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Abstract

With the advancement of supply-side reforms in the energy and power fields, a comprehensive energy system that integrates
various energy sources such as electricity, heat, and natural gas has become the main development trend. Based on this, this
paper proposes a combined heat and power(CHP) microgrid model with renewable energy. Based on the improved particle
swarm algorithm, the optimal scheduling problem of the microgrid model is calculated, and a feasible optimal scheduling
strategy considering both economy and low carbon is proposed. Finally, the economy and correctness of the optimal scheduling
strategy proposed in this paper are verified by simulation.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Microgrid is a system composed of distributed energy, energy storage systems, power conversion devices and
other units [1–3]. With the gradual maturity of distributed energy power generation technology and the continuous
reduction of construction difficulty, the cost of power generation and environmental cost will be reduced under
certain constraints, and the power generation will be improved [4–6]. Therefore, the current research direction is to
realize the optimal scheduling of microgrid [7–9].

Many scholars have studied the optimal scheduling method of microgrid and obtained some constructive results.
In Ref. [10], an economic optimization scheduling model of active distribution network with CCHP microgrid
has been proposed, and opportunity constrained programming has been used to deal with new energy and cooling
and heating in CCHP microgrid cluster. For the randomness of electrical load, the distributed modeling method
has been used to minimize the operating cost of each area, and the objective cascade method has been used to
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obtain the optimal economic dispatch results of each area in parallel. In Ref. [11], the power grid system has been
combined with the heating system, the temperature of the water outlet and return water of the heating system has
been monitored in real time, instructions have been issued through the grid dispatching, and the optimal dispatching
has been carried out with the objective function of minimizing the curtailment rate. In Ref. [12], combined with
the principle of robust optimization, the random factors in the traditional microgrid system economic dispatch
model have been processed accordingly, and a robust optimal dispatch model for microgrid economic dispatch
with distributed energy systems has been established. In Ref. [13], an optimal economic dispatch strategy for grid-
connected microgrids based on demand response has been proposed. In Ref. [14], a system-wide optimal coordinated
energy dispatch method was proposed for microgrid grid-connected mode and island mode. Microgrid technology
and distributed power generation can better cope with the two major problems of energy crisis and environmental
degradation facing the world today. However, none of the above-mentioned documents have considered the issue of
carbon emissions, which is not conducive to environmental protection. Therefore, this paper proposes an optimal
dispatch strategy considering both economical and environmental protection for the island operation mode of the
co-generation microgrid.

The structure of the remaining sections is as follows: In Section 2, the characteristics and mathematical model of
the microgrid power generation unit are introduced. In Section 3, an optimal dispatch model for microgrid system
is proposed based on economy and environmental friendliness. In Section 4, the solution method of the microgrid
system optimal dispatch model is introduced. In Sections 5 and 6, through the simulation to analyze a certain
example, and the corresponding conclusions are presented.

2. Characteristics and mathematical model of microgrid power generation units

The CHP microgrid containing renewable energy studied in this paper includes co-generation units, wind turbines,
photovoltaic units, fuel cells and electric energy storage devices, as shown in Fig. 1.

Fig. 1. CHP microgrid system.

The mathematical model of the output power of the wind turbine is

Pw =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

0, v ≤ Vc

av3
− bPR, Vc < v < VR

PR, VR < v < VF

0, v > VF

(1)

In the above equation, a = PR/
(
V 3

R − V 3
C

)
, v is the wind speed, b = V 3

C/
(
V 3

R − V 3
C

)
, PR is the rated power, Vc

is the cutting wind speed, VF is the cutting out wind speed, and VR is the rated wind speed.
Solar cell power output characteristics are related to their voltage–current characteristic. Light intensity, ambient

temperature, weather and environmental conditions, stray resistance inside the material, and filling factor can all
affect the conversion efficiency of solar cells. Its output characteristic is

P = G H I · ηpv · Apv (2)

where GHI (Wh/m2) is the horizontal illuminance, ηpv is the photovoltaic power generation efficiency, Apv is the
irradiation area, and the photovoltaic power generation efficiency range is [0, 1].
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The mathematical model of the output power of the co-generation unit is{
PC H P

t = EC H P
t · ηC H P

t

QC H P
t = EC H P

t ·
(
1 − ηC H P

− ηloss) (3)

Among them, EC H P
t is the natural gas consumption, ηC H P is the power generation efficiency, ηloss is the heat

dissipation rate, and PC H P
t and QC H P

t are the electrical power and thermal power output during the t-period.
The mathematical expression of fuel costs at the point of departure of the co-generation unit is

CC H P = Cl
1

L H V

∑ Pt

ηt
(4)

where Cl is the local natural gas price (yuan/m3), L H V is the low calorific value of natural gas (kWh/m3), Pt is
the output of the co-generation unit in the interval t (kW), and ηt is the work efficiency of the co-generation unit
in the interval t.

