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a b s t r a c t

A new structure combined cooling, heating and power (CCHP) system integrating green power applying
a control strategy based on a improved whale optimization algorithm is proposed in this paper.
This paper fully considers the high energy demand and a large amount of waste heat in chemical
enterprises. By absorbing chemical waste heating (mainly from chemical wastewater), coupling wind
and photovoltaic equipment, adding cooling, heating, and electricity storage equipment, combined with
an energy scheduling strategy, and an efficient CCHP energy system for the target enterprise is realized.
The improved whale optimization algorithm is used to optimize cost management. The results show
that after the optimization scheduling with the improved whale optimization algorithm, the CCHP
system meets the energy demand with higher efficiency at a lower cost. In winter and summer, heat
pump recycling chemical wastewater provides 15.4%–57.9% and 11.5%–62.9% of the heating load of the
heating network. Meanwhile, the lithium bromide refrigerator in the cooling-net equipment provides
an average cooling load of 6.25–58.4% and 7.01–16.64%. Finally, the improved whale optimization
algorithm reduces the total cost by 2.4 % and 2.17 %.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nowadays, the world lacks resources, and a variety of non-
enewable energy resources such as coal, oil, natural gas, and
ther fossil fuels are diminishing. Using fossil fuels to supply en-
rgy produces many greenhouse gases (GHG), and other harmful
ases are generated (Xu et al., 2022). China is implementing more
tringent environmental policies to reduce carbon emissions (Yin,
021). Therefore, Energy and environmental issues have become
he most critical issues for human development.

CCHP (Combined Cooling Heating and Power) is one of the
ritical forms of distributed energy systems. As an energy sys-
em supplying electricity, heating, and cooling, the CCHP system
as attracted wide attention due to its high energy utilization
fficiency, safety, reliability, and environmental protection (Jiaxiu
t al., 2022).
Foreign countries, such as Japan, America, and Germany, have

tudied and applied the CCHP system for a long time (Linlin

∗ Corresponding author.
E-mail address: dahuoxun@hotmail.com (J. JI).
ttps://doi.org/10.1016/j.egyr.2022.10.374
352-4847/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access a

nc-nd/4.0/).
and Qinrong, 2020). Because the CCHP system is different from
the traditional centralized energy supply system (power plant as
the core, long-distance transmission structure), which can supply
three kinds of energy simultaneously, it can provide cooling,
heating, and electricity simultaneously. Applying CCHP systems
to give power is proven beneficial in improving energy supply
efficiency and air quality (Xuntao and Gaoyan, 2020). However,
as a kind of distributed energy supply system, its use is limited
and generally only used in independent places such as buildings
or industrial parks (Xinrou, 2022).

Many chemical processes are exothermic reactions, and the
discharged chemical wastewater is also full of energy. CCHP sys-
tem is a good choice as an energy supplier for chemical enter-
prises. Currently, most research and applications of CCHP systems
are concentrated in commercial buildings (Mingzhe et al., 2022;
Liang et al., 2021; Tooryan et al., 2022). There are few cases
applying the CCHP system to the energy supply for chemical
enterprises in China, and few people have conducted similar
simulations or experiments in this area.

Take a case to illustrate the application of the existing CCHP
system to chemical enterprises. The research shows that

Shouyang (2022) has recently applied the CCHP system to the
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Nomenclature

aBO,1 The gas inlet rate coefficient of the heat
boiler in operation

aGT ,1 The gas inlet rate coefficient of the gas
turbine in operation

aHP,1 The water inlet speed coefficient of the
heat pump operation

aLBR,1 Gas inlet coefficient of lithium bromide
refrigerator

aLBR,2 Water inlet coefficient of lithium bro-
mide refrigerator

BO Heat boiler
Cpow The cost of buying electricity (¥)
Csell The cost of selling electricity (¥)
Cgas The gas cost (¥)
Cmai Equipment maintenance and

investment cost (¥)
CTot Comprehensive cost (¥)
COPHP Heating coefficient of heat pump
COPLBR Refrigeration coefficient
COPqe The refrigeration factor of the electric

refrigerator
Ee,in The electric energy of the power (kW)
ER Electric refrigerator
FGT ,in Natural gas input for the gas turbine (kJ)
Fn,GT The gas turbine rate offset function (kJ)
GB Graphene battery
GT Gas turbine
HE Heat exchanger
HP Heat pump
HS Molten salt heat storage tank
IIN The actual light intensity (A)
ITE The actual sunlight intensity (A)
LBR Lithium bromide refrigerator with flue

gas and hot water
ηHP Heating recovery efficiency of heat

pump
ηHE Heat exchange efficiency of heat ex-

changer
np The percentage corresponding to the gas

turbine gear
ηGT The electricity generation efficiency of

the gas turbine
ηLBR Recovery efficiency of lithium bromide

refrigerator with flue gas and hot water
ηqe Refrigeration efficiency of the electric

refrigerator
ηCH
HS The efficiency of heating storage of the

molten salt heat storage tank
ηDI
HS The efficiency of heating release of the

molten salt heat storage tank
ηCH
WST The efficiency of cooling of water stor-

age tank
ηDI
WST The efficiency of cooling release of water

storage and storage tank
ηGB The self-discharge efficiency of

graphene cells
ηCH
GB Charging efficiency of graphene batter-

ies
14500
ηDI
GB Discharging efficiency of graphene bat-

teries
ηWP The electric energy conversion efficiency
PG Photovoltaic generator
PGT The output of gas turbine (kW)
P∗

GT Standard value of the generating elec-
tricity of the gas turbine (kW)

PBO The rated power of heat boiler (kW)
PHP The rated power of heat pump (kW)
PHE The rated power of heat exchanger (kW)
PWST The rated power of storage tank (kW)
PER The rated power of electric refrigerator

(kW)
PLBR The rated power of lithium bromide re-

frigerator with flue gas and hot water
(kW)

PGB The rated power of graphene battery
(kW)

PCH
HS The power of heating storage of the

molten salt heat storage tank (kW)
PDI
HS The heating release of the molten salt

heat storage tank (kW)
PCH
WST The power of cooling of water storage

tank (kW)
PDI
WST The power of cooling release of water

storage tank (kW)
PCH
GB The charging electricity of graphene

batteries (kW)
PDI
GB The discharging electricity of graphene

batteries (kW)
PPG The electricity generation electricity

(kW)
PTE Maximum test electricity of

photovoltaic generator (kW)
PWG The output electric power of the wind

turbine (kW)
ppow(t) Electricity price at time t (¥)
Gpow(t) Electricity purchase at time t (¥)
QBO The recovered heating of the heat boiler

(kJ)
QBO,in The recovered input heating of the heat

boiler (kJ)
QHE Output heating of the heat exchanger

(kJ)
QHE,in Input heating of the heat exchanger (kJ)
QHP Heating capacity of heat pump (kJ)
Q ∗

HP Flue gas heating recovery of the heat
pump (kJ)

QHP,in Input heating of heat pump (kJ)
QLBR Output heating of lithium bromide re-

frigerator (kJ)
QLBR,in Input heating of lithium bromide refrig-

erator (kJ)
Q ∗

LBR Heat recovery from lithium bromide
refrigerator (kJ)

StHS Heating reserve state of a molten salt
heat storage tank at t moment (kJ)

StWST The cooling load storage state of the
water storage tank at t moment (kJ)

StGB The electric load reserve state of
graphene battery at t moment (kJ)
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TOP The operating temperature of the pho-
tovoltaic cells (◦C)

TEN The ambient temperature of the photo-
voltaic cells (◦C)

vGT ,gas(t) The actual inlet rate of the gas turbine
during the full load operation (kg/min)

vHP,gas(t) The actual inlet rate during the heat
pump operation (kg/min)

vBO,gas(t) The actual inlet rate of the heat boiler
during full-load operation (kg/min)

vHE,gas(t) The actual gas inlet rate of heat ex-
changer (kg/min)

vHE,wat (t) The water inlet speed of heat exchanger
(t/min)

vLBR,gas(t) The actual gas inlet velocity of the
lithium bromide refrigerator (kg/min)

vRE,wat (t) Water inlet velocity of the lithium
bromide refrigerator (t/min)

WG Wind generator
WST Water storage tank

production process of titanium dioxide. The author uses the CCHP
system to provide energy for the production process of titanium
dioxide at different temperatures. However, the author only takes
the CCHP system as a separate energy supply system. As a result,
this method cannot solve the problem of chemical waste heat
emission and economic cost, and cannot be applied in practice.

