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1. Optimization model formulation
The detailed data sources and procedures for technology modeling and VRE potential estimation 
are provided in later sections of Supplemental Information while the formulation of optimization 
model is described below. In the upper-level capacity expansion model, net present cost over the 
entire planning horizon of 20 years is minimized as shown in Equations (1) – (8).

min
𝑥, 𝑦, 𝑧

∑
𝑡

1

(1 + 𝑅)
𝑡 ‒ 𝑡0

(𝐶𝑋𝑡 + 𝐶𝑋𝑇𝑡 + 𝐹𝑋𝑡 + 𝐹𝑋𝑇𝑡 + 𝑉𝑋𝐸𝑡 + 𝑉𝑋𝐶𝑡 + 𝑉𝑋𝑇𝑡)#(1)

𝐶𝑋𝑡 = ∑
𝑖,𝑗, 𝜏 ≤ 𝑡 ∧  𝜏 + 𝐶𝑇𝑖,𝑗 > 𝑡

(𝐶𝐴𝑃𝐸𝑋𝜏,𝑖,𝑗

𝐶𝑇𝑖,𝑗
)(𝑥𝜏,𝑖,𝑗 + 𝐸𝑋𝐶𝐴𝑃𝜏,𝑖,𝑗)    ∀𝑡#(2)

𝐶𝑋𝑇𝑡 = ∑
𝑖,𝑖', 𝜏 ≤ 𝑡 ∧  𝜏 + 𝐶𝑇

𝑖,𝑖'
> 𝑡

(𝐶𝐴𝑃𝐸𝑋
𝜏,𝑖,𝑖'

𝐶𝑇
𝑖,𝑖'

)(𝑥
𝜏,𝑖,𝑖'

+ 𝐸𝑋𝐶𝐴𝑃
𝜏,𝑖,𝑖'

)    ∀𝑡#(3)

𝐹𝑋𝑡 = ∑
𝑖,𝑗,𝜏 + 𝐶𝑇𝑖,𝑗 ≤ 𝑡 ∧  𝜏 + 𝐶𝑇𝑖,𝑗 + 𝐿𝑇𝑖,𝑗 > 𝑡

(𝐹𝑂𝑃𝐸𝑋𝜏,𝑖,𝑗)(𝑥𝜏,𝑖,𝑗 + 𝐸𝑋𝐶𝐴𝑃𝜏,𝑖,𝑗)    ∀𝑡#(4)

𝐹𝑋𝑇𝑡 = ∑
𝑖,𝑖',𝜏 + 𝐶𝑇

𝑖,𝑖'
≤ 𝑡 ∧  𝜏 + 𝐶𝑇

𝑖,𝑖'
+ 𝐿𝑇

𝑖,𝑖'
> 𝑡

(𝐹𝑂𝑃𝐸𝑋
𝜏,𝑖,𝑖'

)(𝑥
𝜏,𝑖,𝑖'

+ 𝐸𝑋𝐶𝐴𝑃
𝜏,𝑖,𝑖'

)    ∀𝑡#(5)

𝑉𝑋𝐸𝑡 = ∑
𝑑,ℎ,𝑖,𝑗 ∈ 𝐽𝐸

(Δ𝐷𝑑)(Δ𝐻ℎ)(𝑉𝑂𝑃𝐸𝑋𝑡,𝑖,𝑗)𝑦𝑡,𝑑,ℎ,𝑖,𝑗

+ ∑
𝑑,ℎ,𝑖,𝑗 ∈ 𝐽𝐸𝐷

(Δ𝐷𝑑)(𝑆𝑆𝐸𝑋𝑡,𝑖,𝑗)(𝑈𝑇𝑖,𝑗)(𝑦 𝑂𝑁
𝑡,𝑑,ℎ,𝑖,𝑗 + 𝑦 𝑂𝐹𝐹

𝑡,𝑑,ℎ,𝑖,𝑗)    ∀𝑡#(6)

𝑉𝑋𝐶𝑡 = ∑
𝑑,𝑖,𝑗 ∈ 𝐽𝐶

(Δ𝐷𝑑)(𝑉𝑂𝑃𝐸𝑋𝑡,𝑖,𝑗)𝑦𝑡,𝑑,𝑖,𝑗    ∀𝑡#(7)

𝑉𝑋𝑇𝑡 = ∑
𝑖,𝑖'

(𝐹𝑅𝐸𝐼𝐺𝐻𝑇𝑡)(𝐷𝐼𝑆𝑇
𝑖,𝑖'

)(𝑧 𝑀
𝑡,𝑖,𝑖'

+ 𝑧 𝐴
𝑡,𝑖,𝑖')    ∀𝑡#(8)
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where  and  are the capital costs of production and transmission technologies in year , 𝐶𝑋𝑡 𝐶𝑋𝑇𝑡 𝑡

respectively.  denotes the starting year of a planning horizon and  is the discount rate taken to 𝑡0 𝑅

be 8% in this work. Similarly,  and  represent fixed costs and  is the freight cost due 𝐹𝑋𝑡 𝐹𝑋𝑇𝑡 𝑉𝑋𝑇𝑡

to transport of chemicals. Variable operating costs are split into two parts for electricity ( ) 𝑉𝑋𝐸𝑡

and chemical ( ) related technologies given their difference in operational flexibility. For 𝑉𝑋𝐶𝑡

decision variables,  and  are the construction of new production facilities for technology  𝑥𝑡,𝑖,𝑗
𝑥

𝑡,𝑖,𝑖' 𝑗

in province  and transmission lines between provinces  and  in year , respectively.  𝑖 𝑖 𝑖' 𝑡 𝑦𝑡,𝑑,ℎ,𝑖,𝑗

denotes the operation of technology  in province  for representative day  and hour  (omitted 𝑗 𝑖 𝑑 ℎ

in ) in year  and the number of flexibly operable units to turn on and off are represented by 𝑦𝑡,𝑑,𝑖,𝑗 𝑡

 and , respectively. For pumped hydro storage, all operating cost is assumed to 𝑦 𝑂𝑁
𝑡,𝑑,ℎ,𝑖,𝑗 𝑦 𝑂𝐹𝐹

𝑡,𝑑,ℎ,𝑖,𝑗

happen in the discharging phase covered by  while the charging operation is represented by 𝑦𝑡,𝑑,ℎ,𝑖,𝑗

. Here,  is the power transmission from province  to  for representative day  and 𝑦 𝑃𝐻𝐶
𝑡,𝑑,ℎ,𝑖,𝑗

𝑧 𝐸
𝑡,𝑑,ℎ,𝑖,𝑖' 𝑖 𝑖' 𝑑

hour  in year , while  and  are the transport of methanol and ammonia from province  ℎ 𝑡 𝑧 𝑀
𝑡,𝑖,𝑖'

𝑧 𝐴
𝑡,𝑖,𝑖' 𝑖

to  in year , respectively. Regarding model parameters, ,  and  are 𝑖' 𝑡 𝐶𝐴𝑃𝐸𝑋𝑡,𝑖,𝑗 𝐹𝑂𝑃𝐸𝑋𝑡,𝑖,𝑗 𝑉𝑂𝑃𝐸𝑋𝑡,𝑖,𝑗

capital, fixed and variable costs of technology  in province  for year , respectively.  𝑗 𝑖 𝑡 𝐸𝑋𝐶𝐴𝑃𝑡,𝑖,𝑗

denotes the existing capacity of technology  in province  constructed in year , which is always 𝑗 𝑖 𝑡

updated by solution of  across iterations of receding horizon optimization.  and  𝑥𝑡,𝑖,𝑗 𝐶𝑇𝑖,𝑗 𝐿𝑇𝑖,𝑗

represent the plant construction time and lifetime of technology  in province , respectively. In 𝑗 𝑖

this work, it is assumed that construction costs and emissions are distributed uniformly over the 

construction period while fixed costs occur every year during the plant lifetime. , 
𝐶𝐴𝑃𝐸𝑋

𝜏,𝑖,𝑖'

, ,  and  are similarly defined for transmission lines between 
𝐹𝑂𝑃𝐸𝑋

𝜏,𝑖,𝑖'
𝐸𝑋𝐶𝐴𝑃

𝑡,𝑖,𝑖'
𝐶𝑇

𝑖,𝑖'
𝐿𝑇

𝑖,𝑖'

provinces  and . Set  represents electricity-related technologies including all power sector 𝑖 𝑖' 𝐽𝐸

technologies and electrolysis, among which dispatchable ones, namely thermal generators and 

water electrolyzer, are further involved in .  and  are the length of representative day 𝐽𝐸𝐷 Δ𝐷𝑑 Δ𝐻ℎ

