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Abstract. Complementary multi-energy operation is an inevitable trend in the development of
integrated energy systems, and the construction of a fair and reasonable distribution method among
multiple stakeholders is the key to realizing complementary multi-energy operation. Integrated energy
systems have important applications for achieving sustainable energy development and building
a green, low-carbon society, while the complex internal energy structures and equipment coupling
relationships pose challenges for their operational optimization. Taking advantage of the interactive
and complementary relationship between power and heat on both the supply and demand sides,
energy storage devices are used on the supply side to realize the thermo-electrolytic coupling of
the combined supply equipment and to enhance the multi-energy supply capacity of the system
through each energy conversion device. On the demand side, load types are classified, and
the elasticity of electrical loads and the diversity of system heating methods are used to construct
a comprehensive energy demand response model with time shifting and curtailment responses of
electrical loads and responses of heating load supply methods, and to propose a response
compensation mechanism. On this basis, with the objective of minimizing the sum of system
operation cost and response compensation cost, the mathematical model for optimal operation of
integrated energy systems based on multi-energy complementarity is established, taking into account
the equipment operation and dispatchable load resource constraints on both the supply and demand
sides. Simulation results and comparative analyses based on arithmetic examples show that:
synergistic optimization of both supply and demand, taking into account multi-energy
complementarities, can effectively improve the flexibility and operational economy of the system.

Annomayus. B3auMOIOTIONHAONIAST MYJIBTHIHEPTeTHYECKasi pabdoTa SBISETCS HEM30€KHOM
TEHJICHIIUEH B Pa3BUTUM WHTETPUPOBAHHBIX IHEPTETHUECKUX CUCTeM. [locTpoeHne crpaBeainBOro
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U PasyMHOIO METOAA pacHpelesieHuss CPeld MHOKECTBA 3aMHTEPECOBAHHBIX CTOPOH SIBIIAETCS
KIIIOYOM K peain3alii B3auMOOIONIHSAIONIEH MYJIbTHIHEPreTHUeCKOl paboThl. IHTerprpoBaHHbIE
SHEPreTUUECKHE CUCTEMbl MMEIOT BaXKHBIE NMPUIOKEHUS IS JOCTHKEHHUSI YCTONYMBOIO pa3BUTHUSA
SHEPIeTHKHU U MOCTPOCHUS 3€JIC€HOr0 00IIeCTBa C HU3KMM YPOBHEM BBHIOPOCOB YITIEPOAA, B TO BPEMs
KaK CJIO)KHbIE BHYTPEHHHUE DHEPreTUYECKHE CTPYKTYpbl U B3aUMOCBS3b OOOpPYIOBAaHHUS CO3JAIOT
npoOieMbl  JUIsi  HUX ~ ONEpallMOHHOM  onTuMu3anuu.  Vcronb3yss  MHTEpakTHUBHBIE U
B3alMOJIOIIOJIHSIOIIUE OTHOIIEHHS MEXK/Ty MOLITHOCTBIO U TEIJIOM KaK Ha CTOPOHE MPEATI0KEHUS, TaK
U Ha CTOpPOHE IMOTPEOICHHUs, YCTPOMCTBA HAKOIUICHHS HHEPIMU HCIIOJIB3YIOTCI Ha CTOpPOHE
MPeJIOKEHUS AJIs peau3alii TEPMOAIIEKTPOIUTHUECKOM CBA3M KOMOMHUPOBAHHOTO 000PYAOBaHUS
M0/Ia4M U YBEJIMYEHHSI MOUTHOCTH MOAAYM HECKOJIBKUX HCTOYHUKOB YHEPTUU CUCTEMBI YEpe3 KaKI0€
yCTpOHCTBO npeodpa3zoBanus sHeprun. Co CTOPOHBI CIIpoca KIacCU(DUIUPYIOTCS TUIIBI HATPY3KH, a
AIIACTUYHOCTH JEKTPUUECKHUX HATPY30K U Pa3HOOOpa3ne METO0B HArpeBa CUCTEMbI HCITONIb3YIOTCS
JUTSI TIOCTPOEHMS KOMIUIEKCHOW MOJIEIM PearupoBaHus Ha CIIPOC HA SHEPTHIO CO CIBUTOM BO BPEMEHU
U peaKkIfel CoOKpalleHus JIeKTPUUECKUX HAarpy30K U peakiieil MeTo0B CHAOKEHHS OTOMUTEIbHON
Harpys3Kku, U IpeUIoKUTh MEXaHNU3M KOMIIEeHcaluu oTBeTa. Ha 3Tol 0CHOBE ¢ L1e1bI0 MUHUMHU3ALUU
CYMMbl CTOMMOCTHU 3KCIUIyaTalldd CHCTEMbl M CTOMMOCTH KOMIIEHCAI[MM CpadaTbhlBaHUs
yCTaHABIUBAETCS  MareMaTHdeckas  MOAeNb  ONTHUMAalbHOM  pabOThl  MHTErPUPOBAHHBIX
SHEPreTUYECKUX CHUCTEM HAa OCHOBE MYJIBTUIHEPreTUYECKOM KOMILUIEMEHTAPHOCTH C YYETOM
OrpaHMYEHUIl 1O pecypcaM pabOThl 00OPYAOBAaHUS M JTUCHETUYEPCKOM HAarpy3Kd Kak CO CTOPOHBI
IPEJIOKEHNS, TaK U CO CTOPOHBI cIpoca. Pe3ynbraTsl MOAEIMPOBaHUS U CPAaBHUTEIIbHBIN aHAIU3,
OCHOBaHHBIM Ha apu(METUYECKUX MPUMEPAX, MMOKA3bIBAIOT, YTO: CHHEPreTHYecKas OMTHUMM3AIIH
crpoca ¥ IpeaioKeHUs C y4€TOM B3aUMOJIONIOJIHSIEMOCTH HECKOJIBKUX UCTOYHUKOB YHEPTUU MOXKET
3 PEKTUBHO MOBBICUTH THOKOCTHh U SKOHOMHUYHOCTH CHCTEMBI.

