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ABSTRACT 

 

Socioeconomic challenges and opportunities in the low-carbon transition of the energy 

system 

 

by 

 

Haozhe Yang 

 

The actions to mitigate climate change lag behind the ambitions to limit the increase of the 

global average temperature by 2ºC. Socioeconomic challenges play an important role in 

slowing the progress of the low-carbon transition. However, while socioeconomic factors 

are pivotal in the low-carbon transition of the energy system, it is unclear how these factors 

quantitatively change the benefits and costs at national, organizational and individual levels.  

Here, I quantify the distribution of costs and benefits across time and space, and explore 

how the allocation of costs and benefits shape different stances toward the low-carbon 

transition. To address the socioeconomic challenges, I further examine how innovations in 

policy and technology enable politically and economically feasible pathways towards a low-

carbon energy system. In the first chapter, I quantify the spatial distribution of stranded asset 

costs together with that of the GDP benefits stemming from climate change mitigation. To 

limit the average global temperature increase within 2°C, 95% of the global net benefits are 

shouldered by low and lower-middle income countries, while 90% of the stranded assets 

costs are borne by higher income countries. In the second chapter, I analyze the lifetime 



 xi 

costs and benefits of climate change mitigation by age cohorts across countries under the 

Paris Agreement. My results show that the age cohorts born prior to 1960 generally 

experience a net reduction in lifetime net benefits. Age cohorts born after 1990 will gain net 

benefits from climate change mitigation in most lower income countries, while no age 

cohorts enjoy net benefits regardless of the birth year in many higher income countries. In 

the third chapter, I examine whether global transcontinental power pools address the unequal 

distribution of benefits and costs caused by heterogeneous resource endowments of 

renewable energy across countries. Employing an electricity planning model with hourly 

supply-demand projections and high-resolution renewable resource maps, I assess whether 

transcontinental power pools reliably meet the growing global demand for renewable 

electricity and concurrently reduce system costs. I find that transcontinental power pools 

enable renewables to meet 100% of future electricity demand, while also reducing costs by 

up to 23% across power pools. Transitioning to the next two chapters, I dissect 

socioeconomic barriers at the regional level, focusing on China. The fourth chapter 

quantifies the spatial distribution of health and employment outcomes of low-carbon 

electricity pathways in China. I integrate an electricity system planning model (GridPath), a 

health impact model (InMAP), and a multiregional input-output model to quantify China’s 

provincial-level impacts of electricity system decarbonization on costs, health outcomes, 

employment, and labor compensation. I find that disparities in health impacts across 

provinces narrow as fossil fuels are phased out, whereas disparities in labor compensation 

widen. Wealthier East Coast provinces reap the greatest benefits in labor compensation 

because of materials and equipment manufacturing, and offshore wind deployment. In the 

last chapter, I investigate whether the innovation of the hydrogen technology enables an 



 xii 

economically feasible pathway in the low-carbon transition. I leverage an electricity 

planning model, GridPath, to quantify the cost implications of hydrogen penetrations, and 

further demonstrate how hydrogen interplay with other zero-carbon technologies and hard-

to-abate sectors. I find that hydrogen reduces the cost of a zero-carbon electricity system by 

16%, compared with a scenario without hydrogen. Apart from the role of long-term storage, 

hydrogen from the zero-carbon electricity system can be used to meet hydrogen demand in 

hard-to-abate sectors, while incurring a marginal decrease in the unit cost of energy demand. 

My dissertation reveals the socioeconomic barriers inherent in the low-carbon transition of 

the energy system, and calls for more actions to address the socioeconomic issues towards a 

sustainable energy system. 
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I. Introduction 

 Climate change caused by greenhouse gas emissions is threatening the future of 

human beings1. To avoid the substantial damage from climate change, by the end of the 21st 

century, the average of global temperature increase relative to the pre-industry should be 

limited by well below 2ºC, and even further to 1.5ºC 2. Carbon dioxide (CO2) emissions 

from the energy system account for over 70% of annual greenhouse gas emissions3. The 

CO2 emissions from the energy system are required to reach net zero by 2070 to achieve the 

2ºC target, and by 2050 to achieve the 1.5ºC target4,5. 

The economic costs to achieve a net-zero energy system are high6. Global GDP in 

2050 is estimated to decline by 1.3-2.7% to limit global temperature rise to 2ºC with a 67% 

probability, and by 1.6-2.8% to the 1.5ºC  target with a 50% probability5. However, when 

monetizing the economic value of averting climate damage, the benefits of transitioning to a 

low-carbon energy system far outweigh the costs7–9.  

    Despite the economic benefits of the low-carbon transition, the window to limit the 

temperature increase is rapidly narrowing10,11. Current climate actions lag behind the 

ambition to limit the temperature increase by 2ºC12. The United Nation’s Emission Gap 

Report finds that global warming will be limited to 2.9°C above pre-industrial levels by 

2100 if countries fully implement the unconditional National Determined Contributions 

(NDC) committed in the Paris Agreement13.  

  The lukewarm response to climate ambitions despite the substantial economic 

benefits begs the question: what are the underlying factors that are hindering the transition to 

a low-carbon energy system? 



 

2 

 

Social factors, which are rarely represented in quantitative analysis of the low-carbon 

transition of the energy system, are playing increasingly important roles14. By integrating the 

social and economic considerations, I aim to explain the lukewarm response of the low-

carbon transition. I analyze how the spatiotemporal distribution of benefits and costs shapes 

disparate stances among countries, organizations, and individuals toward the low-carbon 

transition15,16. This entails examining factors such as stranded assets, employment, health, 

and GDP, which contribute to both economic and social dimensions of the transition.    

While socioeconomic factors often act as barriers in the low-carbon transition, a 

carefully-crafted climate policy also advances climate solutions by mitigating these 

socioeconomic obstacles.17 Benefiting every single stakeholder of the low-carbon transition 

is crucial to encouraging collaboration among countries. For example, while abundant land 

is available to achieve a net-zero emission energy system, socioeconomic factors, including 

the constraints in biodiversity conservation, financial, and engineering, limit the use for 

renewable energy18,19. To tackle the land availability issue, building a global or regional 

power pool enables countries to optimize land use by tapping into the most cost-effective 

renewable resources20,21.   

Technology innovations also play an important role in addressing the socioeconomic 

concerns towards a net-zero energy system. Hydrogen, when produced by renewable 

electricity, is a zero-carbon fuel with the capacity to replace fossil fuels in hard-to-abate 

sectors22. Currently, fossil fuel reserves are distributed in a few countries, thereby incurring 

energy security problems in many countries with scarce fossil fuel resources23. The 

emergence of hydrogen allows countries with scarce fossil fuel reserves to enhance energy 

security while promoting the expansion of renewable energy24. In Europe and the United 
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States, governments are subsidizing hydrogen to accelerate the low-carbon transition, with 

energy security serving as a major motivator25,26.  

