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There is a relative lack of research aimed at developing a comprehensive index
system for low-carbon development of power systems in load-intensive cities in
China. First, this paper outlined the main challenges faced in the urban power
system development process and determined development goals and key indexes
that combined the macro goals and requirements of constructing new power
systems with the development characteristics and trends of load-intensive urban
power systems. Second, a comprehensive index system and evaluationmethod for
the low-carbon development of power systems was proposed to consider the
perspectives of safety, efficiency, clean energy, low carbon, and flexibility. Finally,
the effectiveness of the proposed index system and evaluationmethodwas verified
by taking the development of actual power systems in ultra-large-load-intensive
cities as an example, providing support for the development decision making of
actual urban power system construction and transformation.
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1 Introduction

Accelerating the low-carbon transformation of the power system and building a new
type of power system is an important way to achieve the “dual carbon” goal in China (Hou
et al., 2022). According to statistics, urban energy consumption accounts for 85.1% of the
total energy consumption in China at present, and the power industry accounts for about
42% of the total CO2 emissions in the energy industry (IPCC, 2014; Sun et al., 2022). In
addition, the National Development and Reform Commission of China issued the
“Guidelines for the Preparation of Carbon Peaking Pilot Implementation Plans” on
20 October 2023, which proposed to carry out the first batch of carbon peaking pilot
construction in 15 provinces and regions, with the main body of pilot city construction
being prefecture-level and above cities. It is clear that accelerating the low-carbon
transformation of the urban power industry and building a new type of urban power
system plays an important pioneering and exemplary role. However, the construction of a
new urban power system in China (referred to as urban system construction) is still in its
infancy, and it is faced with problems such as insufficient experience, unclear focus, and lack
of systematic indexes. System construction difficulties are further aggravated by large
differences in load characteristics, power supply structures, power grid forms, and new
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technology applications in major cities. Therefore, at this stage,
under the framework of the dual carbon goal and new energy system
construction requirements, it is urgent to study and judge the
development trend, analyze the main problems and challenges
faced by the city’s power system characteristics, development
basis, and resource endowment, and research index systems for
new power systems to provide support for urban system
construction and development decision-making.

In recent years, domestic and foreign research on evaluation
index systems for low-carbon power systems has been carried out,
and some results have been achieved. Foreign studies in related fields
mainly focus on the technical and economic evaluation of a single
type of new energy after grid connection (Thango et al., 2021; Verma
et al., 2021), which rarely involves the whole power system level. In
China, research in related fields is relatively extensive (Zeng et al.,
2011). Shang (2009) describes the development characteristics and
technical and theoretical support of a low-carbon power grid. Sun
et al. (2014) and Qi (2019) put forward quantitative evaluation
methods in comprehensive evaluation index systems for low-carbon
power grids from large power grids and distribution networks,
respectively. Huang et al. (2016), Li et al. (2011), and Guo et al.
(2022) consider information automation and risk assessment and
propose an intelligent evaluation index system of new energy high
penetration systems by using different algorithms. Liu (2022) put
forward an evaluation system of key technologies of the modern
power grid based on a pilot. Zhao et al. (2021), Zhang et al. (2019),
and Li and Chen (2019) proposed a new power system evaluation
method to support the replacement of traditional power sources
with new energy sources for integrated energy systems at the park or
regional levels.

To sum up, existing studies have evaluated the index systems
and methods for constructing low-carbon systems at different scales
from a single perspective, such as low-carbon, flexible, or intelligent,
but a comprehensive evaluation for the construction of new power
systems in super-large, load-intensive cities that can support the
current urban system construction work is relatively lacking.

To solve the above problems, this paper first analyzes the main
problems and challenges that may be faced in the process of urban
system construction. It determines the development goals, which are
based on the objective requirements of the construction of new
power systems and the development characteristics of load-intensive
urban power systems in China. Then, an index system considering
multiple objectives and reasonable evaluation methods applicable to
constructing new power systems in load-intensive cities is proposed.
An actual urban power system is taken as an example to verify the
effectiveness of the proposed index system, which provides support
for urban system construction and development decision-making.

2 Analysis of characteristics and
construction objectives of a new urban
power system

2.1 Ensure the supply and demand balance,
security, and stability of the power system

Balancing the supply and demand for the new power system
with a high proportion of new energy is the primary task (Liu et al.,

2023). Especially in load-intensive cities, the load level is high, and
the load peak-valley difference is large. Large-scale new energy grid
connections further exacerbate the difficulty of system peak
regulation due to output volatility, randomness, and even anti-
peak regulation characteristics (Zhang and Kang, 2022). During
some difficult peak load balancing periods, some conventional
generators may enter the deep peak shaving state, sacrificing the
efficiency and economy of such unit operations. Therefore, it is
important to develop reasonable, balanced scheduling strategies to
ensure system supply and demand balance and efficient economical
operation by considering the power supply support level within the
region and the power transmission characteristics of the external
communication channels.

To ensure high-level and high-quality urban load electricity
consumption, it is necessary to continuously improve the power grid
structure, increase the N-1 pass rate of the power grid, and approach
the main distribution network level of advanced cities such as New
York, Munich, and Singapore that have fully achieved N-1
requirements (Liu et al., 2014). In addition, most new energy
sources are connected to the power grid through power
electronic devices, which have the characteristics of low inertia,
weak stability, weak anti-interference, and decentralized control
(Zhang et al., 2022). The large-scale integration of new energy
into the grid may bring stability problems in typical scenarios.
First, under heavy load conditions, the strong voltage support
point of the power grid hub is limited, and the high or low
output of new energy may have an impact on the voltage
stability of the system. Second, a low system short-circuit ratio
may lead to synchronization and stability issues with new energy.
Third, the new energy grid connections may impact the power angle
stability of conventional units in the nearby area.

