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ABSTRACT

Because of the randomness of wind power and photovoltaic (PV) output of new energy bases, the problem of peak
regulation capability and voltage stability of ultra-high voltage direct current (UHVDC) transmission lines, we
proposed an optimum allocation method of installed capacity of the solar-thermal power station based on chance
constrained programming in this work. Firstly, we established the uncertainty model of wind power and PV based
on the chance constrained planning theory. Then we used the K-medoids clustering method to cluster the scenarios
considering the actual operation scenarios throughout the year. Secondly, we established the optimal configuration
model based on the objective function of the strongest transient voltage stability and the lowest overall cost of
operation. Finally, by quantitative analysis of actual wind power and photovoltaic new energy base, this work
verified the feasibility of the proposed method. As a result of the simulations, we found that using the optimal
configuration method of solar-thermal power stations could ensure an accurate allocation of installed capacity.
When the installed capacity of the solar-thermal power station is 1 × 106 kW, the transient voltage recovery index
(TVRI) is 0.359, which has a strong voltage support capacity for the system. Based on the results of this work,
the optimal configuration of the installed capacity of the solar-thermal power plant can improve peak shaving
performance, transient voltage support capability, and new energy consumption while satisfying the Direct Current
(DC) outgoing transmission premise.

KEYWORDS
Solar-thermal power station; optimal configuration of installed capacity; new energy base; multi-objective
optimization; chance constrained planning theory

1 Introduction

According to the roadmap for the development of renewable energy in China, it is planned that
the installed capacity of the solar-thermal power station will reach 500 GW by 2050 [1]. The solar-
thermal power will replace part of the thermal power peak shaving power supply and promote the
development of new energy bases. Due to the obvious uncertainty and volatility of wind power and
photovoltaic (PV) [2–4], large-scale grid connection will have an impact on system operation [5–7].
Gansu has a large proportion of new energy installed capacity, and the power grid is fragile. Taking
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Jiuquan-Hunan ±800 kV ultra-high voltage direct current (UHVDC) transmission as an example,
its power transmission capacity is insufficient, the construction of peak regulating power supply is
not synchronous, and it cannot meet the DC transmission demand of Hunan in evening peak hours
[8]. The solar-thermal power station uses the same turbine as conventional thermal power, which can
improve the rotational inertia of the power system and the safety and stability of the system [9]. How
configure the installed capacity of the solar-thermal power station to enhance the peak load regulation
effect and transient voltage support capacity on the premise of meeting the DC transmission demand
is the key to building a renewable energy base.

At present, there has been much research on the capacity optimization configuration of solar-
thermal power stations. In the literature [10], a two-level optimal dispatching model was developed
for the participation of a high energy-carrying load as a dispatchable resource in the new energy
complementary power generation system, taking into account the wind and light resource consump-
tion, and the model was solved by NSGA-II and binary particle swarm algorithm. The results show
that the participation of the solar-thermal power plant reduces the output power fluctuation by
65.8% and the wind and light abandonment by 86.3%. In the literature [11], a source-grid-load multi-
time coordinated optimization method considering wind-light-thermal combined DC outfeed was
proposed. To minimize the comprehensive operating cost of the system, the source-grid-load two-stage
day-ahead-intra-day multi-time optimization scheduling method is constructed; the simulation verifies
that the scheduling method can effectively promote the scenery consumption of a high percentage
of the new energy grid and reduce the system operating cost. The literature [12] combined a hydro-
wind-photovoltaic complementary power plant and analyzes the scheduling strategy for integrated
operation through multi-objective optimization to maximize power generation, minimize output
power fluctuations, and minimize deviations between power generation and planned output. The
literature [13–15] analyzed the fluctuation characteristics of wind power transmission, the operation
characteristics of wind power grid connected transmission end, and UHVDC transmission, which
provides a certain idea for wind power DC transmission. Literature [16–19] considered the impact
of regulation demand, multiple operation scenarios, and demand response, and studies the planning
of new energy systems including solar-thermal power stations. Literature [20,21] clustered PV output
scenarios based on K-means and K-medoids clustering algorithms. Literature [22–24] proposed that
the combined power generation system including the solar-thermal power station, wind farm and
electric load uses TVRI to measure the voltage recovery ability after a system failure. The results
show that solar-thermal power stations can improve the transient stability of the system. Literature
[25–28] discussed the operation mode of coordinated optimization of wind power and solar-thermal
power. The thermal storage system is used to compensate for wind power, which shows that the
combined solar-thermal and wind power generation system can effectively reduce power fluctuation.
In literature [29–31], a multi-objective function was constructed to obtain the optimal output of
the solar-thermal power station by considering the absorption rate of new energy, regional section
limit and the schedulability of the solar-thermal power station. Literature [32–35] considered the
uncertainties of wind power, PV and load, and established power prediction probability distribution
functions by using the Copula function method.

