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Abstract: The CCHP system is a reasonable and effective method to improve the current situation of
energy use. Capacity allocation is of great significance in improving the performance of the CCHP
system. Due to the particularity of chemical enterprises’ production process, the demand for cooling,
heating, and power load is also relatively particular, which makes the dynamic loads challenging to
be satisfied. Because of the above problems, the structure of the typical CCHP system is improved,
embodied in the collocation of multi-stage lithium bromide chiller, and the use of various energy
storage devices. Based on the improved ant lion intelligent optimization (ALO) algorithm, the
comprehensive evaluation index coupled with energy benefit, economic benefit, and environmental
benefit, is taken as the objective function, and the equipment capacity configuration of the CCHP
system for chemical enterprises is studied. Considering winter, summer, and transition seasons, the
results show that the system is better than the typical CCHP system. The annual cost savings of
the new structural system are up to 13%, and the carbon dioxide emissions of the new structural
system are reduced by up to 36.39%. The primary energy utilization rate of the new structure system
is increased by 18%, and the comprehensive evaluation index also performs better. The optimal index
can reach 0.814.

Keywords: CCHP; capacity configuration; energy system; accumulated energy; ALO

1. Introduction

China is the largest energy consumer, and coal occupies an absolute position in all
kinds of energy consumption in China. A large amount of coal investment and utilization
contradicts human development [1]. As a distributed energy system, the CCHP system can
provide a solution to reduce fossil energy and clean energy use. Research on the CCHP
systems is of great significance in promoting energy efficiency, economic benefits, and
environmental benefits of the system.

Domestic and foreign scholars have studied the CCHP system coupled with clean
energy. Regarding the structure of the CCHP system, Meng et al. [2] verified through the
thermodynamic model that a CCHP system using an internal combustion engine with
natural gas as the power system had a higher utilization efficiency of primary energy. Li
et al. [3], through the control variable method, used the evaporation temperature as a single
variable to verify the biomass-driven CCHP system in the four modes of economic optimal.
Zhang et al. [4] demonstrated that a CCHP system with photovoltaic power generation
had better economic and environmental benefits through mixed binary particle swarm
optimization based on niche. For the existing CCHP system with an internal combustion
engine as a power plant, the low energy utilization rate and large equipment volume are
contrary to the high flexibility CCHP system. For the CCHP system with photovoltaic
coupling, the coupling energy storage unit is not considered, and the intermittent energy
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supply problem is prone to occur. Presently, various bromide chillers have not been used
in cascade, and the system structure of heat in the process is fully utilized.

For the CCHP system’s research, the system capacity draws attention. Wei et al. [5]
studied the photovoltaic model and the CCHP system model through a niche [6] particle
swarm optimization algorithm and fuzzy ideal decision, optimized the capacity configura-
tion of photovoltaic and CCHP systems, and verified its feasibility to obtain satisfactory
results. Zhang et al. [7], through the principle of energy balance, established a mixed
integer nonlinear programming model of integrated energy systems, including production,
recovery, conversion, and storage. The author further explored the applicability of system
capacity allocation in different regions and environments, and obtained satisfactory results.
Li et al. [8] took a regional energy supply project in Shanghai as an example and analyzed
the relationship between generator capacity and different sizes and grid connection modes.
It was considered that the generators’ ability in the triple power supply system depends
on comprehensive factors such as system load, energy price, energy policy, and initial
investment. It cannot be directly applied to the traditional cogeneration by heat to deter-
mine electricity or heat. Xu et al. [9], by analyzing the system’s environmental, energy, and
exergy benefits, found the optimal size of the prime mover, verified the system’s reliability,
and obtained satisfactory results. Wu et al. [10] explored the research system through an
exhaustive search algorithm and cost-oriented index optimization method to determine the
optimal configuration of the system. For the existing CCHP system, involving equipment
capacity configuration research, it is not conducive to only consider specific situations.

The optimal operation study [11] is significant for a complex energy system’s overall
performance. In terms of the evaluation of the energy system, Mianaei et al. [12] established
an overall operating cost of the evaluation system to obtain the minimum cost. Cao et al. [13]
established an evaluation system of coupling annual cost savings, immediate energy savings,
and the rate of carbon dioxide emission reductions. The coupling mode is to add equal
weight. Wang et al. [14] established the evaluation system of the coupling of the annual
system cost, pollution gas emissions, and primary energy consumption, and the coupling
mode is to add equal weight. The existing evaluation system is divided into single-objective
and multi-objective evaluation by weight coupling. The former is not comprehensive enough
for the selection of evaluation objectives, and it is easy to sacrifice other indicators to improve
the selected indicators. Although the latter comprehensively considers three seed indicators,
the coupling method is not appropriate, and it cannot be considered by equal weight, which
requires more proper selection.