Therefore, urban system construction should not only ensure
the most basic balance between the supply and demand of electricity
and power but also improve the safety and stability of system
operation to achieve a high-quality power supply. It is necessary
to consider the impact of new energy grid connections on system
operations from the perspective of safety and efficiency, combined
with the load characteristics of the system, the support capacity of
local power sources, and external transmission channels. The key
indexes that measure the balance between the supply and demand of
the system should be considered, such as load peak-valley difference,
source load matching degree, power/electricity self-sufficiency rate,
etc. The key indexes that reflect the stability of the system operation
also need to be considered, such as transmission and distribution
equipment meeting N-1 standards and short-circuit
current margin, etc.

2.2 Ensure energy upgrade, energy savings,
and emissions reduction of the
power system

The energy consumption and carbon emissions targets for urban
system construction in China’s “Carbon Peak Guidelines” are
required. Focusing on the power industry, the main task of the
power supply side is to change the energy structure of the power
supply, with a focus on the upgrading and transformation of thermal
power and the development and utilization of new energy. The main
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task of the load side is to promote the energy consumption
revolution, with a focus on promoting the substitution of
electricity for energy terminals.

Therefore, to ensure energy upgrade energy saving and
emissions reductions, it is necessary to start from clean and low-
carbon perspective, focusing on indexes that measure the energy
structure on the power side, such as the proportion of new energy
installed capacity and the proportion of clean thermal power
generation, the proportion of terminal electricity consumption
that measures the level of electricity consumption on the load
side, the proportion of alternative electricity consumption, and
the unit GDP carbon emissions that measure the level of urban
carbon emissions, the electricity carbon emission intensity, and
other indexes.

2.3 Enhance the flexible adjustment ability of
the power system

During the construction and development of urban power
systems, large-scale new energy is continuously connected to the
power supply side. Electric vehicles and virtual power plants on the
load side are constantly developing. These changes form a “double
high” characteristic of uncertainty on both the source and load sides
of the system and lead to a sharp increase in the system’s demands
for flexibility, including frequent peak shaving and emergency
regulation (Wei et al., 2023a). Therefore, it is urgent to fully tap
into the flexibility resources in the system and respond to the
increasing demand for flexibility.

It is difficult to build large capacity regulating power plants in
load-intensive urban power systems due to the limitations of land
spatial resources (Wei et al., 2023b). Therefore, flexibility
transformation can start with the local stock of conventional
thermal power as much as possible to further enhance the
depth of unit peak shaving. Second, based on the construction
conditions of the system and the economic comparison of new
energy storage technologies, an appropriate scale of energy storage
systems can be reasonably arranged, and the urgent and difficult
problems of weak links in the system can be solved by fully utilizing
the excellent active and reactive power rapid adjustment
capabilities of new energy storage. Third, with the city’s large-
scale and centrally adjustable industrial and commercial load
clusters and the resource advantages of many electric vehicles,
measures such as establishing virtual power plants, improving
demand-side response mechanisms, and expanding the charging
facility network for electric vehicles entering the vehicle to grid
(V2G) network can be taken to enhance the flexible regulation
capability on the load side.

Therefore, in order to enhance the flexible adjustment ability
in the process of urban system construction, it is necessary to
start from the perspective of flexibility and focus on the
conventional power supply flexibility transformation ratio and
peak shaving depth indexes reflecting the power supply side,
energy storage side response ability indexes, load side demand
response ability indexes, and vehicle network interaction
index indexes.

The main characteristics and construction goals of building an
urban system are summarized in Table 1.

TABLE 1 Main characteristics and construction goals of the new urban power system.

Characteristics of the system Impact on the system Goal of system construction Key evaluation index

• High load level and large peak-valley
difference

• Difficulty of system peak
shaving has increased

• Ensure system supply and demand
balance and safe and stable operation
while balancing efficient and
economical operation

• Load peak-valley difference, source
load matching degree, electricity/
quantity self-sufficiency rate, etc.

• Transmission and transformation
equipment meets the N-1 ratio, short-
circuit current margin, etc.

• Volatility, randomness, and anti-peak
characteristics of a high proportion of new
energy output

• Deep peak shaving of
conventional units to reduce the
level of efficient and economical
operation

• New energy is connected to the grid through
power electronic equipment, which has low
inertia, weak immunity, and decentralized
control

• Affects system voltage stability
and may cause synchronization
stability issues

• Energy supply structure on the power side
has changed

• Total energy consumption and
intensity of the system are
affected

• Energy upgrade and energy
conservation and emission reduction of
the system

• Proportion of new energy installed
capacity and clean thermal power
generation, etc.

• Proportion of terminal electricity
consumption and the substitution of
electricity consumption for energy
consumption, etc.

• Carbon emissions per unit GDP,
carbon emission intensity from
electricity, etc.

• Energy consumption structure on the load
side has changed

• Total carbon emissions and
intensity of the system are
affected

• “Double high” characteristic of uncertainty
on both the source and load sides of the
system

• Demand for system flexibility
has increased dramatically

• Enhance the system’s ability to adjust
flexibly by fully tapping into flexible
resources

• Flexibility modification ratio and peak
shaving depth of conventional power
sources, etc.

• Energy storage side response
capability, etc.

• Demand response capability, vehicle
network interaction index, etc.
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3 The index system for the new urban
power system

Based on the construction goals of the new urban power system,
this paper adopts the analytic hierarchy process (AHP) with the
major goals of safety, efficiency, clean energy, low carbon, and
flexibility as the primary indexes and appropriately expands the
secondary indexes, proposing a comprehensive evaluation index
system suitable for the construction of new power systems in load-
intensive cities, as shown in Table 2.

3.1 Indexes of security efficiency

(1) Daily load peak and off-peak difference rate-kpk

This index refers to the ratio of the maximum daily peak-valley
difference of the system to the maximum daily load within 24 h,
reflecting the degree of imbalance in the power grid load at different
times. It can be calculated from Equation 1.

kpk � Ppk − Pvall

Ppk
× 100%, (1)

where Ppk is the daily peak load, and Pvall is the daily off-peak load.