Keywords: multi-energy complementarity, integrated energy systems, thermal electrolytic
coupling, integrated demand response.

Knrouesvie cnosa: MYJBTUOHCPICTUICCKAA B3aMMOJOITIOJIHACMOCTD, HHTCIPHUPOBAHHEBIC
OHEPTCTUUCCKUC CUCTEMBbI, TCPMOIJICKTPOJIUTUICCKAA Mycha, KOMIIJICKCHOC pCarupoBaHUC Ha CIIPOC.

Introduction

Based on the concept of energy cascade utilization, the integrated energy system breaks the
pattern of separation between energy systems and effectively improves the energy utilization rate [1].
How to break through the constraints of thermoelectric coupling through the collaborative
optimization of energy storage and distributed production capacity/energy conversion equipment,
make full use of the complementary relationship of multiple loads on the demand side, and establish
a scientific and reasonable economic dispatch model with multi-energy coordination on both sides of
supply and demand is a comprehensive energy Important research content of system optimization
operation [2-3]. In recent years, a series of pioneering research have been made on the unit modeling,
planning and energy management of integrated energy systems at home and abroad. References [4-
5] provide a planning model at the equipment planning level of an integrated energy system. The
former establishes a nonlinear programming model aiming at reducing the total cost of the system,
and the latter takes into account economic indicators and carbon emission indicators and establishes
a multi-objective mixed integer linear programming. Model. Reference [6] established the economic
dispatch model of cogeneration and solved it by using the crossover algorithm. On this basis, in order
to deal with the uncertainty of power price, wind energy, PV and load, literatures [7-8] use stochastic
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programming and robust optimization methods to establish an integrated energy system dispatch
optimization model. References [9-11] use the steam storage system, the power-to-gas technology,
and the heat storage capacity of the heat supply pipeline and the heat accumulator to realize the
thermo-decoupling of the cogeneration unit, which improves the energy supply flexibility of the
system. In the literature [12], considering the heat network node flow balance, thermal energy-flow
constraints and heat loss balance constraints, a mixed integer linear programming model for the
coordinated optimal configuration of the multi-region integrated energy system capacity was
established to make the scheduling results closer to reality. The above-mentioned literatures have
made relatively complete research on the output optimization of equipment on the supply side of the
integrated energy system around the planning and scheduling problem but have not considered the
schedulability of the resources on the demand side. In order to further stimulate the flexibility of the
integrated energy system, it is necessary to carry out reasonable dispatch management on its demand
side.