 (in days) and hour  (in hours), serving as scaling factors to estimate annual cost based on 𝑑 ℎ

selected representative samples.  is the start-up/shut-down cost of technology  in 𝑆𝑆𝐸𝑋𝑡,𝑖,𝑗 𝑗

province  for year  while  represents the unit size of dispatchable technologies. Set  𝑖 𝑡 𝑈𝑇𝑖,𝑗 𝐽𝐶

includes those less flexible technologies, i.e., fossil and hydrogen-based chemicals production as 
well as DAC. Since representative days are selected on the basis of one per season (upper-level 

model) or one per month (lower-level model), the operation status of those technologies in  is 𝐽𝐶

only varied across seasons/months in this work. For transport cost,  is the freight rate 𝐹𝑅𝐸𝐼𝐺𝐻𝑇𝑡

in year  and  denotes the inter-provincial distance between provinces  and . In the lower-𝑡 𝐷𝐼𝑆𝑇
𝑖,𝑖' 𝑖 𝑖'

level model, given that only annual operation cost is minimized, the , ,  and  terms 𝐶𝑋𝑡 𝐶𝑋𝑇𝑡 𝐹𝑋𝑡 𝐹𝑋𝑇𝑡

are excluded from Equation (1) and the (undiscounted) remaining terms are only optimized over 
decision variables  and . 𝑦 𝑧



Final product demands must be satisfied by the nexus at different temporal resolutions. For 
electricity, provincial grid demand profile is specified for each representative hour and day every 
year. Considering the relatively high safety and low cost of long-term storage of methanol and 
ammonia, chemical supply is only required to meet annually aggregated demand. Also, the 
consumption of hydrogen and captured carbon dioxide (CO2) is balanced within the system 
boundary as reflected in Equations (9) – (13).

∑
𝑗 ∈ 𝐽𝐸

(𝐸𝐿𝐸𝐶𝑖,𝑗)𝑦𝑡,𝑑,ℎ,𝑖,𝑗 ‒ 𝑦 𝑃𝐻𝐶
𝑡,𝑑,ℎ,𝑖,𝑗 +

1
24 ∑

𝑗 ∈ 𝐽𝐶

(𝐸𝐿𝐸𝐶𝑖,𝑗)𝑦𝑡,𝑑,𝑖,𝑗 ‒ ∑
𝑖'

𝑧 𝐸
𝑡,𝑑,ℎ,𝑖,𝑖'

+ ∑
𝑖'

(1 ‒ (𝐿𝑂𝑆𝑆)(𝐷𝐼𝑆𝑇
𝑖',𝑖

))𝑧 𝐸
𝑡,𝑑,ℎ,𝑖',𝑖

≥ (1 + 𝐸𝐿𝑀𝐺)(𝐸𝐿𝐷𝑀𝑡,𝑑,ℎ,𝑖)    ∀𝑡,𝑑,ℎ,𝑖#(9)

∑
𝑑,𝑗 ∈ 𝐽𝐶

(Δ𝐷𝑑)(𝑀𝐸𝑇𝐻𝑖,𝑗)𝑦𝑡,𝑑,𝑖,𝑗 ‒ ∑
𝑖'

𝑧 𝑀
𝑡,𝑖,𝑖'

+ ∑
𝑖'

𝑧 𝑀
𝑡,𝑖',𝑖

≥ (1 + 𝑀𝐸𝑀𝐺)(𝑀𝐸𝐷𝑀𝑡,𝑖)    ∀𝑡,𝑖#(10)

∑
𝑑,𝑗 ∈ 𝐽𝐶

(Δ𝐷𝑑)(𝐴𝑀𝑀𝑂𝑖,𝑗)𝑦𝑡,𝑑,𝑖,𝑗 ‒ ∑
𝑖'

𝑧 𝐴
𝑡,𝑖,𝑖'

+ ∑
𝑖'

𝑧 𝐴
𝑡,𝑖',𝑖

≥ (1 + 𝐴𝑀𝑀𝐺)(𝐴𝑀𝐷𝑀𝑡,𝑖)    ∀𝑡,𝑖#(11)

∑
ℎ,𝑗 ∈ 𝐽𝐸

(Δ𝐻ℎ)(𝐻𝑌𝐷𝑅𝑖,𝑗)𝑦𝑡,𝑑,ℎ,𝑖,𝑗 + ∑
𝑗 ∈ 𝐽𝐶

(𝐻𝑌𝐷𝑅𝑖,𝑗)𝑦𝑡,𝑖,𝑗 ≥ 0    ∀𝑡,𝑑,𝑖#(12)

∑
ℎ,𝑗 ∈ 𝐽𝐸

(Δ𝐻ℎ)(𝐶𝐴𝑅𝐵𝑖,𝑗)𝑦𝑡,𝑑,ℎ,𝑖,𝑗 + ∑
𝑗 ∈ 𝐽𝐶

(𝐶𝐴𝑅𝐵𝑖,𝑗)𝑦𝑡,𝑖,𝑗 ≥ 0    ∀𝑡,𝑑,𝑖#(13)

where , , ,  and  are mass balance coefficients denoting 𝐸𝐿𝐸𝐶𝑖,𝑗 𝑀𝐸𝑇𝐻𝑖,𝑗 𝐴𝑀𝑀𝑂𝑖,𝑗 𝐻𝑌𝐷𝑅𝑖,𝑗 𝐶𝐴𝑅𝐵𝑖,𝑗

respectively the amount of electricity, methanol, ammonia, hydrogen and captured CO2 supplied 

per unit operation of technology  in province  with negative values for consumption. , 𝑗 𝑖 𝐸𝐿𝐷𝑀𝑡,𝑑,ℎ,𝑖

 and  represent electricity, methanol and ammonia demands of province  in year 𝑀𝐸𝐷𝑀𝑡,𝑖 𝐴𝑀𝐷𝑀𝑡,𝑖 𝑖
 with power demand profiles further specified for representative day  and hour . , 𝑡 𝑑 ℎ 𝐸𝐿𝑀𝐺

 and  denote safety margins for electricity, methanol and ammonia demands set to 𝑀𝐸𝑀𝐺 𝐴𝑀𝑀𝐺

be 10%, 2% and 2%, respectively, in the upper-level model and zero in the lower-level model. 
Besides demand satisfaction, a series of technology operation constraints is also enforced in the 
model. Utilizable capacity can firstly be calculated from Equations (14) – (15).

𝐶𝐴𝑃𝑡,𝑖,𝑗 = ∑
𝜏 + 𝐶𝑇𝑖,𝑗 ≤ 𝑡 ∧  𝜏 + 𝐶𝑇𝑖,𝑗 + 𝐿𝑇𝑖,𝑗 > 𝑡

𝑥𝜏,𝑖,𝑗 + 𝐸𝑋𝐶𝐴𝑃𝜏,𝑖,𝑗    ∀𝑡,𝑖,𝑗#(14)

𝐶𝐴𝑃
𝑡,𝑖,𝑖'

= ∑
𝑖,𝑖',𝜏 + 𝐶𝑇

𝑖,𝑖'
≤ 𝑡 ∧  𝜏 + 𝐶𝑇

𝑖,𝑖'
+ 𝐿𝑇

𝑖,𝑖'
> 𝑡

𝑥
𝜏,𝑖,𝑖'

+ 𝐸𝑋𝐶𝐴𝑃
𝜏,𝑖,𝑖'

    ∀𝑡,𝑖,𝑖'#(15)

where  and  represent the capacity of technology  in province  and transmission 𝐶𝐴𝑃𝑡,𝑖,𝑗
𝐶𝐴𝑃

𝑡,𝑖,𝑖' 𝑗 𝑖



line between provinces  and , respectively, in year . Given that the values of  and  are 𝑖 𝑖' 𝑡 𝑥𝑡,𝑖,𝑗
𝑥

𝑡,𝑖,𝑖'

copied into  and  across iterations during the receding horizon optimization of 𝐸𝑋𝐶𝐴𝑃𝑡,𝑖,𝑗
𝐸𝑋𝐶𝐴𝑃

𝑡,𝑖,𝑖'

capacity expansion model, only the  parameters are needed in capacity calculation for the 𝐸𝑋𝐶𝐴𝑃

lower-level model. The unit commitment of dispatchable technologies in  is modeled by 𝐽𝐸𝐷

Equations (16) – (22) below with all integer variables relaxed to be continuous for computational 
tractability. For large-scale models, such relaxation has been shown to be acceptable in terms of 
solution accuracy 1,2.