In our research, we delve into the socioeconomic challenges and opportunities in five 

chapters. The first chapter explains the lack of ambition in climate policy by quantifying the 

spatiotemporal distribution of costs and benefits for climate change mitigation. In the second 

chapter, I elucidate the challenges of climate change mitigation by exposing the economic 

disparity among generations. In the third chapter, I explore how a global transcontinental 

power pool facilitates an electricity system with 100% renewable energy. In the fourth 

chapter, taking China as an example, I reveal the unequal distribution of employment and 

health outcomes across regions in the low-carbon transformation of the electricity system. In 

the fifth chapter, I highlight the role of hydrogen in a zero-carbon electricity system. 
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II. Spatial distributions of stranded fossil asset costs and benefits from 

climate change mitigation 

Material from: Yang, H., Meng, K. C. & Suh, S. Spatial distributions of stranded fossil asset 

costs and benefits from climate change mitigation. Environ. Res. Commun. 5, 061001 

(2023). https://doi.org/10.1088/2515-7620/acd514 

 

Abstract 

A global 2°C climate target is projected to generate significant economic benefits. However, 

the presence of fossil fuel assets that are stranded as a consequence of climate change 

mitigation could complicate cost-benefit considerations at the country level. Here, we quantify 

the spatial distribution of stranded asset costs (SAC) together with that of the GDP benefits of 

climate mitigation (BCM). Under a 2°C scenario, global total SAC is $19 trillion while global 

BCM is $63 trillion by 2050. At the country level, the sign of a country’s net benefit, the 

difference between BCM and SAC, is largely determined by the sign of its BCM. Net benefits 

are broadly positive across subtropical and tropical countries where high baseline 

temperatures imply GDP damage from climate change and negative across temperate 

countries where low baseline temperatures imply GDP gains. Notably, even major fossil fuel 

producers such as India, China, USA, and Saudi Arabia are projected to receive positive net 

benefits from a 2°C scenario by 2050. Overall, 95% of global net benefit will be borne by low 

and lower-middle income countries. These results could inform the geopolitics of global 

climate change cooperation in the decades to come. 

 

https://doi.org/10.1088/2515-7620/acd514
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A. Introduction  

Climate change mitigation will yield substantial global benefits. Avoided losses in 

global gross domestic product (GDP), a component of total potential benefits,  is estimated to 

range from  $100 to $400 trillion by 2100 under the 2°C global climate target compared to a 

business-as-usual scenario before the  Paris Agreement27,28. At the same time, the dramatic 

decarbonization required to achieve such a target will incur a variety of costs29, prompting 

trade-offs across other economic and social priorities. One class of cost for many countries is 

the lost value of their fossil fuel assets30,31, estimated to be $4 trillion between 2016-203532 

and $12 trillion between 2011-210033. These “stranded asset” costs (SAC) have received 

increasing attention, as exemplified in the political opposition against language to “phase 

down” fossil fuels during the Glasgow meetings under the United Nations Framework 

Convention on Climate Change 34,35.  

SACs are unevenly distributed across countries, and depend on a country’s endowment 

of fossil fuel reserves and extraction costs36–38. The GDP benefits of climate mitigation (BCM) 

may also be highly heterogeneous in part because the nonlinear GDP-temperature relationship 

implies economic losses in hotter locations while colder locations experience economic 

gains39,40. This prompts a series of questions. Are the same countries with high SAC also those 

with high BCM? For which countries do BCM exceed SAC? How do these spatial patterns 

change over time horizons as country-level SAC and BCM evolve dynamically? Such 

dynamics are of interest as fossil fuel reserves deplete over time and marginal GDP losses 

grow for hotter locations as temperatures increase. We address these questions by conducting 

a joint analysis of country-level SAC and BCM. While SAC and BCM are incomplete 

measures of total climate policy costs and benefits, which itself may not fully explain climate 
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policy adoption, our analysis may nonetheless shed light on existing barriers to international 

climate policy cooperation and how they could evolve in the decades to come.  

This study quantifies SACs associated with the value of fossil fuels that a country 

forgoes from reduced fossil fuel production under a global 2°C target41. Following van der 

Ploeg et al42, we define SAC as the foregone discounted net present profits from fossil fuel 

production for a country under a 2°C target relative to a pre-Paris Agreement business-as-

usual (BAU) scenario between 2020-2050. Country-level BCM is the country-level avoided 

GDP loss of a 2°C global target, based on an econometrically estimated GDP-temperature 

damage function43. We combine these two measures, showing how the net benefit from these 

two measures are distributed across countries and according to countries’ income groups. To 

examine how net benefits evolve over time, we present net present values for both 2020-2030 

and 2020-2050 time horizons as well as show payback periods.  

 

B. Methods and Materials  

Temperature projections follow Representative Concentration Pathways (RCPs), and 

GDP and population trajectories come from the Shared Socioeconomic pathways (SSPs)44. 

RCP6.0 is used as our “business-as-usual” or pre-Paris Agreement scenario (i.e., BAU 

scenario)45,46, while RCP 2.6 is used as the scenario (i.e., 2°C scenario) whereby global mean 

temperature increase is capped below 2°C (Table S1). Socioeconomic assumptions follow 

SSP2. 

The total cost of climate change mitigation is composed of (a) the change in profits 

for producers and (b) the change in welfare for consumers due to climate policy. Producers 
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include both firms in sectors that use fossil fuels and those in sectors that use non-fossil 

(e.g., renewable) fuels. In this paper, we focus on the forgone profits of fossil fuel producers, 

calculated as the forgone net present profits from fossil fuel production under a global 2°C 

relative to business-as-usual. As such, we consider an incomplete measure of the total cost 

of climate policy while omitting profit changes to non-fossil fuel production and welfare 

changes in consumers, both of which may play a role in determining support for climate 

policy. As is standard in non-renewable resource settings, a country’s stranded asset profit is 

the sum of resource rents across its fossil fuel deposits. A deposit’s resource rents, in turn, 

are determined by its resource grade and scarcity47,48. The stranded asset costs are only those 

associated with forgone profits for fossil fuel extraction and not any resulting local 

environmental changes due to lowered fossil fuel extraction. 

Our analysis of fossil fuel profits is at the country-level. This implicitly assumes 

countries own property rights to their fossil fuel resources, which indeed is the case for 90% 

of global fossil fuel reserves49. Furthermore, we assume either (a) countries are also fossil fuel 

extractors or (b) the global market to extract fossil fuel resources is perfectly competitive, as 

a country receives all profits in either case. In particular, under perfect competition, profits 

are zero for the fossil fuel extractor, such that revenue less extraction cost for an extracting 

firm equals the royalty lease paid to the country. Failure of either assumptions would not affect 

our estimate of forgone profits but rather how that profit is split between countries that own 

the fossil fuel reserve and the fossil fuel extractor. In that case, one could view our forgone 

profit estimate as that associated with fossil fuel reserves owned by a particular country rather 

than that actually received by the country.   
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Forgone profits are calculated using projected fossil fuel prices and production 

generated by Integrated Assessment Models (IAMs) in the ADVANCE database under 

SSP250,51. We obtain projected country-level fossil fuel price and production for each scenario 

and IAM (i.e., AIM/CGE, IMAGE, POLES, WITCH) from the IPCC AR6 library52 in the 

ADVANCE database (Table S2). We use ADVANCE’s ‘Reference’ and ‘2020 WB2C’ 

scenarios as our BAU and 2°C scenarios, respectively. All projected price and production data 

are normalized to observed 2018 values from the World Bank53 and the U.S. Energy 

Information Agency54, respectively, to ensure continuous time series trajectories. Data on 

fossil fuel reserves come from the Federal Institute for Geosciences and Natural Resources 

(BGR)55. Data on reserve-level extraction cost for oil and natural gas come from the Rystad 

database56,57, and for coal from Welsby et al.37. We perform analyses for the following 12 

countries/regions: Brazil, China, India, Japan, Russia, USA, European Union, Latin America, 

Middle East and Africa, rest-of-Asia, rest-of-OECD, rest-of-Reforming Economies. For 

multi-country regions, we assume that countries in that region follow the same fossil fuel price 

and production path. We classify countries into high, upper-middle, lower-middle and low 

income groups, following definitions provided by the World Bank58. 