Demand side management was proposed by the American Electric Power Academy in the 1980s
[13], and now it is developing towards demand response that can better reflect market competition
and demand elasticity. Demand Response (DR) emphasizes the two-way interaction between the
supply side and the demand side and is an important means for users to participate in system
scheduling. Users change their load demands according to energy market prices and system
requirements to obtain certain benefits. At present, DR research mostly stays in the power aspect. In
order to solve the influence of wind power uncertainty on the stable operation of the system, the
literature [14] constructed a wind power energy storage stage scheduling optimization model that
takes into account demand response. Reference [15] adopts an incentive mechanism to provide users
with coupon incentives to guide electricity demand. The multi-energy complementary integrated
energy system can further reduce the energy cost by reasonably changing the heat load. Reference
[16] provides users with a heat demand market mechanism for the multi-energy complementary
system and establishes a heat demand response model. Successfully reduced system operating costs.
Based on the thermal storage characteristics of buildings, the literature [17] proposes an optimal
scheduling method for combined cooling, heating, and power (CCHP) building microgrids that
integrates demand-side virtual energy storage systems. Reference [18] studied the influence of the
operation mode of ice storage air conditioner on the comprehensive benefit of the integrated energy
system. The above studies mainly achieve DR through two methods of load reduction and load time
shift, but these methods are achieved at the expense of user comfort. There are many types of energy
in the integrated energy system, which provides a new way for demand response, that is, users can
not only use curtailment and time-shift response during peak electricity consumption periods, but also
adjust the participation of electric and heat loads based on the complementary characteristics between
loads. Response adjustment.

This paper mainly studies the optimal operation of the integrated energy system including heat,
electricity and gas. The micro-source equipment of the system mainly includes wind power
generation, micro gas turbine and gas boiler; The energy storage device includes a battery and a heat
storage tank; Energy conversion equipment includes heat exchangers, electric heating equipment, etc.
Its structure is shown in Figure 1, and there is bidirectional power flow between this system and the
external large power grid and energy storage system.
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Figure 1. Integrated energy system structure diagram

In this paper, a mathematical model of thermoelectric relationship is established based
on Capstone's C65 MT, ignoring the influence of external environment and combustion
efficiency, and the exhaust heat power Owmr(¢) is expressed as [22-23] Equation (1).

Fur () (1_ e () =17, )
r ()
where: PMT(¢), nMT(¢) are the power generation power and power generation efficiency of the MT

QMT = (h

in the period #; 771, is the heat dissipation loss coefficient. During operation, MT must satisfy the

operating power and ramp rate constraints shown in equations (2) and (3), namely:

U MT (t) I:)MT.min = I:)MT (t) = U MT (t) I:)MT.max (2)

I:)MT.down < PMT (t) - I:)MT (t _1) < I:)MT.up ©)

Where: Pmrup/PmT.down and PMT.min/PmT.max are the upper/lower limit and minimum/maximum
output power of the MT ramp rate; Umr) 1s the status flag bit of MT in time period t, 0 means stop
operation, 1 time means running.

The waste heat discharged from the MT is passed through the heat exchanger to meet the user's
gas heat energy demand.

QMT.h (t) = QMT (t)COPhonrec (4)

where: OMT.h(?) is the heating power of the heat exchanger in the period t; COPpo and 7. are the
heating coefticient and flue gas recovery coefficient of the heat exchanger, respectively.