𝑂𝑁𝑡,𝑑,ℎ,𝑖,𝑗 ≤
𝐶𝐴𝑃𝑡,𝑖,𝑗

𝑈𝑇𝑖,𝑗
    ∀𝑡,𝑑,ℎ,𝑖,𝑗 ∈ 𝐽𝐸𝐷#(16)

𝑂𝑁𝑡,𝑑,ℎ,𝑖,𝑗 ‒ 𝑂𝑁𝑡,𝑑,ℎ ‒ 1,𝑖,𝑗 = 𝑦 𝑂𝑁
𝑡,𝑑,ℎ,𝑖,𝑗 ‒ 𝑦 𝑂𝐹𝐹

𝑡,𝑑,ℎ,𝑖,𝑗    ∀𝑡,𝑑,ℎ,𝑖,𝑗 ∈ 𝐽𝐸𝐷#(17)

∑
ℎ ‒ 𝑈𝑃𝑖,𝑗 < 𝜂 ≤ ℎ

𝑦 𝑂𝑁
𝑡,𝑑,𝜂,𝑖,𝑗 ≤ 𝑂𝑁𝑡,𝑑,ℎ,𝑖,𝑗    ∀𝑡,𝑑,ℎ,𝑖,𝑗 ∈ 𝐽𝐸𝐷    #(18)

∑
ℎ ‒ 𝐷𝑁𝑖,𝑗 < 𝜂 ≤ ℎ

𝑦 𝑂𝐹𝐹
𝑡,𝑑,𝜂,𝑖,𝑗 ≤

𝐶𝐴𝑃𝑡,𝑖,𝑗

𝑈𝑇𝑖,𝑗
‒ 𝑂𝑁𝑡,𝑑,ℎ,𝑖,𝑗    ∀𝑡,𝑑,ℎ,𝑖,𝑗 ∈ 𝐽𝐸𝐷    #(19)

(𝑆𝐿𝑖,𝑗)(𝑈𝑇𝑖,𝑗)𝑂𝑁𝑡,𝑑,ℎ,𝑖,𝑗 ≤ 𝑦𝑡,𝑑,ℎ,𝑖,𝑗 ≤ (𝑈𝑇𝑖,𝑗)𝑂𝑁𝑡,𝑑,ℎ,𝑖,𝑗    ∀𝑡,𝑑,ℎ,𝑖,𝑗 ∈ 𝐽𝐸𝐷#(20)
𝑦𝑡,𝑑,ℎ,𝑖,𝑗 ‒ 𝑦𝑡,𝑑,ℎ ‒ 1,𝑖,𝑗 ≤ (𝑅𝑈𝑖,𝑗)(𝑈𝑇𝑖,𝑗)(𝑂𝑁𝑡,𝑑,ℎ,𝑖,𝑗 ‒ 𝑦 𝑂𝑁

𝑡,𝑑,ℎ,𝑖,𝑗)
+ max (𝑆𝐿𝑖,𝑗, 𝑅𝑈𝑖,𝑗)(𝑈𝑇𝑖,𝑗)𝑦 𝑂𝑁

𝑡,𝑑,ℎ,𝑖,𝑗 ‒ (𝑆𝐿𝑖,𝑗)(𝑈𝑇𝑖,𝑗)𝑦 𝑂𝐹𝐹
𝑡,𝑑,ℎ,𝑖,𝑗      ∀𝑡,𝑑,ℎ,𝑖,𝑗 ∈ 𝐽𝐸𝐷#(21)

𝑦𝑡,𝑑,ℎ ‒ 1,𝑖,𝑗 ‒ 𝑦𝑡,𝑑,ℎ,𝑖,𝑗 ≤ (𝑅𝐷𝑖,𝑗)(𝑈𝑇𝑖,𝑗)(𝑂𝑁𝑡,𝑑,ℎ,𝑖,𝑗 ‒ 𝑦 𝑂𝑁
𝑡,𝑑,ℎ,𝑖,𝑗)

+ max (𝑆𝐿𝑖,𝑗, 𝑅𝐷𝑖,𝑗)(𝑈𝑇𝑖,𝑗)𝑦 𝑂𝐹𝐹
𝑡,𝑑,ℎ,𝑖,𝑗 ‒ (𝑆𝐿𝑖,𝑗)(𝑈𝑇𝑖,𝑗)𝑦 𝑂𝑁

𝑡,𝑑,ℎ,𝑖,𝑗      ∀𝑡,𝑑,ℎ,𝑖,𝑗 ∈ 𝐽𝐸𝐷#(22)

where  is the number of turned-on (i.e., in operation) units of technology  in province  𝑂𝑁𝑡,𝑑,ℎ,𝑖,𝑗 𝑗 𝑖

during representative day  and hour  in year .  and  are the up and down time of 𝑑 ℎ 𝑡 𝑈𝑃𝑖,𝑗 𝐷𝑁𝑖,𝑗

technology  in province , respectively. In the upper-level model, a time interval between 𝑗 𝑖

representative hours (i.e., ) of 3 hours is used, so  and  are set to one for Δ𝐻ℎ 𝑈𝑃𝑖,𝑗 𝐷𝑁𝑖,𝑗

approximation. In the lower-level model, however, a time interval of one hour is used and the up 

and down time assume their actual values in hours.  is the minimum stable operation level of 𝑆𝐿𝑖,𝑗

technology  in province  while  and  represent the maximum ramping up and down rate 𝑗 𝑖 𝑅𝑈𝑖,𝑗 𝑅𝐷𝑖,𝑗

of technology  in province , respectively. Note that the  above denotes the previous hour 𝑗 𝑖 ℎ ‒ 1

index of  in a round-robin manner. In this work, nuclear and hydro electricity generation are ℎ ∈ 𝐻

assumed to provide baseload 3 with seasonal/monthly variation in hydropower reflected by 
corresponding capacity factors as shown in Equations (23) – (24). For other VREs, the resource 
availability is location specific, so capacity factors can differ between existing and future 
installations as in Equation (25).

𝑦𝑡,𝑑,ℎ,𝑖,𝑗 = 𝐶𝐴𝑃𝑡,𝑖,𝑗    ∀𝑡,𝑑,ℎ,𝑖,𝑗 = nuclear power#(23)
𝑦𝑡,𝑑,ℎ,𝑖,𝑗 = (𝐶𝐹𝑑,𝑖,𝑗)𝐶𝐴𝑃𝑡,𝑖,𝑗    ∀𝑡,𝑑,ℎ,𝑖,𝑗 = hydro power#(24)

𝑦𝑡,𝑑,ℎ,𝑖,𝑗 = (𝐸𝐶𝐹𝑡,𝑑,ℎ,𝑖,𝑗)(𝑅𝐶𝑡,𝑖,𝑗) + (𝐹𝐶𝐹𝑡,𝑑,ℎ,𝑖,𝑗)(𝐶𝐴𝑃𝑡,𝑖,𝑗 ‒ 𝑅𝐶𝑡,𝑖,𝑗)    
∀𝑡,𝑑,ℎ,𝑖,𝑗 ∈ {onshore wind, offshore wind, solar power}#(25)



where  is the capacity factor of technology  in province  for representative day . 𝐶𝐹𝑑,𝑖,𝑗 𝑗 𝑖 𝑑

 and  are the location averaged capacity factors of existing and future 𝐸𝐶𝐹𝑡,𝑑,ℎ,𝑖,𝑗 𝐹𝐶𝐹𝑡,𝑑,ℎ,𝑖,𝑗

installations of technology  in province  for representative day  and hour  in year , respectively. 𝑗 𝑖 𝑑 ℎ 𝑡

Detailed site selection criteria for new VRE installation are beyond the scope of this work and 
instead, a simple heuristic is assumed that locations with higher annual generation are developed 

earlier in a province.  denotes the existing renewable capacity before a planning horizon 𝑅𝐶𝑡,𝑖,𝑗

calculated with Equation (14) without the  term. For pumped hydro storage, the following 𝑥𝑡,𝑖,𝑗

constraints are considered in Equations (26) – (29).