(2) Self-sufficiency rate of electricity-kE

This index refers to the proportion of local power generation to
the total social electricity consumption during the statistical period,
which reflects the degree of self-sufficiency in regional electricity
supply. It can be calculated from Equation 2.

kE � EG,all

EL,all
× 100%, (2)

where EG,all is the power generation from local power sources, and
EL,all is the overall electricity consumption of the local community.

(3) Self-sufficiency rate of electric power-kP

This index refers to the proportion of local power output to
average load demand during the calculation period, which reflects
the degree of self-sufficiency in regional electricity supply (Wang
et al., 2022). It can be calculated from Equation 3.

kP � PGe,all

PL,ave
× 100%, (3)

where PGe,all is the power output from local power sources, and PL,ave

is the average value of the local power load.

(4) Matching degree between power supply and load-kGL

This index refers to the ratio of the installed capacity of local
power sources to themaximum local load, which reflects the adequacy
of regional power supply. It can be calculated from Equation 4.

kGL � PG,all

PL,max
, (4)

where PG,all is the total installed capacity for local power supply, and
PL,max is the maximum load of the system.

(5) Coordination degree of regional distribution between power
supply and load-kGL

This index refers to the variance value between the source load
matching degree of each area in the system and the overall source
load matching degree of the system, which reflects the degree of
matching between the system load demand and the geographical
spatial distribution of the power supply. It can be calculated from
Equation 5.

kGL,area �
∑Narea

n�1
kGL,n − kGL,sys( )2

Narea
, (5)

where kGL,j is the matching degree of source and charge for region n,
kGL,sys is the overall source load matching degree of the system, and
Narea is the total number of areas in the system.

(6) Proportion of transmission and transformation equipment
meeting N-1-kN−1

This index refers to the total number of areas in the system,
which refers to the proportion of single transmission and
transformation components (mainly considering 110 kV and
above lines and main transformers) in the system that meet the
N-1 operation of the power grid after a fault occurs, which reflects
the safety and stability level of the power grid (Li et al., 2014). It can
be calculated from Equation 6 and Equation 7.

kN−1,line � NN−1,line
Nline

× 100%, (6)

kN−1,trans � NN−1,trans
Ntrans

× 100%, (7)

where NN−1,line and Nline is the number of 110 kV and above lines
and the total number of lines that meet the operation of system N-1,
respectively, andNN−1,trans andNtrans are the main variables and the
total number of main variables that meet the requirements of system
N-1 operation.

(7) Ultimate cut-off time for N-1 faults-Tcct

This index refers to the longest duration of critical stable
operation that a system can withstand after an N-1 fault occurs,
reflecting the system’s ability to withstand N-1 continuous faults
(Grid Operation and Control (China), 2019). This index can
obtained according to the transient stability calculation results of
the power system to be studied, which requires professional power
system simulation and analysis software.

(8) Voltage stability margin-Umarg

This index refers to the proportion of the difference between the
current operating point voltage and the instability critical point
voltage of a node, which gradually increases the system load and
reflects the distance between the current-voltage stability level of the
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system and the voltage collapse point. It can be calculated from
Equation 8.

Umarg � U0 − Ucr

Ucr
× 100%, (8)

where U0 is the current normal operating point voltage of the bus,
and Ucr is the critical voltage of the bus.

(9) Short-circuit current margin-Imarg

This index refers to the ratio of the difference between the short-
circuit current and the short-circuit current limit generated after a
three-phase or single-phase short-circuit fault occurs in the station
bus of the system, which reflects the distance between the system
short-circuit current level and the rated breaking current of the
switch. It can be calculated from Equation 9.

Ik,marg � Ik, lim − Ik
Ik

× 100%, (9)

where Ik, lim is the short-circuit current limit of the bus, and Ik is
the short-circuit current after a short-circuit fault occurs in
the bus.

(10) New energy disconnection rate under severe faults-knew,disc

This index refers to the proportion of the off-grid capacity of
new energy units to the installed capacity of new energy in the
region after a serious system failure, which reflects the ability of
new energy units to withstand faults. It can be calculated from
Equation 10.

knew,disc � Pnew,disc

Pnew,cap
× 100%, (10)

TABLE 2 Index system for a new power system in load-intensive cities.

Primary index Secondary index Unit

Security efficiency • Daily load peak and off-peak difference rate %

• Self-sufficiency rate of electricity %

• Self-sufficiency rate of electric power %

• Matching degree between power supply and load —

• Coordination degree of regional distribution between power supply and load —

• Proportion of transmission and transformation equipment meeting N-1 %

• Ultimate cut-off time for N-1 faults S

• Voltage stability margin %

• Short-circuit current margin kA

• New energy disconnection rate under severe faults %

Clean energy • Proportion of new energy installed capacity %

• Electricity penetration rate of new energy %

• Utilization hours of new energy h

• Electricity loss rate of new energy %

• Proportion of clean electricity generated by thermal power %

• Proportion of electricity generated by non-fossil fuels %

• Proportion of terminal electricity consumption %

• Electricity consumption as a substitute for fossil fuel consumption 108 kWh

• Electricity consumption per unit of GDP kWh/(104¥)

• Carbon emissions per unit of GDP t/(104¥)

• Electricity carbon emission intensity g/kWh

• Flexibility modification ratio of conventional power sources %

Flexibility • Peak shaving depth of conventional power sources %

• Responsiveness of energy storage %

• Responsiveness of demand side %

• Car network interaction index %

• Peak shaving capability of the system —
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where Pnew,disc is the new energy off-grid capacity after failure, and
Pnew,cap is the new energy installed capacity in the system.

3.2 Clean energy indexes

(1) Proportion of new energy installed capacity-knew,cap

This index refers to the proportion of new energy installed
capacity in the system to all power supply installed capacity during
the statistical period, which reflects the degree of green
transformation of the system’s power supply structure (Li et al.,
2023). It can be calculated from Equation 11.

knew,cap � Pnew,cap

PG,all
× 100%. (11)

(2) Electricity penetration rate of new energy-knew,per

This index refers to the ratio of the active output of new energy
to the system load at a certain moment, which reflects the supporting
capacity of new energy to the system load. It can be calculated from
Equation 12.

knew,per � Pnew,t

PL,t
× 100%, (12)

where Pnew,t is the new energy active output in the system at time t,
and PL,t is the active power of load in the system at time t.