When HE and TST cannot meet the user's gas heat load demand, GB can provide the insufficient
part. During operation, GB must satisfy the operating constraints and ramp rate constraints shown in
Equation (5) and Equation (6).
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QB.min < QB. (t) < QB,, max (5)

QB.down < QB. (t) - QB, (t _1) < QB.up (6)

where: Qg (t) is the GB output power in the period t, Qgp / Qggoun and Qgown / Qg are

the upper/lower limit and maximum/minimum output power of the GB ramp rate, respectively.
Electric heating equipment obtains thermal energy through electrical energy, such as electric air
conditioners, electric boilers, etc. This paper adopts the mathematical model in the literature [22].

Q. (t) = R (t) 7, (7)

where: OFH(?) and PEH(¢?) are the heating power and electric power of the electric heating
equipment in the period t, respectively; | 77,, is the conversion coefficient.

By decoupling the thermoelectric connection through the energy storage device, the system can
be separated from the modes of “determining heat by electricity” and “determining electricity by
heat”. The system can operate with low-cost energy at various time periods, reducing system
operating costs. The integrated energy system in this paper includes BT and TST. Under the guidance
of electricity price, BT improves the economy of system operation by “shaving peaks and filling
valleys”, and the constraints of the remaining electric power EEES(#) and charging and discharging
power PEES.ch(¢)/PEES.dis(¢) of BT in the period t are shown in equations (8—11).

Eeee(t) = Eee(t—1) + [ Preon (770 — P—“)J ®)
Mais

Pees o minYessen (1) < Pres o (1) < Pres cn e Yess.en (0 )

Pres dismin Yess.gis (1) < Pees.ais (1) < Prs gis max Y ess.ais () (10)

0.2E g ux < Ees (1) <0.8E g (11)

where: I:)EES.(:h.min /PEES.ch.max and I:)EES.dis.up /PEES.dis.down are the maximum/minimum
ramp rate of BT charging/discharging; EEES. max IS the maximum capacity of BT,
UESS.ch(?YUESS.dis(?) are the charge/discharge status flag bits of BT in the time period t, 0 means

outage, 1 means running; And satisfy the mutual exclusion constraint and the charge-discharge frequency
constraint, namely

Ugssen (1) +Ugss s (1) <1 (12)
24
2 Uessoni O +Ugss i () <T
. (13)
The state of charge at the daily start and end of BT must satisfy:
Ees (0) = B (24) (14)
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Usually, the peak of electricity consumption occurs during the day, while the peak of heat
consumption occurs in the morning and evening [23]. Therefore, TST can be used to realize the time
shift of the gas heat load, so as to alleviate the problem of mismatch between the electric heat output
of the CHP system and the load demand and realize the unified and coordinated management of the
electric heat energy. The residual thermal power Hrst(t) and storage Qrst.ch(?)/discharge Qrst.dis(?)
thermal power constraints of the TST in the period t are shown in equations (15-18).

Higr (1) = (- t)H s (1= + [QTST.ch O — QTS;MJ (15)
QTST.ch.minUTST.ch (t) < QTST.ch (t) < QTST.ch.maxU TST.ch (t) (16)
QTST dis.min TST dis ( ) QTST dis ( ) < QTST.dis.max UTST.dis (t) (17)
02HTST max — TST(t)<08HTSTmax (18)

where: Qreranmin ! Qrstenma aNd Qrsrgismin | Qrsraisme @re the minimum/maximum power of

TST storage/release respectively; M ch / Thais is the storage/release coefficient of TST
respectively; Higrn i the maximum capacity of TST; m is the self-loss coefficient;

Uqer o () /U gr 4 () is the storage/release coefficient of TST, respectively The exothermic state flag
bit, like BT, must satisfy the mutual exclusion constraint, that is

Ursr s (£) +Ursrgs () <1 (19)

PEES, chaown = FEss, cn (t) - Pess, ch (t-1)< PESS, ch,up (20)

Pees, disgoun < Pess di (t)-F ESS, dis (t-1)< Pess, dis up (21)

QTST, ch (t) - QTST, ch (t _l) < QTST, chup (22)

QTST, dis,down = QTST, dis (t) o QTST, dis (t _1) < QTST, dis,up (23)

where: PEES.ch.up/PEES.ch. down @Nd Prpo dis.up/PEES. dis.down ar€ the maximum/minimum ramp rates of

BT charging/discharging.

