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Abstract: With the reform of the power system in China, investments in power grid projects across
the whole power system are increasing. However, there are various objectives to achieve in the in-
vestment decision processes of power grid projects, so the rational investments of a grid project can
be seen as a multi-objective optimization problem. Meanwhile, these issues have rarely been studied
at home and abroad, and this paper will fill this gap. As a result, this study critically analyzed the
application of a multi-objective optimization model to power grid investment. Firstly, the objective
factors of grid investments were explored, which were quantified through quantitative methods.
Secondly, based on the characteristics of power grid investment, a multi-objective optimization
model was established, and the assumptions and constraints of the model were presented. Finally,
NSGA-II was used for solving the multi-objective optimization model. The results show that: (1)
Multi-objective optimization models are suitable for the study of and deriving solutions for power
grid investment by establishing suitable objective functions, assumptions and constraints, (2) Ac-
cording to the conventional steps of NSGA-II, suitable steps can be established to search for an op-
timal solution to the objective set of a power grid investment and (3) Due to the different concerns
of different project scenarios, Pareto frontier solutions can be selected as the practical references of
power grid projects. Therefore, the solution set makes the implementation scheme more flexible.

Keywords: power grid projects; investment decision-making; multi-objective optimization models;
NSGA-II

1. Introduction

With the further escalation of China’s new round of power system reform, the effect
of “controlling the middle” has become significant. Meanwhile, this reform has changed
the supervision mode of power grid enterprises, resulting in the transformation of the
power grid construction mode, operation mode, investment proportion and profit mode
of power grid enterprises. In November 2019, the State Grid Corporation of China and
China Southern Power Grid Corporation promulgated “the notice on further strict control
of grid investment (No. 826 document)” and “measures for optimizing investment and
cost control (2019 version)” [1,2], which made it clear that the input-output mechanism
should be market-oriented throughout the whole process of power grid projects. Further-
more, in order to achieve “peak carbon emissions” by 2030 and “carbon neutrality” by
2060, resource deployment should be concentrated on the key links and key areas of
power projects in China. Therefore, the precise investment pattern of power grid con-
struction projects needs to be established.

In the last decade, there has been an increasing number of studies concerning grid
construction investment. For example, Zhao et al. [3] conducted a factor analysis of in-
vestment in a 35 kV transmission line project, and the impact and extent of each factor
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were determined. Similarly, Zhao et al. [4] built a comprehensive evaluation model for
grid construction project investment based on the improved AHP. As this research has
intensified, various models and indicators have been applied to investment studies of
power grid projects. For instance, He et al. [5] used system dynamics to study the relation-
ship between grid investment decisions and key indicators such as electricity increases,
profit growth and gearing. Schachter et al. [6] proposed a real option method to assess
investment in smart grid development. Zhu. [7] proposed a quantitative model of invest-
ment decision support for power grid enterprises. Furthermore, Ma et al. [8] established
a power grid project investment evaluation index system based on three types of indices:
technology, benefit and project maturity. Chang et al. [9] proposed an investment optimi-
zation decision-making method for multiple power grid construction projects under a cer-
tain investment scale, and they also developed a holographic risk assessment index sys-
tem.

In addition, multi-objective optimization models and algorithms are used in many
areas of the power system. For example, the following have been recorded in the litera-
ture: maintenance schemes for nuclear power plants [10], design optimization of geother-
mal power generation and solid waste power plants [11,12], multi-objective optimization
of water energy emissions from coal-fired power plants [13], optimization of hybrid re-
newable energy power systems [14], optimal planning of power systems with wind farms
[15,16], optimal integrating renewable energy sources into power grid [17,18] and multi-
objective combined heat and power units [19]. Meanwhile, there are many types of multi-
objective optimization algorithms, and they can provide valuable reference for investment
decision making for power grid construction projects, with examples of these algorithms
including the simulated annealing-chaotic search [20], multi-objective hybrid grey wolf
optimizer [21], multi-objective dragonfly [22] and multi-objective enhanced immune al-
gorithms [23]. Furthermore, as the common multi-objective optimization algorithms, both
particle swarm optimization (PSO) and genetic algorithms (GA) have the property of
searching for the best solution from a large number of solutions. For instance, PSO is ap-
plied to perform validation calculations on optimization schemes [24], conduct the multi-
objective optimization of equipment capacity and operation [25] and solve the extended
travelling salesman problem [26]. GA is applied to assess system reliability [27], estimate
energy plant size [28] and determine optimal operating parameters [29].

However, genetic algorithms are more widely used in the multi-objective optimiza-
tion of the power system compared with PSO and the above algorithms. Due to the evo-
lutionary characteristics, genetic algorithms do not need the internal properties of the
problem in the process of searching for the optimal solution set. As a result, they can deal
with any form of objectives or constraints, whether they are linear, nonlinear, discrete or
continuous. In power system applications, Gentils et al. [30] investigated the problem of
optimizing a support structure to reduce the cost of offshore wind turbine groups. A ge-
netic algorithm (GA) was used to develop an optimization model for the support struc-
ture. Ershadi et al. [31] used a genetic algorithm to simulate and optimize a combined
cooling, heating and power system. On this basis, the benefits of selling electricity to the
grid under different scenarios were calculated. Bogdan et al. [32] proposed the distribu-
tion system reconfigurations that need to consider various criteria for distribution grid
network operational performance optimization. A genetic algorithm was used to solve the
problem, and the accuracy and efficiency of the algorithm was demonstrated by compar-
ison on a test system. Furthermore, with the improvement of searching accuracy, non-
dominated sorting genetic algorithm (NSGA-II) with elite strategy was proposed on the
basis of GA. The NSGA-II also has various applications in the field of power system. Javad
et al. [33] studied the generation capacity and generation revenue of storage systems for
solar power plants. A dynamic planning algorithm was established through comparisons
with NSGA-II. Xu et al. [34] used a modified NSGA-II based on reinforcement learning to
determine a set of Pareto solutions. The objectives considered are to minimize the lev-
elized cost of energy (LCOE), the loss of power supply possibility (LPSP) and the power
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abandonment rate (PAR). Zhang et al. [35] proposed the NSGA-II to analyze decision var-
iables on the number of wind turbines, PV modules and battery banks with the total sys-
tem cost (TSC) and the loss of power supply probability (LPSP) as the objective functions.
Wu et al. [36] used NSGA-II to obtain the Pareto optimization curve, and explore trade-
offs between economic and environmental goals.

