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Abstract: The serious problem of wind power curtailment in northern China has created a pressing
need to enhance the peak-shaving ability of the power system. As the main source of power supply
in northern China, combined heat and power (CHP) units have significant potential for peak-shaving.
Currently, the Chinese government encourages CHP plants to increase their peak-shaving capacity by
installing power-to-heat (P2H) equipment. In addition, the government has implemented auxiliary
service market policies to encourage CHP plants to provide peak-shaving services. In order to
maximize economic benefits for CHP plants, this paper proposes an optimal configuration method
of P2H equipment with the static payback time (SPT) as the objective function. Cost and income
models of installing the P2H equipment are constructed by taking into account the auxiliary service
market policies. The peak-shaving income model of the CHP plant is derived emphatically as a
key part of the proposed method. Finally, the district heating region in Jilin province is used as a
case study example. The results show that adding the P2H equipment is significantly effective in
improving the peak-shaving ability of CHP units, and investing in heat pumps is more cost-effective
than electric boilers. The proposed method can be applied to other northern regions relying on CHP
units for central heating, providing a valuable solution to the problem of wind power curtailment in
these regions.

Keywords: combined heat and power; power-to-heat equipment; peak-shaving ancillary service
market; optimal configuration; wind power integration

1. Introduction

In China, the vast majority of wind power generators are installed in northern re-
gions [1,2], posing a significant challenge to the power system’s ability to accommodate
wind power. The peak-shaving ability of the power system in northern China is primarily
dependent on coal-fired combined heat and power (CHP) units, as these units generate
a high proportion of power. However, the CHP units are operated in a “heat-led” mode
that prioritizes space-heating, and the generated electric power is dominated by thermal
power, resulting in the limited flexibility of the power system [3,4]. Therefore, there is an
urgent need to enhance the peak-shaving ability of CHP units to increase the flexibility of
the entire system.

This study aims to investigate the optimal configuration of auxiliary heating equip-
ment to enhance the peak-shaving ability and willingness of CHP units. The peak-shaving
ability of CHP units can be improved by decoupling the constraints between thermal power
and electric power through the use of auxiliary heating equipment [5]. The CHP plants are
more likely to actively participate in the peak-shaving ancillary service market for potential
economic benefits [6,7].

Many studies have proven that power-to-heat (P2H) equipment, especially the electric
boiler (EB) and heat pump (HP), are outstanding at promoting the flexibility of CHP
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units [8-10]. Yan et al. [11] investigated the performance of four technologies with respect
to the flexibility improvement of the CHP system and claimed that the EB is the most
effective piece of equipment for improving renewable energy integration. Lv et al. [12]
proposed an evaluation model of wind power integration in consideration of the CHP
units, EB, and heat storage. It was demonstrated that the electric power produced by CHP
units can be reduced to the second level of down-regulation subsidy with the help of the
EB. Lei et al. [13] proposed a multi-level input/exit operation mode of heat storage electric
boilers to consume the curtailed wind power for space heating in northern China. The
authors claimed that the wind power accommodation capacity can be improved effectively.
In addition, the contribution of the EB to better system flexibility has been confirmed in
previous work [14-16]. The HP has also been discussed by many scholars with respect to its
ability to consume surplus wind power [17]. In [18], an electrified energy system is created
by combining a high temperature heat pump and wind turbine to supply super-heated
steam. The operational costs and CO, emissions are reduced effectively. In [19], HPs
were utilized to relieve the heating pressure of CHP units by heating the return water
in the district heating network. Dengiz et al. [20] proposed a heuristic control strategy
for modulating HPs to reduce heating costs and wasted renewable energy. In [21], the
authors claimed that the HP is more cost-effective than the EB for consuming surplus wind
energy. Liu et al. [22] proposed new operation scheduling steady-state models of CHP
units integrated with an EB and an HP for energy saving and economic benefits.

Based on the studies mentioned above, the EB and HP promote the operation flexi-
bility of CHP units, but their economic potential is significantly affected by the capacity,
efficiency, and price in the electricity market [23,24]. Therefore, it is necessary to opti-
mize the configuration of the EB or the HP if a CHP plant expects to participate in the
peak-shaving ancillary service market to achieve better economic benefits. In recent years,
several studies have investigated the configuration of auxiliary heating equipment. For
instance, Wang et al. [25] and Ostergaard et al. [26] both discussed capacity planning of
heat storage. Liu et al. [27] investigated the optimal capacity of the EB with the goal of
maximizing economic and environmental benefits. Yi et al. [28] proposed a two-stage
configuration strategy for distributed EB and heat storage to simultaneously enhance wind
power integration and minimize construction costs. Optimal planning of electric heater
and heat storage was investigated considering the capacity and distribution in a previous
study [28,29]. However, very few works have researched the configuration of the EB or the
HP in consideration of the peak-shaving ancillary service market, which is a key factor of
the economy [30].