Adding energy equipment also needs to consider the impact of the increased investment cost
on the long-term benefits of the system. In order to analyze the feasibility of adding energy equipment,
this paper considers the static investment payback period, that is, the total time required for the
relative income of the investment project to offset the original investment of the project.
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J

Hm
chest.j = Z I‘NCF. m (24)
m=1

=1

where: Cyegt,j i8 the investment of equipment j; LNCF. is the net income of the mth year; Hy

is the static investment payback period; J is the total amount of equipment. The smaller the H,, the
stronger the return on investment, and the more feasible it is.

There are various types of loads in IDSR. Depending on the role of the supply-side
electrothermal coupling equipment, it can not only motivate power users to reduce and time-shift
electrical loads according to the electricity price, but also realize the transfer of electrical heating
loads and gas heating loads.

The electrical loads are divided into three categories according to the operating characteristics
such as use time and power: Fixed, time-shifted and controllable loads; The heat load is divided into
two categories according to the user’s heat energy acquisition method: Gas heat load and electric heat
load. It is assumed that the following policies exist when the user selects the response mode:

1) In the presence of electric heating, for user i, the demand response can be performed by
adjusting the demand for electric heating and gas heating.

2) In the presence of electric heating, for user i, demand response can be performed by adjusting
the power consumption of the controllable load and shifting the time-shifted load usage period.

3) In the presence of gas heating, for user i, demand response can be performed by adjusting
the electricity consumption of the controllable load and shifting the time-shifted load usage period.

Adjusting the Electric Load Response
1) time shift load
Time-shifted load refers to the load whose power consumption time can be changed according to
the needs of users, and the duration of different load types is different.

Pmo (t) = Z ISmooi (t) - Z Pmo.outi (t) + Z I:)mo.ini (t) (25)
Z I:)mo.in (t) = Z Pmo.out (t) (26)
teTin teTout

where: Pmoi(?) is the time-shifted load power of the i-th user in the period ¢ before the IDSR
adjustment; Pmo.in.i(¢) and Pmo.out.i(?) are the load power of the i-th user in the period ¢ after being

adjusted by the IDSR; M1 is The number of users participating in the time-shifted load response.

2) controllable load

Controllable load refers to the load that the system partially reduces the user's electricity load,
and usually provides price compensation for the reduced user. Let the expression for reducing load
P1e.i(?) in period ¢ be:

Pre (t)= Z( ISﬂe.i (t)- ARy (t)) (27)

where: Pfle i(t) is the power consumption of the controllable load of the i-th user before the
IDSR adjustment in the period #; Pfle_i(#) is the power consumption of the i-th user after the IDSR

adjustment in the period #; M2 is the participation in the controllable load response. number of users.
And when the controllable load is scheduled, its regulated power should be kept within a certain
limit, as shown in equation.
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Pﬂe (t) 2 Per.min.i (28)
where: Py, ... is the minimum power consumption of the i-th user.

Adjust the response of heating mode
The peak hours of loads such as air conditioners and electric furnaces can basically be consistent
with the peak hours of grid power supply. In IDSR regulation, qualified users can give up heating
methods such as air conditioners and electric furnaces, and use centralized heating methods instead,
which can maintain the user's thermal energy demand. Under the condition of unchanged, relieve the
pressure of grid power supply.

In the period ¢, the replacement response power of the i-th user adjusted by IDSR is AQei (t),
then the electric heating load Q, (t) of the system adjusted by IDSR is:

Q.0 2(Q.0-3Q,0) 29)
The gas heat load Qu(#) and electrical load Pioad(7) of the system adjusted by IDSR are:

Q= 2,(Q,(0+2.4Q, ) (30)

P 0= P (0- 2200, 61

where: Qg.i(?) is the gas heat load demand power before the IDSR adjustment of the i-th user in
the period #; &, is the replacement coefficient; Pioad(?) is the electric power of the system before the

IDSR adjustment in the period ¢.