As an important type of infrastructure, the safe and stable operation of power grids
is closely related to national living. The characteristics of power grid construction include
high technology content, huge investment, long income cycles, and many participants.
Therefore, there are many problems in the implementation processes of power grid con-
struction projects, and different factors therefore must be considered comprehensively.
This can be regarded as multi-agent, multi-stage and multi-objective decision-making re-
search. In addition, these factors have strong correlations between them, such as that be-
tween construction time sequence allocation and resource balanced allocation, which di-
rectly affects risk aversion and power supply stability. Thus, the balancing of various fac-
tors can be summarized as decision making for investment scheme selection. Similarly, it
can be seen as the multi-objective optimization problem in the construction of power grid
projects.

In summary, our study was structured around three main objectives: (1) Selecting
objective functions for grid investment projects and establishing a multi-objective optimi-
zation model of investment decisions; (2) Determining the assumptions under which our
model was built, and how it was solved by using NSGA-II and (3) Selecting a reasonable
set of investment decision solutions for different characteristics of grid projects.

The remainder of this paper is constructed as follows. In Section 2, the multi-objective
optimization model of grid investment projects is described. Moreover, the NSGA-II al-
gorithm and computational logic are presented. In Section 3, the description of a case
study and a computational solution are presented. Furthermore, the applicability of
NSGA-II is discussed by comparing three types of algorithms. In Section 4, the selection
of a multi-objective optimal solution set for different scenarios is proposed. In Section 5,
concluding remarks and future research directions are provided.

2. Materials and Methods

Multi-objective optimization is a common problem in real life and involves situations
when a problem that has to be optimized has multiple objective functions, and the objec-
tive function has the same priority, or the priority is matched according to the objective
weight. Therefore, we need to make the objective function as optimal as possible at the
same time within a clear range. It is also one of the problems that needs to be studied in
power planning, construction and load distribution.

2.1. Mathematical Description of Multi-Objective Optimization

The multi-objective optimization problem is generally composed of constraint equa-
tions or inequalities related to multiple objective functions. In general, the variable of de-
cision space is seen as n-dimensional. From a mathematical point of view, the formula of
the multi-objective optimization problem can be expressed as:

( minf; (X, X5, ..., Xp)

min f;, (X4, X5, ..., Xp)
max fj, 11 (X1, X5, ., Xp)

T e )

max fi (x4, X3, ..., Xp)
s.t.ei(x) =0, i=12,..,r
L g(x) =0, j=12,..,s
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where f;(x) represents the objective function, and the value range is {i = 1,2, ...,k}. The
constraint functions are e;(x) and g;(x), the design variable set is x, and the value range

of X is {Xqy,Xy, .., Xy} X The objective functions” number for the multi-objective optimi-
zation problem is k (k 2 2), including h minimum objective functions and k-h maximum
objective functions. In addition, the number of constraint functions is r + s, the number of
inequality constraints is r, and the number of equality constraints is s, r, s 2 0. Therefore,
the above can be simplified into a multi-objective optimization model as:

min or max F(X) = [f;(x),f, (%), ..., fn(X)]
s.t.ei(x) =0, i=1.2,..,r ()
gix)=0, j=1.2,..,s

Therefore, the three factors of the multi-objective optimization problem are the fol-
lowing: the objective system, alternatives and decision criterion factors. The meanings of
the three factors are as follows.

(1) The objective system is the set of objectives that the decision maker wants to achieve.
It can usually be expressed in the form of an objective function. For example, in the
above optimization model, the objective system is f; (x), f,(X), ..., f (X). The deci-
sion maker hopes these functions can reach the optimal solution.

(2) The alternatives are the corresponding variables X4, X, ..., Xp. In the practical ap-
plication of a given project, the values of different variables are the variable contents
specified according to the optimization requirements, which means the emergence of
different optimization schemes. The alternatives can be expressed as X = {

X1, X0, e, Xp ) k, which can also be called a design variable set.

(3) The decision criterion is the constraint condition of variables. In the above mathemat-
ical expression, the equations and non-equations in the constraint functions are used
to limit the range of variables. A group of variables that meets the constraint condi-
tion is a group or a feasible solution, and all variables that meet the constraint condi-
tion constitute a feasible solution set or a feasible region.

For grid construction, five types of objectives were used in this study: construction
cycle, site selection investment, construction investment, operation investment and re-
source deployment objectives [37]. The construction cycle is the total time taken to com-
plete the construction task. Site selection investment is the comprehensive cost content of
the project site selection. Next, the investment in construction and operation covers the
full life cycle of the grid. Finally, resource deployment is the key element content that
ensures efficient resource allocation and power supply stability in the construction task.

2.2. Multi-Objective Quantitative Calculation of Power Grid Projects
2.2.1. First Objective Function: Minimizing the Construction Cycle

The efficient completion of construction tasks in the power grid construction cycle is
expressed in the form of project schedule optimization. This cycle extends from the pro-
ject’s inception to its commissioning. In addition, various uncertainties and risk situations
are included in the scope of the study on a probabilistic basis, such as the schedule risk,
safety risk, quality risk and environmental risk. The objective function of the construction
period can be expressed as the following:

mil’l fl (X) = Tt = Zthl(SUt + DetOdt + EXt) (3)

where T, is the total construction period, Su; denotes the duration of each sub-project,
and De; represents the delays caused by the quality or safety conditions of the sub-pro-
jects, with all of these expressed in days. Od, is the probability of quality or safety acci-
dents in the sub-projects, expressed in %, and Ex, denotes delays due to external factors,
expressed in days. External factors can be weather, policy, standards, etc.