The aim of this study is to investigate the optimal configuration of the EB and the HP
added by the CHP plant, with a focus on the economic benefits influenced by the ancillary
service market policy. This paper provides a detailed analysis of the deep peak-shaving
income of the CHP plant considering the peak-shaving capacity required by the power grid
under different levels of wind power generation. Based on this analysis, income and cost
models are developed for adding the P2H equipment. The optimal capacity of the P2H is
determined with the static payback time (SPT) as the objective function. Finally, numerical
case studies are carried out with the power system in Jilin province as an example, and the
results verify the effectiveness of the proposed method.

The rest of this paper is organized as follows. In Section 2, the deep peak-shaving
ability of the CHP plant is analyzed, and the deep peak-shaving income model is established.
In Section 3, the optimal configuration model is developed with the SPT as the objective
index based on the analysis of income and cost of adding the P2H equipment. Numerical
studies are described in Section 4 and conclusions are presented in Section 5.

2. Deep Peak-Shaving Income of the CHP Plant
2.1. Deep Peak-Shaving Capacity Provided by the CHP Plant

The CHP unit is operated in “heat-led” mode, and its operation region is shown in
Figure la. To meet the deep peak-shaving demand of the power grid, especially during the
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heating season, the Chinese government encourages CHP plants to install P2H equipment
to harness the peak-shaving potential of CHP units. P2H equipment can serve as an
interruptible load to participate in the peak-shaving auxiliary service market. The heat
load can be jointly undertaken by the CHP units and P2H equipment:

2 QT+ Py = )

0 < Q5" < QAX, 2)
O<PPH<Paxt (3)

Prl‘flla_llx,t = max{o 7 min{ cap’ Qt Z QCHP / } } (4)

where ¢ is the index of scheduling time interval; N1 is the total number of CHP units; QCHP

and Q1Y . are the output and maximum thermal power of the i-th CHP unit, respectively;
QE,[P}P is the thermal power at point C in Figure 1; PFH, PII;EX +» and ng are the actual
running power, maximum running power, and power capacity of the P2H equipment,

respectively; 7 is the coefficient of performance (COP); and Q}! is the heat load.

PMWY P P2H MW

' PP ACHH e e 3 AN
1

1

HP CHP RI’:{:
CI-S i ng T B e Attt i
Ax : P‘\c;_\?‘_ T : """ Pd-mm -
G OGE, QMW o QMW ) P/MW

Figure 1. (a) Operation region of a CHP unit. (b) Relationship between the electric power output of
the CHP unit and the P2H equipment.

CHP units are usually operated in back-pressure mode, denoted as segment BC, to
minimize electric power output during the heating season. Under this mode of operation,
the electric power produced by the CHP units is expressed as follows [7,31]:

N1 N1 N1 N1
ZPZSHP:Z(I(BC QCHP )zkav'z CHP+2b = kav QF_ 77)+Zb1 ®)
i=1 i=1 i=1 i=1 i=1

Then, the minimum electric power produced by the CHP plant can be derived as:

N1
ZPCHP _max{z 1\C/III_II\II)1 s kav( QH maxt ) +Zbi} (6)
i=1

min

where PCHP and PG Min,; are the generated and minimum electric power of the i-th CHP unit,
respectlvely, k?c and b; are the expression coefficients; and ky is the approximate value of

the electrothermal ratio.
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From Equation (5), when the CHP units are operated at different power levels, the
running power of the P2H equipment is constrained by the following equations:

N1
Z Papi AT = kay(Qf = PP ) + )b ?)
i= i=1
CHP | yCHP _ H _ pPH2 v
chapz /\ - aV(Qt — by '77)+Zbi (8)
i= i=1
CHP H _ pPH3 -
ZPMINz kav(Qr" — )+ )b ©)
i=1
where PCHY is the power capacity; ASHY and ASHT are the first base line and second base

cap,i
line of deep peak-shaving, respectively; and PP, PPH2 and P2 are the running powers
of the P2H equipment. The relationship of electric power output between the CHP unit and
the P2H equipment is displayed in Figure 1b. If PPH! < 0, then set PPH! = 0; if PfH2 < 0,
set PPH2 = 0; and if Pf™3 < 0, set Pf™3 = 0.

According to the policy of the peak-shaving ancillary service market, the available
deep peak-shaving capacities of the CHP plant at the first and second levels are expressed

as follows:
supl a CHP CHP CHP u CHP CHP 3 CHP
Pi™P" = maxqming ) Pt - (AT = A5TY) ) PoUt AT — ()0 PR , 0 (10)
i=1 i=1 i=1 min
sup2 __ M CHP ,CHP L CHP
PP =maxq ) Popi Az — (L Pi) L0 (11)
i=1 i=1 min