The above-mentioned literature configures the capacity for the regulation demand, operation
scenario, and demand response, but the current research on the capacity configuration of the solar-
thermal power station does not involve the transient voltage support stability of the system under the
DC transmission demand.

Given the above problems, this paper establishes the uncertainty model of PV and wind power
based on the chance constrained programming theory. Taking the strongest transient voltage stability
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and the lowest comprehensive operation cost as the objective function. Take a new energy base
as an example for simulation analysis. TVRI analyze the transient voltage stability under different
solar-thermal power stations’ installed capacities, and according to the peak-to-valley difference and
cumulative climbing amount analyzes the peak shaving effect after accessing solar-thermal power
station.

2 PV and Wind Power Uncertainty Modeling and Scene Clustering
2.1 Chance Constrained Programming Theory

Chance constrained programming is a decision-making method that considers that the constraints
cannot be fully satisfied in adverse environments. It describes random variables in the form of
probability constraints. Based on this, the corresponding confidence level is given to ensure that the
probability of the optimal solution meeting the constraints is greater than its given confidence level.

2.2 PV and Wind Power Uncertainty Modeling
2.2.1 PV Power Uncertainty Modeling

The uncertainty of PV output is mainly studied in the following three aspects: solar irradiance,
PV output power and PV output prediction error. The expected value of PV forecast error is about 0,
which can be described by normal distribution [36].

Suppose that the random variable of the output prediction error of PV power station is Xi,
the variance is σ 2

PV ,t, and the expectation is 0, then the prediction error is ΔPPV ,t ∼ N
(
0, σ 2

PV ,t

)
, its

probability density function is shown in Eq. (1).

f
(
ΔPPV ,t

) = 1√
2πσPV ,t

e
−

ΔP2
PV ,t

2σ2
PV ,t , ΔPPV ,t ∈ Xi (1)

2.2.2 Wind Power Uncertainty Modeling

Wind power is easily affected by meteorological factors, resulting in power uncertainty. From the
literature [37], it is known that wind power output can be described by a normal distribution. If the
random variable of wind farm output prediction error is Yi, the variance is σ 2

W ,t, the expectation is 0,
then the prediction error isΔPW ,t ∼ N

(
0, σ 2

W ,t

)
, its probability density function is shown in Eq. (2).

f
(
ΔPW ,t

) = 1√
2πσW ,t

e
−

ΔP2
W ,t

2σ2
W ,t , ΔPW ,t ∈ Yi (2)

2.3 PV and Wind Power Scene Clustering
Considering the time series characteristics of wind power and PV output, using the K-medoids

algorithm. K-medoids algorithm in this work can be described from Eq. (3). The annual operation
scenarios are clustered and reduced to four typical scenarios, which are: large wind and solar (LWLS),
small wind and solar (SWSS), large wind and small solar (LWSS), and small wind and large solar
(SWLS).

E =
K∑

i=1

∑
p∈Ci

(‖ P − mi ‖2
)

(3)
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where E is the sum of squares of the deviations of all objects in the data set; K is the original cluster; P
is the sample in cluster; mi is the center point of cluster Ci; After a new round of center replacement, the
clusters divided by the new center set are represented by Cnew,i, i = 1, 2, . . . , K and the original clusters
are represented by Cold,i, i = 1, 2, . . . , K.