Energies 2022, 15, 1112

5 of 24

2.2.2. Second Objective Function: Minimizing Site Selection Investment

Site selection for power grid construction mainly involves site selection and reason-
able investment in substations and cable ducts, which are the key deciding factors of a
power grid’s orientation and access distance, and can be expressed quantitatively as com-
pensation costs related to land acquisition and demolition. As each province in China has
its own compensation management method for land acquisition for construction, this pa-
per integrates the “Land Management Law of the People’s Republic of China” and “Bei-
jing Construction Land Acquisition Compensation and Resettlement Measures” [38,39].
Routinely, investment in land acquisition and demolition mainly includes land compen-
sation fees, resettlement subsidy fees, compensation fees for ground materials, prelimi-
nary fees, financial fees, unforeseeable fees, etc., which should be selected and calculated
according to the project characteristics. The objective function of site selection investment
can be expressed as the following:

min f,(x) = Cgre = 2w, (Lay + Se; + Gry + Pry + Fi; + Un;) 4)

where Cg;q is the site selection cost, ¥10,000. La; denotes the land compensation cost for
project I, ¥10,000; this covers compensation for agricultural land, compensation for con-
struction land and compensation for unclaimed land. Se; represents the resettlement sub-
sidy for project I, ¥10,000; it covers the resettlement subsidy for the agricultural popula-
tion, relocation subsidy, temporary resettlement subsidy, loss of production and business
stoppage, etc. Gr; denotes the above-ground compensation for project I, ¥10,000, includ-
ing compensation for buildings, seedlings, scattered trees, etc. Pr; is the pre-project cost
for project I, ¥10,000, including the cost of the feasibility study and the implementation
plan for land development, the general site survey and staking cost, environmental impact
assessment, geological hazard assessment, etc. Fij represents the financial charges of pro-
ject I, ¥10,000; this is the cost of using funds, such as interest on bank loans. Un; denotes
the unforeseen costs of project I, ¥10,000, which involves the costs of dealing with uncer-
tain risk factors, and is generally calculated at 5% of the site selection investment.

2.2.3. Third Objective Function: Minimizing Construction Investment

According to the Budgeting and calculation standards for power grid construction
and the China electrical engineering cost information network [40,41], construction invest-
ment can be quantified as the foundation treatment cost, equipment acquisition cost,
building construction cost, other construction costs and the reserve cost. The objective
function of construction investment can be expressed as the following;:

min f3(X) = Ccon = Z%\]:]_(FOI + qu + BOI + OtI + Rel) (5)

where C,op is the construction cost, ¥10,000. Fo; represents the foundation treatment cost
of the project I, ¥10,000, which routinely includes the costs of geological surveys, founda-
tion design and foundation construction. Eq; denotes the equipment costs of project I,
¥10,000, including the original cost of the equipment, freight and miscellaneous charges,
transport insurance and storage costs. Bo; is the main body cost of

project I, ¥10,000; this covers the costs of the main structure of the substation, cable over-
head laying, cable ducting or direct burial laying, etc. Ot; denotes the other costs for the
engineering construction of project I, ¥10,000, which is charged according to the project
characteristics. It generally includes the preparation of feasibility study reports, and sur-
vey, design, supervision, bidding agent, project management, construction drawing re-
view, as-built drawing preparation, and environmental impact assessment costs, etc. Re;
represents the costs of dealing with the uncertain risk factors of project I, ¥10,000, and is
generally calculated at 5% of the construction investment.
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2.2.4. Fourth Objective Function: Minimizing Operation Investment

Similarly, according to the Budgeting and calculation standards for power grid con-
struction and the China electrical engineering cost information network [40,41], the oper-
ation cost can be quantified as material and equipment renewal costs, repair and mainte-
nance costs, salary and welfare costs and other operation costs. The objective function of
operation investment can be expressed as the following:

min £,(x) = Cope = X1y Xjoy (Emy; + May; + Wayj + Opy ) 6)

where C,,, is the operation cost, ¥10,000. Em, ; denotes the materials and equipment re-
newal costs during the operation of project I in year j, ¥10,000. Ma,; represents the repair
and maintenance costs during the operation of project I in year j, ¥10,000. Wa, ; is the sal-
ary and welfare costs for all personnel involved in the operation of project I in year j,
¥10,000. Op, ; denotes the other related operating costs during the operation of project I'in
year j, ¥10,000.

2.2.5. Fifth Objective Function: Minimizing Resource Deployment Imbalance

Resource allocation includes two levels of objectives. The first level is the optimal
allocation of resources to ensure the normal implementation of the project, where labor,
material and machinery costs are taken out of the construction costs and studied sepa-
rately. The second level is balanced resource allocation, where the objective is to avoid
power outages caused by centralized construction, to reduce the impact of the construc-
tion process on demand-side loads and to ensure the continued stability of the power sys-
tem. Therefore, this objective is represented by a model of the balanced allocation of labor,
materials and machinery. In addition, in the construction process, workdays are used as
the unit of calculation for labor costs. Similarly, machinery hours are used as the unit of
calculation for machinery costs, and materials are calculated according to different types
in accordance with the material consumption and unit prices. For the convenience of this
study, labor and machinery costs are not differentiated between labor and machinery
types. The objective function of the first level objective can be expressed as the following:

Min f5(x) = Reoral =

N K N K N K L (7)
z z Mdy - Wuy + Z z Mcyy - Muyy + Z Z Z Mty 1 - Mprk1

I=1 k=1 I=1 k=1 I=1 k=11=1

where Ry, is the total redeployment of resources. Md;y denotes the consumption of
workdays of the sub-project k in the project I, expressed in workdays. Wuyy represents
the daily wages for the sub-project k of the project I, expressed in CNY. Mcj is the me-
chanical time consumption for the sub-project k of the project I, expressed in machinery
hours. Mu;y represents the unit price of the machine for the sub-project k in the project I,
expressed in CNY. Mt;; denotes the consumption of the material 1 for the sub-project k
in the project I. Mpyy is the unit price of the material 1 for the sub-project k in the project
I, expressed in CNY.

