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This study presents a generation expansion planning by incorporating the impacts

of renewable energy on the generation mix. The wind–solar power output and its

flexibility requirement are integrated into an optimization model to provide the realistic

representation of wind and solar energy resources. The model is then used for the

power system optimization planning of Jiangsu Province. A comparison of power

demand, electricity price subsidies, and carbon emission intensity scenarios reveals the

power planning scheme and optimization path for power system integrating increasing

renewable energy. The results suggest that the installed capacity of renewable energy will

increase from 21.6 to 133.2 GW in the baseline scenario during the planning period, with

its share ranging from 17.9 to 53.7%. Solar photovoltaic power is expected to contribute

72% of renewable capacity and 39% of total capacity by 2050. The impact of electricity

price subsidies on solar PV generation expansion is particularly significant. Additionally,

the flexibility requirement of power systems can basically be satisfied with the available

generation technologies; however, it would become severe if the flexibility requirement

grows faster than the flexible generation.

Keywords: generation mix optimization, wind–solar power output, flexibility requirement, low-carbon power

system, renewable energy

INTRODUCTION

In the global Climate Change Action Plan for a 2◦C reduction, the Chinese government promised
to peak their CO2 emission by 2030. As the main sector responsible for carbon emissions, power
generation needs to undertake the primary mission of reducing CO2 emission through a significant
transformation from an energy structure where coal is a leading resource to a cleaner energy
structure (Zhao et al., 2020). Jiangsu Province, the second highest electricity consumption area
in the country, consumed around 6,128.3 TWh electricity in 2018. Its installed capacity was 126.6
GW, with thermal power accounting for 77% of the total (National Bureau of Statistics, 2019). In
order to regulate its coal consumption and reduce CO2 emissions, the Jiangsu Province proposed to
increase generation capacity of non-fossil energy resources to more than 20% of the total capacity
by 2020 (Jiangsu Provincial People’s Government, 2017).

Wind and solar energy resources have great potential for utilization in Jiangsu Province. It is
estimated that the resource potentials of wind and solar energy reach 2.1 and 15.8 GW, respectively
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(Zhou et al., 2010; Zou and Yi, 2012), strongly favoring the
realization of a renewable power system. However, the large-scale
integration of variable renewables can render the power system
more complex (Liu et al., 2019). Fluctuations in wind and solar
energy power generation can lead to excessive or insufficient
power supply in the short term. Moreover, balancing the power
supply and demand is difficult owing to limited energy storage
facilities. Thus, these uncertainties have to be compensated with
high flexibility through real-time dispatch and response.

The traditional power system planning models focus on
the optimal combination of power generation technologies to
meet the power demand during the planning period. However,
the impacts of renewable energy start to be considered into
the planning models in recent studies. For example, several
scholars have defined flexibility as the system’s ability to
rebalance the power demand and supply when large amounts
of power generation from wind and solar energy are integrated
(Deason, 2018). Among others, traditional dispatchable power
plants provide generation supplement in times of low wind
speed and solar irradiation; transmission grids provide spatial
smoothing to match the power supply and demand in different
regions; energy storage devices provide a temporal support to
balance the fluctuation of VRE; and demand-side management
provides flexible load resources to respond to unexpected power
undulations (Deng and Lv, 2020).

To investigate the contribution of unit dispatch in long-
term planning, some studies analyze the short-term variations
in variable renewable energy (VRE) in long-term power systems
planning using a combination method of the hourly unit
commitment and capacity expansion planning models (Pereira
et al., 2017). Gils et al. (2017) and Scholz et al. (2017) examined
the correlation between VRE penetration, energy storage, and
power transmission. They found that interregional transmission
could play a significant role in wind-dominated scenarios,
whereas energy storage technologies are adequately applied in
solar-dominated scenarios. Zhang et al. (2017) developed an
integrated source-grid-load planning model to find an optimal
planning scheme for China. All the available resources of
generation, transmission, and demand side have been considered
to ensure a reasonable integration for renewable energy.

