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Abstract: Carbon peaking and carbon neutrality goals have put forward new requirements for the
development of sustainable energy. As an important part of the energy system, the power system
plays an important role in achieving sustainable energy development. Future power systems will be
sustainable, with a high proportion of renewable energy such as photovoltaic and wind power. With
advancements in technology and the sustainable development of power systems, the construction
costs of wind power, photovoltaics, and other renewable energy sources will continue to decline. At
the same time, in order to cope with the uncertainty of renewable energy, more flexible resources
need to be built. Under a high proportion of sustainable energy penetration, the utilization rate of
flexible resources is low, which will lead to an increase in adjustment costs. Economic issues have an
important impact on the development of new power systems, and power system construction will in
turn affect social and economic development. Therefore, it is necessary to analyze changing trends
in electricity prices in the process of power system sustainability from a quantitative perspective,
so as to provide guidance for future planning. In view of the above problems, this paper takes
Gansu Province as an example, predicts future power installation trends, by analyzing the power
system form evolution, and uses production operation simulation technology to determine the power
generation and consumption situation. On this basis, the costs of various power supplies and power
grids are calculated, and trends in electricity prices in Gansu Province are forecast.

Keywords: carbon peak and carbon neutrality; sustainable power system; form evolution; cost
estimation; trend of electricity price

1. Introduction

Against a background of “carbon peak and carbon neutrality”, the proportion of
installed renewable energy capacity and power generation will gradually increase. In this
process, with the dual factors of technology maturity and scale effect, the cost-per-unit
capacity of installed new energy will still have room to decline [1–3]. At the same time,
under the extremely high proportion of renewable energy penetration, in order to ensure
the realization of the goal of “carbon peak and carbon neutrality”, it is also necessary to
increase the proportion of new energy generation, which will inevitably lead to a decline
in the utilization rate of installed new energy, so the power generation cost will rise in
this respect. On the other hand, in order to cope with the volatility of new energy output,
there will also be a large increase in energy storage, supporting thermal power units, and
other flexibility to adjust resource investment. The utilization efficiency of such resources
is generally low, and will also promote rising electricity prices [4–7]. Therefore, in the
process of the evolution of the new power system, trends of change in electricity pricing
are still uncertain.

At present, the price of renewable energy power generation has dropped significantly,
and most of the newly built new energy-generating units can achieve more affordable
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internet access than traditional energy. As a result, the economy of renewable energy power
generation has begun to be highlighted.

Many scholars have carried out related research on the changing trends of future
electricity prices. In research on the wind power economy, the authors of [8] internalized
external costs and benefits, comprehensively considering internal and external costs and
benefits, and put forward a reasonable price calculation method for wind power online. The
authors of [9,10] analyzed the economic benefits of new energy and proposed a calculation
method of equivalent on-grid electricity pricing of new energy. The authors of [11] proposed
a dynamic incentive mechanism for electricity transmission and distribution prices in view
of the current situation of energy transition, the authors of [12] took green certificate and
carbon trading prices into consideration in peak regulation strategies, and the authors
of [13–15] carried out research on the cost recovery mechanism and market price design
of extraction and storage. Based on externality theory, the authors of [16] studied the cost
dispersal mechanism of grid-side energy storage, while the authors of [17] analyzed the
technical economy of various types of energy storage absorbing new energy.

A comprehensive model has been developed to assess the spatiotemporal evolution of
China’s techno-economic grid PV potential from 2020 to 2060 [18], assuming continued cost
decline in line with the trends of the last decade. An integrated approach was developed
to analyze the grid parity of onshore wind power from a system cost perspective [19]. In
addition, the levelized cost of PV was calculated, taking into account factors such as capacity
factor, capital expenditure, annual plant operation and maintenance costs, discounts and
interest rates, and economic life [20–23].

In a wind farm life cycle analysis, the impact of infrastructure construction was
considered [24]. A large-scale levelized cost of electricity mapping of floating offshore
wind power over the European Atlantic was proposed in [25] to quantitatively analyze
different costs throughout the life cycle. An LSSA-BP neural network prediction model was
established to accurately predict onshore wind power costs in [26]. The existing research
methods for analyzing the levelized costs of offshore wind power and the challenges
faced by large-scale development of offshore wind power are introduced in [27,28]. A
techno-economic model is developed for wind energy cost analysis of a new Ferris wheel
wind turbine in [29]. The model was used to conduct a technical and economic analysis of
wind turbine site selection in low-wind-speed areas on the African continent, verifying its
feasibility from an economic perspective.

