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ABSTRACT: As the world’s energy framework shifts towards a low-carbon model, the widespread incorporation of
renewable energy (RE) sources, primarily wind power and photovoltaics (PV), into the power grid is an unavoidable
development. The micro-energy grid (MEG), as an integrated system that combines distributed energy, energy storage
(ES), and power loads, can achieve efficient consumption of RE by implementing multi-machine optimal allocation
and unified coordinated power control for parallel operation of grid-forming energy storage (GFES). For this purpose,
this paper puts forward a low-carbon and economic dispatch strategy for MEG that considers multi-machine optimal
allocation of GFES and unified coordinated power control for parallel operation. The strategy constructs a multi-
machine optimal allocation model for GFES in the outer layer, striving to achieve the lowest operational costs for
the MEG. In the inner layer, based on the obtained optimal multi-machine allocation scheme for GFES, a unified
coordinated power control model for parallel operation of GFES in the MEG is constructed, targeting the minimization
of pollutant gas emissions and system voltage deviation. The plant growth simulation algorithm (PGSA) is employed
to solve the established models for multi-machine optimal allocation of GFES and unified coordinated power control
for parallel operation in the MEG. Through simulation analysis, it has been substantiated that the proposed method
can effectively achieve multi-machine optimal allocation and unified coordinated power control for parallel operation
of GFES, reduce the operational costs of the MEG system, while also decreasing pollutant gas emissions and stabilizing
system operation, thereby offering robust and substantial backing for the attainment of a low-carbon economy and the
pursuit of sustainable development.

KEYWORDS: Grid-forming energy storage; unified coordinated power control; micro energy grid; plant growth
simulation algorithm; low-carbon and economic dispatching strategy

1 Introduction

Against the backdrop of the world’s proactive efforts to combat climate change and vigorously promote
energy transition, the energy sector is undergoing unprecedented and profound transformations. The issues
of environmental pollution and resource depletion caused by over-reliance on traditional fossil fuels are
becoming increasingly severe, prompting countries around the world to turn their attention to clean and
renewable RE sources [1]. Accelerating the establishment of a novel power system (PS) centered on RE has
become an inevitable choice for the development of the times. Benefiting from their significant advantages,
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such as wide distribution, cleanliness, and pollution-free nature, RE sources like wind and PV power have
seen a continuous rise in their proportion within the energy mix, and their large-scale integration into the
PS has become an unstoppable trend [2,3].

However, the intermittent, volatile, and uncertain characteristics of RE pose enormous challenges to
the stable operation of the PS. When the output of RE generation fluctuates significantly, it may lead to
deviations in grid frequency and voltage, affecting the quality of power energy and even threatening the safety
and stability of the grid. In this context, ES technology, as a key support for addressing RE consumption
and ensuring the stable operation of the PS, has become increasingly prominent in its importance [4]. ES
systems can store excess electrical energy when RE generation is abundant and release it when generation is
insufficient, effectively smoothing out fluctuations in RE output and enhancing the reliability and flexibility
of the PS. Among numerous ES technologies, GFES stands out with its unique technological advantages.
Unlike traditional grid-following ES, GFES has the ability to autonomously establish voltage and frequency,
and provide inertia support as well as voltage and frequency regulation services for the PS. It acts like a
“stabilizer” for the PS, significantly enhancing the grid’s anti-interference capability and recovery ability in
scenarios with a high proportion of RE integration, thereby ensuring the stable and safe operation of the
PS [5,6].

As an integrated system that combines distributed RE, ES systems, and power loads, the MEG is a
crucial component of the new PS. Rational allocation of GFES and achieving unified coordinated control of
its parallel operation power within the MEG are of paramount importance for improving the consumption
capacity of RE, reducing the system operation cost, minimizing pollutant gas emissions, and promoting
the development of a low-carbon economy [7]. Through multi-machine optimal allocation of GFES, the
performance characteristics of different ES devices can be fully leveraged to achieve maximum resource
utilization. Meanwhile, unified coordinated control of parallel operation power ensures collaborative work
among various ES devices, enhancing the overall operational stability and efficiency of the system. Therefore,
in-depth research on low-carbon economic dispatch strategies in MEGs that consider multi-machine
optimal allocation of GFES and unified coordinated control of parallel operation power not only helps
address the technical challenges brought about by large-scale integration of RE but also promotes the
efficient operation and sustainable development of MEGs. It also provides important theoretical support
and technological guarantees for the global transformation of energy and the achievement of low-carbon
economic goals [8,9].