Nowadays, the CCHP system still has various deficiencies.
irstly, because most of the heating recovery equipment of CCHP
ystems is the heat boiler, the waste heating source can only
e exhaust gas, and another format of waste heat (wastewater
eating) is difficult to recover. Moreover, the heating recovery
apacity of the system needs to be improved so that the sys-
em’s limitation is enhanced. Jiazheng et al. (2022) and others
tudy the air-source heat pump water heater and analyze that
ts heating COP is greater than that of the compression system.
ingzhe et al. (2022) and others design an office building for

he sewage-source heat pump system of the sewage treatment
lant, recycling sewage for regeneration and heating feedback. Lu
t al. (2022) and Ai et al. (2022) study the energy cascade heating
ecovery to improve system efficiency. According to the above
cholars’ analysis, the heat efficiency of heat pump in recycling
aste water is very obvious. But the application of heat pump in
hemical waste heat recovery has not been realized.
Secondly, CCHP system energy storage mainly includes elec-

ricity storage, heating storage and cooling storage. As a new
ype of battery, graphene battery completes the charging and
ischarging function by rapidly shuttling lithium ions between
raphene surface and electrode. Yuanyuan et al. (2022) and others
ested the graphene battery and showed excellent cycle and
ate performance. Graphene battery is suitable for high-power
harging and discharging places. Guanghua (2019) simulated a
ariety of heat storage equipment. Molten salt heat storage tank
an be outstanding in both economic and environmental aspects.
ts thermal storage performance is also excellent. Leitian and
ang (2018) and others applied water storage tank to automobile
ndustrial park. Scholars selected 92800 kW water storage tank,
hich can ensure the stable supply of 10–16 ◦C chilled water.
he results show that the water storage tank has good cooling
torage efficiency and economic benefits. However, the above
nergy storage equipment has hardly been applied to the CCHP
ystem.
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Thirdly, the energy supply system contains three kinds of
energy flows: cooling, heating, and electricity, and the construc-
tion of the CCHP system are complex. Therefore, the control
strategy of the complex system is also a problem for the optimal
energy output. Li et al. (2022) and others, combining multiple
CCHP systems, manage the energy coordination between various
approaches to achieve the purpose of energy complementarity
between systems. Based on the time-of-use electricity price strat-
egy, Cui et al. (2022) and others establish the variable load model
according to the user’s room temperature comfort requirements
and the allowable fluctuation range of domestic hot water tem-
perature to realize the control of system load. Zhang et al. (2022)
and others implement a master–slave operation strategy based
on integrated energy system operators, enterprises move, set up
operation framework to achieve system operation. Cheng et al.
(2022) and others obtain the optimal power allocation scheme of
the system equipment by combining day-ahead scheduling with
a day-ahead scheduling strategy. Jianmin et al. (2022) and others
propose the hybrid load following a strategy of energy storage
characteristics to realize the storage and release of system energy
and reduce energy waste. The above scholars have proposed
various CCHP systems, but most of them cannot adapt to chemical
enterprises. It is particularly important to consider a CCHP system
that can be combined with chemical process.

Finally, because it is a complex multi-functional system, re-
sulting high cost of energy supply, many enterprises still choose
to purchase electricity directly to fulfill cooling, heating, and elec-
tricity demands. This increases the cost of additional equipment
for the enterprise itself and poses a challenge to grid stability. The
combined cost is too high, indicating that the system’s internal
energy load scheduling is improper and the energy efficiency
is not optimal. Optimization algorithms are better solutions to
optimize the complex energy system’s operation. By applying the
algorithms to the control strategy, optimal scheduling of system
load can be realized. Such as Liang et al. (2021) and others use
the decomposition-based multi-objective optimization algorithm
for economic, energy consumption, and emissions three aspects
to establish models and solve the optimal scheduling scheme.
Tooryan et al. (2022) and others use a heuristic particle swarm
optimization algorithm to find the optimal energy management
scheme so that the system’s natural gas consumption is reduced
by 6.2%, and emissions are also significantly reduced. Keskin and
Soykan (2022) and others use mixed integer linear programming
(MILP), a mathematical solution that reduces the cost of the sys-
tem by 40.3%, with an investment return expected to be 6.6 years.
Liang et al. (2022) and others use the feature line method to
alternate the two-layer model to obtain an accurate scheduling
scheme. Guian et al. (2022) and others use the improved dynamic
inertia weight particle swarm algorithm to solve the cost of
each system and verify the effectiveness of the optimal economic
cooling, heating, and power model. The above scholars all use
various optimization scheduling methods to optimize the CCHP
system, but they cannot reflect the optimization of the recovery
benefits of chemical waste heat.

Although many scholars have made in-depth research on
CCHP, there are still many shortcomings to be remedied. The
CCHP system that can simultaneously realize the chemical
wastewater recovery and economic optimal scheduling has not
yet appeared.

Inspired by the research of the above scholars, in this pa-
per, the multi-stage recycling of chemical waste heat, coupling
wind and solar power generation equipment and energy storage
equipment are deeply studied and analyzed. And the improved al-
gorithm and equipment grading adjustment are used to optimize
the scheduling to obtain the optimal economic cost. The research
idea of this paper is conceived, as shown in Fig. 1.1:
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Fig. 1.1. Overall research roadmap.
Fig. 2.1. Framework of CCHP system absorbing chemical waste heating.
According to the research in the above literature, this paper
intends to use the whale optimization algorithm to improve a
new structure CCHP system’s operation. This paper presents the
optimization solution of the system’s operation with optimal cost
management through an improved whale optimization algorithm.
The reliability and accuracy of the accepted model are verified by
simulation and comparative experiments. A chemical enterprise
in Jiangsu Province is selected as a case study to analyze the
optimization and cost management of the new CCHP structure
system.

2. Methodology of CCHP system

In order to solve the waste heat problem of chemical enter-
prises, the CCHP system is different from the traditional CCHP
system and needs further structural adjustment and optimization.
Therefore, in this paper, a new type of CCHP system is designed,
and an optimization and cost management study is carried out
on the new structure CCHP system.

2.1. Framework of the new structure CCHP system

Firstly, in order to recycle chemical waste heat and integrate
green energy and energy storage equipment. A new type of CCHP
is proposed.

The CCHP system proposed in this paper absorbs the waste
heat of the chemical industry. It adapts to chemical enterprises
through the structure of the heat pump to recover chemical
wastewater to realize the recovery and utilization of waste heat
sources in the chemical process by the combined cooling, heating,
and electricity generation system. The system includes four parts:
the electricity part, heating part, cooling part, and energy storage

units. The system frame diagram is shown in Fig. 2.1:

14502
The electricity includes a gas turbine, photovoltaic generator,
wind turbine, graphene battery, and power grid. The main elec-
tricity generation equipment is a gas turbine with natural gas as a
fuel supply. Photovoltaic generators, wind turbines, and graphene
batteries are auxiliary electricity supply equipment. The system is
incorporated into the power grid. Under insufficient or redundant
electricity supply, power is purchased and sold to realize the
interaction between electricity storage, equipment supply, and
electricity dispatching.

The heating part includes a heat pump, heat boiler, heat ex-
changer, and molten salt heat storage tank. The high-temperature
flue gas discharged by a gas turbine is recovered by a heat boiler
and converted into hot water for output. The heat pump is used
to retrieve the low-temperature wastewater discharged from the
chemical process. The waste heating in the wastewater is recycled
and converted into high heating. The wastewater and heating of
the heat exchanger are transferred to the untreated flue gas in the
boiler, and the residual heating of the heat exchanger is further
recovered. The function of the molten salt heat storage tank is to
supplement or store heating.

The cooling part mainly includes lithium bromide refrigerators
with flue gas, electric refrigerators, and water storage tanks. The
hot water and gas remaining in the heat exchanger are used as the
driving heating sources of the lithium bromide refrigerator with
flue gas, and the cooling capacity is obtained for output. When the
cooling capacity of the hot-water lithium bromide refrigerator is
insufficient, the electric refrigerator runs and supplies the cooling.
The function of the water storage tank is to supplement or store
the cooling capacity in the system.

The energy storage part mainly includes a graphene battery,
water storage tank, and molten salt heat storage tank. Three en-

ergy storage devices charge and discharge energy for electricity,
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ooling, and heating. When the specific system load is redundant
r insufficient, they start to operate to make full use of energy.

.2. Mathematical model of new CCHP system

According to the new CCHP structure proposed above, mathe-
atical modeling is carried out for each equipment. In this way,

he theoretical model can be mathematically used for subsequent
imulation.