This paper mainly studies the application of combined a cooling, heating, and power
supply system coupled with photovoltaic in a chemical enterprise in the Huai’an area.
According to target demand, the equipment capacity of the system is configured. Taking
the comprehensive evaluation system as the objective function, the intelligent optimization
algorithm is used to flexibly adjust the equipment capacity configuration, which includes
three aspects:

1. The photovoltaic power generation model is established according to the meteo-
rological data of solar irradiance and sunshine hours in the Huai’an area, and the
photovoltaic power generation curve is obtained. Combined with a chemical enter-
prise’s cooling, heating, and power load demand curve, the input data of the cooling,
heating, and electricity demand are formed.

2. A novel CCHP model is constructed, and the overall equipment model is established.
The essential parts are finely modeled, and the capacity of the equipment is configured.
Considering the annual operation of the system, the operating condition curve is output.

3. A comprehensive evaluation system is established and used as the objective function.
The intelligent optimization algorithm is used to optimize the equipment capacity
configuration to flexibly adjust the optimal equipment capacity in the system’s operation.

In this paper, the overall research road-map is shown in Figure 1:
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2. Methods
2.1. Energy Flow in CCHP System

Cooling load: cooling capacity of electric refrigerator + cooling capacity of waste heat
lithium bromide absorption chiller + cooling capacity of steam dual-effect lithium bromide
absorption chiller = building cooling demand [15]:

Qc
EC + Qc

AC.W + Qc
AC.S = Qc (1)

where Qc
EC is the refrigerating capacity of the electric refrigerator, Qc

AC.W is the refrigerating
capacity of the waste heat lithium bromide absorption chiller, Qc

AC.S is the refrigerating
capacity of the steam dual-effect lithium bromide absorption chiller, and Qc is the cooling
demand of the building.

Heating load: gas turbine heat = heat required for waste heat lithium bromide absorp-
tion chiller + heat recovery from boiler + heat recovery from heat exchanger:

Qh
GT = Qh

AC.W + Qh
WHRB + Qh

HEX (2)

where Qh
GT is the heat of gas turbine, Qh

AC.W is the heat required for waste heat lithium
bromide absorption chiller, Qh

WHRB is the heat recovered from the boiler, and Qh
HEX is the

heat recovered from the heat exchanger.
Heating Supply of Electric Boiler + Heating Supply of Exchanger + Heating Supply of

Recovery Boiler = Building Heating Demand

Qh
EB + Qh

HEX + Qh
WHRB = Qh (3)

Among them, Qh
EB is the heat production of electric boiler, Qh

HEX is the heat supply of
heat exchanger, Qh

WHRB is the heat recovery boiler, Qh is the building heat demand.
Electric load: photovoltaic array power generation + gas turbine power generation =

electric refrigerator power + electric boiler power + building electricity demand:

Ei
PV + Ei

GT = Ei
EC + Ei

EB + Ei (4)
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Among them, Ei
PV is photovoltaic array power generation, Ei

GT is gas turbine power
generation, Ei

EC is electric refrigerator power consumption, Ei
EB is electric boiler power

consumption, Ei is building electricity demand.
The specific energy flow diagram is shown in Figure 2.
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2.2. Structure of CCHP System

To realize the coupling and clean energy of the CCHP system, the following CCHP
model is established. The energy input includes natural gas and solar power [16]. The
system structure consists of a gas turbine, gas boiler, heat recovery boiler, heat exchanger,
waste heat lithium bromide absorption chiller, steam double effect lithium bromide absorp-
tion chiller, flue gas condensation heat exchanger, photovoltaic array, electric refrigerator,
electric boiler, and energy storage device [17]. The operation method of the system is as
follows: natural gas as fuel for gas boiler and gas turbine, supply system electric load and
heat load for power generation device, photovoltaic array uses solar energy to supply sys-
tem electric load; the heat generated by the gas turbine enters the heat recovery boiler [18]
to deliver the heat load of the system, the cylinder water of the gas turbine supplies the
heat load of the system through the heat exchanger, and the electric boiler supplies the heat
load of the system. The waste heat lithium bromide absorption chiller uses the flue gas
generated by the gas turbine to supply the cooling load of the system, the steam dual-effect
lithium bromide absorption chiller uses the heating boiler as the heat source to supply the
cooling load of the system, and the electric refrigeration unit supplies the cooling load of
the system. For the heat load, the priority of the heat recovery boiler is greater than that of
the gas boiler; for the cooling load, the priority of waste heat lithium bromide absorption
chillers and steam double-effect lithium bromide absorption chillers using heat is greater
than that of electric chillers. The specific system structure is shown in Figure 3.
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2.2.1. Gas Turbine (GT)

While generating electricity, gas turbines can recover and utilize the heat they generate for
heating or driving other equipment. Gas turbine power generation can be expressed as [19]:

Ei
GT = FGT · ηe (5)

where FGT is the energy consumed by gas turbine power generation, and ηe is the power
generation efficiency of gas turbine.

