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ABSTRACT Electric heat storage (EHS) located on the grid side can improve the flexibility of combined
heat and power (CHP) systems to reduce wind power curtailment (WPC), and its capacity is correlated
with investment costs. However, a significant amount of distributed electric heat storage (DEHS) on the
load side has already been funded and constructed by users and businesses. To effectively utilize DEHS for
diverse user types in different geographic locations, a generalized scheduling method is required to address
these issues. To fill the technology gap, an innovative optimal scheduling strategy for energy allocation
in DEHS is proposed. Firstly, to consider the heat comfort of DEHS users and their willingness to serve
grid scheduling, the equivalent energy allocation strategy (EEAS) and increased energy allocation strategy
(IEAS) are developed, respectively. Secondly, a general model is proposed to schedule DEHS for different
types of users. The electric heat time-shift characteristics of DEHS are used to reallocate the working time of
energy storage. Thirdly, numerical simulations are employed to validate the proposed strategy. The proposed
scheduling strategies of EEAS and IEAS contribute to the reduction of WPC. The WPC rates are reduced
by 14.04% and 29.49%, respectively, when compared to the conventional scheduling strategy of time-of-
use. Moreover, compared with EEAS, IEAS makes a significant contribution by providing 27.05% more
scheduling space for the grid, thus greatly improving its flexibility in consuming wind power. The WPC can
be reduced through the energy allocation of DEHS, while the flexibility of grid regulation is enhanced by
increasing the deviation of energy allocation.

INDEX TERMS Optimal scheduling, distributed electric heat storage, equivalent energy allocation strategy,
increased energy allocation strategy.

NOMENCLATURE IEAS Increased Energy Allocation Strategy.
ABBREVIATIONS WPC Wind Power Curtailment.

BES Battery Energy Storage. WPP Wind Power Plants.

CHP Combined Heat and Power.
DEHS Distributed Electric Heat Storage.
EHS Electric Heat Storage.

EEAS Equivalent Energy Allocation Strategy. A'. MOTIVATIOA_I )
HES Heat Energy Storage. With massive wind power generation connected to the power

HPP Heat Power Plants. grid, wind power accommodation has been a challenge for
optimal power system scheduling [1], [2]. Due to the coupling
characteristics between the electric and heat power output

The associate editor coordinating the review of this manuscript and from combined heat and power (CHP) systems, the wind
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method to tackle the problem of wind power accommodation
in the optimal scheduling of CHP. Since electric energy can
be converted into heat energy by electric heat storage (EHS)
during the load valley and released during the peak [4],
[5], [6]. The electric heat time-shift characteristics are
widely used to improve the flexibility of CHP and wind
power accommodation [7]. However, the current distributed
EHS, which is widely distributed in different geographical
locations, is not effectively utilized by the grid to consume
wind power. This is due to the diversity of user types involved.
The technology gap has not been filled in the existing studies.
Therefore, a method needs to be developed to schedule the
distributed electric heat storage (DEHS).

B. LITERATURE REVIEW

Various control strategies of EHS are implemented to provide
demand response service. EHS is typically integrated with
CHP to improve renewable energy penetration [8], [9].
Eggers et al. [10] establish an EHS demonstration plant in
Hamburg, Germany, and developed the idea of long-duration
energy storage. The EHS is used to profoundly alleviate the
instability of wind and solar energy. Ji et al. [11] present
a hybrid heating system using off-peak EHS, which is
conducive to realizing the graded utilization of energy and
improving the system’s energy efficiency. OhS et al. [12]
explore a configuration of the EHS dedicated S-CO; recom-
pression cycle that can improve the flexibility of conventional
power plants, renewable energy curtailment, and securing
ancillary services. Wang et al. [7] combine EHS and heat
pumps in a CHP plant, and a regulation strategy is proposed
to minimize the wind power curtailment (WPC) in a region
with EHS and heat pumps. The WPC ratio is reduced from
20.31% to 13.04% and 7.51%, respectively. The results of the
above studies prove that the EHS contributes to wind power
accommodation. Furthermore, the EHS in the existing studies
is primarily located on the grid side, and the EHS is directly
scheduled by power plants or the grid without developing a
specific scheduling strategy. However, the investment costs
associated with the capacity of grid-side EHS increase the
operating costs of the system. Additionally, this part of the
EHS does not require further funding since it is built and
invested in by individuals and businesses, and it operates on
the load side for a long time. The above issues can be resolved
through the effective utilization of DEHS.

To study DEHS on the load side, Buttitta et al. [4] investi-
gate the effect of different control strategies applied to EHS
to provide demand response services. The strategies are rule-
based control, unconstrained model predictive control, and
constrained model predictive control, respectively. Three case
results point to the need for policymakers and manufacturers
to focus on implementing advanced control for EHS systems.
These controls should be applied to households with varying
occupancy patterns, thereby making demand response initia-
tives more attractive to end users. These advanced controls
should also be considered for auxiliary thermal network
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regulation (ATNR). Srithapon and Mansson [13] propose a
two-stage energy management strategy that schedules electric
vehicles in cooperation with heat pumps and EHS to enhance
the flexibility of energy communities located on the load side.
Rostamnezhad et al. [14] explain the total building electric
power load consisting of fixed and shiftable loads, which can
be transferred from peak hours to another time. For instance,
electric boilers, chillers, and pumps can be considered as
shiftable loads. Therefore, a unanimous consensus is obtained
in existing studies that load-side resources are effective in
improving system flexibility. However, a substantial number
of DEHS on the load side for different types of users are
not utilized [15], [16]. Therefore, this research presents a
DEHS-based energy allocation strategy. Working with DEHS
users, a scheduling protocol is developed that allows for these
variances by assigning DEHS operating time according to
variations in wind power output. Furthermore, the different
heat comfort needs of different DEHS consumers are
considered, leading to the creation of two optimal scheduling
strategies: the equivalent energy allocation strategy (EEAS)
and the increased energy allocation strategy (IEAS).

The above energy allocation strategy needs to be combined
with the scheduling protocol signed by the user to reallocate
the working time of energy storage for its DEHS. Therefore,
it is necessary to establish an optimal scheduling model for
energy allocation. Gomes and Vale [17] propose a costless
renewable energy allocation model that considers each
member’s individual participation in demand response. The
energy allocation model can distribute renewable energy in a
fair and costless manner. This reference solves the allocation
of community renewable energy among community mem-
bers’ buildings. Zare et al. [18] present a stochastic model
to solve the collaborative expansion planning of modern
multi-energy allocation networks. The electric vehicle charg-
ing stations are considered to optimize the charging time.
Talat et al. [19] develop a novel blockchain-based decen-
tralized green energy allocation system for trustless reliable
energy exchanges in a smart grid. The energy allocation
transfers energy by way of intermediaries, including smart
generation devices, intelligent controllers, central grid, and
others, in a decentralized manner. Ahn et al. [20] propose
distributed energy generation and energy allocation laws.
The law of energy allocation dictates that the charging
and discharging of batteries be applied in a distributed
process. These studies are entirely different from DEHS,
the scheduling of different types of users’ DEHS, the
greater the deviation between the scheduling results and
user expectations, the greater the flexibility of regulating the
DEHS. However, to increase user willingness to participate
in grid regulation and simultaneously consider heat comfort,
unique models of energy allocation strategy are needed to
solve this problem.