(3) Utilization hours of new energy-Tnew

This index refers to the ratio of new energy generation to
installed capacity in the system during the statistical period (LI
et al., 2023), which reflects the utilization level of new energy
generation equipment. It can be calculated from Equation 13 and
Equation 14.

Twind � Ewind,gen

Pwind,cap
, (13)

Tpv � Epv,gen

Ppv,cap
, (14)

where Twind and Tpv are the utilization hours of wind power and
photovoltaic power in the system, respectively, Ewind,gen and Epv,gen
are the generation of wind power and photovoltaic power in the
system, respectively, and Pwind,cap and Ppv,cap are the installed
capacity of wind power and photovoltaic power in the system,
respectively.

(4) Electricity loss rate of new energy-knew,loss

This index refers to the ratio of new energy curtailment to
electricity generation in the system during the statistical period
(Zhang et al., 2022), which reflects the level of new energy
consumption in the system. It can be calculated from Equation
15 and Equation 16.

kwind,loss � Ewind,loss

Ewind,gen
× 100%, (15)

kpv,loss � Epv,loss

Epv,gen
× 100%, (16)

where Ewind,loss and Epv,loss are the lost electricity of wind power and
photovoltaic power in the system, respectively.

(5) Proportion of clean electricity generated by thermal
power-kther,clean.

This index refers to the proportion of power generation of thermal
power units thatmeet the emission standards after clean transformation
to the total power generation of all thermal power units in the system
during the statistical period, which reflects the level of clean and low-
carbon transformation of traditional thermal power units in the system.
It can be calculated from Equation 17 and Equation 18.

kcoal,clean � Ecoal,clean

Ecoal,all
× 100%, (17)

kgas,clean � Egas,clean

Egas,all
× 100%, (18)

where Ecoal,clean and Egas,clean are the power generation of coal-fired
power units and gas power units that have been retrofitted to meet
emission standards, respectively, and Ecoal,all and Egas,all are the power
generation of all coal-fired and gas-fired power units in the system.

(6) Proportion of electricity generated by non-fossil fuels-knon−foss

This index refers to the proportion of non-fossil energy
(including hydropower, wind power, photovoltaic, nuclear power,
biomass power, etc.) generated to the total power generation of all
power sources in the system during the statistical period (National
Development and Reform Commission (China), 2021), which
reflects the clean and low-carbon level of the system’s power
structure. It can be calculated from Equation 19.

knon−foss � Enon−foss
EG,all

× 100%, (19)

where Enon−foss is the power generation of all non-fossil fuels in the
system, and EG,all is the total power generation of all power sources
in the system.

(7) Proportion of terminal electricity consumption-kelec

This index refers to the proportion of electricity consumption in
the total amount of final energy consumption (National Energy
Administration (China), 2021), which reflects the level of energy
consumption reform on the load side of the system. It can be
calculated from Equation 20.

kelec � Qelec

Qener
× 100%, (20)

where Qelec is the annual electricity consumption that is converted
into the consumption of standard coal and oil, and Qener is the
annual final energy consumption converted to standard coal and oil
consumption, which is equal to the primary energy consumption
minus the losses in the three intermediate links of energy processing,
conversion, and storage and transportation, as well as the energy
used by the energy industry.
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(8) Electricity consumption as a substitute for fossil fuel
consumption-Eelec,rep

This index refers to the required amount of electricity to replace
direct coal, direct fuel (gas), and other energy consumption methods
to meet the same needs or achieve the same goals.

(9) Electricity consumption per unit of GDP-EGDP

This index refers to the electricity consumption per unit of GDP,
which is the ratio of the total social electricity consumption to the
GDP during the statistical period (National Energy Administration
(China), 2014). It can be calculated from Equation 21.

EGDP � EL,all

ICGDP
, (21)

where ICGDP is the GDP during the statistical period.

(10) Carbon emissions per unit of GDP-EMC

This index refers to the ratio of the total carbon emissions of the
whole society to the gross domestic product during the statistical
period, which reflects the carbon emission efficiency in the process
of social and economic development (Zhang et al., 2010). It can be
calculated from Equation 22.

EMC � MC

ICGDP
, (22)

where MC is the total amount of carbon dioxide emitted to
contribute to the GDP of society.

(11) Carbon emissions from electricity supply-ENC

This index refers to the ratio of total carbon emissions generated
by the power system in providing electricity to the total electricity
consumption of the whole society during the statistical period (Wei
et al., 2024). It can be calculated from Equation 23.

ENC � EGC

EL,all
, (23)

where EGC is the carbon emissions from electricity supply
throughout society.

3.3 Flexibility indexes

(1) Flexibility modification ratio of conventional power sources-kflex
This index refers to the proportion of the capacity of conventional

units that have completed flexibility upgrades to the capacity of all
conventional units in the system during the statistical period, which
reflects the level of flexibility upgrades for conventional units in the
system. It can be calculated from Equation 24.

kflex � Pflex

Pcv,cap
× 100%, (24)

where Pflex is the conventional unit capacity that has completed
flexibility transformation, and Pcv,cap is the installed capacity of all
conventional units.

(2) Peak shaving depth of conventional power sources-kg,pk

This index refers to the ability of conventional thermal power
units to reduce their output and operate at the lowest stable
combustion load level due to the significant difference in peak
and valley load of the power system. It reflects the active output
regulation rate and regulation capacity of thermal power units in
response to load changes. It can be calculated from Equation 25.

kg,pk � Pg,min

Pg,N
× 100%, (25)

where Pg,min is the minimum technical output of the thermal motor
unit g, and Pg,N is the rated active output of the thermal power
unit g.