𝑆𝑂𝐶𝑡,𝑑,ℎ,𝑖,𝑗 = 𝑆𝑂𝐶𝑡,𝑑,ℎ ‒ 1,𝑖,𝑗 + (Δ𝐻ℎ)(𝐸𝐹𝐹𝑖,𝑗)𝑦 𝑃𝐻𝐶
𝑡,𝑑,ℎ,𝑖,𝑗 ‒ (Δ𝐻ℎ)( 1

𝐸𝐹𝐹𝑖,𝑗
)𝑦𝑡,𝑑,ℎ,𝑖,𝑗    

∀𝑡,𝑑,ℎ,𝑖,𝑗 = pumped hydro#(26)

𝑦 𝑃𝐻𝐶
𝑡,𝑑,ℎ,𝑖,𝑗 ≤ 𝐶𝐴𝑃𝑡,𝑖,𝑗    ∀𝑡,𝑑,ℎ,𝑖,𝑗 = pumped hydro#(27)

𝑦𝑡,𝑑,ℎ,𝑖,𝑗 ≤ 𝐶𝐴𝑃𝑡,𝑖,𝑗    ∀𝑡,𝑑,ℎ,𝑖,𝑗 = pumped hydro#(28)
𝑆𝑂𝐶𝑡,𝑑,ℎ,𝑖,𝑗 ≥ 20% ∗ 6 ∗ 𝐶𝐴𝑃𝑡,𝑖,𝑗    ∀𝑡,𝑑,ℎ,𝑖,𝑗 = pumped hydro#(29)

where  is the state-of-charge (SOC) of storage technology  in province  for 𝑆𝑂𝐶𝑡,𝑑,ℎ,𝑖,𝑗 𝑗 𝑖

representative day  and hour  in year  while  denotes the efficiency of technology  in 𝑑 ℎ 𝑡 𝐸𝐹𝐹𝑖,𝑗 𝑗
province . Equation (29) sets the minimum SOC of pumped hydro facilities for 6-hour continuous 𝑖

discharging at 20% capacity 4. Lastly, the operation of technologies in  and power transmission 𝐽𝐶

across provinces are modeled with Equations (30) – (31). For simplicity, bidirectional transmission 
is assumed in this work.

𝑦𝑡,𝑑,𝑖,𝑗 ≤ 𝐶𝐴𝑃𝑡,𝑖,𝑗    ∀𝑡,𝑑,𝑖,𝑗 ∈ 𝐽𝐶#(30)

𝑧 𝐸
𝑡,𝑑,ℎ,𝑖,𝑖'

≤ 𝐶𝐴𝑃
𝑡,𝑖,𝑖'

+ 𝐶𝐴𝑃
𝑡,𝑖',𝑖

    ∀𝑡,𝑑,ℎ,𝑖,𝑗#(31)

The potential and growth rate of technologies are constrained by Equations (32) – (34) below.

𝐶𝐴𝑃𝑡,𝑖,𝑗 ≤ 𝑃𝑂𝑇𝑡,𝑖, 𝑗    ∀𝑡,𝑖,𝑗#(32)

∑
𝑖

𝑥𝑡,𝑖,𝑗 ≤ 𝐴𝐺𝑅𝑗    ∀𝑡,𝑗#(33)

∑
𝑖

𝑥𝑡,𝑖,𝑗 ≤ (𝑅𝐺𝑅𝑗)∑
𝑖

𝐶𝐴𝑃𝑡,𝑖,𝑗    ∀𝑡,𝑗#(34)

where  denotes the potential of technology  in province  by year .  and  𝑃𝑂𝑇𝑡,𝑖, 𝑗 𝑗 𝑡 𝑡 𝐴𝐺𝑅𝑗 𝑅𝐺𝑅𝑗

represent the absolute and relative growth rate of technology , respectively. In this work, positive 𝑗

and negative greenhouse gas (GHG) emissions of the proposed electricity-chemical nexus are 
tracked by Equations (35) – (40) and constrained by emission reduction pathway towards carbon 
neutrality as in Equation (41).

𝑃𝐸𝑡 = 𝐶𝐸𝑡 + 𝐶𝐸𝑇𝑡 + 𝑂𝐸𝑡 + 𝑂𝐸𝑇𝑡    ∀𝑡#(35)

𝐶𝐸𝑡 = ∑
𝑖,𝑗, 𝜏 ≤ 𝑡 ∧  𝜏 + 𝐶𝑇𝑖,𝑗 > 𝑡

(𝐶𝐴𝑃𝐸𝑀𝑖,𝑗

𝐶𝑇𝑖,𝑗
)(𝑥𝜏,𝑖,𝑗 + 𝐸𝑋𝐶𝐴𝑃𝜏,𝑖,𝑗)    ∀𝑡#(36)



𝐶𝐸𝑇𝑡 = ∑
𝑖,𝑖', 𝜏 ≤ 𝑡 ∧  𝜏 + 𝐶𝑇

𝑖,𝑖'
> 𝑡

(𝐶𝐴𝑃𝐸𝑀
𝑖,𝑖'

𝐶𝑇
𝑖,𝑖'

)(𝑥
𝜏,𝑖,𝑖'

+ 𝐸𝑋𝐶𝐴𝑃
𝜏,𝑖,𝑖'

)    ∀𝑡#(37)

𝑂𝐸𝑡 = ∑
𝑑,ℎ,𝑖,𝑗 ∈ 𝐽𝐸

(Δ𝐷𝑑)(Δ𝐻ℎ)(𝑃𝑂𝑃𝐸𝑀𝑖,𝑗)𝑦𝑡,𝑑,ℎ,𝑖,𝑗 + ∑
𝑑,𝑖,𝑗 ∈ 𝐽𝐶

(Δ𝐷𝑑)(𝑃𝑂𝑃𝐸𝑀𝑖,𝑗)𝑦𝑡,𝑑,𝑖,𝑗    ∀𝑡#(38)

𝑂𝐸𝑇𝑡 = ∑
𝑖,𝑖'

(𝑇𝑅𝐸𝑀
𝑖,𝑖'

)(𝑧 𝑀
𝑡,𝑖,𝑖'

+ 𝑧 𝐴
𝑡,𝑖,𝑖')    ∀𝑡#(39)

𝑁𝐸𝑡 = ∑
𝑑,ℎ,𝑖,𝑗 ∈ 𝐽𝐸

(Δ𝐷𝑑)(Δ𝐻ℎ)(𝑁𝑂𝑃𝐸𝑀𝑖,𝑗)𝑦𝑡,𝑑,ℎ,𝑖,𝑗 + ∑
𝑑,𝑖,𝑗 ∈ 𝐽𝐶

(Δ𝐷𝑑)(𝑁𝑂𝑃𝐸𝑀𝑖,𝑗)𝑦𝑡,𝑑,𝑖,𝑗    ∀𝑡#(40)

𝑃𝐸𝑡 + 𝑁𝐸𝑡 ≤ 𝑇𝐺𝑇𝑡    ∀𝑡#(41)

where  and  denote total positive and negative GHG emissions in year , respectively, while 𝑃𝐸𝑡 𝑁𝐸𝑡 𝑡

 represents the emission target for year . Positive emissions can be further broken down into 𝑇𝐺𝑇𝑡 𝑡
construction and operation phases due to production and transfer activities as listed by Equations 

(36) – (39) above.  and  are unit facility construction GHG emissions of 𝐶𝐴𝑃𝐸𝑀𝑖,𝑗
𝐶𝐴𝑃𝐸𝑀

𝑖,𝑖'

technology  in province  and transmission line between provinces  and , respectively. The 𝑗 𝑖 𝑖 𝑖'

positive and negative emissions during operation phase of technology  in province  are denoted 𝑗 𝑖

by  and , respectively, while  represents the (positive) road transport 𝑃𝑂𝑃𝐸𝑀𝑖,𝑗 𝑁𝑂𝑃𝐸𝑀𝑖,𝑗
𝑇𝑅𝐸𝑀

𝑖,𝑖'

emissions from province  to . Similar to capacity calculation, since  and  are saved in 𝑖 𝑖' 𝑥𝑡,𝑖,𝑗
𝑥

𝑡,𝑖,𝑖'

 and  after solving the upper-level model, only the latter parameters are 𝐸𝑋𝐶𝐴𝑃𝑡,𝑖,𝑗
𝐸𝑋𝐶𝐴𝑃

𝑡,𝑖,𝑖'

needed for the lower-level model. In fact,  and  are sunk emissions and can thus be 𝐶𝐸𝑡 𝐶𝐸𝑇𝑡

subtracted from  in the annual operation model.𝑇𝐺𝑇𝑡

Finally, given the spatially and temporally varying nature of electricity generation mix in different 
provinces during different hours of a year, the carbon intensity of electricity can be estimated with 
a pooled network flow model as shown in Equations (42) – (43) after solving the aforementioned 
bi-level optimization framework.

