOR
inequality of the i-th CHP unit.

7) CONSTRAINTS OF POWER GRID BRANCH
The transmission line of power grid needs to meet the capac-
ity constraint, which is shown as equation (38) [34].

li i [i li
Pjnemm S Pal{'lte S Pénemax (38)

where Pg"f represents the transmission power of the grid

branch d, Pg"e min - and PZ”e MaX represent the upper and
lower limits of the transmission power of the grid branch d
Respectively.

8) CONSTRAINTS OF THE HEATING NETWORK BRANCH
The transmission pipeline of the heating network also needs

to meet the branch constraints, which are shown as equa-
tion (39) [1].

IA

min
Tg

min max
My~ < Mg < My

qg.t = cmg (Tg s — The,r) (39)

where 7" and T;‘in are the upper and lower limits of the
water supply temperature in pipe g of the heating network.
mg; is the flow, mgmi“ and my™* are the upper and lower
limits, m3 /h, g, is the transfer heat, T}, ; is the return water

temperature.

max
Tei < T}

VI. OPTIMAL SCHEDULING STRATEGY BASED ON
DOUBLE ) ITERATIVE ALGORITHM

To effectively solve the integrated electric-heat system model
that takes into account the smallest operating cost of system
and the smallest wind curtailment volume, this paper designs
a double A iterative algorithm for optimization calculations.
According to the output coordination relationship of each set
of the system, the integrated electric-heat system is divided
into the power subsystem Ap iteration and heating subsystem
Aj, iteration, so the power subsystem does not need to provide
power grid topology parameters, operating costs parameters,
electrical load demand parameters and wind forecast power to
the heating subsystem. Similarly, the heating subsystem does
not need to provide heating network topology parameters,
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operating cost parameters and heat load demand parameters
to the power subsystem. It can effectively reduce the informa-
tion interaction, the calculation and communication burden
so that the algorithm converges quickly while protecting the
privacy of the subsystems.

The CHP unit and electric boiler as the link between
the electric power subsystem and the heating subsystem,
which perform double A iteration to achieve information
interaction and resource coordination configuration. Through
the repeated iterative solution, the double Lagrange multi-
plier and unit output are continuously modified. And finally,
the optimal solution is obtained when the system power
deviation meets the convergence condition. The flow chart of
the multi-objective optimization model in this paper is shown
in Figure 4.

=
Update network transmission
A 4 istics and energy storage

Analysis of Network Transmission situation

Characteristics of Electric Heating System
1. Grid transmission characteristics: (1)-(2)
2. Heat network transmission
characteristics: (5), (6), (9)

l

Analysis of energy storage situation division l

strategy (abandoning wind judgment mark (10))
Electric boiler direct supply mode: (11)

Energy storage state Heat storage tank state: (12)
Electric energy storage state: (13)
Energy release state of electric energy
storage and thermal storage tank: (14)

Set the system double Lagrange
multiplier, node water supply
temperature, and initial output
value of each unit

Solve the single objective Pk
function to get m’ “af

l Selectd, dto determine u(K). u(l’)‘

Calculate the system network
loss and the penalty factor of

[Scheduling model of combined electric and heating
system considering network transmission
characteristics and energy storage situation
Objective function
Total objective function: (15) Output constraint of thermal
power unit: (25)

Enter algorithm iteration and
update the system double
Lagrange multiplier

Update unit output and

calculate system electric
Objective function 1: (18) ~ Wind turbine output unit: (26) heating power deviation
Objective function 2: (19)  Operational domain constraints
of thermoelectric power unit: (27)

Restrictions

hether the system
power deviation
converges

Grid branch constraints: (29)

Electric energy storage system operation constraints: (22)
Heating network branch constraints: (30)

(6] ional constraints of regenerative electric boilers: (23)

Yes

]
The output system has the
most scheduling solution

Solve the model using a double
iterative algorithm
A. Initial parameter setting C. Iterative update
B. Network constraints D. Convergence check
E

FIGURE 4. Flow chart of the multi-objective optimization model.

A. INITIAL PARAMETER SETTING
Set the initial output value of each unit when t = 0, which is
shown as equation (40).

M
Z Pcnp,i0 + P60 + Pees.pis,0 + Pw.EL.0
i=1
M
—PEES,cHA.0 — ZPEB,i,O_PEL,O =0
i=1
M
Z (Hcnp,i0 + Hep,HL,i,0 + Hus,our,i0 — HEv,i0) = 0.

i=1

(40)

The initial value Apo and Apo of the double Lagrange
multiplier, and the initial value Ty o of the system are set.
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B. NETWORK CONSTRAINTS
Firstly, the unit’s power output should meet the branch power
flow constraints, which are shown as equation (41) and (42).

[ li
{Qrt—Qrtvpmemm<Qr,t SPénemax (41)

Q , lee max Q > Pline max
rit — Ly y Yrit 2

Pcup.i: = Pepp.iy » P ™0 < peyp;, < pline max
Pcppi; = Pline ma - poyp ;> pline max

(42)

Secondly, the water supply temperature of the heating
network pipeline should meet the branch constraints, which
is shown as equation (43).

Tgt:Tg[,T <Tgt <71£nax
Tow =TM Ty, < T 43)
Tor =T Ty, > T;m

Thirdly, the pipe flow of the heating network should meet
the branch constraints, which are shown as equation (44)
and (45).