(3) Responsiveness of energy storage-kes

This index refers to the ratio of the total installed capacity of
pumped storage, new energy storage, and other energy storage
systems to the total installed capacity of power sources, which
reflects the development level of energy storage resources in the
system. It can be calculated from Equation 26.

kes � Pes,cap

PG,all
× 100%, (26)

where Pes,cap is the total installed capacity of energy storage in
the system.

(4) Responsiveness of demand side-SDR

This index refers to the proportion of load that can be reduced
by electricity users participating in demand response and generator
capacity to the maximum load of the system, which reflects the
support capacity of adjustable resources on the user side for the
system. It can be calculated from Equation 27.

SDR � PDR

PL,max
× 100%, (27)

where PDR is the capacity of demand response resources.

(5) Car network interaction index-UIV2G

This index refers to the ratio of the capacity of charging facilities
that can participate in V2G to the total capacity of charging facilities,
which reflects the level of interaction and coordination control
between the power system and electric vehicles. It can be
calculated from Equation 28.

UIV2G � PV2G

PCF
× 100%, (28)

where PV2G is the capacity of charging facilities that can participate
in V2G, and PCF is the total capacity of charging facilities.

(6) Peak shaving capability of system-Spk

This index refers to the ratio of the total peak shaving capacity of
controllable power sources to the peak-valley difference of the
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system’s maximum load, which reflects the ability of the power
supply structure to cope with severe load fluctuations. It can be
calculated from Equation 29.

Spk �
∑Npk

i�1
Pi,pk

ΔPpk,max
, (29)

where ΔPpk,max is the maximum load peak-valley difference of
the system.

4 The method of comprehensive
evaluation

To use the comprehensive index system proposed in this paper, it is
necessary to further determine index evaluation standards, set index
scoring standards, assign index weights, calculate and analyze evaluation
results, and achieve comprehensive evaluation in specific application
scenarios. The overall evaluation process is shown in Figure 1.

The specific steps are as follows:

Step 1: Building an applicable index system. Select indexes to
form an applicable index system based on the specific
situation and application scenarios of the city.

Step 2: Determine the range of index value. Determine a
reasonable range of values based on the definitions and
calculation methods of each index.

Step 3: Set scoring criteria for the index. Select a reasonable and
universal scoring scale, such as a percentage-based scoring
system, and divide the corresponding scoring ranges based
on the index values.

Step 4: Assign weights to indexes. According to the degree of
emphasis on each index for the specific application
scenarios and the mutual constraints and relationships
between indexes at the same level, the “1–9 scale method”
is used to determine the relative importance scale value.
Then, compare the importance of each index element at
the same level with respect to the criteria of the previous
level indexes pairwise and construct a judgment matrix

according to Equations 30, 31. Finally, following
Equations 32–37, the method of solving the eigenvector
of the judgment matrix is used to calculate the relative
weights of the compared index elements in the judgment
matrix to the higher-level indexes. Normalization and
consistency verification are also done in the process of
solving these equations.

Judgment matrix:

A �
a11 a12 / a1n
a21 a22 / a2n
..
. ..

.
1 ..

.

an1 an2 / ann

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (30)

aij �
pi

pj
� 1
aji

, i ≠ j

1, i � j

⎧⎪⎪⎨⎪⎪⎩ , (31)

where pi and pj are the relative importance scale values that are
determined based on the scaling method, aij is the relative
importance of index i to index j at the current level, and n is the
dimension of the judgment matrix.

Index weight assignment and normalization processing:

ω � ω1,ω2,/,ωi,/,ωn( )T, (32)

ωi � ∏n
j�1

aij⎛⎝ ⎞⎠ 1
n, (33)

ω̂i � ωi

∑n
j�1
ωj

, (34)

λmax � 1
n
∑n
i�1

Aω̂( )i
ω̂i

ω̂ � ω̂1, ω̂2,/, ω̂i,/, ω̂n( )T

⎧⎪⎪⎪⎨⎪⎪⎪⎩ , (35)

CI � λmax − n

n − 1
, (36)

CR � CI

RI
, (37)

where ω is the eigenvector calculated using the square root
method based on the judgment matrix, ωi and ω̂i are the non-

FIGURE 1
Evaluation process for constructing an index system for the
urban system construction.

FIGURE 2
Key targets of urban system construction in City Z.

Frontiers in Energy Research frontiersin.org08

Liang et al. 10.3389/fenrg.2024.1453754

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1453754


TABLE 3 Development trends and construction measures of construction targets in City Z.

Target Trends Measures

New energy Develop rapidly (especially photovoltaic power generation) Develop centralized and distributed new energy in parallel

Gas-based power
generation

Key power source Build new power plants to strengthen local power supply support and disaster resistance
guarantee capabilities

Coal-fired power
generation

“Ballast stone” to ensure the safety of the power system Accelerate the transformation to energy savings and carbon reduction, thermoelectric
decoupling, and improvement in flexibility

Main grid Form of the AC/DC hybrid power grid is further expanding Strengthen the main network structure, optimize the distribution network structure,
and build a strong local power grid

Distributed smart grid Development is accelerating Build a self-healing platform for digital distribution networks and comprehensive
energy demonstration projects

Final energy
consumption

New models of electricity consumption emerge Enhance the level of electrification in industrial, architecture, and transportation and
explore the modes of V2G

Flexible load resources Demand response of power load will improve Integrate flexible load resources and build a real-time demand response platform

New energy storage Develop on a large scale with multiple application scenarios
and technology routes

Promote large-scale layout, expand application scenarios, explore business models, and
develop cascade utilization of batteries

TABLE 4 Power load and installed capacity of system power sources in 2025 and 2030.

Parameter of the system(kW) 2025 2030

Power load/104 Average load 2700 3300

Maximum load 2861 3667

Minimum load 2123 2724

Installed capacity of the power source/104 Coal electricity 368 368

Gas electricity 1044 1522

Photovoltaic 100 146

Wind power 16 20

Biomass power 90 125

New energy storage 20 30

Others 190 240

Amount 1828 2451

External power supply/104 Input 140 140

FIGURE 3
Installed proportion of power sources in 2025 and 2030.