In general, the current research on the cost and price of new energy and storage has
mainly been focused on a single variable and has not taken into account the impact of
future power system evolution on changes in electricity price. Taking Gansu Province as
an example, this paper analyzes the evolution path of future power systems, comprehen-
sively considers the cost of power generation and transmission and distribution links, and
calculates trends of change in terminal electricity price in Gansu Province based on the
simulation results of production operation, which provides a price basis for the construction
of new power systems and a more ideal power market in the future.

2. Methodology

The price of electricity depends on the costs of production, transmission, regulation
and storage. Therefore, when calculating the electricity price in this article, the grid side
and the power supply side are considered separately. The cost calculation on the power
supply side adopts the operating period method model, which considers the construction
and operating costs of thermal power, wind power, photovoltaic power generation, hy-
dropower, electrochemical energy storage and pumped hydropower, and, finally, calculates
the average electricity price on the power supply side. On the grid side, a cost and benefit
calculation model is used to allocate the construction, operation, and maintenance costs of
grid-side transmission facilities, substation facilities, and distribution facilities. Based on
Gansu’s future load development trend and power supply construction planning, future
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power generation is calculated through production simulation, and then the electricity
price change trend in Gansu Province is obtained.

3. Power Side Cost Calculation
3.1. Operating Period Model

Operating period cost analysis is an important theory to study the one plant one price
problem, which is widely used in the price setting of conventional energy and renewable
energy. The operating period model of the power system obtains the annual cost of the
whole life cycle of the system through capital conversion and then calculates the kWh
cost on the basis of ensuring a certain financial profit rate. The idea of operating period
cost analysis is to calculate the equivalent annual cost of the net present value of each
annual cash flow in the operating life of the project, which is exactly equal to the total static
investment, for a given interest rate value. Then, divide by the estimated annual on-grid
electricity, and find the unit electricity cost. The operating period model of typical power
system cost analysis is as follows [30]:

N

∑
n=1

In(C, Q, S, · · · )− On(Vn, ρn, Tn, · · · )
(1 + re)

n = 0 (1)

where N represents the length of the project operation period; In (C, Q, S) is the total income
obtained in the n-th year of the project, which is affected by the project reserve price C,
annual power generation Q, residual asset value S and other factors. On (Vn, ρn, Tn) is the
cash outflow obtained in the n-th year of the project, which is affected by factors such as
fuel price Vn, loan repayment ρn, tax payment Tn, etc. re is the expected internal rate of
return on the funds used for the project.

If other factors are not considered, there is a definite relationship between the internal
rate of return (IRR) of project capital re and the project reserve price (C), which is called the
kWh cost corresponding to IRR re. The operating period model is mainly used to calculate
the power generation cost of various power sources.

3.2. Thermal Power Cost Calculation

Thermal power cost mainly includes thermal power unit environmental penalty
cost and thermal power unit investment and operation cost [7,17]. Among them, the
environmental penalty cost of thermal power is as follows:

FNEPTt =
T

∑
t=1

m

∑
i=1

kCO2 kNOx kSO2 kiPTit (2)

(2) The operating costs of thermal power units can be expressed as follows [17].

FTOPt =
m

∑
i=1

PTOPi.tPTit (3)

where m is the number of thermal power units in the system; kCO2 is the carbon dioxide
emission coefficient, kNOx is the nitrogen oxide emission coefficient, kSO2 is the sulfur
dioxide emission coefficient, ki is the coal consumption coefficient of the thermal power
unit. PTOPi,t is the electricity generation price of the i thermal power unit within t per unit
period after excluding the environmental penalty cost; PTit is the generating power of the
corresponding unit in the corresponding time period.