2.2.2. Gas Boiler (GB)

Gas boiler has the characteristics of high thermal efficiency and low environmental
pollution. Its output characteristics depend on its performance and load demand. The
output heating capacity can be expressed as [10]:

Qh
GB = FGB · ηGB (6)

Among them, FGB is the energy consumed by gas boiler, ηGB is the efficiency of gas boiler.

2.2.3. Electric Refrigerator (EC)

The refrigeration characteristics of the electric refrigerator are related to the refrig-
eration coefficient of the equipment. The output refrigeration capacity can be expressed
as [20]:

Qc
EC = Ei

EC · COPEC (7)

where COPEC is the refrigeration performance coefficient of the electric refrigerator.
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2.2.4. Waste Heat Lithium Bromide Absorption Chiller (AC.W)

Waste heat lithium bromide absorption chiller uses waste heat to drive lithium bromide
chiller for energy supply. Its output efficiency is related to waste heat utilization rate and
the waste heat refrigeration rate. The output refrigeration capacity can be expressed as:

Qc
AC.W = Qh

GT · COPAC.W (8)

η =
Quse

Qtotal
=

Tin − Tout

Tin − To
(9)

where COPAC.W is the refrigeration performance coefficient of the waste heat lithium
bromide absorption chiller, η is the waste heat utilization rate, Quse is the waste heat
utilization amount; Qtotal is the total waste heat, Tin is the inlet temperature of flue gas; Tout
is the exhaust temperature; and To is the ambient temperature.

2.2.5. Steam Dual-Effect Lithium Bromide Absorption Chiller (AC.S)

The output characteristics of the steam double-effect lithium bromide absorption
chiller are related to the fluctuation of steam pressure. The output refrigerating capacity
can be expressed as:

Qc
AC.S = Qh

WHRB · COPAC.S (10)

where COPAC.S is the refrigeration performance coefficient of the steam dual-effect lithium
bromide absorption chiller.

2.2.6. Waste Heat Recovery Boiler (WHRB)

The heat recovery boiler makes use of the sensible heat in the waste gas, waste material
or waste liquid in various industrial processes and the heat generated by the combustion of
combustible materials to heat. The heat output can be expressed as [21]:

Qh
WHRB = FGT · ηrec · (1 − ηe) (11)

where ηrec is the heat recovery efficiency.

2.2.7. Photovoltaic Array (PV)

A photovoltaic array is the connection of multiple photovoltaic cells. Solar energy
is converted into DC energy by photovoltaic cells. The output of the photovoltaic array
is the inverter. The adaptation of the inverter should be considered when designing a
photovoltaic array. The output power can be expressed as [22]:

I = Isc

{
1 − C1

[
exp

(
U

C2Uoc

)
− 1

]}
(12)

C1 =
I0

Isc
(13)

C2 =

(
ln
(

1
C1

+ 1
)) − 1

(14)

Among them, I is output current, Isc is short circuit current, U is output voltage, Uoc is
open circuit voltage, I0 is diode reverse saturation current, C1 and C2 are the process variable.

2.2.8. Electric Boiler (EB)

Electric boiler converts electric power into heat energy. The output of steam and high
temperature water with heat energy can be expressed as:

Qh
EB = Ei

EB · ηEB (15)

where ηEB is electric boiler efficiency.



Sustainability 2022, 14, 15419 7 of 20

2.2.9. Heat Exchanger (HEX)

A heat exchanger is often used to heat a low-temperature fluid or cool a high-
temperature fluid in chemical and other industrial production. Its output can be expressed
as [23]:

Qh
HEX = Qh

GT · ηHEX (16)

where ηHEX is heat exchanger efficiency.

3. Capacity Configuration Optimization Model

In this paper, the system capacity is configured through a local chemical enterprise’s
typical daily load demand in winter and summer [24]. The system equipment capacity is
optimized through the established comprehensive evaluation system. Under the premise of
meeting the load demand of the enterprise, the optimal equipment capacity in the system’s
operation is flexibly adjusted.

3.1. System Capacity Configuration Aiming at Demand

According to the load demand of chemical enterprises, allocating equipment capacity
with capacity is carried out. Considering various factors of chemical enterprises and
combining them with the expected target of the system, an inductive analysis is carried
out. The system equipment capacity is preliminarily configured, and the equipment
capacity is flexibly adjusted according to the optimization algorithm. System capacity
configuration achieves refrigeration, heating, and the supply of various energy sources for
power generation conforms to the actual demand.

3.2. Comprehensive Evaluation System
3.2.1. Annual Cost

The annual cost method is the most commonly used dynamic economic evaluation
method, including three parts: investment cost, operation cost and maintenance cost, which
can be expressed as [25]:

ATC = Ci + Co + Cm (17)

where ATC is the annual cost, Ci is the investment cost, Co is the operation cost, Cm is the
maintenance cost.