C. CONTRIBUTIONS AND PAPER ORGANIZATIONS
Due to the lack of an effective scheduling strategy, a sub-
stantial number of DEHS with electric heat time-shift
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TABLE 1. Comparison between the proposed method and other methods*.
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characteristics located on the load side are not utilized. To fill
the technology gap, this paper proposes an energy allocation
strategy of DEHS, the comparison between the proposed
method and other methods is shown in Table 1. The main
contributions of this paper are given as follows:

o To the best of our knowledge, this is the first time
that an energy allocation strategy of DEHS is proposed.
The load-side DEHS is utilized to improve wind power
accommodation and ensure user comfort;

o The models of EEAS and IEAS are established based
on scheduling protocols signed by users, which can
develop differentiated scheduling strategies based on the
heat demand of different types of users and improve the
willingness of users to participate in grid regulation;

o Compared with the conventional scheduling strategy
of time-of-use, the WPC rates of EEAS and IEAS
are reduced by 14.04% and 29.49%, respectively. The
scheduling results of the two strategies are quantified
using equation (41) to determine the contribution to
grid regulation. The evaluation index ¢ for EEAS and
IEAS is 2.07% and 2.63%, respectively. Compared
with EEAS, IEAS can provide 27.05% more scheduling
space for the grid to consume wind power.

The rest of this paper is organized as follows: The
combined electricity and heat systems with DEHS are
described in Section II. The energy allocation strategy
of DEHS is proposed in Section III. The modeling of
conventional power generation and electric and heat energy
storage is presented in Section IV. The numerical simulations
of three cases are validated in Section V. Section VI is the
conclusion.

Il. SYSTEM MODELING WITH DEHS

The system structure of the combined electricity and heat
systems with DEHS is illustrated in Figure 1. The system
consists of two layers, the upper and the lower layers, which
are coordinated by a centralized communication network.
The scheduling centre is responsible for implementing
scheduling and control, as well as collecting and analyzing
electrical load data within the upper layer. The electrical load
data from DEHS is uploaded to the database via switches, and
historical data stored in the database is employed to predict
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the power output of DEHS. The operational constraints of
DEHS are provided to the scheduling centre to establish an
energy allocation model. Finally, the optimized scheduling
results are sent from the scheduling centre to DEHS through
switches.

The lower layer of this system comprises several com-
ponents, including wind power plants (WPP), heat power
plants (HPP), battery energy storage (BES) units, CHP plants,
heat energy storage (HES) systems such as hot water tanks,
electric load, heat load, and a diverse range of DEHS catering
to different types of users such as highway rest stops,
suburban houses, manufactories, and shopping malls. Heat
load is supplied by CHP and HES, with DEHS serving as
auxiliary regulation in urban heat networks. HES functions
to store excess heat energy generated by CHP, releasing it
during periods of increased heat load demand. Electric load
is powered by WPP, HPP, BES, and CHP, with BES storing
electricity during low load periods and releasing it during
peak demand. This electric energy is consumed by DEHS
to generate heat energy, which is subsequently stored within
DEHS. DEHS are categorized based on their allocation in
suburban and urban areas. In suburban regions, highway rest
stops, suburban houses, and manufactories are situated far
from the district heating network, relying solely on DEHS to
meet their heat demand. Conversely, in urban areas, the high
heat demand of shopping malls is met through a combination
of DEHS and district heating network.

As centralized electric heat storage units are often funded
and constructed by entities such as power grids, power
plants, or heating supply companies, the capacity of these
units is inherently linked to investment costs. Therefore,
the coordination of DEHS via a centralized communication
network can significantly enhance the electric heat storage
capacity, facilitate the integration of wind power, and
decrease electricity costs for DEHS users, thereby fostering
a mutually beneficial outcome.

Ill. ENERGY ALLOCATION STRATEGY OF DEHS

A. ASSUMPTION CONDITIONS OF ENERGY ALLOCATION
STRATEGY

The implementation of the energy allocation strategy ought
to take into account the willingness of DEHS users to

98061



IEEE Access

H. Ji, L. Wang: Optimal Scheduling Strategy for Energy Allocation of Distributed Electric Heat Storage

Scheduling center Database
€ - - mmmmmm oo S PR LR L  © . © L EEEEEEEEE »
Upper layer !
Lower layer g ==~~~ "~="""""""73 7 S S K=" gl
T + I
r 1 'Power generations : | ; ! :
| I
I I
T \ﬂ\ Power HPP NP es gm CHP HEs] |
|
|
7 4 N l
|
>
i
I
I
!
|
|
|
|
|
I
I
|
|
|
|
AT AT AT A T -+
' IDEHS2|! [DEHS ' IDEHSI! JDEHS2 ! IDEHSN

| 1 1 1 | ]