In the process of optimal configuration of GFES systems in microgrids, site selection needs to consider
factors such as the geographical location of the microgrid, the distribution of RE generation, the distri-
bution of loads, and the structure of the grid [10,11]. Determining the size of the GFES capacity requires
consideration of the load characteristics of the microgrid, the characteristics of RE generation, and the cost
and performance of the GFES system, with the goal of minimizing the investment and operational costs
of the GFES system while meeting the microgrid’s RE absorption needs [12-14]. Literature [15] establishes
a multi-objective optimizing model for GFES optimization in microgrids based on minimizing user losses
and environmental impact and simplifies the multi-objective optimizing problem into a single objective
optimizing problem, which is solved using the maximum fuzzy satisfaction method. Literature [16] proposes
a multi-objective optimizing model for GFES configuration in microgrids that considers RE utilization rate,
network cost over the entire life cycle, and pollutant gas emission. It adopts a decimal elitist genetic algorithm
for solution under the established strategies, achieving optimal dispatch of distributed RE and GFES systems.
Literature [17] presents a GFES optimization dispatch and security-constrained unit model based on scenario
optimization. Literature [18] utilizes Monte Carlo simulation and Latin hypercube techniques to simulate the
uncertainty of wind power fluctuations and employs a computable algorithm to effectively solve the GFES
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optimization dispatch problem. Literature [19] proposes a joint optimization method for GFES capacity
and power, aiming to minimize the investment cost of the GFES system and maximize RE absorption,
which is addressed through the application of mixed-integer linear programming techniques. Literature [20]
combines long-term capacity planning with short-term operational dispatch, proposing a multi-timescale
coupled GFES system configuration model that uses stochastic programming to handle the uncertainty of
wind and PV power output. Literature [21] presents a two-stage optimization strategy for GFES optimal
configuration and operation. In the first stage, robust optimization is used to determine the GFES capacity,
and in the follow-up step, model predictive control is employed to achieve real-time power allocation for the
GFES system.

After determining the configuration of the GFES system, it is necessary to optimize the dispatch of
its output in the MEG [22-24]. Literature [25] proposes an economic dispatch method for battery energy
storage system (BESS) based on electricity market price signals, aiming to minimize system costs. It charges
in periods of low electricity prices and discharges during periods of high prices, thereby reducing electricity
costs. This dispatch method not only improves the economic efficiency of the BESS but also helps balance the
supply and demand relationship of the grid. Literature [26] adjusts the discharging and charging strategies
of the BESS according to changes in PS demand and proposes a BESS demand response dispatch method.
During peak demand periods, it discharges to meet the peak demand, while during off-peak periods, it
charges to store energy. This dispatch method helps reduce grid stress and improves the stability of the PS.
Literature [27] achieves coordinated dispatch of GFES and multiple energy sources by enabling the GFES
system within the microgrid to work synergistically with other RE resources. Through coordinated dispatch,
the advantages of various energy resources can be entirely utilized, enhancing the overall effectiveness and
dependability of the complete energy network. Literature [28] utilizes advanced forecasting techniques to
predict the supply and demand situation of the PS and optimizes the dispatch of the GFES system based
on the forecasting results. This method can reduce energy waste and enhance the operational productivity
of the PS. With precise forecasting, the GFES system can charge and discharge at the most appropriate
times, thereby maximizing its effectiveness. Literature [29] proposes an optimization dispatch strategy for
distributed PV-storage systems based on the output characteristics of PV power. This strategy primarily
targets distributed GFES systems that include PV power sources. By continuously updating short-term load
demand information on the grid side and forecasting the output of distributed PV power generation, it
enhances the precision of dispatching GFES modules on the user side. Simultaneously, considering time-of-
use electricity prices, combined with the state of charge of the GFES system and PV output information, it
determines the optimal dispatch strategy for the PV-storage system to improve the overall revenue of the
system [30-32].