It can be concluded that the electricity price of thermal power units in the time period
t is as follows:

VTt = FNEPTt + FTOPt (4)
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3.3. Wind Power Cost Calculation

Wind power generation does not require fuel, so the marginal cost is close to 0. The
operation process does not pollute the environment, and its environmental cost is generally
considered to be 0. The main costs of wind farms include construction costs, operation and
maintenance costs, etc.

Wind power cost includes wind farm construction and operation cost F1, negative
efficiency operation penalty cost F2 considering wind farm ultimate penetration power,
and additional rotational reserve capacity compensation cost F3 considering wind farm
output forecast reliability. Wind power operation price can be represented by the following
model [31,32].

VWt = F1 + F2 + F3 (5)

The specific expression of F1, F2, and F3 is referred to in the literature [33], which will
not be repeated in this paper due to space limitations.

3.4. Photovoltaic Cost Calculation

Similar to wind power, photovoltaic farm costs include the costs generated by the
operation of the power station itself and the compensation costs of rotating standby capacity
caused by the uncertainty of photovoltaic output.

Considering that photovoltaic does not consume fuel in the power generation process,
by taking into account the investment, operation, and maintenance costs of photovoltaic, the
average power generation cost of photovoltaic has an approximate linear relationship with
its power generation during the whole life cycle. The mathematical model of photovoltaic
cost is shown as follows [17,34]:

Fpv.t =
x

∑
i=1

Ppv.it · fp,cost (6)

where Fpv.t is the total operating cost of photovoltaic power station in the unit period
t studied; Ppv.it represents the planned power generation output of the i photovoltaic
power station during this period; f p,cost refers to the cost and price of photovoltaic power
generation in this period, and the specific value is related to the operation of photovoltaic
power stations.

The uncertainty of PV output leads to the deviation between the actual output of PV
connected to the grid and the forecast output of the power station, which will increase the
system rotation reserve capacity and generate the corresponding cost. Photovoltaic rotation
reserve capacity compensation cost can be expressed as follows [17,34]:

FPVt =
x

∑
i=1

CPVt(1 − EPV.it)PPVF.it (7)

Among them, FPVt represents the rotational reserve capacity cost generated by the
system in response to the uncertainty of PV output prediction in a certain unit time period
t; CPVt is the reserve capacity price of the system during this period. EPV,it is the predicted
output of the i photovoltaic power station in this period; x is the number of photovoltaic
power stations, PPVF,it is the rated photovoltaic output.

Based on the above cost analysis, the cost of PV can be expressed as follows [17,34]:

VPVt = Fpv.t + FPVt (8)

3.5. Hydropower Cost Calculation

Hydropower costs are usually calculated using a two-part electricity price system, in
which capacity electricity price includes investment costs, a certain proportion of fixed
operation and maintenance costs, and a certain proportion of investment income, and
electricity price includes the remaining fixed operation and maintenance costs, residual
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investment income, and all variable operation and maintenance costs. The hydropower
costs can be as follows [35]:

Vwater,t = FCap + FElec (9)

where FCap is the hydropower capacity electricity price, FElec is the electricity price
of hydropower.

3.6. Cost Estimation of Electrochemical Energy Storage

The cost of electrochemical energy storage mainly includes construction investment
costs and operation and maintenance costs.

Electrochemical energy storage construction investment cost includes power cost and
capacity cost in two parts. The life cycle construction investment cost of the energy storage
system can be shown as follows [17]:

F1 = FPPC + FEEC (10)

where FP is the unit power cost of electrochemical energy storage, FE is the unit capacity
cost of the battery, PC is the rated power of the energy storage and EC is the rated capacity
of the energy storage system.

The operation and maintenance cost of an electrochemical energy storage system is
determined by the scale of energy storage, which can be expressed as follows [17]:

F2 = FmPC (11)

where Fm is the annual operation and maintenance cost per unit of energy storage capacity.
According to the working life of the energy storage system and the internal rate of

return on investment, the cost is divided within the working life of the energy storage
system. The annual operation and maintenance cost is superimposed. So the annual cost of
energy storage is as follows [36,37]:

VSt = (
(1 + r)Tr

(1 + r)T − 1
F1 + F2) (12)

where r is the internal rate of return of the investment cost of the energy storage system,
and T is the life of the energy storage system.