(𝐶𝐼 𝑆
𝑡,𝑑,ℎ,𝑖)(𝑆𝑂𝐶𝑡,𝑑,ℎ,𝑖,𝑗) = (𝐶𝐼 𝑆

𝑡,𝑑,ℎ ‒ 1,𝑖)(𝑆𝑂𝐶𝑡,𝑑,ℎ ‒ 1,𝑖,𝑗) + (𝐶𝐼 𝐸
𝑡,𝑑,ℎ,𝑖)(Δ𝐻ℎ)(𝐸𝐹𝐹𝑖,𝑗)(𝑦 𝑃𝐻𝐶

𝑡,𝑑,ℎ,𝑖,𝑗)
‒ (𝐶𝐼 𝑆

𝑡,𝑑,ℎ ‒ 1,𝑖)(Δ𝐻ℎ)(𝑦𝑡,𝑑,ℎ,𝑖,𝑗

𝐸𝐹𝐹𝑖,𝑗
)    ∀𝑡,𝑑,ℎ,𝑖,𝑗 = pumped hydro#(42)

(𝐶𝐼 𝐸
𝑡,𝑑,ℎ,𝑖)( ∑

𝑗 ∈ 𝐽𝐸𝐺 ∪ 𝐽𝐸𝑆

𝑦𝑡,𝑑,ℎ,𝑖,𝑗 + ∑
𝑖'

(1 ‒ (𝐿𝑂𝑆𝑆)(𝐷𝐼𝑆𝑇
𝑖',𝑖

))𝑧 𝐸
𝑡,𝑑,ℎ,𝑖',𝑖) = ∑

𝑗 ∈ 𝐽𝐸𝐺

(𝐼𝑀𝑖,𝑗)𝑦𝑡,𝑑,ℎ,𝑖,𝑗

+ ∑
𝑗 ∈ 𝐽𝐸𝑆

(𝐶𝐼 𝑆
𝑡,𝑑,ℎ ‒ 1,𝑖)𝑦𝑡,𝑑,ℎ,𝑖,𝑗 + ∑

𝑖'
(𝐶𝐼 𝐸

𝑡,𝑑,ℎ,𝑖')(1 ‒ (𝐿𝑂𝑆𝑆)(𝐷𝐼𝑆𝑇
𝑖',𝑖

))𝑧 𝐸
𝑡,𝑑,ℎ,𝑖',𝑖

    ∀𝑡,𝑑,ℎ,𝑖#(43)



where  and  denote the average carbon intensities of stored and generated electricity 𝐶𝐼 𝑆
𝑡,𝑑,ℎ,𝑖 𝐶𝐼 𝐸

𝑡,𝑑,ℎ,𝑖

in province  for representative day  and hour  in year , respectively.  is the life cycle carbon 𝑖 𝑑 ℎ 𝑡 𝐼𝑀𝑖,𝑗

intensity of technology  in province . Set  involves all power generation technologies and  𝑗 𝑖 𝐽𝐸𝐺 𝐽𝐸𝑆

only includes pumped hydro storage.

2. Data sources
The data sources of model parameters are listed in Table 1 below excluding those on technology 
emission and wind and solar modeling that require additional processing and will be detailed in 
subsequent contents. For mature technologies, future capital and fixed costs are assumed to 
maintain at the current levels while for emerging technologies, those values are updated across 
iterations with the corresponding (one-factor) technology learning rates as shown in Equations 
(44) – (45). The future variable operating costs of fuel-dependent technologies are determined 
based on future fuel price predictions while for fuel-independent counterparts, the current values 
are assumed for the future as well.

𝐶𝐴𝑃𝐸𝑋𝑡,𝑖,𝑗 = 𝐶𝐴𝑃𝐸𝑋𝑡0,𝑖,𝑗( 𝐶𝑈𝑀𝐶𝐴𝑃𝑡,𝑗

𝐶𝑈𝑀𝐶𝐴𝑃𝑡0,𝑗)𝑏𝑗#(44)

𝐿𝑅𝑗 = 1 ‒ 2
𝑏𝑗#(45)

where  and  denote the national cumulative capacity installation of 𝐶𝑈𝑀𝐶𝐴𝑃𝑡,𝑗
𝐶𝑈𝑀𝐶𝐴𝑃𝑡0,𝑗

technology  by year  and some reference year , respectively.  is the learning elasticity of 𝑗 𝑡 𝑡0 𝑏𝑗

technology  which is usually a negative value and  is the corresponding learning rate.𝑗 𝐿𝑅𝑗

Table 1: Data sources of model parameters
Parameter Specific Index (if any) Source

j=coal, natural gas, nuclear electricity 5

t=current; j=coal-CCS, natural gas-CCS, hydro, onshore wind, offshore 
wind, solar, biomass, biomass-CCS electricity

5

t=current; j=pumped hydro storage 6

j=coal, coke-oven gas, natural gas methanol 7,8

t=current; j=hydrogen methanol 8

j=coal, coke-oven gas, natural gas ammonia 9,10

t=current; j=hydrogen ammonia 11

t=current, future; j=water electrolysis 12

𝐶𝐴𝑃𝐸𝑋𝑡,𝑖,𝑗

t=current; j=direct air capture 13

𝐶𝐴𝑃𝐸𝑋
𝑡,𝑖,𝑖'

14

j=coal, natural gas, nuclear electricity 5𝐹𝑂𝑃𝐸𝑋𝑡,𝑖,𝑗

t=current; j=coal-CCS, natural gas-CCS, hydro, onshore wind, offshore 5



wind, solar, biomass, biomass-CCS electricity
t=current; j=pumped hydro storage 6

j=coal, coke-oven gas, natural gas methanol 15

t=current; j=hydrogen methanol 8

j=coal, coke-oven gas, natural gas ammonia 16

t=current; j=hydrogen ammonia 11

t=current, future; j=water electrolysis 12

t=current; j=direct air capture 13

𝐹𝑂𝑃𝐸𝑋
𝑡,𝑖,𝑖'

17

j=coal-CCS, natural gas-CCS, biomass-CCS electricity, pumped hydro 
storage

18

j=hydro, onshore wind, offshore wind, solar, biomass electricity 5

𝐿𝑅𝑗

j=hydrogen methanol, hydrogen ammonia, direct air capture 19

t=current; j=coal, coal-CCS, natural gas, natural gas-CCS electricity 5

t=current, future; j=nuclear electricity 20

j=hydro, onshore wind, offshore wind, solar electricity, pumped hydro 
storage

5

t=current; j=biomass, biomass-CCS electricity 21

t=future; j=biomass, biomass-CCS electricity 22

t=current; j=coal, coke-oven gas, natural gas, hydrogen methanol 15

t=current; j=coal, coke-oven gas, natural gas, hydrogen ammonia 16

t=current, future; j=water electrolysis 12

t=current; j=direct air capture 13

𝑉𝑂𝑃𝐸𝑋𝑡,𝑖,𝑗

t=future; j= coal, coal-CCS, natural gas, natural gas-CCS electricity, coal, 
coke-oven gas, natural gas, hydrogen methanol, coal, coke-oven gas, 
natural gas, hydrogen ammonia, direct air capture

23

t=current 15𝐹𝑅𝐸𝐼𝐺𝐻𝑇𝑡

t=future 24

𝐷𝐼𝑆𝑇
𝑖,𝑖'

15

j=coal, coal-CCS, natural gas, natural gas-CCS, nuclear electricity 20

j=hydro, onshore wind, offshore wind, solar, biomass, biomass-CCS 
electricity, pumped hydro storage