For power system planning at the provincial level, key factors
for decision-making in terms of power generation expansion are
system cost and decision risk (Fan et al., 2019). Furthermore,
the power systems of Hebei and Fujian Provinces in China show
great impacts on environmental tax and spatial distribution on
the portfolio strategy of generation technologies (Sun et al., 2013;
Wang et al., 2018). Especially, Zhang et al. (2015) evaluated the
clean energy alternatives in Jiangsu Province and verified the
priority of clean energy options such as solar photovoltaic (PV),
wind, biomass, and nuclear energy. In order to absorb more wind
resource, Zhao et al. (2009) and Hong et al. (2012) considered
the use of more wind resources and investigated development
strategies for wind integration, including flexible power plants,
transmission grids, and energy storage. Nevertheless, a few
system planning studies examining the regional power system
consider the flexibility requirement brought by renewable
energy generation.

This paper presents a planning model for the overall
planning and deployment of the power system, integrated with
increasing VRE resources, by incorporating the output and
flexibility requirement resulting from wind and solar energy.
It is significantly different from traditional capacity expansion
planning model and is more suitable for the simulation of future
renewable-dominated power system. The objective of the study
is to provide possible integration options, such as installed and
generation mixes, flexible power, and carbon emissions in long-
term optimization paths. The results could provide evidence for
constructing cleaner power systems by integrating highly variable
renewable energy, utilizing available flexible power.

The remainder of this paper is organized as follows. The
section Methodology describes the methodology of this study
with detailed explanations of the wind–solar output model and
the power system planning model. In the section Scenario
Settings and Input Data, the input data and scenario setting
are depicted. The section Results explains the main results of
the wind–solar output and planning models. Finally, discussion
and conclusion are presented in the section Discussion
and Conclusion.

METHODOLOGY

This section establishes the mixed integer linear programming
(MILP) model of power systems to study the power structure
and the optimization path of the Jiangsu power sector, as shown
in Figure 1. The model considers the massive input data of
technology and economic restraints, flexibility factors, power
demand, etc., in an attempt to minimize the system cost by
addressing the main planning constraints.

In order to integrate more renewable energy resources,
notably wind and solar energy, it is essential to take into
consideration the power output of wind and solar energy as well
as the flexibility requirement due to fluctuating power generation
in the constraints. We examine the wind and solar generation
capability of Jiangsu Province using large amounts of historical
meteorological data, reflecting its real power generation capacity
of wind and solar. As a result, the actual capacity factor is input
into the MILP model to further optimize the development path
of low-carbon generation technologies in sustainable scenarios.

Wind–Solar Power Output Models
Wind and solar power generation depends on the magnitude
of wind speed and solar radiation characterized by strong
randomness. Wind speed is modeled by theWeibull distribution;
the probability distribution function is given in Appendix A1.

The expected output power is defined as follows:

E (P) =
∫ +∞

0
P (v) f (v) dv =PrF

(

vf
)

−
Pr

vr − vc

∫ vr

vc

F (v) dv(1)

where v is the wind speed, f(v) is the probability density function
(PDF), P(v) is the output power of a wind turbine, Pr is the rated
power, vc is the cut-in wind speed, vr is the rated wind speed, and
vf is the cut-out wind speed.
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FIGURE 1 | Research method.

Solar PV power generation depends on the solar radiation
intensity fitted by the Beta distribution (Wang, 2017). The PDF of
the Beta distribution is given in Appendix A2. The solar to power
conversion model is developed on account of the PV panel solar
output (Wang et al., 2013), as shown below:

P (It) = δY

(

It

Is

)

[1+ ϕ (Tcell − Ts)] (2)

where P (It) is the output power of a PV panel, δ is the
panel derating factor, Y is the PV array capacity, It is the
radiation intensity, Is is the standard radiation intensity, ϕ is
the temperature power coefficient, Tcell is the PV array surface
temperature, and Ts is the standard testing condition of PV
cell temperature.