P . — (44)
C(Tg,t - Thg,t)
Mg = Mgy, mg,ni“ <mg; < mg™
Mg = mgﬁn, mg; < mi,nin (45)
Mg = m;nax’ Mg > mglax

Finally, update the heat transfer of the heating network
node as equation (46).

(46)

qg,t = Cmg,t(Tg,t - Thg,t)
Hecapit = gt » Herp,ir = gt

C. ITERATIVE UPDATE
According to equation (47)-(49), the loss penalty factor cor-
responding to each suite is calculated as follows.

1

Pfors = , — (47)
(1 =20 BymOm,s + X ByiPiyr))
m=1 i=1
1
Pleis = —— . (48)
(1 - Z BinPn,t -2 Z BriOr,t)
n=1 r=1
1
Wi = ———5— (49)
(I— cmg,ZR)

Let €2, denote the collection of pure generator units whose
electric output reaches the upper or lower limit, let 2., denote
the collection of CHP units whose electric output reaches
the boundary of the operational domain, let 2., denote the
collection of CHP units whose thermal output reaches the
boundary of the operational domain.
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According to equation (50) and (51), update the system
double Lagrange multiplier as follows.

Z Hcenp.i

L
)‘p,t+l = (Z PEL,l,t + PE,t_ Z Or,t -

=1 res2, i€Qco
B; + CiPcnhp,i
+ Z . > PP
JES2p i#20
1
/( ) (50)
J¢ZQ /pfOr t igéQm Aipfeis
v
it = O Hgv . + He,y
v=1
E; + CiHcnp,;,
- Z Pcup,ir + Z #_”)
i€Qen i#Qeh !
/ (5D
l%;l 2D; hfctt

Furthermore, the temperature of the water supply and
transmission flow of pipeline are updated by
equation (52)-(53), also the dispatching output of each suite
is updated by equation (54)-(56).

qg.t+1
Tg,t+1 = cgy,nt . +Thg,t (52)
<,
qg.1+1
Mg 1+1 = (53)
o C(Tg,H—l - Thg,t+1)
1 N C;
oA et T
pfi2A T 24,
i .
HCHP‘i,t+1 = PCHP,i,t - Z_Al ,Vl ¢ an (54)
Hyp (Pchp.i) or
Hegp (Perp.i), Vi€ Qo
L, b wr¢a
A Aptt+l — 5V
Ori+1 = pfO(zaj P 2a; P (55)
min max
oM or O7™ | Vr e Q,
1 Ah,t+1 Ci
il —
hfci,IZDi 2Dl
P
Pcupit+1 = Hcppir+1 — Z_D,-’Vl ¢ Qe (56)
Peyp {(Hchp.ii+1) or
Pepp (Henp,ii+1), Yi € Qep

D. CONVERGENCE CHECK
The system electric power deviation and system thermal devi-
ation are shown as equation (57) and (58).

R M

= (Z Or 141+ ZPCHP,i,t-H + PEES, DIS 1+1
r=1 i=1

M L
- ZPEB,i,t - ZPEL,I,H—I
= —

—Pg ) 67

APy

— PEEs, cHA, 141
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M
AHp1 =y (Hewpiss + Hes HL i1
i=1

+Hpys out,ii+1 — Hevirv1 — HE it) (58)

The convergence condition is set as equation (59) to deter-
mine whether the system power deviation meets the conver-
gence condition, if not, repeat the update. Otherwise, output
the current optimal output of each set.

AP,
max | t+1] <¢ (59)
[AH; 1]

where £ represents the convergence determination coeffi-
cient, which is generally 1073,

VII. CASE ANALYSIS

A. CASE SYSTEM

The structure diagram of the simulation system is shown
in Figure 5. The system consists of one standard 14-nodes
power system and two 10-nodes heating system [1], they are
real measured values.

- N7

N6 N5 N4 N3 N1 o
< Heat Source NS o - _i N2
= Heat exchange station N10
. N9 == CHP
Gi @—» Heat pipe (,\,\

F

i

-1

# : Z o CHP

Y oo
8 7 ) CHP
Q) CHP
6 11 10 5
_T 12
| QO e
* l 13 14
- N7
NS N4 N3 N1 &
N8 = - 1
NI10 N2
NO =

FIGURE 5. Simulation system structure diagram.

The detailed parameters setting for the energy storage
system, power network and heating network are shown in
Appendix B. In this paper, the heat load of heating network
2 is proportional to the heat load of heating network 1.
Specifically, N1-NS5 is 1.3-fold relationship, while N6-N10 is
0.8-fold relationship. The wind power forecasting process
is shown in Appendix A. The generator units G,; ~ Gyq
includes two thermal power units and two wind turbines,
corresponding to nodes 1, 2, 5 and 6. The CHP units G.; ~
G¢ correspond to nodes 3, 4, 7, 8, 9, 14. The electrical
load demand and heat load demand of the system refer to
the electrical and heat load of node 13. It is assumed that
there are three communities in the vicinity of node 13. For
the convenience of calculation, the residential buildings in
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each community are simplified into row residential buildings.
Set the convergence determination coefficient & = 1073,
the network loss coefficient matrix B is shown as follows.