The benefits of climate change mitigation are measured in terms of avoided GDP 

losses using a historically-estimated econometric relationship between GDP and temperature 

from Burke et al.43. This too is an incomplete measure of climate policy benefits, notably 

missing non-market benefits such as health impacts. In the main text, we use a 3% discount 

rate to calculate values, presented in 2018 dollars. Our main focus is the 2020-2050 time 

horizon, though we also present net present values for the 2020-2030 horizon.  
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1. Calculating SAC 

The global carbon budget is estimated to be 980−1420 gigaton (Gt) of CO2 if the 

global economy is to limit the global mean temperature increase to below 2°C with at a two-

thirds probability59. By contrast, global total economic reserves of fossil energy resources 

would emit 2900−3500 Gt of CO2e if combusted36. Thus, in the absence of large-scale carbon 

capture and storage, a substantial share global fossil fuel reserves must remain 

underground36,51. We translate this reduced global demand for fossil fuel onto country-level 

fossil fuel production using established mitigation scenarios from IAMs. To calculate country-

level foregone profit, or SAC, we construct country-level fossil fuel supply curves using 

deposit-level extraction cost data (Table S5-S7), and determine the change in country-level 

profits between BAU (or pre-Paris Agreement) and 2°C scenarios due to loss in production 

from marginal deposits according to extraction cost.   

Specifically, for each country/region i, fossil fuel k, year t, and scenario s ∈{BAU, 

2C}, each IAM model generates endogenous fossil fuel price, ps
ikt, and total production, qs

ikt. 

Each country has deposit d for fossil fuel k with heterogeneous reserves, rikdt, and constant 

extraction costs, cikdt. Deposits enter production in the order from low to high extraction cost 

until total production, qs
ikt, is met. Denote the set of deposits in production for country i, fuel 

k, in year t as Ds
ikt. We define the deposit-weighted country-level extraction cost as 

𝑐𝑠
𝑖𝑘𝑡 =

∑ 𝑐𝑖𝑘𝑑𝑡 × 𝑟𝑖𝑘𝑑𝑡𝑑𝜖𝐷𝑠
𝑖𝑘𝑡

∑ 𝑟𝑖𝑘𝑑𝑡𝑑𝜖𝐷𝑠
𝑖𝑘𝑡

 

The discounted profit between 2020-2050 from extracting fuel k for country i is  
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𝐴𝑠
𝑖𝑘 = ∑

(𝑝𝑠
𝑖𝑘𝑡

− 𝑐𝑠
𝑖𝑘𝑡) × 𝑞𝑠

𝑖𝑘𝑡

(1 + 𝛿)𝑡−2020

2050

𝑡=2020

 

 

where δ=0.03 is the discount rate. Finally, we define SAC for country i as the difference in 

discounted profit, summed across fuels, between the BAU and 2ºC scenarios  

𝑆𝐴𝐶𝑖 = ∑ 𝐴𝐵𝐴𝑈
𝑖𝑘

𝑘

− ∑ 𝐴2𝐶
𝑖𝑘

𝑘

 

In a few countries, the domestic fossil fuel production may increase slightly to offset 

increased global fossil fuel price increases as large fossil fuel producers decrease production. 

For these countries, the SAC may be negative, which occurs for 3 out of the 169 countries 

analyzed (Table S8). Our benchmark country-level SAC is the median value across 

AIM/CGE, IMAGE, POLES, and WITCH IAMs. We also present SAC values for each IAM. 

2. Calculating BCM 

      Following Burke et al.43 the functional relationship between country i’s growth rate in 

Gross Domestic Product (GDP) per capita and its average surface temperature in year t is 

ℎ(𝑡𝑒𝑚𝑝𝑠
𝑖𝑡

) = 𝛽1𝑡𝑒𝑚𝑝𝑠
𝑖𝑡

+ 𝛽2𝑡𝑒𝑚𝑝𝑠
𝑖𝑡

2 

where the parameters 𝛽1 and 𝛽2 are econometrically estimated using historical data by Burke 

et al.43 and 𝑡𝑒𝑚𝑝𝑠
𝑖𝑡

 is projected population-weighted country-year temperature under 

scenario s, also obtained from Burke et al.27. Next, define Δit as the additional effect of 

warming on GDP per capita growth in country i and year t compared to that country’s average 

historical temperature,  𝑡𝑒𝑚𝑝̅̅ ̅̅ ̅̅ ̅𝑖 

𝛥𝑠
𝑖𝑡 = ℎ(𝑡𝑒𝑚𝑝𝑠

𝑖𝑡
) − ℎ(𝑡𝑒𝑚𝑝̅̅ ̅̅ ̅̅ ̅𝑖) 
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Let 𝜂𝑖𝑡 be the baseline growth rate of GDP per capita and 𝑝𝑜𝑝𝑖𝑡  be the population under SSP2, 

obtained from the International Institute for Applied System Analysis60. GDP under climate 

change is then  

𝐺𝑠
𝑖𝑡 = 𝐺𝑠

𝑖,𝑡−1(1 + 𝜂𝑖𝑡 + 𝛥𝑠
𝑖𝑡) 

𝐺𝐷𝑃𝑠
𝑖𝑡 = 𝐺𝑠

𝑖𝑡 ×  𝑝𝑜𝑝𝑖𝑡 

As with SAC, BCM is defined as the discounted net present GDP between the two scenarios 

𝐵𝐶𝑀𝑖 = ∑
(𝐺𝐷𝑃2𝐶

𝑖𝑡 − 𝐺𝐷𝑃𝐵𝐴𝑈
𝑖𝑡)

(1 + 𝛿)𝑡−2020

2050

𝑡=2020

 

3. Robustness  

Our main results are calculated over the 2020-2050 horizon. We also present results 

for the 2020-2030 horizon to examine how impacts over a longer horizon affects SAC and 

BCM values. We further conduct several robustness checks. First, calculate SAC by including 

the value of stranded fossil fuel infrastructure. Second, we replace our baseline 3% discount 

rate with a 5% discount rate. Third, we present SAC values under separate IAM projections. 

Fourth, we calculate BCM under alternative SSP scenarios. Fifth, we calculate the net benefits 

on a per capita basis. 