.2.1. Model of gas turbine
The gas turbine is the main power generation equipment of

CHP, and its electricity generation efficiency is greatly affected
y the motor’s output. The third-order model can better realize
he output fluctuation of the gas turbine.

PGT = ηGT FGT ,in

ηGT = (a1 + a2P∗

GT
2
+ a3P∗

GT
3)/100

(1)

where PGT is the gas turbine output electric power, FGT ,in is natural
gas input for the gas turbine, ηGT is the electricity generation ef-
ficiency of the gas turbine, a1, a2, a3 are the electricity generation
coefficient of this gas turbine is constant, P∗

GT is the standard value
of the generating electricity of the gas turbine.

For the step-by-step adjustment of the gas turbine, the speed
control of the gas turbine inlet is realized by adjusting the motor
speed of the equipment. Among them, the gear adjustment has a
certain influence on the motor speed fluctuation. When the gear
is low, the speed control of the motor fluctuates wildly, and the
speed increase is relatively slow. The classification adjustment
rate is supplemented by introducing the performance offset func-
tion. For the convenience of calculation, the motor’s full load is
regarded as a non-performance deviation. The rate control is as
follows:

vGT ,gas(t) =

{
aGT ,1 ∗tm1 + Fn,GT t < t0

np ∗vGT ,max t ≥ t0
(2)

Fn,GT = (v1 + v2 + · · · + vn)/n (3)

where aGT ,1 is the gas inlet rate coefficient of the gas turbine
in operation, t is the equipment running time, t0 is the time
required for the gas inlet rate to increase to the peak value,
vGT , max is maximum gas inlet rate during the full load operation,
vGT ,gas(t) is the actual inlet rate of the gas turbine during the full
load operation, m1 is the constant, 100% gear set 1,75% gear set
0.8,50% gear set 0.6,25% gear setting 0.4, np is the percentage
corresponding to the gas turbine gear, according to the different
gears is set at 100%, 75%, 50%, and 25%, Fn,GT is the gas turbine rate
offset function, v1, v2. . . vn are the inlet rate sampled for the upper
cycle, n is the sample coefficients sampled for the last period.

2.2.2. Model of heat boiler
As a heat boiler of flue gas recovery equipment and prelim-

inary heating recovery equipment, the linear change of heating
of the heat boiler is indicated by the waste heating recovery
efficiency(ηBO) of the equipment itself.

QBO = ηBOQBO,in (4)

where QBO, QBO,in, respectively, are the recovered heating and
input heating of the heat boiler, ηBO is the waste heating recovery
efficiency of the heat boiler.

For the heat boiler, the gear speed control of the flue gas recov-
ery module’s motor makes the gear of gas inlet speed adjustment
of the heat boiler.

vBO,gas(t) =

{
aBO,1 ∗ tm2 t < t1

(5)

n ∗ vBO,max t ≥ t1 i
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where aBO,1 is the gas inlet rate coefficient of the heat boiler in
operation, t is running time, t1 is the time required for the inlet
rate to increase to the peak, m2 is the constant, 100% gear set
1,75% gear set 0.8,50% gear set 0.6,25% gear setting 0.4, vBO, max is
the maximum flue gas inlet rate of the heat boiler in operation,
vBO,gas(t) is the actual flue gas inlet rate of the heat boiler during
full-load operation.

2.2.3. Model of heat pump
The heat pump is the main equipment for the recovery of

chemical wastewater. Its heating recovery efficiency (ηHP ) and
heating coefficient (COPHP ) represent the change of input and out-
put of the equipment. And ηHP represents the output fluctuation
of the heat pump through the third-order model.⎧⎨⎩

QHP = ηHPCOPHPQHP,in

ηHP = (b1 +
b2

Q ∗

HP
2 +

b3
Q ∗

HP
3 )

(6)

where QHP , QHP,in are heating capacity and input heating of heat
pump, ηHP is the heating recovery efficiency of the heat pump,
OPHP is the heat coefficient of the heat pump, b1, b2, b3 are
eating constants of the heat pump, Q ∗

HP is flue gas heating
ecovery of the heat pump.

For the heat pump for gear adjustment, through the heat
ump input module, to control the motor speed of the chemical
astewater pump, to realize the control of the heat pump water

nlet rate.

HP,wat (t) =

{
aHP,1 ∗ tm3 t < t2

n ∗ vHP,max t ≥ t2
(7)

here aHP,1 is the water inlet speed coefficient of the heat pump
peration, t is running time, t2 is the required time for the water
nlet velocity to increase to the peak point, m3 is the constant,
00% gear set 1,75% gear set 0.8,50% gear set 0.6,25% gear setting
.4, vHP,max is the maximum water inlet rate when the heat pump
uns at full load, vHP,gas(t) is the actual water inlet rate during the
eat pump operation.

.2.4. Model of heat exchanger
The heat exchanger is the main equipment for the system

o recover the heating of flue gas and hot water. The heat ex-
hange efficiency (ηHE) of the heat exchanger expresses the linear
elationship between the heating input and output.

HE = ηHEQHE,in (8)

here QHE , QHE,in are the output heating and the input heating
f the heat exchanger, respectively, ηHE is the heating exchange
fficiency of the heat exchanger.
For the control of the heat exchanger, the pumping motor and

he gas recovery motor should be rate-controlled separately to
ealize the gear adjustment of the heat exchanger.

vHE,gas(t) =

{
aHE,1 ∗ tm4 t < t3

n ∗ vHE,max1 t ≥ t3
(9)

HE,wat (t) =

{
aHE,2 ∗ tm4 t < t4

n ∗ vHE,max2 t ≥ t4
(10)

here aHE,1, aHE,2 are the gas and water inlet rate coefficient of
he heat exchanger during operation, t is running time, t3, t4 are
he required time for the gas and water inlet rate to increase
o the peak, m4 is the constant, 100% gear set 1,75% gear set
.8,50% gear set 0.6,25% gear setting 0.4, vHE,max1, vHE,max2 are the
aximum gas and water inlet rate when the heat exchanger is

ully loaded, vHE,gas(t), vHE,wat (t) are the actual gas and the water
nlet rate when the heat exchanger runs.
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.2.5. Model of lithium bromide refrigerator with flue gas and hot
ater
The heat exchanger is the leading equipment for further recov-

ring heating from flue gas and hot water. It is driven by the flue
as and hot water as heating sources. The refrigeration coefficient
COPLBR) and the recovery efficiency (ηLBR) of the flue gas and
ot water indicate the relationship between the input heating
uantity and the output cooling volume of the equipment. A
hird-order model represents the recovery efficiency (ηLBR). This
epresents the fluctuation of equipment cooling capacity.

QLBR = ηLBRCOPLBRQLBR,in

ηLBR = (c1 +
c2

Q ∗

LBR
2 +

c3
Q ∗

LBR
3 )

(11)

here respectively, QLBR, QLBR,in are output and input heating of
ithium bromide refrigerator, COPLBR is refrigeration coefficient
f lithium bromide refrigeration, ηLBR is the recovery efficiency
f the gas and hot water for the lithium bromide refrigerant
achine, c1, c2, c3 are the refrigeration constant of the lithium

bromide refrigerant machine, Q ∗

LBR is heat recovery from gas and
ater of lithium bromide refrigerator.
For the control of the lithium bromide refrigerator, the pump-

ng motor and the flue gas recovery motor should be rate-
ontrolled, respectively, to realize the gear adjustment of the
quipment.

vLBR,gas(t) =

{
aLBR,1 ∗ tm5 t < t5

n ∗ vLBR,max1 t ≥ t5
(12)

LBR,wat (t) =

{
aLBR,2 ∗ tm5 t < t6

n ∗ vLBR,max2 t ≥ t6
(13)

here aLBR,1, aLBR,2 are the gas and water inlet coefficient of
ithium bromide refrigerator, t is running time, t5, t6 are the
equired time for the gas and water inlet rate to increase to the
eak, m5 is the constant, 100% gear set 1,75% gear set 0.8,50% gear

set 0.6,25% gear setting 0.4, vLBR,max1, vLBR,max2 are maximum gas
and water inlet velocity of lithium bromide refrigerator, vLBR,gas(t),
vLBR,wat (t) are the actual gas and water inlet velocity of the lithium
bromide refrigerator.

2.2.6. Model of electric refrigerator
The electric refrigerator makes the cooling amount through

electric power, and its expression is:

QER = Ee,in ∗ ηqe ∗ COPqe (14)

where Ee,in is to absorb the electric energy of the power grid, ηqe
s the refrigeration efficiency of the electric refrigerator, COPqe is
the refrigeration factor of the electric refrigerator.