115 755 6 5 4 3 47
512365752 2 6
73134 255765
56 4144 65 3 4 6
552 4153 5 6 7 4 6
B=l6¢ 756311656 3]|%10
55555 61245 4
427365 41365
3264765 614 3
3536367 2 6 12]

We set Tp = 0°, which is the average temperature of the
medium around the heat pipeline, we set T, = 30°C, which
is the average temperature of water return, also we set the
initial value of the water temperature of each node of the
heating network, which is T, o = 96°C. The specific heating
capacity of the heat medium is ¢ = 4.2 x 10°KJ /(kg -° C),
the price of wind power is 101.48%/MWHh, the initial value of
double Lagrange multiplier are set as Ap o = 0.45, Ap10 =
0.5 and App 0 = 0.5.

B. SCHEDULING SIMULATION

This paper set three scenarios to analyze the impact of net-
work transmission characteristics and energy storage situa-
tion on the operating cost of the system and wind power
accommodation.

Scenario 1: Optimal dispatch of single heat source inte-
grated electric-heat system (S1).

Scenario 2: Optimal dispatch of the integrated electric-heat
system under the hierarchical regulation scheme of energy
storage system without considering the network transmission
characteristics (S2).

Scenario 3: Optimal dispatch of the integrated electric-heat
system with energy storage considering network transmission
characteristics (S3).

The comparison results of scenario 1 and scenario 2 can
analyze the impact of the energy storage system on the
integrated electric-heat system. Also, the comparison results
of scenario 2 and scenario 3 can analyze the influence
of network transmission characteristics on the electric-heat
interconnection system. Here scenario 3 is the integrated
electric-heat system model of this paper.

TABLE 1 shows the total system cost and the wind curtail-
ment consumption volume of the three scenarios. Comparing
scenario 3 with scenario 1, the total system cost and wind cur-
tailment volume are reduced by 1.1062 x 10 $and 110MW
respectively.

TABLE 2 shows the simulation time and effectiveness
comparative analysis of the model under the conventional
optimization algorithm [20], [21] and the double A iterative
algorithm. We compare the results of power deviation of
double A iterative algorithm with GA’s, PSO’s, mixed integer
linear programmings, and the results are shown in Figure 6.
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TABLE 1. The total system cost and the amount of wind curtailment
under the three scenarios.

Scenes Total system cost/10°$ Wind consumption/MW
1 8.3688 15
2 8.3671 40.6

7.2626 125

TABLE 2. Comparison and analysis of optimization algorithms.

Double 4
IXHLP PSO GA[14] iterative ~ Computer level
[21] [13] aleori
gorithm
Simulati ~
ontime 6580 0 50283 305397 CPU:is-3200U
(s) 5 Memory: 12GB
Simulati Hard Disk:
7745 759 . . SA400837240
on v, v 806%  937% Ay
accuracy
I
7 % MILP
—%—PSO
GA

—#— Double A iterative algorithm

System power deviation/MW10-3

A\
\\ \‘
= ——
1 * * ————%
1 2 3 4 5 6 7 8
Iteration

FIGURE 6. Algorithm convergence speed comparison.

Therefore, considering the simulation speed and simula-
tion accuracy, the calculation example in this paper uses the
double A iterative algorithm to solve the calculation.

Furthermore, the forecast of wind power and the actual
output of wind power, the total power output of the thermal
power units and the CHP units under different scenarios
and the total thermal output of the CHP units are shown
in Figure 7-13.

C. ANALYSIS OF SCHEDULING RESULTS IN DIFFERENT
SCENARIOS

1) ACTUAL WIND POWER OUTPUT AND SYSTEM
OPERATING COST

Combined with Figure 7-8, it can be seen that the S1 scheme
has the lowest on-grid of wind power, especially during
periods of high wind power generation such as 18:00-23:00.
The curtailment rate is as high as 22%~50%, which severely
restricts the accommodation of wind power and the system
operating costs are also high. In S2, after adding energy
storage resources to participate in the regulation, the wind
power abandonment rate is significantly reduced. During the
period from 19:00 to 21:00, the wind power abandonment
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FIGURE 7. Total forecasted wind power and actual wind power output
under different scenarios.
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FIGURE 8. Wind curtailment rate under different scenarios.

rate is slightly higher, ranging from 10% to 16%. When the
S3 dispatching scheme is adopted, the wind power accom-
modation actually is the maximum. Except for some high
wind power generation periods, the wind power on-grid rate is
above 96% in the rest of the period. The full accommodation
of wind power is basically achieved. The energy utilization
structure of the system is adjusted, which further reduces the
operating costs overall system. At night, wind power output
obviously exhibits reverse regulation characteristics. Due to
the low electrical load at night and high heat load, energy
storage systems are generally required to assist peak load
regulating.

It can be seen from TABLE 1 that under the scenario
of considering electric boilers, thermal storage tanks, and
storage batteries, the operating cost of the system is increased,
but the benefits brought by the accommodation of wind power
in the integrated system are reduced the overall cost.

2) ELECTRIC AND THERMAL OUTPUT OF THE UNIT

It can be seen from Figure 8 that the power output of
the units in different scenarios is roughly the same, but
due to the similarities and differences between the network

19015



IEEE Access

X. Liu et al.: Multi-Objective Optimization Strategy of IEHS

TABLE 3. The delay time At and the thermal attenuation Hg are converted to each node.

