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ABSTRACT

This material provides necessary supplemental information for researchers to understand the method and results in the main
article. Supplementary Note 1 introduces the formulation of the generation and transmission expansion model (GTEP) in detail.
Supplementary Note 2 provides the calculation method of piecewise supply curves and their integration into the GTEP model.
The electricity supply costs and marginal carbon prices are presented in Supplementary Note 3 . Supplementary Note 4
presents the sensitivity analysis setting. Other supplementary tables and figures mentioned in the main article are also shown
here. Supplementary Note 5 shows details of the VRE potential in China based on our evaluation results. The advantages of
our model compared with existing methods are summarized in Supplementary Note 6 .

Contents
Supplementary Note 1 Mathematical Formulation of the Generation and Transmission Expansion Model . . . . . 3

Supplementary Note 1.1 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Supplementary Note 1.2 Objective Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
Supplementary Note 1.3 Power System Planning Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
Supplementary Note 1.4 Power System Operation Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
Supplementary Note 1.5 Solving Method and Code Implementation . . . . . . . . . . . . . . . . . . . . . . . . 11

Supplementary Note 2 Piecewise Supply Curves Calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
Supplementary Note 3 Calculation of Electricity Supply Costs and Carbon Mitigation Costs . . . . . . . . . . . . 14

Supplementary Note 3.1 Electricity Supply Costs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
Supplementary Note 3.2 Marginal Carbon Prices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
Supplementary Note 3.3 Average Carbon Mitigation Costs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

Supplementary Note 4 Sensitivity Analysis Setting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
Supplementary Note 5 Renewable energy potential and supply curves in China . . . . . . . . . . . . . . . . . . . 19
Supplementary Note 6 Comparison with similar existing literature . . . . . . . . . . . . . . . . . . . . . . . . . 20
Supplementary Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
Supplementary Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
Supplementary References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

List of Supplementary Figures
Supplementary Figure 1 Illustration of piecewise linear fitting for VRE supply curve . . . . . . . . . . . . . . 12
Supplementary Figure 2 Capital cost projection of RE generation technologies for the 30 years. . . . . . . . . 17
Supplementary Figure 3 Average manufacturing capability at each five-year stage. . . . . . . . . . . . . . . . 17
Supplementary Figure 4 The electricity load demands under different scenarios . . . . . . . . . . . . . . . . . 23



Supplementary Figure 5 The carbon emission limit trajectories under different scenarios . . . . . . . . . . . . 23
Supplementary Figure 6 Technical Procedure for GREAN Platform on VRE Resources Assessment . . . . . . 24
Supplementary Figure 7 Supply curves of wind power in each province . . . . . . . . . . . . . . . . . . . . . . 27
Supplementary Figure 8 Supply curves of PV power in each province . . . . . . . . . . . . . . . . . . . . . . . 30
Supplementary Figure 9 Capacity mix in China under different carbon emission target scenarios . . . . . . . 31
Supplementary Figure 10 Transmission network topology under carbon neutrality goals in 2050 . . . . . . . . . 32
Supplementary Figure 11 Composition variation of electricity supply cost . . . . . . . . . . . . . . . . . . . . . 33
Supplementary Figure 12 Hourly dispatch schedules in 2020 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
Supplementary Figure 13 Hourly dispatch schedules in 2050 under CN2050 scenario . . . . . . . . . . . . . . . 35

List of Supplementary Tables
Supplementary Table 1 Total electricity energy demands under different scenarios(TWh) . . . . . . . . . . . . 18
Supplementary Table 2 Secure requirement level setting under different scenarios . . . . . . . . . . . . . . . . 18
Supplementary Table 3 Total transmission limits of AC and DC candidate lines under different scenarios (GW) 18
Supplementary Table 4 VRE potential and capacity factor distribution in China projected by this study . . . . 19
Supplementary Table 5 Comparison with existing articles about the low-carbon transition in China . . . . . . 22
Supplementary Table 6 Abbreviations and regions of provinces in Mainland China . . . . . . . . . . . . . . . 36
Supplementary Table 7 The R-squared value of the transmission line length fitting results for each region . . . 37
Supplementary Table 8 The R-squared value of the transformer capacities fitting results for each region . . . 37
Supplementary Table 9 Projection results of within-province transformer capacities in CN2050 (GW) . . . . . 38
Supplementary Table 10 Projection results of within-province transformer lines in CN2050 (km) . . . . . . . . 38
Supplementary Table 11 The data source of Renewable Energy Resources in GREAN platform . . . . . . . . . 39
Supplementary Table 12 The data source of geographic information Resources in GREAN platform . . . . . . 39
Supplementary Table 13 The data source of human activities information in GREAN platform . . . . . . . . . 40
Supplementary Table 14 The parameter of generation technologies . . . . . . . . . . . . . . . . . . . . . . . . . 41
Supplementary Table 15 The parameter of energy storage technologies . . . . . . . . . . . . . . . . . . . . . . . 41
Supplementary Table 16 Variable costs of thermal units in different provinces (CNY/kWh) . . . . . . . . . . . . 42
Supplementary Table 17 The parameter of existing AC transmission lines in 2020 . . . . . . . . . . . . . . . . . 43
Supplementary Table 18 The parameter of candidate AC transmission lines . . . . . . . . . . . . . . . . . . . . 44
Supplementary Table 19 The parameter of existing DC transmission lines in 2020 . . . . . . . . . . . . . . . . . 45
Supplementary Table 20 The parameter of candidate DC transmission lines . . . . . . . . . . . . . . . . . . . . 46
Supplementary Table 21 Annual load demands at the provincial level in the NDC/BAU scenario (TWh) . . . . . 47
Supplementary Table 22 Annual load demands at the provincial level in the GM2.0 scenario (TWh) . . . . . . . 48
Supplementary Table 23 Annual load demands at the provincial level in the CN2050 scenario (TWh) . . . . . . 49

2/51



Supplementary Note 1 Mathematical Formulation of the Generation and Transmission
Expansion Model

This note introduces the mathematical formulation implemented and the corresponding solving algorithm. The multi-stage1

stochastic optimization model is applied to capture the long-term technology cost changes and the short-term renewable energy2

intermittent output. The whole model is linearized so that it can be solved in sensible computational time by an off-the-shelter3

solver. The modelling of components in a power system including various units and transmission networks is described in4

detail as follows.5

On the basis of the roadmap to carbon neutrality, the model simulates the generation and transmission expansion planning6

(GTEP) from 2020 to 2050 considering the RE potential allocation and current power system configuration in China. The7

modelling consists of three parts: the objective function, the planning constraints, and the operational constraints. One planning8

stage covers five years, as does the real scheme in China. The objective function is the total cost of power system investment9

and operation. The planning constraints represent environment limits and energy policy goals at the macro level, and the10

operation constraints describe the daily power system dispatch at the micro level. The model optimizes the investment variables11

and operating variables over the thirty-year planning period globally to avoid the impacts of myopic decision making1.12

Supplementary Note 1.1 Assumptions13

To simplify the model and make the optimization problem tractable, the GTEP model is formulated base on the following14

assumptions:15

• The GTEP model is formulated at the provincial level, where each provincial power system is considered as a single bus.16

The specific topology of the within-province grid is not considered. The within-province grid data are also confidential17

and not accessible. Regardless of the inaccessibly of data, the optimization problem is too large to solve within a18

reasonable time considering the precise within-province grid. When studying the nationwide issues, a common and19

practical approach is to treat the provincial grid as a single node2–4.20

• Generation units of the same type in one province are aggregated as one unit. The distributed generators in the distribution21

network, such as distributed PV and distributed biomass units, are also aggregated as one unit. It is assumed that they22

could be dispatched in a centralized manner through aggregators. The energy storage systems (ESSs) and loads are23

also merged and connected to the provincial buses. The unit commitment is also simplified in the model. The installed24

capacities and online capacities are both modelled as continuous variables (see the following model formulation for25

details). We consider eleven kinds of generation units and two kinds of ESSs in the model. The characteristic parameters26

of these units are presented in Table 14 and Table 15.27

• The pipeline model (also called transportation model) is applied to describe the transmission power flow while avoiding28

the introduction of binary variables5. The model assumes that the power of each line can be freely dispatched within the29

capacity limits. The transmission directions of the DC transmission lines are fixed, and all transmission lines of the same30

type between any two provincial buses are merged. This method is reasonable when considering a bulk power system31

with high voltage levels. Moreover, line losses are assumed to be proportional to the online power flow.32

• We collected the typical daily load curves of each province for each month in per unit value provided by the National33

Development and Reform Commission6. The per unit curves are scaled up based on annual electrical energy demands34

and the monthly maximum and minimum load capacity to generate year-around load demand curves with 8760 hourly35

points. The annual load demands at provincial level for each scenario are provided in Table 21 - Table 2336

• The GTEP model is formulated from the perspective of a central planner considering no market behaviour. The investment37

decisions are made by the central planner pursuing social welfare and carbon emission reduction goals. The total costs38

involved are then socialized among all users. Since this article focuses on the electricity supply costs brought by carbon39

neutrality, the profits of various power system entities are not calculated.40

• In the GTEP model, the load management strategies are modelled as load shedding. At present, load management41

strategies (also called demand responses) are only carried out in a few pilots in China. In Tianjin city, the current average42

price for demand response is approximately 3.3 CNY/kWh. In Jiangsu province, the prices for demand response vary43

between 1.33 CNY/kWh and 5 CNY/kWh. The cost of load shedding in this paper is set to 3 CNY/kWh according to the44

Annual Development Report of China’s Power Industry 20217.45

• To represent daily ESS cycles, load demands and RE production correlations, each operation scenario is described by one46

day, i.e., 24 hours. Twelve typical days are selected from the original full-year hourly dataset according to their numerical47

characteristics. We conduct the well-known K-medoids algorithm to cluster and select the representative daily scenarios.48
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• The GTEP model considers only carbon emissions caused by electricity generation and transmission; carbon emissions49

during the manufacturing process of the units are not taken into account.50

• The base year of market prices is set to 2020, which means the prices are normalized based on Chinese Yuan in 2020. In51

the main article, the exchange rate of CNY to USD is set to 0.144982, which is the average rate in 2020.52

Supplementary Note 1.2 Objective Function53

The optimization model aims to minimize the sum of investment cost, maintenance cost and operating cost over the planning
periods, as follows:

minC = ∑
y
(1+ i)−5y (CINV

y +CMAT
y +COP

y
)

(1)

where CINV
y , CMAT

y , and COP
y denote the investment cost, maintenance cost and operating cost in stage y. The total cost in each54

stage is converted to the present value at the end of 2020 by the term (1+ i)−5y, where i is the discount rate.55

The investment cost CINV
y is proportional to the capacity increments of units and transmission lines. Specifically, CINV

y56

consists of the investment cost of generation plants (GP), energy storage systems (ESSs), and transmission lines (TLs), as57

follows:58

CINV,type
y = ∑

r
∑

m∈Ωtype

(
35−5y

∑
x=1

(1+ i)−x

)
i

1− (1+ i)−Ym
IINV,type
m,y ∆Uitype

m,r,y, type ∈ {GP\VRE,ESS,TL} (2)

where ∆Uitype
m,r,y denotes the capacity increment for unit m in bus r at stage y. IINV,type

m,y denotes the investment cost per MW for59

unit m at stage y. Ωtype denotes the set of corresponding devices. Considering the technology developments, the investment60

costs per MW changes over the planning stages. The overnight investment costs at stage y are converted to the capital costs61

at the planning period by multiplying
(

35−5y
∑

x=1
(1+ i)−x

)
i

1−(1+i)−Ym . Ym denotes the lifetime of unit m. For variable renewable62

energy (VRE, indicating wind and PV in this article) units, the expression is slightly different since the piecewise levelized cost63

of energy (LCOE) is considered in a piecewise manner. The overnight investment cost for each unit is the sum of the investment64

costs in all segments, as follows:65

CINV,type
y = ∑

r
∑

m∈Ωtype

(
35−5y

∑
x=1

(1+ i)−x

)
i

1− (1+ i)−Ym

(
∑
s

IINV,type
m,r,y,s ∆Uitype

m,r,y,s

)
, type ∈ {VRE} (3)

where ∆Uitype
m,r,y,s denotes the capacity increment of segment s for unit m in bus r at stage y. IINV,type

m,y,s is the equivalent overnight66

investment cost per MW in segment s, which is obtained by the piecewise linear method described in Supplementary Note 2 .67