C. Results 

For the 2020-2030 time horizon, the median value of total global SAC under a 2°C 

target across IAMs is $3.8 trillion (in 2018 dollars), with a range of $2.3 trillion (AIM/CGE) 

to $13 trillion (WITCH) (Fig. 1a). This is on par in magnitude with the global BCM under 

SSP2 with a value of $4.8 trillion (Fig. 1c). There is little variation in global BCM across SSP 

scenarios due to the limited temperature variation across the scenarios by 2030 (Fig. 1c).  
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The difference between global total BCM and SAC becomes more pronounced over 

the 2020-2050 horizon as marginal GDP damages increase with higher temperatures because 

of the nonlinear GDP-temperature damage function. Between 2020-2050, the median total 

SAC across IAMs is $19 trillion (in 2018 dollars), with a range of $13 trillion (AIM/CGE 

model) to $32 trillion (WITCH model) (Fig. 1b). By contrast, the global BCM under SSP2 is 

over three times larger at $63 trillion (Fig. 1d). There is now also greater variation in global 

BCM across SSP scenarios with a range of $52 trillion (SSP3) to $92 trillion (SSP5) (Fig. 1d).  

Half of the 2020-2050 median global SAC comes from stranded oil reserves ($9 

trillion), followed by stranded coal reserves ($6 trillion) and then stranded natural gas reserves 

($4 trillion). When adding the cost of stranded fossil fuel infrastructure, the median 2020-

2050 global SAC increase to $22 trillion (Figs. S1-S2). When we replace our benchmark 3% 

discount rate with a 5% discount rate, the range of global SAC across IAMs is $10-24 trillion 

(Figs. S3- S4). By comparison, Bauer et al.23estimates a global SAC of $12 trillion using the 

REMIND model and a 5% discount rate. 



 

13 

 

  

Figure 1: Global Stranded Asset Costs (SAC) and Benefits from Carbon Mitigation 

(BCM). (a) Global SAC across Integrated Assessment Models (IAMs) by fossil fuel for the 

2020-2030 horizon. (b) Same as (a) for the 2020-2050 horizon. (c) Global GDP-based BCM 

across Shared Socioeconomic Pathways (SSP) for the 2020-2030 horizon. (d) Same as (c) for 

the 2020-2050 horizon.  

 

SACs are highly heterogeneous across countries and regions. Regionally, North 

America, Asia and Eastern Europe experience the largest SACs, while Western European, 

Latin American and Sub-Saharan African countries generally incur lower values (Fig. 2a and 

2b). At the country level, Russia incurs the largest SAC ($2.6 trillion), closely followed by 
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China ($2.6 trillion) and Saudi Arabia ($2.4 trillion) over 2020-2050. Iran incurs over $1 

trillion in SAC while USA, Iraq, India, Canada, Qatar and Australia will experience over $0.5 

trillion of SAC (Table S3) over 2020-2050.  

Likewise, there is considerable heterogeneity in BCM across countries and years. 

Tropical and subtropical countries generally benefit from climate change mitigation. By 

contrast some temperate countries incur smaller or even negative BCM because the quadratic 

GDP-temperature damage function exhibits a global optimum with temperate countries 

located on the cooler side of the optimum. This dispersion widens as the time horizon 

lengthens from 2020-2030 to 2020-2050 as marginal temperature-induced GDP losses 

become larger (Fig. 2c and 2d). Between 2020-2050, India is expected to receive the highest 

BCM at $24 trillion, while Russia incurs the lowest BCM at -$6 trillion (Table S4).  

Turning to net benefits, as measured by BCM minus SAC, countries typically fall in 

three categories, broadly defined by whether BCM or SAC determines the sign of a country’s 

net benefit and why. The first category are countries with large positive BCMs and small 

SACs and thus positive net benefits. These countries tend to be in subtropical and tropical 

regions where baseline high temperatures imply large avoided GDP losses from climate policy 

but have few fossil fuel reserves. Between 2020-2030, net benefits of climate change 

mitigation are positive in many countries across Latin America, Africa, South Asia and 

Southeastern Asia (Fig. 2e). Net benefits become positive across almost all countries in these 

regions by 2050 (Fig. 2f). 

The second category are countries with large negative BCMs which reinforces positive 

SAC values, resulting in negative net benefits. For these countries, primarily consisting of 

Europe, Canada, and Russia, net benefits are negative across both 2020-2030 and 2020-2050 
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horizons, largely because higher temperatures can increase economic activity in these colder 

locations39,43. SAC values exacerbate the economic burden of climate change mitigation for 

these countries. Between 2020-2050, net benefits are -$9 trillion for Russia and -$3 trillion 

for Canada (Fig. 2f).  

The last category consists of countries with large SACs but which an even larger BCM 

still determines the sign of net benefits. These countries include India, China, USA, and Saudi 

Arabia, which are projected to experience net benefits of $23, $6, $2, and $0.4 trillion by 

2050, respectively. A common feature unifies the countries across these three groups: the sign 

of their net benefit by 2050 is primarily determined by their BCM, not their SAC. There are 

three notable exceptions to this: Australia, Iran, and Iraq all experience negative net benefits 

because sizable fossil reserves imply a higher SAC and BCM.  

 

 Figure 2: Distribution of SACs and BCMs across countries. 
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(a) Country-level median SAC across IAM models for the 2020-2030 horizon. (c) Country-

level BCM under SSP2 for the 2020-2030 horizon. (e) Country-level BCM (b) minus SAC 

(a) for the 2020-2030 horizon. (b,d,f). Same as panels (a,c,e) for the 2020-2050 horizon.  

 

We next consider total SAC, BCM, and BCM minus SAC by income group. In general, 

higher income countries experience larger SACs while lower income countries experience 

higher BCMs. Specifically, high and upper-middle income countries are projected to 

experience 88% and 89% of the global SAC by 2030 and 2050, respectively (Fig. 3a and 3b). 

It is notable that, except for India ($0.9 trillion), the countries that bear the top ten highest 

SACs over 2020-2050 are all high- and upper-middle-income countries (Table S3). The total 

SAC share borne by low income countries is under 1% for both 2030 and 2050 time horizons. 

By contrast, for BCM, about two-thirds of the global BCM is borne by low and lower-middle 

income countries by both 2030 and 2050 (Fig. 3c and 3e). Combining SAC and BCM values, 

by 2050, 95% of global net benefits of a 2ºC global target are projected to be experienced by 

low and lower-middle income countries, with largest values for lower-middle income 

countries at $40 trillion. By contrast, total net benefit by 2050 is negative for high-income 

countries -$5.7 trillion.  
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Figure 3: SACs and BCMs by income groups. 

(a) Income group-level total median SAC across IAM models for the 2020-2030 horizon. (c) 

Income group-level total BCM under SSP2 for the 2020-2030 horizon. (e) Income group-level 

total BCM (b) minus SAC (a) for the 2020-2030 horizon. (b,d,f). Same as panels (a,c,e) for 

the 2020-2050 horizon.  
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 Finally, we examine when contemporaneous annual (non-discounted) net benefits 

become positive over the 2020-2050 horizon, or the payback period. At the global level, the 

payback period for total net benefit is 5 years (Fig. 4a). Payback periods, however, vary 

substantially by income groups, consistent with income heterogeneity in total discounted net 

benefits. For lower-middle and low income countries, the payback period is 1 year (Fig. 4d 

and 4c). For upper-middle income countries, the payback period is 11 years. While for high 

income countries, payback never occurs (Fig. 4b).  