Node N, N, N, N, N N, N} N; N, N/,
Delay time/h 1.09  0.67 1.04 129 206 228 204 122 211 218
Thermal decay/MWth 730 1525 943 236 511 597 597 254 597 587
Node N} N; N; N; N N; N? N; N; Ny
Delay time/h 121 1.05 0.78 124 196 256 235 123 1.16 198
Thermal decay/MWth 630 1623 1025 363 423 632 632 32 566  5.89
1600 T T T T T T
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FIGURE 9. Comparison curves of unit electric output under different
scenarios.
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FIGURE 10. Electric output of each unit under S1.

characteristics and the hierarchical control strategy of energy
storage, the power output of the units is slightly different.
During the period 1-10, the power output of S1 and S2 units
are basically the same and the power output of S2 units will
decrease due to the adjustment of energy storage resources
in the subsequent periods. In Figure 9-11, it can be seen that
compared with S1, the electric output of S2 and S3 are both
reduced. The electric output of the unit under the optimized
dispatching of S3 has a larger drop. Within its adjustable
range, thermal power units and CHP units were reduced by
31.64% and 11.312% respectively.
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[ Sum of thermal power [ Total thermoelectricity
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FIGURE 11. Electric output of each unit under S2.

Heating network characteristics are shown in TABLE 3.
In terms of unit heat output, it can be seen from Figure 12 that
compared with S1 and S2 which does not consider the
delay and attenuation characteristics of the heating network,
S3 scheduling consider the network characteristics, and the
heat output of the CHP unit is relatively early and lower.
In addition, the use of coordinated optimization scheduling
considering the network characteristics and energy storage
situation makes the heat load peak move forward. It can
effectively alleviate the effect caused by the overlap of the
heat load and the wind power double peak. Thereby, it can
reduce the system operating cost.
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16 2 4

22 24

I Total thermoelectricity
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[ Sum of thermal power
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FIGURE 12. The electricity output of each unit in S3 and the sign of wind
abandonment.
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FIGURE 13. Comparison curves of unit heat output under different
scenarios.

TABLE 4. Time 9 iteration data analysis.

Symbol 1 2 3 4 5 6
AP 0.1 0.06 0.02 0 0 0
AH -38.5 -10 -5 0.03 0 0
Ap 0.516 0.524 0.533 054 0.547 0.547
An1 0.43 0.449 0458 0465 0465 0.465
Ay 0.428 0425 0416 0423 0423 0423

3) ANALYSIS OF OPTIMAL SCHEDULING IN S3
Considering the network transmission characteristics and
energy storage situation comprehensively, the effectiveness
of the double X iterative algorithm for optimal scheduling of
the system can be proved.

The simulation data of AP, AH, A,, Ap; and Ay at
9 o’clock are shown in Table 4. It can be seen that conver-
gence is reached at the 5th iteration. The system of dou-
ble Lagrange multiplier converges to the optimal solution
at Ap = 0.547, Ay = 0.465 and Aj; = 0.423. Network
transmission loss Pg, Hr~0, and finally reaches the system
power balance considering the energy storage situation. The
system electric and thermal deviation is minimized, the wind
power accommodation is highest, and the operating cost is

TABLE 5. Iteration data of typical day in S3.

Scenario 3

Energy storage situation

Timeh

FIGURE 14. Energy storage situation at each moment in S3.

lowest. TABLE 5 shows the simulation data at each time of
the typical day in S3.

The signs of electricity output and wind power abandon-
ment of each unit in the system during each time period
in S3 is shown in Figure 12. According to the simulation’s
results, the state results of the energy storage system in each
period after S3 optimal scheduling are shown in Figure 14.
It can be seen that O represents the direct thermal state of
the electric boiler, 1 represents the heat storage state of the
thermal storage tank, and 2 represents the electric storage
state, — 1 represents release energy state of batteries and heat
storage tank. Figure 15 shows the power of the electric boiler,
the heat storage of the thermal storage tank, and the power
storage of the storage batteries at each time.

During the high wind power generation period of S3,
the batteries storage electric and thermal storage tank stores
heat. At times 5, 6, and 21, the wind curtailment boundary
power satisfies (11), and the energy storage system is the
situation of directing thermal from electric boilers. During
the day, since the wind curtailment boundary power is less
than the system electrical load, all wind power output is used
to supply the electrical load. In order to ensure the balance of
supply and demand of electric and thermal, storage batteries
and heat storage tanks release the energy stored at night to
the integrated electric-heat system. On the whole, the use of
this optimized scheduling scheme to participate in peak load
regulating through the energy storage system can meet the
basic electric thermal needs of users.