13— ! c © [EN 13| =

~~~~~ SUPERMARKET ~ ceees =

Za\ Z m 2 Z\ Z
—Fa — — N M
Manufactories-Suburban areas Shopping | malls - | Urban areas

X

\ 4
—_— A

Userl

| 222

\

User2 UserN

Traditional electric and heat load

Electric network District heating

network Communication network

FIGURE 1. The structure of combined electricity and heat systems with DEHS.

engage in grid regulation. Ensuring grid scheduling flexibility
while satisfying user heat storage demands necessitates
the establishment of a deviation within the scheduling
protocol. This deviation, pertaining to DEHS, represents the
difference Ad, , between the downward 8, down and upward
8x,nup limits of the average error between scheduled and
predicted power. The magnitude of this deviation is inversely
proportional to the depth of grid regulation for DEHS, with
larger deviations resulting in higher scheduling subsidies for
users. It is assumed that participating users have already
entered into a scheduling protocol with the grid, and based
on their specific conditions, have chosen a deviation within
the protocol. Their DEHS operate as load-side resources,
responding to grid regulation. Given the regular patterns
in electricity consumption among DEHS users involved
in energy allocation scheduling, the historical load curve
of DEHS exhibits a different pattern of sudden increases
and decreases. It is assumed that DEHS participating in
the scheduling operates on an hourly basis, with only two
operational states: start and stop.
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An example is presented for the better understanding
of the reader. In a smart community, the DEHS system
serves approximately 1,000 residential users. Among these
residents, there are different groups such as the elderly,
housewives, office workers, and students, who have varying
demands and timeframes for heating. Additionally, there
is a small commercial centre and a school within the
community, which have higher requirements for the stability
and continuity of heating. Each resident’s home is equipped
with a DEHS device with a capacity of 10kWh. These devices
utilize advanced phase change materials as the heat storage
medium, enabling them to charge and store thermal energy
during the low-price nighttime period and release it during
peak daytime hours for household use. The specific operation
mode is as follows:

o During the low-price period of electricity at night, the
control system will activate the DEHS heat storage
mode. At this time, the DEHS in residents’ homes begins
to absorb electric energy from the power grid and convert
it into heat energy for storage;
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e During the peak price period of electricity in the
daytime, the control system will activate the heat release
mode of DEHS. At this time, DEHS begins to release
the stored heat energy to provide heating services for
residents’ homes, commercial centres, and schools.
Meanwhile, based on users’ heating needs and the power
grid load conditions, the control system will adjust the
heat release rate and temperature of the DEHS to ensure
the comfort and stability of heating;

o When the power grid load is too high or the production
of renewable energy is excessive, the central control
system will activate the demand response mechanism.
At this time, some DEHS will suspend charging or
reduce the heat release rate to reduce the power grid load
or consume excess renewable energy. Through this way,
the DEHS can participate in the scheduling and balance
of the power grid, improving the stability of the power
grid.

B. THE DESCRIPTION OF ENERGY ALLOCATION STRATEGY
The schematic diagram of the energy allocation strategy for
DEHS is presented in Figure 2. An example is selected
to illustrate the operation of DEHS, and the changes in
optimized scheduling based on time-of-use, EEAS, and
IEAS are explained. Figure 2 (a) displays a schematic
diagram based on time-of-use. According to the predicted
power curve, the DEHS is scheduled during 0:00-7:00,
14:00-15:00, and 21:00-24:00. However, with time-of-use
as the scheduling strategy, the DEHS is not scheduled

DEHS predicted power
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FIGURE 2. The schematic diagram of energy allocation strategy in DEHS.
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during the 14:00-15:00 period. Due to peak and valley
price constraints, when volatile scenarios of WPC arise, the
regulatory flexibility of DEHS is restricted.

Figure 2 (b) is a schematic diagram of the EEAS.
According to the predicted power curve, the DEHS stops
operating from 7:00 to 8:00 and runs from 14:00 to 15:00,
respectively. Suppose the wind power output is still large
during the 7:00-8:00 period, further accommodation of wind
power is required. However, the time-of-use strategy is
not feasible, and thus, an energy allocation strategy needs
to be employed. This strategy can reallocate the task of
storing heat energy from 14:00 to 15:00 to the 7:00-8:00
period. Therefore, in contrast to time-of-use scheduling,
EEAS regulates the operational time of the DEHS without
altering the user’s heat energy storage requirements, thereby
enhancing the flexibility of wind power accommodation.

Figure 2 (¢) is a schematic diagram of the IEAS. According
to the predicted power curve, the DEHS stops operating
during the periods of 2:00 to 3:00, 4:00 to 5:00, and 7:00
to 8:00. However, due to the increased deviations in the
scheduling protocol signed by DEHS users, not only is the
task of storing heat energy from 14:00 to 15:00 reallocated
to 7:00 to 8:00, but also DEHS runs storing heat energy
from 2:00 to 3:00 and 4:00 to 5:00. Therefore, compared
to the EEAS, the increased operating hours of DEHS,
within the range of scheduling deviations tolerable by users,
allows the system to improve the flexibility of wind power
accommodation.

C. THE FRAMEWORK OF ENERGY ALLOCATION STRATEGY
The framework of the energy allocation strategy is depicted
in Figure 3, where the inputs consist of electric and heat load
data along with predicted wind power. Within this model,
the determination of whether the deviation Ad, , equals
zero dictates the allocation approach. Specifically, when

( The data of electric heat load and predicted wind power ]

[ Constraints model for traditional power generation ]
I
¥ _Model of energy allocation strategy

Scheduling deviation Ad ., =0?
No

[ Regulating the heat network ]
I

;l: I

( Modeling of electric heating network constraints ]

Objective Function

FIGURE 3. The model framework of energy allocation strategy.
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Ady , is zero, EEAS is employed for DEHS. Conversely,
if Aéy , exceeds zero, IEAS is implemented, with the excess
heat energy stored serving as a means to regulate the
heat network. By integrating conventional power generation
unit models with electric heat network constraint models,
optimal scheduling is achieved, aiming to mitigate WPC and
minimize operational costs within the system.

D. THE ENERGY ALLOCATION MODEL OF DEHS

1) OPERATION COST OF DEHS

The operating costs of DEHS require consideration of both

scheduling and user electricity costs, as presented in (1)-(5).

These include:

o The operating costs pertaining to peak and valley
electricity prices are designated as Cy , ,, with the real
cost of electricity during peak and valley periods being