 

Figure 4: Payback periods 

(a) Annual (undiscounted) net benefit under median, minimum, and maximum SAC across 

IAM models and SSP2. (b,c,d,e) Reproduces panel (a) but separately for high, upper-middle, 

lower-middle, and low income country groups. 

 

We subject our results to various additional sensitivity analyses by further adding the cost 

of stranded fossil fuel infrastructure (Figs. S1-S2); replacing our 3% discount rate with a 5% 

discount rate (Fig. S3-S4); examining specific IAM outputs that differ, among other features, 
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by their endogenous fossil fuel price paths (Figs. S5-S10), considering different SSPs (Figs 

S11-S12). We also analyze the distribution of net benefits on a per capita basis (Fig. S12). 

These analyses reaffirm our main conclusions: while important in the next decade, BCMs, not 

SACs, largely determine the sign of a country’s net benefit over a 2020-2050 horizon.  

 

D. Discussion 

 Although SAC is only a component of a country’s total climate policy costs, which 

themselves may not reflect the particular concentration of political interests that influence a 

country’s climate policy, a large SAC may partly explain the reluctance to support climate 

policy by countries with substantial fossil fuel reserves. The unequal distribution of costs from 

stranded assets and climate mitigation benefits may also speak to arguments for climate policy 

based on historical cumulative GHG emissions and the fairness principle. Higher income 

countries are responsible for nearly 90% of historical cumulative emissions (Fig. S13). 

However, compared to lower income countries, higher income countries may also receive 

lower net benefits from joining a global 2°C target. For example, the SAC for Iran, Russia, 

and Australia overweighs their BCM. It is notable that the NDCs of these nations also fall 

short in meeting the 2°C target under the Paris Agreement61, despite their large cumulative 

historical emissions. By contrast, the NDCs submitted by Morocco, Ethiopia, Kenya and 

Philippines reflect more ambitious goals in greenhouse gas emissions despite their smaller 

historical cumulative emissions. 

Future work can extend our analysis along several dimensions. First, our analysis 

assumes all fossil profits accrue to a country. While 90% of reserves are indeed owned by 

countries, some of the total profits from fossil fuels may accrue to foreign operating companies 
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that extract the fuel, affecting the distribution of SAC across countries62.  Second, our SAC 

measure does not include the cost of stranded fossil fuel infrastructure, provided that this cost 

is not sunk. Although there are studies that quantify the stranded infrastructure cost of coal 

power plants63–65, it is unknown how much of the other fossil fuel infrastructure (e.g., oil wells, 

refineries, and pipelines) will be stranded globally under a global 2ºC target. As a robustness 

check, we added stranded infrastructure cost into our SAC measure by assuming energy 

companies lose all their infrastructure assets (Figs. S1-S2). We find that adding infrastructure 

cost does not qualitatively change the overall spatial pattern of net benefits across countries.  

Finally, as noted already, many other political and social determinants affect a 

country’s adoption of climate policy besides economic costs and benefits. For example, 

decarbonization policies that target new capital stocks in the energy sector may help offset 

stranded asset costs, reshaping the influence of fossil fuels in global climate negotiations66. 

Likewise, policies that alter political access should also be considered as fossil fuel companies 

with high SACs may be more effective in lobbying over climate policies, undermining such 

policies benefits to society67. Other social impacts of the climate policy, e.g., the 

unemployment from the stranded fossil fuel reserves, also play an important role in the design 

of a climate policy68. 

Even within an economic perspective, our measure of SAC and BCM misses important 

components of total costs and benefits. On the cost side, this includes how climate policy 

alters profits for non-fossil fuel producers and welfare for consumers. On the benefits side, 

this includes everything omitted from GDP, which notably includes potential health benefits 

of climate policy69. Furthermore, even within our narrow SAC measure, there are nuances to 

whether a high SAC necessarily implies opposition to particular forms of climate policy. For 
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example, a fossil fuel rich country with high benefits from climate policy may nonetheless 

support climate policy that favors carbon capture and storage technology which enables 

reduced net GHG emissions with continued fossil fuel production. Future research should 

incorporate how the results from this study along with these other considerations alter the 

prospects of international climate policy cooperation.     

 

E. Appendix 

1. Code and Data availability 

Our code is deposited https://github.com/climate-change-ucsb/Stranded-fossil-fuel. 

The original code for calculating the benefits of climate change is from Ricke et al.70. The 

projected temperature data under RCPs is from Burke27. The SSP60 and ADVANCE52 

database is hosted by IIASA. The deposit-level data for oil and gas is from the Rystad database 

in Mercure et al.31, and the data for coal is from Welsby et al.37. The database of country-level 

benefits with uncertainty levels under all scenarios, damage functions and discounting 

schemes is available via https://climate-change.shinyapps.io/generation_gap/. 

 

 

 

 

 

 

 

 

 

https://github.com/climate-change-ucsb/Stranded-fossil-fuel
https://climate-change.shinyapps.io/generation_gap/
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2. Supplementary Tables 

Table S1. Global temperature increase (°C) by 2100 relative to 1985-2005 mean under 

different RCP scenarios from CMIP5 71. In our calculations, we add 0.8°C72 to obtain 

current temperature levels.  

  mean 5% 95% 

RCP2.6 1.8 1.2 2.6 

RCP4.5 2.7 2.0 3.5 

RCP6.0 3.1 2.5 4.1 

RCP8.5 4.7 3.6 5.8 
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Table S2. IAMs contained in the ADVANCE database52. We select IAMs that project ~6 

W/m2 in global average radiative forcing by 2100 under a ‘Reference’ scenario, consistent 

with RCP6.0. 

Model 

Forcing 

(W/m2) 

Price 

($/GJ) 

Primary 

consumption 

(GJ)  

Trade 

volume 

(GJ) 

Time 

horizon 

AIM/CGE V.2 6.1 YES YES YES 

2020-

2100 

IMACLIM V1.1 NA YES YES YES 

2020-

2050 

IMAGE 3.0 5.6 YES YES YES 

2020-

2100 

MESSAGE-

GLOBIOM_1.0 

5.0 YES YES YES 

2020-

2100 

POLES ADVANCE NA YES YES YES 

2020-

2100 

REMIND V1.7 5.9 YES YES NO 

2020-

2100 

WITCH2016 5.6 YES YES YES 

2020-

2100 
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Table S3. Countries with top 10 highest SAC between 2020-2050 using calculations based 

on a 3% discount rate. 