Frontiers in Energy Research frontiersin.org09

Liang et al. 10.3389/fenrg.2024.1453754

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1453754


normalized weights and normalized weights of the indicators,
respectively, ω̂ is the normalized weights vector, λmax is the
maximum eigenvalue of the judgment matrix, CI is the
consistency index, RI is the mean random consistency index,
and CR is the consistency ratio.

Step 5: Calculate the comprehensive evaluation score. Based on
the scoring results and weight values of each index,
calculate the combined total weight of each level index
relative to the overall system goal according to Equation
38 and obtain the comprehensive evaluation result.

SAdj � ∑M
i�1

ω̂i × Sindex,i( ), (38)

where SAdj is the comprehensive score for the case, Sindex,i is the score
for index i, and M is the total number of indexes.

Step 6: Analyze and evaluate the results. Based on the comprehensive
evaluation results, conduct a comprehensive comparative
analysis of different schemes in terms of security efficiency,
clean energy, and flexibility, and provide relevant suggestions
for the urban system construction.

TABLE 5 Weights, value ranges, and score settings of the comprehensive index.

Weight of the
primary
index (ω̂i)

Weight of the
secondary
index (ω̂i)

Unit Range of values and scoring criteria for indexes

0 points 20 points 40 points 60 points 80 points 100 points

Security efficiency (0.38) kpk(0.09) % 60 50 30 20 10 5

kE(0.09) % 30 40 50 60 70 80

kP(0.12) % 30 40 50 60 70 80

kGL(0.12) — 0.3 0.4 0.5 0.6 0.7 0.8

kGL,area(0.1) — 0.3 0.4 0.5 0.6 0.7 0.8

kN−1(0.1) % 50 60 70 80 90 100

Tcct(0.1) s 0.2 0.15 0.12 0.1 0.09 0.05

Umarg(0.08) % 5 6 7 8 10 15

Ik,marg(0.09) kA 5 6 7 8 10 15

knew,disc(0.11) % 50 30 20 15 8 5

Clean energy (0.28) knew,cap(0.1) % 0 15 30 45 50 60

knew,per(0.1) % 0 5 10 15 20 30

Tnew(0.1) h 500 800 1100 1300 1500 1700

knew,loss(0.09) % 30 20 10 5 3 1

kther,clean(0.1) % 0 20 40 60 80 90

knon−foss(0.09) % 0 20 40 60 70 80

kelec(0.09) % 0 20 40 50 60 70

Eelec,rep(0.09) 108 kWh 0 20 40 50 60 70

EGDP(0.09) kWh/
(104¥)

1000 800 600 400 300 100

EMC(0.07) t/(104¥) 2.0 1.5 1.8 1.0 0.5 0.1

ENC(0.08) g/kWh 1500 1000 800 600 400 200

Flexibility (0.34) kflex(0.25) % 5 20 40 60 80 90

kg,pk(0.16) % 80 60 50 40 30 20

kes(0.16) % 0 1 2 3 4 5

SDR(0.16) % 0 2 4 6 8 10

UIV2G(0.14) % 0 20 40 60 80 100

Spk(0.13) — 0 1.0 1.5 2.0 2.5 3.0

ω̂i is the normalized weight of index i.
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5 Verification of comprehensive
evaluation for a new urban
power system

5.1 Calculating boundaries

This paper takes the construction of an urban system in City Z as
an example to verify the effectiveness of the proposed index system.
City Z is a super-large, load-intensive city in the south of China.
China’s development planning and power system planning are
generally carried out on a 5-year time scale. The current stage is
not far from 2025, and the most urgent task for the next stage of the

power system is to achieve the carbon peak target by 2030.
Therefore, this paper selects 2025 and 2030 as the two time
nodes to apply the proposed index system for verification.

The relevant calculation and analysis are based on the
characteristics, current development level, and reasonable
planning data of the city’s power system, which reflects its
development process and includes planned infrastructure
development projects. As shown in Figure 2, City Z has
identified the key construction targets for power source, power
grid, power load, and energy storage during the periods based on
the development level and resource endowment of its power system.
The development trends and construction measures of each

TABLE 6 Comparison of comprehensive indexes for system construction in 2025 and 2030.

Comprehensive index (ω̂i, xi/yi) Primary index (ω̂i, xi/yi) Secondary index (ω̂i, xi/yi) Unit Value

2025 2030

SAdj(1, 50/61) Security efficiency (0.38, 62/66) kpk(0.09, 34/35) % 34.8 34.6

kE(0.09, 33/34) % 46.7 47.1

kP(0.12, 49/60) % 54.4 60.1

kGL(0.12, 66/74) — 0.63 0.67

kGL,area(0.1, 54/74) — 0.57 0.67

kN−1(0.1, 92/94) % 96 98

Tcct(0.1, 80/70) s 0.09 0.08

Umarg(0.08, 46/60) % 7.3 8.0

Ik,marg(0.09, 56/62) kA 7.8 8.2

knew,disc(0.11, 93/85) % 6.0 7.2

Clean energy (0.28, 44/51) knew,cap(0.09, 9/9) % 6.4 6.8

knew,per(0.09, 7/8) % 1.7 2.0

Tnew(0.09, 64/80) h 1340 1500

knew,loss(0.09, 90/92) % 2.0 1.8

kther,clean(0.09, 50/70) % 50 70

knon−foss(0.09, 11/12) % 10.8 11.9

kelec(0.08, 25/35) % 25 35

Eelec,rep(0.08, 36/60) 108 kWh 36 50

EGDP(0.09, 67/70) kWh/(104¥) 364 350

EMC(0.07, 77/80) t/(104¥) 0.58 0.50

ENC(0.07, 58/61) g/kWh 618.8 587.8

Flexibility (0.34, 43/63) kflex(0.25, 50/80) % 50 80

kg,pk(0.16, 60/80) % 40 30

kes(0.16, 2/24) % 1.09 1.22

SDR(0.16, 50/80) % 5 8

UIV2G(0.14, 20/40) % 20 40

Spk(0.13, 48/60) — 1.7 2.0

SAdj is the comprehensive evaluation score of the system, xi is the scores of index i in 2025, and yi is the score of index i in 2030.
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construction target are shown in Table 3. According to the relevant
forecasts of City Z power grid planning and development, the power
load, installed capacity of various power sources, and external power
supply in 2025 and 2030 are shown in Table 4.