used to calculate DEHS scheduling costs;

o The operating cost associated with peak and valley
subsidies are represented by Cx nr- These subsidies are

awarded for the scheduling power of DEHS that exceeds

the user’s actual demand, taking into account the specific
peak and valley periods;

o The operating cost designated as Cy ,, , corresponds to
the penalty imposed for scheduling deficits. When the
scheduling result falls below the user’s actual demand,
leading to a reduction in heat comfort, a corresponding
penalty is levied;

o The operating cost related to the incentive for regulating
the heat network is denoted by C x .- Since the excess
energy stored in the IEAS of DEHS is utilized for heat
network regulation, the power generated by the IEAS
is already subsidized. Therefore, a consistent incentive
is implemented to reward users during the scheduling
periods.

DEHS b d
C (Px,n,t» Hx,n,t) = Cj,n,t + Cx,n,t + C)?,n Cx n,t

Vx e IPPHS e N teT €))]

where CPEHS () is the cost function of DEHS, Py ,; and
Hy n; are the scheduled electric and heat power of the nth
DEHS of type x at time 7. C2,,, C?, .. C¢  and C¢,,
denote the operating costs of the nth DEHS of type x at
time ¢ for four parts: peak and valley electricity prices, peak
and valley electricity subsidies, scheduling shortage penalty
and regulation heat network reward, respectively. Set ZPEHS
represents the indices for the user types of DEHS, set N,
represents the indices for users of type x in DEHS, and set

T represents the indices of scheduling periods.

C, =&Pn: VxeIP™ neN,teT (2

b b P q
Cx n,t Et |Px,n,t - Px,n,t| 8x,n,t

Vx e ZPEHS e N teT (3)
C;nt Etc iPXJLT - PE,n,ti (1 - 8)?,n,t)
Vx € ZPEHS e Nt e T 4)
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Cd dZteT x,n,t ZteT Hx,n,t
x,n,t ﬁ
X,n
vx e IPEHS e N, teT )

where &2, é,b, & and é,d are the electricity prices of the
four parts at time ¢, respectively. sji,n,, is the binary variable
associated with scheduling shortage of the nth DEHS of
type x at time ¢. Pp ny and Hy , , are the predicted electric
power and heat power of the nth DEHS of type x at time 7.
Bx.n 1s the electric heat conversion efficiency of the nth

DEHS of type x. &3, , = 11f(zteT et = D ger Phoai)s
xnt_OIf(ZIeT x”t<zl€T X"t)

2) ENERGY ALLOCATION CONSTRAINTS OF ELECTRIC
POWER

The scheduling deviation constraints pertaining to both EEAS
and IEAS within DEHS are presented in (6).

ZteT |Pxnl€xnt P)Iz,n,ti
8xndown = 24

Vx € ZPEHS ;1 e N, (6)

=< 8x,n,up

where 8y u,down and Oy nup are the downward and upward
limits of the deviation of the nth DEHS of type x. &y ,, ; is the
binary variable associated with start-stop of the nth DEHS of
type x at time ¢, &, ; € {0, 1}, startis 1, stop is O.

To reflect the discrepancy between the scheduled power
and the demand power of DEHS users, the scheduling result
deviation coefficient is devised, serving as a guiding metric
for district heating network regulation. Its calculation is
detailed in (7).

ZteT Px MLt

=a,, VxeIPPHS nen, (7
ZZET X,n,t

where o, , is the ratio of the total amount of scheduling and
demand for the nth DEHS of type x, ax, > 1 indicates
that the total scheduling exceeds the demand, whereas
oy, =< 1 signifies that the scheduling is less than or
equal to the demand. Additionally, > ,.; Pg’n’t represents the
aggregate of the predicted power for DEHS, a fixed value
determined through day-ahead prediction.

The scheduling power constraint of DEHS is expressed
as (8).

Px,n,min =< Px,n,lgx,n,t =< Px,n,max
Vx e ZPPHS e N teT ®)

where Py ; min and Py ; max are the minimum and maximum
electric power limits of the nth DEHS of type x.

3) ENERGY ALLOCATION CONSTRAINTS OF HEAT POWER
The IEAS of DEHS for regulating the heat network is
constrained by (9) and (10).

H i = BenPns

0 < Hepn: < H

X,n,t

Vx € ZPEHS e N teT 9)
Vx € IDEHS,n €Ny, teT
(10)
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When the deviation coefficient o, , exceeds 1, the excess
heat energy stored in DEHS is utilized, and the scheduling
heat power is subject to the constraint presented in (11).

ZteT x,n,t ZteTHxﬁn»t
B = O5)6 n— Z x,n,t
X, n

teT
vx € ZPEHS e N (11

IV. MODELING OF TRADITIONAL POWER GENERATION,
ELECTRIC AND HEAT ENERGY STORAGE

A. MODELING OF HPP

1) OPERATION COST OF HPP

The fuel cost of HPP, which is employed for regulating
electric power, is expressed in (12).

2
cHr? (Pr.i) = &.0 (Pr.i)” + &1 Pri+ &2
vfeIHP e T (12)

where CHPP () is the cost function of HPP. Py, is the
scheduled electric power of the fth HPP at time ¢. & o, &1
and & > are the operating cost coefficients of the fth HPP,
respectively. Set ZHP? represents the indices of HPP.

2) CONSTRAINTS OF HPP
The minimum and maximum power output limits, as well

as the ramp rate constraints of the HPP, are detailed in (13)
and (14).

Prmin <Pri < Prmax V€I 1eT  (13)
Rf,down X At < Pf’t — Pf’,_l < Rf,up X At

vfeIP reT (14)

where P min and Py ymax are the minimum and maximum

electric power limits of the fth HPP. Ry gown and Ry up are

the downward and upward ramp rate limits of the fth HPP.
At is the scheduling interval.

B. MODELING OF CHP AND HES

1) OPERATION COSTS OF CHP AND HES

The fuel cost of CHP, along with the operational and
investment costs pertaining to the charge and discharge
processes of HES, are presented in (15) and (16).

= &0 [Pps + Vbe,t]2
+ &1 [Po.s + viHp,]

CCHP (Pb,t» Hb,t)

+&0 VoeIM reT (15)
CHES (H,:r,, H. ) = &0 (H,:f, + H,;,)
+ [ (6. 1Hk rated + &2k max) /T
Vk e MBS e T (16)

where CCHP (+) is the cost function of CHP. Py ; and Hj
are the scheduled electric and heat power of the bth CHP at
time ¢, respectively. &5 0, §p,1 and &, 2 are the operating cost
coefficients of the bth CHP, respectively. v, is the reduction
in power generation when the bth CHP extracts per unit of
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heat with a constant air intake. Set ZCHP represents the indices
of CHP. CHES (1) is the cost function of HES. H k+ ;and Hp
are the charge and discharge heat power of the kth HES at
time ¢, respectively. & o, &1 and & 2 are the operation and
maintenance, rated power and capacity cost coefficients of
the kth HES. Hj rated. Sk.max and Ty are the rated power,
maximum storage capacity and service life of the kth HES.
Set ZHES represents the indices of HES.

2) CONSTRAINTS OF CHP
The electric and heat power constraints, as well as the ramp
rate limitations of CHP, are presented in (17)-(20).

(Pb.min — vb,0Hp,1) < Ppi < (Pp.max — vb,2Hp.1)

vbeIMP e T (17)
Vb1 (Hb,, - Hb,med) <Pp; Vb e ICHP,Z‘ eT (18)
0<Hp; <Hpmix VoI 1eT
(19)
Rp.down X At < Pp; —Pps—1 < Rpup
x Atvb e IMP 1 e T (20)

where Pp min and Pp max are the minimum and maximum
electric power limits of the bth CHP, v, o and vj > are the
minimum and maximum reduction of the bth CHP, v, 1 is
the reduction of the bth CHP, Hp meqd and Hp max are the
corresponding heat power when the bth CHP generates the
minimum electric power and the maximum heat power limit
of the bth CHP, Rp dqown and Rp yp are the downward and
upward ramp rate limits of the bth CHP.

3) CONSTRAINTS OF HES
The specifics of HES’s heat power and heat energy storage
capacity restrictions are covered in (21)-(27).

Ski=BSku—1 +HS —H, VkeI"™ teT

21
0<Si:<Stmax VkeTUES 1eT (22)
Hf 4 St < Skmax VkeI™ 1eT (23)
H, —Sii-1 <0 VkeI™ teT (24)
0 < Hf, < Hpraeasy, VkeI'™S teT (25)

0 <H, <Hyraeaty, VkeI'™ 1eT
(26)

g e, <1 Vel e,e(0. 1 keT™ reT

27)

