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ABSTRACT

Electric-heat coupling characteristics of a cogeneration system and the operating mode of fixing electricity with heat
are the main reasons for wind abandonment during the heating season in the Three North area. To improve the
wind-power absorption capacity and operating economy of the system, the structure of the system is improved by
adding a heat storage device and an electric boiler. First, aiming at the minimum operating cost of the system,
the optimal scheduling model of the cogeneration system, including a heat storage device and electric boiler,
is constructed. Second, according to the characteristics of the problem, a cultural gene algorithm program is
compiled to simulate the calculation example. Finally, through the system improvement, the comparison between
the conditions before and after and the simulation solutions of similar algorithms prove the effectiveness of the
proposed scheme. The simulation results show that adding the heat storage device and electric boiler to the
scheduling optimization process not only improves the wind power consumption capacity of the cogeneration
system but also reduces the operating cost of the system by significantly reducing the coal consumption of the unit
and improving the economy of the system operation. The cultural gene algorithm framework has both the global
evolution process of the population and the local search for the characteristics of the problem, which has a better
optimization effect on the solution.

KEYWORDS
Combined heat and power generation; heat storage device; memetic algorithm; simulated annealing; wind
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Nomenclature

Ccoal The coal burning cost of the system, ten thousand yuan
Cths The operation cost of the heat storage device, ten thousand yuan
Ceb The operation cost of the electric boiler, ten thousand yuan
Caw Wind abandonment penalty cost, ten thousand yuan
Cchp

coal The coal-fired cost of cogeneration units, ten thousand yuan
Ccon

coal The coal-fired cost of thermal power units, ten thousand yuan
r Coal price, yuan/ton
T Dispatching cycle, hours
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Pe The power output of the unit, MW
Ph The thermal output of the unit, MW
s The operating cost coefficient of the heat storage device, yuan/MWh
Pths The operating power of the heat storage device, MW
τ The operating cost coefficient of the electric boiler, yuan/MWh
Peb The operating power of the electric boiler, MW
d The penalty coefficient of abandoning the wind, yuan/MWh
Paw The abandoned wind volume of the system, MW
Pw The output of the wind turbine, MW
Eload Electrical load, MW
η The electric heat conversion efficiency of the electric boiler
Qload Heat load, MW
Pmax

w Wind turbine output upper limit, MW
Qths The heat value in the heat storage device, MW
Pmax

eb The upper limit of the maximum output of the electric boiler, MW
F Evaluation function
λ Punishment factor
H Penalty item
M The number of constraints
pk A violation of the constraint function
α Penalty level
pc Crossover probability
pm Mutation probability
T0 Initial temperature, °C

1 Introduction

With the “dual carbon” goal-carbon peaking and the concept of carbon neutrality, the vigorous
development of clean energy and gradual replacement of non-renewable energy sources such as coal,
oil, and natural gas have been put on the agenda. Wind power generation is favoured because of its wide
distribution, short construction period, and high utilization rate. However, the wind power output is
random and fluctuating, which causes difficulty in integrating into the grid. Wind energy resources
are abundant, especially in China’s “Three North” regions. However, due to the operating mode of
“setting electricity by heat” during the heating season and the electric-heat coupling characteristics of
the cogeneration system itself, the unit generates a large amount of wind energy when the heat load
demand is high. Forced power output seriously occupies the wind power grid space, which not only
causes a large amount of wind energy not to be effectively utilized but also has high system operation
costs. Therefore, optimizing the operation of the cogeneration system is significant to improving the
wind power consumption capacity and operation economy.

1.1 Literature Review
To improve the wind power consumption capacity and economical operation of the cogeneration

system, literature [1] confirmed through the economic model predictive control framework that adding
heat pump and electric boiler to traditional cogeneration systems can improve system flexibility and
economy while balancing the district heating network. Literature [2] integrated the energy storage
battery with the cogeneration system through the power electronic interface, which enhances the
flexibility and frequency response of the system. It stabilizes the unit’s output power fluctuation
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while considering the operating economy. Literature [3,4] added energy storage devices to enhance the
system’s peak regulation capability and economy. Literature [5] effectively improved wind adaptability
by quantitatively assessing and utilizing the available spare capacity of cogeneration units. Literature
[6,7] added an absorption heat pump to the system to recover the waste heat from the exhaust gas
of the steam turbine to improve the heating effect and reduce the coal consumption of the system.
Literature [8] proposed using low-temperature storage tanks, high-temperature storage tanks, and
electric heat pumps to coordinate heating, which enhances the peak-shaving capability of the system
and expands the space for wind power grids. Literature [9] integrated phase-change material buildings
as heat storage devices for heat storage, reducing system heat supply and forced electricity output.
Literature [10–12] proposed a new type of solar heat and power cogeneration system composed of solar
collectors to alleviate the heating load of buildings. Literature [13] used cogeneration units, auxiliary
heat boilers, and heat pumps to coordinate heat supply and improve the structure of traditional
cogeneration units. Literature [14,15] proposed configuring electric boilers on the load side through
the electric-heat conversion of electric boilers and using abandoned wind to supply heat to improve
the utilization rate of wind power. Literature [16] proposed configuring a heat storage device on the
side of the cogeneration unit to decouple the rigid constraints of “determining electricity by heat” and
improve the grid-connection capability of wind power. Literature [17] used battery packs as energy
storage devices to smooth wind power fluctuations while absorbing excess wind power.

