:' frontiers ‘ Frontiers in Energy Research

BRIEF RESEARCH REPORT
published: 22 July 2022
doi: 10.3389/fenrg.2022.966549

OPEN ACCESS

Edited by:
Xuegian Fu,
China Agricultural University, China

Reviewed by:

Xiaoshun Zhang,

Northeastern University, China
Jingbo Wang,

Kunming University of Science and
Technology, China

*Correspondence:
Zhijun Chen
3023861540@qqg.com

Specialty section:

This article was submitted to
Smart Grids,

a section of the journal
Frontiers in Energy Research

Received: 11 June 2022
Accepted: 23 June 2022
Published: 22 July 2022

Citation:

Qin H, Li K and Chen Z (2022) Non-
Pareto Genetic Algorithm for Optimal
Planning of Multi-Type Energy
Resources in Active

Distribution Networks.

Front. Energy Res. 10:966549.

doi: 10.3389/fenrg.2022.966549

®

Check for
updates

Non-Pareto Genetic Algorithm for
Optimal Planning of Multi-Type Energy
Resources in Active Distribution
Networks

Huiling Qin’, Kui Li? and Zhijun Chen™*

7Guazngxi Power Grid Co., Ltd., Nanning, China, 2Central Southern China Electric Power Design Institute Co., Ltd., Wuhan, China

Based on summarizing and analyzing the typical applications of energy storage, the study
established a model for an active distribution network, and analyzed the technical and
economic benefits of its access to the distribution network. In addition, considering the
economic and technical requirements of multiple types of energy, ensure the stable and
continuous operation of multiple types of energy, and build an optimal configuration model
for multiple types of energy. To achieve a reliable solution to the model, a non-Pareto
genetic algorithm (NSGA-II) is designed to obtain the optimal Pareto solution set for multi-
type energy location and volume schemes. The proposed solution algorithm has a rich
individual update mechanism and an advanced Pareto solution set storage and screening
mechanism, which can effectively solve the problem. Furthermore, idea point decision
making (IPDM) has been designed to select the best compromise solution in Pareto non-
dominated solution set. Finally, based on the IEEE-33 node standard test system, the input
source-load uncertainty scenario set is used to construct the distribution network
operation scenario, and the configuration model is solved. The results show that
NSGA-Il can obtain a Pareto front with better solution quality and a more uniform
distribution. After accessing the battery energy storage systems (BESS), the annual
total power fluctuation and peak-valley difference of daily maximum load have been
reduced by 19.25% and 11.8% respectively.

Keywords: energy storage, multi-type energy resources, multi-objective optimization, non-Pareto genetic
algorithm, Pareto front

1 INTRODUCTION

Today, the energy structure has ushered in profound changes, and the energy industry urgently needs
to seek new development space (Sepulveda Rangel et al., 2018). Facing the dual pressure of resources
and environment, renewable energy with the advantages of rich reserves, and low carbon provides
new opportunities for the transformation of energy structure (Yu et al., 2016; Liu et al., 2020; Peng
et al.,, 2020; Sun et al., 2020). Therefore, promoting new energy is an important measure to promote
the adjustment of global energy structure and the transformation of clean and low-carbon
consumption side. However, the key to the high-quality development of new energy industry is
to fully absorb it and ensure the safe, stable and efficient operation of power grid.

In addition, the role of energy storage in regulating the power grid and supporting new energy
depends largely on the construction address and configuration capacity of large-scale energy storage,
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that is, the reasonable optimal configuration can not only reduce
the cost but also maximize the role of multi-type energy storage
systems (Wang et al., 2014). On the contrary, improper access
location may cause voltage out of limit, line loss increases, and
other problems, and even affect the safety of power grid operation
(Kerdphol et al, 2016a). At the same time, the efficiency and
service life of multi-type energy storage system components will
be reduced due to the long-term insufficient charging state (Zhou
et al.,, 2021). In addition, if the capacity allocation is too small, it
cannot effectively absorb excess wind and photovoltaic power
resources, and even affect voltage and frequency regulation (Gan
etal,, 2019). Therefore, the optimal allocation technology of BESS
is to be solved in the design (Kerdphol et al., 2016b). With the
continuous increase in new energy grid-connected capacity, the
uncertainty of BESS operation is becoming more and more
prominent (Hlal et al., 2019). At present, in the energy storage
allocation model of the distribution network, some only consider
a single economic index, and the technical index is often
considered in the constraints (Chong et al, 2016). For
example, Chong et al., 2018) established a two-stage energy
storage location and volume optimization model for the whole
life cycle, which reduced the investment cost.