If P} Pl _ 0, it means that the CHP plant lacks the ability to provide a deep peak-
shaving service. In addition to the deep peak-shaving capacity provided by the CHP
units, the increased power load, namely the power consumed by the P2H equipment, is
also helpful for enhancing wind power integration. From Equations (6)—(11), the power

consumed by the P2H equipment is calculated corresponding to P} Pl and P up2,

Zf Ptsupl Z PCCaII;H; )\CHP _ )\gHP) , APtEl — PtPHZ (12)
supl L CHP CHP & CHP
Zfpif P chapz /\ (Zpi,t ) ’ Apt Pmaxt (13)
i=1 i=1 min

if PfupZ _ Z PCHP . \CHP _ Z PCHP , APF2 = min { PPH3, Pmaxt} (14)
i=

cap,i
min

if P'P? =0, ADPF2=APF! (15)

2.2. Deep Peak-Shaving Capacity Required by the Power Grid

Deep peak-shaving is required by the power grid if wind power remains excessive
when coal-fired units have been operated at the first base line of deep peak-shaving and
non-coal-fired units have been operated at minimum power output. The deep peak-shaving
capacity required by the power grid, which is denoted as PC, depends on the level of wind
power generation and is equal to the difference between the total produced electric power
and the heat load:

S = PP RGI+ LRSI AT+ L PQY AN P g
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where P! is the generated wind power; PI\C,)[}FI{I{ is the minimum power output of non-coal-

fired units; PCON is the power capacity of the j-th coal-fired condensing (CON) unit; N2 is

the total number of CON units; AfON is the first base line of deep peak-shaving of the CON
unit; and PF is the electric power load. If PS < 0, there is no need for deep peak-shaving.

Depending on the amount of wind power, P& can be divided into five scenarios. As
shown in Figure 2, P& satisfies different conditions in each scenario:

Scenario 1 (S1): 0 < PF < pfHt (17)
1
Scenario 2 (S2): PPl < PP < PP+ APF! (18)

PP APEl < PS < P"P! 4 APE1 4 pCON

PZl = Z Pcap,} (Al - )‘2 )
Scenario 4 (S4): PPl APF! 4 PEON < PS < PPt 4 PSON 1 P2 L APFZ (20)
Scenario 5 (S5): PE > P supt +PgPN 4+ P SUP2 | APP? (21)

where PEON is the deep peak-shaving capacity at the first level available from the CON
plant; and ASON is the second base line of deep peak-shaving of the CON unit.

P/MW 4 .

S56=> [~~~ P’G Rsupl +P}§_“ION+R5MPZ+AREZ

————— P

54— —[ Hsu;rl +APtH +P):C10N
S83—>f---- P’ Pu))l APE]
S2=>f---- pe

N = RPHI

0e ‘

Figure 2. PC under different scenarios.

2.3. Deep Peak-Shaving Income of the CHP Plant

The peak-shaving income of the CHP plant depends on the actual deep peak-shaving
capacity utilized by the power grid. The income is calculated in each scenario.

S1: In this scenario, the running power of the P2H equipment is PtP H1 when the CHP
units reduce the power output to the first base line of deep peak-shaving. In fact, there is no
need for the CHP units to run at the first base line of deep peak-shaving because the power
consumed by the P2H equipment is much greater than PS. Thus, the running power of the
CHP units and the P2H equipment are regulated simultaneously to make the redundant
wind power equal to zero.

N1

PVF + PO + kav (QF — PP 1) + Y by +ZP§£I]\T ASON _ pE _ pPH|1 =0 (22)
i=1

The actual running power of the P2H equipment is derived as:

Prseligy =0 (23)
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PPs?|51 =0 (24)

kav - QF + 21 b + z nglj\‘ ASON + PVE - PO — PE
1=

PPHs1 = (25)

1+kay -1
where PFs¢! and P}s¢? are the first and second levels of deep peak-shaving capacities
actually provided by the CHP units in S1, respectively.

S2: In this scenario, PE is equal to the sum of the deep peak-shaving capacity provided
by the CHP units and the power consumed by the P2H equipment.

P>t |sy + PPM[sy = PF (26)
1 CHP CHP _ H PH b PH PH1
Ptuse ‘SZZchapl )\ kav(Qt _Pt |52'77)+Zbi :kav'ﬂ'(Pt |52_pt ) (27)
i= i=1

The actual deep peak-shaving capacity provided by the CHP units and the actual
running power of the P2H equipment are derived as follows:

:kaV"?'(PtG_Ptle)

Pusel 28
t | 1 + kav K 7’] ( )
PPS2|g =0 (29)

PP + kay - 17 - PPHI
pPH|gy = L LTy T (30)

1+kay -1

S3: In this scenario, the total power capacity of the first deep peak-shaving level of the
CHP units and the power capacity provided by the P2H equipment are used, and some
of the power capacity in the first deep peak-shaving region of the CON units is required.
The actual deep peak-shaving capacity provided by the CHP units and the actual running
power of the P2H equipment are derived as follows:

Pysel|sg = PiP! (31)
P23 =0 (32)
PFH|g3 = APE! (33)

S4: In this scenario, apart from the total power capacity of the first deep peak-shaving
level of the CHP units and the CON units, a part of the power capacity of the second deep
peak-shaving level of the CHP units is required by the power grid.