The maintenance cost CMAT
y is proportional to the existing capacity of units and transmission lines in each stage. Similarly,68

CMAT
y consists of the three parts from GP, ESS and TL, as follows:69

CMAT,type
y = ∑

r
∑

m∈Ωtype

(
5

∑
x=1

(1+ i)−x

)
IMAT,type
m,y U type

m,r,y, type ∈ {GP,ESS,TL} (4)

The operating costs include the penalty costs of load shedding in each region, the power generation costs, and the start-up70

costs for each unit. The CO2 capture costs are also included when carbon capture and storage (CCS) units are involved.71

Twelve representative operating days are selected from the year-round dataset via the scenario reduction method (K-medoids72

method) to make the optimization problem tractable. The operating costs are calculated based on the system conditions over the73

representative day set. The expressions of each part are as follows:74
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COP,GP
y = ∑

m∈ΩGP
∑
r

∑
d

ϕd ∑
t

cmPm,r,y,d,t (5)

COP,ON
y = ∑

m∈ΩGP
∑
r

∑
d

ϕd ∑
t

con
m ∆Udon

m,r,y,d,t (6)

COP,Lshed
y = ∑

r
∑
d

ϕd ∑
t

cLshed
r PLshed

r,y,d,t (7)

COP,CO2
y = ∑

m∈ΩCCS
∑
r

∑
d

ϕd ∑
t

ccap
r Ecap

r,y,d,t (8)

COP
y =COP,GP

y +COP,ON
y +COP,Lshed

y +COP,CO2
y (9)

where ϕd denotes the number of duration days of the representative day d within one five-year stage and Ecap
r,y,d,t is the weight of75

CO2 captured by CCS units. The carbon capture costs ccap
r for Coal-CCS, Gas-CCS, and Bio-CCS are set to 390.8 CNY/tonne,76

305.4 CNY/tonne, and 305.4 CNY/tonne respectively8.77

Supplementary Note 1.3 Power System Planning Constraints78

The planning constraints, such as the upper limit of renewable energy units and expansion speed constraints, represent the79

limits and variable relationships over planning stages. Environmental policy boundaries, such as CO2 emission reduction and80

renewable penetration goals, are also included. This section introduces these constraints in detail.81

• Total Developable Renewable Capacity Constraints82

For renewable energy units such as hydro units(HU), VRE units, and biomass power units(BU), we consider the available83

resources in different provinces and regions. Hence, there is a constraint on the maximum technological potential obtained84

from the GREAN database. Nuclear unit (NU) capacities are also limited due to policy requirements and unaffordable accident85

impacts. This constraint is formulated as:86

UGP
m,r,y ≤UGP

m,r,∀m ∈
{

Ω
HU,ΩVRE,ΩBU,ΩNU} ,y (10)

where UGP
m,r is the upper limit of generation plants for technology m in region r.87

• Continuity Equation Constraints of Installed Capacity88

For different units, the installed capacity at a certain planning stage depends on the installed capacity at the previous stage,
the expansion in capacity and the retired capacity at the current stage. The capacity increments in each region are constrained
due to the limits on construction ability and environmental issues. The following continuity constraints are met:

U type
m,r,y =U type

m,r,y−1 +∆Uitype
m,r,y−∆Udtype

m,r,y,∀m,r,y, type ∈ {GP,ESS,TL} (11)

0≤ ∆Uitype
m,r,y ≤ ∆Uitype

m,r,y,∀m,r,y, type ∈ {GP,ESS,TL} (12)

0≤ ∆Udtype
m,r,y ≤ ∆Udtype

m,r,y,∀m,r,y, type ∈ {GP,ESS,TL} (13)

U type
m,r,0 ≤U type

m,r,y,∀m,r,y, type ∈ {TL} (14)

where U type
m,r,0 is the capacities of existing lines and (14) means the transmission lines are not allowed to be retired. ∆Udtype

m,r,y89

denotes the capacity decrement for unit m in bus r at stage y. The expansion and retiring speeds are limited by (12) and (13).90

• Piecewise Development Constraints for Wind and PV Units91

As discussed previous, the development cost distribution curve of wind and PV is integrated into the optimization model in92

a piecewise manner. The VRE potential in each province is divided into several segments according to the development costs.93

The installed capacity in each segment must satisfy the following constraints94

U type
m,r,y,s =U type

m,r,y−1,s +∆Uitype
m,r,y,s−∆Udtype

m,r,y,s,∀m,r,y,s, type ∈ {VRE} (15)

0≤U type
m,r,y,s ≤U type

s ,∀m,r,y,s, type ∈ {VRE} (16)

U type
m,r,y = ∑

s
U type

m,r,y,s,∀m,r,y,s, type ∈ {VRE} (17)
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where U type
m,r,y,s denotes the installed capacity of segment s for unit m in bus r at stage y. ∆Udtype

m,r,y,s denotes the capacity decrements95

of segment s for unit m in bus r at stage y. U type
s is the upper limit of the capacity in segment s, which is obtained by the96

piecewise linear method described in Supplementary Note 2 .97

• Natural Gas Resource Constraints98

The supply of natural gas resources in China is tight and heavily dependent on imports. Hence, generation unit (GU)99

expansion planning must consider the natural gas resource constraints faced by each province. The amount of natural gas used100

for power generation cannot exceed the available natural gas power generation resources in the region. The gas networks are101

also modelled:102

∑
m∈ΩGU

ηm ∑
d

ϕd ∑
t

Pm,r,y,d,t ≤ Γr,y +Γ
import
r,y −Γ

export
r,y ,∀r,y (18)

0≤ Γ
import
r,y ≤ Γ

import
r,y ,∀r,y (19)

0≤ Γ
export
r,y ≤ Γ

export
r,y ,∀r,y (20)

where ηm denotes the gas consumption per MWh for the technology m. Γr,y denotes the natural gas supply for power generation103

in the region r including the local production and imports from foreign countries. The gas import Γ
import
r,y and export Γ

export
r,y104

are limited by the capacity of natural gas pipeline. In this study, Γ
import
r,y and Γ

export
r,y are set to zero because most of the annual105

natural gas supply for power generation in each province of China is scheduled and fixed.106

• Water Constraints107

For each provincial region, the total power generation water consumption at each planning stage cannot exceed the given108

power generation water consumption limit, that is:109

∑
m

∑
d

ϕd ∑wmPm,r,y,d,t ≤W r,y,∀r,y (21)

where wm denotes the water consumption per MWh for technology m.110

• Generator Capacity Factor Constraint111

During unit operation, because of shutdowns caused by maintenance or limited generation resources, it is impossible to112

guarantee that a unit will always operate at the rated maximum output throughout the year. For example, the annual power113

generation of hydropower is limited by the water storage of reservoirs. Hence, there is a constraint on the annual maximum114

capacity factor cfmax
m . Furthermore, due to policy requirements or the necessary conditions of plant operation, the generation115

capacity factor of the unit should not be less than the annual minimum capacity factor cfmin
m . Therefore, all the units must satisfy116

the following constraints:117

U type
m,r,ycfmin

m ≤∑
d

ϕd ∑
t

Pm,r,y,d,t/8760≤U type
m,r,ycfmax

m ,∀m,r,y, type ∈ GP (22)

• Carbon Emission Reduction Goals118

The total CO2 emitted by the electrical sector is supposed to meet the given carbon emission reduction goals, that is:119

∑
r

∑
d

ϕd

 ∑
m∈ΩTU/ΩCCS

∑
t

emPm,r,y,d,t+ ∑
m∈ΩCCS

∑
t

Enet,CCS
m,r,y,d,t

≤ Ey,∀y (23)

• Power Reserve Requirements120
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The unit capacity in each region is supposed to be larger than the local peak load to guarantee security under unexpected121

accidents. The proportion of the excess part is called the reserve rate, which needs to meet the requirements in each provincial122

power system. The expressions is as follows:123

∑
m∈{ΩGP

r ,ΩESS
r }

rmUm,r,y + ∑
m∈Ω

DC,to
r

UDC
m,y ≥ (1+ rsr)

max
d,t

Lr,y,d,t+ ∑
m∈Ω

DC,from
r

UDC
m,y

 ,∀r,y (24)

where rsr is the required reserve rate in region r (around 13%-15%) and rm is the credit capacity rate of generation technology124

m. Since the outputs of renewable energy units, such as wind and PV, are intermittent and not dispatchable, their credit capacity125

rates are lower than those of conventional units. The item on the left of the inequality sign represents the power reserve126

provided by the local generators and the transmission grid, and the item on the right represents the local reserve demand in the127

region r (Note that a region corresponds to a province here). rmUm,r,y denotes the power reserve capacities provided by the local128

generation plants of technology m in region r at stage y. UDC
m,y denotes the the power reserve capacities by the DC transmission129

lines. Ω
DC,to
r denotes the subset of the whole DC transmission lines whose receiving end is region r. The local reserve demand130

is proportional to the peak load max
d,t

Lr,y,d,t and the reserve of other regions brought by the DC transmission line. Ω
DC,to
r denotes131

the subset of the whole DC transmission lines whose sending end is region r. rsr is the required reserve rate in region r. In132

power system operation, the sending end deploys dedicated power plants for the DC lines and the receiving end regards the DC133

lines as dispatchable units. Hence, DC transmission lines can transfer the power reserve capacities between the provinces in our134

model. For AC transmission lines that connect two provinces, their power flow is coordinately controlled by the dispatching135

centres on both sides using the Area Control Error (ACE) criteria which are generated based on the supply-demand imbalance136

of each province. Therefore, there is no a determined receiving end or a sending end of the reserve capacity for AC transmission137

lines. Consequently, AC transmission lines are not regarded to transfer reserves between provinces.138

Supplementary Note 1.4 Power System Operation Constraints139

The operation constraints model the generation characteristics of units and power balancing. These constraints simulate the140

daily dispatch in the selected representative days whose modelling is performed at the hour level.141

• Regional Power Balancing142

At each time period in a representative day, each provincial system must meet the power load balance constraints, as143

follows:144

∑
m∈ΩGP\ΩCCS

Pm,r,y,d,t + ∑
m∈ΩCCS

Pnet,CCS
m,r,y,d,t + ∑

m∈ΩESS

(Pdis
m,r,y,d,t −Pch

m,r,y,d,t)− ∑
m∈Ω

AC,from
r

f AC,from
m,y,d,t − ∑

m∈Ω
DC,from
r

f DC,from
m,y,d,t

+ ∑
m∈Ω

AC,to
r

f AC,to
m,y,d,t + ∑

m∈Ω
DC,to
r

f DC,to
m,y,d,t = (Dr,y,d,t −PLshed

r,y,d,t )/(1− llocal
r ),∀r,y,d, t

(25)

where llocal
r denotes the losses of the within-province grid in region r. Ω

AC,from
r and Ω

DC,from
r are the sets of AC and DC lines,145

respectively, where region r is the from bus. Ω
AC,to
r and Ω

DC,to
r are the sets of AC and DC lines, respectively, where region r is146

the to bus. Moreover, the capacity of load shedding cannot exceed the load demand.147

0≤ PLshed
r,y,d,t ≤ Dr,y,d,t ,∀r,y,d, t (26)

• Transmission Line Model148

To handle the complex constraints introduced by the power flow equation, this paper applies a pipeline model (also called149

transportation model) to avoid the introduction of binary variables5. The pipeline model assumes that the power of each line150

can be freely dispatched within the capacity limits. This method is demonstrated to be reasonable for the power exchange151

between provinces when considering the national transmission power system planning with high voltage levels. Currently,152

many planning studies for national or regional power systems have adopted the pipeline model3, 9–13. In our model, each bus153

corresponds to an aggregation of a provincial power grid, not a real bus in the power system as stated in Supplementary Note154