Furthermore, many studies use multi-objective optimization
methods to objectively select the weight, so as to achieve the best
compromise between economic and technical objectives (Jia
etal., 2017; Wu et al.,, 2019). In particular, we can make a trade-
off between technology and economy, so as to make the final
energy storage allocation scheme more reasonable (He et al,
2015). At present, there are mainly analytical methods,
numerical ~ methods,  heuristic  algorithms,  neural
network-based methods, and so on (He et al., 2021).
However, most research models are single-objective models,
which cannot reasonably coordinate the economy of energy
storage and power grid stability. Meng et al. (2021) proposed a
two-layer BESS planning scheme considering the uncertainty of
new energy and load. However, they did not mention the
screening scheme of Pareto’s non-dominated solution and
did not consider the influence of access to the BESS on
power grid stability. Wu et al. (2014) established a multi-
objective optimization model based on the minimum voltage
fluctuation and load fluctuation of nodes and the total capacity
of BESS. However, this model does not consider the cost of
investment operation and maintenance of BESS and lacks
practical engineering application. Liu et al. (2021) took BESS
economic benefit and voltage quality as optimization objectives
and established a multi-objective optimal allocation model.
However, voltage quality cannot fully reflect the real
operation of the power grid after access to the BESS.

The traditional analysis methods and numerical methods are
difficult to solve accurately and quickly, and cannot guarantee the
global nature of the solution. Meta-heuristic algorithms are
popular because of their flexibility, model, and avoidance of
local optimization (Oudalov et al.,, 2007; Li et al., 2018; Pang
et al,, 2019; Yang et al,, 2020). However, the traditional meta-
heuristic algorithm has the problems of strong search
randomness, and low avoidance rate of local optimization, and
is only suitable for a single objective solution.

Optimal Planning of Multi-Type Energy Resources

In the study, BESS considering both economic and technical
indicators is established. The main contributions are as follows:

1) A non-Pareto genetic algorithm (NSGA-II) with good
optimization performance is designed based on Pareto theory.
2) The application design of the algorithm is carried out to apply
the proposed algorithm to the solution of the battery energy
storage system (BESS) multi-objective optimization allocation
model. Different algorithms are used to solve the established
BESS multi-objective optimal configuration model. It is
verified that the proposed solution method can obtain the
Pareto Frontier with better solution quality and a more
uniform distribution.
Idea point decision making (IPDM) has been designed to
select the best compromise solution in the Pareto non-
dominated solution set.

3

~

The structure of this study is as follows: Section 2 develops the
location and capacity planning modeling of BESS. Section 3
introduces NSGA-II based on IPDM. Section 4 develops the case
studies. In Section 5, the content of this study is summarized and
the prospect of future research is proposed.

2 MODELING OF BESS LOCATION AND
CAPACITY PLANNING

In BESS planning, it is necessary to comprehensively consider
BESS investment cost-effectiveness and distribution network
operation reliability (Wong et al, 2019). Therefore, the
optimization model is as follows:

{m}}nF(X,x) = [F1(X,x), -, F,(X,x)], h=1,2,3, W

s.t. G(X,x) <0,

where Fj (X, x) is the hth objective function (Zakeri and Syri,
2015).

2.1 Objective Functions
In the planning of an energy storage power station, the investor
often makes investment planning based on the principle of the
minimum cost, while the operator optimizes the allocation based
on the principle of maximizing the comprehensive benefits
brought by the BESS (Harvey, 2020; Injeti and Thunuguntla,
2020).