(1) Investment Cost

The investment cost is the cost of the energy system purchase equipment, which can
be expressed as [26]:

Ci = [R(1 − v) + iv] ×
l

∑
k = 1

NkCk (18)

R = i(l + i)n/
[
(l + i)n − l

]
(19)

where Ci is the investment cost, R is the investment recovery coefficient, v is the residual
rate, i is the annual interest rate, Nk is the kth equipment capacity, Ck is the initial investment
of the kth equipment capacity, l is the total number of system equipment, and n is the life
span of equipment.

(2) Operation Cost

Operating cost refers to the energy cost of the energy system directly consuming
natural gas and other input energy, which can be expressed as:

Co =
8760

∑
i = 1

(
FGTCgas + FGBCgas

)
(20)

where Co represents operating costs, Cgas represents natural gas prices, FGT is the energy
consumed by gas turbine power generation, FGB is the energy consumed by gas boiler.
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(3) Maintenance Cost

Maintenance costs include equipment maintenance costs, regular inspection and daily
maintenance costs, which can be expressed as:

Cm = ε × Ci (21)

where Cm is the maintenance cost, ε is proportional coefficient.

3.2.2. Primary Energy Ratio

The primary energy utilization rate is the ratio of the output energy of the system to
the primary energy consumption. The output energy is combined with three kinds of load
supply, and the primary energy consumption is the energy consumed by gas turbine and
the gas boiler. It can be expressed as:

PER =
Ei + Qc + Qh

FGT + FGB
(22)

3.2.3. Carbon Dioxide Emissions

Pollutants will be generated in the operation of the energy system. The emission of
CO2 is a crucial issue of world concern, and it is also the research object commonly used in
the energy system. Therefore, the emission of CO2 is regarded as the evaluation standard
of environmental indicators, which can be expressed as [27]:

CDE = µg
(
∑ FGT + ∑ FGB

)
+ CDEHEX (23)

Among them, CDE is carbon dioxide emissions, µg is carbon dioxide emission factor
of natural gas combustion, CDEHEX is carbon dioxide emissions of heat exchanger

3.2.4. Comprehensive Evaluation Index

Multi-objective optimization is not a single optimization goal, and finding the optimal
solution for all objectives is not straightforward. To evaluate the energy system from
many aspects and solve the problem that multi-objective optimization is challenging to
optimize simultaneously, the weighted method is used to transform multi-objectives into
a single objective, and a comprehensive evaluation system is established. To balance the
contribution of every single indicator in the comprehensive evaluation system, low weight
is adopted to reduce the sensitivity of a single indicator, to achieve the effect of a balanced
consideration of the impact of economy, energy efficiency, and environment on the system.
The specific comprehensive evaluation system is as follows:

HEL = θ1ηH + θ2ηE + θ3ηL (24)

ηH =
PERSP

PERCCHP
(25)

ηE =
ATCCCHP

ATCSP
(26)

ηL =
CDESP

CDECCHP
(27)

θ1 + θ2 + θ3 = 1 (28)

where θ1, θ2 and θ3 are the weights, SP is the sub-supply system, CCHP is the triple-supply
system, and the ratio of θ1, θ2 and θ3 is determined according to the inverse order of the
ratio of ηH , ηE and ηL. For example, if ηH > ηE > ηL, then θ1 : θ2 : θ3 = ηL : ηE : ηH .



Sustainability 2022, 14, 15419 9 of 20

3.3. Improved Ant Lion Intelligent Optimization Algorithm
3.3.1. Ant Lion Intelligent Optimization Algorithm

Mirjalili first proposed the ant lion intelligent optimization algorithm [28] in 2015,
which mainly simulates the hunting mechanism of ant lion hunting ants to obtain the
optimal value. The insects are called ant lions because of their unique hunting behavior
and predators. Since the ALO algorithm has many advantages, such as fewer adjustment
parameters and solid global searchability, it has been applied to various engineering
fields [29].

In the ALO algorithm, the position of the ant is random. To describe its moving
coordinates, the following (29) is used to represent the displacement of the ant in the
i-dimensional space:

Xi(t) = [0, · · · , cumsum(2r(t) − 1)] (29)

r(t) =

{
1, rand > 0.5
0, rand ≤ 0.5

(30)

Among them, Xi(t) is the ant displacement, cumsum is the array cumulative value
calculation function, r(t) is the random function, rand is the random number, and rand ∈ [0, 1].

In order to avoid ant search crossing the bounds, the Formula (29) is normalized and
the ant search scope is limited by Formula (31):

Rt
i =

(Xi(t) − ai) × (ub/I − lb/I)
(bi − ai)

+
lb
I

+ ALt − 1
i (31)

I = 10τ × t
T

(32)

τ =


2, t > 0.1T
3, t > 0.5T
4, t > 0.75T
5, t > 0.9T
6, t > 0.95T

(33)

where Rt
i is the displacement of the ant lion or elite ant lion randomly selected by the

ants around the roulette wheel and normalized, ai and bi are the minimum and maximum
values in Xi(t), lb and ub are the lower and upper bounds of the search space; ALt − 1

i
is the i-dimensional displacement of the selected ant lion; I is the size of the trap range
constructed by the ant lion; τ is the coefficient that increases from the initial value 1 as t
increases, t is the current iteration number of the algorithm, and T is the maximum iteration
number of the algorithm.