In addition, the balanced deployment of resources is studied on the basis of the first
level of resource usage, which is reflected in the form of the relative amount of resource
inputs. The objective function of the second level objective can be expressed as the follow-

ing:
min f6(X) = Evar = rl\1]=1 ZtT=1(Rn(t) - R_n)z ®)

where E,,, is the unbalanced value of resource inputs. R,(t) represents the amount of
resources n in work process t. R, denotes the average value of resources n in a certain
construction period.

Ultimately, based on the five types of objective functions, this study establishes basic
assumptions and sets constraints to the problems that need to be solved. Furthermore,
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there is also an interactive relationship between the objectives. For example, the consump-
tion of resources is positively correlated with investment and negatively correlated with
duration. Therefore, this study focuses on the multi-objective optimization of grid con-
struction, developing algorithmic models and conducting example studies.

2.3. Multi-Objective Optimization Model of Investment Decision Making
2.3.1. Model Assumptions

This paper mainly studies the new construction, reconstruction and expansion of
power grids in certain areas. In order to facilitate the construction and solutions of the
model and make them match the actual situation, some assumptions and simplifications
need to be made to the problem:

(1) Allnew cables are laid in pipe trenches.

(2) The cost of grid decommissioning disposal is not in the scope of the study.

(3) Grid environmental impacts are not in the scope of the study.

(4) The unstable supply of electricity caused by higher levels is not considered in the
study process.

(5) Impacts caused by changes in construction regulations, standards and codes during
implementation are not considered.

(6) The investment, duration and resources under the different models studied in this
paper are based on there being no problems with the quality and safety of the work.
Therefore, quality and safety are not considered as separate factors. Similarly, risk is
not a separate factor.

(7) The model is based on the approval of projects during the planning period. Accord-
ing to the characteristics of a project’s approval, the site selection and land acquisi-
tion, and the substation and cable line construction within a certain area are different
phases. Therefore, for the same substation and its associated cable laying, the site
selection, substation and cable duct construction are studied separately as project
sub-work. The sequence of construction is as follows: first, site selection; second, sub-
station construction; third, cable laying.

(8) The study is based on the above construction steps and maintains a continuous im-
plementation. From the moment of project initiation, it is assumed that there will be
no interruptions or changes in the implementation process from project to project,
and from job to job.

2.3.2. Multi-Objective Optimization Model

According to the above objective functions, the grid investment decisions need to
consider the multi-objectives of the shortest construction cycle, minimum investment and
reasonable deployment of resources. Meanwhile, logical and constraining conditions be-
tween objectives should be met. Furthermore, three types of objective functions can be
integrated, namely site selection investment, construction investment and operation in-
vestment. As a result, the objective function of integrated investment can be set as follows:

f," (%) = f,(x) + f3(x) + f,(x) )

where f,"(x) is the objective function of integrated investment. f,(x) represents the ob-
jective function of site selection investment. f3(x) denotes the objective function of con-
struction investment. f,(x) represents the objective function of operation investment.

In addition, to ensure the normalization of these functions, the objective functions are
unified to solve the minimum value in this study, and the model objective is expressed as
follows:

minZ =F(x) = {a-f,(x), B-f,; (), v f(x)} (10)
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where a,f,y are the weighting factors. f;(x) represents the objective function of the con-
struction cycle and fg(x) denotes the objective function of the unbalanced value of re-
source inputs. Meanwhile, the weighting factors can be set by experienced grid engineers
according to the characteristics of a given grid project. a - f;(x) is used to control the min-
imum project construction cycle within the planning cycle. B - f,"(x) is used to achieve
the minimum integrated investment during the planning period. y - fs(x) ensures the
minimum unbalanced value of resource inputs, so as to balance the deployment of re-
sources.

2.3.3. Constraint Conditions

According to the objective functions, grid construction process and investment es-
sentials, there are four types of constraints, namely the construction cycle constraint, site
selection order constraint, investment order constraint and resource allocation constraint.
(1) Construction cycle constraint

Due to the constraints of the project cycle, the construction of the grid within the cycle
is the total duration constraint, and should meet the following constraints:

Ttotal < Pt (11)

where P, is the power grid construction cycle, expressed in days.
(2) Site selection order constraint

According to the voltage level, the substation of a regional power grid project is set
into 1, 2,..., L, ..., N levels. Meanwhile, the site selection of L-level substation cables and
the L-level substation site selection are implemented simultaneously. Therefore, the site
should be selected in accordance with the following conditions:

TsiteL+1 = TsiteL + dsite (12)

where Titer+1 is the time span between the site selection approval of the L + 1 substation
and the construction completion of all regional power grid projects. Similarly, Tsj, rep-
resents the time span between the site selection approval of the L substation and the con-
struction completion of all regional power grid projects. dg. denotes the shortest time
interval for the approval of the site selection of regional substations at different lev-
els, dgjte = 0.

(3) Construction investment order constraint

The investment in power grid construction must be arranged according to the con-
struction sequence. In other words, the investment needs to comply with the normal con-
struction process, and the site selection investment, substation investment and cable in-
vestment should meet the following constraints:

TsiteIZTconI + dcon (13)
TconIBTcabI + dcab (14)

where Tgier is the time span between the site selection approval of substation I and the
construction completion of all regional power grid projects. T,y represents the time
span between the start-up time of substation I construction and the completion of all re-
gional power grid projects. T.,,; denotes the time span between the start-up time of in-
vestment in the ancillary cables of the substations and the completion of all regional power
grid projects. d,p is the shortest time interval between the start of substation site selection
investment and the start of construction investment in the region, dco, = 0. Similarly, d¢ap
represents the shortest time interval between the start of regional substation construction
investment and the start of cable investment, d.,, =0.