where Sy ; is the heat energy storage capacity of the kth HES
at time t, Br is the heat energy storage efficiency of the kth
HES, ekt and &, are the binary variable associated with
charge and discharge of the kth HES at time ¢, 8k P R TS
1 stipulates that the kth HES is incapable of performlng both
charging and discharging operations concurrently at time ¢.
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C. MODELING OF WPP

1) OPERATION COST OF WPP

The operational cost of WPP serves as a penalty for WPC,
as indicated in (28).

P (Pg,t) =&g.0 (Pg,t

where CWPP (1) is the cost function of WPP, P, ; is the electric
power of the gth WPP at time ¢, & ¢ is the WPC penalty cost
of the gth WPP at time ¢, I_Dg,, is the predicted wind power
output of the gth WPP at time 7. Set ZWFF represents the
indices of WPP.

— P )Vg eIV 1eT (28)

2) CONSTRAINT OF WPP
The upper limit of WPP output power is shown in (29).

0<Py <Py VgeI™ 1eT (29)

D. MODELING OF BES
1) OPERATION COST OF BES
The costs associated with the charge and discharge opera-

tions, as well as the investment costs of BES, are detailed
in (30).

B (P Pr,) = &40 (P + Pr)

+ [(Sq,lpq,rated + %-q,ZSq,maX) /Tq]
VgeIPPS teT (30)

where CBES (.) is the cost function of BES. P;, and P,
are the charge and discharge electric power of the gth BES
at time f, respectively. &, 0, &,,1 and &, > are the operation
and maintenance, rated power and capacity cost coefficients
of the gth BES. P, rated, Sg,max and T, are the rated power,
maximum storage capacity and service life of the gth BES.
Set ZBES represents the indices of BES.

2) CONSTRAINTS OF BES
The constraints pertaining to the rated electric power and
capacity of BES are presented in (31)-(37).

Sqi = PBeSqi-1 + P, —P;, YqeI®™S teT (3

q,t
0<S,:<Symax YVgeIPBS 1eT (32)
Pl 4801 < Sqmax VgeIPreT (33)
Py, —Sq-1 VqeI?S 1eT (34)
0 <P}, <Pyracac,, VgeI’™ 1eT (35)
0<P,, <Pyracac,, YqeI®® 1eT (36)
ef +e,, <1 Vel e  €{0,1},q€ 8BS r e T (37)

where S, ; is the electric energy storage capacity of the gth
BES at time ¢, f; is the electric energy storage efficiency of
the gth BES, 8;; ¢ and &, are the binary variable associated
with charge and discharge of the gth BES at time ¢, 8;;, +
&4+ < 1 stipulates that the gth BES is incapable of performing
both charging and discharging operations concurrently at
time 7.
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E. OPTIMIZATION OBJECTIVES, ELECTRIC-HEAT
NETWORK CONSTRAINTS

1) OPTIMIZATION OBJECTIVE

The objective function for day-ahead optimal scheduling,
aimed at mitigating WPC and minimizing system operational
costs, is presented in (38).

MinC = Z Z Z CDEHS (Px,n,ts Hx,n,t)

teT xecIDEHS neN,

+> D> PP+ D OV (P

teT feTHPP teT geTWPP
+ Z Z CCHP (Ph,t, Hb,t)
teT peTCHP
HES + —
+2, 2. C (Hk,wHk,z)
teT keTHES
> > () (38)
tEquIBEs

2) ELECTRIC NETWORK BALANCE CONSTRAINT

To uphold a harmonious equilibrium between the grid and the
load within the electrical network, it is imperative to fulfil the
constraint stated in (39).

Z Py + z Pp: + Z Py, — Z P;_’t

feTHPP beICHP geTWEP geTBES
— L
+ D P— D D Pea=P VieT (39)
qeIBES x€ZDEHS neNy

where P is the electric load at time ¢.

3) HEAT NETWORK IMBALANCE CONSTRAINT

Due to the heat inertia of the circulating water in the heat
network and structures, the heat load is maintained within a
specified range to fulfil the heating demands of users. The

restriction about the heat network imbalance is explained
in (40).

KlowI'I,‘L = Z Hp: — Z Hlj,_t + z Hk_,t
beICHP ke THES ke THES
+ D D Hewi <kupHf VieT (40)

x€ZDEHS neNy

where kiow and kyp are the lower and upper limits of the
thermal inertia regulation ratio of the district heating network
and the building, and the kjow and «yp are 0.9 and 1.1,
respectively. H,L is the heat load at time 7.

F. QUANTIFICATION OF SCHEDULING RESULTS FOR
DIFFERENT DEVIATION

To assess the influence of load-side resources on the depth
of grid regulation, a quantitative analysis is conducted
on the varying contributions of DEHS to grid regulation.
References [21] and [22] analyze the regulation of peak loads
and wind power accommodation capacity, providing insights
into the grid’s interaction with load-side resources. Building
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on these findings, an evaluation index ¢ is introduced to
measure load-side resource management. The evaluation
index ¢ in this paper is only based on previous research
work [21], [22], and no improvements have been made to this
index. This index represents the sum of the scheduling power
contributed by the four types of DEHS users, normalized by
the total power accommodated by wind power. Therefore, the
simulation case yields the contribution value of DEHS to grid
regulation for wind power accommodation. The evaluation
index ¢ is formally expressed in (41).

z&‘zz Z ZPx,n,t/Z Z Pot

teT xcIDEHS neN, teT geIWPP

Va € ZPPS e Ny, g € TVPP 41)
V. CASE STUDIES

The simulation data are obtained from the actual operational
records of DEHS in a provincial power grid. The simulations
are performed on a machine equipped with an Intel Core i5
CPU and 8 GB of memory. The modeling process is facili-
tated by MATLAB-R2018a and the YALMIP toolbox, with
the IBM CPLEX optimizer used to solve the Mixed-Integer
Quadratic Programming model.

A. THE SIMULATION STRUCTURE AND DATA

The structure diagram of the simulation structure of the
combined electricity and heat systems with DEHS is repre-
sented in Figure 4. The simulation framework encompasses
HPP; and HPP,, CHP; and CHP,, WPP, BES, HES; and
HES,, along with DEHS units tailored for four user: highway
rest stops IDEHS, suburban houses IDEHS, manufactories
ZDEHS and shopping malls ZPEHS. For each user type x €
{1,2,3,4}, ie., Ny = 4, resulting in a total of 16 DEHS
units. The detailed simulation data for HPPs, HESs, CHPs,
BES, and DEHS, as referenced in the literature [15], [23],
[24], [25], are shown in Table 2.
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FIGURE 4. The structure diagram of the simulation structure of the
combined electricity and heat systems with DEHS.

The curves for predicted wind power, electric and heat
load are depicted in Figure 5. Given the positive correlation
between human activities and electric load, as well as the
inverse relationship between heat load and environmental
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FIGURE 5. Curves of predicted wind power, electric and heat load.

temperature, it is observed that the peak of electric load
occurs during periods opposite to that of heat load.

The predicted power curves for the four types of DEHS
users are presented in Figure 6. To derive these curves,
the prediction method combining the upper-lower approach
with the iterative dichotomiser 3 algorithm from our prior
research is employed. For a comprehensive understanding of
the prediction method, the reader is advised to refer to [15].

24 24
ERH 0 O | M
203 % 1630 242°% 4 § 1216 20 24
Time/h Time/h
(a) User type | (b) User type 2
S 4 24
2 [l 111
zZ 0 L) EO ..... I L |
£°0 4 8 12 16 20 24~ °0 4 8 12 16 20 24
Time/h Time/h
(¢) User type 3 (d) User type 4

FIGURE 6. The predicted power of four types of DEHS users.

B. VALIDATION OF ENERGY ALLOCATION STRATEGY

To validate the effectiveness of the energy allocation

strategy for DEHS, a comparative analysis of three cases is

undertaken, as detailed subsequently.

o Case I: Optimal scheduling of DEHS based on the
conventional time-of-use prices strategy, the DEHS