5

j=coal, coke-oven gas, natural gas, hydrogen methanol 7,8

j=coal, coke-oven gas, natural gas, hydrogen ammonia 9,10

j=water electrolysis 12

𝐶𝑇𝑖,𝑗

j=direct air capture 13

𝐶𝑇
𝑖,𝑖'

14

j=coal, coal-CCS, natural gas, natural gas-CCS, nuclear, hydro, onshore 
wind, offshore wind, solar electricity

20𝐿𝑇𝑖,𝑗

j=biomass, biomass-CCS electricity 25



j=pumped hydro storage 6

j=coal, coke-oven gas, natural gas, hydrogen methanol 7,8

j=coal, coke-oven gas, natural gas, hydrogen ammonia 9,10

j=water electrolysis 12

j=direct air capture 13

𝐿𝑇
𝑖,𝑖'

26,27

j=coal, coal-CCS, natural gas, natural gas-CCS, biomass, biomass-CCS 
electricity

4𝑆𝐿𝑖,𝑗

j=water electrolysis 2

j=coal, coal-CCS, natural gas, natural gas-CCS, biomass, biomass-CCS 
electricity

4𝑅𝑈𝑖,𝑗

j=water electrolysis 2

j=coal, coal-CCS, natural gas, natural gas-CCS, biomass, biomass-CCS 
electricity

4𝑅𝐷𝑖,𝑗

j=water electrolysis 2

j=coal, coal-CCS, natural gas, natural gas-CCS, biomass, biomass-CCS 
electricity

27𝑈𝑇𝑖,𝑗

j=water electrolysis 2

j=coal, coal-CCS, natural gas, natural gas-CCS, biomass, biomass-CCS 
electricity

3𝑈𝑃𝑖,𝑗

j=water electrolysis 2

j=coal, coal-CCS, natural gas, natural gas-CCS, biomass, biomass-CCS 
electricity

3𝐷𝑁𝑖,𝑗

j=water electrolysis 2

j=coal, coal-CCS, natural gas, natural gas-CCS, biomass, biomass-CCS 
electricity

14𝑆𝑆𝐸𝑋𝑡,𝑖,𝑗

j=water electrolysis 2

𝐸𝐹𝐹𝑖,𝑗 j=pumped hydro storage 4

𝐿𝑂𝑆𝑆 28

t=current 29,30𝐸𝐿𝐷𝑀𝑡,𝑑,ℎ,𝑖

t=future 31

t=current 15𝑀𝐸𝐷𝑀𝑡,𝑖

t=future 32

t=current 16𝐴𝑀𝐷𝑀𝑡,𝑖

t=future 33

j=coal, coal-CCS, natural gas, natural gas-CCS, nuclear, hydro, onshore 
wind, offshore wind, solar, biomass, biomass-CCS electricity

29

j=pumped hydro storage 6

j=coal, coke-oven gas, natural gas, hydrogen methanol 15

𝐸𝑋𝐶𝐴𝑃𝑡,𝑖,𝑗

j=coal, coke-oven gas, natural gas, hydrogen ammonia 16

𝐸𝑋𝐶𝐴𝑃
𝑡,𝑖,𝑖'

34



j=coal, coal-CCS, natural gas, natural gas-CCS, nuclear electricity 29,31

j=hydro electricity 29,34

j=biomass, biomass-CCS electricity 35

j=pumped hydro storage 6,36

j=coal, coke-oven gas, natural gas methanol 15,32

j=coal, coke-oven gas, natural gas ammonia 16,33

j=direct air capture 37

𝑃𝑂𝑇𝑡,𝑖, 𝑗

j=coal-CCS, natural gas-CCS, biomass-CCS electricity, direct air capture 
(carbon storage potential)

38,39

𝐶𝐹𝑑,𝑖,𝑗 j=hydro electricity 40

j=coal, coal-CCS, natural gas, natural gas-CCS, nuclear, biomass, 
biomass-CCS electricity

17

j=hydro, onshore wind, offshore wind, solar electricity, pumped hydro 
storage

41

j=coal, coke-oven gas, natural gas, hydrogen methanol, coal, coke-oven 
gas, natural gas, hydrogen ammonia

15

𝐴𝐺𝑅𝑗

j=direct air capture 37

𝑅𝐺𝑅𝑗 37

𝑇𝐺𝑇𝑡 42

As mentioned in Section 4 of the manuscript, the method of matrix-based LCA facilitated by the 
ecoinvent LCI database 27 as an intermediate is adopted in this work. Specially, if the set of 
processes, environmental flows and impact indicators are denoted ,  and , respectively, the 𝑃 𝐸 𝐼

technology matrix  is defined as𝐴

𝐴 = (𝑎𝑗,𝑖)𝑗,𝑖 ∈ 𝑃#(46)

where  is the output of process ’s reference product per unit operation of process . The 𝑎𝑗,𝑖 𝑗 𝑖
intervention matrix  is defined as𝐵

𝐵 = (𝑏𝑘,𝑖)𝑘 ∈ 𝐸, 𝑖 ∈ 𝑃#(47)

where  is the emission of environmental flow  per unit operation of process . The 𝑏𝑘,𝑖 𝑘 𝑖
characterization matrix  is defined as𝐶

𝐶 = (𝑐𝑙,𝑘)𝑙 ∈ 𝐼, 𝑘 ∈ 𝐸#(48)

where  is the characterization factor of impact indicator  per unit emission of environmental 𝑐𝑙,𝑘 𝑙

flow . Finally, for any given demand vector  where  represents the demand for 𝑘 𝑏 = (𝑏𝑖)𝑖 ∈ 𝑃 𝑏𝑖

reference product of process , the corresponding impact can be assessed as𝑖

𝑦 = 𝐶𝐵𝐴 ‒ 1𝑏#(49)



where  and  is the value of impact indicator . Leveraging on the ecoinvent database, 𝑦 = (𝑦𝑙)𝑙 ∈ 𝐼 𝑦𝑙 𝑙

when 100-year global warming potential (GWP-100a) is used as impact assessment method in this 
work, the characterization factors can be directly retrieved from the  matrix provided by the 𝐶

database as shown in Table 2 below.

Table 2: Impact assessment method corresponding to GWP-100a
Method Category Indicator Unit

IPCC 2013 climate change GWP 100a kg CO2-Eq

The data sources of construction emission (  or ) and operation/transport 𝐶𝐴𝑃𝐸𝑀𝑖,𝑗
𝐶𝐴𝑃𝐸𝑀

𝑖,𝑖'

emission (  and ) parameters are listed in Tables 3 and 4 below, respectively. For 𝑃𝑂𝑃𝐸𝑀𝑖,𝑗
𝑇𝑅𝐸𝑀

𝑖,𝑖'

data directly collected from database, the format of “[activity name] – [geography shortname] – 
[system model] – [version of the ecoinvent database]” is documented under the Source column 
while for data obtained from literature, relevant citations are provided. When both construction 
and operation emissions of the same technology are adopted from the database, to avoid double 

counting, the demand vector corresponding to operation phase is constructed such that  and 𝑏𝑖 = 1

 where  is the index of the particular technology and  is that of its construction phase 𝑏𝑗 =‒ 𝑎𝑗,𝑖 𝑖 𝑗
activity. Similarly, since ecoinvent accounts for grid electricity as power source in pumped hydro 
storage while charging and discharging of energy storage are considered separately in the 
optimization model as shown in Section 1 of this document, grid electricity should also be excluded 
in the calculation of operation phase emission for pumped hydro storage. Finally, note that the 

mass balance coefficients , , ,  and , as well as negative 𝐸𝐿𝐸𝐶𝑖,𝑗 𝑀𝐸𝑇𝐻𝑖,𝑗 𝐴𝑀𝑀𝑂𝑖,𝑗 𝐻𝑌𝐷𝑅𝑖,𝑗 𝐶𝐴𝑅𝐵𝑖,𝑗

emission parameters  (if any), are obtained from the same sources as operation 𝑁𝑂𝑃𝐸𝑀𝑖,𝑗

emissions.