(4) Resource allocation constraint
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Since the use of each resource must not exceed the maximum supply of the supplier,
the amount of resources to be deployed must follow the following constraint:

Eim= U (15)

where Ep, is the maximum supply of resources m from the construction supplier for the
project L. Uy, represents the maximum usage of resources m in project 1.

Therefore, the above multi-objective functions and constraints constitute a multi-ob-
jective optimization model for regional power grid projects. Based on this model, the sub-
sequent research is oriented towards the practical considerations of power grid invest-
ments, and the model is built and solved by methods of a multi-objective optimization
algorithm, such as a genetic algorithm.

2.4. Non-Dominated Sorting Genetic Algorithm with Elitist Strategy (NSGA-II)

Genetic algorithms (GA) are a model developed according to the theory of biological
evolution. They constitute a method of searching for the optimal solution by simulating
the natural evolutionary law of the survival of the fittest. Firstly, a genetic algorithm
should form an initial population. Second, in order to achieve superiority or inferiority,
certain measures need to be imposed on the population in accordance with their environ-
mental suitability. Finally, the problem to be solved is gradually approximated to the op-
timal solution by continuous evolution from generation to generation. Therefore, the basic
steps can be summarized as the selection operator, the crossover operator and the varia-
tional operator [42].

Based on the concept of genetic algorithms, the non-dominated sorting genetic algo-
rithm (NSGA) has received a lot of attention since it was proposed in 1994 after continuous
improvements and innovations [43]. NSGA can use the non-dominated allocation pro-
gram to convert multiple objectives into a fitness function. However, it is computationally
complex and lacks elite strategies. In 2000, Deb proposed an improved genetic algorithm
for fast non-dominated sorting (NSGA-II) [44]. Compared with the conventional genetic
algorithm, NSGA-II has three characteristics:

(1) A fast non-dominated sorting method is used to reduce the computational complex-
ity of the algorithm. This method is a cyclic process of grading adaptation values.
First, the set of non-dominated solutions is found in the population, denoted as the
first level, F1, and the individuals in it are removed from the whole population. Then,
the remaining set of non-dominated solutions is found, which is noted as the second
level, F2. According to this cycle, the whole population is stratified, and individuals
in the same layer have the same non-dominated order.

(2) The concept of crowding distance is used, so that individuals in the same level are
sorted selectively. On this basis, the crowding distances of individuals in each level
can be calculated separately, and individuals with larger crowding distances can be
selected. Ultimately, this ensures that individuals are evenly distributed in the target
space so that the diversity of the population is maintained.

(3) If there is a parent population, C;, and an offspring population, D;, by introducing
the elite strategy, elite individuals from the parent population C; are introduced into
the offspring population D; to form a new population C;,;, which fills Ci;; from
largest to smallest according to the crowding distance of each layer until the number
of populations exceeds the size limit, which can prevent the absence of the Pareto
optimal solution.

The NSGA-II algorithm extends the Pareto element to the whole Pareto domain ac-
cording to the niche density to ensure population diversity, and introduces the elite policy
to expand the sampling space. The basic flow of the algorithm is shown in Figure 1.
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Figure 1. Flow chart of NSGA-II algorithm.

Similarly, the NSGA-II algorithm can be used for the multi-objective optimization of
the power grid projects in a region. According to the steps of the NSGA-II algorithm, the
power project objectives of schedule, investment and resource balance are found in the
first generation. Then, a better set of solutions are fully determined through selection,
crossover, variation and elite strategies.

Therefore, the following refined rules and processes are recommended when using
the NSGA-II algorithm for power grid investments.

(1) Population initialization

In the NSGA-II algorithm, the most common forms of coding are binary coding and
real number coding. According to the characteristics of the power grid projects, this study
selects the form of real number coding. The main process is as follows.

Firstly, the initialization of the population should be carried out. Based on the invest-
ment process of the grid project, the coding rules are effectively applied. For the conven-
ience of analysis of the coding rules, and taking the first five processes A, B, C, D and E as
an example, there are three possible patterns for each process, as shown in Figure 2.

Each pattern for each process is coded as:

(1) A1, A2 and A3 correspond to 0, 1 and 2, respectively;
(2) B1, B2 and B3 correspond to 0, 1 and 2, respectively;
(3) C1, C2 and C3 correspond to 0, 1 and 2, respectively;
(4) D1, D2 and D3 correspond to 0, 1 and 2, respectively;
(5) E1, E2 and E3 correspond to 0, 1 and 2, respectively.

This results in A1-B1-C1-D1-E1, A1-B2-C1-D1-E1, A1-B1-C2-D1-E], ..., A3-B3-C3-D3-
E3 corresponding to 0-0-0-0-0, 0-1-0-0-0, 0-0-1-0-0, ..., 2-2-2-2-2; the population belongs to
the set of multiple valid solutions. Therefore, for large-scale problems such as this study,
when it is difficult to list all the solutions at one time, we can start searching from the
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population composed of some initial solutions and gradually find the optimal solution set

according to the above rules.
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Figure 2. Analysis chart of encoding rule.

(2) Elite Strategy

As we know, the most important approach in elite strategies is non-dominated or-
dering. Using this approach for any two solutions Z;, Z,, if Z; is superior to Z, for all
objectives in a multi-objective model, then Z, is defined to dominate Z,. A solution of Z;
is non-dominated if it is not dominated by other solutions. This can be done by the fol-
lowing specific steps (additionally, an analysis chart of this approach is shown in Figure
3).

Step 1: The upper limit on the number of individuals in the population is N. After the
new population Qg is created in the generation g, it is merged with the parent P, to form
the population R,.

Step 2: Then, the number of individuals in the population is 2N. An undominated
sort of Ry will result in a series of undominated sets Z;. Furthermore, it must be ensured
that the individuals contained in Z; in the common set of parents and offspring are the
bestin R,.