3 Optimal Allocation Model of Installed Capacity of the Solar-Thermal Power Station Based on Chance
Constrained Programming
3.1 Objective Function

The economic factor is a key role in the planning. Most studies in China and abroad take the
minimum comprehensive operation cost of the system as the objective function.

This paper started from the overall benefits of the addition of the solar-thermal power station,
which took into account the investment cost, operation cost, and transient stability. Taking solar-
thermal power station installed capacity as the decision variable, the maximum transient voltage
stability and the minimum comprehensive operation cost as the comprehensive objective function,
the comprehensive objective function F in this work can be described from Eq. (4).

min F = min [f1 (x) , f2 (x)] = min

⎛
⎝ ∑

t∈[t1,tr]

∣∣Uk
i,t − Ui,0

∣∣
Ui,0

h

⎞
⎠ + min

T∑
t=1

(
CP

t + COM
t + CINV

)
(4)

where F is the comprehensive optimization goal of maximum transient voltage stability and minimum
comprehensive operation cost; f1 (x) is the maximum target of transient voltage stability; f2 (x) is the
lowest comprehensive cost target of the solar-thermal power station.

(1) Maximum objective of TVRI

TVRI is used to characterize the voltage recovery ability of the system after the failure of PV
addition. The smaller TVRI is, the stronger the transient voltage recovery stability and the stronger
the voltage support ability of the system. Hence, f1 (x) in this work can be described from Eq. (5).

f1 (x) = min (TVRI) = min

⎛
⎝ ∑

t∈[t1,tr]

∣∣Uk
i,t − Ui,0

∣∣
Ui,0

h

⎞
⎠ (5)

where Uk
i,t is the operating voltage of node i when fault k occurs at time t; Ui,0 is the voltage of node i

during normal operation; h is the calculation step.

(2) Minimum objective of comprehensive operating cost

The flexibility of the solar-thermal power station, on one hand, it can reduce the peak regulation
pressure of conventional peak regulation units and reduce the peak regulation cost; on the other hand,
it can improve the output of wind and PV energy and improve the economy of system operation. The
sum of the solar-thermal power station peak regulation cost CP

t , operation cost COM
t and investment

cost CINV as the comprehensive operation cost of solar-thermal power station. Due to many factors
involved in solar-thermal power station investment cost, to simplify the model, this paper only
considers the construction cost of light field, power generation system, heat absorption system and
thermal storage system. Hence, f2 (x) in this work can be described from Eqs. (6)–(9).

f2 (x) = min Ie = min
T∑

t=1

(
CP

t + COM
t + CINV

)
(6)
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CP
t =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
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Nf∑
f =1

αP
f Pf ,t�t η2Pe

f ≤ Pf ,t ≤ η1Pe
f

Nf∑
f =1

βP
f Pf ,t�t η3Pe

f ≤ Pf ,t ≤ η2Pe
f

Nf∑
f =1

γ P
f Pf ,t�t Pf ,t ≤ η3Pe

f

(7)

COM
t =

N∑
c=1

(
bcPc,t + kx

c Px
c,t

)
Δt + Scuc,t (8)

CINV = CSF + CPB + CHIT + CTES (9)

where Ie is the comprehensive operation cost of solar-thermal power station; CP
t is the peak regulation

cost; Pf ,t is the grid connected power; Pe
f is the rated power; αP

f , βP
f , γ P

f are the peak regulation cost
coefficients; η1, η2, η3 are the unit load factors [38]; COM

t is the operation cost of the solar-thermal
power station; Pc,t is the grid connected power of the solar-thermal power station; Px

c,t is power reserve;
uc,t is the start and stop status; bc, kx

c , Sc are the cost coefficients; CINV is the investment cost of the solar-
thermal power station; CSF is the construction cost of light field; CPB is the power generation system
construction cost; CHIT is the heat absorption system construction cost. CTES is the construction cost
of thermal storage system.

3.2 Constraint Condition
The constraints of the model include the operational constraints of the solar-thermal power

station, DC transmission line constraints and system operation constraints. The various constraint
models are expressed below.

3.2.1 Operation Constraints of Solar-Thermal Power Station

(1) The internal power balance constraint of solar-thermal power station can be expressed from
Eq. (10) [39].