responds to grid demands to absorb wind power
according to time-of-use prices. The operating cost of
DEHS is calculated using peak and valley electricity
pricest‘m,CfC’n, =Cins =C)(cint =0.

o Case 2: Implementation of EEAS for DEHS, the DEHS
is controlled based on the deviation of scheduling
protocol & ndown = Sxnup = 0. Since EEAS does
not regulate the heat network, the operating cost of
DEHS does not include the regulating the heat network
incentive Cf’n’t =0.

o Case 3: Implementation of IEAS for DEHS. Improving
the depth of regulation of DEHS based on Case 2.
One-fifth of the DEHS heat storage capacity can be
used as the regulation range when the DEHS user
allows the Aéy , to fluctuate within a certain range. The
deviation of scheduling protocol is set to 8y ».down = 0,
Sy nup = 0.2.
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TABLE 2. The simulation data.

Units

Symbol Value Symbol Value Symbol Value Symbol Value
HPP; P/ min 10(MW) P max 200(MW) Rf down 49.8(MW/h) R up 49.8(MW/h)
&0 0.00049($/MW?2) & 16.833($/MW) &2 220.576($)
HPP, Pf min 50(MW) Pt max 200(MW) R, down 40.2(MW/h) Rt up 40.2(MW/h)
&0 0.00125($/MW?2) & 40.623($/MW) & o 161.868($)
CHP, P min 10(MW) Ph,max 200(MW) Rp,down 5(MW/h) Ry up 5(MW/h)
&0 0.00435($/MW?2) &1 3.6($/MW) Ep.2 100($) Hp med 40(MW)
Hp, max 55(MW) Vb0 -0.25 Vb1 233 Vp,2 -0.27
v 0.15
CHP, Pb,min 10(MW) Pp max 200(MW) Rp.down 20(MW/h) Rb,up 20(MW/h)
6,0 0.00435($/MW?2) &1 3.6($/MW) &2 100($) Hp med 40(MW)
Hp max 55(MW) Vb0 -0.25 Vb1 233 Vb2 -0.27
Vi 0.15
WPP .0 171.227($/MW)
HESs Hi rated 3(MW) Sk max 30(MW) Ty 20(year) Br 0.99
&k,0 10($/MW) &1 8000($/MW) €2 4000($/MW)
BES Py rated 5(MW) Sy, max 55(MW) Ty 20(year) By 0.95
€40.0 26($/MW) &1 15000($/MW) &2 7000($/MW)
DEHSs £2(Peak) 77($/MW) £2(Valley) 46($/MW) &P (Peak) 30($/MW) £P (Valley) 15($/MW)
& 92($/MW) & 1.7($/MW) Py n,min 0O(MW) Py 1 max 1(MW)
6x,n,d0wn 0 5.x,n,up 0.2 /Bx,n 0.99

The comparison and specification of the three cases are
shown in Table 3.

z
1) COMPARISON OF ELECTRIC POWER OPTIMAL %
SCHEDULING RESULTS é
The scheduling results depicting the electric power output of 2
generator units and BES for the three cases are exhibited in 3
Figure 7 and Tables 4, 5, 6. In the tables, the negative and =
positive values for BES represent charging and discharging, Tirlnze/h
respectively. The aggregate scheduling of electric power 300 (a) Case |
from HPPs, CHPs, WPP, and BES is observed to surpass = 950t
the electric load demand in every instance, with the excess 2 200 |
being attributed to wind power. However, the implementation % 150
of DEHS energy allocation scheduling in Cases 2 and 3, o 100l
achieved by synchronizing the DEHS start-up time with ‘FE 50 F
WPP’s output wind power, results in different patterns. 2
Notably, Case 3 exhibits the highest consumption of WPP -20 Ti 1;26 "
wind power during the scheduling periods of 1:00-7:00, 300

whereas Case 1 displays the lowest. Additionally, constraints
pertaining to operating costs, heat load demands, and the
capacity of individual energy storage units within the
scheduling model contribute to variations in the scheduled
power of HPPs, CHPs, and BES. Therefore, a horizontal
analysis is conducted to compare the scheduled electric power
of these units across each moment, revealing the disparities
and advantages of the scheduling strategies employed in the
three cases.

The scheduling electric power of HPPs for three cases is
shown in Figure 8. Given the constraints posed by operating
costs, heat load demand, and the output wind power of

Electric power/MW
I
(==

12
Time/h
(c) Case 3

FIGURE 7. The scheduling results of electric power for three cases.

WPP, both HPP; and HPP, operate at their minimum output
power in all three cases. Additionally, during the scheduling
periods of 1:00-9:00 and 17:00-24:00, the combined electric
power output of HPP; + HPP; fluctuates to reflect changes
in the electric load due to the decreased demand for

98068

electric load and the increasing output of wind power.
This synchronicity creates an opportunity to accommodate
additional wind power. The electric power output of the
HPP; and HPP, remains consistent across the three cases,
which can be obtained from Tables 4-6.
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TABLE 3. Comparison and specification of the three cases.

Comparison Case 1 Case 2 Case 3
Method Traditional time-of-use electricity pricing scheduling strategy EEAS IEAS
min(38) min(38) min(38)
Objective The calculation in eqn (38) includes eqns (1), (12), (15), (16), (28), and (30).
Inegn()CP,, =CS,, =Cd, =0 Inegn(1)Cd,, =0 Not limited
Constraints (8), (13), (14), (17)-(27) (6, (8), (13), (14), A7)-27)  (6)-(11), (13), (14), (17)-(27)
(29), B1)-(37), (39), (40) (29), B1)-(37), (39), (40) (29), B1)-(37), (39), (40)
Scheduling deviation Ady Scheduling deviation is not considered. 0 0.2

TABLE 4. The electric power scheduling results of case 1.

Units 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24/h
Electric load/MW 180.3190.6190.2191.5193196.5 215 225.9221.5 220 250.3 250 248.8247.1249.2224.2206.4197.9203.8191.9195.7197.2194.8199.2
BES/MW 5 5 5 47 5 5 5 08 33 5 5 5 -5 5 -5 5 -02 -5 -5 -13 46 5 14 49

WPP/MW 96 109.2101.4 83.2 116107.5109.2 104 101.441.6 52 104 13 6.5 7.8 72.8 106.6 67.6 57.2 91.3 98.8 106.6109.2109.2
CHP,/MW 22,6 21.2 249 305 19 19 274 30.5 284 40.6 49 49 48.8 49.2 49.6 29.5 19.8 32.7 40.8 19.7 20.8 19.8 21.5 215
CHP;/MW 22,6 21.2 249 305 19 19 274 30.5 28.4 40.6 49 49 488 49.2 49.6 29.5 19.8 32.7 40.8 19.7 20.8 19.8 21.5 21.5
HPP,/MW 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 S50 50 50 50 50 50 50 50
HPP;/ MW 10 10 10 10 10 10 10 10 10 42392.1 86.583.2 87.1 87.3 375 10 10 10 10 10 10 10 10

TABLE 5. The electric power scheduling results of case 2.

Units 1 2 3 4 5 o6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24/h
Electric load/MW 180.3190.6190.2191.5 193 196.5 215 225.9221.5 220 250.3 250 248.8247.1249.2224.2206.4197.9203.8 191.9195.7197.2194.8199.2
BES/MW 5 5 5 24 5 5 5 3833 -5 -5 -5 -5 5 -5 5 5 -5 -5 43 5 05 5 1

WPPMW 96 109.2101.4 83.2 116 118.6109.2 104 101.441.6 52 104 13 6.5 7.8 72.8 106.6 67.6 57.2 91.3 98.8 106.6109.2109.2
CHP,/MW  27.1 25.7 289 343 234234 314 32 28440.6 49 49 48.8 49.2 49.6 295 224 32.7 40.8 225 21 24.1 243 275
CHP{/MW  27.1 25.7 289 343234234 314 32 28440.6 49 49 48.8 49.2 49.6 29.5 224 32.7 40.8 225 21 24.1 243 275
HPP,/ MW 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50
HPP{/MW 10 10 10 10 10 10 10 10 10 42.392.186.5832 87.1 87.3 375 10 10 10 10 10 10 10 10

TABLE 6. The electric power scheduling results of case 3.

Units 1 2 3 4 5 o6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24/h
Electric load/MW 180.3190.6190.2191.5 193 196.5 215 225.9221.5 220 250.3 250 248.8247.1249.2224.2206.4197.9203.8 191.9195.7197.2194.8199.2
BES/MW 5 5 5 06 5 5 5 2129 5 5 5 -5 5 -5 5 5 -5 -5 5 -13 28 5 29

WPP/MW 103 113.3101.4 83.2 116 119.2109.2 104 101.441.6 52 104 13 6.5 7.8 72.8 106.6 67.6 57.2 91.3 98.8 106.6109.2109.2
CHP,/MW 232 232 289 36.4 232232 284 329 28.6 40.6 49 489 48.6 49.6 49.6 325 27.2 32.7 40.8 27 281 28 273 279
CHP{/MW 232 232 289 36.4 232232 284 329 28.6 40.6 49 489 48.6 49.6 49.6 32.5 27.2 32.7 40.8 27 281 28 273 279
HPP,/ MW 50 50 50 50 50 50 50 S50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50 50
HPP{/ MW 10 10 10 10 10 10 10 10 10 42.392.186.5832 87.1 87.3 375 10 10 10 10 10 10 10 10