1.1. Thus, the free control of power flow on the AC transmission lines can be achieved by the line switch operation or the155
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coordinated dispatch of reactive and active power within the province grid. For DC transmission lines, free control is their156

inherent advantage thanks to the power-electronic control technologies. Hence, the pipeline model is reasonable for our case.157

The modelling of power losses is also smoother when applying the pipeline model. Line losses are assumed to be proportional158

to the online power flow. The expressions for AC transmission lines are as follows:159

f AC,from
m,y,d,t = f AC,forward

m,y,d,t − (1− lAC
m ) f AC,back

m,y,d,t ,∀m ∈
{

Ω
AC} ,y,d, t (27)

f AC,to
m,y,d,t = (1− lAC

m ) f AC,forward
m,y,d,t − f AC,back

m,y,d,t ,∀m ∈
{

Ω
AC} ,y,d, t (28)

0≤ f AC,forward
m,y,d,t , f AC,back

m,y,d,t ≤UAC
m,y ,∀m ∈

{
Ω

AC} ,y,d, t (29)

where f AC,forward
m,y,d,t and f AC,back

m,y,d,t are the two auxiliary variables to model the AC line losses and lAC
m denotes the line loss rate,160

which is set as the empirical value. Eq. (29) requires that power flow does not exceed the line capacity. The modelling equation161

of DC lines is similar. The only difference is that only one-way power flow is allowed on DC lines since most cross-region162

HVDC lines are LCC type, which can only operate in unidirectional mode. The expressions are as follows:163

f DC,from
m,y,d,t = f DC,forward

m,y,d,t ,∀m ∈
{

Ω
DC} ,y,d, t (30)

f DC,to
m,y,d,t = (1− lDC

m ) f DC,forward
m,y,d,t ,∀m ∈

{
Ω

DC} ,y,d, t (31)

0≤ f DC,forward
m,y,d,t ≤UDC

m,y ,∀m,y,d, t (32)

• Thermal and Nuclear Power Generation Constraints164

Coal power, gas power, and biomass energy are all considered thermal units(TUs) in this paper. The outputs of thermal165

units and nuclear units (NUs) are clipped by the online capacity and the technical minimum output as presented in (33). The166

online capacity cannot exceed the installed capacity.167

κmUon
m,r,y,d,t ≤ Pm,r,y,d,t ≤Uon

m,r,y,d,t ,∀m ∈ {ΩTU,ΩNU},r,y,d, t (33)

0≤Uon
m,r,y,d,t ≤Um,r,y,∀m ∈ {ΩTU,ΩNU},r,y,d, t (34)

Uon
m,r,y,d,t −Uon

m,r,y,d,t−1 = ∆Uion
m,r,y,d,t −∆Udon

m,r,y,d,t ,∀m ∈ {ΩTU,ΩNU},r,y,d, t (35)

0≤ ∆Udon
m,r,y,d,t ,∆Uion

m,r,y,d,t ,∀m ∈ {ΩTU,ΩNU},r,y,d, t (36)

where κm is the minimum output rate of technology m. (35) and (36) represents the start-up capacities ∆Uion
m,r,y,d,t and shut-down168

capacities ∆Udon
m,r,y,d,t at time period t. The start-up capacities are the capacity of units newly turned on at time period t, and169

shut-down capacities are the capacity of units turned off at time period t. Since this model simulates only daily operation, the170

initial online capacity Uon
m,r,y,d,0 is given as follows:171

Uon
m,r,y,d,0 = cfmUm,r,y,∀m ∈Ω

TU,r,y,d, t (37)

where cfm is the capacity factors of thermal generators of technology m. Additionally, the output of the nuclear power plant is172

not allowed to change within one representative day:173

Pm,r,y,d,t = Pm,r,y,d,t−1,∀m ∈Ω
NU,r,y,d, t (38)

• The model of CCS units174

CCS units can capture CO2 through carbon capture devices installed in thermal plants. Hence, they produce less carbon175

than do conventional thermal power plants. However, carbon capture devices are expensive, and the capture process consumes176

considerable power. Therefore, the net output of CCS plant Pnet,CCS
m,r,y,d,t is less than the actual power generated. Thus, the CCS177

unit can adjust its CO2 capture strength to change the emission net electricity output and carbon emission. In addition to the178

conventional operation constraints of thermal power units described in (33)-(37), the CCS unit should also satisfy the following179

constraints:180
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Pm,r,y,d,t −Pnet,CCS
m,r,y,d,t = λ

CCS
m Ecap

m,r,y,d,t +PBA
m,r,y,∀m ∈Ω

CCS,r,y,d, t (39)

0≤ Ecap
m,r,y,d,t ≤ ρmemPm,r,y,d,t ,∀m ∈Ω

CCS,r,y,d, t (40)

Enet,CCS
m,r,y,d,t = emPm,r,y,d,t −Ecap

m,r,y,d,t∀m ∈Ω
CCS,r,y,d, t (41)

where ρm denotes the maximum capture rate, with a typical value between 80 % and 95 %: it is taken as 90 % in this paper.181

λ CCS
m denotes the required power for CO2 capture and storage: the typical value is 0.296 MWh per tonne14. PBA

m,r,y is the basic182

energy consumption of the CCS unit, which is independent of the operating state and is approximately 0.5% of the CCS unit183

capacity.184

• Wind and PV Power Generation Constraints185

For intermittent generation units such as wind power and PV, the actual output during operation cannot exceed the maximum186

generation output, that is:187

0≤ Pm,r,y,d,t ≤ ω
VRE
m,r,y,d,tUm,r,y,∀m ∈Ω

VRE,r,y,d, t (42)

where ω IRE
m,r,y,d,t denotes the maximum generation output at time period t.188

• Energy Storage System Model189

Pumped hydro storage and battery storage are considered in the model. The following constraints need to be met during190

operation:191

0≤ Pch
m,r,y,d,t ,P

dis
m,r,y,d,t ≤UESS

m,r,y,∀m,r,y,d, t (43)

SESS
m,r,y,d,t = SESS

m,r,y,d,t−1 +η
ESS
m Pch

m,r,y,d,t −Pdis
m,r,y,d,t/η

ESS
m ,∀m,r,y,d, t (44)

SESS
m,r,y,d,t=0 = SESS

m,r,y,d,t=T ,∀m,r,y,d (45)

0≤ SESS
m,r,y,d,t ≤ T ESS

m UESS
m,r,y,∀m,r,y,d, t (46)

where ηESS
m denotes the efficiency of storage discharging and discharging and T ESS

m is the maximum duration hours. The time192

sequential relationship between energy and power of ESS is presented in (44). (45) requires the energy in the storage system to193

be unchanged after the intraday dispatch. Moreover, the discharging and charging power cannot exceed the power component194

capacity, and the stored energy cannot exceed the energy component capacity.195

• Concentrated Solar Power Model196

Concentrated solar power (CSP) plants consist of three parts: the solar heat collection device, the heat storage, and the197

power generation turbine. The energy transfer between each component is realized through the heat-transfer medium. The198

operation is as follows:199

CapSF
m,r,y = δ

SF
m UP

m,r,y/η
PB
m ,∀m ∈Ω

CSP,r,y (47)

CapTES
m,r,y = T TES

m UP
m,r,y/η

PB
m ,∀m ∈Ω

CSP,r,y (48)(
STES

m,r,y,d,t −STES
m,r,y,d,t−1

)
+Pm,r,y,d,t/η

PB
m ≤ ω

SF
m,r,y,d,tCapSF

m,r,y,∀m ∈Ω
CSP,r,y,d, t (49)

STES
m,r,y,d,t=0 = STES

m,r,y,d,t=T ,∀m ∈Ω
CSP,r,y,d (50)

0≤ STES
m,r,y,d,t ≤CapTES

m,r,y,∀m ∈Ω
CSP,r,y,d, t (51)

0≤ Pm,r,y,d,t ≤Um,r,y,∀m ∈Ω
CSPr,y,d, t (52)

where ηPB
m denotes the thermoelectric conversion efficiency and ωSF

m,r,y,d,t denotes the capacity factor at time period t. (47) and200

(48) calculate the maximum capacity of the heat collection devices and heat storage, respectively. (49) - (52) represent the201

model of the heat storage components of CSPs, which are similar to those in the ESS station model. The only difference is in202

(49), where the charging power is limited by the maximum capacity of the heat collection devices at time period t.203
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• Hydro Plant Operation Constraints204

The actual output of hydropower units should not exceed the total installed capacity during operation. Notably, the annual205

energy generation constraint of hydropower is reflected in (22).206

0≤ Pm,r,y,d,t ≤Um,r,y,∀m ∈Ω
HUr,y,d, t (53)

• Spinning Reserve Requirements during Operation207

Spinning reserve constraints represent the flexibility requirements during power system operation. Due to the uncertainties208

in the load and VRE output, the actual value may fluctuate greatly in a short time. Hence, the system must have sufficient209

spinning capacity to supplement potential power shortages. Here, we define the spinning capacity as the output increments210

generators and ESSs can provide within 10 minutes. The expression of spinning requirements is presented in (54).211

∑
m∈ΩGP,ΩESS

Phot
m,r,y,d,t+ ∑

m∈Ω
DC,to
r

Phot
m,r,y,d,t ≥hrLoad

r ·

Lr,y,d,t+ ∑
m∈Ω

DC,from
r

Phot
m,r,y,d,t

+

hrWind
r · ∑

m∈ΩWind

PWind
m,r,y,d,t +hrPV

r · ∑
m∈ΩPV

PPV
m,r,y,d,t ,∀r,d,y, t

(54)

where Phot
m,r,y,d,t denotes the spinning reserve capacities unit m in bus r can provide in time period t of representative day d at212

stage y. The spinning reserves are set to address fluctuations in load and variable renewable energy. The three terms on the right213

side present the spinning demand caused by load, wind and PV power. hrr is the spinning factor, which is set to 5% according214

to planning criteria and grid codes in China15. The spinning capacities must cover potential shortages. The spinning reserves215

provided by various units are as follows:216

0≤ Phot
m,r,y,d,t ≤min

{
Uon

m,r,y,d,t −Pm,r,y,d,t , rpm ·Uon
m,r,y,d,t

}
,∀m ∈

{
Ω

TU,ΩNU} ,r, t,d,y (55)

0≤ Phot
m,r,y,d,t ≤min

{
Uon

m,r,y,d,t −Pnet,CCS
m,r,y,d,t , rpm ·Uon

m,r,y,d,t

}
,∀m ∈

{
Ω

CCS} ,r, t,d,y (56)

0≤ Phot
m,r,y,d,t ≤UGP

m,r,y−Pm,r,y,d,t ,∀m ∈Ω
HU,r, t,d,y (57)

0≤ Phot
m,r,y,d,t ≤min

{
Um,r,y−Pm,r,y,d,t , 6 ·STES

m,r,y,d,t ·ηPB
m

}
,∀m ∈Ω

CSP,r, t,d,y (58)

0≤ Phot
m,r,y,d,t ≤min

{
UESS

m,r,y−Pdis
m,r,y,d,t +Pch

m,r,y,d,t , 6 ·SESS
m,r,y,d,t ·ηESS

m

}
,∀m ∈Ω

ESS,r, t,d,y (59)

0≤ Phot
m,r,y,d,t ≤UDC

m,y− f DC,to
m,y,d,t ,∀m ∈Ω

DC,to
r ,r, t,d,y (60)

where rpm denotes the maximum ramp rate within 10 minutes for unit m. The term, 6 ·SESS
m,r,y,d,t ·ηESS

m denotes the maximum217

power that ESSs can provide by discharging the whole energy storage within 10 minutes. Phot
m,r,y,d,t in Eq.(60) denotes the218

spinning reverse provided to the receiving end by DC transmission lines. The upper boundary of Phot
m,r,y,d,t here is equal to the219

difference between the rated capacity and the current power flow. The spinning reverse demands are also transferred to the220

sending end as in Eq.(54). In our model, the spinning capacities indicate the capacities that flexibility units are able to be221

provided within 10 minutes. The dispatch of the AC line power flow is difficult to achieve within this time scale because it222

relies on the adjustment of the generator output and switching operation. Hence, AC lines are not modelled in the constraints of223

