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ABSTRACT During the winter heating period, the accommodation of wind and photovoltaic (PV) power
is limited due to the prioritized scheduling of combined heat and power (CHP) systems to meet the heat
load demand of users, which indirectly increases carbon emissions (CE). Due to the robust peak shaving
and energy storage capabilities of pumped storage hydropower (PSH), PSH and tiered carbon trading
can be employed to address these issues. However, there are scarce reports on research exploring the
integration of PSH and carbon trading into CHP systems. To fill the technology gap, we propose a low-carbon
optimal scheduling method that integrates hydropower-wind-PV-thermal-battery (HWPTB) with CHP. The
scheduling model for coordinated multi-energy complementarity of HWPTB is developed to address the
electric and heat demand of users. The proposed work is validated by numerical simulation, compared with
the traditional optimal scheduling method without considering PSH and carbon trading, the wind and PV
power curtailment rates are reduced by 7.17% and 6.77%, respectively, and the operation cost is also reduced
by 43.6%, and the CE cost is -4163.3 ($). The results show that the PSH can shave the peak of the electric
load and alleviate the reduction of renewable energy accommodation, with no increase in operation cost and
profit by tiered carbon trading.

INDEX TERMS Optimal scheduling, combined heat and power systems, pumped storage hydropower, tiered
carbon trading, hydropower-wind-PV-thermal-battery.

NOMENCLATURE PV Photovoltaic.

ABBREVIATIONS PVPC Photovoltaic power curtailment.
CE Carbon emission. PSH  Pumped storage hydropower.
CHP Combined heat and power. TOU Time-of-use.

DHN District heating network. TPP Thermal power plant.
EL Electric load. WPC  Wind power curtailment.
HL Heat load. WPP  Wind power plant.

HP Heat power.

HST Heat storage tank.

HWPTB  Hydropower-wind-photovoltaic-thermal-battery. | |NTRODUCTION

A. MOTIVATION
The associate editor coordinating the review of this manuscript and As global climate change intensifies, the need to reduce
approving it for publication was Ehab Elsayed Elattar . carbon emissions (CE) and enhance the utilization rate of
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renewable energy has become urgent [1], [2], [3]. However,
the accommodation of wind and photovoltaic (PV) power
is being limited by the constraints of grid access capacity,
system stability, and the prioritized scheduling of combined
heat and power (CHP) systems, especially during the heating
period in winter, when the demand for heat load limits
the power output [4], [5], [6]. This not only reduces the
utilization of renewable energy, but also increases CE,
which has negative environmental impacts. To tackle this
challenge, considering the abundant water resources in
Northwest China, hydropower can be utilized due to its
high flexibility and minimal environmental impact. However,
existing research rarely reports on optimal scheduling meth-
ods that combine CHP and hydropower. Therefore, to fill this
knowledge gap, the motivation of this paper is to effectively
utilize hydropower in combined electricity and heat systems
(CEHS), thus enhancing the accommodation of clean energy
and reducing CE.

B. LITERATURE REVIEW

With regard to improve renewable energy accommodation
for CHP, the problem is discussed in the existing studies
from multiple perspectives, which can be categorized into the
following aspects a)-c):

a) Due to the electric-thermal coupling characteristics of
CHP, the heat load limits the heat power (HP) output [7].
Thus, the space for clean energy accommodation is reduced.
Therefore, scholars improve the clean energy accommodation
by reducing the CHP’s output heat power. Chen et al. [8]
propose the utilization of heat storage tank (HST) in CHP
systems, which can store excess heat during periods of low
electricity demand or oversupply of heat sources, and release
the stored heat to meet heating demand during peak electricity
demand or insufficient heat supply. The WPC rate is primarily
reduced by introducing HST when wind power and CHP
are integrated. Du et al. [9] consider the seasonal district
heating network (DHN) reconfiguration in the CHP system,
and the simulation results show that the DHN reconfiguration
can enhance the wind power accommodation. Lin et al.
[10] propose a joint commitment method of CHP and heat
exchange stations, the numerical simulations demonstrated
that the total WPC is reduced and the economic benefit gained
by introducing heat exchange stations. Liu et al. [11] present
an optimal economic scheduling model of CHP to minimize
the total operation cost and WPC by using electric boilers.
The result shows that WPC can be reduce by using the electric
boilers.

The above-mentioned studies have conducted joint optimal
scheduling of CHP with HST, DHN, heat exchange stations,
and electric boilers, respectively, aiming to improve the
flexibility of CHP regulation by regulating HP, thereby
enhancing the accommodation of clean energy. However,
heat-related equipment exhibits significant inertia, limiting
its ability to respond effectively to rapidly fluctuating loads
and variable renewable energy outputs. Therefore, some
scholars propose using electric energy storage technology,
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which can improve the accommodation of clean energy due
to its rapid response capability.

b) The application of batteries in improving the flexibility
of CHP regulation. Elkadeem and Abido [12] propose a
model for optimal scheduling and operation of an integrated
CHP with battery, the results show that increasing the
utilization rate of CHP and batteries can fully utilize PV
power. Sarlak et al. [13] present a hybrid system of CHP-
boiler-battery, the proposed scheme succeeded in improving
the flexibility of CHP. Shi et al. [14] explore a pattern of CHP-
boiler-PV-battery to supply the electricity demand, and the
boiler is used to supply the heat demand. The results of studies
on electric energy storage can improve the accommodation
of renewable energy by storing electricity. However, the
accommodation of renewable energy by batteries is related
to capacity, which increases the operation cost of the
system.

In the optimal scheduling of CHP, a variety of methods
to improve the flexibility of CHP regulation and increase
the accommodation of clean energy have been reviewed
from the aspects of electric and heat power. However, these
aspects are constrained by thermal inertia and operational
costs. Therefore, considering the abundant water resources in
Northwest China, the pumped storage hydropower (PSH) can
be used in the optimal scheduling of CHP.

¢) The working characteristics of PSH are similar to
those of the aforementioned HST and battery. During
valley periods, they pump water from the lower reservoir
to the upper one. Then, during peak hours, the potential
energy of the water in the upper reservoir is converted
back into electrical energy. Naval et al. [15] present an
optimal hourly management model of grid-connected PV
and wind power plants (WPP) integrated with PSH. The
simulation results show that compared to a system without
storage, the combination of renewable energy and PSH
reduces energy dependence and decreases energy costs by
27%. Guo et al. [16] propose a PV-wind-hydro hybrid
power system with PSH and thermal energy storage, the
simulation results indicate that the proposed system has
better economy and reliability performance. Ren et al. [17]
explore a method to solve the problem of curtailment in
wind and PV generation systems and establish a combined
PSH-wind-PV-hydrogen production system. Li et al. [18]
combine wind-PV and PSH, and establish the cooperative
operation model of joint participation in the electric energy
market and auxiliary service market. The overall benefit of
the multi-energy complementary system is enhanced by the
output complementarity of the hydropower, PV, and wind
power units, as well as the flexibility support of the PSH units.
Amoussou et al. [19] develop a numerical model that explains
how an integrated energy framework consisting of PV, wind
turbines, and PSH system integrated with the electric utility
operates in parallel. The existing research applies the PSH
to various power system scenarios where the peak can be
shaved. However, the scarcity of studies integrating CHP and
PSH, and the lack of studies pointing to a correlation between
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TABLE 1. Comparison between this work and existing works.