Step 3: Z; is put into the new parent population Py, 4; if the number of individuals
in the new parent population is fewer than N, then we continue to fill the next level of the
non-dominated sets Z,, Zs, etc.

Step 4: When the size of the population exceeds N, assuming that the solution set fills
the set Z3 at this point, the crowding comparison algorithm is applied to the individuals
in Z;. Eventually, the number of Py, individuals is brought to N after a comparison of
the superiority of individuals. Those with insufficient individual strengths will be elimi-
nated.

Step 5: Finally, new offspring populations Qg,; are generated by selection, crossover
and mutation.
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In this study, the practical application of the elite strategy to the initialized popula-
tions can follow the following approach. Based on the four classes of solutions, 0-0-0-0-0,
0-1-0-0-0, 0-0-1-0-0 and 0-0-0-1-0, and the optimization objective min Z = F(x) in the above
assumptions, if the following assumptions exist:

Z(0-0-0-0-0) < Z(0-1-0-0-0)
Z(0-0-0-0-0) < Z(0-0-1-0-0) (16)
Z(0-0-0-0-0) < Z(0-0-0-1-0)

then the solution 0-0-0-0-0 is able to dominate these solutions, such as 0-1-0-0-0, 0-0-1-0-0
and 0-0-0-1-0. In this case, 0-0-0-0-0 is the first to fill in the new parent population, and the
remaining non-dominated solutions are gradually incorporated in the same way, gradu-
ally forming a new parent population and generating a new offspring population through
crossover and mutation.

(3) Solution of multi-objective optimization for the grid investment problem

According to the characteristics of multi-objective optimization, the optimization of
one objective is often at the expense of the other objectives due to the mutual constraints
of multiple objectives. As a result, it is difficult to meet all objectives optimally, so there
will therefore be more than one solution, which presents a Pareto solution set. On the basis
of the weight setting, all Pareto optimal solutions can be considered equally important.
However, the multi-objective optimization of power grid projects is different from general
projects. Factors including the stability of the electricity supply, the site of the substation
and cable laying techniques all need to be considered. Therefore, based on the above-men-
tioned functions and model, an example analysis should be carried out for the multi-ob-
jective optimization of grid construction projects in order to verify the superiority of the
model.
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3. Case Study
3.1. Data

This case is based on the current situation and planning for the construction of a
power grid in an area of the city W. As shown in the topology of Figure 4, five substations
and several 110 kV cable lines are planned to be built, which are shown as red dotted lines
on the map. Meanwhile, the construction project is studied according to the following
condjitions.

(1) Three construction modes have been drawn up according to the needs of the grid
company, namely the emergency mode, the rush mode and the general mode, which
are illustrated by 1, 2 and 3, respectively, in Table 1.

(2) According to the characteristics of the grid construction implementation, essential
factors that should be considered include: power stability, the construction cycle,
construction resource transportation and deployment constraints. In addition, the
close distance of the Yangtze River made the construction of the substation more dif-
ficult. Therefore, construction order is also a key factor in the investment decisions.
The XuD substation, the FengHS substation, the WuTZ substation and their cables
were construction with a high priority. The following constructions were the ZengJX
substation, the ZhongBL substation and their cables, and finally the completion of
the rest of the other cables.

Therefore, the construction sequence of the project was as follows. Substation site
selection of XuD (A) — Construction of the XuD substation (B) — Laying of cable lines
from XuD to QinYL (C) — Laying of cable lines from XuD to Wang]T (D) — Substation
site selection of FengHS (E) — Construction of the FengHS substation (F) — Laying of
cable lines from FengHS to NianYT (G) — Laying of cable lines from FengHS to ShaH (H)
— Substation site selection of WuTZ (I) — Construction of the WuTZ substation (J) —
Laying of cable lines from WuTZ to NianYT (K) — Laying of cable lines from WuTZ to
ZiYH (L) — Substation site selection of ZengJX (M) — Construction of the Zeng]X substa-
tion (N) — Laying of cable lines from Zeng]X to XuD (O) — Laying of cable lines from
Zeng] X to YouYG]J (P) — Substation site selection of ZhongBL (Q) — Construction of the
ZhongBL substation (R) — Laying of cable lines from ZhongBL to TiYG (S) — Laying of
cable lines from ZhongBL to CaiJZ (T) — Laying of cable lines from PengLY to FuJP (U)
— Laying of cable lines from FuJP to LuoJS (V) — Laying of cable lines from Cai]JZ to
ChaG (W), where U and V were implemented simultaneously.

(3) The construction period, investment, resource utilization and quantity of works were
mainly based on the detailed rules for budget estimate of power transmission and
transformation projects (2018 Edition), the cost analysis report for power transmis-
sion and transformation projects of H province (2017 Edition, 2018 Edition, 2019 Edi-
tion) [45], the budgetary quotas for power construction projects and documents for
the approval of design estimates for grid projects in H Province. In addition, accord-
ing to the characteristics of the approval of the preliminary design of various projects
in H province in 2018 and 2019, the power grid construction substation and cable
projects were approved and constructed separately. Therefore, if the resource inputs
are unified as workdays as the object of study, the relevant data for the construction
duration, planned investment and resource inputs of this case are shown in Table 1.
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Table 1. Relevant parameter information for the case of power grid investment.