When calculating the balance between system supply and
demand at the minimum load, the reserve capacity of the system
is taken as 12% of the maximum load, the utilization capacity of
coal-fired power units is taken as 92% of the installed capacity, gas
power units is taken as 86%, small power sources connected to
110 kV are taken as 70%, and photovoltaic power sources connected
to 10 kV are not outputted.

When calculating the peak shaving balance of the system at the
minimum load level, the kg,pk of conventional thermal power is
assumed to be as shown in Figure 3: Considering the flexibility
modification of conventional thermal power units, the peak
shaving depth will be improved. So, we assume the average
kg,pk of coal-fired power units can reach 40% in 2025 and 30%
in 2030; the index of gas-based power units is set at 30% in
2025 and 20% in 2030.

5.2 Comparative analysis of construction
effectiveness between 2025 and 2030

According to the calculation boundaries of the City Z power
system, quantitative calculations of the relevant evaluation indexes
are used to compare and analyze the effectiveness of urban new
system construction in 2025 and 2030. Based on the proposed
evaluation index system, a correlation matrix is established, and
weights are normalized to obtain the weights, value ranges, and score
settings for each index, as shown in Table 5.

The relevant departments of City Z have set the target values of
the relevant indexes to meet the phased goals of urban system
construction and peaking carbon emissions during the two stages.
According to the calculation boundaries given in Section 5.1, the
forecasted index values can be calculated by applying the proposed
index system. The forecasted value and the target value of each index
are compared, and if the forecasted value does not meet the target
value, the index is not up to standard. On the one hand, according to
the field of the substandard index, the relevant links affecting the

FIGURE 4
Growth rate of clean and low-carbon indexes in 2030 compared to 2025.

FIGURE 5
Growth rate of flexibility indexes in 2030 compared to 2025.
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result can be analyzed, and targeted measures, such as strengthening
infrastructure construction and adjusting resource investments, can
be taken to improve the substandard index until it reaches the target
value. On the other hand, planners can reassess whether the target
value is reasonable; if it is not reasonable, the goals need to be reset to
better fit the city’s development.

The comprehensive index of the city’s performance in building a
new power system in 2025 and 2030 is calculated and shown in
Table 6. The results in Table 6 show that the comprehensive
evaluation results of system construction effectiveness in 2030 are

significantly higher than those in 2025 overall. Specific analyses of
various aspects follow.

5.2.1 Comparison of security efficiency
When optimizing the energy structure, the system takes

measures such as controlling coal and reducing oil, increasing
non-fossil energy in gas plants, and importing clean electricity to
meet the demand for load growth, especially accelerating the
construction of new gas power plants. As shown in Figure 3,
during the periods, the scale of gas-based power increased
significantly, with the installed proportion expected to increase to
about 57.1% in 2025 and further increase to about 62.1% in 2030.
Implementation of the above measures and relevant conclusions on
security efficiency can be obtained from Table 6.

The kE and kP of City Z has improved compared to 2025; kP has
increased significantly by 5.7% in 2030, which effectively strengthens
the local power supply support capacity.

Although there is not much difference in the overall kpk and kGL
between the two stages, further comparison of the kGL,area after
considering spatial distribution shows a significant improvement in
2030 compared to 2025, increasing from 0.57 to 0.67.

In addition, the system enhances the stable operation level
through measures such as strengthening the main grid structure
and improving the distribution grid structure on the grid side. The
kN−1, Umarg, and Ik,marg in 2030 are slightly higher than those in
2025, having increased by 2%, 0.7%, and 0.4%, respectively.

However, due to the gradual increase in the knew,cap of the system
and the weak anti-interference ability of new energy, the knew,disc in
2030 is slightly increased by 1.2% compared to 2025. Overall, the
security efficiency evaluation results in 2030 are slightly better
than in 2025.

5.2.2 Comparison of clean energy
On the power source side, City Z fully utilizes the rich solar

energy resources in the region, accelerates the parallel construction
of centralized photovoltaic systems using “fishery and light
complementarity” and other distributed new energy projects,
and carries out transformation around the existing coal-fired
units. As shown in Figure 4, compared to 2025, the relevant
indexes in 2030 that characterize the level of new energy
development and utilization efficiency (such as the growth rate
of knew,cap, knew,per and Tnew ranges from 6%–18%), the level of
clean transformation of traditional thermal power generation
(such as the growth rate of kther,clean up to 40%), and the overall
level of clean energy supply (such as the growth rate of knon−foss
reaching 10%) have all improved.

On the power load side, City Z vigorously promotes the level of
electrification in industry, architecture, and transportation fields.
The construction results can be shown in Figure 4; compared to
2025, we can see that the growth rates of kelec and Eelec,rep have
significantly improved, reaching 40% and 39%, respectively.

Similarly, as the process progresses, the energy consumption and
carbon emission-related indexes, such as EGDP, EMC and ENC, will
further decrease in 2030. The reduction rate ranges from 4% to 14%,
as shown in Figure 4.

Overall, the evaluation results of clean low carbon in 2030 are
higher than those in 2025. However, the score in 2030 is still low
(51 points); further urban system construction work is needed.

TABLE 7 Weight of the primary index by A1, A2, and A3.