Psolar
t = η · (

SSF · xDNI ,t − Pcos
t /ηc

)
(10)

where Psolar
t is the thermal energy output by the light field; η is the photothermal conversion efficiency;

SSF is the light field area; xDNI ,t is the DNI (Direct Normal Irradiance) value at time t; Pcos
t is the

discarded thermal power; ηc is the heat charging efficiency.

(2) The constraint of thermal conduction working substance segment can be expressed from
Eq. (11) [40].

Psolar
t + Pdsg

t + PEH
t = Pchg

t + PPC
t + uPC

t · PSU (11)

where Psolar
t , Pdsg

t , PEH
t , Pchg

t , PPC
t are the thermal exchange power between subsystems; uPC

t · PSU is the
energy required for turbine startup.

(3) The capacity constraint of the thermal storage subsystem can be expressed from Eq. (12) [33].

Eth,min ≤ Eth
t ≤ ρFLH · PCSP

max /ηc (12)

where Eth,min is the minimum thermal storage; Eth
t is the capacity of the thermal storage subsystem; ρFLH

is the number of hours that the solar-thermal power station operates at rated power without lighting;
PCSP

max is the maximum output power.
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(4) The constraint of power cycle subsystem can be expressed from Eq. (13).

xPC
t PPC

t,min ≤ PPC
t ≤ xPC

t PPC
t,max (13)

where xPC
t is the operation state of the steam turbine, 1 refers to operation, 0 refers to shutdown; PPC

t,min

and PPC
t,max are the minimum and maximum output of the generator.

3.2.2 DC Outgoing Constraint

(1) The power operation area constraint can be expressed from Eq. (14).

PDC,min ≤ PDC
t ≤ PDC,max (14)

where PDC,min and PDC,max are the upper and lower limits of DC outgoing power.

(2) The DC outgoing capacity constraint can be expressed from Eq. (15).

PC,min ≤
T∑

t=1

PDC
t Δt ≤ PC,max (15)

where PC,min and PC,max are respectively the minimum and maximum power delivered by DC.

(3) The upper and lower limits of power transmission adjustment constraint can be expressed from
Eq. (16).

− x−
t PDC

t,downΔt ≤ PDC
t − PDC

t−1 ≤ x+
t PDC

t,upΔt (16)

where x−
t and x+

t are 0–1 variables, representing the downward and upward adjustment state of
transmission power of UHVDC external transmission line at time t; PDC

t,down and PDC
t,up are the maximum

adjustment range of downward and upward power transmission for the DC communication line.

3.2.3 System Operation Constraints

(1) The system power balance constraint is as follows:

PPV
t + PW

t + PCSP
t ≥ Pload

t (17)

where PPV
t , PW

t , PCSP
t are the PV, wind power, solar-thermal output; Pload

t is the load power.

(2) The spinning reserve constraints as given by Eqs. (18) and (19).

Pr

⎧⎨
⎩

NG∑
i=1

PG,Rsvup
s,i,t +

NCSP∑
i=1

PCSP,Rsvup
s,i,t ≥

NPV∑
i=1

ΔPPV ,i,t +
NW∑
i=1

ΔPW ,t

⎫⎬
⎭ ≥ β1 (18)

Pr

⎧⎨
⎩

NG∑
i=1

PG,Rsvdowm
s,i,t +

NCSP∑
i=1

PCSP,Rsvdown
s,i,t ≥

NPV∑
i=1

ΔPPV ,i,t +
NW∑
i=1

ΔPW ,i,t

⎫⎬
⎭ ≥ β2 (19)

where β1, β2 are the confidence level; PG,Rsvup
s,i,t , PCSP,Rsvup

s,i,t , PG,Rsvdowm
s,i,t and PG,Rsvdowm

s,i,t are the up and down
spinning reserve that the traditional machine set can provide under scenario s at time t.

(3) The upper and lower limit constraint of solar-thermal power station output power as shown
in Eq. (20).

20%PCSP,max ≤ PCSP (t) ≤ PCSP,max (20)
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(4) The operation constraint of PV power station and wind farm as given by Eqs. (21) and (22).