The mathematical model of fuel cell work efficiency is

ηFC = −0.0023PFC + 0.674 (5)

The mathematical model of the cost of fuel cell power generation is

CFC = Cl
1

L H V

∑
α

Pα

ηα

(6)

The mathematical model of the energy storage device is

Ses
t = Ses

t−1

(
1 − σ es)

+ ηesc
· Pesc

t −
Pesd

t

ηesd
(7)

Among them, Ses
t is the t-period storage capacity, σ es is the loss rate of the electric energy storage device,

Pesc
t is the charging and discharging power of the t-period electric energy storage device. ηesc is the charging and

discharging efficiency of the electric energy storage device.

3. Optimization dispatch model of microgrid system

The microgrid optimization dispatch model is an optimal dispatch model composed of wind, light, energy storage
device, co-generation unit, fuel cell, etc. The operation and maintenance cost of each unit constitutes the system
operating cost. At the same time, due to the increasingly serious problem of environmental pollution, this paper
pays attention to the environmental pollution control cost of microgrid when building the model.

3.1. Objective functions

The operating cost of each distributed unit and the user’s power outage loss cost constitute the operating cost
of the microgrid. The power generation cost includes the raw material purchase cost and maintenance cost of each
generator set, in which the raw material purchase cost is related to the actual power generation. During the operation
of clean energy power generation, there is no need to consider power generation costs and environmental costs.
Considering the economic costs as well as the environmental benefits, the objective function is described below.

(1) Optimal economic benefits
Considering the principle of economic optimality of microgrid operation, the first objective function is

min C1 =

T∑
t=1

(C f (t) + CO M (t) + CL (t)) (8)

C f (t) is the cost of fuel consumption of each distributed power source at t-time, and its mathematical model is

C f (t) = CC H P (t) + CFC (t) (9)

where CC H P (t) is the fuel cost at the time of the co-generation unit at the t-time, and CFC (t) is the fuel cell power
generation cost at the t-time.
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CO M (t) is the maintenance cost of each unit at t-time, and its mathematical model is

CO M (t) =

N∑
i=1

KO M,i Pi (t) (10)

where KOM,i is the maintenance fee of 1 kW h power consumption issued by the micro-power supply i.
CL (t) is the blackout compensation cost of the cut-out load type, and its mathematical model is

CL = Ca Load(t) (11)

where Ca represents the compensation cost (yuan/kW h) of the microgrid when cutting loads, and Load(t) is the
total amount of loads cut during the t period.

(2) Optimal environmental benefit
Considering environmental benefits is the most principled, the second objective function is

min C2 =

T∑
t=1

(
M∑

m=1

10−3Cm(
N∑

i=1

βim Pi (t))) (12)

where C2 is the environmental remediation cost during the operation of the microgrid, m indicates the type of
released gas (such as CO2, SO2, NOX, CO), Cm is the cost per kilogram of polluted exhaust gas, and βim is the
penalty cost rate (g/kW h) of the pollutant m generated by the output energy of the ith power generation unit.

(3) Total optimal benefit of microgrid operation
The optimal total benefit of microgrid operation is a reasonable distribution of objective functions 1 and 2, when

the total benefit of microgrid operation is the largest, and the weighting coefficient method is adopted to calculate
the total benefit, and the calculation expression is

min C3 = γ1C1 + γ2C2 (13)

where C3 represents the total operating cost of the microgrid, γ1 and γ2 represent the weighting coefficients, usually
γ1 ≥ 0, γ2 ≥ 0, γ1 + γ2 = 1.

3.2. Constraint equations

Aiming at the economical operation of the microgrid system, it is necessary to impose necessary constraints
on the model of each unit in the microgrid to determine the optimal output of each unit in the system. Specific
constraints are described below.

(1) Power balance constraints

P t
d + P t

loss = P t
Gi (14)

where P t
d is the system load power in the t period, P t

loss is the line loss power of the system transmission energy
in the t period, and P t

Gi provides active power for each distributed generation unit in the t period.
(2) Power constraints on the output of each distributed generation unit

Pmin
i ≤ PGi ≤ Pmax

i (15)

where Pmin
i and Pmax

i represent the minimum and maximum values of the active power provided by the micro-power
i at the t moment, respectively.

(3) Rotate the spare capacity constraint
The role of the rotating standby capacity is mainly to solve the fluctuation of the output of wind energy and

solar power generation units in the system and the instability caused by the load prediction error.
N∑

n=1

Pmax
i ≥ PL (t) · (1 + L%) + Pwp(t) · us% (16)

where L% represents the demand factor of the electricity load on the rotating standby capacity in the microgrid,
us% is the demand coefficient of the wind energy and solar power generation units for the rotating standby capacity,
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and Pwp(t) is the sum of the nominal capacity of the wind energy and solar power generation units in the t-time
system.