“Spinning Reserve Requirements".224

• Minimum System Inertia Limits225

As VRE penetration increases, the frequency stability characteristics of the power system change dramatically. This change226

comes from the characteristics of low inertia and the weak frequency regulation ability of wind and PV generators. With the227

installed capacities of conventional power sources decreasing, the level of synchronization inertia provided by the synchronous228

machine will continue to decrease. The reduction in inertia will directly affect the rate of change of frequency (RoCoF) and229

the minimum frequency when system faults occur. The blackout that occurred in the UK in August 2019 was caused by230

an excessively large RoCoF (0.125/Hz) after the withdrawal of wind farms at the initial stage of failure16. Low inertia is a231

characteristic problem of high renewable energy penetration systems17. Here, this model introduces the minimum system232

10/51



inertia limits to guarantee frequency stability with high renewable penetration. The expressions of minimum system inertia233

requirements are presented in (61)-(63).234

∑
m

Hm,r,y,d,t ≥ α ·h0 ·Lr,y,d,t ,∀r,y,d, t (61)

Hm,r,y,d,t = hm ·Uon
m,r,y,d,t ,∀m ∈

{
Ω

TU,ΩNU,ΩCCS} ,r, t,d,y (62)

Hm,r,y,d,t = hm ·Um,r,y,∀m ∈
{

Ω
Hydro,ΩESS,ΩCSP

}
,r, t,d,y (63)

where the coefficient hm denotes the inertia constant of unit m. The total inertia that can be provided by thermal units and235

nuclear units is equal to the product of the online capacity and inertia constants. The inertia from hydro, ESS and CSP is equal236

to the product of installed capacity and their inertia constants because of their fast grid-connection ability. The term on the237

right-hand side in (61) denotes the minimum inertia required. Lr,y,d,t represents the load of the current period t. h0 denotes the238

inertia level for China’s current power system. α is a constant reflecting the tolerance of the system inertia drop, which is set to239

0.7 in the base case of this paper. This value means the system operators allow the system inertia to decrease by 30% from the240

current level. The specific values of the parameters for generation units, ESSs and lines are presented in Supplementary Tables241

14 to 20.242

The inertia of the power system mainly comes from the rotating parts of the local generators or the virtual inertia provided243

by the energy storage systems (ESSs). The long-distance transmission effect of the system inertia is still unclear and belongs to244

the field of power system transient analysis, which is beyond the scope of this paper. Therefore, we assume that the transmission245

network cannot transfer inertia between provinces on the transient time scale. In other words, the inertia cannot be transmitted246

through a long-distance transmission power system during the transient process. We consider the inertia constraints for each247

province individually for system transient stability.248

Supplementary Note 1.5 Solving Method and Code Implementation249

The GTEP model is a large-scale linear programming problem with multiple coupled periods. We apply Gurobi 9.1, an250

advanced off-the-shelf optimization solver, to solve the GTEP model. Classical linear programming methods include the251

simplex method and the barrier method. Due to the characteristics of multiple coupled periods, the feasible region of the GTEP252

model contains massive extreme points (vertices). The simplex method may fail in such cases; hence, we select the barrier253

method, whose performance is less sensitive to the number of extreme points18. The tolerance gap is set to 0.0001. The model254

and case studies are implemented using MATLAB on a standard workstation with an Intel(R) Core(TM) i9-10900K@3.70 GHz255

CPU and with 64.0 GB of RAM. YALMIP, a toolbox for modelling and optimization in MATLAB, is applied to construct the256

GTEP model19. The time consumption for solving the model is approximately one hour but varies slightly with different case257

settings. The memory occupied during the solution process is roughly 15-20 GB.258
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Supplementary Note 2 Piecewise Supply Curves Calculation259

The LCOE of VRE increases remarkably due to the decrease in capacity factors and the increase in the difficulty of construction260

and grid integration with the growth of installed capacity. This variation must be considered in the model. Without considering261

the spatial distribution of LCOE, the cost will be underestimated by 2.2 CNY¢/kWh, as discussed in the main paper. We262

assess the LCOE for every 500m×500m plot in each province based on the GREAN dataset and the method described in263

Fig. 6. Consequently, the provincial VRE supply curves can be obtained, as shown in Supplementary Figs. 7 and 8. Supply264

curves characterize the quantity, quality, and cost of renewable resources. The reason for the change in LCOE is due mainly265

to the differences in capacity factors and grid-connection costs. According to our assumptions, only one aggregated unit is266

considered in each province to simplify the model. Naturally, one unit can correspond to only one capacity factor, which is set267

as the average value over the province in this paper. Hence, the supply curves cannot be integrated into the GTEP model, an268

optimization problem directly where the total generation costs consist of operating costs, maintenance costs and capital costs.269

Here, we convert the supply curves of LCOE into supply curves of capital cost considering no fuel costs and low proportion of270

maintenance costs for wind and PV power. The calculation is as follows:271

IINV,type
m,r = 8760 · ILCOE,type

m,r · cfm,r, type ∈ {VRE} (64)

where ILCOE,type
m,r denotes the LCOE for unit m in province r and cfm,r denotes the average capacity factor for unit m in province272

r. Thus, we can integrate supply curves into the GTEP model through the dynamic change in capital cost with the installed273

capacity.274

The dynamic change in capital cost is considered in the GTEP model in a piecewise manner. The GTEP model is a linear275

programming model; hence, the non-linear capital cost curve cannot be integrated directly. Here, we split the curve into a small276

number of segments. Each segment corresponds to the capital cost of a certain value. The width of the segments represents the277

capacity than can be installed with the corresponding capital costs. Essentially, the split uses a piecewise linear function to fit278

the capital cost curve, which is an optimization problem of minimizing the square error. We applied the open-source PWLF279

function package implemented in python to fit the curve. The differential evolution optimization algorithm, a popular heuristic280

algorithm, is used in this package to find the best location for the user-defined number of line segments, which is set to seven.281

The width of the segments U type
s and their corresponding capital cost ILCOE,type

m,r,s are the results of the fitting algorithm. Their282

roles in the GTEP model are detailed in (3) and (15)-(17). Supplementary Fig. 1(a) illustrates the fitting results of wind power283

capital costs in Fujian province. The installed capacity is normalized by dividing by the maximum developable capacity, and284

the capital cost per kW is normalized by dividing by the average capital cost. Notably, the capital cost curve is used to calculate285

the total capital cost, i.e., the integration of the capital cost curve to installed capacity. The fitting of the piecewise linearized286

function on total capital cost is shown in Supplementary Fig. 1(b).287
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Supplementary Figure 1. Illustration of piecewise linear fitting for VRE supply curve

The fact that VRE capital costs per kW account for a considerable fraction of the supply costs shows the necessity of288

considering the supply curves for each province in detail. For comparison, the supply curve is set to 1, a horizontal straight line,289
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to represent the case where the spatial distribution of LCOE is not considered. Specifically, the capital cost per kW IINV,type
m,r,s is290

set to 1 for each segment. Absent consideration of the spatial distribution of LCOE, the costs in 2050 will be underestimated by291

2.2 CNY¢/kWh.292
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Supplementary Note 3 Calculation of Electricity Supply Costs and Carbon Mitigation293

Costs294

Supplementary Note 3.1 Electricity Supply Costs295

The electricity supply cost is the average cost the power system must pay to supply per kWh of electricity load demand. For a
single stage, this value is the ratio of the total cost caused by power generation and transmission to the load demand in the stage,
as follows:

cy =
ctotal

y

∑
r,t

∑
d

ϕdDr,y,d,t
∀y (65)

where cy denotes the electricity supply cost at stage y. ctotal
y denotes the total cost caused by power generation and transmission

in year y. ∑
r,t

∑
d

ϕdDr,y,d,t denotes the total electricity load demand where ϕd is the number of duration days of representative day

d within one stage. The total cost ctotal
y consists of three parts: operating costs cOP

y , maintenance costs cMAT
y and capital costs

cCAP
y . The expression is as follows:

ctotal
y = cMAT

y + cOP
y + cCAP

y (66)

The electricity supply costs correspond to future years. Hence, it is not necessary to convert the costs into present values, as in
(1). The calculation of cMAT

y and cCAP
y is the same as (4) - (9) because they are originally calculated for a single stage. Note that

the definition of capital costs cCAP
y is different from CINV

y in the objective function shown in (2). CINV
y represents the capital

cost in stage y. For electricity supply costs, the capital costs are the annualized capital costs of all devices existing in the power
system at this stage. The calculation of cCAP

y is as follows:

cCAP,type
y = ∑

r
∑

m∈Ωtype

y

∑
yi=0

i

1− (1+ i)−Ym
IINV,type
m,yi

U type
m,r,y,yi

, ∀type ∈ {GP\VRE,ESS,TL} (67)

cCAP
y = ∑

type
cCAP,type

y (68)

where U type
m,r,y,yi denotes the remaining capacity of unit m that is invested during stage yi of stage y in province r. When yi is

equal to zero, U type
m,r,y,0 denotes the remaining capacity of unit m that originally exists in the system at stage y. The planning

period in GTEP model is from 2020 to 2050, and the variation in capital costs before 2020 is not considered in the calculation.
We assume that the capital costs of existing devices are equal to the value in 2020. For wind and PV units, whose developing
potential is split into several segments, the expression is modified as follows:

cCAP,type
y = ∑

r
∑

m∈Ωtype
∑
s

y

∑
yi=0

i

1− (1+ i)−Ym
IINV,type
m,yi

U type
m,r,y,s,yi

, ∀type ∈ {VRE} (69)

Supplementary Note 3.2 Marginal Carbon Prices296

Marginal carbon prices are the cost increase per tonne of carbon emission reduction under certain emission limits. They297

represent the sensitivity of the objective function to carbon emission limits. From the perspective of an optimization problem,298

the marginal carbon prices are the shadow prices of the carbon emission limit constraints (23). Shadow prices reflect the299

scarcity of related resources20. There are alternative names for shadow prices, such as optimal dual variable values or optimal300

Lagrange multipliers. By solving the GTEP model, a linear programming problem, the shadow prices can be obtained directly301

because they are necessary intermediate parameters during the barrier algorithm21. When the carbon taxes are set to the value302

of marginal carbon prices as a penalty term, the carbon emission results would naturally be the constrained value even without303

the forced carbon emission constraint (23) in the model.304

However, the objective function is the present value at the end of 2020. The original shadow prices are supposed to be
converted to a future value in the corresponding stage. The expressions are as follows:

λy = (1+ i)5y
λ

raw
y (70)

where λ raw
y denotes the original shadow price provided by the solver for carbon emission limits at stage y. i is the discount rate,305

and λy is the converted margin prices in future values.306
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Supplementary Note 3.3 Average Carbon Mitigation Costs307

Average carbon mitigation costs are the additional costs per tonne of carbon emission between two scenarios. This value is
numerically equal to the ratio of the difference between the total cost of the two scenarios and the difference between the carbon
emission budget. The expression is as follows:

λ n,m =
Cn−Cm

Em−En
(71)

where λ n,m denotes the average carbon mitigation costs between scenarios n and m. Cn and En are the total costs and carbon308

emission budget during the planning period for scenarios n, respectively.309

Note that there is no direct relationship between marginal carbon prices and average carbon mitigation costs since they are310

calculated via different methods, as discussed above. Roughly speaking, if we regard the total costs as a function of the carbon311

emission budget, marginal carbon prices are the gradient of the function at a certain point. Thus, the average carbon mitigation312

costs are the average gradient of the function over a certain interval or between two points.313
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Supplementary Note 4 Sensitivity Analysis Setting314