PP PPN 4 P25y + P54 = PE (34)

P2 sy = kav 17 - (P[5 = PI™) (35)

The actual deep peak-shaving capacity provided by the CHP units and the actual
running power of the P2H equipment are derived as follows:

ppsel s, = pooPt (36)
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G supl CON PH2
Puse2|S4:kaV.77'(Pt _Pt _PZ‘J _Pt ) (37)
! 1+ kay - n
G supl CON PH2
Py = A St e R R (38)

1+kav'77

S5: In this scenario, the total deep peak-shaving capacity of the CHP units is used.
The actual deep peak-shaving capacity provided by the CHP units and the actual running
power of the P2H equipment are derived as follows:

Pysel|gs = PiP! (39)
ppse?| g5 = PIUP? (40)
PPH|s5 = APF? (41)

Considering S1-S5, the peak-shaving income of the CHP plant is derived from the
peak-shaving service provided by the CHP units and the P2H equipment. The income of
each scenario is given by:

B8 = [PPH . UFH 4 ppsel . ] 4 ppse2 . U] - At (42)

where s is the serial number of each scenario; is the transaction price of the power
capacity provided by the P2H equipment on the d-th day in heating season; and U} and
Ug are transaction prices of the deep peak-shaving capacity at the first and second level,
respectively.

On the d-th day in heating season, the total deep peak-shaving income of the CHP
plant, denoted as BC etd- 18 given by

B = Z Yy BEY (43)

s=1teT;

PH
ud

where T is the set of scheduling time intervals of the s-th scenario.

3. Optimal Configuration of the P2H Equipment

When investors decide whether to invest in a new project, they tend to focus on
the payback period [32]. Therefore, the static payback time (SPT) is used as the core
index to measure the comprehensive benefit the CHP plant can obtain by installing the
P2H equipment:

. cPH
min SPT = —um-

Z BPH
d=1 d

(44)

where CEEL is the total fixed cost; BL! is the daily income of the P2H equipment; and D
is the total number of days in the heatmg season. If the SPT is smaller than the lifetime,
it means that a return on investment can be obtained during the life cycle of the P2H
equipment. The smaller the SPT, the higher the return on investment.

3.1. Total Fixed Cost of the P2H Equipment

The total fixed cost consists of the initial construction cost and fixed maintenance cost:

Coam = (1+y" - ebif) - Py - ™ (45)

where y™ is the lifetime of the P2H equipment; eL'1 is the ratio of maintenance cost; and
cPH is the unit price of the P2H equipment, including auxiliaries.
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CON _
B getd —

v N2
L [PEON - At - UL} —l—min{PtG — PPN, L PEON)SON _ pCoN } -At-U3], if PE > PEPN
]:

3.2. Operation Income of the P2H Equipment

The coal cost, carbon trading cost, and apportioned compensation cost of deep peak-
shaving paid by the CHP plant can be reduced by installing the P2H equipment for auxiliary
heating. In addition, the deep peak-shaving income is expected to increase as the CHP
plant gets more opportunities to participate in the peak-shaving ancillary service market.
Thus, the operation income generated by the P2H equipment during the heating season
can be expressed as follows:

D

D
P o § (o e 02 a5 @
d=1 d=1

where B;oal, B, and Ang,Pd are the reduced coal cost, carbon trading cost, and appor-

tioned compensation cost of deep peak-shaving, respectively; and AB;EI; is the increased
deep peak-shaving income.

According to the operation rules of the peak-shaving ancillary service market, the
reduced electric power of the CHP plant during the heating season should be compensated
during other months within the same year. This means that the total electric power
produced by the CHP plant remains unchanged over one year. Therefore, the saved coal
cost and carbon trading cost only depend on the actual thermal power of the CHP units
replaced by the P2H equipment:

B§°a1 = AQcoal ’ ucoal (47)
B;Oz = AQcoal * Kco, - ucoz (48)
5
AQcoal = (Z Z PtPH) 1+ At - Qcoal (49)
s=1teT;

where U,y and Ueo, are the unit prices of coal and carbon trading, respectively; aco, is
the carbon emission coefficient of standard coal; and AQ.. is the total reduced coal for
thermal power production.

The operation rules of the peak-shaving ancillary service market stipulate that the
coal-fired units, which are unable to provide deep peak-shaving capacity, must share in the
compensation cost of deep peak-shaving paid to other units that have fulfilled the deep
peak-shaving mandate. The compensation cost shared by the CHP plant is given by

N1
CON CHP
CHP Pget z'; Fid
Braya = W (50)
Y. ECHP 4 EWF 4 FSO  ENU
i1 "

N1 cHP T, 3 N1 CHP
Y Ea =) (3 ) Punis At -ky) (51)
i =1 x=1i21

TZU

L PC-At- U , if PG < PCON

(52)
cap,j

where , and E{Ii\TU are the daily modified power production values of the
CHP units, wind power generators, solar power generators, and nuclear power generators,

respectively; ky is the correction factor; Ty, is the set of scheduling time intervals during

CHP rWF rSO
Eid ’Ed ’Ed



Energies 2023, 16, 6860

90f18

which P;"* = 0; and PR is the minimum power generated by the CON plant. Then,
ABS;I, ; can be calculated based on Equations (50)-(52):

CHP CHP CHP

where BCI'}I,I;_l and Bg;%_l are the compensation costs apportioned by the CHP plant with
and without the P2H equipment, respectively.
Next, ABgeIfId) can be calculated based on Equation (43):

CHP CHP gCHP

AB getd — =B get,d 1- get d—o (54)
where BCPtH;_l and BCIt{I;_O are the deep peak-shaving incomes achieved by the CHP plant
with and without the P2H equipment, respectively.