To obtain high-quality optimal solutions and improve the solution efficiency, the literature [18]
used the genetic algorithm to solve the optimal scheduling problem of the cogeneration system to
minimize the system’s operating cost. Literature [19] used the improved ant colony optimization
algorithm to solve the optimal energy scheduling of the cogeneration system. Literature [20] established
a cogeneration simulation tool based on mixed-integer quadratic programming techniques to solve the
optimal scheduling problem of the cogeneration system. Literature [21] proposed a practical model of
efficiency data obtained from equipment manufacturers or machine testing to optimize cogeneration
units’ thermal and electrical output to minimize system costs. Literature [22] adopted particle swarm
optimization (PSO) to minimize the microgrid’s operating cost to realize the microgrid’s economic
dispatch. Literature [23] proposed an improved PSO algorithm that combines reverse learning and
differential evolution algorithms and applies it to the economic dispatch problem of the power system
considering multiple constraints. In literature [24], a wind-power central heating model based on the
immune genetic Lagrange relaxation hybrid algorithm is constructed for the wind power volatility
and stability of the electric-thermal system. Literature [25] used the quadratic mixed-integer method
to optimize the dispatching of the cogeneration system, which alleviates the fluctuation of the power
grid and prolongs the service life of the energy storage device. In literature [26], the scheduling
problem of a multi-period multi-energy system is reformulated as a mixed-integer second-order
cone programming, and the sequential second-order cone programming method is used to solve it,
which improves the operating economy of the system and the utilization rate of renewable energy.
Literature [27] combined mixed-integer linear programming scheduling and greedy search method
to solve the optimal scheduling problem of combined electric and heat systems, which minimized
greenhouse gas emissions and improved the environmental benefits of scheduling. Literature [28,29]
combined probability distribution with information gap decision theory to improve the robustness of
optimal scheduling results for cogeneration systems. Literature [30,31] applied the robust stochastic
optimization method to the economic dispatch of the integrated energy system, which has high
computational efficiency while considering the economic and environmental benefits of dispatch.
In literature [32], the modified grasshopper optimization algorithm and the improved harris hawks
optimizer were applied to the economic scheduling of cogeneration system. In literature [33], an
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adaptive cuckoo search with differential evolution mutation was proposed to solve the economic
scheduling problem of the cogeneration system.

Among the many intelligent algorithms, the memetic algorithm combined global evolution with
local search and had been successfully applied to many fields because of its excellent optimization
ability and wide applicability. Literature [34,35] applied the memetic algorithm to the flow shop
scheduling problem, designed an optimization strategy that fully considers the problem’s character-
istics. In literature [36], the memetic algorithm was applied to the research of uncrewed air-to-ground
vehicle cooperative detection systems. In literature [37], the memetic algorithm was applied to the
iron and steel production system’s wire and bar rolling process. Literature [38] applied the memetic
algorithm to detect SNP-SNP interactions related to complex diseases and proposed a memetic
algorithm for advanced screening.

1.2 Motivation
Based on the abovementioned discussion, few studies consider coordinating heat supply between

heat storage devices and electric boilers to improve the grid space of wind power. Furthermore, the
solving process of the mathematical method is relatively complicated, and obtaining an accurate
solution is complex. A single intelligent algorithm can obtain the optimal solution quickly and, at
the same time, guarantee that the quality of the solution is difficult.

This study constructs a cogeneration system, including a heat storage device and electric boiler.
It establishes a system with the minimum operating cost as the goal and the real-time output
distribution of each unit, real-time heat change of thermal storage, and real-time output of electric
boiler as decision variables. An optimal scheduling model is established considering constraints such
as electrical balance, thermal balance, and electrical equipment standard operating conditions. The
Memetic algorithm program is designed and optimized based on a numerical example. The global
evolution process of the algorithm adopts the genetic operator, and the local search strategy adopts
simulated annealing. Finally, the feasibility of the proposed scheme is proved by comparing the system
operating costs before and after the system structure improvement. The effectiveness of the cultural
gene algorithm is verified through comparison with the optimization results of the improved artificial
bee colony algorithm and particle swarm algorithm.

2 Problem Description
2.1 Operation Principle

The cogeneration system with the heat storage device and electric boiler aims to install the heat
storage device on the heat source side and the electric boiler on the load side based on the traditional
cogeneration system by optimizing the output distribution of each part of the system to minimize the
operating cost while absorbing wind power as much as possible. The electrothermal energy flow of the
cogeneration system is shown in Fig. 1.