The actual capacity factor is approximated by the actual
output power to maximum power production ratio. For a wind
turbine or PV panel, the capacity factor is calculated as:

cf =
P

Pr
(3)

where cf is the capacity factor, P is the output power per unit wind
turbine or PV panel, and Pr is the nominal capacity per unit wind
turbine or PV panel.

Optimization Model
In this section, the power system planning model is built to
make decisions on the capacity expansion of power plants and
the efficiency power plant (EPP), as well as flexible power, which
determines the least-cost planning path of power systems. The
mathematical formulas of the objective function and constraints
are explained in the following.

Objective Function
The objective of the model is to minimize the system cost
relating to the decision variables during the planning period, that
is, from 2018 to 2050. This means that the objective function
consists of capital cost, operation cost, and fuel cost of generator
units, as well as the demand side investment cost, as shown in
Equation (4). In addition, the subsidy of renewable generation
is incorporated into the cost system to examine how the subsidy
policy affects the power structure.

min

T
∑

t=1

Ct
i + Ct

o + Ct
f
+ Ct

d
− ǫtCt

s

(1+ r)t
(4)

where T is the length of the planning period, and Ct
i , C

t
o, C

t
f
,

Ct
d
, and Ct

s give the generator units’ capital cost, operation and
maintenance cost, fuel cost, EPP investment cost, and the subsidy
in year t, respectively. ǫt is a binary variable with value “0” for no
subsidy and “1” otherwise, and r is the discount rate.

Capital cost of generator units
The capital cost is broken down by year for the lifetime of
generator units.

Ct
i =

J
∑

j=1

Itj1Rtj
r (1+ r)Yj

(1+ r)Yj − 1
(5)

where j is the power plant type, such as coal, gas, hydropower,
nuclear, wind, PV, and biomass; Itj is the investment cost per unit

capacity of power plant type j in year t; Rtj is the new installed

capacity of power plant type j in year t; and Yj is the expected
lifetime of power plant type j.
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Operation and maintenance cost
The operation and maintenance (O&M) cost of generator units
in year t is calculated as follows:

Ct
o =

J
∑

j=1

ctjR
t
jεjT

t
j (6)

where ctj is the operation and maintenance cost per unit capacity

of power plant type j in year t, Rtj is the total installed capacity of

power plant type j in year t, εj is the efficiency coefficient of power
plant type j, and Tt

j is the annual operational hours of power plant
type j in year t.

Fuel cost
Fuel cost is calculated from the fuel price and power generation
in year t.

Ct
f =

J
∑

j=1

f tj εjR
t
jT

t
j (7)

where f tj is the fuel cost per unit capacity of power plant type j in
year t.

Investment cost of EPP
The installation cost of EPP is converted into the annual
equivalent cost as follows:

Ct
d =

D
∑

d=1

γ t
dc

t
d1Rtd

r(1+ r)Yd

(1+ r)Yd − 1
(8)

where d is the EPP type, which includes the energy-saving motor,
the energy-saving lamp, the ice thermal storage, and the energy-
saving transformer; γ t

d
is a binary variable with value “1” if the

EPP type d is applied in year t and “0” otherwise; ct
d
is the

investment cost per unit capacity of EPP type d in year t; Rd is
the new installed capacity of EPP type d in year t; and Yd is the
expected lifetime of EPP type d.

Electricity price subsidy
The electricity price subsidy for each generation technology is
calculated as:

Ct
s =

J
∑

j=1

ctsjE
t
j =

J
∑

j=1

ctsjεjR
t
j (9)

where ctsj is the electricity price subsidy per kilowatt-hour of

power plant type j in year t.

Constraints

Power load constraint
The total power generation, net input power, and EPP load
should meet the maximum yearly power load demand.