Units/Ref. [6] [7] [8] [9] [10] [11] ([12] ([13] [14] [15] ([16] [17] [18] [19] [20] ([21] [22] (23] [24] This work
HP v 4 v v 4 v v 4 v X v X X X v 4 X v/ 4 4
CHP v v v v v v v 4 v X 4 X X X 4 v X 4 v v
TPP v 4 v v 4 v v X X X X X X X v v v X X v
PSH X X X X X X X X X v 4 v v v X X v X X v
WPP X X v 4 4 v X 4 X v 4 v v v 4 v v 4 X v
13% X X X X X X v v v v v v v v X v v 4 v v
Battery X X X X X X 4 v v X X v X X X X X 4 v v
Boiler X X X v X v v v v X v X X X X v X v v 4
CE X X X X X X X X X X X X X X X X v 4 v v

the two, motivates us to address the technological gap in this
area.

Traditional CHP is still based on coal combustion, the
consumption of coal for thermal power generation causes
severe air pollution in the Beijing-Tianjin-Hebei region [20].
Scholars suggest reducing the feed-in tariff for wind power
during the *“14th Five-Year plan.” Therefore, considering car-
bon trading in a new power system dominated by renewable
energy is a current research hotspot. Zou et al. [21] propose a
dynamic economic emission scheduling that integrates CHP,
wind power, and PV. The pollutant emission is considered in
the model, and the generation costs and pollutant emissions
are reduced by the proposed method. Wang et al. [22] explore
renewable energy options for sustainable economic growth
without CE: An in-depth comparative analysis exploring
the economic and environmental impacts of turbines, PV,
and hydropower, the research results reveal that wind, PV,
and hydro energy lower CE. Xiang et al. [23] propose a
hierarchical distributed dispatch model of multiple energy
systems considering carbon trading, the different CE sources
include CHP, gas boilers, and power to gas devices. Cao et al.
[24] address the issue of carbon management and resource
allocation in an intelligent community with CHP, PV, battery,
and boiler. The results of the above studies show that
considering pollutant emissions can improve new energy
accommodation. Based on this study, this paper incorporates
stepped carbon trading into a system that integrates CHP and
PSH, in order to reveal its impact on system operation costs
and new energy accommodation.

C. CONTRIBUTIONS AND PAPER ORGANIZATIONS

Due to the priority schedule of CHP, the accommodation of
renewable energy is reduced to meet the demand for heat
load, resulting in increased CE. PSH can alleviate the issue of
CHP’s electric power output through the mutual conversion of
electrical energy and potential energy. However, the PSH and
tiered carbon trading are not considered in the CHP systems
to solve the above concerns. To fill the technology gap, this
paper proposes a low-carbon optimal scheduling method that
integrates hydropower-wind-PV-thermal-battery (HWPTB)
with CHP. The comparison of this work with other similar
published works is shown in Table 1. The contributions of
this paper are presented to address the above challenges and
can be outlined as follows:
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« To the best of the author’s knowledge, it is the first time
that the optimal scheduling of CHP systems integrating
hydropower-wind-PV-thermal-battery is proposed, and
the stepped carbon trading is considered in this com-
bined system;

o An optimal scheduling model for HWPTB with CHP
is developed. This model can not only utilize PSH to
shave the peak of the electric load (EL) and alleviate the
reduction of renewable energy accommodation space
caused by the CHP’s heat load (HL) constraints, but
also reduce CE and improve the economy of system
operation through tiered carbon trading;

o The proposed work is validated by four cases, with
WPC rates of 7.39%, 6.63%, 4.74%, and 0.22%, and
the photovoltaic power curtailment (PVPC) rates of
7.2%, 6.38%, 4.96%, and 0.43%. Compared with the
traditional optimal scheduling method without consid-
ering carbon trading and PSH, the WPC and PVPC
are reduced by 7.17% and 6.77%, respectively, and the
operation cost is also reduced by 43.6%. The CE cost is
-4163.3 ($), which shows no increase in the operation
cost and profit by tiered carbon trading.

The rest of this paper is organized as follows: The
system structure of CHP integrating HWPTB is described
in Section II. Optimal scheduling models of CHP integrat-
ing HWPTB and tiered carbon trading are illustrated in
Section III. The numerical simulations of four cases are
validated in Section IV. Section V is the conclusion.

Il. SYSTEM STRUCTURE OF CHP INTEGRATING HWPTB
The structure of CHP integrating HWPTB is illustrated in
Figure 1.

| WPP PV TPP Battery PSH Boiler |
I 1* 3 V) liant o)
T =y N~

T FHH s M
| \ 4 . |
| 4 A : v :
I E Ai % /7=“ Electric network ||
| = i &/ |
| CHP HST (Users! HL EL DHN )
Ve e e —— —— —— — — — — — — — — — — —— — — — — — —

FIGURE 1. The system structure of CHP integrating HWPTB.

98395



IEEE Access

S. Zhu et al.: Optimal Scheduling of Combined Heat and Power Systems

The system structure includes WPP, PV, thermal power
plant (TPP), battery, PSH, boiler, CHP, HST, EL, and HL.
The arrows in Figure 1 indicate the flow direction of electric
and thermal energy. EL is powered by WPP, PV, TPP, Battery,
PSH and CHP. The electric energy during the valley period is
stored in the Battery. PSH uses the excess electric energy to
pump water from the downstream reservoir to the upstream
reservoir, then releases it during the peak period. CHP, HST,
and Boiler supply HL and the HST is used to store the excess
thermal energy generated by CHP, and the stored thermal
energy is released when HST demand increases. The boiler
consumes the electric energy to generate thermal energy,
which is output to the DHN to assist with CHP regulation.

lll. OPTIMAL SCHEDULING MODELS OF CHP
INTEGRATING HWPTB AND TIERED CARBON TRADING

A. OBJECTIVE FUNCTION

The operating costs of the CHP system integrating HWPTB
include the fuel coal costs of TPP and CHP units, the costs
of wind and PV power curtailment, the operating cost of the
boiler based on TOU prices, the operating and maintenance
costs of thermal and electric power storage in HST and
battery, the pumping and generation costs of PSH, and the
costs of tiered carbon trading. The objective function of the
system is to minimize the operating costs of the above units,
the objective function C is expressed as (1).