  SAC ($ trillion) 

Russia  2.6 

China  2.6 

Saudi Arabia  2.4 

Iran  1.1 

USA  1.0 

Iraq  0.9 

India  0.9 

Canada  0.8 

Qatar  0.7 

United Arab Emirates  0.7 

Other  5.0 

Total  18.8 
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Table S4. Countries with the top 5 highest and bottom 5 lowest BCM values at the 10%, 

25%, 50%, 75%, and 90% percentiles (via bootstrapping) between 2020-2050. Calculations 

based on a 3% discount rate.  

Country 10% 25% 50% 75% 90% 

India 16.0 19.3 23.7 27.6 31.2 

China -4.0 2.2 8.3 15.2 20.0 

Indonesia 2.9 3.5 4.3 5.1 5.8 

Brazil 2.4 3.1 3.9 4.7 5.3 

United States -4.5 -0.6 3.2 7.5 10.3 

Rest 7.3 19.6 32.8 45.9 55.9 

Poland -1.3 -1.0 -0.7 -0.5 -0.3 

United Kingdom -2.2 -1.6 -1.1 -0.6 -0.2 

Germany -3.2 -2.3 -1.6 -1.0 -0.5 

Canada -3.6 -2.8 -2.2 -1.6 -1.1 

Russian  -9.9 -8.0 -6.4 -4.8 -3.7 

Total -0.1 31.3 64.3 97.6 122.7 
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3. Supplementary Figures 

 

Figure S1. Global Stranded Asset Costs inclusive of stranded infrastructure cost (SAC) 

and Benefits from Carbon Mitigation (BCM).  

(a) Global SAC across Integrated Assessment Models (IAMs) by fossil fuel for the 2020-2030 

horizon. (b) Same as (a) for the 2020-2050 horizon. (c) Global GDP-based BCM across 

Shared Socioeconomic Pathways (SSP) for the 2020-2030 horizon. (d) Same as (c) for the 

2020-2050 horizon. To calculate stranded infrastructure cost, we first identify 97 oil, gas and 

coal companies according to the Energy Intelligence Weekly73 and S&P Global Platts Top 

250 Global Energy Company Rankings74 (Table S8). These 97 companies include 20 top fossil 

fuel companies that contribute to a third of global fossil fuel CO2 emissions75,76. We then 

collect the asset value from the balance sheets of these companies, obtained from the US 

Securities and Exchange Commission77.  
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Figure S2. Distribution of SACs inclusive of stranded infrastructure costs and BCMs 

across countries. 

(a) Country-level median SAC across IAM models for the 2020-2030 horizon. (c) Country-

level BCM under SSP2 for the 2020-2030 horizon. (e) Country-level BCM (b) minus SAC 

(a) for the 2020-2030 horizon. (b, d, f). Same as panels (a, c, e) for the 2020-2050 horizon. 
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Figure S3. Global Stranded Asset Costs (SAC) and Benefits from Carbon Mitigation 

(BCM) under a 5% discount rate.  

(a) Global SAC across Integrated Assessment Models (IAMs) by fossil fuel for the 2020-2030 

horizon. (b) Same as (a) for the 2020-2050 horizon. (c) Global GDP-based BCM across 

Shared Socioeconomic Pathways (SSP) for the 2020-2030 horizon. (d) Same as (c) for the 

2020-2050 horizon.  
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Figure S4. Distribution of SACs and BCMs across countries under the 5% discount 

rate. 

(a) Country-level median SAC across IAM models for the 2020-2030 horizon. (c) Country-

level BCM under SSP2 for the 2020-2030 horizon. (e) Country-level BCM (b) minus SAC 

(a) for the 2020-2030 horizon. (b, d, f). Same as panels (a, c, e) for the 2020-2050 horizon. 

 

 

Figure S5. Fossil fuel price trajectories across IAMs and scenarios.  

(a) Oil prices. (b) Natural gas prices. (c) Coal prices. Prices normalized to observed 

2020 values. 
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Figure S6. Distribution of net benefits across countries under each IAM. 

(a) Country-level net benefits (BCM-SAC) under AIM IAM for the 2020-2030 horizon. (b) 

Country-level net benefits under AIM IAM for the 2020-2050 horizon. (c, d) Same as panels 

(a, b) under IMAGE IAM. (e, f) Same as panels (a, b) under POLES IAM. (g, h) Same as 

panels (a, b) under WITCH IAM.  
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Figure S7. SACs and BCMs by income groups from the AIM IAM  

(a) Income group-level total median SAC from the AIM IAM for the 2020-2030 horizon. (c) 

Income group-level total BCM under SSP2 for the 2020-2030 horizon. (e) Income group-level 

total BCM (b) minus SAC (a) for the 2020-2030 horizon. (b, d, f). Same as panels (a, c, e) for 

the 2020-2050 horizon.  

 

 



 

32 

 

 

Figure S8. SACs and BCMs by income groups from the IMAGE IAM. 

(a) Income group-level total median SAC from the IMAGE IAM for the 2020-2030 horizon. 

(c) Income group-level total BCM under SSP2 for the 2020-2030 horizon. (e) Income group-

level total BCM (b) minus SAC (a) for the 2020-2030 horizon. (b, d, f). Same as panels (a, c, 

e) for the 2020-2050 horizon.  
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Figure S9. SACs and BCMs by income groups from the POLES IAM  

(a) Income group-level total median SAC from the POLES IAM for the 2020-2030 horizon. 

(c) Income group-level total BCM under SSP2 for the 2020-2030 horizon. (e) Income group-

level total BCM (b) minus SAC (a) for the 2020-2030 horizon. (b, d, f). Same as panels (a, c, 

e) for the 2020-2050 horizon.  
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Figure S10. SACs and BCMs by income groups from the WITCH IAM 

(a) Income group-level total median SAC from the WITCH IAM for the 2020-2030 horizon. 

(c) Income group-level total BCM under SSP2 for the 2020-2030 horizon. (e) Income group-

level total BCM (b) minus SAC (a) for the 2020-2030 horizon. (b, d, f). Same as panels (a, c, 

e) for the 2020-2050 horizon.  
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Figure S11. Distribution of net benefits across countries under different SSP scenarios.  

Under SSP1 scenario, (a) Country-level BCM minus SAC for the 2020-2030 horizon. (b) 

Country-level BCM minus SAC for the 2020-2050 horizon. (c, d). Same as panels (a, b) for 

the SSP3 scenario. (e, f). Same as panels (a, b) for the SSP4 scenario. (g, h). Same as panels 

(a, b) for the SSP5 scenario. 
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Figure S12. Distribution of net benefits per capita across countries under different SSP 

scenarios.  

(a) Country-level BCM minus SAC per capita for the 2020-2030 horizon. (b) Country-level 

BCM minus SAC per capita for the 2020-2050 horizon. 

 

 

 

 

 

 

 

 

 

 

 

 



 

37 

 

 

Figure S13. Cumulative historical CO2 emissions (1750-2020) by income group78. 
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Ⅲ. Economic disparity among generations under the Paris Agreement 

Material from: Yang, H., Suh, S. Economic disparity among generations under the Paris 

Agreement. Nat Commun 12, 5663 (2021). https://doi.org/10.1038/s41467-021-25520-8 

 

 

Abstract 

The costs and benefits of climate change mitigation are known to be distributed 

unevenly across time and space, while their intergenerational distribution across nations has 

not been evaluated. Here, we analyze the lifetime costs and benefits of climate change 

mitigation by age cohorts across countries under the Paris Agreement. Our results show that 

the age cohorts born prior to 1960 generally experience a net reduction in lifetime gross 

domestic product per capita. Age cohorts born after 1990 will gain net benefits from climate 

change mitigation in most lower income countries. However, no age cohorts enjoy net 

benefits regardless of the birth year in many higher income countries. Furthermore, the cost-

benefit disparity among old and young age cohorts is expected to widen over time. 