Various uncertainties impact the final supply cost results. We analyse the sensitivities of the electricity supply costs to five315

factors (RE capital cost, RE unit production capacity, transmission limits, reserve and inertia requirements, and load growth316

rates) under the CN2050 scenario. A low and high scenario is considered for each factor. Different scenarios correspond to317

different parameters in the objective functions or right-hand side vector of the optimization model. We scan the parameters318

within the given intervals with five intermediate scenarios sampled evenly. The specific settings for the five uncertain factors319

are as follows.320

• RE and BESS Capital Costs321

The RE and BESS capital cost (per kW) projection in the GTEP model refers to NREL’s annual technology baseline (ATB)322

model results published in 202122, which contains three trajectories: conservative, moderate, and advanced. The conservative323

trajectory is set as the high-cost case, and the advanced trajectory is set as the low-cost case. The average capital costs in the324

different five-year stages are presented in Fig. 2. The capital costs are normalized by the capital costs in 2020. Capital costs of325

battery energy storage (BESS) are also included. The capital cost uncertainty of pumped hydro storage (PHS) is not considered326

in the sensitivity analysis because of its mature technical level.327

• RE and BESS Manufacturing Capability328

RE and ESS manufacturing capability denotes the maximum newly installed capacity at each five-year stage, which is329

∆Uitype
m,r,y in (12). The average growth capacities of wind and PV in the past five years are 30.0 GW and 41.8 GW annually.330

It is reported that approximately 100 GW VRE units have started construction at the end of 202123. Hence, we set the331

maximum VRE manufacturing capability in the first planning stage (2021-2025) to 100 GW per year for the base case. We332

consulted several experts from the China Electric Power Planning and Engineering Institute and set the future maximum VRE333

manufacturing capability at about 260 GW per year. We assumed that VRE manufacturing capability grows linearly and334

reaches a maximum around 2035. The maximum manufacturing capability for all kinds of RE units at each stage is presented335

in Supplementary Fig. 3. The manufacturing capability of pumped hydro storage (PHS) is also not considered in the sensitivity336

analysis because of its mature technical level.337

• Load Growth Rates338

We assume that load demand would fluctuate 5% compared with the baseline scenario, i.e., the CN2050 scenario. The high339

scenario assumes that demand increases linearly 5% until 2050. The low scenario assumes that demand decreases linearly 5%340

until 2050. The total electricity energy demands under different scenarios are presented in Table 1.341

• Security and Inertia Requirements342

Three kinds of secure reserve constraints are considered in the GTEP model in both the planning and operation periods. The343

three constraints are the power reserve requirements (24), hot reserve requirements(54), and minimum system inertia limits(61).344

To analyse the impacts of security requirements on electricity supply costs, we set different secure requirement levels with345

different parameter settings on rs, hr, and α , as shown in Table 2. The parameter setting of the low scenario is equivalent to346

that of no security and inertia constraint. The parameters in different provinces are set to the same values, except rs under the347

base case. The value of 0.13 presented in 2 is the average value under the base case. The specific power reserve rate for each348

province is provided in 24.349

• Transmission Limits350

The impacts of the transmission capacity on the electricity supply costs are calculated by adjusting the upper limits on each351

transmission corridor. The low scenario assumes the candidate transmission limits scale down by 50% compared with the base352

case. The high scenario assumes the candidate transmission limits scale up by 100% compared with the base case. The total353

transmission limits of candidate AC and DC lines under different scenarios are presented in Table 3.354
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Supplementary Figure 2. Capital cost projection of RE generation technologies for the 30 years.

(a) Manufacturing capability settings in the CN2050 base scenarios (b) Sensitivity analysis settings on the manufacturing capability

Supplementary Figure 3. Average manufacturing capability at each five-year stage.
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Supplementary Table 1. Total electricity energy demands under different scenarios(TWh)

2020 2025 2030 2035 2040 2045 2050

Low 7511 8825.5 10459.5 11628 12457.7 13287.3 14117
Base 7511 9290 11010 12240 13113.3 13986.7 14860
High 7511 9754.5 11560.5 12852 13769 14686 15603

Supplementary Table 2. Secure requirement level setting under different scenarios

rs hrLoad hrWind hrPV
α

Low -1 0 0 0 0
Base 0.13 0.05 0.05 0.05 0.7
High 0.2 0.15 0.15 0.15 1

Supplementary Table 3. Total transmission limits of AC and DC candidate lines under different scenarios (GW)

AC lines DC lines

Low 460.3 284
Base 920.6 568
High 1841.2 1136

18/51



Supplementary Note 5 Renewable energy potential and supply curves in China355

China’s wind and photovoltaics (PV) energy potential is assessed based on the Global Renewable-energy Exploitation Analysis356

(GREAN) database. The total economic potential for wind and solar PV is 7.2 TW and 128.1 TW, respectively. The total357

energy potential is 200.9 PWh per year, which is 13.5 times China’s maximum projected electricity demand in 2050 of 14.9358

PWh yr−1. Table 4 presents the VRE potential and capacity factor distribution in China projected by this study. Due to the low359

construction requirements of PV plants for site and weather conditions, the economic potential for PV power far exceeds that of360

wind power. It is theoretically feasible to achieve carbon neutrality in China’s power sector via high RE penetration.361

Although the total amount is fairly abundant, the spatial distribution of RE potential and the corresponding LCOE are not362

uniform and are highly mismatched with the electricity demand. RE-rich areas for both wind and PV are located mainly in363

Northern China and Northwestern China, while the load centres are in coastal areas. Specifically, the four provinces of Xinjiang,364

Qinghai, Gansu, and Inner Mongolia account for 75.5% RE potential with high capacity factors but account for only 11% of the365

electricity consumption. Numerically, the RE economic potential in the load centres can locally cover a considerable fraction of366

the demand; however, the capacity factors for RE units are relatively low, which leads to high LCOE. Hence, the supply curves367

across the whole country must be considered when optimizing RE investments and regional network connections.368

The RE potential varies greatly not only between provinces but also in different areas within a single province. Supplemen-369

tary Fig. 7 and Supplementary Fig. 8 present the spatial VRE capacity factor distribution and regional LCOE in each province370

across the Chinese mainland. The average wind and PV LCOE in eastern provinces are higher than those in western provinces371

by 6.46 CNY¢/kWh (26.0%) and 2.95 CNY¢/kWh (16.1%), respectively. Along with the accelerating development of RE, the372

LCOE increases remarkably due to the decrease in capacity factors and the increase in the difficulty of construction and grid373

integration. This feature is particularly obvious for wind power. The cost distribution for onshore wind shows a "fat tail" pattern,374

which means the costs are distributed within a large range. The LCOE ranges from 17.5.7-54.8 CNY¢/kWh in different regions375

(95% confidence level), with a nationwide average of 26.7 CNY¢/kWh. The LCOE of PV distribution is relatively concentrated376

and varies from 11.7 to 31.5 CNY¢/kWh (95% confidence level), with a nationwide average of 19.5 CNY¢/kWh. The RE377

potential and supply curves in each province determine the development sequence and spatial distribution of renewable energy378

units, which further determines the future power system morphology under carbon neutrality targets. During the transition, the379

cost increase caused by the supply curves and the cost decrease brought about by technological advancements together drive380

the electricity supply cost.381

Supplementary Table 4. VRE potential and capacity factor distribution in China projected by this study

Region Onshore Wind Solar PV

Total Potential
(TW)

Average
Capacity Factors

Total Potential
(TW)

Average
Capacity Factors

North China (N) 3.35 0.268 30.36 0.184
Northeast China (NE) 0.68 0.252 3.31 0.160

East China (E) 0.22 0.221 2.64 0.121
Central China (C) 0.27 0.188 4.07 0.116
South China (S) 0.28 0.224 6.56 0.136

Southwest China (SW) 0.02 0.207 7.40 0.179
Southeast China (SE) 2.35 0.251 73.75 0.164

China 7.17 0.256 128.09 0.167
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Supplementary Note 6 Comparison with similar existing literature382

The main new features of the GTEP model in our paper compared with existing literature are threefold:383

• The supply curves of wind and PV power are integrated into the GTEP model in a piecewise manner to present384

the impacts of VRE resource spatial distribution. Without considering the spatial distribution of LCOE, the cost will385

be underestimated by 2.2 CNY¢/kWh according to our study. The VRE supply curves of each province in China are386

shown in Supplementary Fig. 7 and Supplementary Fig. 8. Details on the piecewise calculation method are presented in387

Supplementary Note 2.388

• The model includes three kinds of power system security and stability constraints: power reserve limits, spinning389

reserve requirements, and minimum system inertia limits. These three constraints respectively correspond to the390

security challenges of high RE penetrated power systems in the time scale of planning, operation, and transient stability.391

Such constraints determine the additional flexible resources that are required to accommodate the increasing RE. Their392

mathematical expressions are presented in Eq.(24) and Eq.(55)-Eq. (63) of SI. Few existing studies model minimum393

system inertia limits in the expansion model, which would underestimate the electricity supply costs.394

• We project local network expansion within provinces based on the historical data and the planning results of the395

GTEP model. Meanwhile, we modify the local grid investment according to the changes in the capacity factors of the396

local capacity mix. The projection method is introduced in the Method section. The projection results for the local grids397

are shown in Supplementary Table 7 and Supplementary Table 8. The electricity supply costs caused by local network398

investment and maintenance are 11.9 CNY¢/kWh (20.5%) in 2050 under the CN2050 scenario. Therefore, the capital399

costs and maintenance costs of the transmission and distribution system within each province account for a considerable400

portion of the total electricity supply cost, which is not considered in detail in previous studies.401

We compared our model with previous studies on the low-carbon transition of China in terms of other modelling details as402

shown in Supplementary Table 5. In addition to the above three main features, our model provides advantages related to power403

equipment modelling, a high temporal resolution, and a long planning period duration. He et al.3 proposed a “SwitchChina”404

model to study the impacts of rapid RE cost decrease on low-carbon transition. The model has made progress in comprehensive405

national power system planning. But minimum system inertia limits, the critical challenges brought by high RE penetration406

are not considered. Due to its early publication time, some important new elements such as CCS and biomass energy did not407

participate in the low-carbon transition, either. To reduce the calculation burden, the minimum time resolution in “SwitchChina”408

model is set to six hours while the minimum time resolution is one hour in our model. This will impact the characterization of409

wind and PV intermittency during the operating simulation. Please see other model feature differences in Supplementary Table410

5.411

It is hard to compare the cost results with existing articles directly because most studies have different target years and412

model settings. Some studies focus on the power system morphology and the results of electricity supply costs are not even413

discussed12, 25. The target years of 3 and 26 are 2030 and 2035, respectively. We pick two scenarios from 3 and 26 where414

the results are similar to ours for comparison as shown in Supplementary Table 5. In 3, the electricity supply cost is 8.91415

USD¢/kWh in 2030 with 80% carbon emission reduction. In 26, the electricity supply cost is 8.69 USD¢/kWh in 2035 with416

75% RE penetration. It can be inferred that the electricity supply costs based on 3 and 26 will also be lower than that of our417

model under the scenario of carbon neutrality in 2050 because they require similar carbon emission targets to be reached earlier418

than our CN2050 scenario. The differences mainly come from the above three new features of our model mentioned above.419

Chen et al.27 proposed a single-period investment planning model for China’s power system where the RE penetration is420

forced in the target year of 2050. The RE penetration in 27 only includes wind, PV, and hydro power. The electricity supply421

cost is 2.72 USD¢/kWh under the base case with the RE penetration of 80%. The cost is much lower than our results (8.39422

USD¢/kWh) in the CN2050 scenario whose RE penetration is 86.2%. We summarize the reasons for the lower costs in 27 as423

follows:424

• Inner-provincial transmission network development and power losses caused by transmission are not considered in 27.425

• Minimum system inertia limits are not considered in 27. Moreover, the model does not set redundant power reserves as426

required by engineering practice (i.e. the power reserve rate rs in Eq. (24) of SI is set to 0.427

• The VRE supply curves are not integrated into the model. In other words, the investment costs of all wind farms in each428

province are assumed to be the same in 27.429

• The expansion model in 27 is single-period which means no investment decision or carbon emission limit in the key430

intermediate years is considered. Thus, the change process of RE unit capital costs and manufacturing capability limits431
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are not modelled. The capital costs are calculated directly based on the value in the target year. However, our GTEP432

model is dynamic and multi-period.433

• The LCOE of offshore wind power in 27 is too low, which is lower than the onshore wind power. The setting is434

unexpected and difference with most recent predictions22, 28–30.435

• Carbon neutrality is not fully achieved in the 80% RE penetrated scenario of 27 since the capacity mix retains about436

1000 GW coal power. The less stringent transition goal leads to lower electricity supply costs.437

Hence, simply estimating electricity supply costs based on only the power balance or the single-period model will result in438

underestimation of power system decarbonization costs. In particular, a fuller cost accounting must take stock of important439

practical considerations by integrating VRE supply curves into models, considering operational security concerns, projecting440

developments of the local network, and high time resolution modelling over the planning periods.441
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Supplementary Table 5. Comparison with existing articles about the low-carbon transition in China

Model feature This paper [3] [26] [27] [12] [25]
Base year 2020 2015 2020 2019 2016 2018
Target year 2050 2030 2035 2050 2030 2030
Number of
planning periods 6 3 1 1 14 1

Number of
typical days 12 24 365 365 4 4

Minimum
time resolution one hour six hours one hour one hour one hour one hour

Region of
planning

Mainland
China

Mainland
China

Northwest
China

Mainland
China

without Tibet

Mainland
China

Mainland
China

Generation

Onshore
wind Yes Yes.