3.7. Cost Calculation of Pumped Storage

Starting from the whole life cycle and considering the cost expenditure generated
during the operation of pumped storage units, the whole life cycle cost model of pumped
storage can be obtained [37]:

CLCC = CI + CO (13)

Among them, CLCC is the life cycle cost, CI is the investment cost, and CO is the
operation cost.

Converting the full life cycle cost to each year, the annual cost is as follows [38]:

VLCC,t =
(1 + r)Tr

(1 + r)T − 1
CLCC (14)

In Formula (14), r is the internal rate of return of the investment cost of extraction and
T is the life of extraction.



Sustainability 2024, 16, 3340 6 of 17

3.8. Power Side Cost Calculation

The comprehensive cost of power supply includes all types of power supply and
energy storage costs, which can be expressed as follows:

VS =
VTtQTt + VGtQGt + VWtQWt + VPVtQPVt + VWater,tQWater,t + VSt + VLCC,t

QTt + QGt + QWt + QPVt + QWater,t
(15)

Among them, VTt, VGt, VWt, VPVt, VWater,t are, respectively, the kWh cost of thermal
power, gas power, wind power, photovoltaic power generation and hydropower; VSt,
VLCC,t are the converted cost of energy storage and extraction storage. QTt, QGt, QWt,
QPVt, QWater,t are, respectively, thermal power, gas power, wind power, photovoltaic power
generation and hydropower.

4. Cost Calculation of Power Grid Side
4.1. “Cost + Benefit” Calculation Model

At present, the approved principle of transmission and distribution cost in China
is permitted cost plus reasonable income [30]. The average power transmission and dis-
tribution price of the grid side is calculated by the ratio of the total allowable income
and the power transmission and distribution. The permitted total income includes the
permitted cost, the permitted income, and the tax several parts; the permitted cost includes
the base period cost and the new cost, the permitted income is the product of the effective
assets and the weighted average cost of capital, and the tax includes the enterprise income
tax, the urban construction tax, and the education surcharge. “Cost + benefit” mainly
considers the impact of power grid transmission and distribution construction, operation
and maintenance costs, electricity prices, taxes, new investment and power growth factors
on the cost.

4.2. Grid-Side Cost Calculation Model

The cost of the power grid mainly includes two parts, construction cost and operation
and maintenance cost, among which the construction cost includes three parts: construction
cost converted to the current period, investment cost of the new power grid in the current
period, and asset replacement cost in the current period. Therefore, the power grid cost can
be expressed as follows [39]:

FNet,t = FPre,t + FNew,t + FRep,t + Fop,t (16)

where FNet,t is the total cost of the power grid, FPre,t is the construction cost converted to
the current period, FNew,t is the new power grid investment, FRep,t is the asset replacement,
Fop,t is the operation and maintenance cost.

The cost of electricity price on the grid side can be converted by the total amount of
electricity transmitted:

VNet,t =
FNet,t

QTran,t
(17)

where VNet,t is the reflection of the cost of the grid in the price of electricity and QTran,t is
the total electricity transmitted by the grid.

5. Morphological Evolution Analysis of New Power System
5.1. An Evolutionary Analysis Approach Based on Planning

According to the development goal of the new power system in the future, combined
with the resource endowment, load forecasting, and development mode of the province,
the resources of the load and storage side of the source network are coordinated planning.
Provincial power grid planning is based on operation constraints and considers the require-
ments of power supply security and renewable energy consumption under source load
uncertainty [33]. The planning model can be abstracted into the following forms:
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min(
Y
∑

y=1
Cz(y, t))

s.t.

ϕg(x, u) ≤ 0
ϕl(x, u) ≤ 0
ϕd(x, u) ≤ 0
ϕs(x, u) ≤ 0
F(x, t, u) ≤ 0

(18)

where Cz (y, t) is the total system cost in y years in the evolution cycle considering the
influence of decision variables; ϕg (x, u), ϕl (x, u), ϕd (x, u), ϕs (x, u), F (x, t, u) are the
flexibility resources of each side of the source network and the operational constraints
of the system with decision variables, respectively. x is the vector matrix of optimized
output results in production operation simulation; t is the input parameter vector matrix
of multi-type decision variables in planning simulation; u is the input parameter vector
matrix in the production run simulation.