Particularly, lower income countries are expected to have much larger cost-benefit disparity 

between the young and the old. Our findings highlight the challenges in building consensus 

for equitable climate policy among nations and generations. 

A. Introduction 

Younger generations emerged at the forefront of the global climate movement in 

recent years79,80. One of the prevailing narratives to this phenomenon is that younger and 

future generations are the greatest victims of climate change driven by the actions and 

inactions of older generations81–83. Supported by such narratives, some studies indicated the 

https://doi.org/10.1038/s41467-021-25520-8
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presence of intergenerational gaps in the perceptions toward climate change mitigation80,84–

86. Several studies have explored how the economic policy can be designed to reduce or 

eradicate the intergenerational disparity in climate change mitigation87,88. 

Though many studies have discussed the justice and inequality issues among 

generations under climate change81,89–91, there were, however, no peer-reviewed literature 

that quantifies the costs and benefits of climate change mitigation by age cohorts at a 

country level. 

In this study, we quantify the lifetime costs and benefits of climate change mitigation 

by age cohorts across countries under the Paris Agreement. In this paper, the cost of climate 

change mitigation refers to the gross domestic product (GDP) loss compared to the 

counterfactual scenario without climate change mitigation92. To measure the loss of GDP, 

Integrated Assessment Models (IAMs) are developed by many research groups to couple 

energy, economy, and climate (Supplementary Note). In these IAMs, the economic modules 

generally follow general or partial equilibrium models93. Here, the data for the cost of 

climate change mitigation is derived from several IAMs94 in the 2014 IPCC report. 

According to the report, the abatement cost of climate change mitigation range 2–6% of 

global GDP by 2100 relative to pre-Paris Agreement policy92. 

The benefit of climate change mitigation refers to the avoided economic damage by 

stabilizing global temperature7. Burke et al.43 developed a damage function that measures 

the nonlinear relationship between temperature and economic growth (BHM damage 

function). Using this nonlinear relationship, Burke et al. estimated that keeping the global 

temperature at 2010 level could save 23% of global GDP by 2100. Though the Burke 
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method is still under discussion95,96, this empirical nonlinear GDP–temperature relation has 

been widely applied in the cost-benefit analysis of climate change mitigation7,70,97. 

The climate change mitigation scenarios under the Paris Agreement employed in our 

models do not consider the policies to address the intergenerational disparity. The costs and 

benefits of climate change mitigation are modeled for the period of 2020–2100 (Fig. S1). 

The benefit of climate change mitigation hereafter is quantified by the BHM damage 

function, and the cost of climate change mitigation is calculated by assuming a triangle 

distribution of GDP loss reported by the 2014 IPCC report. To quantify the cost-benefit 

disparity, we estimate the lifetime costs and benefits at a 3% discount rate by age cohort in 

169 countries under the 2 °C target of the Paris Agreement. The lifetime cost and benefits 

are measured as accumulative GDP per capita (in 2018 dollars) during the lifetime of an age 

cohort. The lifetime of an age cohort is calculated by using the expected life expectancy for 

the age group98. The distribution of GDP per capita across age cohorts follows the income 

distribution from the OECD database. The Paris Agreement scenario is represented by the 

Representative Concentration Pathways (RCP) 2.6. The Pre-Paris Agreement scenario, 

which is the baseline scenario in our study, is represented by the Shared Socioeconomic Path 

(SSP) 4 and RCP 6.046 in the main text (analysis of other SSP and RCP scenarios can be 

found in “Data Availability”). 

B. Methods and Materials 

1. Lifetime of age cohorts 

The lifetime of each cohort is calculated as the life expectancy after 2020. The age-

specific life expectancy is derived from United Nations, and the country-specific life 
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expectancy at birth is derived from World Bank. The following equations are used to derive 

the age- and country-specific lifetime after 2020. 

𝑆𝐿 = {𝑆𝑌 − 𝐴, 𝑖𝑓 𝑆𝐿 ≥ 2020 2020, 𝑖𝑓 𝑆𝐿 < 2020 (1)  

𝐸𝐿 = {𝑆𝑌 + 𝐸, 𝑖𝑓 𝐸𝐿 ≤ 2100 2100, 𝑖𝑓 𝐸𝐿 > 2100 (2)  

SL is the start year of the lifetime for a studied age cohort. SY is the year studied, which is 

chosen from 2020 to 2100. A is the age of the age cohort. EL is the end year of the lifetime 

for a studied age cohort. E is the life expectancy of the studied age cohort.  The life 

expectancy is collected from World Bank99 and World Population Prospects98.   

2. Income distribution 

         The income distribution across age cohort depends on the disposable income at each 

age group and the mean disposable income of the total population. 

𝐼𝑡−𝑇,𝑡,𝑖 =
𝐷𝑡−𝑇,𝑖

𝐷̅𝑖

 (3)  

where t is the future year. T is the birth year of the age cohort. t-T is the age of an age cohort 

in year t. At year t, 𝐷𝑡−𝑇,𝑖 is the income of an age cohort born in year T in country i. 𝐷̅𝑖 is the 

average income in country i. At year t, 𝐼𝑡−𝑇,𝑡,𝑖  is the ratio of the income for an age cohort 

born in year T versus the average income of the total population in country i. The data for 

the income distribution across age cohorts are collected from OECD database100. The 

income distribution of some developing countries are not included in the OECD database. 

Their income distribution is assumed to be the median of the income in developing countries 

that are included in the OECD database (Table S1). We assume the income distribution is 

consistent over time. 
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3. Calculation of benefits of climate change mitigation 

      We followed the procedure in Burke et al., 201543 (BHM damage function) to estimate 

the social benefits of climate change mitigation from 2020 to 2100, and the details are 

described below. 