But no
distinction.

Yes Yes Yes.
But no

distinction.

Yes.
But no

distinction.
Offshore
wind Yes No Yes

PV
utility Yes Yes.

But no
distinction.

Yes.
But no

distinction.

Yes.
But no

distinction.

Yes.
But no

distinction.

Yes.
But no

distinction.
PV
distributed Yes

CSP Yes No No No No No
Hydro Yes Yes Yes Yes Yes No
Nuclear Yes Yes No Yes Yes Yes
Biomass Yes No No No No No
Coal Yes Yes Yes Yes Yes Yes
Gas Yes Yes Yes Yes Yes Yes
Biomass-ccs Yes No No No No No
Coal-ccs Yes No No Yes No No
Gas-ccs Yes No No No No No
ESSs Yes Yes Yes Yes No Yes

Transmission
AC
lines Yes Yes.

But no
distinction.

No Yes No Yes.
But no

distinction.
DC
lines Yes No Yes No

Are supply curves
of VRE considered? Yes No No No No No

Are security
constraints
considered?

Power
Reserve Yes Yes Yes Yes No No

Spinning
Reserve Yes Yes Yes Yes No No

Minimum
Inetia Yes No No No No No

Is the projection of
the local grids
expansion considered?

Yes No No No No No

Electricity supply
costs in the target
year(USD¢/kWh)

8.39
(CN2050)

8.91
(C80)

8.69
(75% RE

penetration)

2.72
(80% RE

penetration)
N/A N/A
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Supplementary Figures442

Supplementary Figure 4. The electricity load demands under different scenarios

Supplementary Figure 5. The carbon emission limit trajectories under different scenarios
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Assessment on wind and 
photovoltaic energy resources

Original (wind and photovoltaic) 
resource data

Original geographic information system (GIS) 
information (land covers, traffic, waters, 

geologic seismic activities, nature reserves, 
stratum, population, satellite images, etc.)

Data collection

Vector data

Raster data

Establishment of resource assessment model and calculation

Using numerical simulation 
technology to check and revise 

the wind and photovoltaic 
resources data

Modified (wind and 
photovoltaic) resource data

Modified GIS information

Fusing data at different 
resolutions

Unified Data

Theoretical 
Potential

Data unscrambling

Technical potential 
Output curves

Economic potential
Supply curves

Data of wind and solar resources

Geographic resource range

Area occupied

GIS
data

Output characteristic of wind and solar 
photovoltaic units

Global land covers

Global transportation

Global waters

Geologic seismic activities

Natural reserve

Elevation

Global population distribution

Transportation infrastructure

Geographic distribution of power grids

Other data including equipment cost, land 
acquisition cost, operating expense, grid 

integration cost, financing cost, policy subsidy 
and other factors that affect the Levelized Cost 

of Energy.

Supplementary Figure 6. Technical Procedure for GREAN Platform on VRE Resources Assessment

Supplementary Figure 6 shows the evaluation process of GREAN platform’s for China’s renewable energy potentials and443

supply curves. The detailed explanation is provided in Supplementary Ref. 31. The data sources of GREAN platform are444

described in Supplementary Tables 11 - 13.445
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Supplementary Figure 7. Supply curves of wind power in each province
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Supplementary Figure 8. Supply curves of PV power in each province
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Supplementary Figure 9. Capacity mix in China under different carbon emission target scenarios

The six charts present the capacity mix in corresponding target years for each scenario. Both the installed capacity of AC446

and DC inter-provincial transmission lines are also shown.447
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(a) China’s inter-provincial AC transmission line capacity in 2050

(b) China’s inter-provincial DC transmission line capacity in 2050

Supplementary Figure 10. Transmission network topology under carbon neutrality goals in 2050
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(a) GM2.0 scenarios

(b) NDC scenarios

(c) BAU scenarios

Supplementary Figure 11. Composition variation of electricity supply cost
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Supplementary Figure 12. Hourly dispatch schedules in 2020
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Supplementary Figure 13. Hourly dispatch schedules in 2050 under CN2050 scenario

35/51



Supplementary Tables448

Supplementary Table 6. Abbreviations and regions of provinces in Mainland China

Province name Abbreviation of province name Region Abbreviation of region

Beijing BJ North China N
Tianjin TJ North China N
Hebei HE North China N
Shanxi SX North China N

Inner Mongolia NM North China N
Liaoning LN Northeast China NE

Jilin JL Northeast China NE
Heilongjiang HL Northeast China NE

Shanghai SH East China E
Jiangsu JS East China E

Zhejiang ZJ East China E
Anhui AH East China E
Fujian FJ East China E
Jiangxi JX Central China C

Shandong SD North China N
Henan HA Central China C
Hubei HB Central China C
Hunan HN Central China C

Guangdong GD South China S
Guangxi GX South China S
Hainan HI South China S

Chongqing CQ Southwest China SW
Sichuan SC Southwest China SW
Guizhou GZ South China S
Yunnan YN South China S
Tibet XZ Southwest China SW

Shaanxi SN Northwest China NW
Gansu GS Northwest China NW

Qinghai QH Northwest China NW
Ningxia NX Northwest China NW
Xinjiang XJ Northwest China NW
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Supplementary Table 7. The R-squared value of the transmission line length fitting results for each region

Region 750kV lines 500kV lines 330kV lines 220kV lines

N N/A 0.940876 N/A 0.973249
NE N/A 0.975044 N/A 0.968192
E N/A 0.947023 N/A 0.985126
C N/A 0.956851 N/A 0.944549
S N/A 0.978517 N/A 0.983638

SW N/A 0.982999 N/A 0.982782
NW 0.970405 N/A 0.973176 0.962292

Supplementary Table 8. The R-squared value of the transformer capacities fitting results for each region

Region 750kV Transformer 500kV Transformer 330kV Transformer 220kV Transformer

N N/A 0.951368 N/A 0.975953
NE N/A 0.940876 N/A 0.948285
E N/A 0.963468 N/A 0.98402
C N/A 0.918828 N/A 0.938904
S N/A 0.980162 N/A 0.9771

SW N/A 0.991865 N/A 0.993964
NW 0.95517 N/A 0.969943 0.964588

The training set includes annual installed transformer capacity and transmission line length data at each voltage level (750449

kV, 500 kV, 330 kV, and 220 kV) in each province from 2008 to 201832. The historical (from 2008 to 2018) annual electricity450

load demands and local power generation levels are also collected and used to regress the corresponding relationships with451

installed transformer capacity and transmission line length. R-squared is a metric to present the fitting goodness of local grid452

development results. It is also known as the coefficient of determination. Numerically, it is the square of the sample Pearson453

correlation coefficient. An R-squared value of 1 indicates that the regression prediction results perfectly fit the original data.454

R-squared is calculated using the "ElasticNet" Function in the sklearn package. The data of the training set are provided in a455

general public data repository33.456
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Supplementary Table 9. Projection results of within-province transformer capacities in CN2050 (GW)

Year 750kV Transformer 500kV Transformer 330kV Transformer 220kV Transformer

2025 234.25 2136.98 182.57 3304.01
2030 359.14 2900.18 269.31 4424.06
2035 590.40 3631.27 380.66 5554.29
2040 895.85 4554.13 472.95 6953.97
2045 1048.33 5458.98 543.07 8383.83
2050 1096.01 5777.24 602.45 8889.27

Supplementary Table 10. Projection results of within-province transformer lines in CN2050 (km)

Year 750kV lines 500kV lines 330kV lines 220kV lines

2025 31944.13 258950.48 37471.26 621677.42
2030 49520.97 344659.98 51737.87 828070.82
2035 71424.65 424814.34 73282.20 1035205.82
2040 89294.89 515610.87 95038.20 1255482.88
2045 104165.64 611945.05 107041.01 1495513.49
2050 117809.07 641369.87 113015.99 1576133.51
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Supplementary Table 11. The data source of Renewable Energy Resources in GREAN platform

Data Description Data Source, spatial resolution and data type

Global mesoscale wind resources data
Wind resource data is calculated and produced by Vortex, with a resolution of
9km×9km. (Raster data).

Global solar energy resource data
Solar resource data is calculated and produced by SolarGIS, with a resolution of
9km×9km. (Raster data)

Supplementary Table 12. The data source of geographic information Resources in GREAN platform

Data Description Data Source, spatial resolution and data type

Classification information of
global land covers

Land cover data covers the land range from 80° degrees north
latitude to 80° south latitude released by National Geomatics Center of
China, with a resolution of 30m×30m. (Raster data).

Global distribution of
major reservoirs

Reservoirs data is from the global water system projects in Bonn,
Germany, including more than 6,500 artificial reservoirs with a cumulative
storage capacity of about 6.2 trillion m3 (Raster data).

Global distribution of
lakes and wetlands

Lakes and wetlands data is jointly developed by the World Wide
Fund for Nature, the Environmental Systems Research Center and Kassel
University in Germany, including lakes and permanent open water bodies other
than artificial reservoirs with a resolution of 1 km×1 km. (Raster data).

Global distribution of
major geological faults

Geological faults data is from the American Environment Systems
Research Institute. (Vector data).