Sub-Pro-  Subsequent Patterns Construction Cy-Investment Resource InputSub-Pro- Subsequent Patterns Construction Cy-Investment Resource Input
jects Projects cle (Days) (¥10,000) (Workdays)  jects Projects cle (Days) (¥10,000) (Work Days)
1 100 3306 28,652 1 24 571 4945
A B 2 130 2677 23,200 M N 2 30 507 4395
3 150 2320 20,107 3 35 483 4186
1 220 28,018 242,825 1 70 4035 34,969
B C 2 280 20,013 173,446 N 0] 2 87 3246 28,136
3 320 17,511 151,765 3 100 2824.4 24,478
1 25 381 3306 1 60 905 7843
C D 2 32 314 2719 @) P 2 78 773 6703
3 37 286 2475 3 93 720.8 6247
1 6 92 798 1 15 220 1903
D E 2 8 73 630 P Q 2 20 183 1586
3 9 68 589 3 23 176.8 1532
1 32 749 6493 1 20 587 5086
E F 2 45 561 4860 Q R 2 26 502 4347
3 55 483 4186 3 30 483 4186
1 100 4170 36,140 1 62 3804 32,966
F G 2 130 3055 26,476 R S 2 78 3024 26,204
3 150 2647.6 22,946 3 90 2620.4 22,710
1 50 720 6240 1 65 869 7535
G H 2 64 625 5417 S T 2 82 766 6636
3 76 584.8 5068 3 95 7344 6365
1 40 625 5413 1 31 451 3908
H I 2 53 524 4539 T uv 2 40 388 3365
3 63 489.6 4243 3 47 367.2 3182
1 30 654 5667 1 45 589 5102
I J 2 38 543 4709 U w 2 57 547 4738
3 45 483 4186 3 67 516.8 4479
1 90 4799 41,594 1 60 821 7111
J K 2 115 3577 31,002 v W 2 78 743 6436
3 130 3164.4 27,425 3 91 707.2 6129
K L 1 25 378 3277 W ) 1 31 426 3691
2 33 318 2758 2 40 388 3365
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3.2. Solution Set Based on NSGA-II Algorithm Model

According to the multi-objective optimization algorithm model of power grid invest-
ment, the weight coefficients a, § and vy of the three types of objectives were equally val-
ued in this case. Meanwhile, the investment order was site selection first, substation con-
struction second and cable construction last.

The relevant data were entered into the NSGA-II algorithm and modelled using the
Python programming language. The algorithm was integer coded, the population size
was set to 40, the maximum number of iterations was 300 and the probabilities of crosso-
ver and variation were 0.85 and 0.15, respectively. According to the above rules, the pro-
gram is run on an assembled desktop computer configured with an Intel(R) CORE(TM)
i7-8700 processor with 32 GB RAM in Beijing, China. The results of the operations are
shown in Table 2.
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Table 2. Pareto solution set of NSGA-II.

Order Total Construction Cycle  Total Investment Unbalanced Value Order Total Construction Cycle  Total Investment = Unbalanced Value
(Days) (¥10,000) of Resource Inputs (Days) (¥10,000) of Resource Inputs
1 1427 36,780 364,410 21 1231 44,166 428,745
2 1335 39,178 387,107 22 1445 36,678 365,304
3 1223 50,079 481,222 23 1562 35,714 373,746
4 1259 42,974 418,086 24 1496 36,115 369,662
5 1314 40,265 398,206 25 1312 40,284 398,038
6 1200 51,203 492,995 26 1365 38,054 377,004
7 1269 41,683 406,896 27 1409 37,169 368,108
8 1191 51,325 491,933 28 1267 42,854 418,605
9 1251 43,320 422,554 29 1514 35,983 370,802
10 1488 36,226 368,704 30 1358 38,389 381,612
11 1229 44,185 428,577 31 1215 50,199 480,703
12 1536 35,936 372,333 32 1367 38,151 376,617
13 1315 39,692 389,643 33 1323 39,581 390,601
14 1358 38,389 381,612 34 1227 49,796 477,209
15 1287 40,884 400,302 35 1284 41,476 408,697
16 1214 50,772 489,266 36 1207 50,859 487,984
17 1549 35,902 372,113 37 1184 51,983 499,757
18 1345 38,577 379,979 38 1377 37,766 372,955
19 1258 43,217 423,448 39 1244 43,978 430,378
20 1453 36,558 365,823 40 1475 36,385 367,317
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According to the genetic algorithm of the elite strategy, 40 scenarios were obtained
for the last generation population. It can be seen that the total duration spanned from 1184
days to 1562 days, and the total investment ranged from 357.14 million CNY to 519.83
million CNY.

Therefore, it can be determined that the total construction period and the total invest-
ment show a negative correlation, and the solution with a larger construction period had
a relatively better savings investment. In addition, the unbalanced value of resource in-
puts was the measure of resource input uniformity, and the smaller value of the variable
of input indicates that the more balanced the input, the smaller the risk of causing insta-
bility to the power supply. The spatial distribution of Pareto frontier solutions after 300
iterations is shown in Figure 5.

Unbalanced value 440,000 =

of resources Input 420’000 o

400,000

380,000

Figure 5. Spatial distribution of optimal Pareto solutions after 300 iterations.

3.3. Comparative Analysis of Multi-Objective Optimization Algorithms

In order to further verify the applicability of the algorithms, NSGA-II, PSO (particle
swarm optimization) and the GA (genetic algorithm) were compared and analyzed for
grid investment decision calculations. Each algorithm completed 300 iterations of the op-
timal solution, and to avoid serendipity, each algorithm was computed three times. The
number of optimal solution populations was taken to be 40 for each algorithm and each
calculation. Subsequently, the total individuals of the optimal solution of the 3-class algo-
rithm were considered as a new population of the number 360, and this population was
further subjected to an undominated sort, containing a total of 220 undominated solutions.
On this basis, the number and proportion of optimal solutions corresponding to the Pareto
frontier for these three classes of algorithms in this new population could then be ana-
lyzed.

In addition, the optimal number of iterations of the three algorithms can be measured
using an enumeration experiment. Firstly, the optimal individual variation characteristics
of the three algorithms with 100, 150... and 300 iterations were studied, respectively. When
the individual variation characteristics are not obvious, the algorithm can be regarded as
having converged to obtain the optimal solution or local optimal solution. Secondly, ac-
cording to the convergence of the three algorithms, the interval of iteration times was fur-
ther refined. For example, if the GA converges within 100 iterations, the number of itera-
tions is further divided into 30, 50 and 80 in experiments, and so on, until the optimal
number of iterations is obtained. The program is run on a PC configured with an Intel(R)
CORE(TM) i7-8700 processor with 32 GB RAM. It can be found that the times of searching
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for the optimal solution are 2.2 s for NSGA-II, 3.8 s for PSO and 1.6 s for GA, respectively.
The number of optimal solutions, the ratio and the optimal number of iterations for the
three algorithms are shown in Table 3.