o QT B R G S G in wind power, the operational time and energy storage

periods of DEHS are reallocated to periods without wind
curtailment. While the time-of-use scheduling strategy of
Case 1 is influenced by both wind power output and system
operational costs, it does not schedule all DEHSs to reduce
costs when wind power decreases, such as at 4:00, in order
to meet electric load demand and accommodate wind power.
Therefore, Figure 9 reveals that the CHP scheduling power
curve is higher in Cases 2 and 3 than in Case 1 during
=45 16 30 o each scheduling period. Additionally, compared to Case 2,
Time/h due to the increased scheduling power of DEHS based on
EEAS in Case 3, the combined power of CHP; 4+ CHP; in
Case 3 is more significant than in Case 2 from 3:00 to 24:00.

The comparison of CHP scheduling electric power across These results suggest thaF im’plementing energy allocation for
the three cases is presented in Figure 9. With variations DEHS enhances the flexibility of CHP regulation.
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FIGURE 8. The scheduling electric power of HPPs for three cases.
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FIGURE 9. The simulation results of CHPs scheduling electric power for
three cases.

2) COMPARISON OF HEAT POWER OPTIMAL SCHEDULING
RESULTS

The simulation results of the heat power output of CHPs
and HESs across three cases are exhibited in Figure 10 and
Tables 7, 8, 9. In the tables, the negative and positive values
for HES represent charging and discharging, respectively.
It is evident that, in all three cases, the scheduled heat
power generated by CHPs, HESs, and DEHS is sufficient to
fulfil the heat load demand. Notably, during the scheduling
period of 8:00-15:00, when the wind power output from the
WPP decreases, CHPs refrain from reducing their output
to enhance the grid’s accommodation capacity for wind
power. Therefore, the heat power scheduling for each unit
remains stable within this period, as depicted in Figure 10.
However, the variations in heat power during other scheduling
periods are influenced by the different scheduling strategies
employed in each case. Specifically, in Case 2, the DEHS
solely consumes electrical energy to generate heat for
user heating without assisting in district heating network
regulation. Conversely, in Cases 1 and 3, the heat energy
stored in DEHS of users in urban areas is released into the
district heating network to facilitate heat network regulation.
Notably, Case 3’s heat power scheduling is smaller than
Case 1’s since IEAS schedules extra user demand heat energy
in Case 3, whereas DEHS reacts to the grid in Case 1. These
scheduling results underscore the DEHS’s ability to regulate
the district heating network and further demonstrate that,
compared to Case 1, Case 3 offers superior heat comfort for
users.

The comparison of CHPs scheduling heat power for three
cases is shown in Figure 11. Given that CHPs operate under
backpressure steam conditions and are susceptible to the
electric-heat coupling relationship among units, the electric
power scheduling for CHPs in Cases 2 and 3 exceeds that of
Case 1. Therefore, as reflected in Figure 11, the heat power
curves scheduled for these two cases surpass those of Case 1.
The scheduling results reveal that, in contrast to conventional
scheduling strategies, the enhanced flexibility in regulating
CHPs effectively addresses variable scenarios of wind power
output from the WPP and fluctuations in load demand within
the electric heat network.
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FIGURE 10. The simulation results of CHPs and HESs output heat power
for three cases.
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FIGURE 11. The comparison of CHPs scheduling heat power for three
cases.

3) COMPARISON OF DEHS OPTIMAL SCHEDULING RESULTS
The predicted and scheduled power of DEHS in Case 1 is
depicted in Figure 12. A comparison of the scheduled and
predicted electric power for DEHS user 1 reveals that the
former stands at 4 x 7 MW, while the latter amounts to
4 x 11 MW, as seen in Figure 6. In contrast, the scheduling
power of DEHS user 2 is diminished by 4 MW at 6:00 when
contrasted with the predicted power. Similarly, the scheduled
electric power for DEHS user 3 is reduced by 4 MW at 4:00,
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TABLE 7. The heat power scheduling results of case 1.

Units 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24/h
Heat load/MW 101.2 100 96.1 98.1 98.1 98.1 96.1 94.1 90.3 88.4 86.5 84.5 82.6 82.6 82.6 84.5 86.5 88.4 88.4 88.4 90.3 92.3 94.2 94.2
DEHSMW 38 38 38 38 38 38 38 0 o0 O O O O O O O O O O O O 38 38 38
HES,/ MW 3 3 05-19 3 3 -16 2 -3 -3 3 2 02 18 3 -29 -1.1 29 29 -02 03 -03 0 O
CHP,/MW 457 45.1 46.7 49.1 44.1 44.1 47.7 49.1 48.2 47.2 40.2 40.2 41.1 39.5 38.3 45.2 443 47.1 47.1 444 449 445 452 452
CHP;/MW 457 45.1 46.7 49.1 44.1 44.1 47.7 49.1 482 47.2 40.2 40.2 41.1 39.5 38.3 45.2 443 47.1 47.1 444 449 445 452 452
HES;/ MW 3 3 05-19 3 3 -16 2 -3 3 3 2 02 18 3 -29 -1.1 29 29 -02 03 -03 0 O

TABLE 8. The heat power scheduling results of case 2.
Units 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24/h
Heat load/MW 101.2 100 96.1 98.1 98.1 98.1 96.1 94.1 90.3 88.4 86.5 84.5 82.6 82.6 82.6 84.5 86.5 88.4 88.4 88.4 90.3 92.3 94.2 94.2
HES,/ MW 3 3 03-17 3 3 -14 26 3 -3 3 2 02 18 3 26 -14 -24 -25 -1.1 02 -02 0.7 -0.7
CHP,/ MW  47.6 47 484 50.7 46 46 49.5 49.7 48.2 47.2 40.2 40.2 41.1 39.5 383 44.8 447 46.6 46.7 452 45 463 464 47.8
CHP;/MW  47.6 47 484 50.7 46 46 49.5 49.7 48.2 47.2 40.2 40.2 41.1 39.5 383 44.8 447 46.6 46.7 452 45 463 464 47.8
HES{/ MW 3 3 03 -17 3 3 2 02 18 3 3 2 02 18 3 -26 -14 -24 -25 -1.1 02 -02 0.7 -0.7

TABLE 9. The heat power scheduling results of case 3.

Units 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24/h
Heat load/MW 101.2 100 96.1 98.1 98.1 98.1 96.1 94.1 90.3 88.4 86.5 84.5 82.6 82.6 82.6 84.5 86.5 88.4 88.4 88.4 90.3 92.3 94.2 94.2
DEHSMW 22 14 0 OO 01 01 O O O O O O o o O O O O O o o0 o0 o0 o0
HES,/ MW 3 3 0326 3 3 -01 -3 -3 -3 3 14 -04 3 3 22 -14 -14 -15 -09 -1.1 -08 -0.2 -0.6
CHP,/MW 459 45.9 48.4 51.6 459 459 482 50.1 48.2 47.2 40.2 40.8 41.7 38.3 38.3 44.4 44.6 45.6 457 45.1 46.2 47 473 47.7
CHP;/MW 459 459 48.4 51.6 459 459 482 50.1 482 47.2 40.2 40.8 41.7 38.3 38.3 444 44.6 45.6 457 45.1 462 47 473 477
HES{/ MW 3 3 0326 3 3 -01 -3 -3 -3 3 14 -04 3 3 22 -14 -14 -15 -09 -1.1 -08 -0.2 -0.6
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FIGURE 12. The predicted and scheduled power of DEHS in Case 1.

6:00, 22:00, and 24:00, respectively, in comparison to the
predicted power. Notably, only for DEHS user type 4 does the
scheduling power align with the predicted power. Therefore,
comparing of the scheduling results across the four DEHS
users indicates that the time-of-use based scheduling power
falls short of meeting user demand.

The predicted and scheduled power of DEHS in Case 2 is
presented in Figure 13. Given the reduced wind power output
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FIGURE 13. The predicted and scheduled power of DEHS in Case 2.

during the hours of 11:00 to 15:00, there is no WPC during
this period. Therefore, the optimized scheduling for DEHS
user 1 reallocates the working hours originally designated
for energy utilization at 14:00 and 15:00 in Figure 6 to
4:00 and 7:00 in Figure 13. Similarly, the working hours
for DEHS user 2 at 15:00 and 16:00 in Figure 6 are