Under different development levels, the production simulation model with coopera-
tive flexibility adjustment characteristics takes the future power supply security and new
energy consumption as the optimization objectives. Due to the large number of binary
variables in the operation constraints of thermal power and thermal power, a mixed integer
nonlinear optimization problem is formed. The linear processing is carried out by defining
the online capacity of thermal power and solar thermal power units of the whole network
to reduce the model solving scale. By forming constraint sets for thermal power peak load
capacity (flexible transformation) and minimum start-up mode requirement constraints,
hydropower seasonal power and electricity constraints, grid mutual transmission limit con-
straints, demand-side response power constraints, energy storage power constraints, etc.,
the operating cost of various types of flexible resource investment is quantified. Optimize
and solve the multi-category flexible resource investment capacity and operation output
of the source network, and realize the integration planning and evolution analysis of the
source–network–load–storage flexibility.

5.2. Load–Storage Collaborative Planning Model of Source Network

In collaborative planning, the lowest total system cost Csys is the goal, and the system
assembly is the investment cost and system operation cost of the power generation side,
the transmission and distribution system, and the energy storage system, namely [40]:

minCsys = Cinv
sys + Coper

sys

s.t.
Cinv

sys = Cinv
gen + Cinv

line + Cinv
sto

Coper
sys = Coper

gen + Coper
line + Coper

sto + Coper
load

(19)

where Cinv
sys and Coper

sys are the total investment cost and total operating cost of the system,
respectively; Cinv

gen is the power supply investment cost, Cinv
line is the power grid investment

cost, Cinv
sto is the energy storage side of the construction cost; Coper

gen , Coper
line , Coper

sto and Coper
load

are, respectively, the operating costs of the power side, the transmission and distribution
network, the energy storage system and the load side.

The investment cost of power supply, grid, and energy storage can be expressed as
follows [40]: 

Cinv
gen =

Ng

∑
i=1

Cinv
g,i Gi+

Nh
∑

i=1
Cinv

h,i Hi+
Nw
∑

i=1
Cinv

w,i Wi +
Np

∑
i=1

Cinv
p,i Pi

Cinv
line =

Nl
∑

i=1
Cinv

l,i Li

Cinv
sto =

Ns
∑

i=1
Cinv

s,i Si

(20)
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where Cinv
g,i , Cinv

h,i , Cinv
w,i , Cinv

p,i , Cinv
l,i and Cinv

s,i correspond to the unit capacity construction costs
of thermal power, hydropower, wind power, photovoltaic, power grid and energy storage,
respectively. Ng, Nh, Nw, Nh, Nl and Ns are the number of corresponding items. Gi, Hi,
Wi, Pi, Li and Si are the capacity to be built or the capacity demand of the corresponding
project, respectively, and the decision variable of the optimization model.

The total operating cost of the system includes the power generation cost of all power
sources, the flexible adjustment cost of thermal power, the operating loss cost of line and en-
ergy storage and the system load reduction cost, which can be expressed as follows [40,41]:

Coper
gen =

T
∑

t=1

Ng

∑
i=1

(Cud
g,i gud

i,t + Cg,igi,t + Ch,ihi,t+

Cw,iwi,t + Cp,i pi,t)

Coper
line =

T
∑

t=1

Nl
∑

i=1
Cl,ili,t

Coper
sto =

T
∑

t=1

Ns
∑

i=1
Cs,isi,t

Coper
load =

T
∑

t=1

Nd
∑

j=1
(Cz

d,jd
z
j,t + Cf

d,jd
f
j,t + Ccut

d,j dcut
j,t )

(21)

where T is the period divided by the optimization cycle and Nd is the number of loads
accessed; Cud

g,i is the unit start-up and shutdown cost of the i thermal power unit; Cg,i, Ch,i,
Cw,i, Cp,i, Cl,i and Cs,i correspond to the unit power generation cost of the i thermal power,
hydropower, wind power, photovoltaic, line and energy storage; Cz

d,j, Cf
d,j and Ccut

d,j are
unit interruption, translation and load cutting costs of load I, respectively, and the above
parameters are known quantities. gud

i,t is the start-stop capacity of thermal power i at time
t; gi,t, hi,t, wi,t, pi,t, li,t and si,t are the output of the I thermal power, hydropower, wind
power, photovoltaic, line and energy storage at time t, respectively. dz

j,t, df
j,t and dcut

j,t are,
respectively, the j-th interruptible load power, shiftable load power, and shear load at time
t. The above parameters are optimization decision variables.