J
∑

j=1

εjR
t
j +

D
∑

d=1

δtdR
t
d + Pto ≥ Ptd (10)

where δt
d
is the maximum load coincidence factor of EPP type d

in year t; Rt
d
is the total capacity of EPP type d in year t; Pto is

the power transmitted from other regions in year t; and Pt
d
is the

maximum power load demand in year t.

Power supply and demand constraint
The annual power supply and demand must be balanced. The
transmission of power and reduction in power demand should
be taken into consideration.

J
∑

j=1

εjR
t
jT

t
j +

D
∑

d=1

RtdT
t
dδ

t
dl
t
d + Eto ≥ Et (11)

where Rt
d
is the total capacity of EPP type d in year t; Tt

d
is

the annual operational hours of EPP type d in year t; lt
d
is the

efficiency coefficient of EPP type d in year t; Eto is the net input
power in year t; and Et is the total power demand in year t.

Installed capacity constraint
The total installed capacity is calculated as follows:

Rtj = Rt−1
j + 1Rtj (12)

Rtd = Rt−1
d

+ γ t
d1Rtd (13)

where Rt−1
j is the available capacity of power plant type j at the

end of year t-1; and Rt−1
d

is the available capacity of EPP type d at
the end of year t-1.

The constraint of the total installed capacity is presented as:

Rtj ≤ Rtj,lim (14)

where Rt
j,lim

is the installed ceiling of power plant type j in year t.

The expansion potential of generator units is limited by
technical maturity and resource capacity. The annual new
installed capacity of each power generation technology is limited
as follows:

1Rtj ≤ 1R
t
j (15)

where 1Rt
j is the upper limit of the annual new installed capacity

of power plant type j in year t.

Flexibility constraint
The flexibility requirement of the power system due to
fluctuations in renewable energy generation needs to be met
by adjusting the power structure (Sullivan et al., 2013).
Besides, part of the power demand is satisfied by flexible
generation technologies.

J
∑

j=1

fjεjR
t
jT

t
j + Etfd ≥ 0 (16)

where fj is the flexibility coefficient of power plant type j; and fd is
the flexibility coefficient of the demand load.
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CO2 emission constraint
The CO2 emission constraint is set in accordance with the
Chinese carbon emission peak policy. The upper limit is
scheduled to decrease every year after 2030.

J
∑

j=1

εjR
t
jT

t
j e

t
j,CO2

≤ Mt
CO2

(17)

Mt
CO2

−Mt−1
CO2

{

≥ 0, t ∈ [1, 12]
≤ 0, t ∈ [13, 32]

(18)

where etj,CO2
is the carbon emission factor per kilowatt-hour of

type j of the power plant in year t; Mt
CO2

is the upper limit of
carbon emission in year t.

NOx and SO2 emission constraints
The pollutant constraints in the power sector are calculated as:

J
∑

j=1

εjR
t
jT

t
j e

t
j,NOx

≤ Mt
NOx

(19)

J
∑

j=1

εjR
t
jT

t
j e

t
j,SO2

≤ Mt
SO2

(20)

where etj,NOx
is the NOx emission factor for power plant type j in

year t; Mt
NOx

is the upper limit for NOx emissions; etj,SO2
is the

SO2 emission factor for power plant type j in year t; andMt
SO2

is
the upper limit for SO2 emissions.

SCENARIO SETTINGS AND INPUT DATA

There are six scenarios to examine the impacts of power demand,
subsidies, and carbon emission reduction targets on the power
technology development path in Jiangsu, as shown in Table 1.
The electricity received from the outside is set as low, medium,
and high. The electricity price subsidies and carbon price are
assumed in Appendix B.