2.2.7. Model of molten salt heat storage tank
The molten salt heat storage tank is a system heating storage

equipment, and the running states are indicated as follows:

StHS = St−1
HS + ηCH

HS P
CH
HS − ηDI

HSP
DI
HS (15)

where respectively, StHS , St−1
HS are the heating reserve state of

a molten salt heat storage tank at t − 1, t moment, ηCH
HS , ηDI

HS
are the efficiency of heating storage and heating release of the
molten salt heat storage tank, respectively, PCH

HS , P
DI
HS are the power

of heating storage and heating release of the molten salt heat
storage tank, respectively.

2.2.8. Model of water storage tank
The water storage tank is a system of cooling storage equip-

ment, and its running states are as follows:
14504
StWST = St−1
WST + ηCH

WSTP
CH
WST − ηDI

WSTP
DI
WST (16)

where StWST , S
t−1
WST are the cooling storage state of the water storage

tank at t − 1, t moment, ηCH
WST , η

DI
WST are the efficiency of cooling

storage and cooling release of water storage tanks, respectively,
PCH
WST , P

DI
WST are the power of cooling storage and cooling release of

water storage tank respectively.

2.2.9. Model of graphene battery
The graphene battery is electricity storage equipment for

the system, and the charge and discharge process is also self-
discharge. The process is as follows:

StGB = (1 − ηGB) St−1
GB + ηCH

GB P
CH
GB − ηDI

GBP
DI
GB (17)

where St−1
GB , StGB are the electric load reserve state of graphene

battery at t − 1, t moment, ηGB is the self-discharge efficiency
of graphene cells, ηCH

GB , ηDI
GB are the charging and discharging

efficiency of graphene batteries, PCH
GB , P

DI
GB are the charging and

discharge electricity of graphene batteries, respectively.

2.2.10. Model of photovoltaic generator
The photovoltaic generator is one of the auxiliary electricity

generation equipment of the system. By testing the electricity
generation electricity (PPG) and testing the actual light intensity
(IIN ), the actual photovoltaic electricity generation electricity is
calculated. The formula is as follows:

PPG =
ITE(1 + K (TOP − TEN ))PTE

IIN
(18)

here PPG is the output of the photovoltaic generator set, ITE ,
IN are the actual sunlight intensity and the light intensity under
he standard test conditions (1 kW/m2 light intensity, ambient
emperature of 25 ◦C), respectively, K is the temperature coeffi-
ient, PTE is maximum test electricity of photovoltaic generator
et under standard test conditions, TOP , TEN are the operating
emperature and ambient temperature of the photovoltaic cells,
espectively.

.2.11. Model of wind turbine generator
As one of the auxiliary electricity generation equipment of

he system, the wind turbine represents the output of the wind
urbine through the air density (ρ), the generator blade radius (R),
he speed of the wind blowing (v) from the outside world and the
lectric energy conversion efficiency (ηWP ).

PWG =
1
2
ρπR2v3ηWP

ηWP = f (θ, λ)

λ =
ωWGR

v

(19)

where PWG is the output electric power of the wind turbine, ρ,
, v, ηWP are air density, blade radius of the wind turbine, the
peed of the external wind, and the conversion efficiency of wind
nergy, θ , λ are rate ratio of blade pitch Angle and blade tip, ωWG
s the mechanical angular speed of the wind turbine.

. Optimal scheduling model of CCHP system

On the basis of the equipment modeling of the CCHP system,
his paper puts forward an operation strategy of graded regulat-
ng equipment, which can realize the internal energy scheduling
f the system.
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.1. System load scheduling strategy

In this paper, the appropriate equipment sets are 0%, 25%,
0%, 75%, and 100% to achieve the system energy flow control
hrough the cooling, heating, and electricity supply equipment for
ear control. The main idea of specific gear control is to regulate
he equipment’s input port and the input size to achieve output
ontrol.
The specific parameters are the inlet natural gas flow rate of

he gas turbine, pumping speed of the heat pump, inlet gas and
ot water flow rate of the heat exchanger, and inlet gas and
ot water flow rate of lithium bromide refrigerator. Finally, the
lectric refrigerator is cooled by electricity. This paper uses an
lectric refrigerator with a frequency conversion function. The
nverter controls the compressor speed in the electric refrigerator
o control the input cooling capacity.

The corresponding supply equipment sets the output power
evel adjustment to realize the cooling, heating, and electricity
oad schedule.

In the cooling energy flow, the output power of the lithium
romide refrigerator and the electric refrigerator is controlled.
he cooling load scheduling strategy is that, under normal op-
ration, the lithium bromide refrigerator has a higher priority
priority to obtain cooling capacity through the recovered heating
f the system). When the cooling transmitted by the refrigerator
s insufficient to meet the needs of chemical enterprises, the elec-
ric refrigerator starts and gradually increases the gear according
o the demand to fully dispatch the cooling load and ensure the
ull application of energy in the cooling energy flow. Finally, in
inter, the demand of chemical enterprises for cooling load is
lmost negligible, so when the system runs in winter, the two
efrigeration equipment is always at 0% level.

The output power of the heat boiler, heat pump, and heat
xchanger is controlled to realize heating dispatching in the heat-
ng flow. The strategy is that during normal operation, the heat
oiler, heat pump, and heat exchanger are operated at 75% or
00% level in the working period of chemical enterprises, and
he user side is continuously heated. During the off-time period
f the worker, the heating demand decreases, and the related
quipment reduces the gear, using half or low power operation.
inally, in summer, the need for heating of chemical enterprises is
educed. Heat boilers and heat pumps are the recovery equipment
f flue gas and wastewater, and they are still running. The heat
xchanger can maintain 0% or 25% gear so that the recovered flue
as and hot water can fully replace the cooling capacity.
The electricity flow is mainly through the gas turbine output

ower to electricity schedule. The output of wind turbines and
hotovoltaic generators is affected by local wind and light energy
nd is not controlled. The electricity dispatching strategy is that
he gas turbine of chemical enterprises operates at 75% or 100%
ear during the normal working period and operates at half load
r low load during the night or after work. Finally, when the
lectricity output exceeds the demand of chemical enterprises, it
an be sold to the large grid and fed back to the grid.
There is corresponding energy storage equipment for cooling,

eating, and electricity flow, including the water storage tank,
olten salt storage tank, and graphene battery. The three roles
re storing at low load demand, releasing energy at peak load
onsumption, and realizing auxiliary scheduling of three loads.
he system energy scheduling strategy is shown in Fig. 3.1:

.2. Optimal scheduling model of CCHP system for absorption of
hemical waste heating

In order to achieve the system economic goal, the economic
oal model is built on the basis of the above system mathematical
odel and operation strategy.
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3.2.1. Equipment maintenance and investment cost
The combined CCHP system operating equipment for absorb-

ing chemical waste heating includes the gas turbine, heat boiler,
heat pump, heat exchanger, lithium bromide refrigerator, electric
refrigerator, molten salt heat storage tank, water storage tank,
graphene battery, photovoltaic generator, and wind turbine. The
above equipment is to ensure the service life, chemical process
safety, and the need for equipment purchase and maintenance.
The following formula is for the system equipment maintenance
and investment cost:

Cmai = kGTPGT + kBOPBO + kHPPHP + kHEPHE
+ kLBRPLBR + kERPER + kHSPHS+

kWSTPWST + kGBPGB + kPGPPG + kWGPWG + Cbuy_sys/yuse (20)

here PGT , PBO, PHP , PHE , PLBR, PER, PHS , PWST , PGB, PPG, PWG are
he output power of the gas turbine, heat boiler, heat exchanger,
ithium bromide refrigerator, electric refrigerator, molten salt
eat storage tank, water storage tank, graphene battery, photo-
oltaic generator and wind turbine, respectively. kGT , kBO, kHP , kHE ,
LBR, kER, kHS , kWST , kGB, kPG, kWG are maintenance cost of unit elec-
ric power of the gas turbine, heat boiler, heat exchanger, lithium
romide refrigerator, electric refrigerator, molten salt heat stor-
ge tank, water storage tank, graphene battery, photovoltaic gen-
rator and wind turbine, respectively. Cbuy_sys is purchase cost of
CHP unit. yuse is unit service life.