With the addition of a heat storage device and electric boiler, the electrothermal characteristic
curve of the cogeneration system also changes. The electrothermal characteristic curve of the tradi-
tional cogeneration system is shown in Fig. 2. In practice, cogeneration systems primarily work under
back pressure (BC section). According to the relevant requirements of thermostatic electricity, when
the thermal output is determined, the system’s adjustable range of power output is fixed. Moreover,
when the heat load demand increases, the adjustable range of electricity output becomes smaller, and
the peak regulation capacity of the system is extremely limited, which may lead to an abandoned wind
phenomenon.
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Figure 1: Schematic of electrothermal energy flow in cogeneration system

Figure 2: Electrothermal characteristic curve of traditional cogeneration system

The electrothermal characteristic curve of the cogeneration system after adding the heat storage
device is shown in Fig. 3. After adding the heat storage device, when the electric power provided by
the unit is constant, due to the heat release effect of the heat storage device, heating power range is
enlarged so that the BC section of the electrothermal characteristic curve shifts to the right to the HI
section, and the CD section to the right translation to the IJ section. The auxiliary thermoelectric unit
with a heat storage device meets the demand of thermal load through a certain degree of thermal-
electrolytic decoupling and expanding the system’s operating range. At this time, the operating area
of the cogeneration system is expanded from ABCD to EFGHIJ. The heat release effect of the heat
storage device increases the maximum thermal output of the system. At the same time, the adjustable
range of the electric output corresponding to the same thermal output is expanded, and the system’s
peak regulation capacity is improved, providing space for the wind power grid.
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Figure 3: Electrothermal characteristic curve of cogeneration system with heat storage device

If adding the heat storage device cannot meet the needs of abandoned wind absorption, the use
of electric boilers should be considered to absorb the remaining wind power. The electrothermal
characteristic curve of the cogeneration system with a heat storage device and electric boiler is shown in
Fig. 4. The DKLMNHIJ area represents the increased operating area of the cogeneration system with
heat storage devices due to the existence of electric boilers. An electric boiler has the dual properties
of electric load and heat source, which can assist in meeting the heating demand while absorbing
excess wind power in the system. The value of KD depends on the amount of wind power that can be
absorbed by the electric boiler when abandoning the wind, which increases the power output limit of
the cogeneration system. The electric heating of the electric boiler further breaks the thermal output
limit of the cogeneration system so that the HI section of the electric-thermal characteristic curve of
the system is translated to the right to the NM section, and the IJ section to the right to the ML section.
At this time, the operating area of the system is further expanded to KLMNHGFE. When the electric
boiler works, on the one hand, it acts as a part of the power load in the system, which plays a role in
increasing the upper limit of the power output of the system; on the other hand, the electric boiler can
convert electrical energy into heat for heating, which plays a role in improving the upper limit of the
thermal output of the system.

During the daytime heating season, the wind power output is smaller, the power load is larger, and
the heat load is smaller. During this period, there is little abandonment of the wind phenomenon, and
the cogeneration unit can increase the power output due to the electrothermal coupling characteristics
of the cogeneration unit itself. The thermal output of the unit also increases and stores the excess heat.
At night during the heating season, the wind power output is larger, the electricity load is smaller,
and the heat load is larger. During this period, to meet the demand for heating, cogeneration units
produce a large number of forced power output, which seriously occupies the Internet space of wind
power, resulting in a waste of wind power. At this time, the heat stored in the heat storage device
during the day can be released to reduce the output of cogeneration units, creating opportunities for
wind power to be connected to the grid, and if there is abandoned wind, the electric boiler can convert
excess abandoned air into heat to participate in heating.
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Figure 4: Electrothermal characteristic curve of cogeneration system with heat storage device and
electric boiler

2.2 Mathematic Model
2.2.1 Objective Function

The goal of optimal scheduling of a cogeneration system with a heat storage device and the
electric boiler is to minimize the system’s total operating cost in one scheduling cycle while absorbing
abandoned wind as much as possible. The system’s operating cost mainly comes from the coal-fired
cost of the unit, operating cost of the heat storage device, operating cost of the electric boiler, and wind
abandonment cost. The small cost of wind power generation is ignored.

Total operating cost of cogeneration system:

min C = Ccoal + Cths + Ceb + Caw (1)

where Ccoal represents the coal burning cost of the system, 10,000 yuan; Cths represents the operation
cost of the heat storage device, 10,000 yuan; Ceb represents the operation cost of the electric boiler,
10,000 yuan; and Caw represents the cost of wind curtailment, 10,000 yuan.

The coal-fired cost of the system includes two parts: coal-fired cost of cogeneration units and
coal-fired cost of thermal power units [39].⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Ccoal = Cchp
coal + Ccon

coal

Cchp
coal = r ·

T∑
t=1

m∑
i=1

{
ai [Pe,i (t) + cvPh,i (t)]

2 + bi [Pe,i (t) + cvPh,i (t)] + ci

}
Ccon

coal = r ·
T∑

t=1

n∑
j=1

[
ajP2

e,j (t) + bjPe,j (t) + cj

] (2)

where Cchp
coal represents the coal-fired cost of cogeneration units, 10,000 yuan; Ccon

coal represents the coal-
fired cost of thermal power units, 10,000 yuan; r represents the coal price, which is 600 yuan/ton; T
represents the dispatching cycle, which is 24 h; m represents the number of cogeneration units, units; n
represents the number of thermal power units; abc represents the coal consumption coefficient of the
unit; Pe (t) represents the power output of the unit at t moment, MW; and Ph (t) represents the thermal
output of the unit at t moment, MW.
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The operating cost of the thermal storage device can be expressed as the product of the operating
cost coefficient of the thermal storage device and the real-time operating power of the thermal storage
device.