0 ≤ PPV
t ≤ PPV ,max

t (21)

0 ≤ PW
t ≤ PW ,max

t (22)

where PPV
t is the output value of the PV power stations at time t; PPV ,max

t is the maximum output value
of the PV power stations at time t; PW

t is the output value of the wind farms at time t; PW ,max
t is the

maximum output value of the wind farms at time t;

3.3 Quantitative Analysis of Operation Characteristics of the Solar-Thermal Power Station
3.3.1 Transient Voltage Stability Recovery Index

To analyse the transient voltage stability of the system under different solar-thermal power station
installed capacities, the TVRI index is used to analyse the transient voltage stability of the system under
the three-phase grounding short-circuit fault [41]. The TVRI index can be defined by Eq. (23).

TVRI =
∑

t∈[t1,tr]

∣∣Uk
i,t − Ui,0

∣∣
Ui,0

h (23)

where Uk
i,t is the operating voltage of node i at time t of fault k; Ui,0 is the voltage of node i during

normal operation; h is the simulation calculation step.

3.3.2 Peak Regulation Index

Using the peak-to-valley difference and cumulative climbing amount analyze the peak shaving
effect after accessing the solar-thermal power station [38]. The peak-to-valley difference and cumula-
tive climbing amount can be defined by Eqs. (24) and (25).

Ipv = max

⎧⎨
⎩

Nf∑
f =1

Pf ,t1

⎫⎬
⎭ − min

⎧⎨
⎩

Nf∑
f =1

Pf ,t2

⎫⎬
⎭ (24)

Ir =
T∑

t=2

Nf∑
f =1

∣∣Pf ,t− Pf ,t−1

∣∣ (25)

where t1 and t2 are any time during operational process.

3.4 Model Solving Method
The solar-thermal power station installed capacity optimal allocation model proposed in this

paper is a nonlinear programming problem. As shown in Eqs. (18) and (19), the spinning reserve
constraint is a chance constraint in the form of uncertainty, which is subject to deterministic
conversion. The converted expression is as follows:

NG∑
i=1

PG,Rsvup
s,i,t +

NCSP∑
i=1

PCSP,Rsvup
s,i,t ≥ Ks,β1

, Ks,β1
= inf{K|K = φ−1

s,t (β1) (26)

NG∑
i=1

PG,Rsvdowm
s,i,t +

NCSP∑
i=1

PCSP,Rsvdown
s,i,t ≥ Ks,β2

, Ks,β2
= inf

{
K|K = φ−1

s,t (β2)
}

(27)
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where φs,t is the distribution function of random variables ΔP ∼ N
(
0, σ 2

PV .t + σ 2
w,t

)
.

After converting the chance constraint condition into the equivalent form and linearization, the
CPLEX solver is called in the YALMIP to solve the model. The specific steps of model solving are as
follows:

(1) Firstly, input the original data (wind power and PV output forecast data, basic parameters of
the arithmetic system and mathematical model of the solar-thermal power station, etc.).

(2) Uncertainty modeling by probability distribution density function of the prediction errors of
wind power and PV to obtain the set of scenarios considering the uncertainty of wind power
and PV output.

(3) Then the 365 scenario sets considering wind power and PV uncertainty are effectively scenario
clustered by the K-medoids clustering algorithm to obtain 4 typical scenarios.

(4) Finally, a multi-objective planning model is established in the MATLAB-YALMIP develop-
ment environment with the maximum transient voltage stability and the minimum integrated
operating cost as the integrated objective function, and the nonlinear planning model is
transformed into a mixed integer linear planning problem (MILP), and the CPLEX solver
is invoked to solve the planning model.

4 Example Analysis
4.1 Brief Introduction of Example Analysis

Take the improvement calculation of a new energy base in Gansu Province as an example. As of
July 2021, the base has a design ±800 kV DC transmission capacity of 8 × 106 kW, a design annual
power transmission of 4 × 1010 kWh, and a total installed capacity of 1.33 × 107 kW for wind and PV,
including 1.045 × 105 kW for wind power and 2.85 × 104 kW for PV power. The solar-thermal power
data comes from SAM software. The main parameters of 100 MW solar-thermal power station are
shown in Table 1 [11], and the other parameters are shown in the literature [42].