MlnC:Z Z Pf[ +Z Z Pbl‘vat
te7 feTTPP teT peICHP
2. 2 C(HZVH{,:) 2. 2
t€T feIhST teT geIWPP
+Z Z et’ e_,t)+zchrt
[e’]'eeIBanery TGTVEIPV

22 ¢

te7 seZPSH

+ CE (E, — Eq) (1

PLLPL)+D. D

teT zeIBoiler

where ZTPP’ ICHP’ _'Z'WPP, IPV, IBoiler, IHST, IBattery’ and
ZPSH are the set of indices of TPP, CHP, WPP, PV,
Boiler, HST, Battery, and PSH, respectively, the C (Py ),
C (Pos. Hyy). € (Par). € (Pro). € (Per). € (B, H)-
C (P, P,,), C (P, P;,), and CE(E,—E,) are the
operating costs function of the TPP, CHP, WPP, PV, Boiler,
HST, Battery, PSH, and CE, respectively, T is the set of
indices of scheduling periods, t € {1,2,...,|7]}, Pr
is the scheduled electric power of the fth TPP at time
t, Pp; and Hp; are the scheduled electric and thermal
power of the bth CHP at time ¢, respectively, Py, is the
scheduled electric power of the gth WPP at time ¢, P, ; is
the scheduled electric power of the rth PV at time ¢, P, is
the scheduled electric power of the zth boiler at time ¢, H ,:r ;
and H,_, are the charging and discharging thermal power of
the kth HST at time ¢, P;'ft and P, are the charging and
discharging electric power of the eth battery at time ¢, P;’:,
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and Pg, are the hydropower and pumping power of the sth
PSH at time ¢, E is the total CE quota, Ej is the total CE of
the system during a scheduling period.

B. OPERATION COSTS AND CONSTRAINTS

1) TPP

The electric power required by the grid is supplied by TPP,
and its operating cost is coal consumption. The calculation of
the operating cost is shown in (2).

C (Pf’,) = é—'f’() (Pf,z)2 + éf,lpf,t + Ef,Z Vf e ITPP, teT
(2)

where the & o, &1, and & » are operating cost coefficients of
the fth TPP, & o represents the slope of coal consumption
varying with load, &1 reflects the linear part of coal
consumption, & > is the fixed cost of coal consumption.

The operating constraints of TPP include output electric
power and ramp rate limits, the constraints are shown in (3)
and (4).

Prmin <Pri <Prmx V€I, 1eT (3
Ry down X At < Pry — Pr i1 < Rf up X At
VieI™ reT 4)

where P min and Py pmax are the minimum and maximum
output electric power of the f'th TPP, Ry gownand Ry yp are the
downward and upward ramp rate of the fth TPP, At is the
scheduling time interval.

2) CHP
The CHP supplies the electric power of grid and thermal
power of DHN, the fuel cost of CHP is shown in (5).

C (Pp.s Hpt) = Eb0 [Pt + voHp(|* + Eb.1 [Pos + voHp]
+&o0 VheIM reT 5)

where &3, 0, £p,1, and &, 2 are operating cost coefficients of the
bth CHP, v, is the reduction of power generation when the bth
CHP extracts per unit of heat with a constant air intake.

The operating region of the CHP is typically a polygon,
and the boundaries of this polygon are defined by the unit’s
maximum and minimum electrical power output and thermal
power output. These constraints ensure that the unit does not
exceed its design capacity and operating range, as shown
in (6).

(P, min — vb,0Hp,1) < Py < (Pp.max — vb,2Hp.1)

Vb1 (Hp,t — Hp,med) < Pp.s
0 =< Hb,t =< Hb,max (6)
Rp,down X At < Pp; — Pp; | < Rpyp X At

vbe IHP t e T
where Pp min and Pp max are the minimum and maximum
output electric power of the bth CHP, v, o and v are the

minimum and maximum reduction of electric power of the
bth CHP, v, 1 is the back-pressure curve slope of the bth

VOLUME 12, 2024



S. Zhu et al.: Optimal Scheduling of Combined Heat and Power Systems

IEEE Access

CHP, Hp med 1s the thermal power of minimum electric power
output of the bth CHP, Hp max is the maximum thermal power
limit of the bth CHP, Rp, downand Rp, yp are the downward and
upward ramp rate of the bth CHP.

3) HST

The HST is located between the CHP and the DHN, the
excess thermal energy can be stored in the HST and released
when the electric power of the CHP decreases. The operating
cost of HST includes the operation and maintenance, and
the investment cost of the rated power and capacity. The
operating cost of HST is shown in (7).

C (Hi o He,) = g0 (i + Hi)
+ [ (&, 1Hk rated + &k, 25k max) /Tk ]

Vk e IST teT @)
where & 0, &1, and & are the operation and maintenance,
rated power and capacity cost coefficients of the kth HST, Tk
is the service life of the kth HST.

The thermal power and thermal energy storage capacity
constraints of HST are shown in (8) and (9).
Skt = BiSka—1 + Hi, — H,
0 < Sk,t < Sk,max
+ HST ®)
Hk,[ 4+ Sk.t—1 =< Sk.max VkelI™ teT
Hy, = Ski-1 =0
[0 < H;i, = Hk,ratedglit
0= Hk_,, = Hk,ratedgk_’t
81—:; +é, = 1
| 6‘]—:[, ek_’[ e {0, 1}

Vke IWST reT
9

where Sy ; is the thermal energy storage capacity of the kth
HST at time ¢, B is the efficiency of the kth HST at time
t, Sk.max 1S the maximum storage capacity of the kth HST at
time ¢, Hy raed 1s the rated power of the kth HST at time ¢,
SZt and &, is the binary variable associated with charging
and discharging of the kth HST at time #, £;t + Sk_,t <

1 denotes that the kth HST cannot charging and discharging
simultaneously at time ¢.

4) WPP
The operation cost of WPP is the penalty of WPC, as shown
in (10).

¢ (Pg,t) = &0 (Pg,t - Pg,t)

where I_Dg, ¢ is the predicted wind power of the gth WPP at time
t.
The upper limit of WPP output power is shown in (11).

0<Pg <Py VeI i1eT (11)

vee IV reT (10

5) PV
The operation cost of PV is the penalty of PVPC, as shown
in (12).

C(Prs)=&0(Pri—Pry) VreIV,reT (12)
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where I_Jr, ¢ 1s the predicted photovoltaic power of the rth PV
at time 7.
The upper limit of PV output power is shown in (13).