Time 1 2 3 4 5 6 7 8 9 10 11 12
Convergence or not/times v'/4 vIis Y4 V16 v/4 v/5 V5 v/5 v/s v/6 vi4 V4
lp 0.524 0.533 0.499 0.54 0.513 0.547  0.527 0.52 0.547 0498 0516  0.527
Ahl 0.449 0.458 0.465 0474 0469 0471 0.476  0.475 0.465 0.464 0478  0.462
/1,12 0.425 0416 0.423 0415 0416 0.43 0441 0421 0423 0433 0425 0426

Time 13 14 15 16 17 18 19 20 21 22 23 24
Convergence or not/times v/5 V4 V4 V4 V4 v/5 v/5 v/6 v/5 v/5 v/6 v/5
lp 0.531 0.512 0.536 0.515 0.542 0.547 0547 0.535 0.524 0.53 0.532 0.547
/1,11 0.474 0.474 0.465 0473 0473 0472 0472 0472 0465 0474 0464 0.465
Ahz 0.425 0.416 0.423 0422 0426 0416 0425 0.423 0.36 0.435 0.43 0.424
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FIGURE 15. Energy storage power/capacity at each time in S3.

Therefore, on the one hand, considering the network trans-
mission characteristics and energy storage situation, the elec-
tric and thermal balance of the integrated electric-heat system
is realized. On the other hand, the contradiction between the
high heat load at night and the large wind power generation is
alleviated, and the on-grid power of wind power is increased.
The two work together to provide space for wind power and
coordinate with the thermal power units to basically realize
the full accommodation of wind power and reduce system
operating costs.

VIil. CONCLUSION

This paper redefines the integrated electric-heat system with
energy storage and proposes a comprehensive dispatching
model for coordinated dispatching of electric power and dis-
trict heating networks. Here use electric boilers, thermal stor-
age tanks and storage batteries, the coordination model con-
sidering network transmission characteristics is established
as a convex quadratic programming. The double A iterative
algorithm is used to simulate an actual power system and
two district heating systems, which indicated the proposed
decentralized coordination model and algorithm are efficient
and practical. While preserving the dispatch independence
between the power system and the heating system, the pro-
posed approach achieves the best solution in a moderate
number of iterations. The wind curtailment volume and com-
prehensive cost of system are significantly reduced. The main
conclusions are shown as follows.

1) Electric power network transmission loss, heating net-
work transmission loss and delay will cause deviations in sys-
tem power. Considering network characteristics can improve
system stability and energy supply quality.

2) Wind curtailment boundary power on-off strategy of
flexible energy storage resources such as electric boilers,
thermal storage tanks and storage batteries can significantly
reduce the amount of wind curtailment volume in the system.
And it can maximize the use of energy storage capacity,

19018

which plays a major role in system optimization and schedul-
ing.

3) The proposed double A iterative algorithm can effec-
tively solve the coupling optimization problem of wind power
accommodation and minimum system cost.

By analyzing multi-objective optimization strategy of
integrated electric-heat system based on energy storage situa-
tion division and considering the influence of network trans-
mission characteristics on optimal dispatching. Through the
effective solution of the double A iterative algorithm, we can
see that this study significantly reduces the wind curtailment
volume of the system and brings huge economic benefits.
The wind power forecast value and load forecast value in
this paper are given, the impact of wind power forecast and
load forecast uncertainty on coordinated dispatch has not
been studied yet. Future work should study the impact of
wind power uncertainty on integrated electric-heat system
dispatch.

ABBREVIATIONS
IEHS  Integrated Electric-Heat System
EB Electric Boiler

HS Heat Storage Tank

EPS Electric Power System

DHS Distribution Heating System

DHN  District Heating Network

CHP Combined Heat and Power

ECC Electricity Control Center

Heating Control Center

The total number of wind turbines and thermal
units

The number of thermal power units

The number of heating systems

The total number of electric load units

The total number of sections of the pipeline
The length of the heat medium flowing through
the pipeg [km]

The length of the pipe section [m]

The inner diameter of the pipe section, [m]

The total scheduling period [h]

The flow rate of the heat medium [m3/h]

The constant of proportionality

The specific heat capacity of the heat medium
[KJ /(kg -° O)]

the density of the heat medium [kg / m’]

The total thermal resistance per kilometer of
the pipe between the thermal medium and the
surrounding medium [km -° C /kW]

SIS NEE ™

O I N

Mb

A The temperature loss coefficient of the unit
length of the pipe

Amsinv  The efficiency of the thermal tank device

NEB The electric heating efficiency of the electric
boiler

CEB The power utilization factor of the electric boiler

7 The thermal loss rate of the heat storage tank
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The self-loss rate of the electric power of
the storage batteries device

The charging efficiency of the storage bat-
teries device

The release efficiency of the heat storage
tank

The membership function of the wind
power accommodation

The membership function of the total sys-
tem operating cost

The acceptable expansion value when
the wind power accommodation is the
maximum

The acceptable expansion value when the
total operating cost is the minimum

The convergence determination coefficient
The voltage phase angles of the bus bar e
and bus bar & on the DHS side in period
t[rad]

The voltage phase angle difference
between the i-th andj-th node [rad]

The magnitude of the heat load at the node
i [MWth]

The direct current resistance of the feeder
(€2]

The corresponding elements of the loss
coefficient matrix B

The temperature of the heat medium in the
pipeg [°C]

The ambient temperature around the pipe
[°C]

The temperature of hot water flowing
through nodes i and j respectively [°C]
The water supply temperature and the
return water temperature at the nodei
respectively [°C]

The upper and lower limits of the water
supply temperature in pipe g of the heating
network [°C]

The upper and lower limits [m3/h]

The water flow of pipe i — j [m>/h]

The water supply flow of the heat load at
the node i [m3/h]