Table 1: Main parameters of the 100 MW solar-thermal power station

Parameter Unit Value

Thermoelectric conversion efficiency ηS−E % 40
Optical-thermal conversion efficiency ηs−th % 50
Light field area SSF m2 1.50 × 106

Maximum output of solar-thermal power station PE max
CSP MW 100

Minimum output of solar-thermal power station PE min
CSP MW 10

Operation life of solar-thermal power station n/year 20

The parameter settings in this paper are as follows:

The peak-shaving cost coefficients αP
f , and γ P

f are 150, 400, and 500 yuan/MWh, respectively; The
unit load rate η1, η2 and η3values are 50%, 40% and 30%, respectively. The cost coefficients bc, kx

c and Sc

are 22.21, 3.71 and 424.2 yuan/MWh, respectively; The investment cost of light field is 140 $/m2; The
investment cost of the thermal storage system is 3.5 × 105 yuan/FLH. Since for most solar-thermal
power stations, thermal storage capacity configurations are within 10 FLHs, this paper sets the thermal
storage capacity configuration as 10 FLHs.
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4.2 Optimal Configuration Results of Installed Capacity of the Solar-Thermal Power Station
The initial 365 scene sets are clustered by K-medoids and reduced to 4 typical scenes. The

clustering curve of wind power and PV output is shown in Fig. 1.
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Figure 1: Clustering diagram of wind power and PV output

According to the configuration of the solar-thermal power station; its installed capacity is as
shown in Table 2.

Table 2: Optimal configuration results of the solar-thermal power station installed capacity

Parameter Unit Value

Total installed capacity 104 kW 100
Single seat installed capacity MW 100
Quantity 10
DC outgoing capacity 104 kW 800

To evaluate the impact of the solar-thermal power station, the operation characteristics of the
base are as shown in Fig. 2. Maintaining a certain installed capacity of wind power and PV in the
base, when the installed capacity of the solar-thermal power station is increased from 2.5 × 105 to 1.75
× 106 kW, the curve of TVRI and comprehensive operation cost vary as shown in Fig. 2.

It can be seen that with the increase of installed capacity, TVRI gradually decreases and then
tends to be flat, indicating that the addition of the solar-thermal power station can improve the
voltage stability of the base. The comprehensive operation cost increases gradually with the increase of
installed capacity. This is because the larger the installed capacity of the solar-thermal power station,
the higher the investment cost, and the lower the operation cost and peak regulation cost. When
the installed capacity exceeds 1 × 106 kW, the investment cost is too high, so the comprehensive
cost increases significantly. In the double objective optimization model with the strongest transient
voltage stability and the lowest comprehensive operation cost, when the installed capacity is 1 ×
106 kW, the TVRI is 0.359. Compared with the non-addition of the solar-thermal power station, the
transient voltage stability recovery ability is greatly enhanced, and the comprehensive operation cost
is 2.276 × 1010 yuan. At this time, it is the optimal solution, which can not only improve the transient
stability of the system but also reduces the operation cost.
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Figure 2: Results of optimum allocation of the installed capacity

4.3 Quantitative Analysis of the Solar-Thermal Power Station
To study the impact of the solar-thermal power station on the DC power transmission of the base,

Fig. 3 analyzes the system output and DC transmission demand curve of a 1 × 106 kW solar-thermal
power station in a typical scenario.
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Figure 3: Wind power output, PV power output, and DC output curve

It can be seen that wind power and PV power are still the main output power sources in the base,
and the addition of solar-thermal power can better meet the DC transmission demand. From 0:00 to
9:00, the irradiance is low and the wind power fluctuates greatly. At this time, the solar-thermal power
stations use the stored heat to generate electricity. From 10:00 to 18:00, when PV is in the period of large
power generation, the solar-thermal power station will store part of the heat and generate electricity.
At this time, the solar-thermal power station undertakes the task of peak regulation. From 19:00 to
24:00, less PV power is generated, and the solar-thermal power station uses the stored thermal energy
to generate power, to meet the demand of DC transmission and stabilize the fluctuation of wind power.
The time from 7:00 to 12:00 and from 18:00 to 19:00 are in the peak period of export. The configuration
scheme in this paper can better satisfy DC export demands at 19:00 if there are no solar-thermal power
stations.
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According to the fixed installed capacity of wind power and PV, we obtained the variation curves
of DC export limit and new energy consumption under the different installed capacities of the solar-
thermal power stations as shown in Fig. 4.
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Figure 4: Change of DC transmission limit and new energy consumption