4. Case Studies

Jilin province is a typical region that depends on CHP units for central heating, and it
is also a pioneering pilot area for implementing the auxiliary service market policy. Thus, a
simplified region power system based on the power system of Jilin province is used in case
studies. The installed capacities of the CHP unit, CON unit, wind power generator, and
other types of generators are 600 MW (40.54%) (300 MW X 2), 350 MW (23.65%), 250 MW
(16.89%), and 280 MW (18.92%), respectively. The typical load curves of thermal power and
electric power are shown in Figure 3. The curve in Figure 3a is the typical daily load curve
in winter. The heating period is from 5 October 2021 to 10 April 2022 with a total of 168 days.
Curves in Figure 3b represent the average thermal load per month. The scheduling period
is 24 h and each time interval is 15 min. In the northeast region, the first and second deep
peak-shaving base lines of the CHP unit are 50% and 40%, respectively. The first and
second deep peak-shaving base lines of the CON unit are 48% and 40%, respectively. To
simplify calculations, the quotations for the deep peak-shaving services provided by the
CHP units and CON units are assumed to be the same, namely, LI; = 0.32 ¥/kWh and
U2 = 0.8 ¥/kWh. The quotation for the power capacity provided by the P2H equipment is

%H = 0.2 ¥/kWh. Other parameters are listed in Table 1.

——Jan Feb Mar Apr
= Oct —e— Nov Dec
1000 600
500 k
900 | 2 \\/
2 S0 |
2800 | ]
S £300
£700 | 5200 }
3 T
m 600 F 100 F
500 N M N . " " . M M N M N N . N N N M f 0 L L 1 L L L L L L L 1 L L L 1 L 1 L L
1 6 111621263136414651566166717681869196 1 6 111621263136414651566166717681869196
Time interval Time interval
(a) (b)
Figure 3. (a) Electric power curves; (b) Thermal power curves.
Table 1. Technical and economic parameters.
Parameters  P{HT PN PO QY Ueoal Qcoal Uyo, o, Kav
Value 114 MW 105 MW 56 MW 734 MW 840 ¥/ton 135 kg/kWh 56 ¥/ton 2.66 0.45
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4.1. Analysis of the Deep Peak-Shaving Ability of the CHP Plant without the P2H Equipment

The PS of each time interval during the heating season is calculated according to
Equation (16), and the distribution diagram is displayed in Figure 4. The color bar on
the right side of Figure 4 presents the magnitude of PS. The demand for deep peak-
shaving is mainly concentrated in time intervals of 1-21 and 86-96, namely 0:00-5:00
and 21:30-0:00. Sometimes—such as on days 90-94—redundant wind power could also
be presented during time intervals of 4963 except early morning and night. Moreover,
sometimes—such as on days 163-168—there is little redundant wind power all day. There
are 16,128 time intervals during the heating season, including 5696 time intervals where
deep peak-shaving is needed. Overall, the demand for deep peak-shaving is high.

|
| | I | | | | I |
31 36 41 46 51 56 61 66 71 76
Time interval

Figure 4. PtG of each time interval during the heating season.

In Figure 5, the deep peak-shaving income and apportioned cost of the CHP plant
without P2H equipment are evaluated. For most of the time, the CHP plant has to share the
deep peak-shaving compensation paid to the CON plant since the CHP units are unable to
provide a deep peak-shaving service without the assistance of P2H equipment. The total
apportioned cost is up to 1952.36 k¥, but the deep peak-shaving income is only 81.03 k¥.
The time intervals when deep peak-shaving is required by the power grid are equal to
the time intervals when the heating demand is high. The CHP units have to prioritize the
need for heating, and this inflexibility causes them to lose opportunities to compete in the
ancillary service market.

4.2. Analysis of Economic Benefits with Different P2H Equipment

Since the P2H equipment acts as an auxiliary heater, the CHP units can reduce their
electric power and thermal power outputs. The EB and HP are recognized as excellent
auxiliary heating devices. To choose the most suitable equipment for the CHP plant,
comparative analysis is carried out in the following case studies. The parameters of the EB
and HP are listed in Table 2.



Energies 2023, 16, 6860

110f18

_ e = = N
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Money/¥X10*
—_
[}

S N B O

2
21
20

19

& 18
17
16
15

M Deep peak-shaving income W Apportioned cost

10

19 28 37 46 55 64 73 82 91 100 109 118 127 136 145 154 163
Day

Figure 5. Deep peak-shaving income and apportioned cost of the CHP plant without P2H equipment.