The transfer heat [MWth]

The fluid flow rate inside the pipe section
at f[kg/h]

The wind curtailment power of dispatching
system [MW]

The total operating cost of the system [$]
The operating cost of the thermal power
unit [$]

The operating cost of the CHP units of the
i-th heating system [$]

The price of wind power [$/MW]

The cost coefficient of the i-th CHP unit

aj~cj

ki, ko
Ui, U;

Gij, Bjj

SHS,i,t

Eggs

EEES,max

Dcua,t» Dpis,t» Dnw ¢

SHS,min, SHS,max

SOH,min: SOH,max

Phe,t

Pcyp,it

Pepiy

AP
PG,j,t
PEEgs pis,t

Pw EL:

PEEs. cHA,t
Per i

P,

The cost coefficient of the j-th
thermal power unit

The weight coefficients

The voltage amplitudes of nodes
iandj [V]

The conductance and suscep-
tance of branchij [S]

The heat storage capacity of the
heat storage tank of the i-th heat-
ing system [MWth]

The storage capacity of the stor-
age batteries device [MWth]
The maximum capacity of the
battery in stable operation The
maximum capacity of the battery
in stable operation [MWth]

The charge, discharge and down-
time states of storage batteries
The minimum and maximum
capacities of the heat storage
tank under stable operation con-
ditions [MWth]

The minimum and maximum
values of heat storage and resid-
ual heat state [MWth]

The power flow from % to e on
the feeder he in period t [MW]
The total electric output of the
CHP units of heating system i
(MW]

The output power of the wind
turbine to the electric boiler of
heating system i [MW]

The system electric power devi-
ation [MW]

The electric output of thej-th
thermal power unit [MW]
The storage batteries
power [MW]

The power supplied by the wind
power plant to the electric load
end [MW]

The input power of the storage
batteries [MW]

The demand of the [-th electric
load unit [MW]

The electric transmission loss of
the system [MW]

The electric output of the rth
thermal power unit [MW]

The output of the wind turbine of
the integrated electric-heat sys-
tem [MW]

The output power of the wind
turbine to the storage batteries
(MW]

output
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The sum of the thermal power
deviation of the i-th heating sys-
tem [MWth]

The total thermal output of the
CHP units of i-th heating system
[MWth]

The thermal power output of the
electric boiler direct to heating
network of i-th heating system
[MWth]

The thermal power output
released by the heat storage tank
to the heating network of the i-th
heating system [MWth]

The heat load of the i-th heating
system [MWth]

The heat loss of the i-th heating
system [MWth]

The heat loss of the heat medium
flowing through a unit length of
pipe [MWth]

The heat transmission loss of the
system [MWth]

The thermal output by the elec-
tric boiler of the i-th heating sys-
tem [MWth]

The thermal output by the elec-
tric boiler to the heat storage
tank of the i-th heating system
[MWth]

The heat storage power of the
heat storage tank of the i-th heat-
ing system [MWth]

The wind curtailment boundary
power of the i-th heating system
(MW]

The total minimum electric out-
put of CHP unit of the i-th heat-
ing system [MW]

The minimum electric output of
thermal power unit [MW]

The predicted output of wind
power [MW]

The rated electric power of the
electric boiler of the i-th heating
system [MW]

The actual output of the wind
turbine [MW]

The specific function value
when the maximum wind power
accommodation is the target
(MW]

The specific function value when
the minimum total operating cost
is the target [MW]

Pi, Qi The active and reactive power

injections at node i.

The allowable active limit trans-

mission power and reactive limit

transmission power of branch i,
respectively [MW]

ng’?)max’t, ngg’max’[ The maximum charge and dis-
charge power of storage batteries
(MW]

PEB max.1 The upper power limit of electric

boiler [MW]

The minimum and maximum

values of output power of heat

storage tanks [MWth]

The lower limit and upper limit

of the electric power of the j-th

thermal power unit [MW]

The predicted output of the wind

turbine [MW]

Pg”f The transmission power of the

grid branch d [MW]

The upper and lower limits of the

transmission power of the grid

branch d Respectively [MW]

HHS,mim HHS,max
PG,j,mina PG,j,max

Pprw ;max,t

line min pline max
Py Py

APPENDIX A

A. ESTABLISHMENT OF WIND POWER PREDICTION
MODEL BASED ON SIMILAR DAYS AND FEATURE
EXTRACTION

1) MATCHING OF SIMILAR DAYS

The main factors affecting the output of wind turbines are
wind speed, wind direction, temperature, pressure, relative
humidity and other meteorological elements. The sequence
of sampling points of these meteorological elements is used
to match similar days. The specific steps are shown as fol-
lows [35].

(1) Assuming there are N historical days, first the sampling
point sequence of each meteorological element of N histor-
ical days and forecast days is expressed into {i, ¢;};—;
form, where i is the serial number arranged in the order of
sampling time, and c; is the instantaneous data, sampling once
every 15min, then k = 96.

(2) Respectively normalize the sampling point sequence
of wind speed, wind direction, temperature, pressure, and
relative humidity according to (Al). According to (A2),
the discrete Frechet distance d;; of the meteorological element
sampling point sequence corresponding to each historical day
and the forecast day is calculated, and the obtained distance
matrix D is shown as (A3).