It is can be seen in Fig. 4, that with the increase of the solar-thermal power station installed
capacity, the DC transmission limit shows a trend of first increasing and then decreasing. And new
energy consumption is gradually increasing. This is because as the installed capacity of solar thermal
power plants rises, the scheduling flexibility of solar-thermal power stations continues to improve, and
the rotating reserve capacity they can provide increases with the system having a larger rotating reserve
capacity to cope with fluctuations in scenery output, so the amount of renewable energy consumption
increases accordingly. When the installed capacity is 1 × 106 kW, the new energy consumption increases
by 7.12% compared with that without solar-thermal addition, and the DC transmission limit increases
by 23.75%.

4.3.1 Analysis of Transient Voltage Stability Recovery Index

TVRI was also analysed under different solar-thermal power stations installed capacity as shown
in Table 3.

Table 3: Transient voltage stability recovery index

Solar-thermal installed capacity/× 104 kW TVRI

25 0.368
50 0.365
75 0.361
100 0.359
125 0.354
150 0.350
175 0.350
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It can be seen from Table 3 and Fig. 2 that as the installed capacity gradually increases, TVRI
gradually decreases and then tends to be stable, and the transient voltage recovery ability gradually
increases. When it increases to a certain amount, the support ability of transient voltage caused by the
addition of the solar-thermal power station reaches its peak. When the installed capacity is 1 × 106 kW,
TVRI is 0.359, and the transient voltage stability recovery ability is strong, that is, the voltage support
ability of the system is strong.

4.3.2 Peak Shaving Index Analysis

According to formulas (24) and (25), the peak shaving effect of the solar-thermal power station
with different installed capacities on the system is shown in Table 4. With the increase of the solar-
thermal power station installed capacity, the peak shaving effect is enhanced. In the period of less
new energy generation, the solar-thermal power station uses the stored thermal energy to generate
electricity, share the peak shaving task, and reduce the peak-to-valley difference.

Table 4: Comparison of peak regulation effect

Installed capacity
/× 104 kW

Ipv/× 104 kW Relative quantity
of Ipv/%

Ir/× 104 kW Relative quantity of Ir/%

0 711 0 1279 0
25 687 −3.37553 1125 −12.0407
50 645 −9.2827 979 −23.4558
75 565 −20.5345 887 −30.6489
100 498 −29.9578 796 −37.7639
125 400 −43.7412 722 −43.5496
150 305 −57.1027 598 −53.2447
175 277 −61.0408 548 −57.154

To sum up, when 1 × 106 kW solar-thermal power stations are configured, the comprehensive
operation cost is 2.276 × 10 10 yuan, TVRI is 0.359, and it can reduce the peak-to-valley difference
by 29.96%, increase the DC output power by 23.75%, and increase the consumption of new energy by
7.12%. Therefore, the configuration method in this paper is reasonable.

5 Conclusion

To study the optimal allocation of the installed capacity of the solar-thermal power station in the
new energy base, based on the chance constrained programming theory, this paper comprehensively
considers the DC transmission demand, transient voltage stability, and peak shaving cost, proposes the
optimal allocation method of the installed capacity of the solar-thermal power station, quantitatively
analyzes the operating characteristics of the solar-thermal power station, and simulates and verifies it
with an example of the actual new energy base, and draws the following conclusions:

1) Reasonable configuration of the solar-thermal power station installed capacity can improve
the transient voltage support capacity, and improve the new energy consumption rate and DC
transmission limit on the premise of meeting the DC transmission demand.

2) The introduction of the solar-thermal power station can improve the flexibility of the base, and
improve the peak shaving capacity of traditional units by undertaking peak shaving tasks.
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