Therefore, the total annual investment and operation cost of
the system considered in the outer objective function is described
as follows (Huang et al., 2020):

Fy = Crcc + Com + Ceha — Lais = Lsub + Ceur + Cplogs + Cnvs (2)

where Ceyr, Cpioss> and Ceny represent the annual wind and light

abandonment cost, network loss cost, and carbon emission cost

caused by conventional power peak shaving of the distribution

network, respectively. In addition, Ceha, Idis, and I, represent

government subsidies for BESS’s annual power purchase

expenses, power sales revenue, and power sales, respectively.
For Crcc, it needs to satisfy the following equation.
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NgEss
Ciny - Npgss + (a - Ppgssn + b - EBESS,n) " Ucre,

n=1

CTCC =

“ _y (+y)
REZ (1+y) =1

©)

where Cj,, is the fixed investment and construction cost of an
energy storage power station (Fonseca and Fleming, 1993),
Epgpssn and Pgpgs,, represent the configured capacity and
power of the nth BESS, respectively, a and b are the unit
power and the unit capacity cost, respectively,ycpr is the
annual capital recovery rate, and x is the service life of BESS,
which is 10 years in this study (Zhang et al., 2017).
For Crcc is expressed as:

Ngess

COM:[Z

n=1

(@ Pprssp+ b+ EBESS,n)] * Pom> 4)

where p_ is the manipulation coefficient, which is taken as 5% in
Mirjalili et al. (2017).
For Ca, and Igj, it can be calculated by.

Ngess T

My
Ccha = z D,, - < Z Z[Ppur(t) : Pcha,n (t)] >r (5)

n=1 t=1

Npgss T

Idis = z Dm : < z Z[Pseu(t) : Pdis,n (t)]>> (6)
m=1

n=1 t=1

where M refers to the number of scenes, D,,, is the number of
days corresponding to the mth scenario, p, () and py (¢)
represent the power purchase and sale price of BESS in t
period, respectively (Moscato, 1989),Pch,p () and Pg, (£) are
the charging and discharging power of the nth BESS in t period,
respectively, and T is a scheduling cycle, that is, 24 h.

In addition, for Iy, it gives.

My Npgss T
Isub = Z Dm N < z Z[A'Pdis,n(t)]>- (7)

n=1 t=1

For Cy, it can be calculated by.

My T
Cew =Y Dy < > [Puina (£) + Ppy (£) + Peais () = Pioaa () = Prioss (t>1> 9
m=1

t=1

®)

where Ppjos; (t) is the power of line loss andy is a benefit subsidy
given by the government to the BESS to absorb new energy (Neri
and Cotta, 2012).

For Cplegs, it needs to satisfy the following equation.

Mgy Nggss T
CPlOSS = Z Dm ’ < Z Z[Psell(t) . PPloss (t)] > (9)

m=1 n=1 t=1

For Cgny, it gives.

My T p
Ceny = Z D,, - <ngrid (t) . Z(Up . MP)>, S.t.Pgrid (t) >0,

m=1 t=1 =1

(10)

Optimal Planning of Multi-Type Energy Resources

where Pgq (t) refers to the quantity of electricity purchased by
the distribution network from the superior power grid in t period.
(Mirjalili et al., 2017).

2.2 Constraint Conditions

The constraints of the model include system operation
constraints, that is, node power balance constraints, node
voltage constraints, parallel node power constraints, and wind
and light rejection constraints. These constraints ensure the safety
and reliability of the operation state of the whole distribution
network, and promote consumption of new energy as much as
possible by meeting the wind and light rejection rate (Eusuff and
Lansey, 2003).

2.2.1 Node Voltage Constraints

Vi) = \/(V, ()= (rij - Py () + x5 - Q1)) + (i Py (8) + x5 Qy ()", (11)

where P;; (t) and Q;; (¢) are the reactive and active power flowing
through and between nodes, respectively, and r;; represent the
resistance of the transmission line under the resistance (Coello
et al., 2004).