However, existing research still exhibits notable limitations. On one hand, most studies optimize the
long-term capacity configuration and short-term coordinated operation of energy storage as two separate
processes, overlooking the bidirectional coupling relationship between them and making it difficult to
achieve comprehensive optimization throughout the entire lifecycle. On the other hand, at the operational
control level, research predominantly focuses on single objectives such as economic efficiency or reliability.
Although environmental benefits are occasionally considered, they are often converted into economic costs.
Meanwhile, in the context of multi-machine parallel scenarios for GFES, there is a lack of unified coordinated
control strategies capable of synergistically optimizing the dual objectives of low carbon emissions and volt-
age stability. Therefore, establishing a two-layer collaborative framework that integrates “planning-operation”
to optimize the multi-machine configuration of GFES while achieving multi-objective coordinated control
for low-carbon and economically stable operation remains an urgent issue to be addressed.

To fill the current research gap and promote the effective consumption of RE, this paper puts forward
a low-carbon and economic dispatch strategy considering optimal multi-machine allocation and unified
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coordinated power control for parallel operation of GFES in MEG. The main contributions of this paper are
as follows:

1. A double-layer low-carbon and economic dispatching model for MEG is proposed, which integrates the
optimization configuration and operation of GFES.

2. At the outer layer, an optimization model for GFES configuration in MEG is constructed with the
objective of minimizing the operational costs for the MEG. At the inner layer, based on the obtained
GFES configuration scheme, an optimization dispatch model for GFES in MEG is developed, aiming to
minimize both pollutant gas emissions and system voltage deviations.

3. To solve the proposed double-layer dispatching model for GFES configuration and operation in MEG,
the PGSA is employed for both layers. Simulations are conducted based on a specific MEG to ascertain
and confirm the efficacy of the proposed approach.

2 Optimal Configuration and Operation Model of GFES in MEG
2.1 The Optimal Configuration Model of GFES

In the process of optimal configuration for GFES, the installation position, rated power and capacity of
GFES in the system are mainly needed to be determined. The rated power and capacity constraints of GFES
configuration are:

Pes,min < Pes,i < Pes,max (1)
Ees,min < Ees,i < Ees,max (2)
where: P, ; is rated power of GFES installed at bus #; P,s min and P, max denote the lower and upper limits of

rated power for GFES, respectively; E,;; is rated GFES capacity installed at bus i; Es min and E,s max denote
the lower and upper limits of GFES capacity, respectively.

The installation quantity of GFES is limited as follows:

Mins < Mmax (3)

where: 1, is the actual installed number of GFES; 71, is the largest installed number of GFES.

2.2 The Optimal Operation Model of GFES

In the process of optimal operation for GFES, the output power of GFES is mainly needed to be
determined. According to the operation characteristics of GFES, the stored energy E(t + 1) at time t + 1
depends on the stored energy E(t) and the charging or discharging power P(¢) at time t. When GFES is in
the process of charging (P(t) < 0):

E(t+1)=E(t)-nP(t)At (4)

where: E(t + 1) denotes the stored energy at time t + 1; E(t) is the stored energy at time t; P(¢) is the charging
or discharging power (P(t) < 0 means charging, P(t) > 0 means discharging); 7 is the charging efficiency;
At is the time interval.

When GFES is in the process of discharging (P(t) > 0):
P(t) At
Nd

E(t+1)=E(t) -

@)

where: 74 is the discharging efficiency.
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The charging/discharging power of GFES should be smaller than the maximum charging/discharging
power:

Pc,i (t) < Pc,max (6)
Pd,i (t) < Pd,max (7)

where: P;;(t) and P, ;(t) denote the discharging and charging power at time #; P; max and P. max denote the
maximum discharging and charging power.

The state of charge (SOC) of GFES is:

_E®

8
Ees,i ( )

Soc,i (t)

where: S, ; (t) denotes the SOC of GFES at time ¢.
The SOC of GFES is the same at the initial time and the end time of scheduling:

Soc,i (O) = Soc,i (24) (9)

where: S, ; (0) and S, ; (24) denote the SOC of GFES at the initial time and the end time.
The constraint of SOC for GFES is:

Soc,min < Soc,i (t) < Soc,max (10)

where: Sy¢ min and S,¢,max are the minimum and maximum values of the SOC, respectively.

In this paper, to prevente a substantial quantity of non-viable solutions caused by overcharge or
overdischarge of GFES system, the overcharge or overdischarge of GFES system is treated as follows: when
the battery is overcharged (P(t) < 0), calculate the stored energy according to Formula (4), and if E(t + 1) >
Enmax> adjust P(¢) at this time:

E (t) — Emax

P(t)=
(==,

(11)

where: E,,,y is the maximum value of remaining energy for GFES.