(4) Power constraint of the energy storage unit
The termination capacity value of the energy storage device in the dispatching period is equal to the initial

capacity.

Pmin
es ≤ P i

es ≤ Pmax
es (17)

T∑
i=1

P i
esδ = 0 (18)

where Pmin
es , Pmax

es is the boundary value of the operating power of the energy storage device, δ is the scheduling
period.

4. Improved particle swarm optimization algorithm for optimal scheduling model of microgrid

In this paper, by changing the size of the weight and adjusting the value of the acceleration factor, the algorithm
can obtain the solution of the multi-objective problem with a faster convergence speed. The microgrid optimization
scheduling algorithm is as follows.

Among them, the initial position x0
id of particle i is

x0
id = r1(x M

d − xm
d ) + xm

d (19)

where r1 represents a random number between (0, 1), and xM
d and xm

d represent the maximum and minimum values
of the dth component of the particle.

The initial velocity v0
id of particle i is

v0
id = r2v

M
d (20)

where r2 represents a random number between (0, 1), vM
d represents the velocity change of the dth component of

the particle.
The inertia weight coefficient ω is

ω = ωstart −
t(ωstart − ωend )

T
(21)

where ωstart = 0.9, ωend = 0.4, t represents the iteration value of the particle swarm so far.
The acceleration factors cq and c2 are⎧⎪⎨⎪⎩

c1 =
(c1 f − c1e)t

T
+ c1e

c2 =
(c2 f − c2e)t

T
+ c2e

(22)

where c1e, c1f, c2e, c2f represent c1, c2 is the value at the beginning and end of the optimization process, usually
2.5, 0.5, 0.5, 2.5.

The improved particle swarm optimization algorithm is as follows:

5. Simulation analysis

5.1. Microgrid system model and parameters

The microgrid system considered in this paper includes a wind turbine with a rated power of 45 kW, a solar
power unit with a rated power of 25 kW, a fuel cell group with a rated power of 50 kW, a co-generation unit with a
rated power of 60 kW, and an energy storage device with a rated power of 45 kW. In addition, the load composition
in the microgrid is divided into three levels according to its requirements for power supply reliability, and the rated
capacity of each level of load is 50 kW.

The model parameters of distributed generation units and energy storage devices in microgrid systems are shown
in Table 1.

The dispatch model of the microgrid in this paper is based on the parameters provided on a typical day in a
certain area to simulate the output of each unit in the grid. The output power of the typical daily wind power
generation and photovoltaic power generation units in this area is shown in Figs. 2 and 3.

200



Y. Liu, Z. Jiang, Z. Xing et al. Energy Reports 8 (2022) 196–204

Table 1. Model parameters.

Micro-power type PV WT MT FC ES

Installation cost (10,000 yuan/kW) 6.35 2.45 1.68 4.28 0.5
Upper output limit (kW) 40 20 65 50 20
Lower output limit (kW) 0 0 0 0 0
Operation and maintenance costs (yuan/kW) 0.02 0.3 0.03 0.09 0.001

Fig. 2. Typical daily wind power generation curve.

5.2. Simulation and analysis of microgrid system operation

In this paper, the number of particles in the particle swarm is set to 50, the maximum number of iterations of
the algorithm is set to 300 times, the acceleration factors c1 and c2 are set to 3.0, and the inertia weight coefficient
is set to 0.9.

When the microgrid is island operating, the model is solved by the improved particle swarm algorithm based
on the constraints of each model, and the output power of each power generation unit is determined. The specific
output diagram is shown in Fig. 4.
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Fig. 3. Typical daily photovoltaic power generation curve.

Fig. 4. Output of each equipment.

From the analysis of the curves in Fig. 4, the following conclusions can be drawn. During periods of low power
consumption, the fuel cell is preferentially used to power the load. During peak power consumption periods, the
fuel cells operate at full load, and the insufficient power is provided by co-generation units and energy storage
devices. When the output of all generator sets in the grid reaches the maximum value, but still cannot meet the load
demand, it is necessary to cut off the unimportant loads in the system to achieve power balance.

The operating costs of the microgrid using the conventional dispatching strategy and the scheduling strategy
proposed in this paper are shown in Fig. 5. From the overall effect of Fig. 5, the total cost of the conventional
dispatching method is much lower by using the microgrid dispatching strategy method proposed in this paper,
which ensures the economy of the algorithm.

6. Conclusion

In this paper, considering the volatility and randomness of renewable energy power generation, an economical and
environmentally friendly operation model of the CHP microgrid system is established, and the optimized solution is
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Fig. 5. Comparison of different dispatching strategies and costs of microgrid.

carried out through an improved particle swarm algorithm. The case analysis shows that the dispatching strategy in
this paper is more economical than the traditional method, and the research results can provide a technical reference
for the planning and design of the co-generation microgrid. The renewable energy co-generation microgrid system
in this paper is relatively simplified, and its optimization model needs to be further improved.
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