2.2.2 BESS Power and Capacity Constraints

{ Egpss < Epgssn < Eggses (12)

p ?Eigs < PLgsia < Pyigs»
where Eqi,, Emax Pmin  and P represent the upper and
lower limits of the BESS configuration capacity and the upper and
lower limits of the configuration power, respectively, under the
conditions of installation site, grid-connected power, and total
load (Faramarzi et al., 2020). It should be noted that, in order to
ensure that the BESSs can meet the load demand of the
distribution network as much as possible without wasting
energy storage resources, this study sets the total installed
BESSs within the range of 10%-90% of the total system load
power to set the rated power of a single BESS. Upper and lower
limits.

2.2.3 BESS Installation Position Constraints

{ LBESS,n € Nnodes> LBESS,n + Lgrid: (13)

Lggssn # Ligssnt1»

where Lggss,, is the installation node of the nth BESS. It should be
noted that the BESS can be installed on any node except the
contact point, but not on the same node.

2.2.4 State of Charge of BESSs

The state of charge (SOC) of BESSs at any time is an important
parameter of charge-discharge operation, which is described
by capacity, charge-discharge power, charge-discharge
efficiency, and other variables. The BESS SOC is calculated
as follows:
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SOC;(t) = (1= 8- At) - SOC; (t = 1) = (Puiei (t) [ 14, ) - AL,
(14)

{ SOC; () = (1= 8+ At) - SOC; (t = 1) + (Pana i () - 11, ;) - A,

where Py, ; () and Pgis,; (t) are the charging and discharging
power of the node in the period, respectively; 7, ; and 7, ; are
the charging and discharging efficiency of the node in the period,
respectively.

3 NON-DOMINATED SORTING GENETIC
ALGORITHM BASED ON PARETO

3.1 Non-Dominated Sorting Genetic
Algorithm

At present, the multi-objective optimization algorithm can be
divided into two types: based on the Pareto optimal solution and
non-Pareto optimal solution. The principle of the non-Pareto
method is a genetic algorithm based on vector evaluation, which
is easy to fall into local optimal solution, so this algorithm needs
to be improved. The elite strategy is added on the basis of the first-
generation non-dominated genetic algorithm. It is a more
practical multi-objective optimization algorithm.

3.1.1 Construction Method

Setting the population to P, np, and Sp, these are the parameters
that the algorithm needs to calculate for each individual
population, where np individuals dominate the number of
individuals P in the population and Sp is the set of individuals
in the individual population P. When traversing the entire
population, the total computational complexity of these two
parameters is 0 (Tian et al., 2019).

3.1.2 Methods to Maintain the Distribution and
Diversity of Solution Groups
Among them, there are two sub targets f; and f,, and P [i] zistance
distance is the aggregation distance, and then the distance of
individual i is.
P[i]distance = (flp[l + 1] - flp[l - 1] +f2P[l + 1])
- f2P[i—1]. (15)

In order to make the solution more uniform in the target
space, the crowding degree (n4) is the following formula.

na= (fuPli+ 1= fuPli=1)/(f= = fu").  (16)

3.1.3 Crowding Distance

NSGA-II maintains population diversity by calculating the
crowding distance. Crowding distance describes a group
(Schott, 1995; Wang et al., 2010; Long et al., 2022). First, let
the individual i be represented by d, and set d; = 0. In addition, let
fm be the objective function, m = 1,2,... M. The maximum
value of the function value is set to d; = d|, = 0. In particular, the
calculation method of non-boundary individual i congestion
distance is as follows:

Optimal Planning of Multi-Type Energy Resources

Input network data and algorithm parameters

v

Initialize the first population(BESSs location,
power capacity and energy capacity)

¥

Calculate all objective functions according to the <
current solutions

Fast non dominated sorting: non inferior stratification of the
population according to the value of the objective function

v

Carry out crossover and mutation operations to
obtain the offspring population

Merge the parent population and the child
population

Fast non dominated sorting according to the value
of objective function

‘ Select better individuals to enter the next
generation population

¥ Yes
Output the optimal Pareto solution set of the
location and size of BESSs
A 4

‘ Decide the best compromise solution

e

FIGURE 1 | Flowchart of NSGA-II for the optimal location and size of
BESSs.