Table 3: Data sources of construction emissions
Technology Source

coal, coal-CCS, biomass, biomass-CCS 
electricity

[market for hard coal power plant]-[GLO]-[cutoff]-
[v3.8]

natural gas, natural gas-CCS electricity [market for gas power plant, combined cycle, 400MW 
electrical]-[GLO]-[cutoff]-[v3.8]

nuclear electricity [nuclear power plant construction, pressure water 
reactor, 1000MW]-[CN]-[cutoff]-[v3.8]

hydro electricity [market for hydropower plant, run-of-river]-[GLO]-
[cutoff]-[v3.8]

onshore wind electricity [market for wind turbine, 4.5MW, onshore]-[GLO]-
[cutoff]-[v3.8]
[market for wind turbine network connection, 
4.5MW, onshore]-[GLO]-[cutoff]-[v3.8]

offshore wind electricity [market for wind power plant, 2MW, offshore, fixed 
parts]-[GLO]-[cutoff]-[v3.8]



[market for wind power plant, 2MW, offshore, 
moving parts]-[GLO]-[cutoff]-[v3.8]

solar electricity [market for photovoltaic plant, 570kWp, multi-Si, on 
open ground]-[GLO]-[cutoff]-[v3.8]

pumped hydro storage [market for hydropower plant, reservoir, non-alpine 
regions]-[GLO]-[cutoff]-[v3.8]

coal, coke-oven gas, natural gas, 
hydrogen methanol

[market for methanol factory]-[GLO]-[cutoff]-[v3.8]

coal, coke-oven gas, natural gas, 
hydrogen ammonia, direct air capture

[market for chemical factory, organics]-[GLO]-
[cutoff]-[v3.8]

water electrolysis 43

transmission grid [market for transmission network, long-distance]-
[GLO]-[cutoff]-[v3.8]

Table 4: Data sources of operation and transport emissions
Technology Source

coal electricity [electricity production, hard coal]-[CN-PROVINCE]-
[cutoff]-[v3.8] (PROVINCE denotes the shortname of 
any province in China in the database 44)

coal-CCS, biomass, biomass-CCS 
electricity

45

natural gas electricity [electricity production, natural gas, combined cycle 
power plant]-[CN-PROVINCE]-[cutoff]-[v3.8]

natural gas-CCS electricity 46

nuclear electricity [electricity production, nuclear, pressure water 
reactor]-[CN-PROVINCE]-[cutoff]-[v3.8]

hydro electricity [electricity production, hydro, run-of-river]-[CN-
PROVINCE]-[cutoff]-[v3.8]

onshore wind electricity [electricity production, wind, >3MW turbine, 
onshore]-[CN-PROVINCE]-[cutoff]-[v3.8]

offshore wind electricity [electricity production, wind, 1-3MW turbine, 
offshore]-[CN-PROVINCE]-[cutoff]-[v3.8]

solar electricity [electricity production, photovoltaic, 570kWp open 
ground installation, multi-Si]-[CN-PROVINCE]-
[cutoff]-[v3.8]

pumped hydro storage [electricity production, hydro, pumped storage]-[CN-
PROVINCE]-[cutoff]-[v3.8]

coal methanol 47

coke-oven gas methanol 48

natural gas methanol [methanol production]-[GLO]-[cutoff]-[v3.8]
hydrogen methanol 8

coal ammonia [ammonia production, partial oxidation, liquid]-[CN]-
[cutoff]-[v3.8]



coke-oven gas ammonia 16

natural gas ammonia [ammonia production, steam reforming, liquid]-[CN]-
[cutoff]-[v3.8]

hydrogen ammonia 11

water electrolysis 43

direct air capture 13

transport [market for transport, freight, lorry >32 metric ton, 
EURO4]-[RoW]-[cutoff]-[v3.8]

3. Wind and solar modeling
The hourly capacity factors of onshore and offshore wind generation can be calculated with 
turbine parameters from wind speed data as shown in Equations (50) – (52).

𝑃𝑤 = { 1
2

𝐶𝑝(𝜆)𝜌𝐴𝑣3
𝑤     if 𝑣𝑐𝑢𝑡 ‒ 𝑖𝑛 ≤ 𝑣𝑤 ≤ 𝑣𝑟𝑎𝑡𝑒𝑑  

𝑃𝑟𝑎𝑡𝑒𝑑                   if 𝑣𝑟𝑎𝑡𝑒𝑑 ≤ 𝑣𝑤 ≤ 𝑣𝑐𝑢𝑡 ‒ 𝑜𝑢𝑡
0                           otherwise                            

�#(50)

𝑣𝑤 = 𝑣𝑟𝑒𝑓

ln (𝐻
𝑧0

)
ln (𝐻𝑟𝑒𝑓

𝑧0
)
#(51)

𝐶𝐹𝑤 =
𝜂𝑎𝑟𝑃𝑤

𝑃𝑟𝑎𝑡𝑒𝑑
#(52)

where  and  are the actual and rated output power of wind turbine, respectively.  is the 𝑃𝑤 𝑃𝑟𝑎𝑡𝑒𝑑 𝐶𝑝

power coefficient which is a function of the tip speed ratio ,  is the air density,  is the area 𝜆 𝜌 𝐴

swept by rotor blades and  is the wind speed at hub height extrapolated from near-surfurce 𝑣𝑤

measurement. ,  and  are the cut-in, rated and cut-out speed, respectively. 𝑣𝑐𝑢𝑡 ‒ 𝑖𝑛 𝑣𝑟𝑎𝑡𝑒𝑑 𝑣𝑐𝑢𝑡 ‒ 𝑜𝑢𝑡

 is the hub height of wind turbine and  is the surface roughness length.  and  are the 𝐻 𝑧0 𝐻𝑟𝑒𝑓 𝑣𝑟𝑒𝑓

height of measurement and the corresponding wind speed data, respectively.  is the wind farm 𝜂𝑎𝑟

array efficiency and  is the resulting capacity factor of wind generation. The resulting annual 𝐶𝐹𝑤

average capacity factors of onshore and offshore wind power are shown in Fig. 1 (A) and (B), 
respectively. Note that since high resolution weather data at 0.1° latitude by 0.1° longitude 49 are 
not available on ocean, an alternative at slightly lower resolution (0.5° latitude by 0.625° longitude) 
50 is used in offshore wind calculation. It is interesting to see that on the mainland area of China, 
despite Fig. 1 (B) generally agrees with Fig. 1 (A), low resolution data tend to lose track of hotspots 
that are constrained in small regions due to averaging, thus highlighting the need to use high 
resolution data when possible.



Fig. 1 Annual average capacity factors of onshore wind (A) and offshore wind (B) generation in 
China

For solar photovaltaic (PV) generation, ambient temperture, downward shortwave radiation and 
wind speed measurements are used together with device parameters for hourly capcity factor 
calculation as shown in Equations (53) – (64) below.

A

B



𝐺𝑜𝑛 = 𝐺𝑠𝑐(1 + 0.033cos
360𝑛
365 )#(53)

𝐺𝑜 = 𝐺𝑜𝑛cos 𝜃𝑧#(54)

where  = 1367 W/m2 is the solar constant.  represents the nth day of a year and  is the 𝐺𝑠𝑐 𝑛 𝐺𝑜𝑛

extraterrestrial normal radiation rate.  is the extraterrestrial downward radiation rate and  is 𝐺𝑜 𝜃𝑧

the zenith angle which can either be directly measured or estimated as a function of location and 
time as detailed in standard solar engineering textbooks 51. With data on near-surface downward 

radiation (denoted ) provided 49, the sky clearness index  can be estimated, which further 𝐺 𝑘𝑇

separates radiation into beam and diffuse portions.