Ant passing (34) constantly updates its position:

Antt
i =

Rt
A + Rt

E
2

(34)

where Rt
A is the position where the ants randomly walk around the lion selected by roulette,

and Rt
E is the position where the ants randomly walk around the elite lion.

The Ant Lion Pass (35) constantly updates its position:

ALt
i = Antt

i , IF f (Antt
i) > f (ALt

i) (35)

where f (Antt
i) and f (ALt

i) are the fitness values of the ith-dimensional ants and ant-lion at
the tth iteration, and Antt

i and ALt
i are the positions of the ith-dimensional ants and ant lion

at the tth iteration.
The specific ant lion optimization algorithm flow is shown in Figure 4.
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However, the original ant lion intelligent optimization algorithm still has shortcomings,
quickly falling into optimal local solution, and the solution accuracy is not high. It is
necessary to improve the algorithm, optimize the performance of the algorithm, improve
the accuracy of the algorithm, and prevent falling into local optimum.

3.3.2. Improved Ant Lion Intelligent Optimization Algorithm

Through the above elaboration of the original ant lion intelligent optimization algo-
rithm, and the various standards of the actual load demand of chemical enterprises, it is
necessary to improve the original ant lion intelligent optimization algorithm. The primary
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purpose is to improve the algorithm’s search traversal range and the algorithm’s accuracy,
to achieve the purpose of flexibly adjusting the system capacity configuration.

Continuous Contraction Boundary

In the ALO algorithm, the ant is ’guided’ by the ant lion gradually getting close to
the ant lion search stage. The boundary is gradually reduced to develop the optimal
search value. The search boundary increases piecewise with the iteration of the algorithm.
Although the algorithm’s convergence is accelerated, the jump of the boundary value may
lead to skipping some search areas and missing the optimal value.

In order to enhance the global search ability of the algorithm and enable it to traverse
the solution space more comprehensively, and improve the convergence rate, a fast, smooth
shrinkage formula with the iterative boundary of the algorithm is proposed, which is
as follows:

ub/I = (ub/I)/V (36)

lb/I = (lb/I)/V (37)

V = ψx
eωx − e − ωx

2
(38)

x =
t
T

(39)

where ψ and ω are the regulating factor.

Increasing Weight Coefficient

The ant population is most affected by the elite ant lions, and the ‘guide’ ant only
swims around the elite ant macroscopically, which leads to the decrease of the ant’ s
traversal of the solution space, and inhibits the global search ability of the algorithm.
Because of this situation, the inertia weight is increased to balance the trap gravity of elite
ant lions and ant lions in different iterative periods, as follows:

Antt
i =

µ1 · Rt
A + µ2 · Rt

E
2

(40)

µ1 = cos2
(

π

2
· t

T

)
(41)

µ2 = sin2
(

π

2
· t

T

)
(42)

where µ1 and µ2 are the weight factors, µ1 has a small proportion in the early stage of
the algorithm iteration, and the guiding force of elite ant lion is small, encouraging ants
to search the global solution space and improving the algorithm ergodicity, µ2. In the
later stage, the ants explore and develop in the optimal region, which is beneficial to
accelerate the convergence of the algorithm to the optimal value, so as to balance the local
development and global search ability of the algorithm.

Improved Ant Lion Intelligent Optimization Algorithm

Through the above two improved methods, the content of the original ant lion intelli-
gent optimization algorithm is adjusted, and the accuracy of the optimization algorithm is
finally achieved.

Firstly, data initialization is carried out to determine the number and variable di-
mension of ants and lion, and the basic performance parameters of the core equipment
are determined by inputting the three-load data of cold, heat and electricity in chemical
enterprises. The capacity of the driving equipment is roughly set according to the load
demand. Then, the elite ant lion is determined, and the best fitness of the initial ant lion
population is selected as the elite ant lion. Then, the roulette strategy is used to select which
ant lion specifically preys on an ant, and each ant can only be preyed on by an ant lion. The
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higher the fitness of the ant lion, the greater the probability of capturing the ant, and the
ant walks around the ant lion and the elite ant lion. Finally, the average value is taken as
the position of the ants, and the fitness value of the ants and the lion is recalculated after
each iteration. The position of the ants and the lion is updated according to the position
and fitness value of the ants. The position of the new elite ants and the lion has the best
fitness. Finally, until the end of the iteration, the optimal solution meets the conditions and
the optimal individual is output. Figure 4 is the improved ant lion intelligent optimization
algorithm flow chart.