reallocated to 22:00 and 24:00 in Figure 13. Notably, the
scheduling power for DEHS user 3 and 4 remains equivalent
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to their predicted power, respectively. Overall, the total
DEHS scheduling electric power in Case 2 aligns with
the predicted power depicted in Figure 6. These findings
demonstrate that, in comparison to EEAS with time-of-use
scheduling, user demand can be effectively met, and wind
power accommodation is enhanced during off-peak hours.
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FIGURE 14. The predicted and scheduled power of DEHS in Case 3.

The predicted and scheduled power of DEHS in Case 3 is
depicted in Figure 14. A comparison of the optimized
scheduling results between IEAS in Figure 14 and EEAS in
Figure 13 reveals several notable differences. Specifically,
in Figure 14 (a), the scheduling power at 21:00 is augmented
by 4 MW in comparison to Figure 13 (a). Similarly,
in Figure 14 (b), the scheduling power is increased by 4 x 5
MW at 4:00, 7:00, and between 21:00 to 23:00, exceeding
the corresponding levels in Figure 13 (b). Furthermore,
Figure 14 (c) demonstrates an increase of 4 x 3 MW in
scheduling power at 7:00, 8:00, and 21:00, surpassing the
values observed in Figure 13 (c). Lastly, in Figure 14 (d), the
scheduling power at 21:00 is elevated by 4 MW, exceeding
the level shown in Figure 13 (d). These scheduling results
clearly illustrate that, within the permitted regulation margin,
the IEAS adjusts the working hours to fluctuations in wind
power, thereby enhancing the flexibility of DEHS scheduling
and optimizing wind power accommodation.

According to the scheduling results in Figures 13 and 14,
the deviation 8y, in Cases 2 and 3 are 0 and 0.2, respectively.
To analyze the impact of §, , on the depth of grid regulation,
the contribution value of the DEHS to the grid regulation
of wind power accommodation is obtained, the evaluation
index ¢ for Cases 2 and 3 are 2.07% and 2.63%, respectively.
These two indices represent the ratio of the wind power
accommodated by DEHS through the application of EEAS
and IEAS strategies, compared to the baseline wind power
accommodation capacity. Compared with Case 2, Case 3 can
provide 27.05% more scheduling space for the grid to
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consume wind power when the DEHS simulation capacity is
the same. The proposed IEAS optimized scheduling strategy
can effectively increase the accommodation of wind power,
which is beneficial for both grid operators and the wind power
industry.

4) COMPARISON OF WPC AND OPERATING COSTS

The curves depicting the predicted and scheduled wind power
for the three cases are presented in Figure 15. Notably,
during the 1:00-3:00 period, the absorbed wind power in
Case 3 surpasses that of Cases 1 and 2. Similarly, in the 5:00-
7:00 period, both Cases 3 and 2 exhibit higher wind power
accommodation than Case 1. The hierarchy of wind power
accommodation among the three cases stands as follows:
Case 3 > Case 2 > Case 1. This finding further attests
to the efficacy of the energy allocation strategy employed
within DEHS.

150
125
100
75
50

Wind power/MW

25

Tillnze/h

FIGURE 15. The curves of predicted and scheduled wind power for three
cases.

The comparison of simulation results for three cases is
presented in Table 10.

TABLE 10. The comparison of costs and WPC rates for three cases.

Costs and WPC rate Case 1 Case 2 Case 3
Total cost/$ 90,613.56 93,805.63 97,224.03
Operation cost/$ 73,461.01 73,829.58 74,059.21
WPC cost/$ 10,970.17 9,812.56 7,932.34
DEHS cost$ 6,182.38 10,163.49 15,232.48
WPC rate/% 3.56 3.06 2.51

In Case 1, the scheduling of DEHS is solely based on time-
of-use, determining its operating cost exclusively through
peak and valley prices. Conversely, in Cases 2 and 3,
the energy allocation strategy of DEHS is implemented,
incorporating subsidies provided by the grid to users in the
calculation of operating costs. Therefore, the total operating
costs reported in Table 10 for Cases 2 and 3 exceed those
of Case 1. Furthermore, the implementation of IEAS in
Case 3 results in a higher scheduling of wind power and a
more significant regulation of DEHS by the grid. This leads to
increased subsidies from the grid to users in Case 3 compared
to Case 2. Despite the higher operating costs in Cases 2 and 3,
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the WPC rates for these cases are reduced by 14.04% and
29.49%, respectively.

Specifically, it is emphasized that the costs of the user and
system operator in this paper are not distinguished. The cost
of DEHS is incorporated into the overall consideration. The
DEHS costs for the three cases in Table 10 are 6,182.38 $,
10,163.49 $, and 15,232.48 $, respectively. The scheduling
cost of DEHS is gradually increasing, thereby raising total
costs. Suppose the costs of users and system operators are
separated, and the DEHS cost excludes the electricity cost
of users. In that case, the total cost of the proposed method
decreases, which can be proved by the decrease in the wind
penalty cost for the three cases as shown in Table 10, where
the WPC costs are 10,970.17 $, 9,812.56 $, and 7,932.34
$, respectively. This study demonstrates that the optimized
scheduling of combined electricity and heat systems with
DEHS, without the distinction between user and system
operator costs, can be reduced in terms of WPC. With regard
to distinguishing between the profit of users and system
operators, this will be taken as a basis, leveraging the energy
allocation of DEHS as an auxiliary service for electricity
market trading.

VI. CONCLUSION

An optimal scheduling strategy for energy allocation of
DEHS is proposed to enhance the accommodation of wind
power. DEHS is widely distributed on the load side, and
the diverse heat demand of users needs to be taken into
account. Therefore, the heat comfort of DEHS users and
their willingness to serve the grid are considered, and the
energy allocation strategy is further divided into EEAS and
IEAS. The proposed energy allocation strategy is verified
using a 6-bus system. The general model of energy allocation
can reallocate the working time of DEHS according to the
variation of wind power.

The study is compared by three simulation cases. Com-
pared with the conventional scheduling strategy of time-
of-use, the WPC rate of EEAS is reduced by 14.04%,
and the WPC rate of IEAS is reduced by 29.49%. The
evaluation index ¢ for EEAS and IEAS is 2.07% and 2.63%,
respectively. IEAS can provide 27.05% more scheduling
space for the grid to consume wind power compared to
EEAS. Grid regulatory flexibility is enhanced by the energy
allocation of DEHS, and the WPC is reduced, which is
beneficial for both grid operators and the wind power
industry.

This study mainly focuses on the energy allocation of
DEHS. However, the system may encounter more complex
factors, such as changes in user demand, fluctuations in
electricity prices, and other factors that could potentially
affect the strategy. Based on the potential limitations of
this study, an interesting direction is open for future study.
To further explore the economic aspects of this method
and consider the impact of multiple factors on scheduling
strategies, the energy allocation of DEHS is traded as an
auxiliary service in the electricity market.
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