The upper limits of the new installed capacity of the various
power generationmodes during the planning period are assumed
to be subjected to the resource reservation and exploitation
limitation. According to Zhang et al. (2017), Ye (2013) and,Wang
et al. (2014), the annual maximum installed capacity of each type
of unit is calculated as follows. The ceiling for coal and gas power

units is 9.36 and 5.2 GW, respectively, whereas the ceiling for
wind and solar PV power is 3.64 GW. Once the “Second Nuclear
Power Plant” proposed by the “13th Five-Year Plan of Jiangsu
Province” commences generation, the construction ceiling of
nuclear and hydropower will be 3.12 and 1.56 GW, respectively.
The potential of biomass energy is about 0.52 GW.

The power supply planning for east China and the
development plan for the state grid corporation expect the power
from outside of Jiangsu to gradually increase from 36GW in 2020
to 56 GW in 2050. The CO2, SO2, and NOx emission factors
are considered in accordance with the coal consumption per unit
power generation as well as the Jiangsu government’s regulation
on the desulfurization and out-of-sale rate (Cheng et al., 2015).
The fuel prices of coal, natural gas, uranium, and biomass are
assumed on the basis of energy price predictions in the IMCTC
(2019), CHDN (2019), Mao and Wang (2010), and Gao and Fan
(2010). The techno-economic parameters of power generation
technologies, such as life time, output factor, annual utilization
hours, investment cost, and O&M cost, are listed in Table 2 (Ye,
2013). The annual discount rate is 0.05.

The flexibility factor of each generation technology type
represents its flexibility contribution to system operation; this
ranges from −1 to 1 (Sullivan et al., 2013). As Table 3 shows,
wind and solar power requires great flexibility to smoothen
their fluctuating generation; this can make their flexibility factor
negative. Gas and hydropower, as well as biomass, could provide
rapid responsiveness for fluctuating power; this can make their
flexibility factor significant. As a base power source, coal power
plants are not suitable for frequent starts and stops; this makes
their flexibility factor slightly lower. Nuclear energy production is
stable, but it is inconvenient to start and stop, providing flexible
power output. Thus, its flexibility is 0. Besides, a part of the power
demand needs to be met by flexible power.

RESULTS

The generation capability of wind and solar energy is calculated
from the weather data and is substituted into the optimization
model to represent the actual output of wind and solar energy.
The planning results give the power structure predictions
for Jiangsu Province from 2020 to 2050, exploring the
transformation scenarios of the future power system, including
the optimization path of the generation mixes, the emission path
of air pollutants, and the development path of the EPP.

TABLE 1 | Characteristics of scenario setting.

Influencing factors Scenarios Code Power demand Outside power Subsidy Carbon emission

reduction targets

Power demand Low demand scenario LD Low Low × General

Regulatory demand scenario REF Medium Medium × General

High demand scenario HD High High × General

Subsidies Subsidy scenario SP Medium Medium
√

General

Carbon emission reduction target Low-carbon scenario LC High High × Strong

Enhanced low-carbon scenario LCS High High × Very strong
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TABLE 2 | Technical and economic parameters of power generation technology in the base year.

Power generation

type

Lifetime

(year)

Average output

(%)

Annual utilization

hours (h)

Investment cost

(yuan/kW)

O&M cost

(yuan/kWh)

Coal 30 0.65 8,760 4576.30 0.128

Gas 25 0.60 8,760 3460.80 0.131

Nuclear 40 0.90 8,760 10000.00 0.028

Wind 20 0.16 8,760 7493.34 0.014

Solar 25 0.26 8,760 6431.03 0.487

Hydropower 30 0.30 8,760 6975.00 0.007

Biomass 30 0.70 8,760 10090.00 0.300

TABLE 3 | Flexibility factors.

Technology Coal Gas Nuclear Wind Solar PV Hydropower Biomass Electricity

consumption

Parameters 0.15 0.5 0 −0.08 −0.05 0.5 0.3 −0.1

The optimization algorithm is resolved in MATLAB.

TABLE 4 | The output factor of wind power.