Cths =
T∑

t=1

s · |Pths (t)| (3)

where s represents the operating cost coefficient of the heat storage device, which is three yuan/MWh;
Pths (t) represents the operating power of the heat storage device at t time (Pths (t) ≥ 0 represents the
heat release power), MW.

The operation cost of the electric boiler can be expressed as the product of the operation cost
coefficient of the electric boiler and the real-time output power [39].

Ceb =
T∑

t=1

τ · Peb (t) (4)

where τ represents the operating cost coefficient of the electric boiler, which is 20 yuan/MWh; and
Peb (t) represents the operating power of the electric boiler at t moment, MW.

The wind curtailment cost represents the penalty cost caused by the waste of wind power due to
the limited capacity of the system to absorb wind power. It can be expressed as the product of the wind
curtailment penalty coefficient and the total amount of curtailed wind in the dispatch period [40].

Caw =
T∑

t=1

d · Paw (t) (5)

where d represents the penalty coefficient of abandoning the wind, which is 233 yuan/MWh; and Paw (t)
represents the abandoned wind volume of the system at t time, MW.

2.2.2 Constraint Condition

(1) Power balance constraint
m∑

i=1

Pe,i (t) +
n∑

j=1

Pe,j (t) + Pw (t) = Eload (t) + Peb (t) (6)

where Pw (t) represents the output of the wind turbine at t moment, MW; Eload (t) represents the power
load at t time, MW.

(2) Thermal constraint
m∑

i=1

Ph,i (t) + Pths (t) + η · Peb (t) = Qload (t) (7)

where η represents the electric heat conversion efficiency of the electric boiler; and Qload (t) represents
the thermal load at t moment, MW.

(3) Output constraint of cogeneration unit

The output constraints of cogeneration units include upper and lower limit constraints and
climbing power constraints. The first item of formula (8) represents that the electric output of the
unit should be within its allowable range. The second item represents that the thermal output of the
unit should not exceed its upper limit. The third item represents that the increase of the electric output
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of the unit should not exceed the upward climbing power. Finally, the fourth item represents that the
reduction of the electric output of the unit shall not exceed the downward climbing power.⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Pmin
e,i (t) ≤ Pe,i (t) ≤ Pmax

e,i (t)

0 ≤ Ph,i (t) ≤ Pmax
h,i (t)

Pe,i (t) − Pe,i (t − 1) ≤ Pup
e,i

Pe,i (t − 1) − Pe,i (t) ≤ Pdown
e,i

(8)

(4) Output constraint of thermal power units

The output constraints of thermal power units include upper and lower limit constraints and
climbing power constraints. In formula (9), the first item represents that the electric output of the
unit should be within its allowable range, the second item represents that the increase of the electric
output of the unit should not exceed the upward climbing power, and the third item represents that
the reduction of the electric output of the unit shall not exceed the downward climbing power.⎧⎪⎨
⎪⎩

Pmin
e,j (t) ≤ Pe,j (t) ≤ Pmax

e,j (t)

Pe,j (t) − Pe,j (t − 1) ≤ Pup
e,j

Pe,j (t − 1) − Pe,j (t) ≤ Pdown
e,j

(9)

(5) Wind turbine output constraint

The real-time output of the wind turbine should not exceed the upper limit of the wind turbine
itself [39].

0 ≤ Pw (t) ≤ Pmax
w (10)

where Pw (t) represents the wind turbine output at t moment, MW; and Pmax
w represents the wind turbine

output upper limit, MW.

(6) Operation constraint of heat storage device

The first term of formula (11) represents the real-time heat storage of the heat storage device,
which should not exceed the capacity of the heat storage device. The second item represents the real-
time release (storage) heat power of the heat storage device, which does not exceed its maximum
operating power.{

0 ≤ Qths (t) ≤ Qmax
ths

|Pths (t)| ≤ Pmax
ths

(11)

where Qths (t) represents the heat value in the heat storage device at t time, MW; Qmax
ths represents the

maximum capacity of the heat storage device, MW; and Pmax
ths represents the maximum operating power

of the heat storage device, MW.

(7) Operation constraint of electric boiler

The real-time output of electric boiler should not exceed its maximum output limit [41].

0 ≤ Peb (t) ≤ Pmax
eb (12)

where Peb (t) represents the output of the electric boiler at t time, MW; and Pmax
eb represents the upper

limit of the maximum output of the electric boiler, MW.
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2.2.3 Decision Variable

The decision variables are output of cogeneration unit at each time Pe,i (t), output of thermal power
unit at each time Pe,j (t), heat value of heat storage device at each time Qths (t), and output of electric
boiler at each time Peb (t).