17)

M | fm(i=1)= fm(i+1)
di:Zmzll fmax_fﬂin |

3.2 Pareto Solution Set Storage and Filtering
The Pareto solution set will be updated continuously during
NSGA-II iteration. After obtaining a new solution set in each
iteration, NSGA-II must compare it with the Pareto optimal
solution set in the storage pool one by one, so as to judge whether
the new solution set dominates the solution in the storage pool,
and then update the storage pool. NSGA-II will eliminate some
optimal solutions by the following formula.

|[Fun () = Fu(x;) < Diym =1, 2, 3,
(18)

max min
— Fm — Fm

D,y
N,

where F,, (x;) is the mth objective function, and D,, is the Pareto
leading edge distance threshold of the mth objective function
value. In addition, the flowchart of NSGA-II is shown in Figure 1.
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Wind Power No.2
5

Wind Power No.3

FIGURE 2 | Extended IEEE-33 node system topology.

Wind Power No.1
B

Photovoltaic No. 1

TABLE 1 | Relevant parameters of BESSs.

Parameter Symbol Value
Fixed investment cost Cap 1,000,000 (yuan/per BESS)
Unit power cost a 1,370,000 (yuan/MW)
Power generation online subsidy A 0.1yuan/kW-h
Operation and maintenance cost coefficient Pom 5%
Discount rate r 6.33%
Charging efficiency flcha 95%
Discharge efficiency Nais 95%
Self-discharge rate é 1%
028 - IR b
34 \, K N 4
0.18 - \ , . 2
\ 1 1 g
3.2 L \ h \ S
g 0186 \ k \ /
\ ' \
= 3 § 0.14 Vo) ' e 1
T2 =1 N/ v
g 5oa2f - | 7 8
526 2 ol b ) L |
2‘ o ' \\.\ _‘,_.f -
22 2oo0s| / T ' ]
- = 1
Y22 ] ' Y
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< < ll \
2 0.04 - N SR — Wind
8 0.02f ! \ TRV
. ’ \
166 1 1 A Ly o o o e Sy .
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Time(h) Time(h)
FIGURE 3 | Typical daily curves. (A) hourly load curve. (B) wind and photovoltaic power curve.

4 CASE STUDIES

In this section, in order to verify the effectiveness and superiority
of the BESS optimal configuration model and its solution method
proposed in this study, it is necessary to conduct simulation
analysis based on the distribution network standard test system.

Therefore, this study takes the power system IEEE-33 system as
the basic simulation model, connects some nodes of the test
system to new energy sources, and simulates the distribution
network operating environment with source load uncertainty.
NSGA-II is used to solve the BESS double-layer multi-objective
optimal configuration model, and different optimal configuration
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FIGURE 4 | Three-objective Pareto front results.

o Pareto front
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= Ideal point
& The best compromise solution

Normalized power fluctuation(w,=0.154)

FIGURE 5 | Schematic diagram of IPDM based on NSGA-II.

schemes are compared to verify the superiority of the algorithm in
this study.

The grid structure is shown in Figure 2, in which the public
coupling point is connected with the superior power grid and
node one to realize the power exchange between the superior
network and the distribution network.

The example in this study assumes that two BESSs are
configured in the extended IEEE-33 node distribution
network, the allowable installation position of each BESS is
node (Moscato, 1989; Liu et al., 2020), and the installation
positions of the two BESSs are mutually exclusive. In addition,
the configured rated capacity range is (Sepulveda Rangel et al.,
2018; Zhou et al.,, 2021) MW-h; the range of rated power is
[0.25,2] MW, and the range of BESS charge and discharge power
is [-2,2] MW. The lithium battery with mature technology and

wide application is selected as the energy storage element of
BESS. The relevant parameters of lithium battery are shown in
Table 1.

Typical daily curves of (a) hourly load curves and (b) wind
and photovoltaic power curves are shown in Figure 3. In
addition, set the population size of the NSGA-II to 100, and
the maximum number of iterations to 500. In particular, the
multi-objective optimization and the size of the repository are
chosen to be 100.

4.1 Simulation Results

Figures 4, 5 show the three-objective Pareto front and the
approximate ideal Pareto optimal front after five independent
operations, respectively. In addition, the Pareto non-dominated
solution set obtained by NSGA-II proposed in this study is
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TABLE 2 | Results of NSGA2.