Table 2. Parameters of the EB and HP.

Parameters n yPH et cPH
EB 95% 20 years 30% 980 k¥/MW
HP 35 20 years 15% 4500 k¥/ MW

The enumeration method is used to get the optimal value. Considering that the
average heat load of seven heating months is about 328 MW and the total thermal power
produced by the CHP units is about 173 MW when they are running at the second base line
of deep peak-shaving, the thermal power provided by the P2H equipment is 155 MW. The
searching upper limits for optimizing the capacities of the EB and HP are set as 163 MW
and 48 MW, respectively. To make the result more precise, the optimal value is first found
with a step size of 1 MW, and then the step size is narrowed down to 0.1 MW for secondary
optimization calculation.

It can be seen from Figure 6 that the optimal SPTs are 15.9 and 17.9 when the HP and
EB are set as 19 MW and 67 MW, respectively. For the HP, the SPTs are less than 20 most of
the time. In contrast, for the EB, the SPTs are greater than 20 most of the time. Therefore,
adding the HP as an auxiliary heater may help the CHP plant achieve a better economy.

29
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25
e 23
»n 21
19
17

PR T T R TR TN SRR SN TR TR T 1 15 1 1 1 1 1 1 1 1 1 1 1 1

[y

4 7 1013 16 19 22 25 28 31 34 37 40 43 46 1 14 27 40 53 66 79 92 105118 131 144 157
Power Capacity of the HP Power Capacity of the EB

(a) (b)
Figure 6. (a) SPT of the HP with different capacities; (b) SPT of the EB with different capacities.

The key economic parameters are given in Table 3. Compared to the situation without
P2H equipment, both the EB and the HP improve the deep peak-shaving ability of the CHP
units, contributing to the reduction of apportioned compensation cost and the increase
of deep peak-shaving income. Due to the larger capacity of the EB compared to the HP,
the trading power and peak-shaving income of the EB in the ancillary service market are
greater than those of the HP. However, the energy efficiency of the HP is significantly
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higher than that of the EB, and the thermal power produced by the HP is greater than that
of the EB. Thus, the saved coal cost and carbon trading cost resulting from the thermal
power of the CHP units replaced by the HP exceed those of the EB. Although the total
operation income, denoted by ¥_ BY'H, of the EB is slightly higher than that of the HP, the
power capacity of the EB is much greater, leading to a higher total cost of the EB. Overall, it
is preferable to invest in the HP rather than the EB.

Table 3. Economic comparison between the EB and HP.

Parameters  YBCIU/¥ x 100 YBUAR/¥ x 100 YBPU¥ x 100 LB/¥ x 100 UBIH/¥ <100 Con/¥ x 104
Without P2H 81.03 1952.36 0 0 0 0

EB = 67 MW 563.15 787.18 780.33 138.38 2566.01 45,962
HP = 19 MW 293.91 1074.30 904.04 160.32 2155.30 34,200

The optimal capacity of the HP is 19 MW when the step size is 1 MW. In order to
obtain a more accurate value, the step sizes are set to 0.1 MW and 0.01 MW for second- and
third-round optimizations, respectively. The search range of the second-round optimization
is 18 MW to 20 MW and the results are shown in Figure 7a. The optimal value is 18.1 MW.
Hence, the search range of the third-round optimization is 18 MW to 18.2 MW and the
results are shown in Figure 7b. The optimal value is still 18.1 MW. Finally, the optimal
capacity of the HP is set as 18.1 MW.

16.4 16.4
163 & 16.3
16.2 16.2
16.1 16.1
. =
E 16.0 % 16.0
» 159 15.9
18. 1MW,
15.8 :
158 15.709
15.7 15.7
156 T
> & © @ N O A A0 D
RO GPC IS SRS Lo e R Y
Yy Yy Yy Yy Yy Y Yy Yy

Power Capacity of the HP Power Capacity of the HP
(a) (b)

Figure 7. (a) Enumeration optimization result with a step size 0.1 MW; (b) Enumeration optimization
result with a step size 0.01 MW.

Due to the fact that the results obtained by the enumeration method are discrete values,
there exists a certain amount of error in the results. The smaller the step size set, the smaller
the error will be. As the focus of this article is on exploring the optimization model of
the P2H equipment rather than the solution methods, more detailed solutions will not be
provided in this case study.