3 Solving Method Based on Memetic Algorithm

The objective function is a high-order nonlinear function, and the mathematical method is more
complex and difficult to obtain an accurate solution. Thus, a swarm intelligence algorithm is more
suitable for obtaining a practical optimal solution. This study adopts a more advanced memetic
algorithm to solve this problem.

The memetic algorithm is a bionic intelligent algorithm that combines global evolution with
local search. After the initial population is generated, the optimal solution satisfying the problem
is found through global evolution and local search and repeatedly iterated until the termination
condition of the algorithm is met. The memetic algorithm introduces selection, crossover and mutation
operators into the global evolution process to ensure the algorithm’s convergence. Local search can
effectively prevent the algorithm from falling into local optimization, and the quality of the optimal
solution obtained by the algorithm is also excellent while improving efficiency. More importantly,
for optimization problems in different fields, the memetic algorithm can be solved by changing the
strategies of global evolution and local search, which has broad applicability. In this paper, according
to the scheduling characteristics of the cogeneration system, the memetic algorithm is applied to the
scheduling optimization process to obtain a scheduling scheme that considers the system’s wind power
consumption capacity and economy.

3.1 Solving Strategy
The solving process of the memetic algorithm is as follows:

1. Population initialization: under the premise of satisfying the constraints, several feasible solu-
tions composed of decision variables are randomly generated as the iterative initial solution set.

2. Global evolution: the initial feasible solution set is generated by three genetic operators:
parental selection, crossover, and mutation. The constraint condition tests whether the new
individual is still a feasible solution. If it is beyond the feasible range, the randomization
method combined with constraint modification is used to make it back to the feasible range.

3. Local search: the evolved new population is selected by simulated annealing method to select
the optimal individual with the lowest system operating cost in each individual field to form a
progeny population.

4. Algorithm termination: when the evolution process reaches the maximum number of iterations,
output the value of optimization solution and minimum operating cost of the system.

The solving process of the memetic algorithm is shown in Fig. 5.
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Figure 5: Flowchart of Memetic algorithm operation

3.2 Algorithm Design
3.2.1 Constraint Handling

Constraint handling is the key to forming the initial solution set and ensuring the iterative process’s
effectiveness. In this study, the most widely used penalty function method is intended to construct an
augmented objective function with parameters by combining the objective function and constraints in
a certain way, reducing the number of constraints as much as possible, and gradually approaching the
optimal solution of the original problem [23].

The memetic algorithm is combined with the penalty function method, that is, the memetic
algorithm is used as the main method to solve the problem, and the penalty function method is used
to construct the evaluation function to calculate the optimal value of the individual in the population.
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Evaluation function:⎧⎪⎪⎪⎨
⎪⎪⎪⎩

F = C + λ · H

λ = √
Maxgen

H =
M∑

k=1

θ (pk) · pα

k

(13)

where F represents the evaluation function (optimal value); C represents the objective function
(minimum operating cost of the system), 10,000 yuan; λ represents the punishment factor; H represents
the penalty item; Maxgen represents the maximum number of iterations; M represents the number of
constraints; pk represents a violation of the constraint function; α represents the penalty level; and
θ (pm) represents a multilevel allocation function [42].

Violation of constraint function [42]:

pk =
{

max {0, gk} , k = 1, 2, . . . , J

|hk| , k = J + 1, . . . , M
(14)

where gk represents the inequality constraints; hk represents the equality constraints.

The value rule of function pk, α, and θ (pk) [42] is expressed as

pk < 1

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

α = 1

0 < pk ≤ 0.001 θ (pk) = 10

0.001 < pk ≤ 0.1 θ (pk) = 20

0.1 < pk < 1 θ (pk) = 100

(15)

pk ≥ 1
{
α = 2
θ (pk) = 300 (16)

3.2.2 Global Evolution

Global evolution involves three steps: parental selection, crossover, and mutation. First, the
individuals in the initial population are substituted into the evaluation function (13) to calculate the
optimal value. Then the tournament method is used to retain the individuals with a lower optimal value
of each randomly selected two individuals until the population size is satisfied as to the population
after parental selection. Then, according to the rules of crossover probability and crossover operator,
two individuals in the population selected by parents are randomly selected to generate the crossover
population. Finally, individuals in the crossover population are randomly selected to perform mutation
operation according to the mutation probability and mutation operator rules, and a new population
that satisfies the stability and diversity of the population is obtained.

The global evolution operators are designed as follows:

1. Selection operator: Randomly select two individuals and compare their optimal values; the one
with the smaller optimal value is taken out as the parent. Repeat the above procedure until the
number of individuals removed is the same as the population size.

2. Crossover operator: According to the population crossover probability, randomly select the
participating individuals, starting point and crossover length, and calculate the gene exchange
within the length backwards from the starting point to another offspring.
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3. Mutation operator: According to the mutation probability of the population, randomly select
the individuals involved in the mutation, the starting point and the mutation length, and reverse
the order of the genes within the length calculated from the starting point.