Global distribution of
plate boundaries

Plate boundary data is from the American Environmental Systems
Research Institute. (Vector data)

Global distribution of
historical seismic activity frequency

Historical earthquake frequency data is from the World Resources
Institute (WRI), including the geographical distribution of earthquakes with
magnitude 4.5 or higher since 1976 with a resolution of 5 km×5 km. (Raster data)

Global distribution of
main stratum

Major stratum data is from the joint research results of European
Commission, German Federal Ministry of Education and Research, German Science
Foundation and other institutions. (Vector data)

Global terrain
elevation data

Global terrain elevation data is from the digital products of
National Aeronautics and Space Administration (NASA) and Ministry of Economy
Trade and Industry (METI) with a resolution of 30m×30m. (Raster data)

Global ocean boundaries data

Ocean boundary is from the Flanders Marine Institute (VLIZ) in
Belgium, including the 200-nautical-mile exclusive economic zone,
24-nautical-mile contiguous zone, 12-nautical-mile territorial sea area and
other information stipulated in the United Nations Convention on the Law of
the Sea. (Vector data)
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Supplementary Table 13. The data source of human activities information in GREAN platform

Data Description Data Source, spatial resolution and data type

Global distribution of
major conservation areas

Conservation areas is from the data set jointly released by the International Union for
Conservation of Nature (IUCN) and the World Conservation Monitoring Center of
the United Nations Environment Programme (UNEP-WCMC). (Vector data)

Global population distribution
Population distribution data is from Columbia University’s International Geoscience
Information Network Center, including the population distribution data in 2000, 2005, 2010
and 2015, with a resolution of 900m×900m. (Raster data)

Global distribution of
transportation infrastructure

Transportation infrastructure is from the global railway, airport and port data set released
by the North American Cartographic Information Society (NACIS) and the global
road network data set released by the Socioeconomic Data and Applications
Center of NASA. (Vector data)

Geographic distribution of
global power grid

Global grid geographic wiring diagram is from the Global Energy Interconnection
Development and Cooperation Organization, covering the backbone transmission
network data of 147 countries in Europe, Asia, America, Africa and Oceania as
of 2017, including 110kV-1000kV AC power grids and major DC transmission
projects. (Vector data)

Global power plant information
and geographic distribution

Power plant information and geographical distribution data is from the joint research
results of Google, Royal Institute of Technology in Stockholm and World
Resources Institute (WRI), including the location distribution and installed
capacity of global power plants of 2017. (Vector data)
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Supplementary Table 16. Variable costs of thermal units in different provinces (CNY/kWh)

Province Name Coal Gas Biomass Coal-CCS Gas-CCS Bio-CCS

Beijing 0.264 0.487 0.570 0.327 0.524 0.623
Tianjin 0.264 0.487 0.570 0.327 0.524 0.623
Hebei 0.244 0.482 0.570 0.307 0.519 0.623
Shanxi 0.245 0.464 0.570 0.308 0.501 0.623
Inner Mongolia 0.213 0.324 0.570 0.276 0.362 0.623
Liaoning 0.276 0.482 0.533 0.339 0.519 0.583
Jilin 0.273 0.431 0.533 0.336 0.468 0.583
Heilongjiang 0.278 0.431 0.420 0.341 0.468 0.459
Shanghai 0.302 0.533 0.474 0.365 0.570 0.518
Jiangsu 0.290 0.528 0.531 0.353 0.565 0.581
Zhejiang 0.306 0.530 0.531 0.369 0.568 0.581
Anhui 0.284 0.510 0.531 0.347 0.547 0.581
Fujian 0.288 0.533 0.531 0.351 0.570 0.581
Jiangxi 0.307 0.477 0.542 0.370 0.514 0.592
Shandong 0.302 0.482 0.535 0.365 0.519 0.585
Henan 0.267 0.490 0.562 0.330 0.527 0.615
Hubei 0.319 0.477 0.414 0.382 0.514 0.453
Hunan 0.333 0.477 0.542 0.396 0.514 0.592
Guangdong 0.322 0.533 0.544 0.385 0.570 0.595
Guangxi 0.295 0.490 0.544 0.358 0.527 0.595
Hainan 0.320 0.401 0.544 0.383 0.438 0.595
Chongqing 0.303 0.401 0.387 0.367 0.438 0.423
Sichuan 0.321 0.403 0.513 0.384 0.440 0.561
Guizhou 0.252 0.419 0.568 0.315 0.456 0.621
Yunnan 0.303 0.419 0.448 0.366 0.456 0.489
Tibet 0.248 0.533 0.513 0.311 0.570 0.561
Shaanxi 0.248 0.324 0.508 0.311 0.362 0.556
Gansu 0.228 0.347 0.508 0.291 0.384 0.556
Qinghai 0.218 0.368 0.508 0.281 0.405 0.556
Ningxia 0.198 0.307 0.508 0.261 0.344 0.556
Xinjiang 0.176 0.276 0.508 0.239 0.313 0.556

The data of the Supplementary Table 16 refer to Supplementary Refs. 14, 34, 35.
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Supplementary Table 17. The parameter of existing AC transmission lines in 2020

Num From Bus To bus
Reactance

(p.u.)

Investment
cost

(10^4 CNY/MW)

length
(km)

Capacity
(MW)

Voltage
(kV)

Lifetime
(a) loss rate

1 SX HA 8.93E-03 84.30 362.00 5000 1000 40 1.50%
2 HA HB 2.51E-03 59.79 226.23 9800 1000 40 1.16%
3 AH ZJ 1.42E-03 78.24 370.81 14800 1000 40 1.62%
4 ZJ SH 1.00E-03 50.84 121.67 13600 1000 40 1.69%
5 AH JS 1.66E-03 73.03 340.04 14600 1000 40 1.71%
6 JS SH 1.56E-03 67.28 285.12 14600 1000 40 1.71%
7 ZJ FJ 1.83E-03 88.58 468.88 14100 1000 40 1.70%
8 NM HE 1.19E-03 76.23 371.51 29960 1000 40 1.89%
9 HE TJ 8.74E-04 60.33 180.37 24800 1000 40 1.87%

10 TJ SD 3.43E-03 74.63 278.00 10000 1000 40 2.00%
11 NM SX 1.42E-03 70.94 246.00 20000 1000 40 2.00%
12 SX HE 9.39E-04 65.14 243.66 30800 1000 40 1.77%
13 SN SX 3.39E-03 74.28 275.00 10000 1000 40 2.00%
14 HE SD 2.24E-03 106.77 583.52 24800 1000 40 1.87%
15 HE BJ 1.11E-03 68.24 258.82 27200 1000 40 1.83%
16 GZ GX 1.50E-02 168.99 966.67 7200 500 40 2.00%
17 GX GD 3.67E-03 102.86 544.50 9600 500 40 2.35%
18 YN GX 5.71E-03 58.99 264.50 4800 500 40 2.35%
19 GD HI 1.10E-02 90.62 233.20 1200 500 40 2.00%
20 HE HA 6.48E-03 30.52 69.00 1000 500 40 2.00%
21 SX JS 2.39E-02 113.05 508.00 2000 500 40 3.00%
22 SN HE 1.03E-02 100.08 439.00 4000 500 40 2.50%
23 GZ HN 6.35E-04 65.77 70.00 2500 220 40 2.00%
24 SC XZ 9.48E-02 333.70 1009.00 600 500 40 2.00%
25 SN GS 3.22E-03 78.57 310.00 10000 750 40 0.83%
26 GS NX 1.14E-03 62.72 167.45 10000 750 40 0.83%
27 GS QH 2.19E-03 77.75 302.64 15000 750 40 0.83%
28 GS XJ 6.00E-03 103.18 531.30 10000 750 40 0.83%
29 NM HL 1.06E-02 52.94 225.90 2400 500 40 1.92%
30 NM JL 7.08E-03 52.94 225.90 3600 500 40 1.92%
31 NM LN 3.54E-03 52.94 225.90 7200 500 40 1.92%
32 HL JL 5.31E-03 52.94 225.90 4800 500 40 1.92%
33 JL LN 5.31E-03 52.94 225.90 4800 500 40 1.92%
34 JS ZJ 2.43E-03 29.72 77.70 3600 500 40 0.83%
35 HB HN 5.23E-03 43.73 167.10 3600 500 40 0.80%
36 HB JX 5.23E-03 43.73 167.10 3600 500 40 0.80%
37 HB CQ 3.93E-03 43.73 167.10 4800 500 40 0.80%
38 SC CQ 3.93E-03 43.73 167.10 4800 500 40 0.80%
39 BJ TJ 3.76E-03 30.08 80.00 2400 500 40 1.34%
40 LN HE 2.63E-03 28.08 56.00 2000 500 40 1.00%
41 GZ CQ 4.98E-03 32.65 106.00 2640 500 40 2.00%
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Supplementary Table 18. The parameter of candidate AC transmission lines

Num From Bus To bus
Reactance

(p.u.)

Investment
cost

(10^4 CNY/MW)

length
(km)

Capacity
(MW)

Voltage
(kV)

Lifetime
(a) loss rate

1 HB HA 6.48E-04 91.75 336.32 59600 1000 40 1.66%
2 HB JX 8.89E-04 80.03 280.80 29600 1000 40 1.82%
3 JX HN 2.14E-03 96.81 347.30 20000 1000 40 1.50%
4 SD HA 2.15E-03 96.94 348.40 20000 1000 40 1.50%
5 SN SX 1.17E-03 108.22 446.35 40000 1000 40 1.50%
6 SX JS 4.68E-03 144.16 758.30 20000 1000 40 1.50%
7 FJ GD 5.91E-03 62.82 251.60 4800 500 40 2.50%
8 SC CQ 5.40E-04 63.14 133.51 29600 1000 40 1.82%
9 SN CQ 1.75E-03 89.51 283.93 20000 1000 40 1.50%

10 GS SC 1.84E-03 91.18 298.40 20000 1000 40 1.50%
11 GS SN 1.58E-03 86.36 256.63 20000 1000 40 1.50%
12 XJ QH 4.07E-03 138.63 717.85 20000 750 40 2.00%
13 XJ GS 4.57E-03 148.48 806.44 20000 750 40 2.00%
14 QH GS 5.33E-04 69.24 93.91 20000 750 40 2.00%
15 GS NX 9.99E-04 78.39 176.16 20000 750 40 2.00%
16 XZ SC 7.68E-03 114.30 622.38 10000 1000 40 1.50%
17 CQ HB 4.43E-03 82.52 377.39 9600 500 40 2.50%
18 HB HN 1.68E-03 45.84 143.26 9600 500 40 2.50%
19 YN GZ 2.54E-03 57.33 216.60 9600 500 40 2.50%
20 YN GX 3.64E-03 71.92 309.69 9600 500 40 2.50%
21 GD HI 2.69E-03 59.34 229.42 9600 500 40 2.50%
22 FJ ZJ 1.59E-03 103.35 488.00 30600 1000 40 1.81%
23 AH ZJ 1.20E-03 94.17 399.15 29600 1000 40 1.82%
24 AH JS 6.39E-04 81.13 318.37 31600 1000 40 1.80%
25 NM HE 1.35E-03 96.53 415.93 29600 1000 40 1.82%
26 HE BJ 5.39E-04 79.67 245.18 49600 1000 40 1.69%
27 HE TJ 3.93E-04 70.16 162.86 49600 1000 40 1.69%
28 TJ BJ 6.36E-04 31.89 54.19 9600 500 40 2.50%
29 SX HE 3.07E-04 70.14 199.84 59200 1000 40 1.82%
30 HE SD 8.77E-04 116.67 566.42 49600 1000 40 1.69%
31 JL LN 1.65E-03 45.46 140.78 9600 500 40 2.50%
32 NM LN 5.78E-03 100.56 492.50 9600 500 40 2.50%
33 HL JL 1.36E-03 41.51 115.57 9600 500 40 2.50%
34 NM HL 7.80E-03 127.42 663.99 9600 500 40 2.50%
35 NM JL 6.90E-03 115.40 587.26 9600 500 40 2.50%
36 SX HA 4.47E-03 98.50 362.00 10000 1000 40 1.50%
37 ZJ SH 8.48E-04 72.64 137.50 20000 1000 40 1.50%
38 JS SH 2.18E-03 93.77 353.00 22000 1000 40 1.50%
39 TJ SD 1.71E-03 88.83 278.00 20000 1000 40 1.50%
40 NM SX 7.10E-04 85.14 246.00 40000 1000 40 1.50%
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Supplementary Table 19. The parameter of existing DC transmission lines in 2020

Num From Bus To bus
Capital cost

(10^4 CNY/MW)
length
(km)

Capacity
(MW)

Voltage
(kV)

Lifetime
(a) loss rate

1 HB JS 126.91 370 3000 ±500 40 7.50%
2 HB SH 189.45 202 7223 ±500 40 7.50%
3 HB GD 185.36 1238 3000 ±500 40 7.65%
4 NM LN 163.14 908 3000 ±500 40 4.12%
5 QH XZ 451.46 1038 600 ±400 40 13.70%
6 SC JS 227.49 2100 7200 ±800 40 7.00%
7 SC SH 230.07 1907 6400 ±800 40 7.00%
8 SC ZJ 199.79 1679.6 7500 ±800 40 6.50%
9 SN HA 42.60 0 390 ±330 40 1.00%