When the battery is over-discharged (P(t) > 0), calculate the stored energy according to Formula (5),
and if E(t + 1) < Epin, adjust P(¢) at this time:

(E (1) — Emin) N4

P = At

(12)

where: Eyi, is the minimum value of remaining energy for GFES.

3 Double-Layer Model for Optimal Configuration and Operation of GFES in MEG
3.1 Outer Layer Model for Optimal GFES Configuration

In the outer layer optimal configuration model for GFES, the state variable to be determined are the
installation position, rated power and capacity of GFES in the system, and the objective function (OF) is the
minimum daily operation cost of MEG, which is shown as follows:

min F. = Fc,grid + Fc,fuel + Fc,green + Fc,penalty + Fc,es,inv + Fc,es,pro (13)
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where: F, is the daily operation cost of MEG; F, 4,4 is the cost of purchasing electricity from power grid
in MEG; F¢ grecn is the power generation cost of RE sources; F, f,,; is the fuel cost of gas turbine in MEG;
F¢ penalty is the RE rejection penalty cost; F ¢s,iny is the average daily operation cost of GFES investment;
Fe e5,pro is the profit of peak-valley price difference in daily operation of GFES.

The specific calculation expressions of various expenses are as follows:

24
Fc,grid = Agrid Zl Pgrid (t)
=

24 Pryer (t)
Fc,fuel = Afuel > Jue
t=1 ﬂfuel)/fuel

24
Fc,green = /\green Zl Pgreen (t)
t=
24 (14)
Fc,penalty = /lpenalty Z:lppenalty (t)
r(l+r) N
(15—7’—)),)—1 E:l (Aes,eEi,rated + (/les,p + Aes,m) Pi,rated)

Fc,es,inv -

365

Fc,es,pro = Aes,differEes,work

where: A4,y is electricity price of MEG purchasing electricity from PS; P,,;4 () denotes the power which
is purchased from the MEG; A ¢, is natural gas price; Py,.; (t) denotes the electric power generated by gas
turbine in MEG; 777, is gas turbine power generation efficiency; y 7,1 denotes the calorific value for natural
gas; Agreen is the unit power generation cost of RE sources; Pgy..p, () denotes the power generated by RE;
Apenalty is the unit penalty cost of RE abandoning electricity; Ppepna1¢y (t) is the abandoning power of RE
sources; r denotes the annual interest rate of funds; y is the service life of GFES; N denotes the total number
of GFES installations; E; .44 is the rated capacity of the i-th GFES; P; ;4.4 is the rated power of the i-th
GEFES; A, is the unit capacity cost of GFES; A, , denotes the unit power cost of GFES; A ,, is the unit
power maintenance and operation cost of GFES; A, 4i . peak-valley price difference of GFES operation;
E.s work is the daily charge or discharge capacity during GFES operation.

3.2 Inner Layer Model for Optimal GFES Operation

In the inner layer model for optimal GFES operation, the state variable to be determined is the output
power of GFES and the output power of other resources. The OF of inner layer model are the lowest emission
of polluting gas and bus voltage violation, which are shown as follows:

2
min F, = I:(ﬂCOZ,fJ'-‘uNOx,er‘uSOx’f)

=

Pfuel (t) :I
Hfuel fuel

t=1
24 (15)
+ Zl [(Hcoz,e + UNO,e + UsO,.e) YePerid (t)]
=
24 T AU (t
t=1 k=1,k+s Uk,max - Uk,min

where: F, is the emission of polluted gas; F, is the bus voltage violation; uco,,s, pno,,f and pso,, s are
the emission coefficients of CO,, NO,, and SO, generated by gas turbine; yco,..» pno,,. and yso,,. are
the emission coeflicients of CO,, NO,, and SO, which are generated by electric energy; y. denotes the
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transformer efficiency of electric energy; ny,; is the total bus number of the MEG; Uy imax and Uy, min denote
the maximum and the minimum allowable voltage of bus k; AU (t) denotes the voltage violation of bus k
at time t; s represents the slack bus.