0<P., <P, VrelWV,1eT (13)

6) BATTERY

The excess electrical energy output from TPP, CHP, WPP, PV,
and PSH is stored by the battery and released during peak
load periods. The power fluctuation can be mitigated by the
battery storage and release of electrical energy. The operating
cost of the battery includes the operation and maintenance,
and the investment cost of the rated power and capacity. The
operating cost of the battery is shown in (14).

C (Pl Pri) =60 (P +Py))
+ [(sq,lpq,rated + %-q,ZSq,maX) /Tq]
Vg e TPy e T (14)

where &, 0, §;,1, and &, 2 are the operation and maintenance,
rated power and capacity cost coefficients of the gth battery,
T, is the service life of the gth battery.

The electric power and electric energy storage capacity
constraints of the battery are shown in (15) and (16).

[ S0 = BySq—1 + P;;,z -P,,
0= Sq,t = Sq,max
P;_,t + Sq,t—l < Sq,max
L P(;t =S840-1=0
'OSP;_J SPq,ratedE;;t
0< P;[ =< Pq,ratedé‘;,
eq teg, <1

+ —
€qrr €4 €10, 1}

15
Vg e I8 e T (15

V. IBattery’ teT
'ES S (16)

where S ; is the electric energy storage capacity of the gth
battery at time ¢, B, is the efficiency of the gth battery at time
t, Sg,max 18 the maximum storage capacity of the gth battery
at time t, Hy raeq 18 the rated power of the kth battery at time
t, 8;: + and ¢, ; is the binary variable associated with charging
and discharging of the gth battery at time 7, 8;;, +e4, <
1 denotes that the gth battery cannot charge and discharge
simultaneously at time ¢.

7) CE

The tiered carbon trading mechanism is an emission reduc-
tion mechanism that treats CE as a freely traded commodity.
The allocation of CE allowances is based on a baseline
approach, where CE quotas are proportional to the output of
thermal power units. System CE quotas are calculated shown
in (17).

Eg=¢ D > Prate ). D Pu

1eT feTTPP 1€T peTCHP
t&d, D Pate D D, Pu
teT gGIWPP teT reZPv
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Vf € ITPP, be ICHP, g€ IWPP, re IPV,t eT
(I7)

where ¢, €p, €g, and €, are the emission allowance per unit
of electricity of fth TPP, bth CHP, gth WPP, and rth PV,
respectively.

Wind and photovoltaic power are renewable energy and do
not generate CE, which are generated by conventional TPP
and CHP units, and the calculation formula is shown in (18).

Eq= > BPri+D. D BoPos

tETfeITPP teT beZCHP
VfeI™ beIMP reT (18)

where By and B are CE intensity of the fth TPP and bth CHP,
respectively.

According to the CE and carbon trading price, To regulate
and reduce the CE of the system, a tiered carbon trading cost
model is adopted for the combined system, i.e., the cost range
of carbon trading is determined by the tiered interval where
the CE is located. The E; of the system is less than the CE
quota Ez, CCE (.) is a negative value, the excess CE quota can
be traded in the carbon trading market at the initial CE price
to obtain carbon revenue. Conversely, C<F (-) is a positive
value, the actual CE E; of the system is larger than the quota
E4, penalty is imposed on CE more than the quota. The tiered
carbon trading cost model is shown in (19).

[ cF =0 (Es - E,),

if Eq<E;+ux

CE=wn+(1+@) w(Es—E;—x),

if Ej+x<Ej<E;+2x
CE=Q+@)wx+(1+20)w(Eq — E; —2x),
if Eg>E;+2x

19)

where w is the carbon trading price, x is the interval of CE, ¢
is the increase in the carbon trading price for each additional
tier of CE.

8) BOILER

The electric boiler is a device that converts electrical energy
into thermal energy. The boiler can be used to replace CHP
for heating when there is an excess of renewable energy and
a high demand of HL.

C(Pyt) =& %Py YzeIPl reT  (20)

where &, ; is the TOU prices of the zth boiler at time 7.
The maximum limit of the boiler is shown in (21).

0< P, <Prmax VZ€ IBOiler,l‘ eT 21

where P; max is the maximum power of the zth boiler.
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9) PSH
PSH is a renewable energy, and the PSH consumes a certain
amount of electricity during the energy storage process. The
generation of electricity needs to consider operation and
maintenance costs. The operating cost of PSH is shown
in (22).

C (P}, Py,) = &0Py, +£1P;, VseIPH 1eT (22)

s, st

where & o is the cost of the sth PSH power generation and
maintenance, & 1 is the cost of the sth PSH.

The constraints of PSH include pumping power, reservoir
capacity, power generation, and pumped storage operating
condition, the limits are shown in (23)-(27).

Py in < P < min (P Bs.oEs.i/ At)

vseIPH e T (23)
P, <Py <Py vseIPH e T (24)

s,min — §,max

Es,t = Es,tfl + At (ﬂs,lps_,t - P:,_t/ﬂs,())

vseIPH reT (25)
Esmin < Esy < Egmax Vse€ IPSHJ eT (26)

Es,t = Es,ini
PHxP, =0 VseI™M 1eT 27)
where PT . and Pt are the minimum and maximum

s, min s, max
output hydropower of the sth PSH, ;¢ is the hydropower
efficiency of the s PSH, E; ; is the reservoir storage energy
of the sth PSH at time ¢, P . and Py ., are the minimum
and maximum pumping power of the sth PSH, B, is the
pumping efficiency of the s PSH, E; min and E; max are the
minimum and maximum reservoir storage energy of the sth
PSH, E; iy is the initial reservoir storage energy of the sth
PSH, P;f, * P, = 0 denotes that the sth PSH cannot generate

electricity and pump water simultaneously at time ¢.

C. ELECTRIC AND THERMAL NETWORK CONSTRAINTS
1) ELECTRIC NETWORK BALANCE CONSTRAINT

DU Pt DL Phit D Pait D P

fezTPP beZCHP geIWPP reZPv

D Pt 2 PL=P+ D P

qe 7 Battery seZPSH qe 7 Battery

+ D> P+ D, Py VteT (28)

seZPSH ZEIB()iler

where P is the EL at time ¢.

2) TRANSMISSION CAPACITY CONSTRAINT

The DC power flow model is adopted for modeling the power
system network structure, and the constraints of the power
flow and power balance of each branch are shown in (29).

Vi, ) e T"™E t € T, 005, =0
(29)

P jrie = Baij (010 — 0j.1)
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where P j); is the active branch transmission power from
node i to node j at time ¢, B(; ;) is the branch conductance from
node i to node j, 6;; and 0; ; are the voltage phase angles of
node i and node j at time ¢, respectively, ZLINE i¢ the set of all
branches, 6rer,; = 01is the voltage phase angle of the reference
node.