3.4. Model Verification

In this paper, a new type of CCHP system model is constructed by the MATLAB
and based on similar structural models of other researchers, preliminary simulation and
comparative analysis are carried out. In terms of system structure, the focus is on the
combination of two different types of lithium bromide units and the multi-stage waste heat
recovery and utilization cycle. The model building for energy storage is slightly rough,
and the reliability of the structure is verified by a reference model. The results are shown
in Table 1.

Table 1. Model verification.

Operating and Design Conditions This Work Ref. [15] Error%

Recovery efficiency of Waste Heat Boiler (%) 0.8 0.8 -
Power generation efficiency of Gas Turbine (%) 0.3 0.3 -

CO2 emission (kg/kWh) 0.22 0.22 -
COP of Absorption Chiller 1.3 1.3 -

System performance
Equipment output of Waste Heat Boiler (kW) 325.2 326.8 0.49

Equipment output of Gas Turbine (kW) 1759 175.1 0.46
Equipment output of Absorption Chiller (kW) 559.2 558.5 0.13

The results show that the system output simulation under various working conditions
has high accuracy, so the scheduling and optimization research based on this model
has practical significance, which can guide the system’s comprehensive evaluation and
subsequent design improvement.

4. Results

In order to realize the research on the capacity configuration of the new cooling, heat-
ing, and power system proposed in this paper, a chemical enterprise in Huai’an area is
selected as the research object. The main equipment parameters are referred to in Table 1.
The load demand of the enterprise is divided into summer, winter, and transition seasons
according to time. The leading environmental indicators are shown in Figures 5 and 6.
Since the energy system studied contains photovoltaic array components, the photovoltaic
output prediction is obtained by the PVsyst software simulation. The photovoltaic compo-
nents applied in this study are LR4–72HPH–430M, and the inverter is PVM3–58–333–EM.
Ninety groups of photovoltaic components are designed, 18 in each group. The number
of components is 1620, the area occupied by the components is 3521 m2, and the capacity
ratio is 1.046. At the same time, the installation tilt angle, and the optimal FT (Transposition
Factor) when the radiation amount is the largest, are considered; considering low power
loss, and high power generation, the tilt angle is set to 27◦. It can be seen from Table 2 that
the highest time point of photovoltaic array power generation is 11:00 and 12:00. The daily
power generation in April and May is relatively higher throughout the year. The output
status of the photovoltaic array is shown in Table 2.
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Figure 6. Annual sunshine duration.

Table 2. Monthly hourly average of PV array output (kW).

Month 1H 2H 3H 4H 5H 6H 7H 8H 9H 10H 11H 12H

1 0 0 0 0 0 0 3 109 205 268 314 300
2 0 0 0 0 0 0 33 119 227 296 360 374
3 0 0 0 0 0 3 65 149 223 279 326 335
4 0 0 0 0 0 36 110 202 272 336 358 364
5 0 0 0 0 5 57 135 216 298 340 364 350
6 0 0 0 0 13 49 109 187 252 308 319 289
7 0 0 0 0 3 42 107 174 245 282 307 320
8 0 0 0 0 0 32 88 155 227 281 306 307
9 0 0 0 0 0 28 107 203 274 323 350 353

10 0 0 0 0 0 3 84 163 235 290 305 312
11 0 0 0 0 0 0 54 146 220 266 291 257
12 0 0 0 0 0 0 17 112 193 285 306 312

Month 13H 14H 15H 16H 17H 18H 19H 20H 21H 22H 23H 24H

1 282 230 142 51 0 0 0 0 0 0 0 0
2 343 279 197 97 4 0 0 0 0 0 0 0
3 291 236 151 77 20 0 0 0 0 0 0 0
4 350 299 223 128 46 0 0 0 0 0 0 0
5 327 288 211 135 56 6 0 0 0 0 0 0
6 272 218 162 109 49 15 0 0 0 0 0 0
7 297 242 187 115 57 15 0 0 0 0 0 0
8 288 251 179 104 47 3 0 0 0 0 0 0
9 330 261 188 99 21 0 0 0 0 0 0 0

10 292 217 141 58 1 0 0 0 0 0 0 0
11 239 180 103 17 0 0 0 0 0 0 0 0
12 282 202 108 7 0 0 0 0 0 0 0 0
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According to the improved ant lion intelligent algorithm proposed in this paper, the
research object is solved according to the above steps, and the cooling, heating, and power
operation conditions of typical summer days, winter days, and transition seasons of the
enterprise, are obtained. The specific results are shown in Figures 7–15. According to the
comprehensive evaluation system proposed in this paper, the research system is solved,
and the results are shown in Figure 16.Sustainability 2022, 14, x FOR PEER REVIEW 16 of 22 
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Figure 7. Typical daily cooling conditions in summer.
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Figure 8. Typical daily heating conditions in summer.
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Figure 9. Typical daily power operation conditions in summer.
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Figure 10. Typical daily cooling conditions in winter.
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Figure 11. Typical daily heating conditions in winter.
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Figure 12. Typical daily and power operation conditions in winter.
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Figure 13. Typical daily cooling conditions in the transition season.
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Figure 14. Typical daily heating conditions in the transition season.
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Figure 15. Typical daily power operation conditions in the transition season.
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Figure 16. Comprehensive evaluation system diagram.