.2.2. Electricity purchasing cost
The CCHP system absorbing chemical waste heating is mainly

upplied by the gas turbine, followed by photovoltaic and wind
urbines as auxiliary electricity generation. Finally, the graphene
attery is charged and discharged. However, due to the great
emand for electricity in chemical enterprises, purchasing elec-
ricity from the grid is necessary when the above electricity is
nsufficient. The cost of buying electricity is as follows:

pow =

T∑
t=1

ppow(t)Gpow(t) (21)

here ppow(t) is electricity price at time t , Gpow(t) is electricity
urchase at time t .

.2.3. Electricity sales cost
When the CCHP system has a sufficient electricity supply

nd the storage capacity of graphene batteries have reached a
hreshold, multiple electricity can be sold back to the grid. The
ollowing is the cost formula:

sell =

T∑
t=1

psell(t)Gsell(t) (22)

here psell(t) is selling tariff at time t , Gsell(t) is electricity sales at
ime t .

.2.4. Gas cost
In order to reduce environmental pollution, the supply fuel

f this system is natural gas with economic and environmental
rotection, and its price is relatively fixed.

gas = kgas
T∑

t=1

Ggas(t) (23)

here k is natural gas prices, G (t) is gas purchase at time t .
gas gas
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Fig. 3.1. Energy scheduling policy diagram.
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3.2.5. Environmental governance cost
Industrial enterprises greatly impact the surrounding envi-

ronment, so for the long-term development of the factory, it is
necessary to treat the discharged sewage or gas

(CO2, SO2,NOx).

Cpul = (1 − ηair) (
T∑

t=1

pcarGcar (t) +

T∑
t=1

pSO2GSO2 (t)

+

T∑
t=1

pNOxGNOx (t)) + ηwat

T∑
t=1

pwatGwat (t) (24)

where Gcar (t) is CO2 emissions per 1 kWh equipment consump-
tion at time t , pcar is treatment cost per 1 kg CO2, GSO2(t) is SO2
emissions per 1 kWh equipment consumption at time t , pSO2 is
treatment cost per 1 kg SO2, GNOx(t) is NO2 emissions per 1 kWh
equipment consumption at time t , pNOx is treatment cost per 1 kg
NO2, Gwat (t) is emissions of chemical wastewater per 1 kWh
equipment consumption at time t , pwat is treatment cost per 1 t
chemical wastewater, ηair is system gas recovery efficiency, ηwat
is wastewater recovery efficiency of the system.

3.2.6. Objective function
This paper takes the comprehensive cost as the optimization

goal of the system, mainly including equipment maintenance
and investment cost, electricity purchase cost, electricity sales
cost, natural gas cost, and environmental governance cost. The
objective function of the system is as follows:

minCTot = min(Cmai + Cpow + Cgas + Cpul − Csell) (25)

where CTot is the comprehensive cost of the CCHP system, Cmai is
equipment maintenance and investment cost, Cpow is electricity
purchasing cost, Csell is electricity sales cost, Cgas is gas cost, Cpul
is environmental governance cost.

3.2.7. Cooling, heating, and electricity balance constraints
According to the first law of thermodynamics, the cooling,

heating, and electricity of the CCHP system must be input and
output balanced to meet the actual situation. The formula is as
follows:

Q + Q + Q + Q = Q (26)
BO HP HE HS heat

14506
QLBR + QER + QWST = Qcold (27)

PGT + PPG + PWG + PGB + Pgrid − PERP = Ppower (28)

where QBO is heating generated by heat boiler; QHP is heating
generated by the heat pump; QHE is heating generated by heat
exchanger; QHS is heating generated by molten salt heat storage
ank; Qheat is total heating of the system;

QLBR is the cooling generated by lithium bromide refrigerator;
ER is cooling generated by the electric refrigerator; QWST is the

cooling generated by water storage tank; Qcold is total cooling of
system.

PGT is electricity from gas turbines; PPG is electricity from
hotovoltaic generators; PWG is electricity from wind generators;
GB is electricity from graphene battery; PER is the absorption
apacity of the electric refrigerator; Pgrid is electricity provided by
he grid; Ppower is total electricity of the system;

.2.8. Load operation condition constraint
Each piece of equipment in the CCHP system has upper and

ower power limits. The parameters are determined by the equip-
ent’s rated capacity and other related parameters. In order to
ake the load operation conform to the law, the upper and lower

imits of related equipment are set, and the constraint formula of
ach system equipment is as follows:

GT , min ≤ PGT (t) ≤ PGT , max (29)

BO, min ≤ PBO(t) ≤ PBO, max (30)

HP, min ≤ PHP (t) ≤ PHP, max (31)

HE, min ≤ PHE(t) ≤ PHE, max (32)

LBR, min ≤ PLBR(t) ≤ PLBR, max (33)

ER, min ≤ PER(t) ≤ PER, max (34)

PG, min ≤ PPG(t) ≤ PPG, max (35)

WG, min ≤ PWG(t) ≤ PWG, max (36)

here PGT (t), PBO(t), PHP (t), PLBR(t), PER(t), PGT (t), PWG(t) are the
peration power of the gas turbine, heat boiler, heat pump,
eat exchanger, lithium bromide refrigerator, electric refriger-
tor, photovoltaic generator set, and wind turbine at time t,
espectively. PGT , min, PBO, min, PHP, min, PHE, min, PLBR, min, PER, min,
P , P are minimum output power of corresponding
PG, min WG, min
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Table 3.1
Validation of CCHP system for absorption of chemical waste heating.
Key equipment Model in this

paper (MW)
Reference
model 1 Yang
et al. (2022)
(Mw)

Error (%) Model in this
paper (kW)

Reference
model 2
Zhuohan et al.
(2021) (kW)

Error (%)

GT 600 2.968 0.244 193.938 189.44 0.238
PG / / / 85.001 85.192 0.095
WG / / / 195.728 192.703 0.157
HP 2.162 2.109 0.252 / / 0.139
BO 0.519 0.511 0.147 / / 0.265
HE / / / 512.203 494.5 0.358
RE 6.713 6.491 0.342 / / 0.178
ER 11.187 11.023 0.149 468.534 465 0.076
WST 5.353 5.192 0.311 / / 0.451
HS 0.467 0.458 0.198 / / 0.359
BA 1.002 0.982 0.204 851.91 831.62 0.244
equipment. PGT , max, PBO, max, PHP, max, PHE, max, PLBR, max, PER, max,
PG, max, PWG, max are maximum output power of corresponding
quipment.

HS, min ≤ SHS(t) ≤ SHS, max (37)

WST , min ≤ SWST (t) ≤ SWST , max (38)

GB, min ≤ SGB (t) ≤ SGB, max (39)

here SHS(t), SWST (t), SGB(t) are heating, cooling, and electricity
torage state of the molten salt storage tank, water storage tank,
nd graphene battery at time t . SHS, min, SWST , min, SGB, min are the
inimum reserve of energy. SHS, max, SWST , max, SGB, max are the
aximum reserve of energy.
In this paper, the mathematical model of the CCHP system

ith chemical waste heating absorption is established by MAT-
AB, and a similar structural model by other researchers is based.
ombined with the reference model parameters and the results
f the working condition diagram, the preliminary simulation
omparison and analysis are carried out. The results are shown
n Table 3.1:

By comparison, the system output simulation under each
orking condition shows that the equipment power error is less
han 0.5%, and the accuracy is high. Therefore, the scheduling
esearch and optimization research based on this model has
ractical significance and guiding significance for the system’s
omprehensive evaluation and subsequent design improvement.

. Improved whale optimization algorithm

.1. Whale optimization algorithm

On the basis of the above, the improved whale optimization
lgorithm is used to realize the energy optimal scheduling of the
ntire CCHP system, so as to obtain the final optimization result.
Mirjalili and Lewis (2016) and others constructed the whale

ptimization algorithm through the whale foraging behavior and
athematical modeling. This model simulates three mathemati-
al models: humpback whale foraging, spiral bubble foraging, and
andom hunting (L, 2021).