4.3. Analysis of Deep Peak-Shaving Ability of the CHP Plant with an HP

The deep peak-shaving capacities of the first and second levels that can be provided
by the CHP units without the P2H equipment are 33.16 kWh x 10° and 2.09 kWh x 10°,
respectively. In Figure 8a, the available deep peak-shaving capacities from the CHP units
with different capacities of the HP are plotted. The deep peak-shaving ability of the CHP
cannot be released if the capacity of the HP is too small. The deep peak-shaving capacity
of the first level available from the CHP units tends to increase when the capacity of
the HP is greater than 8 MW, especially when the capacity is greater than 16 MW. From
Equations (7)—(9), the PPH2 is much higher than 48 MW during the peak heating periods,
so the deep peak-shaving capacity of the second level is not increased when the HP is
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set as 1-48 MW. Hence, in Figure 8b, only the deep peak-shaving capacity of the first
level provided by the CHP units is plotted. The deep peak-shaving ability of the CHP is
gradually improved along with the growth of the HP capacity. When the HP capacity is
greater than 18 MW, the CHP units can provide deep peak-shaving capacity of the first level
under different scenarios, leading to more deep peak-shaving income. Furthermore, from
Figure 9, it can be seen that the deep peak-shaving capacity of the second level available
from the CHP units is very limited, and P} P2 i equal to zero most of the time. This is why
there are no data grouped into 54 in Figure 8b.

First Level Second Level mS2 mS3 54 S5
50 14
£
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L .x
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\ ]
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Power Capacity of the HP Power Capacity of the HP
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Figure 8. (a) Available deep peak-shaving capacity of the CHP units; (b) Actually used deep peak-
shaving capacity of the first level provided by the CHP units.
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Figure 9. Deep peak-shaving capacity can be supplied by the CHP units when the HP is 19 MW.

4.4. Analysis of Influence Factors of the Optimal P2H Equipment Capacity

From Equations (44)—(54), the optimal P2H equipment capacity is related to several
factors. Considering that the correlation of the maintenance cost and the equipment price of
the HP with the peak-shaving ancillary service market is weak, this paper mainly discusses
the effects of the quotation, power load, heat load, and wind power variation on the SPT.
The first level quotation varies from 0.1 ¥/kWh to 0.4 ¥/kWh with the step size set as
0.1 ¥/kWh. The second level quotation varies from 0.4 ¥/kWh to 1 ¥/kWh with the step
size set as 0.1 ¥/kWh. The level of power load varies from —5% to +5% with the step size
set as 2.5%, and the variations of the heat load and the wind power are the same. For
simplicity, only one round of optimization is conducted in the subsequent analysis.

It can be concluded from Figure 10 that the SPT is positively correlated with the quota-
tion. Even when the quotation is at a minimum, the SPT remains lower than the lifetime of
the HP, indicating that the CHP plant can achieve a positive return. Thus, installing the
HP to improve the peak-shaving ability will enhance the CHP plant’s participation in the
peak-shaving ancillary service market. Figure 11a shows that the SPT is higher when the
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level of power load is lower. In contrast, Figure 12 indicates that the SPT is higher when the
level of wind power is higher. This is because when the level of power load decreases or
the wind power increases, the deep peak-shaving capacity required by the power grid will
increase. Then, the deep peak-shaving capacity provided by the CHP plant will be utilized
more, contributing to greater peak-shaving income. Therefore, the economic benefit of
investing in HP is likely to increase over time due to the growing trend of wind power.

—— quotation1=0.1 quotation1=0.2 —— quotation2=0.4 quotation2=0.6
3 quotation1=0.3 quotation1=0.4 quotation2=0.8 quotation2=1
24
21 F 22
= 17.5 = 20
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15 L 453 L L L L L 14 L L 1 1 L L 1 1 1
1 6 11 16 21 26 31 36 41 46 1 6 11 16 21 26 31 36 41 46
Power Capacity of the HP /MW Power Capacity of the HP /MW
(a) (b)
Figure 10. (a) Effect of the first level quotation variation on the SPT; (b) Effect of the second level
quotation variation on the SPT.
——Pe+5% Pe+2.5% Pe+0% —«—Ph+5% Ph+2.5% Ph+0%
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Figure 11. (a) Effect of power load variation on the SPT; (b) Effect of heat load variation on the SPT.
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Figure 12. Effect of wind power variation on the SPT.
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In Figure 11b, we can observe a significant change in the optimal value when the heat
load changes. However, in reality, the level of heat load served by the CHP plant will
not change in the short term unless the scale of the CHP plant is expanded. Therefore,
the impact of heat load on the optimization result can be ignored. Apart from the heat
load, when other factors vary, the optimal capacity of the HP remains constant at 19 MW.
Therefore, even if there is a deviation between historical and real-time data of quotation
values, power load, and wind power, it will not affect the optimization results. This
indicates that the optimization model proposed in this study is feasible and stable.

Currently, most areas in northern China have implemented the ancillary service market
peaking. Moreover, many regions in northern China, such as Jilin province, rely on CHP
units for central heating. Therefore, the proposed method is applicable to most northern
regions of China.

5. Conclusions

Aiming to solve the problem of wind power curtailment caused by the limited peak-
shaving ability of the power system, this study explores the feasibility of installing P2H
equipment at the CHP plant side to improve the peak-shaving ability of CHP units. An
optimal configuration model of the P2H equipment is established considering the economic
benefits of the CHP plant in the ancillary service market. Case studies are carried out using
the CHP system of Jilin province as a typical example. The impact of the P2H equipment
on the peak-shaving ability and economic benefits of the CHP plant is discussed in detail
with numerical studies. Several conclusions are drawn as follows:

(1) Itisnecessary for the CHP plant to invest in P2H equipment in order to improve the
peak-shaving ability of the CHP units.