Season Mean

(m/s)

Standard

deviation

(m/s)

c k E(P) (MW) Output

factor

Spring (3–5) 6.34 1.90 3.73 7.03 0.44 0.22

Summer

(6–8)

5.38 2.06 2.75 6.06 0.31 0.155

Autumn

(9–11)

5.00 2.03 2.58 5.63 0.26 0.13

Winter (12–2) 5.28 2.06 2.72 5.95 0.30 0.15

The Power Output of Wind and Solar
Energy
The output factor of wind power shown in Table 4 is calculated
taking the 2-MW Vestas V80 onshore wind turbine as an
example. The output of wind energy in winter and spring is
relatively high, whereas that in autumn is relatively low. The
annual average output factor is about 0.1635, just below the
output factor in spring. That is, seasonal fluctuations are obvious.

Referring to the Wuxi Suntech standard series of 5-kW
polysilicon, the output factor of solar power calculated is shown
inTable 5. The illumination time is relatively longer in spring and
summer. The actual output of PV modules reaches 1.57 kW in
summer with 31% output capability. However, the output of solar
energy in autumn and winter is relatively low. The annual average
output factor is 0.26, below the potential spring and summer
output factor.

Planning Results
Power Generation Capacity Expansion
Figure 2 compares the installed capacity and power generation
under three demand scenarios to generally show significant
increases in both. The total installed capacity increases from 116

TABLE 5 | The output factor of solar power.

Season Temperature

(◦C)

Illumination

hours (h)

α β µ P (It)

kW

Output

factor

Spring (3–5) 16.2 13 1.88 4.52 0.29 1.40 0.28

Summer (6–8) 27.37 13.67 2.44 4.96 0.33 1.57 0.31

Autumn (9–11) 17.83 11 1.57 5.25 0.23 1.11 0.22

Winter (12–2) 10.4 10.33 1.91 5.97 0.24 1.17 0.23

GW in 2018 to 248 GW in the REF and 275 GW in the HD
scenarios by 2050. Similarly, power generation reaches 975.7–
1,108.1 TWh in 2050 to meet the growing electricity demand.

From the perspective of power generation technologies,
the generation mix changes from fossil-based energy to clean
energy, as shown in Figure 3. The installed capacity of coal-fired
technologies dominates initially, accounting for 67% of the total
capacity in 2020, but then shows a significant decline in share
after 2030, gradually substituted by the generation capacities of
clean energy resources such as wind, solar PV, and hydropower
technologies. Specially, the installed capacity of wind and solar
energy resources increases significantly from 16 GW (14%) in
2020 to 117 GW (47%) in 2050. Correspondingly, the power
generation from wind and solar PV reaches 264 TWh (24%) in
the HD scenario in 2050, becoming the major power generation
technology next to coal.

Resource constraints and policy restrictions have restrained
the capacity growth of hydropower and nuclear energy, which
increased only slightly, to have a relatively small share in the
future capacity expansion. The application of biomass is confined
by costly potential. Specially, the generation capacity of coal-fired
power plants is higher in HD than in REF, probably due to the
higher power demand that has to be satisfied on the premise of
fixed total installed capacity.
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FIGURE 2 | Installed capacity and power generation in different demand scenarios (from left to right: LD, REF, and HD scenarios).

FIGURE 3 | Installed capacity and power generation (from left to right: LD, REF, and HD scenarios).
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FIGURE 4 | Installed capacity and power generation in SP and REF scenarios.

FIGURE 5 | The generation capacity of clean energy and coal in HD, LC, and LCS scenarios.

Figure 3 Installed capacity and power generation (from left to
right: LD, REF, and HD scenarios)

Figure 4 compares the installed capacity and power
generation between the REF and SP scenarios. Non-fossil
fuel subsidies facilitate the construction and utilization of cleaner
energy resources; this is more obvious after 2030 with 17%
addition of nonfossil energy installation compared to that in
REF. Take a special attention on solar PV; the generation capacity
increases from 921 to 10,784 GW, representing explosive growth.
However, wind power generation reaches 29.9 TWh by 2050,
accounting for only 3% of the total generation due to the fact
that the subsidies for wind power will be canceled in 2020.
Similarly, in spite of considerable subsidies, gas and biomass
show limited development because their high cost is responsible
for weak competitiveness.