For AUj (t), the calculation formula is as follows:

AU (t) = Ug,min — Uk (1), Uk (t) < Uk min
AU (t) =0, Uk,min < Uy (t) < Uk,max (17)
AUk (t) = Uk (t) - Uk,maX) Uk (t) 2 Uk,max

In order to simplify the OF of the inner layer model, the OF of voltage deviation is taken as the penalty
term, so that the inner layer model of multi OF is transformed to a single OF model. The formula is as follows:

min Fivner = Fe + AL F,
T Fo—F, mi
F — e e,min
¢ Fe,max_Fe,min (18)
ﬁ — v L'y min
y = 5 —

Fv,max_Fv,min

where: Fj, ., is the extended OF for inner layer model in MEG; A, is the penalty factor (it is taken as 1 in
this paper); F, is the normalized emission of polluted gas; F, is the normalized bus voltage violation; F, max,
Fe min> and Fy max, F, min are the estimated maximum and minimum values of polluted gas emission and
voltage deviation obtained through preliminary simulation or theoretical analysis, respectively.

3.3 The Constraints of MEG System

The relevant constraints of the GFES system have been given in the part II, and the constraints of other
parts in MEG are given here. Power balance constraint of MEG is as follows:

Pgrid (t) + Pfuel (t) + Pgreen (t) = P(t) + Pload (t) (19)

where: Pj,,4 () is the load power at time .

RE consumption constraint is as follows:

24 2

4
Z Pgreen (t) = Wpre Z Pgreen,pre (t) (20)
=1

t=1 t

where: 7, is the RE consumption rate; Pgreen, pre (t) is the predictive power value of RE.

Power generation constraint of gas turbine is as follows:
P < Proer (1) < PJP (21)
where: P}i,j:’l” and P}'f .; denote the lower and upper limit of gas turbine power, respectively.

4 Optimal Dispatching Method of MEG Based on PGSA

As an intelligent algorithm, PGSA has shown outstanding global search ability, calculation accuracy
and stability in solving various engineering optimization problems since it was put forward. Inspired by
the phototropism mechanism of plants, the PGSA regards the solution space of an optimization problem
as the growth habitat for plants, and the optimal solution as the light source that guides plant growth. It
simulates the real phototropism mechanism of plants and establishes a growth pattern where branches and
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leaves grow rapidly under different light intensity conditions. Through continuous iterations, it simulates the
rapid spreading of plant branches within the solution space until the optimal solution is found.

Assuming the plant grows a stem out of the root node (denoted as By), and the stem has k nodes
which exhibit superior environmental adaptability in comparison to the root node. Let the environmental
adaptability function of each node is g (In this paper, g refers to the objective function, i.e., Egs. (13) and (18)),
then the fitness Cy; at node By is:

Cui = g (Bo) — g(Bumi) . i=12,....k (22)

% (2(B0) - ¢ (B))

where: Cyy; is the fitness at node By;; g(Bp) is the adaptability of root node By; g(By;) is the adaptability of
node By.

It can be concluded from Eq. (22) that the suitability values of all nodes are confined to the interval [0, 1].
According to the principle of random numbers, the priority node for the next growth branch can be selected
within this interval. On the newly generated branch, a quantity of g new nodes are produced. Subsequently,
the fitness values of all nodes present on the plant can undergo a recalculation process:

_8(Bo) — g (Bumi)

Cui AtA, =1,2,...,k (23)
By) — 9 (Byi

Cszg( OA)1+gA(2 M]), i=1L2....q (24)
k

Ar=)(g(Bo)—g(Bmi)) (25)
=1
q

Ay =) (g(Bo) - g (Bu)) (26)
=1

where: Cy; is the fitness at node Byyj; g(Byy;) is the adaptability of node By;; g(Byy) is the adaptability of node
By.

The above branching process is iterated repeatedly until the preset number of terminating iterations is
reached. The implementation steps of PGSA are as follows:

1. Set the values of the maximum iteration number T},,x and the branch length;

2. Settheinitial iteration number T =1, generate initial root node at By position, and define k node positions
on the stem from the root node By;

3. Calculate the fitness of each node on Eq. (22), and the position of the node with the highest fitness is
stored;

4. Select a branch node and add 2n lateral branches to this node, update the fit-ness of each node on the
plant based on Eqs. (23) and (24), and replace the best position if the new node has higher fitness than
all other nodes;

5. Iteratively execute steps (3) and (4) until the predefined maximum number of iterations has
been reached.

The flow chart of optimal dispatching method in MEG based on PGSA is shown in Fig. 1. The double-
layer optimization model is shown in Fig. 2.
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Optimization of Optimization of
inner layer model

outer layer model

Figure 1: The flow chart of optimal dispatching method in MEG based on PGSA.

E fi .
nergy storage configuration Operatfon cost

Figure 2: The double-layer optimization model.