𝑘𝑇 =
𝐺
𝐺𝑜

#(55)

𝐺 = 𝐺𝑏 + 𝐺𝑑#(56)

𝐺𝑑

𝐺
= { 1 ‒ 0.09𝑘𝑇                                                                                             for 𝑘𝑇 ≤ 0.22            

0.9511 ‒ 0.1604𝑘𝑇 + 4.388𝑘2
𝑇 ‒ 16.638𝑘3

𝑇 + 12.336𝑘4
𝑇        for 0.22 < 𝑘𝑇 ≤ 0.8

0.165                                                                                                        for 𝑘𝑇 > 0.8              �#(57)

𝐴𝑖 =
𝐺𝑏

𝐺𝑜
#(58)

where  and  are the near-surface downward beam and diffuse radiation, respectively.  is 𝐺𝑏 𝐺𝑑 𝐴𝑖

the anisotropy index used to calculate the isotropic and circumsolar portions of diffuse radiation. 
Two important parameters of PV panel configuration, i.e., slope (denoted ) and azimuth angle 𝛽

(denoted ), are considered in this work, from which the angle of incidence between solar 𝛾

radiation and PV panel (denoted ) can be calculated using geometry 51. The total radiation 𝜃

received by a tilted plane  is then computed as follows.𝐺𝑇

𝑅𝑏 =
cos 𝜃
cos 𝜃𝑧

#(59)

𝐺𝑇 = (𝐺𝑏 + 𝐺𝑑𝐴𝑖)𝑅𝑏 + 𝐺𝑑(1 ‒ 𝐴𝑖)(1 + cos 𝛽
2 )[1 +

𝐺𝑏

𝐺
sin3 (𝛽

2)] + 𝐺𝜌𝑔(1 ‒ cos 𝛽
2 )#(60)

where  is the beam ratio and  is the surface reflectivity. Finally, the performance of a PV panel 𝑅𝑏 𝜌𝑔

is not only a function of total incident radiation, but also (negatively) affected by cell temperature 
as shown by Equations (61) – (64).

𝑇𝑚 = 𝐺𝑇exp (𝑎 + 𝑏𝑣𝑤10) + 𝑇𝑎#(61)

𝑇𝑐 = 𝑇𝑚 + ( 𝐺𝑇

𝐺𝑆𝑇𝐶
)Δ𝑇𝑐𝑛𝑑#(62)

𝑃 = 𝑃𝑆𝑇𝐶( 𝐺𝑇

𝐺𝑆𝑇𝐶
)[1 ‒ 𝛿(𝑇𝑆𝑇𝐶 ‒ 𝑇𝑐)] × 𝑃𝑅#(63)

𝐶𝐹𝑠 =
𝑃

𝑃𝑆𝑇𝐶
#(64)



where  and  are the module back and cell temperature, respectively. ,  and  are 𝑇𝑚 𝑇𝑐 𝑎 𝑏 Δ𝑇𝑐𝑛𝑑

empirically fitted parameters with their values for different types of PV panels available in 52. 

 and  are the wind speed at 10-meter height and ambient temperature, respectively.  𝑣𝑤10 𝑇𝑎 𝐺𝑆𝑇𝐶

= 1000 W/m2,  = 25°C and  are the reference radiation, cell temperature and rated output 𝑇𝑆𝑇𝐶 𝑃𝑆𝑇𝐶

power of PV panel at standard test conditions, respectively.  is the actual output power,  is the 𝑃 𝛿

power temperature coefficient and  is the performance ratio.  is the resulting capacity factor 𝑃𝑅 𝐶𝐹𝑠

of solar generation. Under the assumption of fixed installation in this work, PV panels are mounted 
South as China is located in the Northern Hemisphere. The optimal slope in terms of highest annual 
average capacity factor is computed for each 0.1° latitude by 0.1° longitude grid cell with available 
weather data 49 as shown in Fig. 2 (A) and (B) below.

A



Fig. 2 Best installation slopes of PV panel (A) and the corresponding annual average capacity 
factors (B) in China

Regarding the installation potential of onshore wind and solar generation in China, gridded terrain 
(slope and elevation) 53 and land cover 54 data are used together with weather data 49 to pick out 
the suitable area for each type of renewable development. For every grid cell  with available data, 𝑖

the general formula to compute the maximum installation capacity  is given by Equation (65).𝐶𝑃𝑖

𝐶𝑃𝑖 = 𝑎𝑖 × 𝑓𝑖 × 𝜂𝑖#(65)

where  is the area of grid cell ,  is the overall suitability factor considering terrain, land cover 𝑎𝑖 𝑖 𝑓𝑖

and weather conditions and  is the installation intensity.𝜂𝑖

Depending on the aggressiveness of estimation, various values of  and  have been witnessed 𝑓𝑖 𝜂𝑖

in literature 55. In this work, moderate assumptions on suitability factors and installation intensities 
are generally adopted as documented in the following. Firstly, protected land areas 56 are excluded 
from the calculation of renewable development potential. For terrain filters, slope and elevation 
data are obtained from 53 with the requirements of slope < 5% and elevation < 3000 m enforced 
on the estimation of both onshore wind 57 and solar 58 potentials. For land cover filters that are 
shown in Table 5 below, land cover data are adopted from 54 with (onshore) wind suitability factors 
and roughness length values collected from 59 and solar suitability factors obtained from 58. For 
weather filters, annual average wind speed at hub height (100 m) > 6 m/s 57 and annual average 
solar radiation > 160 W/m2 60 are used for wind and solar development, respectively. Lastly, a 
turbine installation intensity of 4 MW/km2 is applied to onshore wind potential estimation. 
Regarding maximum solar capacity, a PV efficiency of 0.17 is assumed. For locations with high PV 
installation slope, the heuristic of no shading at solar noon on the winter solstice 61 is used to 

B



calculate the corresponding packing factors of solar PV while for locations with low installation 
slope, a constant value of 0.47 is assumed 62.

Table 5: Land cover filters for onshore wind and solar potential estimation

Land cover
Wind suitability 

factor
Roughness 
length (m)

Solar suitability 
factor

water 0 0.005 0
evergreen needleleaf forest 0.1 1 0
evergreen broadleaf forest 0 1 0
deciduous needleleaf forest 0.1 1 0
deciduous broadleaf forest 0.1 1 0
mixed forests 0.1 1 0
closed shrubland 0.5 0.1 0.03
open shrublands 0.5 0.1 0.15
woody savannas 0.9 0.25 0.03
savannas 0.9 0.25 0.15
grasslands 0.8 0.515 0.15
permanent wetlands 0 0.005 0
croplands 0.7 0.25 0
urban and built-up 0 0.005 0.03
cropland/natural vegetation mosaic 0.7 0.25 0
snow and ice 0 0.005 0
barren or sparsely vegetated 1 0.005 0.15

Regarding offshore wind installation potential, the same Equation (65) can be applied but the 

overall suitability factor  consists of different components. Firstly, only the grid cells that are 𝑓𝑖

offshore 63 and fall within China’s Exclusive Economic Zone (EEZ) 64 can be considered. With 
bathymetry data obtained from 65, a filter of bathymetry > -20 m 57 is applied. Besides, the same 
weather filter of annual average wind speed at hub height > 6 m/s and installation intensity of 4 
MW/km2 as those for onshore wind are adopted in estimating offshore wind potential as well. 
Finally, the overall results of wind (onshore + offshore) and solar development potential estimation 
in China are visualized in Fig. 3 (A) and (B), respectively.



Fig. 3 Installation potential of onshore and offshore wind (A) and solar (B) generation in China

Given the relatively high spatial resolution of renewable potential results above, it is common that 

a province in China covers multiple grid cells. The provincial capacity factors  and 𝐸𝐶𝐹𝑡,𝑑,ℎ,𝑖,𝑗

can thus be obtained by averaging over locations that are already developed and 𝐹𝐶𝐹𝑡,𝑑,ℎ,𝑖,𝑗 

available for future developments, respectively, weighted by existing or potential installation 
capacities. The distributions of annual average capacity factors of all (suitable) grid cells within 
each province are plotted in Fig. 4 – 6 for onshore wind, offshore wind and solar generation, 

A

B



respectively.

Fig. 4 Distribution of annual average onshore wind capacity factors of all grid cells in each 
province. Red dotted lines denote provincial average values.



Fig. 5 Distribution of annual average offshore wind capacity factors of all grid cells in each 
province. Red dotted lines denote provincial average values.



Fig. 6 Distribution of annual average solar capacity factors of all grid cells in each province. Red 
dotted lines denote provincial average values.

Finally, the per-month typical-day hourly capacity factors of onshore wind, offshore wind and solar 
generation for each province are plotted in Fig. 7 – 9, respectively. The profile curves are obtained 
by averaging over all grid cells in a province, weighted by their corresponding maximum 
installation (i.e., potential) capacities.





Fig. 7 Typical day onshore wind capacity factors averaged over all grid cells in each province. 
Horizonal and vertical axes denote hour and capacity factor, respectively.





Fig. 8 Typical day offshore wind capacity factors averaged over all grid cells in each province. 
Horizonal and vertical axes denote hour and capacity factor, respectively.





Fig. 9 Typical day solar capacity factors averaged over all grid cells in each province. Horizonal 
and vertical axes denote hour and capacity factor, respectively.
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