5.3. Production Run Simulation Model

Constraints of the production and operation simulation model mainly consider the
power supply and demand balance of the system, the total reserve constraints of the system
in the whole region, the output operation characteristics constraints of conventional thermal
power, hydropower, solar thermal, wind power, photovoltaic and other power sources, the
transmission limit constraints of the interconnected grid, the load side response capacity
and power constraints, and the charging and discharging power requirements of the energy
storage system [40,41].

The regional power supply and demand balance constraint of the system is as fol-
lows [40,41]:

∑
i∈Ωg

n

gi,t + ∑
i∈Ωh

n

hi,t + ∑
i∈Ωw

n

wi,t + ∑
i∈Ωp

n

pi,t

− ∑
i∈Ωls

n

li,t + ∑
i∈Ωlr

n

li,t + ∑
i∈Ωs

n

(sdis
i,t − scha

i,t ) =

∑
i∈Ωd

n

(dj,t − dcut
j,t ) + ∑

i∈Ωdz
n

dz
j,t − ∑

i∈Ωdf
n

df
j,t

(22)

where Ωg
n, Ωh

n, Ωw
n , Ωp

n, Ωs
n, Ωd

n , Ωdz
n and Ωdf

n are the collection composed of thermal
power, hydropower, wind power, photovoltaic, energy storage, load, transferable load and
interruptible load in the n-th region of the system, respectively. Ωlr

n , Ωls
n are, respectively, a

collection of incoming and outgoing channels in the region; scha
i,t and sdis

i,t are, respectively,
the charging and discharging power of the first energy storage system at all times are
decision variables.
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When flexible load, grid mutual benefit capacity, energy storage and discharge capacity
involved in demand-side response are included in the system standby capacity, the system
standby constraint is expressed as follows [40,41]:

gr
i,t + hr

i,t + lr
i,t + sr

i,t ≥ k(dj,t−
wi,t − pi,t − dzr

j,t − dfr
j,t)

(23)

where gr
i,t, hr

i,t, lr
i,t, sr

i,t, dzr
j,t and dzf

j,t are the standby capacity provided by the thermal power,
hydropower, power transmission, energy storage, transferable load and interruptible load
of power grid i in a single region at the middle time, respectively. k indicates the ratio of
the system standby capacity to the net load capacity.

The operating characteristics of thermal power units are constrained as follows [40,41]:

0 ≤ gi,t ≤ Gi
λg,iOg,i,t ≤ gi,t ≤ Og,i,t

Og,i,t = Og,i,t + gon
i,t − goff

i,t
−αdn

g,i Gi ≤ gi,t − gi,t−1 ≤ −α
up
g,i Gi

Ton
∑

τ=1
gon

i,t−τ ≤ Og,i,t ≤ Gi −
Toff
∑

τ=1
goff

i,t−τ

(24)

where αdn
g,i and α

up
g,i are, respectively, the climbing rate and the climbing rate of the i thermal

power unit; Og,i,t is the total online capacity of the i thermal power unit at time t; λg,i

denotes the lower limit of output of the i thermal power unit; gon
i,t and goff

i,t , respectively,
refers to the unit capacity increase and decrease in the i thermal power unit at time t; Ton,
Toff, respectively, indicates the shortest time interval between on and off.

Hydropower unit constraints are as follows [40,41]:
0 ≤ hi,t ≤ µi Hi

−αdn
h,i Hi ≤ hi,t − hi,t−1 ≤ α

up
h,i Hi

0 ≤
Nm
∑

t=1
hi,t ≤ Em

h,i

(25)

where µi is the monthly maximum upregulation capacity coefficient of hydropower i; Hi
is the rated capacity of hydropower i in the target year; Nm is the monthly total time
period; Em

h,i is the monthly available power generation of hydropower i affected by monthly
incoming water; αdn

h,i and α
up
h,i are the upward adjustment and downward adjustment speed

of hydropower i.
The output constraints of wind power and photovoltaic are as follows:{

0 ≤ wt ≤ ww,tW
0 ≤ pt ≤ wp,tP

(26)

where ww,t and wp,t are, respectively, the normalized predicted power coefficient of the
wind-solar electric field at time t, that is, the power generation capacity of the unnormalized
electric field.