(1) Subduction encircles prey
Each whale is equal to an individual in the optimization al-

orithm and the optimization method of diving around the prey
ith a probability of 0.5. The individual first surround the prey,
nd the unique position update formula is as follows:

(T + 1) = xbest∗ (T ) − A ∗ |C ∗ xbest − x (T) | (40)

= 2a ∗ rand1 − a (41)

= 2 ∗ rand2 (42)
here A and C are vector constant;
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rand1, rand2 are random numbers in [0,1];
xbest is current optimal individual location;
x (T) is the individual position of the last iteration;
x (T + 1) is individual location after optimization.
(2) Spiral bubbles
When |A| < 1, each whale shrinks and surrounds, with the

spiral motion to the prey (optimal individual), the mathematical
model is as follows:

x (T + 1) = |xbest − x (T) |∗eb∗l cos (2π l) + xbest (43)

where b is constant;
l is random number in [0,1].
(3) Random search
When | A|≥1, it represents the outer side of the reshrinking

range of whale individuals. This part of individuals uses random
search to expand the search range and improve the algorithm’s
accuracy. The mathematical model is as follows:

x (T + 1) = xrand − A ∗ |C ∗ xbest − x (T) | (44)

where xrand is random whale individual location.
However, the basic whale optimization algorithm still has

many shortcomings, and the optimization effect for large amounts
of data is poor. The main reason is that the mathematical model
of the algorithm is that the two main foraging methods of sub-
duction encirclement foraging and spiral bubble foraging are local
search optimization methods. Only by randomly searching for
prey can the global search be carried out, which is easy to make
the optimization results fall into local optimum, resulting in poor
accuracy of the optimization results.

As the optimization of the CCHP system in chemical enter-
prises, this paper takes the comprehensive cost as the optimiza-
tion variable to minimize the annual output cost. And the system
input parameters are more, and the basic whale optimization
algorithm cannot meet the system optimization standards.

4.2. Improved whale optimization algorithm

The above description of the basic whale optimization algo-
rithm and the actual requirements of chemical enterprises are
necessary to improve the basic whale optimization algorithm.
The main purpose is to improve the accuracy of the whale opti-
mization algorithm to achieve the goal of optimal comprehensive
cost.

4.2.1. Chaotic strategy (Logistic)
In order to ensure the uniformity and diversity of the initial

population of the whale optimization algorithm, logistic mapping
(Ahmmed et al., 2021) is used. The number of initialized popula-
tions is N. Logistic chaotic mapping generates chaotic sequences,
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hich are defined as follows:

k+1 = µxk(1 − xk) (45)

here x0 /∈ {0, 0.25, 0.5, 0.75, 1.0}, µ ∈ [0, 4];
xk is individual last iteration;
xk+1 is iterative new generated individual.
After chaotic mapping, initialize the whale population of N d-

dimension individuals and randomly produce the first individual.
N-1 individuals are generated iteratively using the above map-
ping formula. Finally, the variable value generated by the chaotic
mapping is mapped to the whale individual, and the formula is
as follows:

X = Xmin +
xk+1

2
∗ (Xmax − Xmin) (46)

where X is individuals after mapping;
Xmin, Xmax are lower and upper limits for each individual di-

mension.

4.2.2. Nonlinearization strategy of convergence factor
In the optimization process of the whale optimization al-

gorithm, the convergence factor a (Meijin, 2021) is a critical
parameter. The parameter size replaces the global search and
local search. The basic whale optimization algorithm mainly lin-
early changes the convergence factor from the limited upper
limit to the lower limit. This method cannot reflect the actual
optimization search process, significantly reducing searchability
and accuracy.

Therefore, the convergence factor is nonlinearized in this pa-
per. The nonlinear variation relationship between the conver-
gence factor and the number of iterations is realized through the
inverse tangent function’s variation law. To improve the probabil-
ity of global search and local search change, improve the accuracy
of the optimization process. The nonlinear variation formula of
convergence factor (a) is as follows.

a = 5 − 5 ∗ arctan((T/Max_iter)∧0.6) (47)

where T is the current iteration time;
Max_iter is the maximum number of iterations set by the

algorithm.

4.2.3. Nonlinear change strategy of weight factor
In the basic whale optimization algorithm, the weight factor

is not introduced in the formula of the optimization process. As
a result, the global search ability of the optimization process is
poor, and the results easily fall into local optimum. An appro-
priate weight coefficient will improve the algorithm’s global and
local search ability (Hui et al., 2021). In order to adjust the ability
of global search and local search, the weight factor ω is intro-
duced. When the weight factor is weighted in the optimization
process formula, the nonlinear change of the weight factor further
improves the ability of global search to improve the algorithm’s
accuracy. Weight factor expression is as follows:

ω (t) = k ∗ (e−

(
5t

Max_iter

)1.5
+ m) (48)

here k, m are constant coefficients.

4.2.4. Principle of improved whale optimization algorithm
Through the above three improvements, the structural and

ontent adjustment of the basic whale optimization algorithm is
ealized, and the goal is to improve the solution accuracy of the
lgorithm.
Firstly, the improved whale optimization algorithm will ini-

ialize the data, eliminate the influence of previous algorithm
perations, and input the optimization scheduling model of the
14508
CCHP system that absorbs chemical waste heating into the al-
gorithm. Next, the chaotic logistic strategy makes the algorithm
generate uniform and diverse initial populations. Second, enter
the main cycle of the whale optimization algorithm. The op-
timization method is selected by probability p, and the global
search and local search are replaced by coefficient constant |A|.
inally, calculate the optimal individual through the fitness com-
arison, and update the value of the optimal individual until the
nd of the iteration. Fig. 4.2.3 is the flow chart of the improved
hale optimization algorithm:

. System simulation results and analysis

.1. Load demand and energy scheduling strategy

In this paper, the system is designed to obtain the grading
djustment scheme of each piece of equipment by analyzing the
emand load of the CCHP system.
The demand load data come from the comprehensive energy

onsumption statistics of the local salt production plants pub-
ished by the local government of Jiangsu and the experimental
ata itself. The typical demand is selected for use. In this pa-
er, based on the data of two groups of typical days in winter
nd summer, the design scheme of grading adjustment among
he equipment of the CCHP system that absorbs chemical waste
eating is obtained.
MATLAB software is used to simulate the CCHP system. Based

n the above load scheduling strategy. The gas turbine inlet ve-
ocity, inlet velocity of heat boiler, inlet velocity of the heat pump,
nlet velocity of the heat exchanger, inlet velocity of lithium
romide refrigerator, and inlet velocity of the internal combustion
ngine are controlled. The load scheduling of the system improves
he overall energy utilization rate so that the supply of cooling,
eating, and electricity meets the demand in each time and
educes waste. Combined with the actual load demand of the salt
lant, the rate adjustment of equipment import end on typical
inter days and typical summer days is shown in Figs. 5.1 and
.2:
As shown in Fig. 5.1, according to statistics, the typical daily

ooling load demand in winter is 198–696 kW, the heating de-
and is 355–821 kW, and the electricity demand is 356–795 kW.
he inlet rate adjustment scheme of equipment under this re-
uirement is obtained through simulation, and the gas inlet rate
f the gas turbine is controlled between 0.3 and 0.74 kg/min.
here are many heating demands in winter. The gas inlet velocity
f the heat boiler is controlled between 0.16 and 0.48 kg/min.
he heat pump’s water inlet velocity is controlled between 0.14
nd 0.45 m3/min. The inlet water velocity of the heat exchanger
s controlled between 0.08 and 0.24 m3/min. Meanwhile, the gas
nlet velocity of the heat exchanger is controlled between 0.08
nd 0.26 kg/min. At the same time, through the system simulation
esults, the comprehensive energy utilization rate of the adjusted
ystem reaches 72.63%, with a high degree of utilization.
As shown in Fig. 5.2, according to the statistics, the typi-

al daily cooling load in summer is between 295 and 893 kW,
he heating load demand is between 190 and 590 kW, and the
lectricity load demand is between 200 and 880 kW. The inlet
ate adjustment scheme of equipment under this requirement is
btained through simulation, and the gas inlet rate of the gas
urbine is controlled at 0.25–0.68 kg/min. There is a great demand
or cooling load in summer. The gas inlet velocity of the lithium
romide refrigerator is controlled between 0.08 and 0.28 kg/min,
nd the water inlet velocity of the lithium bromide refrigerator is
aintained between 0.06 and 0.25 m3/min. The specific scheme is
hown in the figure. At the same time, the total energy utilization
ate of typical summer days is 75.69% after simulation, and the
fficiency is considerable.
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Fig. 4.2.3. Flow chart of the improved whale optimization algorithm.
Fig. 5.1. Typical daily demand for cooling, heating, and electricity in winter of a chemical enterprise in Jiangsu Province (left figure). Rate adjustment scheme for
equipment imports on a typical winter day (right figure).
It can be observed from the above adjustment scheme that
the speed control scheme of each cooling, heating, and electricity
generation equipment is designed according to the cooling, heat-
ing, and electricity requirements of specific salt production plants.
14509
The purpose of preliminary energy scheduling of the system is
realized. The comprehensive energy utilization rate for winter
and summer shows that the adjustment scheme is better and can
be applied to the system.
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Fig. 5.2. Typical daily demand for cooling, heating, and electricity in summer of a chemical enterprise in Jiangsu Province (left figure). Rate adjustment scheme for
equipment imports on a typical summer day (right figure).
Table 5.2.1
Electricity price in the Jiangsu area.
Item Peak period Normal period Valley period