In order to motivate users to more actively participate in demand response, a fee compensation
mechanism is adopted for users, and the compensation fee is borne by the energy supply system, and
the compensation cost is shown in formula (32).

Cd = iAPﬂc (t)Ccl(t) + ﬁ: Pmo.uul (I)Cez(t)
. t=1 t=1 (3 2)
+Z AQC (I)Ceﬁ (t)

where: Cei(?), Ce2(f), and Ce3(?) are the unit prices of reducing electric power, transferring
electric power, and adjusting electric heating power in the period ¢, respectively, and the price is
related to the benefit obtained by the system before and after participating in the response.

The optimal operation model of the integrated energy system with IDSR, decoupling the
thermoelectric connection through the ESS, considering the multi-energy complementary
characteristics, and jointly formulating the optimal output plan of each co-supply equipment from
both sides of supply and demand.

The day-ahead planning model of the integrated energy system is a mixed integer linear
programming problem, and the objective function is to minimize the operating cost, namely

minF=C,, +C,+C,+C, +C, (35)

grid
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1) Electricity purchase cost

grld Z grid (t)Crb (36)

where: Pgrid(f) and Cr(7) are the purchase power and unit purchase price of the microgrid from
the large grid in the period t, respectively.
2) MT power generation cost

MT (t)
ZCgas( ) OLAV (37)

where: Cgas(?) is the unit price of natural gas in the period #; LHV g, is the low calorific value of
natural gas, taking 9.7kWh/m?.
3) BT charge and discharge aging cost

24
C, = Cpe()Qs(t) /7, (38)
t=1
where: Ce is the unit aging cost of the battery.
4) GB cost
24
Cb = z Cgas (t)QB (t) / 77b (39)
t=1

where: 7], is the efficiency coefficient of the gas boiler.

In addition to considering the equipment operating constraints, the system constraints must also
satisfy the electrical and thermal power balance and exchange power constraints shown in equations
(38) to (41).

1) Electric power balance

wmd (t) + I:)MT (t) + grid (t) + PESS.dis
=By (t) + By (1) + Pss () + Pegs o (1) + Py (1) (40)

2) Thermal power balance

Qur 1 (1) + Qrgr.ais (1) + Qg (t) + Qg (1)

41
— Q)+ Q)+ Qrorar (1) *)
3) Switching Power Constraints
Pgrid.min - grld (t) grld max (42)
Pgrid.down - grld (t) grid ( ) I:)grid.up (43)

Where: g”d o | Pg”d min and Pgrid_up / Pg,,d down are the maximum/minimum power purchase and

the upper/lower limit of the ramp rate of the PCC, respectively; P (t) is the predicted power of the

fixed electrical load in time period t.
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Analysis of operating results under different schemes

In order to verify the advantages of considering multi-energy complementarity on both sides of
supply and demand, the following five operating modes are selected for comparison.

plan 1: The heat and electricity are operated separately, and the output of the equipment on the
supply side of the system is optimized.

plan 2: In the operation of cogeneration, the ESS is used to decouple the thermoelectric
connection to optimize the output of the equipment on the supply side of the system.

plan 3: In the operation of cogeneration, the ESS is used to decouple the thermoelectric
connection, and the user side only participates in the reduction of the electrical load and the time-shift
response to optimize the output of the equipment on the supply side of the system.

plan 4: In the operation of cogeneration, the ESS is used to decouple the thermoelectric
connection, and the user side only participates in the energy supply selection response of the heat
load, optimizing the output of the equipment on the supply side of the system.

plan 5: In the operation of cogeneration, the ESS is used to decouple the thermoelectric
connection, and the user side participates in the reduction and time-shift response of the electrical
load, as well as the energy supply selection response of the thermal load, so as to optimize the output
of the equipment on the supply side of the system.