, ¢; — min(c;)

- max(c;) — min(c;) (AD
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Normalize each
meteorological element
according to formula A(1)

)

Calculate the discrete Frechet distance
d, ; between the meteorological curve
corresponding to each historical day and the
forecast day, and get the distance matrix D
) Final training sample

Map meteorological elements of
> similar days to d-dimensional
feature space through KECA

According to formula A(3), the overall
similarity between the historical day
and the forecast day is obtained

SVM prediction model

¥ End

Select m similar days and
actual power values of
similar days as initial samples

|

FIGURE 16. Flow chart of wind power forecast.

TABLE 6. Economic characteristic parameters of thermal power unit.

Electric power
upper limit

Electric power

bEMW - c(5M lower limit

unit  ai($/h)

h 2h
) wh) MW) MW)
7 4.9369 0.2762 0.0011 680 320
8 5.9653 0.2608 0.0008 680 275

TABLE 7. Economic Characteristic Coefficient of CHP unit.

AGM  BGM  GOMW  DEMW  ESMW  F(S/
um W’h) Wh) 2h) 2h) h) h)
#1 0.0345 14.5 0.031 0.03 42 2650
#2 0.0435 36 0.011 0.027 0.6 1250
# 0.0345 145 0.031 0.03 42 2650
#4 0.0435 36 0.011 0.027 0.6 1250
#5 0.0345 145 0.031 0.03 42 2650
#6 0.0435 36 0.011 0.027 0.6 1250
dE(up’ “q)
di<uy,...,up—1 >,
< Vi, eeo, Vg >)
Vn # 1
di<ui,...,u, >,
max 4 . TP (A2)
min < Vi, Vg1 >)
Vm # 1
di<uy,...,up—1 >,
< VI eeos Vg1 >)
Vn# 1Hm #1
D = [d;;] (A3)

where dg(uy, v4) is the euclidean distance between two points
u, and vg4. i = 1,...,5 is the ith meteorological element,
j=1,..., N is the jth historical day.

(3) The similarity between each historical day and the
forecast day is calculated according to the distance matrix D.
In order to characterize the leading role of the key fac-
tors affecting wind turbine output in the determination of
similar days, the equation is defined by multiplying the

VOLUME 9, 2021

TABLE 8. CHP unit thermoelectric operable domain parameters.

unit FOR (CHP)

G, 0,63 , (121,42) , (153,132) , (0,187)
G, (0,36) , (106,22) , (122,68) , (0,94)
Ges (0,54) , (132,38) , (156,98 , (0,104)
Gey (0,45) , (101,26) , (133,78) , (0,112)
Ges 0,78) , (167,32) , (187,105 , (0,99
Geg (0,87) , (109,200 , (134,56) , (0,87)

TABLE 9. Power network transmission line parameters.

line Pdline min Péine max line Péine min P{,lime max
1-13 0 130 2-13 0 150
5-13 0 180 6-13 0 210
3-13 0 250 4-13 0 190
7-13 0 180 8-13 0 180
9-13 0 120 14-13 0 220

TABLE 10. Heating network transmission pipeline parameters.

pipeline I, mp"  mP IR node 7" T
3-13 2.8 0 1500 25 3 90 100
4-13 2.5 0 1200 16 4 90 100
7-13 3.0 0 1300 18 7 90 100
8-13 2.6 0 1400 20 8 90 100
9-13 2.9 0 1800 21 9 90 100
14-13 3.1 0 2000 24 14 90 100

TABLE 11. Related parameters of electric boiler.

Rated

Electric boiler Rated input Thermoelectric
manufacturer evaporation pu ratio
power
Kawasaki Heavy 28UW/19.6MWth 60 MW 0.98

Industries

TABLE 12. Related parameters of storage batteries and thermal storage
tank.

Eneray storage type Rated Initial Self-loss effectiv
&y ge typ Capacity capacity rate eness
Thermal storage tank 100 MWh 8 MWh 0.01 0.9
Storage batteries 60 MWh IMWh 0.001 0.96

overall similarity. The equation is shown as (A4).
5
1
=11 (A4)
i=1 "

(4) Them day with the highest similarity among N histori-
cal days is selected as the similar day sample of the forecast
day.

2) FEATURE EXTRACTION

There is a complicated non-linear relationship between the
power generated by the wind turbine and various influenc-
ing factors. The KECA method maps the input data to a
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TABLE 13. Electric load and wind power forecast output (MW).

Time period 1 2 3 4 5 6 7 8

Electric load 1108.32 1102.51 1113.27 1106.71 1105.14 1058.89 1450.14 1535.15
Wind power forecast 209.69 217.25 197.52 180.41 171.53 149.43 101.18 79.41

Time period 9 10 11 12 13 14 15 16

Electric load 1655.75 1672.3 1681.18 1430.28 1409.15 1670.2 1816.9 1827.14
Wind power forecast 2.9 0 1800 21 9 90 100

Time period 17 18 19 20 21 22 23 24

Electric load 1784.81 1759.26 1577.49 1446.72 1376.94 1226.6 1203.52 1136.05
Wind power forecast 60.82 73.64 88.93 106.59 184.41 293.06 308.84 316.77

TABLE 14. The heat load (Mwth) of D HN1 of each period considering the delay and attenuation of the heating network.