The section power flow constraint is as follows:

−L ≤ lt ≤ L (27)

where lt is the section power and L is the section power limit.
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Load-side response constraints are as follows [40,41]:
−dzmax

j,t ≤ dz
j,t ≤ dzmax

j,t
0 ≤ df

j,t ≤ dfmax
j,t∣∣∣dz

j,t

∣∣∣ = 0
(28)

where dzmax
j,t and dfmax

j,t are the maximum power values of transferable load and interruptible
load, respectively.

The charge and discharge constraints of the energy storage system are as follows [40,41]:
0 ≤ sdis

i,t , scha
i,t ≤ Si

Es,i,t − Es,i,t−1 = ηs,ischa
i,t − sdis

i,t /ηs,i
0 ≤ Es,i,t ≤ Ts,iSi

(29)

where Si is the rated capacity of the i th energy storage system in the target year; ηs,i is the
charging and discharging efficiency of the corresponding energy storage; Es,i,t is the state
of charge at the energy storage time t; Ts,i is the continuous charging and discharging time
of the energy storage.

6. Case Study—Gansu Province as an Example

Taking Gansu Province as an example, this paper predicts the future installed capacity
of Gansu Province based on the form evolution model and the planning objectives and
economic and social development trends of the new power system construction action plan
of Gansu Province. The forecast of installed power capacity and construction cost of Gansu
Province from 2030 to 2060 is shown in Tables 1 and 2.

Table 1. Forecast on the development of power source installed capacity in Gansu.

Power Supply/Year 2030 2040 2050 2060

Coal power 3854 4509 4509 4509
Hydroelectric 1050 1050 1050 1050
Pump storage 780 1300 1800 1800
Stored energy 1124 1732 5417 9510
Wind power 7624 9246 12,947 14,570
Solar power 6969 10,081 15,725 21,505

Total 21,401 27,918 41,448 52,944
Unit: million kilowatts.

Table 2. Construction cost of the sources.

Power Supply/Year 2030 2040 2050 2060

Coal power 3500 3500 3500 3500
Hydroelectric 15,000 20,000 25,000 30,000
Pump storage 6300 6500 6700 6900
Stored energy 7200 6000 5000 3000
Wind power 7000 6500 6000 5500
Solar power 4600 4000 3500 3000

Unit: CNY/kW.

As can be seen from the table, the installed capacity of coal power will peak in 2040,
hydropower will reach the maximum installed capacity of 10.5 million kilowatts in 2030
due to the limitation of resource endowment, and pumped storage will be fully developed
in 2050 with an installed capacity of 18 million kilowatts. The installed capacity of energy
storage, photovoltaic, and wind power continues to grow, and by 2060, the proportion of
new energy installed capacity will increase to 68.14%.
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On this basis, the annual utilization time of various power supplies can be obtained
through production operation simulation, as shown in Table 3.

Table 3. Annual utilization hours of power sources.

Power Supply/Year 2030 2040 2050 2060

Coal power 4543.30 4724.13 3693.58 3120.50
hydroelectric 3828.68 3865.23 3770.02 3704.58

Energy storage (including
extraction and storage) 1873.16 1899.90 2417.67 2640.37

Wind power 1876.52 1824.69 1750.87 1693.91
Solar power 1484.84 1435.06 1383.34 1331.93

As can be seen from the table, in terms of annual utilization hours, with the in-
crease in the proportion of new energy and energy storage, the start-up time of thermal
power units is gradually compressed, the utilization time of energy storage is gradually
increased, and the annual utilization hours of hydropower, wind power, and photovoltaic
are slightly decreased.