The operation of the integrated energy system under the five operating schemes is shown in
Table 1. Under scheme 1, power and thermal energy operate independently, electric energy is mainly
satisfied by external large power grid and power generation equipment, and thermal energy is mainly
satisfied by GB, the waste heat of MT cannot be effectively utilized, and the fuel cost of GB is
relatively high, therefore, the operation under this scheme The higher cost is 80,005,000 yuan;
Scheme 2 is based on scheme 1. On the supply side, the multi-energy supply capacity of the system
is improved through energy conversion equipment, so that the thermal energy can be satisfied by GB,
HE and electric heating equipment. Therefore, the exchange cost and boiler cost are reduced, and its
economical operation cost 77.123 million yuan; Scheme 3, on the basis of scheme 2, incorporates
demand-side management into the economic operation of the system, adjusts the power consumption
of controllable loads and time-shifted loads during peak hours, reduces the power purchase cost of
the system, and reduces the total system operating cost to 76.608 million yuan; Scheme 4, on the basis
of scheme 2, utilizes the complementary characteristics between loads to enable users to perform
alternative demand response and reduce the power purchase during peak hours, but the boiler cost
has increased, and its total operating cost is 76.511 million yuan; Scheme 5 integrates two demand
response methods. Compared with Schemes 3 and 4, the boiler cost increases, but the power
purchased during peak hours is reduced, and the total operating cost is optimized to 76.096 million
yuan. After optimization, the electric load of each scheme is shown in Figure 2. Compared with the
original electric load, the total electric load of schemes 3, 4, and 5 has been effectively reduced during
peak hours. Features, tap user response potential, and will not have much impact on the system
operation in the rest of the period.

Table 1
OPTIMAL RUNNING RESULTS UNDER DIFFERENT RUNNING SCHEMES

case Boiler Power generation Exchange Derr_land side Total operating

cost/10,000 yuan cost/10,000 yuan fee/10,000 yuan compensation/10,000 yuan cost/10,000 yuan
1 1321.9 1184.8 5477.3 0 8000.5
2 806.9 2104.4 4782.6 0 7712.3
3 779.3 2230.3 4220.0 412.8 7660.8
4 844.7 2223.0 4185.4 379.6 7651.1
5 851.5 2230.9 3791.8 717.0 7609.6
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Figure 2. Electric load operation curve

Schemes 2, 3, 4, and 5 add energy storage equipment to Scheme 1, including heat storage tanks
and batteries. See Table 2 [20-21] for their construction costs and service life. This paper analyzes the
heating season (120 days/year) and compares the scheme 1 and scheme 5 in the heating season. The
annual operating cost can be saved by 469 million yuan, and the static investment payback period of
the integrated energy system energy storage equipment is 7.26 years, indicating that Although option
5 increases investment and maintenance costs compared to option 1, it can recover costs and make
profits within the operating cycle.

Table 2
ENERGY CONVERSION EQUIPMENT COST AND LIFESPAN
Equipment Construction Annual maintenance cost/10,000 life/year
cost/10,000 yuan yuan
heat storage tank 15.2 0.076 30
battery 17.8 0.067 20

Analysis of power operation results

The power operation results of schemes 3, 4, and 5 are shown in Figure 3, Figure 4, and Figure 5,
respectively. The results show that during the electricity price valley period from 22:00 to 6:00, the
electricity load is mainly borne by the power grid and wind power generation. In schemes 3, 4, and
5, the MT is started at 4:00, and the electric energy storage is in the charging state. In scheme 4,
scheme 3 and 5, part of the electrical load is transferred to this during this period, so the power
purchased during this period is relatively large; During the peak period of electricity price from 6:00
to 12:00, with the gradual increase of electricity load and electricity price, MT output increased,
electric energy storage discharge and system power purchase power decreased in each scheme.
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Compared with schemes 3 and 4, Scenario 5 not only reduces and transfers electric power during this
period, but also guides the user to adjust the energy supply mode, so the power purchase during this
period decreases greatly, and compared with scheme 4, the discharge power of electric energy storage
during this period is also less in scheme 5; During the electricity price period from 12:00 to 18:00,
the electricity load and electricity price are reduced. In each scenario, the output of MT is reduced,
and the power purchase power is increased; During the period of 18:00-22:00 is the second peak
period of electricity price, the working condition of the system is similar to that of the first peak period
of 6:00-12:00; However, in the second half of the second peak period, the electric load has decreased,
so the power storage and discharge power and frequency of each scheme are less.