Time frame 8:00–12:00
17:00–21:00

12:00–17:00
21:00–24:00

0:00–8:00

Power grid purchase
Price/¥ (kW h)−1

1.1141 0.6664 0.2987

Power grid sale price/¥
(kW h)−1

0.6541 0.3464 0.1872

5.2. Setting of CCHP system

5.2.1. Relevant parameter settings
The simulation model selects the gas turbine, photovoltaic

enerator, wind turbine, and graphene battery as the electric-
ty supply model, heat boiler, heat pump, heat exchanger, and
olten salt storage tank as the heating model, and lithium bro-
ide refrigerator and electric refrigerator as the cooling model.
aking the cooling, heating, and electricity supply of a salt plant
n Jiangsu Province as an example, the calculation cycle is 24 h,
nd the improved whale optimization algorithm is adopted. The
arameters are set as follows: the population size (N) is 100, and
he iteration number is 500. The model uses industrial electricity
rices in Jiangsu Province, as shown in Table 5.2.1. The equipment
aintenance cost parameters for each of equipment in the system
re shown in Table 5.2.2. The equipment investment cost param-
ters for CCHP unit are shown in Table 5.2.3. Treatment costs
or emissions of gases (CO2, SO2, NOx) and emission parameters
for each equipment in a region of Jiangsu are used, as shown
in Table 5.2.4. Use the wastewater discharge grade of a certain
area in Jiangsu Province and the treatment cost for the discharged
wastewater, as shown in Table 5.2.5.

5.2.2. Wind and solar power
In this paper, the system is designed to obtain the optimal

energy scheduling scheme of the system by inputting the wind–
solar power of the CCHP system.

Wind and light motor electricity generation by combining
actual local wind and light related influence data and equipment
configuration, simulation results. Firstly, the wind speed data
source of a certain area in Jiangsu comes from the NASA database.
The installed capacity of the wind turbine is set to 1 MW, and the
wind turbine configuration is carried out. The wind generation
in Jiangsu is simulated, and the electrical power of the wind
turbine is obtained, as shown in Fig. 5.2.2. Finally, PVSYST is
used to simulate the photovoltaic operation. And the photovoltaic
14510
Table 5.2.2
Equipment maintenance cost parameters.
Class of device The upper limit of

equipment power (kW)
Maintenance cost
(¥/kWh)

Gas turbine 1000 0.03
Gas boiler 500 0.021
Heat pump 500 0.025
Heat exchanger 500 0.016
Lithium bromide
refrigerator

500 0.032

Electric refrigerator 300 0.015
Photovoltaic generator 500 0.02
Wind generator 500 0.02
Graphene battery 500 0.056
Water storage tank 500 0.018
Molten salt heat
storage tank

500 0.026

Table 5.2.3
Equipment investment cost parameters.
Unit name Service life (year) Investment cost (¥)

CCHP unit 15 1000000

battery capacity is set to 0.5 MW. The configuration of photo-
voltaic modules, inverters, and arrays is designed. Combined with
the regional meteorological data (solar radiation), the simulation
is carried out to obtain the photovoltaic power, as shown in
Fig. 5.2.3.

As shown in the figure above, the typical winter day in a
region of Jiangsu can generate 88.93–497.73 kW at wind speeds
of 6.22–11.65 m/s. On a typical summer day, the wind speed
of 5.47–8.11 m/s can generate 107–358 kW directly. Visible, the
region is rich in wind resources and more wind power in winter.

The above figure shows that the typical winter days in a region
of Jiangsu are between 7:00 and 17:00. Horizontal solar radiation
is 157.7–891.9 W/m2, generating 46–306 kW. This area’s typical
summer sunshine is from 6:00 to 20:00. Horizontal solar radi-
ation ranges from 43 to 791.9 W/m2 and electricity generation
ranges from 10 to 306 kW. It can be seen that the photovoltaic
resources in this region are abundant, and there is abundant solar
energy in winter and summer.

5.3. CCHP system for absorption of chemical waste heating

The CCHP system proposed in this paper has good adaptabil-
ity to chemical enterprises. A better energy scheduling scheme
is obtained through the relevant parameter configuration and
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Table 5.2.4
Gas control index of a region in Jiangsu Province.
Type of pollutant CO2 SO2 NOx

Pollution emission
coefficient (g/kWh)

Gas turbine
Heat pump
Heat exchanger
Lithium bromide refrigerator
Power grid

720.5
420.3
230
263
980

0.0053
0.003
0.0012
0.0028
3.4

0.0028
0.0015
0.0009
0.0016
2.8

Treatment cost (¥/kg) 0.0074 4.9255 6.8256
Fig. 5.2.2. The typical wind condition in winter in Jiangsu Province (left figure). The typical wind condition in summer in Jiangsu Province (left figure).
Fig. 5.2.3. Photovoltaic status of a typical day in winter in Jiangsu Province (left figure). Photovoltaic status of a typical day in summer in Jiangsu Province (right
figure).
Table 5.2.5
Treatment index of chemical wastewater in Jiangsu Province.
Type of pollutant Chemical effluent

Pollution emission
coefficient (t/kWh)

Heat pump
Heat exchanger
Lithium bromide refrigerator

2.35
1.32
0.98

Treatment cost (¥/t) 3.84

scheduling strategy configuration, and the improved whale op-
timization algorithm to optimize the comprehensive cost. The
simulation diagram of the CCHP system for absorbing chemical
waste heating is as follows. Fig. 5.3.1 is the optimal scheduling
of a typical cooling network for the CCHP system absorbing
chemical waste heating in winter and summer. Fig. 5.3.2 is the
optimal scheduling of a typical heating network for the CCHP
system absorbing chemical waste heating in winter and summer.
Fig. 5.3.3 is the optimal scheduling of a typical electricity network
for the CCHP system absorbing chemical waste heating in winter
and summer. Fig. 5.3.4 shows the comprehensive cost comparison
of typical winter and summer days of the algorithm optimization
system before and after improvement. Table 5.3.1 is the cost
14511
comparison of the before and after improved whale optimization
algorithm system on a typical winter day. Table 5.3.2 is the cost
comparison of the before and after improved whale optimization
algorithm system on a typical winter day.

It can be seen from Figs. 5.3.1, 5.3.2, and 5.3.3 that under the
equipment energy scheduling strategy and the improved whale
optimization algorithm, the CCHP system with chemical waste
heating absorption realizes the full utilization of cooling, heating,
and electricity. According to the specific load demand of the
salt plant, the corresponding energy optimization scheduling is
realized. Under the premise of meeting the needs of salt plants,
it can realize the scheduling of cooling, heating, and electricity,
especially in the power grid, and realize the reasonable purchase
and sale of electricity. It improves the comprehensive utilization
rate of system energy, avoids excessive energy waste, and reduces
the comprehensive cost.

In terms of the cooling network, according to the cooling
demand curve of the salt plant, the classification regulation of
the electric and lithium bromide refrigerators is realized through
the load scheduling strategy. Lithium bromide refrigerator output
power is 16–146 kW and 32–145 kW. The lithium bromide refrig-
erator in the cooling-net equipment provides an average cooling
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Fig. 5.3.1. Optimal scheduling of a typical cooling network for CCHP system absorbing chemical waste heating in winter (left figure). Optimal scheduling of a typical
ooling network for CCHP system absorbing chemical waste heating in summer (right figure).
Fig. 5.3.2. Optimal scheduling of a typical heating network for CCHP system absorbing chemical waste heating in winter (left figure). Optimal scheduling of a typical
eating network for CCHP system absorbing chemical waste heating in summer (right figure).
oad of 6.25–58.4% and 7.01–16.64% in winter and summer. After
ptimizing the improved whale optimization algorithm, the cool-
ng storage is realized when the cooling demand is low, and the
elease is carried out at the cooling demand’s peak, relieving the
ystem pressure and avoiding the waste phenomenon when the
ooling load is sufficient.
It can be seen from the figure that the demand for cooling

oad in the salt plant increased significantly in summer, mainly
hrough the efficient operation of electric refrigerators to improve
he supply of cooling load.