The active power flow transmission constraint of each
branch in the electric network is shown in (30).

P jymin < Pijyr < Pajmax ¥, ) € TYNE 1€ T (30)

where P(; j) min and P j) max are the minimum and maximum
active branch transmission capacity from network node i to
node j, P j)min = —P(i j),max denotes that the active branch
transmission has a direction.

3) THERMAL NETWORK IMBALANCE CONSTRAINT

Since the heating circulating water has thermal inertia in the
thermal network and buildings, the HL is maintained within a
limited range to meet the heat demand of customers. The HL
imbalance constraint of the thermal network is shown in (31).

KlowHtLS z Hp, — Z Hlj,_t+ Z Hy,

beICHP kEIHST kEIHST
+ > BP<kpHF VieT (3l
ZeIBoiler

where HtL is the HL at time ¢, kow and kyp are the lower
and upper limits of the thermal inertia regulation ratio of the
DHN.

IV. CASE STUDIES

The simulations are performed on a computer with an Intel
Core i7 CPU and 16 GB of memory. MATLAB-R2020a
and the YALMIP toolbox establish the modeling, and the
GUROBI optimizer is employed to solve the model of CHP
integrating HWPTB.

A. THE SIMULATION STRUCTURE AND DATA OF CHP
INTEGRATING HWPTB
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FIGURE 2. The structure diagram of CHP integrating HWPTB.

The structure diagram of CHP integrating HWPTB
is shown in Figure 2. The system simulation structure
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includes 1 PSH, 1 CHP, 1 PV, 1 WPP, 1 boiler, 1 bat-
tery, 1 HST, TPP; and TPP,. The system load ratios of
Bus3-Buss are 40%, 30%, and 30%, respectively, and Bus; is
the reference node. The detailed simulation data for PSH,
CHP, PV, WPP, boiler, battery, HST, and TPPs are shown in
Table 2. The simulation data of transmission lines is shown
in Table 3. The simulation data for CE is shown in Table 4.

The curves of electric load, heat load, predicted wind
and PV power are shown in Figure 3. Due to the positive
correlation between EL and human activities and the negative
correlation between HL and environmental temperature, the
EL peak is opposite to HL. Since the intensity of solar
radiation is stronger during the day and weaker at night,
wind speeds are stronger at night or early in the morning.
Therefore, the predicted PV power is higher during the day,
and the predicted wind power is higher at night or early in the
morning.
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FIGURE 3. Curves of electric load, heat load, predicted wind and PV
power.

B. VALIDATION OF CHP INTEGRATING HWPTB
A comparative analysis of four cases is considered to validate
the advantage of CHP integrating HWPTB.
o Case 1: The traditional optimal scheduling approach
combines WPP, PV, CHP, TPPs, batteries and HST. The
EL is supplied by WPP, PV, CHP, TPPs, batteries, and
the HL is supplied by CHP and HST. The CE, boiler,
and PSH operating costs (17)-(19), (20), and (22) are
not considered in the objective function (1).

(3), (4), (6), (8), (9), (11), (13), (15), (16),
(28)- (31)

« Case 2: To verify the impact of the tiered carbon trading
mechanism on the optimal scheduling results, the CE
is considered based on Case 1. The boiler and PSH
operating costs (20) and (22) are not considered in the
objective function (1).
subject to:  (3), (4), (6), (8), (9), (11), (13), (15), (16),

(28)- (31)

o Case 3: To validate the optimal model combining
the tiered carbon trading mechanism with boiler for
regulating thermal loads and CHP, with the boiler is
added to Case 2. The PSH operating cost (22) is not
considered in the objective function (1).

subject to:
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TABLE 2. Simulation data of units.

Units Symbol Value Symbol Value Symbol Value Symbol Value
PSH[25] j:min 0(MW) P;Lmax 30(MW) P in oMW) Ps max 30(MW)
Es,min 0(MWh) Es,max 300(MWh) Ej ini 150(MWh) Bs,0 0.85
Bs,1 0.89 &,0 82($/MW) &1 45($/MW)
TPP1[26,27] Pf min 10(MW) Pf max 200(MW) Rf down 49.8(MW'h) Rr up 49.8(MW/h)
&0 0.00049($/MW?2) & 16.833($/MW) &2 220.576(%)
TPP2[26,27] ’f min 50(MW) ’F max 200(MW) Ry down 40.2(MW/h) Rf up 40.2(MW/h)
&0 0.00125($/MW?) &1 40.623($/MW) &2 161.868(%)
CHP[26,27] Py min 10(MW) Pp,max 200(MW) Ry down S5(MW/h) Ry up 5(MW/h)
&b,0 0.00435($/MW?2) Eb1 3.6($/MW) b2 100($) Hp mea 38(MW)
Hp,max 40(MW) Vb,0 -0.16 Vb1 1.313 Vb2 -0.095
Vb 0.15
HST[4] Hi rated 3(MW) Sk, max 30(MW) T 20(year) Br 0.99
&k,0 10($/MW) ko1 8000($/MW) &2 4000($/MW)
Battery[4] Py rated S5(MW) 4, max 55(MW) T, 20(year) By 0.95
4,0 26($/MW) 4,1 15000($/MW) &2 7000($/MW)
Boiler[4] &;,1(Peak) 77($/MW) &, 1(Valley) 46($/MW) Pz max S5(MW) B 0.98
WPP[26,27] £a,0 171.227($/MW)
PVI[4] &0 140($/MW)

TABLE 3. Simulation data of transmission lines [28].

Line NO From Bus To Bus B (pu) Flow limit(MW)
1 1 2 0.17 200
2 1 4 0.258 130
3 2 3 0.197 130
4 2 4 0.018 130
5 3 6 0.037 130
6 4 5 0.037 130
7 5 6 0.14 130
TABLE 4. Simulation data of CE [29].
Symbol Value Symbol Value Symbol Value
€f 0.877 €p 0.979 € 1.1
€r 1.1 Br 0.94 Bp 1.03
w 6.9($/MW) » 100 © 0.25
subject to:  (3), (4), (6), (8), (9), (11), (13), (15), (16),

(21), (28)- (31)

o Case 4: To verify the advantage of PSH in CHP
integrating HWPTB and to compare it with previous
cases, PSH is added to Case 3.

(3), @), (6), (8), (9), (11), (13), (15), (16),
(21), (23)- (31)

The method proposed in this paper is verified through
four cases. Case 1 serves as the baseline, representing the
traditional optimal method of CHP. Case 2 considers tiered
carbon trading based on Case 1, aiming to verify the impact of
carbon trading on the system. Boilers convert electric energy
into heat energy and are commonly used in CHP scheduling,
similar to the role of PSH. To highlight the advantages of
PSH in the CEHS, Case 3 incorporates boilers. Based on
the above three cases, the integration of PSH and CHP is
analyzed in Case 4 to determine the effect of PSH on optimal

subject to:
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scheduling results, specifically whether the addition of PSH
has a positive or negative impact.