5 Numerical Test and Analysis
5.1 Basic Data and Simulation Conditions

To substantiate the efficacy of the methodology introduced in this study, a micro energy grid system
is constructed based on the IEEE-13-bus system. IEEE-13 bus distribution system circuit diagram is shown
in Fig. 3. The original system is an unbalanced grounded system with a neutral conductor, where bus 1 serves
as the balanced bus, buses 5, 7, and 8 are contact buses, and the remaining buses are load buses. This paper
focuses on the optimal allocation and optimal operation of GFES in the micro energy grid. The following
simplifications are made to the original system: the neutral conductor, transformer branches, and shunt
capacitance branches of lines are not considered, and it is assumed that all branches have the same type and
phase spacing (with branch parameters adopting those of branch 1-2 in the original system). Distributed PV
are connected to buses 8, 11, and 13, a 0.2 MW miniature gas turbine is connected to bus 5, and bus 1 serves
as the grid connection bus. Based on the proposed double-layer dispatching model in this paper, research on
the optimal allocation and operation of GFES is conducted in this micro energy grid system. The allowable
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number of distributed GFES installations is 2, and the GFES is charged and discharged once every working
day, and the charging and discharging efficiency is 0.95.

® f
n | |
B —O— O

[ ]

(3) () () Q
O
W Photovoltaic power supply
[ ] Gas turbine

A Grid connection bus of MEG
OR

Figure 3: The IEEE-13 bus distribution system circuit diagram.

5.2 Simulation Results and Analysis

In order to highlight the superiority of the method proposed in this paper, a comparison is made
between the proposed method and genetic algorithm (GA), bat algorithm (BA), and particle swarm
optimization (PSO) algorithm. As the research in this paper is a multi-objective optimization problem, the

obtained solution is a Pareto solution set (PSS), and the PSS obtained by the proposed method, GA, PSO and
BA are shown in Fig. 4.

1800
17504

§o)
1700 The proposed

16504

16004

The emission of polluted gas/kg

by 25 1700 qpe dY

Figure 4: The PSS of various method.

Seen from Fig. 4, the PSS obtained by the proposed method is obviously superior to the other three
methods in general. In addition, in order to compare the differences of optimization results by different
methods, the comparison of the best compromise solutions obtained by various methods are shown

in Table 1. Under the best compromise solution, the configuration of GFES in different algorithms are shown
in Fig. 5.
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Table 1: The comparative analysis of the optimal compromise solutions.

The Average

Daily Emission of Bus Voltage  The Total Sinele The Total
Method Operation Polluted Viola- Number of Iterait;ion Iteration
Cost/RMB Gas/kg tion/p.u. Iterations ) Time (s)
Time (s)

GA 1892 1519 32.46 112 1.5 168.0

PSO 1897 1523 32.88 135 1.2 162.0

BA 1917 1525 33.19 102 1.6 163.2

The proposed 1889 1512 3177 85 18 153.0

method

(®)- (®)-

4) 7 1D @.3] 9 4) 7 1D

=
©r
O

Energy storage Energy storage
0.3MW/0.6MWh Energy storage Energy storage 0.3MW/0.6MWh
0.2MW/0.4AMWh 0.2MW/0.4MWh
[ ] ] ]

(6) 3 2 5 10 (6) 3 2 5 10

m Photovoltaic power supply m Photovoltaic power supply

[ ] Gas turbine
A Grid connection bus of MEG A Grid connection bus of MEG

Da OR

(a) The configuration of the proposed method (b) The configuration of GA

[ ] I ﬁ@
| | | ||

9 4 7 {1 13 9 4 7 {1

[ ]

u
Energy storage

° Gas turbine

©-
()

Energy sforage Energy storage Energy storage
03MW/ojeMwh  0ZMW/04MWh 0.2MW/0.4MWh  0.3MW/0.6MWh
[ ]

&G G6—@® 6—06 02—

m Photovoltaic power supply

m Photovoltaic power supply

[ ] Gas turbine : Gas turbine

A Grid connection bus of MEG Grid connection bus of MEG
A A

(c) The configuration of the PSO (d) The configuration of BA

Figure 5: The configuration of GFES in the best compromise solutions.