10 SC SN 137.96 534 3000 ±500 40 3.00%
11 HE LN 42.60 0 300 ±125 40 1.70%
12 XJ HA 220.27 2192 8000 ±800 40 7.20%
13 NX SD 244.50 1333 4000 ±660 40 7.00%
14 NX ZJ 196.14 1720 8000 ±800 40 6.50%
15 GS HN 230.03 2383 8000 ±800 40 6.50%
16 YN GD 211.29 347 21400 ±1000 40 6.55%
17 NM SD 158.59 409 20000 ±800 40 6.75%
18 NM JS 174.79 1628 10000 ±800 40 7.00%
19 SX JS 165.41 1119 8000 ±800 40 7.00%
20 XJ AH 314.12 3324 12000 ±1100 40 7.00%
21 CQ HB 102.00 0 2600 ±500 40 0.70%
22 GZ GD 153.17 202 7800 ±500 40 6.72%
23 YN GX 171.75 1105 3200 ±500 40 6.50%
24 QH HA 189.34 1587 8000 ±800 40 6.50%
25 YN GZ 42.60 0 3000 ±350 40 1.00%
26 HE BJ 119.64 262 3000 ±500 40 6.00%
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Supplementary Table 20. The parameter of candidate DC transmission lines

Num From Bus To bus
Capital cost

(10^4 CNY/MW)
length
(km)

Capacity
(MW)

Voltage
(kV)

Lifetime
(a) loss rate

1 YN GD 182.43 1452.00 16000 ±800 40 6.50%
2 XJ SC 263.47 2456.00 24000 ±1100 40 6.50%
3 SC ZJ 203.76 409.00 32000 ±800 40 6.50%
4 SC JS 219.24 2172.00 16000 ±800 40 6.50%
5 SN HB 166.33 1137.00 16000 ±800 40 6.50%
6 SC JX 195.67 1711.00 16000 ±800 40 6.50%
7 XJ HA 232.77 2436.54 16000 ±800 40 6.50%
8 XJ AH 256.24 2895.58 16000 ±800 40 6.50%
9 XJ CQ 220.68 2200.00 16000 ±800 40 6.50%

10 XJ HB 249.49 2763.52 16000 ±800 40 6.50%
11 XJ JX 262.22 3012.61 16000 ±800 40 6.50%
12 XJ HN 253.44 2840.90 16000 ±800 40 6.50%
13 NX SD 157.62 966.60 16000 ±800 40 6.50%
14 NX ZJ 188.33 1567.34 16000 ±800 40 6.50%
15 NX FJ 202.25 1839.56 16000 ±800 40 6.50%
16 GS HN 171.13 1230.93 16000 ±800 40 6.50%
17 GS HB 167.39 1157.69 16000 ±800 40 6.50%
18 QH HA 164.12 1093.70 16000 ±800 40 6.50%
19 QH FJ 211.95 2029.29 16000 ±800 40 6.50%
20 QH JX 189.28 1585.94 16000 ±800 40 6.50%
21 YN GD 163.71 1085.77 16000 ±800 40 6.50%
22 GZ GD 147.01 759.05 16000 ±800 40 6.50%
23 SC FJ 188.69 1574.30 16000 ±800 40 6.50%
24 NM CQ 176.28 1331.57 16000 ±800 40 6.50%
25 NM JS 167.77 1165.23 16000 ±800 40 6.50%
26 NM AH 165.24 1115.61 16000 ±800 40 6.50%
27 NM JX 179.97 1403.89 16000 ±800 40 6.50%
28 NM HN 180.16 1407.56 16000 ±800 40 6.50%
29 GS SD 150.43 826.00 16000 ±800 40 6.50%
30 HL HE 175.67 1319.65 16000 ±800 40 6.50%
31 LN HE 152.50 866.47 16000 ±800 40 6.50%
32 XZ HA 200.23 1800.00 16000 ±800 40 6.50%
33 XZ HE 209.42 1979.80 16000 ±800 40 6.50%
34 XZ GD 203.42 1862.40 16000 ±800 40 6.50%
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Supplementary Table 21. Annual load demands at the provincial level in the NDC/BAU scenario (TWh)

Province Name 2020 2025 2030 2035 2040 2045 2050

Beijing 119.07 128.29 145.23 156.90 164.72 172.25 179.47
Tianjin 93.88 101.15 114.51 123.70 129.87 135.81 141.50
Hebei 386.98 416.92 472.00 509.90 535.33 559.81 583.27
Shanxi 227.95 245.58 278.03 300.35 315.33 329.75 343.57

Inner Mongolia 365.77 394.08 446.14 481.96 506.00 529.14 551.31
Liaoning 241.20 251.22 278.88 295.42 305.58 314.83 323.19

Jilin 76.87 80.06 88.87 94.14 97.38 100.33 102.99
Heilongjiang 100.72 104.90 116.46 123.36 127.60 131.47 134.96

Shanghai 159.67 179.61 200.37 213.29 220.63 227.31 233.35
Jiangsu 688.10 774.04 863.50 919.21 950.83 979.63 1005.63

Zhejiang 514.38 578.62 645.50 687.15 710.78 732.31 751.75
Anhui 249.43 280.58 313.01 333.20 344.66 355.11 364.53
Fujian 246.26 277.02 309.04 328.98 340.29 350.60 359.91
Jiangxi 157.88 175.07 199.17 216.22 229.26 242.12 254.77

Shandong 655.27 705.97 799.24 863.41 906.48 947.92 987.64
Henan 333.97 370.33 421.31 457.37 484.95 512.16 538.92
Hubei 227.32 252.07 286.77 311.32 330.09 348.61 366.83
Hunan 190.55 211.29 240.38 260.96 276.69 292.22 307.49

Guangdong 702.67 790.43 921.46 1025.05 1086.86 1147.84 1207.81
Guangxi 199.81 224.76 262.02 291.48 309.06 326.40 343.45
Hainan 37.52 42.21 49.21 54.74 58.04 61.30 64.50

Chongqing 121.64 140.13 164.96 185.29 200.38 215.83 231.63
Sichuan 275.66 317.56 373.82 419.91 454.09 489.11 524.91
Guizhou 153.73 172.93 201.60 224.26 237.79 251.13 264.25
Yunnan 180.24 202.75 236.36 262.93 278.78 294.42 309.81
Tibet 10.60 12.21 14.38 16.15 17.46 18.81 20.19

Shaanxi 194.85 223.40 269.43 310.07 350.42 394.44 442.38
Gansu 129.88 148.91 179.59 206.68 233.57 262.92 294.87

Qinghai 74.22 85.09 102.62 118.10 133.47 150.24 168.50
Ningxia 108.67 124.60 150.27 172.94 195.44 219.99 246.73
Xinjiang 286.26 328.21 395.84 455.55 514.82 579.49 649.92
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Supplementary Table 22. Annual load demands at the provincial level in the GM2.0 scenario (TWh)

Province Name 2020 2025 2030 2035 2040 2045 2050

Beijing 119.07 130.67 147.06 160.21 170.88 181.21 191.14
Tianjin 93.88 103.03 115.95 126.32 134.73 142.87 150.71
Hebei 386.98 424.67 477.94 520.67 555.36 588.90 621.20
Shanxi 227.95 250.15 281.53 306.69 327.13 346.89 365.91

Inner Mongolia 365.77 401.40 451.75 492.14 524.93 556.64 587.17
Liaoning 241.20 255.89 282.39 301.65 317.01 331.20 344.21

Jilin 76.87 81.55 89.99 96.13 101.03 105.55 109.69
Heilongjiang 100.72 106.85 117.92 125.97 132.38 138.30 143.74

Shanghai 159.67 182.95 202.89 217.80 228.89 239.13 248.52
Jiangsu 688.10 788.42 874.37 938.62 986.40 1030.55 1071.04

Zhejiang 514.38 589.38 653.62 701.65 737.37 770.37 800.64
Anhui 249.43 285.80 316.95 340.24 357.56 373.56 388.24
Fujian 246.26 282.17 312.93 335.92 353.03 368.82 383.32
Jiangxi 157.88 178.33 201.68 220.79 237.84 254.71 271.34

Shandong 655.27 719.09 809.29 881.64 940.39 997.18 1051.88
Henan 333.97 377.21 426.61 467.03 503.10 538.78 573.98
Hubei 227.32 256.76 290.38 317.89 342.44 366.73 390.69
Hunan 190.55 215.22 243.41 266.47 287.05 307.40 327.49

Guangdong 702.67 805.12 933.06 1046.69 1127.53 1207.49 1286.37
Guangxi 199.81 228.94 265.32 297.63 320.62 343.36 365.79
Hainan 37.52 42.99 49.83 55.89 60.21 64.48 68.69

Chongqing 121.64 142.73 167.03 189.21 207.87 227.05 246.69
Sichuan 275.66 323.46 378.52 428.77 471.08 514.53 559.05
Guizhou 153.73 176.15 204.14 229.00 246.68 264.18 281.43
Yunnan 180.24 206.52 239.33 268.48 289.21 309.73 329.96
Tibet 10.60 12.44 14.56 16.49 18.12 19.79 21.50

Shaanxi 194.85 227.55 272.82 316.62 363.53 414.94 471.15
Gansu 129.88 151.68 181.85 211.05 242.31 276.58 314.05

Qinghai 74.22 86.67 103.92 120.60 138.46 158.05 179.46
Ningxia 108.67 126.91 152.16 176.59 202.75 231.43 262.77
Xinjiang 286.26 334.31 400.82 465.16 534.08 609.61 692.19
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Supplementary Table 23. Annual load demands at the provincial level in the CN2050 scenario (TWh)

Province Name 2020 2025 2030 2035 2040 2045 2050

Beijing 119.07 142.90 167.61 184.30 195.54 206.39 216.82
Tianjin 93.88 112.67 132.15 145.31 154.17 162.73 170.95
Hebei 386.98 464.41 544.73 598.96 635.49 670.75 704.66
Shanxi 227.95 273.56 320.87 352.81 374.33 395.10 415.08

Inner Mongolia 365.77 438.96 514.88 566.14 600.67 634.00 666.05
Liaoning 241.20 279.83 321.85 347.01 362.74 377.23 390.45

Jilin 76.87 89.18 102.57 110.59 115.60 120.21 124.43
Heilongjiang 100.72 116.85 134.40 144.91 151.48 157.52 163.05

Shanghai 159.67 200.07 231.24 250.55 261.91 272.36 281.91
Jiangsu 688.10 862.21 996.56 1079.76 1128.71 1173.77 1214.93

Zhejiang 514.38 644.53 744.97 807.17 843.76 877.44 908.21
Anhui 249.43 312.54 361.24 391.40 409.15 425.48 440.40
Fujian 246.26 308.58 356.66 386.44 403.96 420.08 434.81
Jiangxi 157.88 195.01 229.86 253.99 272.15 290.11 307.80

Shandong 655.27 786.38 922.39 1014.22 1076.06 1135.77 1193.20
Henan 333.97 412.51 486.23 537.26 575.68 613.66 651.09
Hubei 227.32 280.78 330.96 365.70 391.85 417.70 443.18
Hunan 190.55 235.36 277.42 306.54 328.46 350.13 371.48

Guangdong 702.67 880.47 1063.45 1204.08 1290.20 1375.31 1459.20
Guangxi 199.81 250.37 302.40 342.39 366.88 391.08 414.93
Hainan 37.52 47.02 56.79 64.30 68.90 73.44 77.92

Chongqing 121.64 156.09 190.37 217.66 237.86 258.60 279.83
Sichuan 275.66 353.73 431.42 493.25 539.04 586.04 634.16
Guizhou 153.73 192.63 232.66 263.43 282.27 300.89 319.25
Yunnan 180.24 225.84 272.78 308.85 330.94 352.77 374.29
Tibet 10.60 13.61 16.59 18.97 20.73 22.54 24.39

Shaanxi 194.85 248.85 310.95 364.23 415.98 472.61 534.45
Gansu 129.88 165.87 207.27 242.78 277.27 315.02 356.24

Qinghai 74.22 94.78 118.44 138.73 158.44 180.01 203.57
Ningxia 108.67 138.79 173.43 203.14 232.00 263.59 298.08
Xinjiang 286.26 365.60 456.83 535.11 611.13 694.33 785.18
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