Carbon emission control policies led to a change in the power
generation mix. Coal-fired units have been widely employed to
meet the increasing power demand and peak load requirements;

however, the need to reduce carbon emissions has led to their
regulation. As shown in Figure 5, coal-fired generation shows an
increase during 2020–2030 and then remains stable during 2030–
2050. The generation capacity in the LCS scenario decreases
by 6 GW in 2050 compared to that in HD. Conversely, clean
energy, consisted of wind, PV, nuclear, and biomass, will be
supported extensively under the emission mitigation policies.
By 2050, coal-fired and clean energy generation will reach 555
and 553 TWh, respectively, that is, almost equal, thus replacing
coal-fired generation.

EPP
EPP, characterized by environment-friendly energy conservation,
is an ideal alternative electricity technology. The increasing
demand loads would provide adjustable power demand to
respond to the fluctuating power supply under demand-side
management measures. Figure 6 demonstrates the capacity
of EPP in six scenarios. Taken as a whole, EPP would be
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FIGURE 6 | The EPP capacity in 2050.

FIGURE 7 | The flexibility requirement and supply in six scenarios (histogram

for flexibility requirement, line graph for flexibility supply).

incorporated in SP and LCS scenarios on a large scale. In
particular, energy-saving lamps and energy-efficient motors will
be applied widely, the total capacity of which will reach 0.7 GW in
2050. It is undeniable that load resources will play an important
role in the future renewable-based power system with growing
power generation from VRE.

System Flexibility
The flexibility requirement of a power system is calculated
according to the power generation and flexibility factors.
As Figure 7 shows, the flexibility requirement gradually
increases in the LD, REF, and HD scenarios to reach 1,017.6,
1,292.8, and 1,394.7 TWh, respectively, in 2050, with growth
rates of 46.79, 83.57, and 97.62%, respectively, compared
to 2020.

Compared to the REF scenario, the SP scenario shows faster
growth in flexibility requirement, which reaches 1,306.3 TWh
in 2050. This is mainly due to the government subsidies for
renewable energy, which result in rapid development of wind
power and photovoltaics and higher flexibility requirement.

TABLE 6 | The emissions of CO2, SO2, and NOx in six scenarios (in million tons).

Scenario LD REF HD

Time CO2 SO2 NOx CO2 SO2 NOx CO2 SO2 NOx

2020 300.91 0.08 0.37 300.91 0.08 0.37 300.93 0.08 0.37

2030 300.97 0.04 0.22 308.63 0.04 0.23 353.10 0.05 0.26

2050 292.60 0.02 0.07 306.66 0.02 0.07 352.85 0.02 0.08

Scenario SP LC LCS

Time CO2 SO2 NOx CO2 SO2 NOx CO2 SO2 NOx

2020 300.92 0.08 0.37 300.93 0.08 0.37 300.96 0.08 0.37

2030 303.47 0.04 0.22 348.81 0.05 0.26 337.37 0.04 0.25

2050 301.80 0.02 0.07 348.49 0.02 0.08 337.10 0.02 0.08

Furthermore, the flexibility requirements of the LC and LCS
scenarios reach 1,489.7 and 1,465.1 TWh in 2050, with growth
rates of 106.82 and 107.71% relative to 2020. The power sector
would deploy more non-fossil energy, notably renewable energy,
to meet the increasing power demand and high emission targets.

The flexibility supply in six scenarios collectively exceeds the
flexibility requirement, with fill rates (supply/requirement) of
127.52, 104.52, 114.15, 102.35, 108.47, and 108.34%, respectively.
This indicates that the actual available flexible power can basically
meet the flexibility requirements, but might become relatively
short in the REF, SP, LC, and LCS scenarios.