According to Figures 7–9, it can be found that the cooling load demand of the selected
chemical enterprises is the highest, but due to the particularity of chemical enterprises,
the heating demand is also high in summer, the electricity demand is relatively low, and
the load demand of all-day working hours is relatively high. The cooling load demand
reaches the peak from 12:00 to 15:00, and the peak is 893 kW at 14:00. The heating load
demand reaches the peak from 11:00 to 13:00, and the peak is 826 kW at 13:00. The electric
load is at the high load demand level from 9:00 to 17:00, and the peak is 600 kW at 12:00.
The cooling load demand of the enterprise is provided by two absorption lithium bromide
chillers and electric refrigerators. In the working time, the cooling load demand is higher,
the output of two refrigeration equipment is higher, and the electric refrigerator undertakes
more heavy cooling output. The output of the whole day is more than 200 kW, and the
maximum is 748.016 kW. It belongs to the peak range of the cooling load demand on the
day. In the case of non-working time, multiple cooling loads are stored while meeting
the cooling load demand. The heating load of the enterprise is provided by gas boiler,
electric boiler, and waste heat boiler, and the priority of the gas boiler and waste heat boiler
using process heating is higher than that of electric boiler. The electric boiler plays the role
of auxiliary boiler, and the gas boiler supplies the biggest part of the heating load. The
output of the gas boiler is more than 400 kW in the working time of the enterprise, and
the highest heating generation rate is 419.567 kW, which belongs to the peak range of the
heating load demand on the day. The power load of the enterprise is provided by the gas
turbine power generation device, photovoltaic, and power grid. The solar irradiance is
high at noon in summer, and the output of photovoltaic modules is high. The photovoltaic
output is more than 200 kW from 10 to 15, and the highest output point is 320 kW at 13. Gas
turbine is the main power supply equipment, and the output is more than 300 kW from 9
to 17. It provides about 80% of the electricity demand in this period, and the highest point
is 513.667 kW at 15. The power grid buys electricity in the valley to meet the electricity
demand of the enterprise.
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According to Figures 10–12, it can be found that the winter heating load demand of
chemical enterprises is the highest, and the demand is higher than that of the summer
cooling load. The winter cooling load demand is relatively low. The cooling load demand
from 9:00 to 14:00 is in the peak range of winter cooling load demand, and the highest
point is 13:00 to 519 kW. The heating load is in the peak range of heating load demand
from 12:00 to 14:00, and the highest point is 13:00 to 899 kW, which is higher than the
summer cooling load demand. The electric load demand is slightly lower than typical
summer days, and the highest point is 16:00 to 16:00, which is 534 kW. The absorption
lithium bromide chiller cannot meet the cooling load demand of the enterprise by using
the process heating refrigerating capacity. The electric refrigerator is the central cooling
equipment. The output of the electric refrigerator from 10 o’clock to 17 o’clock is higher
than 300 kW, which provides about 75% of the cooling load. While meeting the cooling
load demand, the cooling load is stored for the non-working period. The heating load
demand of the enterprise is high, and the output of the gas boiler and the electric boiler
equipment is high. The output of the gas boiler is up to 399.893 kW at 13 o’clock. The
output of the electric boiler is improved compared with the summer, and the highest point
is 100 kW to meet the higher heating load demand. In winter, the highest point of the
electric boiler is 340.387 kW at 11 o’clock, and the output of the working time is higher.
Due to the particularity of the enterprise, the load demand is higher, and the output of
the heating equipment is also improved. The electricity demand of enterprises has no
significant difference compared to that in summer, mainly provided by the gas turbine
power generation device. Additionally, about 80 % of the electricity load is provided from
9:00 to 17:00. When meeting the electricity demand, the electricity is stored for the electricity
demand in the non-working period. The output of photovoltaic modules is lower than in
summer, and the highest point is up to 300 kW at 13:00. The electricity purchase in valley
time meets the electricity demand.