Time period NI N2 N3 N4 N5 N6 N7 N8 N9 N10 SUM
1 7133 80.35 7417 236 68.18 67.68 68.24 66.66 6840 68.40 635.78
2 69.94 78.99 7277 236 67.09 66.77 67.15 6527 6736 67.40 625.09
3 68.91 77.69 71.66 2.36 66.95 66.90 67.00 6429  67.28 6741 620.45
4 68.87 77.13 71.50 2.36 68.00 68.16 68.02 64.35 6838 68.58 625.34
5 70.00 7773 72.54 236 69.86 70.07 69.84 6557 7025 70.48 638.71
6 71.89 7935 74.40 236 71.88 72.01 71.83 6749 7223 7247 655.91
7 73.88 8138 76.42 236 73.64 73.69 73.58 6947 7397 74.19 672.57
8 75.61 83.26 78.19 2.36 75.25 75.29 75.17 7119 7557 75.80 687.70
9 7722 84.90 79.81 2.36 77.05 77.12 76.93 72.81 7736 77.61 703.18
10 79.03 86.60 81.61 2.36 79.07 79.11 78.93 7464 7937 79.63 720.34
11 81.05 88.56 83.64 236 80.87 80.74 80.72 7667 8112 81.35 737.08
12 82.79 90.53 85.46 236 81.80 81.41 81.66 7837  81.99 82.14 748.50
13 83.63 91.87 86.41 2.36 81.54 80.91 81.42 79.11 81.67 81.74 750.67
14 83.28 92.07 86.17 2.36 8037 79.66 80.29 7867 8049 80.52 743.89
15 82.08 91.19 85.02 236 78.97 7831 78.90 77.43 79.11 79.14 732.50
16 80.69 89.80 83.61 236 77.82 7725 77.76 76.05 77.99 78.04 721.36
17 79.57 88.52 82.45 236 76.95 76.42 76.89 7496  77.13 77.19 712.43
18 78.71 87.56 8157 236 76.04 75.48 76.00 7410 7622 76.26 704.32
19 77.80 86.71 80.66 236 74.89 74.30 74.87 7317 7507 75.09 694.93
20 76.63 85.66 79.51 236 73.62 73.06 73.61 71.98 73.81 73.83 684.07
21 7537 84.39 7823 236 72.51 72.02 72.51 7072 7271 7275 673.57
22 74.28 83.18 77.11 236 71.65 7121 71.65 69.65 71.87 71.92 664.87
23 73.43 8223 76.24 236 70.80 7033 70.82 68.81 71.02 71.05 657.10
24 7257 81.42 7539 236 69.66 69.13 69.70 67.93 69.87 69.87 647.89

high-dimensional feature space through a kernel function,
extracts nonlinear principal components, and maximizes the
information entropy in the original data [36].

Data set X = [x1, X2, ..., X;x96] is selected m similar day
data, x; is expressed as a vector composed of wind speed,
wind direction, temperature, pressure, and relative humidity
at the same time. The specific steps of feature extraction
based on the KECA method are divided into the following
3 steps.

(1) This paper selects the radial basis function as the kernel
function of (AS), and constructs the corresponding kernel
correlation matrix K. The radial basis function is expressed
as (A0).

1 N
~ 2 ko6, x0)

plx) = (AS5)
i=1
ke xi) — llxi — x;l| A6
a(xz»x/) = exp(————5— 252 ) (A6)
where k;(x,x;) is the kernel function, o is the width

parameter.
(2) This paper carries out eigenvalue decomposition on the
kernel matrix K and estimates the quadratic Renyi entropy
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according to (A7), and arranges the eigenvalues and corre-
sponding eigenvectors of the kernel matrix in descending
order of the estimated value.

N
A 1 2
V) = <3 > el 1) (A7)
i=1

(3) The number of non-linear pivots d is determined, map-
ping the data to the feature subspace formed by the first d
eigenvalues and eigenvectors arranged in descending order.

According to (A8), we can obtain the generated nonlinear
mapping.

®peq = Ug® = D°E] (A8)

where Dy is the diagonal matrix formed by the first d eigen-
values selected after sorting the eigenvalues A1, A2, ..., Ay in
descending order, Ej; is formed by the corresponding feature
vector.

3) PREDICTION MODEL ESTABLISHMENT
Combining the extrapolation effect of similar days, the KECA
method can characterize the internal structure of data about
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entropy and the advantages of support vector machines in pro-
cessing small samples and high dimensions. A support vector
machine short-term wind power prediction model based on
similar days and feature extraction is proposed [37], as is
shown in Figure 16.

Taking the wind speed, wind direction, temperature, pres-
sure, relative humidity, and power at the corresponding time
of m similar days as the initial sample set, the initial sam-
ples of these 5 meteorological elements through the KECA
method is analyzed, and the nonlinear principal elements as
the SVM model is extracted. The input and output is the
actual power value at the corresponding time to complete the
training of the SVM prediction model. When making a pre-
diction, it is necessary to map the weather data of the forecast
day, namely wind speed, temperature, humidity, pressure, and
relative humidity, to the feature subspace generated by KECA
according to (A9), and use it as the input for the prediction.

—1/2

Yiew = Dd EdTK(x, Xnew) (A9)

APPENDIX B
See Tables 6-14.
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