Carbon and Pollutant Emissions
Table 6 compares the emissions of SO2, NOx, and CO2 in six
scenarios from 2020 to 2050. The CO2 emissions maintain a
certain growth before 2030. In 2030, the total carbon emissions
reach 300.9, 308.6, and 353.1 million tons in the LD, REF,
and HD scenarios, respectively, indicating a certain increase.
However, the carbon emission is slightly lower in the SP scenario
because the subsidies for renewable energy will facilitate the
replacement of coal-fired power generation with clean energy
power generation. Besides, the CO2 emission reductions in
the LC and LCS scenarios are 15.75 and 4.36 million tons,
respectively, compared with that in the HD scenario in the
context of high power demand. It explains why the enhanced
low-carbon policy has significant effect on emissions reduction.

Pollutant emissions gradually reduce during the planning
period. SO2 emissions will reduce from 0.08 to 0.01 million
tons, while those of NOx will reduce from 0.4 to 0.07 million
tons in the REF scenario. There are higher emissions in the HD
scenario, indicating a positive relationship between electricity
demand and pollutant emissions. On the contrary, SO2 and NOx

emissions are lower in the SP and LCS scenarios than in the
REF and HD scenarios. This is because policy subsidies and
enhanced low-carbon constraints have stimulative impacts on
pollutant emissions. In the future, the impact of renewable energy
instead of thermal power on gas emissions is not significant as the
desulfurization and denitrification rate of thermal power units
will reach 99% and 95%, respectively.
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DISCUSSION AND CONCLUSION

This paper presents a planning method to find the cost-optimal
planning path for the power system in Jiangsu Province taking
into account the fluctuating power generation of wind and
solar energy. Results show that the generation mix is subject to
multiple factors, such as resource potential, subsidies, and carbon
emission policies. A diversified power supply plan is provided
for the whole planning horizon, where non-fossil energy is
projected to contribute 58% of the installed capacity by 2050.
However, the installed capacity of coal-fired units will reach 103
GW by 2050 under a high power demand scenario, well above
the 87 GW in LD and 89 GW in REF. It is proved that the
power demand is the major factor in motivating the expansion
of coal power generation. Consequently, it is difficult to find
a significant substitute for coal power with increasing power
demand. Accordingly, carbon emission reduction continues to be
a challenge even though carbon emissions will peak before 2030.

As stated above, subsidies facilitate the deployment of clean
energy resource by converting coal-based power generation
into renewable-based power generation. However, this effect
will slow down in the subsequent planning period owing to
the cancellation of subsidies for wind and solar power. The
learning effect could be an alternative development path to
further reduce the generation cost of wind and solar PV
expansion. Furthermore, gas and biomass power show no much
capacity expansion during the whole planning horizon because
subsidies could not greatly offset their high generation costs.
In order to boost the non-fossil energy generation, it is vitally
important to put the focus on the subsidies for gas and
biomass once wind and solar generation technologies become
increasingly mature.

The flexibility requirement of wind and solar power as well
as the demand side can be basically met by the existing flexible
power generation technologies. Nevertheless, no much surplus
flexible power will be available to respond to the increasing
fluctuating renewable energy generation by 2050, especially in the
REF and SP scenarios. That is, more flexibility resources need to
be explored to largely integrate the penetration level of renewable
energy, such as energy storage technologies and demand side
response, as well as interregional transmission. These have not
been considered in this paper owing to limited data availability

and model computing power. However, flexible generation
technologies may carry a greater expectation in scenarios of
power demand, subsidies, and carbon emission control, which is
attributed to the cost advantage and mature technology.

In the future, carbon capture and storage (CCS) technology
will be widely applied in power systems to mitigate climate
change, and hence should be included in the next power
system planning. In addition, the planning on high temporal
resolution should be focused in the future power systems with
increasing VRE.
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