The best compromise allocation scheme of BESS

Objective function values under the best compromise allocation

Optimal Planning of Multi-Type Energy Resources

Weights of

scheme objective function
Bus location Energy capacity Power capacity Investment cost Loss cost Tie-line power (w1, w2,
(kWh) (kW) ($/year) ($/year) fluctuation (MW/year) w3)
(13, 18) (384, 396.7) (69.5, 92) 1.701e + 05 1.283e + 05 11.91 (0.138,0.708,0.154)
16 T T 1 1 L B — T T 3

~

——Before BESSs allocation
—e— After BESSs allocation by NSGA2

Tie-line power fluctuation (MW)
28 8 -~ 5

e
[}

10 1

1213 14 15 16 17 18 19 20 21 22 23 24
Time(h)

FIGURE 6 | Annual average load curve of the distribution network before and after BESS allocation.

excellent under the same number of iterations, population
number, and external archive set size.

In addition, Table 2 presents the scheme for the BESS
assignment of the two algorithms, and gives the objective
function value. NSGA-II in the optimal positioning of BESS
and the determined multi-objective optimization model.

In addition, the peak-to-valley difference of the equivalent
load of the distribution network increases significantly, and the
load fluctuation intensifies. Figure 6 shows that the load
regulation demand of the distribution network increases,
and the power fluctuation of the tie-line increases
accordingly. In particular, after the rational configuration of
BESS, the peak-to-valley of the distribution network has been
reduced, and the power fluctuation has also been improved.
Compared with the scenario before the BESS configuration, the
total tie-line power fluctuation for the whole year decreased
from 14.75 to 11.91MW, with an improvement rate of 19.25%;
the daily maximum load peak-to-valley difference also
decreased from 1.61 to 1.42MW, with an improvement rate
of 11.8%.

Therefore, the BESS can reduce the pressure of power grid
peak regulation and the investment of backup units in the
distribution network and the expansion of substation
equipment, and make more efficient use of electric energy. At
the same time, the BESS with its fast power regulation ability
stabilizes the load fluctuation to a certain extent, improves the

power stability of the power grid, and improves the power supply

quality.

5 CONCLUSION

Focusing on the optimal configuration of BESS in the distribution
network, this study researches source-load uncertainty analysis,
the establishment of an optimal configuration model, and model
solving algorithm design. A multi-objective optimization
configuration model and a multi-objective optimization
algorithm with excellent performance are designed to solve the
BESS configuration scheme that can take into account the
demands of various stakeholders. The main research work and
contributions are as follows:

1) This study comprehensively introduced the application
scenarios of energy storage, summarized the parameter
characteristics, advantages and disadvantages, and
application scope of various energy storage technologies,
expounded on the structure, circuit, and operation
mechanism of BESS, and then analyzed the energy storage
from the perspective of the distribution network;

2) NSGA-II with good optimization performance is adopted, and
according to the Pareto multi-objective optimization theory
and the roulette method based on crowding distance sorting,
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the original GA is improved. The Pareto solution set storage

and screening mechanism based on the crowding distance also

enables the algorithm to more effectively approach high-
quality optimal solutions and obtain uniform distribution;

The results show that the NSGA-II method with equilibrium

indicators can provide decision-makers with a more scientific

and effective decision-making scheme, and realize the best
trade-off and ideal decision-making among the system.

The analysis of the optimization results of the distribution

network also proves that the optimal configuration scheme of

the BESS can be reasonably charged and discharged, while
ensuring its economical operation, effectively improving the
voltage quality.

5) The simulation result shows that the annual total power
fluctuation and the daily maximum load peak-to-valley
difference have been reduced by 19.25% and 11.8%,
respectively.

3

=~

4

~

In particular, the benefits of the conventional power supply
side, the grid side, and the new energy side have been
quantitatively analyzed and included in the total system
investment and operation cost, it is not comprehensive and
cannot accurately reflect the benefits that BESS brings to the
entire power system. Second, the cost and benefit of BESS in the
whole life cycle should be calculated, and its economic benefit
evaluation index should be further improved in the follow up. In
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