The global evolution process is shown in Fig. 6.

Initial population

Parental selection

Crossover

Mutation

Population after 
global evolution

Figure 6: Schematic of global evolution process

3.2.3 Local Search

To prevent the optimization solution from falling into the optimal local situation, the local search
of the population should be conducted after the completion of global evolution. The local search
begins at the end of the global evolution process and is realized by a simulated annealing strategy.
First of all, the optimal value of the population after global evolution is calculated in the evaluation
function, and some possible new solutions in the neighbourhood are generated by the random
disturbance method for each individual in the population. Then, the optimal value is calculated.
The optimal value comparison operation is carried out: if the optimal value of the feasible solution
produced by the disturbance is smaller, the new individual is used to replace other individuals in the
neighbourhood. Otherwise, whether to accept the new feasible solution is considered according to the
probability. Finally, when the annealing temperature reaches the minimum temperature set in advance,
the optimal solution after local search and the minimum operating cost of the system are output. The
local search operation process is shown in Fig. 7.

Optimal scheduling method of cogeneration system based on memetic algorithm is given in
Algorithm 1.

Algorithm 1: Optimal Scheduling Method of Cogeneration System Based on Memetic Algorithm
Input: Schedule period T ; maximum output limit of the unit Xmax and minimum output limit Xmin;

electric load forecast value Eload; heat load forecast Qload; predicted value of wind power Pw;
maximum number of iterations setgen; population size popsize; crossover probability pc;
mutation probability pm; initial temperature T0; cooling (annealing) rate α.

Output: Output of thermal power unit at each moment Pe,i (t); output of thermal power units at each
moment Pe,j (t); calorific value of the heat storage device at each time Qths (t); electric boiler
output at each moment Peb (t); minimum operating cost of the system Cgen.

(Continued)
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Algorithm 1 (Continued)
1 Initial solution: Randomize the output of each unit at the initial moment

Xi (0) = Xmin + rand (0, 1) · (Xmax − Xmin), i = 1, 2, · · · , popsize
2 Constraint processing: constructing evaluation function by combining objective function and

constraint condition.
F = C + λ · H

3 Bring feasible solutions into the evaluation function to calculate the optimal value of the system Fi

4 Start the iterative process: gen = 1, 2, . . . , setgen
5 Global evolution:
6 for i = 1, 2, . . . , popsize do
7 X ′

i (gen) = MatingSelect (Xi (0));
8 X ′

i (gen) = Crossover
(
X ′

i (gen)
)
;

9 X ′
i (gen) = Mutate

(
X ′

i (gen)
)
;

10 end
11 Local search:
12 for i = 1, 2, . . . , popsize do
13 while T > Tmin do
14 if F

(
X ′

i (gen)
) ≥ F

(
X ′′

i (gen)
)

|| rand (0, 1) < exp
(

F ′′
i −F ′

i
T

)
//X ′′

i and F ′′
i represent other individuals in the feasible solution field and the optimal value.

15 Ci (gen) = F
(
X ′′

i (gen)
)
; Xi (gen) = X ′′

i (gen);
16 else
17 Ci (gen) = F

(
X ′

i (gen)
)
; Xi (gen) = X ′

i (gen);
18 end
19 T = α · T ; //Cooling process in feasible solution neighborhood search.
20 end
21 end

4 Simulation and Analysis

To verify the effectiveness of the scheme proposed in this paper, the power grid structure in a
certain northern region is selected as an example, the scheduling period is 24 h, and the scheduling
interval is 1 h. The system includes 6 cogeneration units, 2 thermal power units, and 1 wind turbine.

In the follow-up system structure improvement, a heat storage tank with a maximum capacity
of 1000 MW is arranged on the heat source side, and the maximum operating power is 200 MW. An
electric boiler with maximum power of 100 MW is arranged on the load side, and the electric-heat
conversion efficiency is 0.95.

4.1 Original Data
The original data required for the simulation mainly includes two parts: predicted power of the

system and parameters of the unit. Among them, the system predicted power includes thermal load,
electrical load and wind power; the unit parameters include cogeneration unit parameters, thermal
power unit parameters, and wind turbine installed capacity. The original data used in this study are
from [43].

(1) System power prediction
It is assumed that the heat load in the heating area of the system remains unchanged (1,000 MW)

during the scheduling period.
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Fig. 8 shows the predicted electricity load in a dispatch period (9:00 to 8:00 the next day) in a
certain area. The prediction of wind power during the scheduling cycle is shown in Fig. 9.

Figure 7: Local search operation flow chart

Figure 8: Electric load forecast
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Figure 9: Prediction of wind power

(2) Unit parameters

The parameters of the cogeneration unit and thermal power unit are shown in Tables 1 and 2.
The installed capacity of the wind turbine is 300 MW.