1) COMPARISON OF SCHEDULING RESULTS OF ELECTRIC
POWER
The electric power scheduling results for four cases are
shown in Figure 4, Tables 5, 6, 7, and 8. In the tables,
the negative and positive values for batteries represent
charging and discharging, respectively, while the negative
and positive values for PSH represent water pumping and
power generation, respectively. Comparing Case 4 with
Case 3, due to the lower operating costs of PSH compared
to TPPy, TPP; operates at the minimum output of the unit.
The number of battery charging and discharging cycles and
the frequency of boiler usage are significantly reduced.
Additionally, Case 4 increases the accommodation of wind
power at 1:00, 2:00, 5:00, 6:00, and 23:00, as well as the
accommodation of PV at 14:00, 16:00, and 17:00. During
periods of high wind power output, such as 1:00, 2:00, 5:00,
and 21:00-24:00, PSH operates at maximum power to store
water using wind power, while CHP operates at minimum
power. When the wind power output is reduced, due to the
low operating cost of PSH and the high operating cost of
TPPs, the adjustment flexibility of CHP increases. While
absorbing photovoltaic output, the goal is to minimize the
total operating cost by reducing the operating cost of HST
heat storage and release, and increasing its electric power
output. Compared to Case 2, Case 3 considers the use of a
boiler. Therefore, the boiler operates during periods of high
wind power output, such as 1:00-3:00, 5:00, 6:00, 16:00,
17:00, and 22:00-24:00, to minimize WPC. Compared to
Case 1, tiered carbon trading is considered in Case 2, where
the power output from conventional units and CHP is reduced
and the power consumed by wind and PV power is increased.
The electric power scheduling results of TPPs for four
cases are shown in Figure 5. Since CE, boiler, and PSH are
considered in Case 2, Case 3, and Case 4, respectively, the
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TABLE 5. The electric power scheduling results of case 1.

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

EL/MW
BatteryMW -5 -5 -5 22 -41 44 003 5 43 5
PV/MW 0 0 0 0o 0 O 0 0

TPP,/ MW 50 50 50 50 50 50 50 50
TPP;/MW 10 10 10 10 10 10 10 16.1

180.3190.6 190.2 191.5 193 196.5 215 225.9221.5 220 250.3 250 248.8 247.1 249.2 224.2206.4 197.9203.8 191.9 195.7 197.2 194.8 199.2
5
WPP/MW 859 94 94.1 83.2 96 100.1109.2 104 101.441.6 52 104 13
0 343732 94 104
CHP/MW 394 41.6 41.1 46.1 41.1 40.7 45.7 50.7 55.7 60.7 63.1 58.1 53.1 48.1 43.1 38.1 38

5 5 5 5 5005 5 5 o -31 -5 -5 5
6.5 7.8 72.8 106.6 67.6 57.2 91.3 98.8 103.3100.9 105.3
106 104.4 583 6.8 154 21.7 O 0 0 0 0
43 45.6 40.6 40 38.9 389 389

50 50 50 50 50 50 50 S50 S0 S50 S50 50 50 50 50 50
10 28.3 53.9 32.5 23.7 31.6 389 10 10

169 243 10 10 10 10 10

TABLE 6. 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

EL/MW
BatteryyMW -5 -5 -5 25 -5 -5 0 5 36 5

PV/IMW 0 0 0 0O 0 O 0 0

TPP,/MW 50 50 50 50 50 50 50 50
TPP/MW 10 10 10 128 10 10

0 343 732 959108.2110.1104.7 53.4 6.8
CHP/MW 394 394 38.1 43.1 38.7 38.7 43.7 48.7 53.7 58.7 63.7 63 58 53 48 43 38

180.3190.6 190.2 191.5 193 196.5 215 225.9221.5 220 250.3 250 248.8 247.1 249.2 224.2 206.4 197.9 203.8 191.9 195.7 197.2 194.8 199.2
5
WPPMW 859 96.3 97.1 83.2 99.3102.7109.2 104 101.441.6 52 104 13

5 5 5 5 505 5 5 o -11 -5 -5 5
6.5 7.8 72.8 106.6 67.6 57.2 91.3 98.8 104.2101.8 106.2
154 217 0O 0 0 0 0
43 456 406 38 38 38 38

50 50 50 50 50 S50 S50 S50 S50 50 50 50 50 50 50 50
12.1 18.1 12.8 30.4 53.3 25.7 14.6 225 337 10 10

169 243 10 10 10 10 10

TABLE 7. The electric 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

EL/MW

PV/IMW 0 0 0 0O 0 O 0 0
CHP/MW 38
TPP,/MW 50 50 50
TPP/MW 10 10 10

50 50 50 50 50
13.1 10 10

0 343 732 95.9108.2110.3104.7 58
38 38.1 43.1 38.1 38.1 43.1 48.1 53.1 58.1 63.1 63.4 584 534 484 434 384 434 45.6 40.6 38 38 38 38
50 50 50 50 50 50 S50 50 50 50 50 50 50 50 50 50
12.7 18.8 13.1 31 53.9 253 142 22 334 10 10

180.3 190.6 190.2 191.5 193 196.5 215 225.9221.5 220 250.3 250 248.8 247.1 249.2 224.2 206.4 197.9 203.8 191.9 195.7 197.2 194.8 199.2
BatteryyMW -5 -5 -5 22 -5 -5 0 5 39 5 5
Boiler/MW 5 5 43 0 5 5 0 0 o 0 O
WPP/MW 923 102.6101.4 83.2 105 108.4109.2 104 101.441.6 52 104 13

5 5 5 5 5005 5 5 o -11 -5 -5 5
0 O 0 0 5 5 0 0 0 0 24 5 3
6.5 7.8 72.8 106.6 67.6 57.2 91.3 98.8 106.6106.7 109.2
114 154 217 O 0 0 0 0

16,6 243 10 10 10 10 10

TABLE 8. The electric power scheduling results of case 4.