The energy scheduling strategy realizes the heating network’s
lassification regulation of the boilers, heat pumps, and heat ex-
hangers. The improved whale optimization algorithm optimizes
he heating network. The heating demand is reduced at night, and
t noon, the heating load is stored and released during the peak
eriod of heating demand. It relieves the supply pressure of the
eat pump, boiler, and heat exchanger. Reduce the system’s eco-
omic operation cost and complete the heating network’s energy
cheduling. It can be seen from the two figures that the demand
or heating in winter is increased, and there is more heating
roduction equipment that can supply the heating load required
y the enterprise. Heat pump output power is 90–336 kW and
0–322 kW in winter and summer. The abundant water heating
s recycled, which increases the channels provided by the system
eating and provides 15.4–57.9% and 11.5–62.9% of the heating
oad of the heating network in winter and summer.

The gas turbine is adjusted through the energy scheduling
trategy to realize the electric load’s main supply in the power
rid. Secondly, the improved whale optimization algorithm fur-

her optimizes the energy scheduling process so that purchasing

14512
and selling electricity, wind electricity, photovoltaic electricity
generation, and graphene batteries can achieve efficient load
supply in the most economical time. Wind and photovoltaic gen-
eration provide 0%–30% of the electric load of the electricity
network. It can be seen from the two figures that the region has
more wind and solar power in winter, so the winter electricity
scheduling is also sufficient, and the electricity is more redun-
dant and sold. Due to the increase in electricity consumption in
summer, it is necessary to purchase electricity to meet energy
demand.

Fig. 5.3.4 shows that the improved whale optimization algo-
rithm converges in 17 generations in winter and 137 generations
in summer. Faster than 193 generations of typical winter days and
183 generations of a typical summer day before improvement.
The cost of the improved whale optimization algorithm is reduced
by ¥ 870 on a typical winter day and ¥ 690 on a typical summer
day. Therefore, the improved whale optimization algorithm is
superior to the basic whale optimization algorithm in conver-
gence speed and optimization accuracy. The comprehensive cost
of the CCHP system absorbing chemical waste heating is further
reduced, and a better scheduling scheme is obtained.

On a typical winter day, Table 5.3.1 shows that the com-
prehensive cost of the improved whale optimization algorithm
is ¥ 35312, better than that of the basic whale optimization
algorithm. Compared with the latter, the comprehensive cost is
reduced by 2.4% and has been greatly improved.

The cost of natural gas and electricity purchase and sale are
reduced by 19.42% and 23.95%, respectively, due to the optimal
scheduling and the rational use of system energy. It can also
improve the electricity sale in the redundant stage of system
energy, and the optimization effect is excellent.
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Fig. 5.3.3. Optimal scheduling of a typical electricity network for CCHP system absorbing chemical waste heating in winter (left figure). Optimal scheduling of a
ypical electricity network for CCHP system absorbing chemical waste heating in summer (right figure).
Fig. 5.3.4. Comparison of the comprehensive cost of a typical winter day before and after the improved algorithm optimization system (left figure). Comparison of
the comprehensive cost of a typical summer day before and after the improved algorithm optimization system (right figure).
Table 5.3.1
Cost comparison of whale optimization algorithm system before and after improvement on a typical winter day.
Cost types Cost of basic whale

optimization algorithm (¥)
Cost of improved whale
optimization algorithm (¥)

Comparison (%)

Resultant costs 36182 35312 −2.40
Equipment maintenance and
investment cost

1492 1548 +3.75

Gas cost 4983 4015 −19.42
Electricity purchase and sale cost 2230 1696 −23.95
Environmental governance cost 27477 28053 +2.1
Table 5.3.2
Cost comparison of whale optimization algorithm system before and after improvement on a typical winter day.
Cost types Cost of basic whale

optimization algorithm (¥)
Cost of improved whale
optimization algorithm (¥)

Comparison (%)

Resultant costs 31752 31062 −2.17
Equipment maintenance and
investment cost

1610 1620 +0.62

Gas cost 4886 4703 −3.75
Electricity purchase and sale cost 4862 3227 −33.63
Environmental governance cost 20394 21512 +0.55
On a typical summer day, Table 5.3.2 shows that the com-
rehensive cost of the improved whale optimization algorithm
s ¥ 31062 better than that of the basic whale algorithm, and
he comprehensive cost is reduced by 2.17%, with more improve-
ent.
The demand for cooling load is great on typical days in sum-

er, and the system regulates the refrigeration equipment. There-
ore, the electricity consumption is also higher than that on typi-
al days in winter. And the demand for natural gas is also rising.
14513
The comprehensive cost is still better than the basic whale opti-
mization algorithm. Due to the influence of power grid schedul-
ing, the improved whale algorithm reduces the purchase and sale
of electricity by 33.63% and the cost of natural gas by 3.75%,
indicating the rationality of the optimization scheduling strategy.

Therefore, the optimized scheduling results of the improved
whale optimization algorithm for the CCHP system that absorbs
chemical waste heating align with expectations. The results are

better than those of the basic whale algorithm. In winter and
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ummer, typical days can complete the chemical enterprise en-
rgy supply with lower comprehensive cost.

. Conclusion

In this paper, aiming to supply multiple energy for a chemi-
al enterprise in Jiangsu Province, a new structure of the CCHP
ystem is designed. This paper collects the load demand data of
salt factory in Jiangsu Province and optimizes system operation
nd optimal cost management. In this paper, the improved whale
ptimization algorithm is used to optimize the control of the
CHP system. Finally, the main research results are as follows:
1. By connecting the heat pump to the CCHP system, 20–35t of

astewater discharged by chemical enterprises can be recycled
aily. The abundant water heating is recycled, which increases
he channels provided by the system heating and provides 15.4–
7.9% and 11.5–62.9% of the heating load of the heating network
n winter and summer.

2. The thermal cascade recovery system is designed by heat
ump/heat pump-heat exchanger-lithium bromide refrigerator.
he high-temperature gas discharged by the system and the
eating in the external recycled chemical wastewater are recycled
tep by step. The lithium bromide refrigerator in the cooling-net
quipment provides an average cooling load of 6.25–58.4% and
.01–16.64% in winter and summer. The visible heating recovery
art of the energy is still considerable and effective.
3. Combining the design of cooling, heating, and electricity

hree kinds of energy storage equipment and a CCHP system. In
he process of energy scheduling, the load redundancy and energy
harging and discharging at an insufficient time are realized. The
nergy storage units are set through simulation experiments -
00–500 kW, which plays an important role in the system energy
cheduling process.
4. In terms of operation strategy, the design of equipment

lassification adjustment is used to realize the control of the load
low of cooling, heating, and electricity by adjusting the inlet
ater velocity and inlet gas velocity of the input ports of gas
urbine, heat boiler, heat pump, electric refrigerator, and lithium
romide refrigerator.
5. The wind–solar complementary new energy electricity sup-

ly equipment connects the wind turbine and photovoltaic gener-
tor to the CCHP system proposed in this paper. Through software
imulation, the local wind speed in Jiangsu in winter and summer
an reach 5.5–12 m/s, and the solar horizontal radiation can reach
–900 W/m2. The two can provide 0%–30% of the electricity,

which greatly reduces the excessive dependence of the system
on gas turbines. It is suggested that this part of the equipment
should be located in the open ground area to realize the effective
use of new energy.

6. Using the improved whale optimization algorithm to opti-
ize the scheduling and absorption of chemical waste heating
CHP system and compare the two. From the perspective of
omprehensive cost, the improved whale optimization algorithm
educes the cost of typical winter and summer days by 2.4% and
.17%, respectively. The system cost saved in the long run is very
onsiderable, which greatly reduces the use cost of the system.
rom the cost rules, mainly after the optimal scheduling, the cost
f electricity purchase and sale and the cost of natural gas are
educed. The cost of natural gas in winter and summer is reduced
y 19.42% and 3.75%, respectively. And the cost of electricity
urchase and sale in winter and summer is reduced by 23.95%
nd 33.63%, respectively. It can be seen that the improved whale
ptimization algorithm has an obvious optimization scheduling
ffect on the CCHP system that absorbs chemical waste heating
nd can be applied to the actual chemical plant.
14514
This paper presents the method of optimizing the scheduling
of CCHP system. It not only solves the waste problem of chem-
ical wastewater, but also improves the energy utilization rate of
chemical enterprises. The CCHP system is used to provide multi
energy for chemical enterprises, and the system energy is reason-
ably optimized for scheduling, which reduces the comprehensive
cost of chemical enterprises.

However, this method is only applicable to wastewater dis-
charged in the exothermic process of chemical reaction. In the
future, other forms of waste heat in chemical enterprises can be
considered. Or make structural improvement of CCHP to make it
more widely applicable.
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