Seen from Table 1, daily operation cost, emission of polluted gas and bus voltage violation of the optimal
compromise solution under GA algorithm are 1892 RMB, 1519 kg and 32.46 p.u., respectively; daily operation
cost, emission of polluted gas and bus voltage violation of the optimal compromise solution under PSO
algorithm are 1897 RMB, 1523 kg and 32.88 p.u., respectively; daily operation cost, emission of polluted gas
and bus voltage violation of the optimal compromise solution under BA algorithm are 1917 RMB, 1525 kg
and 33.19 p.u., respectively; daily operation cost, emission of polluted gas and bus voltage violation of the
optimal compromise solution under the proposed method are 1889 RMB, 1512 kg and 31.77 p.u., respectively.
Therefore, the method proposed in this paper has the smallest indexes and the best effect. In addition, when
considering the number of convergence iterations and convergence time, the overall performance of the
method proposed in this paper is also the best.
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Based on Fig. 5, it is evident that the total GFES capacity configured by each algorithm is the same,
all being 0.5 MW/1.0 MWh, but the locations of the GFES configurations differ. The method proposed in
this paper involves connecting 0.3 MW/0.6 MWh to bus 4 and 0.2 MW/0.4 MWh to bus 10; for GA, it is
0.3 MW/0.6 MWHh to bus 4 and 0.2 MW/0.4 MWh to bus 6; for PSO, it is 0.3 MW/0.6 MWh to bus 2 and
0.2 MW/0.4 MWh to bus 7; and for BA, it is 0.3 MW/0.6 MWh to bus 2 and 0.2 MW/0.4 MWh to bus 9.

Table 2 further gives the comparison of the results with single objective optimization of traditional
model under different algorithms.

Table 2: A comprehensive comparative analysis of the optimization outcomes yielded by distinct algorithms.

Method The Proposed Method GA PSO BA

Economical and environmental Daily operation cost/RMB 1743 1757 1748 1749
optimal solution (double-level Emission of polluted gas/kg 1426 1429 1435 1437
collaborative optimization) Bus voltage violation/pu 3725 38.11 3772 3751
Operational optimal solution Daily operation cost/RMB 2113 2117 2123 2190
(single objective optimization Emission of polluted gas/kg 1731 1741 1757 1742
of traditional model) Bus voltage violation/pu 2714 27.89 27.62 2752

As can be seen from Table 2, when both are based on the PGSA algorithm, for the traditional model
that primarily considers optimal operation, the daily operating cost under single-objective optimization is
2113 RMB, and the pollutant gas emissions are 1731 kg. In contrast, for the double-layer model proposed
in this paper, which primarily considers both economic and environmental optimality, the daily operating
cost under multi-objective optimization is 1743 RMB, and the pollutant gas emissions are 1426 kg. The daily
operating cost decreases by 17.51%, and the pollutant gas emissions decrease by 17.62%, achieving an overall
better outcome. In addition, it is evident from Table 2 that the index of the method proposed in this paper
is still the smallest in various algorithms, which subsequently serves as further corroboration of the validity
of the approach put forth in this study.

6 Conclusions

To address the challenges of the global low-carbon transition in energy structure and promote the
efficient accommodation of RE in micro-energy networks, this paper proposes a low-carbon economic
dispatch strategy for micro-energy networks that considers the multi-machine optimal configuration and
unified coordinated power control of GFES. The main contributions of this study are as follows:

1. A novel “configuration-control” double-layer optimization framework integrating planning and opera-
tion is proposed. This framework breaks away from the traditional paradigm of studying the long-term
configuration and short-term scheduling of energy storage separately. Through closed-loop coupling
of the inner and outer models, it achieves systematic optimization of the comprehensive benefits
throughout the entire lifecycle.

2. A GFES optimization scheduling model oriented towards multi-objective synergy is constructed. In the
outer level, the multi-machine configuration of GFES is optimized with the objective of minimizing
the total system operating cost. In the inner level, a unified coordinated power control model for
multi-GFES is innovatively established with the dual objectives of minimizing pollutant emissions
and system voltage deviation, clearly defining the collaborative optimization path for low-carbon and
stable operation.



Energy Eng. 2026;123(9):4 13

By uniformly applying PGSA to solve the inner and outer models and comparing it with multiple
classical optimization algorithms, simulation analysis indicates that the proposed strategy can effectively
reduce the operational cost of the micro-energy grid system by 17.51%, simultaneously decrease pollutant
gas emissions by 17.62%, and stabilize the system voltage, providing robust decision-making support for the
power system to achieve a low-carbon economy and sustainable development.
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