On this basis, considering the changing trend of construction cost and operation cost
of different types of power supply in the future, based on the electricity price calculation
model, the corresponding changing trend of electricity price cost of different types of power
supply and power grid in Gansu Province is given. The results are shown in Figures 1–6.
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The changing trend of coal power costs in Gansu Province is shown in Figure 1.
For coal-fired power generation units, due to the decline in the number of annual

utilization hours, the future price of thermal coal may rise, inflation factors and coal power
flexibility transformation cost input and other factors, the cost of coal electricity shows a
continuously rising trend.

The changing trend of wind power costs in Gansu Province is shown in Figure 2.
In order to meet the load demand of small generation, the installed capacity of wind

power will be greatly increased, resulting in a decline in the utilization rate of wind turbines,
which will lead to an increase in the cost of wind power.

The changing trend of solar power costs in Gansu Province is shown in Figure 3.
The cost trend of photovoltaic power generation is broadly consistent with that of

wind power, and the reasons behind the impact are similar.
The changing trend of hydropower costs in Gansu Province is shown in Figure 4.
Because the hydropower resources that are easy to develop have been utilized, the

development of the remaining hydropower resources is more difficult, the development
cost is higher, and the comprehensive electricity cost of hydropower is on the rise.

The changing trend of energy storage system costs in Gansu Province is shown in
Figure 5.

With the large-scale application of energy storage in the future, the cost shows a
downward trend, mainly for three reasons: first, the expansion of energy storage scale, the
scale effect brings the reduction of production and construction costs; second, the energy
management technology is continuously optimized, and the battery life may be increased
to more than 10 years; and, third, new battery material technology has made breakthroughs,
and raw material costs are expected to decrease significantly.

The changing trend of pumped hydro costs in Gansu Province is shown in Figure 6.
As can be seen in Figure 7, the overall cost of pumped storage shows a downward

trend. On the one hand, with the gradual reduction of excellent pumped storage resources,
the cost of pumped storage is expected to increase gradually. On the other hand, the
utilization rate of pumped storage will increase in the future to reduce costs.

The power grid costs changing trend is shown in Figure 8. According to estimates, it
is expected that the comprehensive electricity cost of the power side in Gansu Province will
gradually rise. Before 2040, because the power supply structure in Gansu Province will not
change much, the kWh cost will show a slower growth trend, and, after 2040, due to the
acceleration of new energy and energy storage construction, the kWh cost will increase.

The terminal electricity price changing trend is shown in Figure 9. With the increase
in the proportion of installed capacity and power generation of new energy in the future,
investment in new energy transmission channels and networks continues to increase, but
the utilization efficiency of new energy transmission and transmission channels gradually
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declines. At the same time, with the increase in the capacity of energy storage, especially
pumped storage (through transmission and transformation capacity cost recovery invest-
ment), the transmission and transformation cost is further increased, but the overall change
of electricity price on the grid side is small.
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As can be seen from the figure above, in the process of achieving the dual carbon goal,
the overall kWh cost of the Gansu power system will show an upward trend.

7. Conclusions

Based on the development trend of electricity prices in Gansu Province during the
period of carbon neutrality from the present stage to 2060, this paper predicts the future
installed capacity of various types of power supply in Gansu Province through morpholog-
ical evolution, analyzes the future power generation situation based on production and
operation simulation, and analyzes the influencing factors of future electricity price from
the power supply side and the grid side, and draws the following conclusions:

(1) In the future, the terminal electricity price of Gansu Province will show an overall
rising trend. In the composition of the terminal electricity price, the proportion of
wind power, photovoltaic, and energy storage will gradually increase, while the
proportion of thermal power and hydropower will gradually decrease.

(2) In terms of the growth of electricity price, the main growth of electricity price comes
from the power supply side, and the change of electricity price on the grid side
is small.

(3) The prediction in this paper is based on the current technical and economic status
quo. Due to the relatively long prediction time, considering that there may be break-
throughs in material science and energy utilization technology in the future, which
will bring major innovations to the energy system, the prediction results in this paper
are only for reference.

The calculation of future electricity price trends in Gansu can provide a reference for
future power supply and power grid planning, and it can also provide a basis for future
electricity price policy formulation to achieve a more scientific and economical industrial
planning and energy system.
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