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

EL/MW

PSH/MW -30 -30 -92 53 -30-24.1 -0.2 8.1 4.1 23.1 30
-0.8 0 0O 28 0 0 5
0 42 0 0 0 0O 0 0
WPP/MW 122.3 130 101.4 83.2 130119.6109.2 104 101.441.6 52 104 13

BatteryyMW -5 -26 0 0
Boiler/ MW 5 4.8 0.05

PV/MW 0 0 0 0O 0 O 0 0
CHP/MW 38 38 38 43 38 41 46 5l
TPP,/ MW 50 50 50 50 50 50 50 50
TPPY/MW 10 10 10 10 10 10 10 10 10

10 21

180.3190.6 190.2 191.5 193 196.5 215 225.9221.5 220 250.3 250 248.8 247.1 249.2 224.2 206.4 197.9 203.8 191.9 195.7 197.2 194.8 199.2
176 39 35 23 -235 -30 62 193 0 -1.1 -74 -124 -8
0 0 5 0 0 44 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0

6.5 7.8 728 106.6 67.6 57.2 91.3 98.8 106.6 109.2 109.2

0 343 732 959108.2113.3104.7 66.2 30.5 154 21.7 O 0 0 0 0
56 609 66 66 63.7 58.7 53.7 48.7 43.7 48.7 45.6 40.6 38 38 38 38
50 50 50 50 50 50 50 50 50 S50 S50 S50 50 50 50 50
0 100 10 10 10 10 10 10 10 10 10 10 10

electric power output from TPPs gradually decreases during
the period from 11:00-15:00. Especially during the period
of 12:00-15:00, the TPP outputs at the minimum operating
power. The trend of the curves of the TPPs can be verified by
the sum of conventional unit costs.

The electric power scheduling results of CHP for four cases
are shown in Figure 6. Since wind power output is higher from
1:00-10:00 and 21:00-24:00, the output of traditional units
is reduced to absorb wind power in Case 1. However, due
to HL demand, the wind power accommodation is limited.
Therefore, the output power of CHP is higher than that of the
other three cases.
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The electric power scheduling result of PSH in Case 4 is
shown in Figure 7. PSH, WPP, and PV energy are renewable
energy. However, due to PSH using water as an energy
storage medium for storing and regulating electric energy,
the difference is that PSH can be controlled. During valley
periods of the grid, typically from 1:00-6:00 and 21:00-
24:00, the excess electric energy is used to pump water from
the downstream reservoir to the upstream reservoir, and the
wind power is converted to gravitational potential energy
stored in the water. During the peak times of 7:00-20:00,
water is released to generate electricity, converting the stored
gravitational potential energy back into electrical energy
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FIGURE 4. The electric power scheduling results for four cases.

to meet the demand for power during peak load periods.
Moreover, due to the penalty associated with discarding
renewable energy, PSH generates electricity at 4:00, 18:00,
and 19:00 when wind power output decreases. Therefore, the
PSH generates electricity to supply the electric load demand
at 4:00, 18:00 and 19:00. When the wind power output
decreases, the output of conventional thermal generation and
CHP is reduced, the flexibility of CHP is improved, and the
CE is reduced.

The electric power scheduling results of the battery for
four cases are shown in Figure 8. Compared to Case 1,
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FIGURE 7. The electric power scheduling result of PSH in case 4.

tiered carbon trading is considered in Case 2. When wind
power increases or decreases at 4:00, 5:00, and 6:00, the
battery charges and discharges with the maximum power.
However, the PV power output is increased at 13:00, and
the discharging power of the battery is reduced to increase
the accommodation of PV. Due to the increased boiler in
Case 3, there is still 4.74% of WPC and 4.96% of PVPC.
Therefore, the charging and discharging power of the battery
in Case 3 are consistent with the trend in Cases 1 and 2.
Since the PSH is utilized in Case 4, there is no need to
reduce the output of traditional thermal generation and CHP
to accommodate wind and PV power. Therefore, the charging
power of the battery in Case 4 is reduced compared to the
other three cases.

2) COMPARISON OF SCHEDULING RESULTS OF THERMAL
POWER

The thermal power scheduling results for four cases are
shown in Figure 9. Compared with Case 1, since tiered carbon
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FIGURE 9. The thermal power scheduling results for four cases.

trading is considered in Case 2, when wind power output
increases at 1:00-6:00 and 21:00-24:00, HTS releases the
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thermal energy during this period, reducing the CHP output
power. Significantly, when the wind power output decreases
at 4:00, the HL demand is only met by CHP in Case 2.
However, the CHP output power in Case 1 is greater than
the EL, and the excess heat is stored by HTS. Therefore,
the thermal energy storage and release of HTS in Case 2 are
more flexible, and the CHP output and CE are reduced. Due
to the addition of the boiler in Case 3, electrical energy is
used by the boiler to generate thermal energy, which not only
increases the accommodation of renewable energy, but also
releases the generated thermal energy. Therefore, to improve
the flexibility of CHP, the boiler is utilized to consume
electric power to reduce the CHP output. Compared to Case 3,
the thermal energy released by the boiler is reduced in Case 4.
Since the operating cost of the boiler is higher than that
of the PSH, the boiler is only utilized between 1:00-2:00
and 5:00 when the wind power output is high, and the PSH
is limited by their operating power. The boiler continues
to consume electric power that cannot be accommodated.
However, during other periods, to reduce system operating
costs, the PSH is utilized to consume electric power, and the
HTS is used to store thermal energy.

The thermal power scheduling results of HT'S for four cases
are shown in Figure 10. The change of the thermal energy
storage and release power of HTS in Figure 10 are consistent
with those in Figure 9. Due to tiered carbon trading, boiler
and PSH are considered in Cases 2, 3, and 4. Therefore, the
thermal energy storage and release power of HTS increase in
Case 2, the thermal energy release of the boiler reduces the
thermal energy storage and release of HTS in Case 3, and the
combination of boiler and PSH not only reduces the thermal
energy storage and release power of HTS but also reduces
operating costs in Case 4.
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FIGURE 10. The thermal power scheduling results of HTS for four cases.

3) COMPARISON OF OPERATION COSTS, WPC, AND PVPC

The numerical simulation results, WPC, and PVPC for four
cases are presented in Table 9. Compared with the traditional
optimal dispatch method in Case 1, tiered carbon trading
is added in Case 2. Thus, the operating costs of traditional
thermal power and CHP units are reduced by 0.18%. The
WPC and PVPC rates are reduced by 0.76% and 0.82%,
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respectively. The corresponding costs of WPC and PVPC are
reduced by 2,391 ($) and 760.6 ($). Since the CE in Case 2 is
larger than the quota, the CE cost of 244.7 ($) is increased.
However, the total operating cost of the system is reduced by
3045 ($). Case 2 increases the CE cost compared to Case 1,
the operating cost of CHP in the system is reduced. Due to the
boiler being added in Case 3, the operating cost of the boiler
is increased compared to Case 2, however, tiered carbon
trading profits 413.4 ($). Compared with Case 1, the WPC
and PVPC rates are further decreased by 2.65% and 2.24%,
respectively, and the operating cost of the system and CHP are
reduced accordingly. The PSH is added in Case 4, in which
the operating cost is 6999.5 ($), and tiered carbon trading
further profits 4163.3 ($). The WPC and PVPC are almost
non-existent compared to Case 1, and the system and CHP
operating costs are the lowest of the four cases. The order of
WPC, PV curtailment, operation costs of traditional units, and
total costs for the four cases are as follow: Case 1 > Case 2 >
Case 3 > Case 4. Therefore, compared to the conventional
method, the economy of the system operation is improved in
this paper.