Table 3. Comparison of NSGA-II, PSO and GA.

Multi-Objective Opti- Optimal Number of Number of Optimal Optimal Solution

mization Methods Iterations Solutions Ratio
NSGA-II 85 81 36.82%
PSO 155 83 37.73%
GA 75 56 25.45%

We can see that in terms of convergence speed, GA > NSGA-II > PSO; however, by
comparing the number of optimal solutions, the GA appeared to be premature and its
ability to search for the optimal solution set decreased due to the rapid convergence.
Meanwhile, PSO had a higher number of iterations. Without considering the influence of
operation efficiency, PSO also had high-quality solutions. In contrast, NSGA-II had a
higher operation efficiency and a higher quality of solutions. Therefore, NSGA-II was de-
termined to be more suitable for the multi-objective optimization of power grid multi-
project investment in a certain area.

4. Discussion

According to the comparative analysis of the algorithms, the NSGA-II algorithm is
suitable for multi-objective optimization in investment decisions for power grids. For
power grid projects in a certain area, the three main objectives of construction duration,
investment and the unbalanced value of resource inputs did not have a dominant rela-
tionship with each other. Therefore, depending on the objectives, an implementation
model can be chosen that suits the current state of grid projects in a given region. The
following scenario is the Pareto solution set selection based on two types of projects with
different goal focuses.

(1) Scenario 1: The construction cycle is the highest priority. If it is difficult to avoid the
power grid project’s impact on electricity consumption in urban areas, the construc-
tion period needs to be as short as possible. As a result, on the basis of ensuring the
quality of the power grid, the project investment and the balance of resource inputs
are regarded as non-priority factors. Then, the scheme with less of a construction cy-
cle should be selected as the actual implementation scheme from the Pareto optimal
solution. This is shown in Table 4.

Table 4. Pareto solution set with priority of guaranteeing construction period.

Construction Cycle Construction Investment  Unbalanced Value of

No. (Days) (10,000 CNY) Resource Inputs
1 1200 51,203 492,995
2 1191 51,325 491,933
3 1207 50,859 487,984
4 1184 51,983 499,757

(2) Scenario 2: The construction investment is the highest priority. If the power grid pro-
jects have the following characteristics: a sufficient construction period, are relatively
simple to implement and have little impact on the regional power supply, then these
projects can focus on controlling investment and ensuring a balanced input of re-
sources, and the Pareto optimal set of solutions can be chosen, as shown in Table 5.
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Table 5. Pareto solution set with priority of reducing investment.

No Construction Period Construction Investment Unbalanced Value of

(Days) (¥10,000) Resource Inputs
1 1536 35,936 372,333
2 1549 35,902 372,113
3 1562 35,714 373,746
4 1514 35,983 370,802

In summary, in order to ensure rational investment decisions for a power grid project
in a given region, the substation location, construction and cable laying need to be criti-
cally considered in terms of investment, the construction cycle and the resource inputs.
Similarly, the decision options can be adjusted by adjusting the values of the weight coef-
ficients &, 3 and y of the objectives, and by providing a wide choice of practice options.
Therefore, the NSGA-II algorithm for the multi-objective optimization of grid projects
meets the needs of the investment decision objectives and is able to obtain relatively high-
quality solutions with guaranteed operational efficiency.

5. Conclusions

In recent years, the proportion of China’s power grid investment in the whole power
project has continued to increase year by year, which has also led to new requirements for
the investment methods of power projects. In addition, power grid investment can be re-
garded as a research problem for collaborative decision-making, with various stakehold-
ers and objectives involved. However, it is difficult to use traditional grid project invest-
ment models and management modes to select construction solutions that meet multi-
objectives, and it is also difficult to optimize the comprehensive benefits of a given project.
Therefore, this paper uses a multi-objective optimization approach to study grid invest-
ment projects, and introduces the NSGA-II algorithm to solve the model. According to the
results, we conclude as follows:

(1) Aninvestment decision-making method was introduced in power grid projects. This
method can balance the duration, investment and resource deployment of the power
grid construction. Furthermore, this method is proven to be feasible and effective by
the case, and the optimal solution can be selected from the solution set according to
various project-scenarios. This approach can provide a decision-making reference for
the implementation of power grid projects.

(2) Based on the characteristics of power grid construction, firstly, the target factors of
power grid investment were analyzed and quantified. Then, a corresponding multi-
objective model was established. The model assumptions and constraints ensured
the model conformed to actual power grid projects, and the results were obtained
directly through quantitative calculation. Eventually, this will make the conclusions
more objective and credible.

(3) The advantages of genetic algorithms in multi-objective optimization were analyzed.
According to the objectives of power grid investment projects, the applicability, cal-
culation logic and calculation steps of the NSGA-II algorithm for power grid projects
were studied. The algorithm effectively simplifies the calculation process, and is easy
to realize by computer programming. Therefore, it can provide a decision-making
basis for the multi-objective optimization of power grid investment projects.

(4) According to the further study of the applicability of the NSGA-II algorithm, critical
analysis was carried out. On the one hand, the advantages of NSGA-II were com-
pared and analyzed through three types of algorithms. On the other hand, the selec-
tion of a multi-objective optimal solution set in different scenarios was proposed.
Therefore, the algorithm is suitable for power grid practice projects.
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From the perspective of project management, this study applies the new multi-objec-
tive optimization method to power grid investment decision-making. In the planning
stages of power grid projects, this method provides a theoretical basis and practical refer-
ence for exploring collaborative decision making and efficient management. It can also
provide reference for relevant engineering decisions in China and other countries. There-
fore, in future research, scholars can study the objective factors of different types of engi-
neering projects, and can use the methods of multi-objective optimization to find the most
suitable solution set.
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