According to Figures 13–15, the heating load demand of enterprises is still the highest,
and the electricity demand is low. The demand during the transition season is low, and
equipment output during working hours is reduced. The cooling load is in a relatively
high range from 9:00 to 14:00, and the highest point is 625 kW at 14:00, which is 30.01%
lower than in summer. The heating load is in a high demand range from 11:00 to 13:00, and
the highest point is 792 kW at 13:00, which is 11.9% lower than in the winter. The electricity
load is in a high demand range from 11:00 to 1:00, and the highest point is 567 kW at 15:00,
which has a small gap from the highest point, which shows the difference between the
winter and summer. The output of electric refrigerators is lower than that in winter and
summer. The highest output of electric refrigerators in the transition season is 409.94 kW
at 13:00, which is 45.19% lower than in summer and 23.8% lower than in winter. The
output of the lithium bromide refrigeration unit is almost the same, and the output of the
electric refrigerator is relatively improved during non-working hours. The heating load
demand is relatively low in the transition season, the output of the gas boiler is reduced,
and the highest point is 297.67 kW at 13:00, which is 27.71% lower than the highest point in
summer and 25.56% lower than the highest point in winter. There is little difference in the
heating supply between waste heat boilers in winter and summer, and the heating storage
of the system is less. In the transition season, the gas turbine output is relatively low in
the non-working period, the power generation is reduced, and the electricity storage of
the system is reduced. It is more dependent on purchasing electricity from the power grid,
which is twice that of purchasing electricity in winter.

As a driving device, the capacity configuration of a gas turbine should not be too high,
and the cooling capacity and heating capacity generated by heating utilization cannot meet
their individual needs. Therefore, other energy supply equipment should be matched to
configure the capacity flexibly.

According to Figure 16, it can be found that from the comprehensive evaluation system
curve, the comprehensive performance of the summer system is the best, and the best
is 0.814 in July, while the comprehensive performance of the transition season system is
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relatively low, and the worst is 0.875 in March. From the point of view of each sub-index,
due to the diversification of the equipment collocation and the complexity of the way of the
research, the annual cost of the typical cooling-thermal power system is almost the same.
Carbon dioxide emissions are positively correlated with primary energy utilization. In
summer, the thermal cascade utilization is complex, the utilization rate is higher, the carbon
dioxide emissions are lower, and the performance is better. In terms of carbon dioxide
emissions, the best advantage of the structure-optimized CCHP system was 119030.11 in
July, and the indicator in the comprehensive evaluation system was 0.641, but the best
advantage of carbon dioxide emissions was 0.636 in June. In terms of primary energy
utilization, the best advantage of the structure-optimized CCHP system was 75.87% in July,
and the indicator in the comprehensive evaluation system was 0.853.

5. Conclusions

In this paper, an improved ant lion optimization algorithm is proposed to optimize the
capacity configuration of the new CCHP system. Taking a chemical enterprise in Huai’an
as an example, considering the particularity of the production process of the chemical
enterprise, the annual operating conditions of the system and the overall comprehensive
performance of the system are analyzed. In this system, an intelligent optimization al-
gorithm is used to improve the rationality of system equipment capacity configuration
and maximize the role of the energy supply system. The system analysis shows that the
optimized CCHP system has better performance in economic, energy, and environmental
benefits, and the overall comprehensive evaluation system has better results.

(1) The annual operating conditions of the new energy system proposed in this paper
are excellent, and the annual cost index is the lowest at CNY 5.155 million on typical
summer days. The minimum carbon dioxide emissions are 119030.11 kg, and the
highest primary energy utilization rate was 75.87% on typical winter days. The
minimum annual cost index is CNY 5859 million. The minimum carbon dioxide
emissions are 142854.91 kg. At the same time, the highest primary energy utilization
rate was 71.86% on the typical days of the transition season. The minimum annual
cost index is CNY 5335 million. The minimum carbon dioxide emissions are 120724.29
kg, and the highest primary energy utilization rate was 74.9%.

The results show the system can fully supply the multi-load with low cost and high efficiency.

(2) The comprehensive evaluation system adopted in this paper is composed of annual
cost, primary energy utilization rate, and carbon dioxide emissions. The coupling
adopts the method of adding weights. The selection of weights considers the contri-
bution of each index. When applied to the research object, the optimal comprehensive
index can reach 0.814.

(3) The modelling and simulation results show that the ant lion optimization algorithm
can improve the rationality of the capacity allocation of the system equipment. Com-
pared with the typical CCHP system, the performance of the CCHP system with
structural optimization is better. The summer performance is the best for the system’s
annual operation. Specifically, in terms of annual cost, the annual cost savings of the
new structural system are up to 13%. The unique structural system has a maximum
reduction of 36.39% in carbon dioxide emissions. In terms of primary energy utiliza-
tion, the primary energy utilization rate of the new structural system increases by up
to 18%. The overall comprehensive evaluation system is up to 0.814.
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Nomenclature

GT Gas Turbine
EC Electric Refrigerator
AC.W Waste heat lithium bromide absorption chiller
AC.S Steam dual-effect lithium bromide absorption chiller
WHRB Waste Heat Recovery Boiler
PV Photovoltaic Array
EB Electric Boiler
HEX Heat Exchanger
ATC Annual Cost
PER Primary Energy Ratio
CDE Carbon Dioxide Emissions
HEL Comprehensive Evaluation Index
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