(2) Itisbeneficial for the CHP plant to invest in P2H equipment considering the economic
benefits that may be obtained in the ancillary service market.

(3) Due to higher energy conversion efficiency of the HP, investing in the HP has better
economic benefits than investing in the EB. Furthermore, with the trend of continuous
growth in wind power scale, the CHP plant will achieve higher investment returns.

(4) The optimal capacity of the HP will not be affected by the deviation between historical
and real-time data of quotation value, power load, and wind power. The optimization
model proposed in this study is feasible and stable.

In summary, it is beneficial for the CHP plant to promote its deep peak-shaving ability
and enthusiasm simultaneously by installing HP, thereby fundamentally helping to address
the peak-shaving problem of the power grid.

In this study, the CHP plants in the power system are regarded as an investment
portfolio. In the future, we intend to conduct advanced studies on the economic benefits of
investing in HP for individual CHP plants. Details of deep peak-shaving benefits of each
CHP plant will be discussed, and the optimal allocation strategy of the HP capacity among
different CHP plants will be explored.
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Nomenclature

QgtHP thermal power output of the i-th CHP unit, MW

Qg/llf;(,i maximum thermal power output of the i-th CHP unit, MW

Qgﬂp maximum thermal power output of the i-th CHP when the unit is operated at
the minimum running power, MW

prH running power of the P2H equipment, MW

PII;I;IXJ maximum running power of the P2H equipment, MW

Pg}; power capacity of the P2H equipment, MW

o heat load, MW

Pi/CtHP generated electric power of the i-th CHP unit, MW

PI\C/[II{I\I{ ; minimum electric power output of the i-th CHP unit, MW

PC?];H: power capacity of the i-th CHP unit, MW

prHl running power of the P2H equipment when CHP units running at the first base line
of deep peak-shaving, MW

prH2 running power of the P2H equipment when CHP units running at the second base line
of deep peak-shaving, MW

ppHs3 running power of the P2H equipment when CHP units running at the minimum
power output, MW

Pts upl deep peak-shaving capacity at the first level available from the CHP plant, MW

PtS up2 deep peak-shaving capacity at the second level available from the CHP plant, MW

pE deep peak-shaving capacity required by the power grid, MW

PVF generated wind power, MW

PSHT&{ minimum power output of non-coal-fired units, MW

Pccag?I power capacity of the j-th CON unit, MW

PE electric power load, MW

P)%ON deep peak-shaving capacity at the first level available from the CON plant, MW

Ptusel first level of deep peak-shaving capacity actually provided by CHP units, MW

pypse2 second level of deep peak-shaving capacity actually provided by CHP units, MW

UgH transaction price of the power capacity provided by the P2H equipment on the
d-th day in heating season, ¥/kWh

U; transaction price of the deep peak-shaving capacity at the first level, ¥/kWh

uz transaction price of the deep peak-shaving capacity at the second level, ¥/kWh

EWE daily modified power production value of wind power generators, MW

Ego daily modified power production value of solar power generators, MW

EdNU daily modified power production value of nuclear power generators, MW

gg}fd_l compensation cost apportioned by the CHP plant with the P2H equipment, ¥

Bgce}tl,g_l deep peak-shaving income of the CHP plant with the P2H equipment, ¥

PI\C/[(I)I\II\T minimum power generated by the CON plant, MW

t index of scheduling time interval

N1 total number of CHP units

7 coefficient of performance

k?C expression coefficient

b; expression coefficient

kav approximate value of the electrothermal ratio
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AfHP first base line of deep peak-shaving set for the CHP unit

ASHP second base line of deep peak-shaving set for the CHP unit

N2 total number of CHP units

A?ON first base line of deep peak-shaving set for the CON unit

ASON second base line of deep peak-shaving set for the CON unit

D total days of the heating season

yPH lifetime of the P2H equipment

81;11?8 ratio of maintenance cost

Keo, carbon emission coefficient of standard coal

ky correction factor

Tw set of scheduling time intervals during which Pf P =0
gcgg deep peak-shaving income of the CHP plant, ¥

BgH daily income of the P2H equipment, ¥

cPH total fixed cost of the of the P2H equipment, ¥

cPH unit price of the P2H equipment, ¥/ MW

B;"al reduced coal cost, ¥

By reduced carbon trading cost, ¥

ABga}}% reduced compensation cost of deep peak-shaving apportioned by the CHP plant, ¥

ABg’g/g increased deep peak-shaving income, ¥

Ucoal unit price of coal, ¥/ton

Uco, unit price of carbon trading, ¥/ton

AQcoal reduced coal for thermal power production, ton

EiC;{P daily modified power production value of CHP units, MW
Brc)a}}IIPd_O compensation cost apportioned by the CHP plant without the P2H equipment, ¥
Bgcgg_o deep peak-shaving income of the CHP plant without the P2H equipment, ¥
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