Table 1: Parameters of cogeneration unit

i Pe max/MW Pe min/MW Ph max/MW a b c cv Pup/MW Pdown/MW

1 200 100 250 0.000171 0.2705 11.537 0.15 50 50
2 350 175 450 0.000072 0.2292 14.618 0.15 70 70
3 350 175 450 0.000072 0.2292 14.618 0.15 70 70
4 300 150 400 0.000076 0.2716 18.822 0.15 80 80
5 300 150 400 0.000076 0.2716 18.882 0.15 80 80
6 300 150 400 0.000076 0.2716 18.822 0.15 80 80

Table 2: Parameters of thermal power unit

j Pe max/MW Pe min/MW a b c Pup/MW Pdown/MW

1 200 80 0.000171 0.2705 11.537 50 50
2 500 200 0.000038 0.2716 37.645 130 130

(3) Parameters setting

In order to test the effect of the algorithm in the optimal scheduling of cogeneration, the
matlab 2016b platform is used under the Intel i7 processor, 8 GB memory and Windows10 operating
system. The parameters of the memetic algorithm (MA) are as follows: the population size is 100;
the number of iterations is 500, the crossover probability is 0.8, the mutation probability is 0.1, the
initial temperature is 500, and cooling (annealing) rate is 0.9. In the selection of artificial bee colony
algorithm parameters: the number of bees is 100; the maximum number of iterations is 500; the
crossover probability is 0.6. In the selection of the parameters of the particle swarm algorithm: the
number of particles is 100; and the maximum number of iterations is 500; the learning factor is 0.6.
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4.2 Analysis of Simulation Results of Traditional Cogeneration System
After the simulation of the example by memetic algorithm, the wind power consumption of the

traditional cogeneration system in this dispatch period can be obtained, as shown in Fig. 10.

Figure 10: Wind power consumption level under reference mode without heat storage device and
electric boiler

The traditional cogeneration system is restricted by its own thermal-electric coupling characteris-
tics and the working mode of “fixing electricity by heat”, so its wind power absorption capacity is very
limited. The usual case is that wind energy is not fully utilized. The heating demand is huge especially
on cold nights during the heating season. To meet the heating demand, the cogeneration system is
bound to produce a large amount of forced power output, which occupies the online space of wind
power. In this example, the wind energy is sufficient from 20:00 to 8:00 (the next day), and when the
electric load is small, the obvious phenomenon of abandoning the wind is inevitable.

In the process of applying the memetic algorithm to optimize the traditional cogeneration system,
the change of the optimal value of the system can be obtained, as shown in Fig. 11.

The real-time output of each unit in the system is shown in Figs. 12 and 13.

Due to the absence of heat storage devices and electric boilers, the ability of the system to absorb
excess wind power is very limited, resulting in uneven output of wind turbines, which not only causes
waste of wind energy but also has a negative impact on the stability of the system.

At this time, the operating cost of the system only includes the coal-fired cost and wind abandon-
ment cost of the unit. By substituting the evaluation function, the optimal value in the scheduling cycle
is 4.06 × 1010, the minimum operating cost of the system is 10.8885 million yuan, and the coal-burning
cost of the system is 10.4468 million yuan.



334 EE, 2023, vol.120, no.2

Figure 11: Optimal value of the system without heat storage device and electric boiler

Figure 12: Real-time output of each unit in the system
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Figure 13: Output of a single unit at each time

4.3 Analysis of Simulation Results of Cogeneration System with Heat Storage Device and Electric Boiler
To improve the wind power consumption capacity of the system and the economy of system

operation, the structure of the traditional cogeneration system is improved in this study. The heat
storage device is added to the heat source side of the system, and the electric boiler is added to the
load side. The function of the heat storage device is to store excess heat when the power supply load
is large or wind energy resources are sufficient, and participate in heating when the heating demand is
large, reduce the output of cogeneration units, and indirectly provide space for the wind power grid. On
the one hand, the electric boiler can store the excess wind power into heat or supply the load directly
to achieve the purpose of directly absorbing the wind power. On the other hand, as a part of the power
load of the system, the electric boiler increases the electricity load in the period of low electric load
and indirectly improves the calorific value of the system to meet the heating demand.

The memetic algorithm is used to optimize the simulation of the cogeneration system with heat
storage devices and electric boilers, and the change of the optimal value of the system can be obtained,
as shown in Fig. 14. The simulation results show that improving the system structure can improve the
economy of the system.

Figure 14: Optimal value of the system including heat storage device and electric boiler
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The real-time output of each unit in the system is shown in Fig. 15. After the heat storage device
and electric boiler are added, the output of the wind turbine in the abandonment period is significantly
increased, indicating that the ability of the system to absorb wind power has beenimproved. At the
same time, the fluctuation of wind turbine output is also obviously weakened, which is conducive to
maintaining the stability of the entire system.

Figure 15: Real-time output of each unit in the system including heat storage device and electric boiler

Applying the memetic algorithm to the calculation example can obtain the real-time output of
a single unit of the system, the real-time output of the heat storage device and the electric boiler, as
shown in Figs. 16–18. When they are substituted into the system evaluation function, the optimal value
of the system in the scheduling period can be obtained as 3.77 × 109, the minimum operating cost of
the system is 9.9515 million yuan, and the system coal-burning cost is 9.9263 million yuan.