Compared with Schemes 3 and 4, the purchase power of Scheme 5 during the two load peak
periods is significantly smaller, which indicates that the application of IDSR can improve the peak
regulation capability of the integrated energy system to a certain extent.

500 — T T T T T T
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Dpwind I
DPESS
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Figure 3. Power operation result of scheme 5

(9
Tun nuyensuu CC: Attribution 4.0 International (CC BY 4.0) 365



bBronemens nayxu u npaxmuxu | Bulletin of Science and Practice T. 8. Ne8. 2022

https://www.bulletennauki.ru https://doi.org/10.33619/2414-2948/81
500 1 1 1 ] 1 1 1
Py
400 -Pgrid
1P vwing
[ 1Pess
300 .
E 200 F .
A
100 E
0
_100 1 L L 1 1 L L
0 3 7 11 15 19 23
t/h

Figure 4. Power operation result of scheme 4
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Figure 5. Power operation result of scheme 3
Figures 6, 7, and 8 show the gas-thermal energy operation results of schemes 3, 4, and 5,

respectively. During the electricity price valley period from 22:00 to 6:00, the gas heat load in each
scheme is mainly borne by GB and TST.
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Figure 6. Thermal Energy Operation Results of Scenario 5
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Figure 7. Thermal Energy Operation Results of Scenario 4

Compared with schemes 3 and 4, in scheme 5, more heat energy is released from energy storage,
and GB output is smaller; During the period from 6:00 to 12:00, the thermal energy provided by the
MT in each scheme gradually increases, and the excess thermal energy is stored by the TST.
Compared with the scheme 3, the operating power of the electric thermal equipment in schemes 4
and 5 is reduced during this period, so the gas heat load power has increased, so the power of GB has
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increased, and scheme 5 has a longer heat storage time and more storage power than scheme 4 during
this period; During the period from 12:00 to 18:00, the thermal energy provided by MT in each
scheme decreases, and at this time, TST begins to release energy power; The period from 18:00 to
22:00 is the second peak period of the electricity price, and the operating conditions of the system are
similar to those of the period from 6:00 to 12:00, so the power of the gas and heat load has increased,
and the operating power of GB is relatively large during this period.

400
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Figure 8. Thermal Energy Operation Results of Scenario 5

Compared with Scheme 3, the GB output of Schemes 4 and 5 increases significantly during the
two load peak periods. Combined with the power operation curve, it is mainly because the user has
adjusted the energy supply method. In addition, the energy storage of scheme 5 changes with the load,
and the charge is low, and the discharge is high, which effectively alleviates the mismatch between
the supply and demand of the system.

Conclusion

In this paper, aiming at the integrated energy system with renewable distributed generation,
decoupling the thermoelectric connection through the ESS, establishes an optimized operation model
of the integrated energy system based on multi-energy complementation, so that the supply side can
expand the energy supply capacity through the conversion equipment, so that the user can change the
choice of energy consumption. To improve the demand-side responsiveness and provide optimization
space for the heat and electricity production of the microgrid. Through the analysis of the results, the
following conclusions can be drawn:

1) The supply side decouples the thermoelectric connection through the ESS. On this basis, the
application of energy conversion equipment can effectively improve the supply capacity of the supply
side, so that the system can operate at the lowest cost in each period.

2) Guide users to selectively adjust the energy supply mode at each time period, improve the
demand-side response capability of the integrated energy system, provide optimization space for the
heat and electricity production of the microgrid, and effectively improve the peak shaving capability
of the system.
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