Index Weight (ω̂i)

A1 A2 A3

Primary index Security efficiency 0.38 0.63 0.28

Clean energy 0.28 0.24 0.58

Flexibility 0.34 0.13 0.14

Secondary index kpk 0.09 0.08 0.10

kE 0.09 0.11 0.11

kP 0.12 0.11 0.11

kGL 0.12 0.11 0.11

kGL,area 0.10 0.10 0.10

kN−1 0.10 0.10 0.10

Tcct 0.10 0.09 0.09

Umarg 0.08 0.12 0.10

Ik,marg 0.09 0.12 0.10

knew,disc 0.11 0.06 0.08

knew,cap 0.10 0.15 0.07

knew,per 0.10 0.20 0.07

Tnew 0.10 0.15 0.07

knew,loss 0.09 0.15 0.07

kther,clean 0.10 0.05 0.10

knon−foss 0.09 0.05 0.10

kelec 0.09 0.05 0.10

Eelec,rep 0.09 0.05 0.10

EGDP 0.09 0.05 0.10

EMC 0.07 0.05 0.11

ENC 0.08 0.05 0.11

kflex 0.25 0.10 0.15

kg,pk 0.16 0.10 0.15

kes 0.16 0.15 0.15

SDR 0.16 0.20 0.20

UIV2G 0.14 0.20 0.15

Spk 0.13 0.25 0.20
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5.2.3 Comparison of flexibility
The city has taken measures such as accelerating the flexibility

transformation of existing conventional thermal power,
constructing diversified intelligent, interconnected comprehensive
energy systems, rationalizing the layout of multiple types of large-
scale new energy storage, and establishing real-time demand
response platforms to comprehensively enhance the flexibility
and adjustment ability of the system.

With the advancement of the construction process, as shown in
Figure 5, compared to 2025, the indexes such as kflex, kes, SDR,etc., have
all significantly improved by 2030. Among them, the improvement effect
on the power load is the most significant; UIV2G and SDR increased by
60% and 100%, respectively. The evaluation results of flexibility have
increased from 43 points to 63 points with significant results.

5.3 Analysis of the sensitivity of weight

The method of comprehensive evaluation in Section 4 shows
that the evaluation results are not only affected by the planning and
operation of the system but also by the index weight. Therefore, in
order to study the sensitivity effect of weight, the paper considers
that different experts may focus on different degrees of correlation
between indexes, resulting in different index weights.

Three experts, A1, A2, and A3, were asked to participate in the
evaluation of the system construction for City Z in 2025. As shown
in Table 7, the index weight is obtained according to the index
correlation matrix set by these experts. A1 offers a balanced weight,
A2 is more concerned about security efficiency, and A3 is concerned
about clean energy.

The evaluation results considering expert weights are shown in
Figure 6. Because the planning and operation of the system are
certain, the value and score of the secondary index remain
unchanged, so the score of the primary index mainly depends on
the secondary index weight. In this case, although the three experts
have different emphases on the weight of secondary indicators, due
to the large number of indicators, the difference is reduced to a
certain extent by normalization, reducing the variation in the
primary indicator scores.

Comparing the comprehensive index in Figure 6, A1 sets
relatively balanced weights for the primary index, and the
comprehensive index score is 50 points. A2 gives the highest score
(52 points), mainly because the expert gave the highest weight to the
security efficiency, which effectively improves the overall evaluation
results of the system. A3 gives the lowest score (49 points) because this
expert pays more attention to clean energy. However, the system
construction of City Z in 2025 has the lowest score in the aspect, which
further reduces the overall evaluation result of the system.

6 Conclusion

This paper combines the overall requirements and the
characteristics of low-carbon development of power systems in
load-intensive cities. First, the development trends and goals of
the system are understood. Second, a comprehensive index system
and evaluation method suitable for urban system construction are
proposed. Finally, the effectiveness of the proposed index system is
verified using the actual urban power system of City Z as an example,
and relevant conclusions are drawn as follows.

The construction of an index system should not only meet the
constraints of national and regional macro goals but also combine
with the actual development of the city, determine development goals
according to local conditions, and expand the expected index to evaluate
its own development. The index system can be continuously optimized at
different stages of urban system construction based on changes in
construction progress, work priorities, and social development level.

To ensure the balance between power supply and demand and
stable operation of the system, it is necessary to take measures such as
strengthening the construction of local power sources, strengthening
the network structure, and optimizing the performance of new
energy-related networks to improve the relevant indexes of security
efficiency. Variables such as kE, kP, kGL, etc., are included to measure
the supply and demand balance ability of the system, and kN−1, Ik,marg,
etc., are included to measure the stability level of the system.

To ensure the goals for energy upgrading and energy conservation
are met, it is necessary to reduce system energy consumption and
carbon emission-related indexes, such as EGDP, EMC, ENC, etc. The

FIGURE 6
Comprehensive evaluation results for system construction in 2025 by experts A1, A2, and A3.
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relevant measures include actively developing new energy sources and
upgrading traditional thermal power on the power supply side,
promoting the substitution of terminal energy on the load side,
and so on.

To meet the increasing flexibility requirements of the system,
measures such as conventional thermal power flexibility
transformation, comprehensive energy system construction, large-scale
development of new energy storage, and demand response platform
construction can be taken to fully tap into the flexible resources of various
links within the system. Ultimately, the optimization of relevant
evaluation indexes of flexibility (such as kg,pk, kes, SDR, etc.) and the
improvement of systemflexibility adjustment capabilitieswill be achieved.

As China is currently in the early stages of new power system
construction, a small number of cities with high levels of economic
development, intensive load and high dependence on external energy
supply have been selected as demonstration projects. This paper selects
the representative City Z for verification. In the future, with the
construction and promotion of new urban power systems, further
verification of different types of cities is needed, which includes unique
characteristics, development foundations, resource endowments, major
issues, and challenges. Furthermore, the proposed index systemmust be
continuously optimized and adjusted to improve its applicability.

The proposed index system covers a wide range of indexes to
adapt to the evaluation of urban system construction in most cities. In
practical application, according to the specific conditions of urban
development in different stages and the characteristics of different
cities, appropriate screening or additional indexes can improve the
accuracy of the evaluation. In addition, with the continuous
development of technology, the evaluation can be combined with
the actual power planning and operation system through big data, AI,
and other technologies that can achieve real-time evaluation, and
relevant suggestions can be given for the optimization and adjustment
of each link (power source, power grid, power load, energy storage) to
support the early completion of system construction.
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