TABLE 9. Numerical simulation results, WPC, and PVPC for four cases.

Costs and power curtailment Casel Case2 Case3  Cased
Total cost ($) 108,374 105,329 98,647 75,491
Conventional units cost ($)  74,909.6 74,772.3 74,308.3 70,291.6
WPC cost ($) 26,755 24,364 17,762  1320.1
WPC rate (%) 7.39 6.63 4.74 0.22
PVPC cost ($) 6,709.4 5948.8 4,626.5 400.5
PVPC rate (%) 7.2 6.38 4.96 0.43
CE cost ($) X 244.7 -413.4  -4,163.3
Boiler cost ($) X X 2,364.2 6424
PSH cost ($) X X X 6,999.5

The curves of predicted and scheduled wind power for four
cases are shown in Figure 11. During 1:00-3:00, 5:00-6:00,
and 22:00-24:00, WPC occurs in Case 1-Case 3, and the wind
power changes during these time periods are consistent with
the WPC rates shown in Table 9. In Case 4, there is no WPC
during the periods of 2:00-3:00, 5:00-6:00, and 22:00-24:00.
With the deployment of a larger-capacity boiler or PSH, the
WPC can be fully absorbed.
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FIGURE 11. The curves of predicted and scheduled wind power for four
cases.

The curves of predicted and scheduled PV for four cases
are shown in Figure 12. Due to the larger PV output power
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during the 12:00-14:00 time period and the constraints of
the EL and HL, the PV power consumed by the tiered
carbon trading, boiler, and PSH cases is larger than that of
Case 1, with Case 4 absorbing the maximum PV power.
Since the wind power increases at 17:00 and the penalty for
WPC is greater than that for PVPC, there is still PVPC in
Case 1-Case 3, while the PV output power of Case 4 can be
utilized by the PSH, and there is no PVPC in Case 4 at 16:00
and 17:00.

120
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> 40}
oy
20
0
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Time/h

FIGURE 12. The curves of predicted and scheduled PV power for four
cases.

4) COMPARISON OF CE COSTS IN THREE CASES

The CE costs from Case 2 to Case 4 are shown in Table 10.
The first row of the Table 10, from 1 to 24, indicates the
scheduling period T. To distinguish between the profit and
cost of utilizing the tiered carbon trading mechanism, the
highlighted colour numbers in Table 10 represent negative
values, i.e., the profits obtained through the tiered carbon
trading mechanism. In contrast, the non-highlighted colour
numbers represent positive values. The physical meaning of
positive and negative values is explained in Section III-B7.
The three different highlighted colours are used to distinguish
the three cases. The tiered carbon trading costs displayed
in the Table 10 are rounded. The tiered carbon trading costs at
various scheduling periods are presented. Compared with the
other two cases, Case 4 not only does not increase CE costs at
8:00, 9:00, 12:00, and 15:00, but also generates profits during
these periods, and the profits obtained are greater than those
in the other two cases. Moreover, at 4:00, 10:00, 11:00, and
18:00-20:00, the CE costs are also less than or equal to those
in the other two cases. Similarly, the CE costs in Case 3 are
superior to those in Case 2.

Table 10 shows the numerical quantification results of the
tiered carbon trading costs. To facilitate readers’ understand-
ing, Figure 13 presents the curves of the CE costs. It can be
observed that the curve of the three cases remains consistent.
However, due to differences in scheduling resources and
system flexibility among the cases, the curves for Cases 2 and
3 are significantly higher than those for Case 4. As mentioned
above, lower curves indicate negative profits, indicating
greater system profits. Compared to Case 2, Case 3 exhibits
significantly higher profits during 1:00-3:00, 5:00, 6:00,
16:00, 17:00, and 21-24:00.

The above results indicate that the addition of PSH units
reduces the CE and the highest profits. This is because
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TABLE 10. The CE costs from case 2 to case 4.

Case 1 2 3 4 5 6 7 § 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
2(%) 8 50 70 191 94 140 159 40 20 621 931 80 346 194 18 501 295 237 418 25 92 163 131 190
3(%) 5 142 126 196 173 218 153 46 21 627 938 76 349 202 15 567 361 234 418 25 92 195 196 229
4($) 1402 504 126 146 504 347 178 77 10 307 426 153 383 406 327 652 605 163 188 25 92 195 229 229
1200 — S —— compared to the case without PSH and carbon trading, and
i Case 2 Case 3 — 8 — Case 4 | . N
ol AT the economy of the system is enhanced. The results of this
- work can promote the development of a clean energy base
%400 - o * integrating hydropower, wind, PV, and energy storage in
o A \ N Northwest China.
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FIGURE 13. The curves of CE costs from case 2 to case 4.

the Northwest region of China is rich in water resources,
which can effectively assist the combined heat and power
system in achieving bidirectional development of heating and
renewable energy accommodation. Concerning renewable
energy base in a region of Northwest China, it is verified
that PSH can effectively regulate the fluctuations of wind and
photovoltaic power output in the combined heat and power
system, improving the stability and low-carbon benefits of
the system. This fully demonstrates that energy storage
can effectively coordinate the complementarity of multiple
energy sources.

V. CONCLUSION

To meet the heat demand of users in the CHP system
and enhance the accommodation of renewable energy.
A low-carbon optimal scheduling method that integrates
HWPTB with CHP is proposed, and the scheduling model
for coordinated multi-energy complementarity of HWPTB
is developed. The results show that renewable energy
accommodation, reduction of CE, and economy of system
operation are enhanced.

Four cases are compared, and a 6-bus system is used
to verify the proposed method. The following conclusions
are obtained: the WPC rates are 7.39%, 6.63%, 4.74%, and
0.22%, respectively, and the PVPC rates are 7.2%, 6.38%,
4.96%, and 0.43%, respectively. The rates of WPC and
PVPC are gradually decreasing, and compared with the
traditional optimal scheduling method without considering
carbon trading and PSH, the accommodation of wind and
PV is improved by 7.17% and 6.77% in the integrated PSH
with CHP systems, respectively. The CE costs for the three
cases considering tiered carbon trading are 244.7 ($), -413.4
($), and -4163.3 ($), respectively. It can be observed that
the HWPTB system that considers PSH not only avoids
increasing the CE cost but also generates 4163.3 ($) profit
through carbon trading. The total operation cost of the
HWPTB system is 75,491 (§), which is reduced by 43.6%
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