Figure 16: Real-time output change of heat storage device
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Figure 17: Real-time output of a single unit in the system including heat storage device and electric
boiler

Figure 18: Real-time output of electric boiler

4.4 Validation of the Algorithm
Given that the intelligent algorithm has a certain degree of randomness, this study performs 30

iterations and saves the data to make a box plot to verify the reliability of the running results of the
algorithm. The interval of unit output operation is shown in Fig. 19.

The addition of heat storage devices and electric boilers enhances the flexibility of the cogeneration
system, and the output of the unit is maintained at a low level from 20:00 to 6:00 (the next day),
providing space for wind power grid-connected consumption, effectively improving the wind power
consumption capacity of the system.

To further verify the feasibility of the scheme, the PSO and the improved artificial bee colony
algorithm commonly used in solving such problems in the past are selected for comparison and are
also applied to this example. The optimal value of the system is obtained as shown in Fig. 20.

To more intuitively reflect the improvement of system economy brought by the improvement of
system structure and optimization algorithm, the scheduling optimization solutions are compared, as
shown in Table 3.
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Figure 19: Box diagram of unit output

Figure 20: Comparison of optimal values (including heat storage device and electric boiler)

The comparison shows the following: (1) No matter what kind of optimization algorithm is
adopted, the economy of the cogeneration system with improved system structure is improved in
varying degrees, which shows that the scheme is feasible. (2) Almost the entire operation cost of the
system comes from the coal-burning cost of the unit, while the influence of the operation cost of the
heat storage device and electric boiler is negligible, indicating that the system optimization is mainly
achieved by adjusting the output of the unit. (3) Compared with the improved artificial bee colony
algorithm and PSO algorithm, the memetic algorithm has a higher quality of optimal solution and
less average iterative times.
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Table 3: Comparison of scheduling optimization solutions

Operation mode Optimization
algorithm

Optimal value Minimum
operating cost of
system/10,000 yuan

Coal burning
cost/10,000
yuan

Excluding heat
storage device and
electric boiler

Memetic algorithm 4.06 × 1010 1088.85 1044.68

Including heat
storage device and
electric boiler

PSO algorithm 4.25 × 109 1008.69 1005.02
Improved artificial
bee colony
algorithm

4.00 × 109 1005.05 1001.83

Memetic algorithm 3.77 × 109 995.15 992.63

To further verify the superior performance of the memetic algorithm in the scheduling of the
cogeneration system, this paper implements the above three algorithms (PSO, IABC and MA) to
explore the same objective function. They are operated on the same computer, and three methods
independently operate ten times for every instance, and the RPI is calculated for the replication. The
compared results are shown in Table 4. The relative percentage increase (RPI) is given to measure the
performance, which is shown in the following:

RPI (f ) = (f − f ∗)

f ∗ × 100 (17)

where f represents the solution, which is created by the algorithm, and f ∗ represents the best solution,
which is found by any of the algorithms in the comparison.

Table 4: RPI values obtained by different algorithms

Number of runs PSO IABC MA

1 16.969 11.068 2.369
2 18.260 12.024 0
3 20.672 11.562 1.850
4 20.120 10.608 2.594
5 19.452 12.647 2.251
6 18.877 10.957 3.336
7 19.399 11.530 2.593
8 17.859 11.281 2.882
9 19.058 11.156 2.115
10 18.379 11.141 1.790
Mean 18.904 11.417 2.178

To verify the observed distinguishes in statistics from Table 4, a “multifactor analysis of variance
(ANOVA)” is carried out where the type of algorithm is defined as factors. The result is given in
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Fig. 21 at a 95% confidence level. It can be analyzed from this figure that the MA algorithm reflects
significantly better performance.

Figure 21: Compare the results of different algorithms

5 Conclusion

Considering the limited wind power absorption capacity and high operating cost of the traditional
cogeneration system, this study improves the system structure and optimal scheduling method. An
optimal scheduling method for the cogeneration system with heat storage device and electric boiler
based on memetic algorithm is proposed. The scheme’s feasibility is verified by taking the actual power
grid in a specific area as an example. The effectiveness of the scheduling method is proved by comparing
the memetic algorithm with the improved artificial bee colony algorithm and PSO algorithm, which
belong to the same intelligent algorithm.

Through further analysis, the following conclusions can be drawn:

(1) Adding heat storage devices and electric boilers can remove the rigid shackles between the
power supply and heat generation of the cogeneration system, thus enhancing the system’s
flexibility. In the period of rich wind energy resources, it provides space for large-scale
wind power grid consumption, which can not only effectively solve the problem of wind
abandonment but also reduce the consumption of fossil fuels, thus ensuring the economy and
low-carbon environmental protection of the system operation.

(2) This paper proposes an optimal scheduling method for a cogeneration system based on
a memetic algorithm to ensure the scientific nature of scheduling planning. The memetic
algorithm combines global evolution with local search so that the algorithm can find the
optimal global solution with a higher probability. Compared with the intelligent methods
commonly used in the scheduling field, the memetic algorithm has higher optimal solution
quality and fewer iterations.
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