     Global warming is measured by the global temperature increase between the pre-

industrial level and 2100 period. The climate models in phase five of the Coupled Model 

Intercomparison Project (CMIP5)101 generate the baseline temperatures from the mid-1800s 

to 2005 using historical radiative forcing and the future temperatures in the 21st century 

using radiative forcing under the RCP2.6, RCP4.5, RCP6.0 and RCP8.5 scenarios. Multiple 

global climate models are used to simulate each RCP scenario, and the average temperature 

increase in the models is used to represent the temperature increase in each of the RCP 

scenarios. Following the IPCC protocols, we use the years 1986–2005 as the baseline period 

and 2081-2100 as the RCP future period. According to the IPCC report72, the temperature 

increase between the pre-industrial (1850-1900) level and the current period (2003-2012) is 

0.8C. Therefore, the projected global warming in 2100 relative to the pre-industrial level is 

calculated as 

∆𝑇𝑟 =
∑ ∆𝑇𝑚,𝑟

𝑁𝑟
𝑚=1

𝑁𝑟
 (4)  

∆𝑇𝑝𝑟𝑒 = ∆𝑇𝑟 + 0.8 (5)  

     

∆𝑇𝑚,𝑟 is the temperature increase between the 1986-2005 period and the 2081-2100 period 

under RCP scenario r using model global climate model m, Nr is the number of models used 

to simulate RCP scenario r, ∆𝑇𝑟 is the average temperature increase between the 1986-2005 
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period and the 2081-2100 period under RCP scenario r, and ∆𝑇𝑝𝑟𝑒 is the global warming 

relative to the pre-industrial level. We chose the RCP2.6 scenario as the mitigation scenario 

because the average global temperature increase in all the models for this scenario is most 

consistent with the target to limit the global temperature increase to 2C. 

     Following the methods in Burke et al.43 and Ricke et al.70, we corrected the projected 

temperature in all RCP scenarios using the following correction equation: 

𝑇𝑒𝑚𝑝𝑖,𝑡,𝑟 = 𝑇𝑒𝑚𝑝̅̅ ̅̅ ̅̅ ̅̅
𝑖 +

𝑡 − 2010

2100 − 2010
× ∆(𝑇𝑖,𝑟) (6)  

    where 𝑇𝑒𝑚𝑝𝑖,𝑡,𝑟 is the corrected temperature for country i in year t under RCP scenario r, 

𝑇𝑒𝑚𝑝̅̅ ̅̅ ̅̅ ̅̅
𝑖 is the average temperature of the observations in country i from 1980-2010, and 

∆(𝑇𝑖,𝑟) is the projected temperature increase between the 1986-2005 period and 2081-2100 

period in country i and RCP scenario r. 

     The effect of temperature on the GDP growth rate (BHM damage function) is described 

as   

 

ℎ(𝑇𝑒𝑚𝑝𝑖,𝑡,𝑟) = 𝛽1𝑇𝑒𝑚𝑝𝑖,𝑡,𝑟 + 𝛽2𝑇𝑒𝑚𝑝𝑖,𝑡,𝑟
2  (7)  

 

     where ℎ(𝑇𝑒𝑚𝑝𝑖,𝑡,𝑟) is the effect of temperature on the GDP growth rate in country i at 

year t under RCP scenario r. The parameters 𝛽1 and 𝛽2 were estimated by Burke et al., 

201516 using historical country-level temperature and economic data.  

     The additional effect of warming on growth in year t is calculated as 

 𝛿𝑖,𝑡 = ℎ(𝑇𝑒𝑚𝑝𝑖,𝑡) − ℎ(𝑇𝑒𝑚𝑝̅̅ ̅̅ ̅̅ ̅̅
𝑖) (8)  
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     where 𝛿𝑖,𝑡 is the predicted additional effect of warming on GDP growth in country i in 

year t. 

     The social benefits under climate change mitigation are calculated as: 

 

𝐺𝑖,𝑡,𝑠,𝑟 = 𝐺𝑖,𝑡−1,𝑠,𝑟(1 + 𝜂𝑖,𝑡,𝑠 + 𝛿𝑖,𝑡,𝑟) (9)  

𝐵𝑖,𝑡,𝑠,𝑟 = 𝐺𝑖,𝑡,𝑠,𝑟𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛
− 𝐺𝑖,𝑡,𝑠,𝑟 (10)  

𝐶𝐵𝑖,𝑇,𝑠,𝑟 = ∑ [𝐵𝑖,𝑡,𝑠,𝑟 ∙ 𝐼𝑡−𝑇,𝑡,𝑖 × ∏
1

1 + 𝐷𝑖𝑠𝑖,𝑡,𝑠,𝑟

𝑡

𝑆𝐿

] 

𝐸𝐿

𝑡=𝑆𝐿

(11)  

𝐷𝑖𝑠𝑖,𝑡,𝑠,𝑟 = 𝜌 + 𝜇𝐺𝑖,𝑡,𝑠,𝑟 (12)  

 

     𝐺𝑖,𝑡,𝑠,𝑟 is the GDP per capita in country i in year t (2020-2100) under SSP scenario s and 

RCP scenario r, 𝜂𝑖,𝑡,𝑠 is the growth rate of GDP per capita under SSP scenario s. 𝐵𝑖,𝑡,𝑠,𝑟 is the 

annual social benefit of country i in year t under SSP scenario s and RCP scenario r. 

𝐺𝑖,𝑡,𝑠,𝑟𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛
 is the GDP per capita in country i in year t under the mitigation scenario, and 

the mitigation scenario used in our research is RCP2.6 and SSP4. 𝐶𝐵𝑖,𝑇,𝑠,𝑟 is the discounted 

lifetime benefits of the age cohort born in year T from country i by achieving the mitigation 

scenario from the SSP scenario s and RCP scenario r. 𝐷𝑖𝑠𝑖,𝑡,𝑠 is the discount rate in 

country i in year t. Based on the classification of the World Bank58, we classified the 

countries into four income groups: a high-income group, upper-middle-income group, 

lower-middle-income group and low-income group.  

     As shown in Equation (12), the discount rate is determined by the Ramsey endogenous 

rule102, where 𝜌 is the pure time preference and 𝜇 is the elasticity of marginal utility. If 𝜇=0, 
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Equation (11) estimates the social benefits with a fixed discount rate. If 𝜇 ≠ 0, Equation 

(11) estimates the social benefits with a growth-adjusted discount rate.  

     The growth rate of GDP (𝜂𝑖,𝑡,𝑠) is derived from the SSP database developed by the 

International Institute for Applied System Analysis60. We used the code and compiled 

datasets from Burke Lab (https://github.com/burke-lab/BDD2018) to derive the population-

weighted temperature increase from 2010 to 2100 at the country level. The country-level 

baseline temperatures in 2010 and the original code for calculating the benefits of climate 

change mitigation under multiple SSP and RCP scenarios are compiled from https://country-

level-scc.github.io/. 

4. Calculating the cost of climate change mitigation 

    We used the loss of GDP from the 2014 IPCC report to calculate the cost of climate 

change mitigation. 

𝐶𝑖,𝑡,𝑠,𝑟 = 𝐺𝑖,𝑡,𝑠,𝑟 ∙ 𝐿𝑖,𝑡,𝑟𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛
 (13)  

𝐿𝑖,𝑡,𝑟𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛
= 𝐿𝑡,𝑟𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛

∙ 𝑅𝑘,𝑟𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛
, 𝑖 ∈ 𝑘 (14)  

𝐶𝐶𝑖,𝑇,𝑠,𝑟 = ∑ [𝐶𝑖,𝑡,𝑠,𝑟 ∙ 𝐼𝑡−𝑇,𝑡,𝑖 × ∏
1

1 + 𝐷𝑖𝑠𝑖,𝑡,𝑠,𝑟

𝑡

𝑆𝐿

] 

𝐸𝐿

𝑡=𝑆𝐿

(15)  

  𝐶𝑖,𝑡,𝑠,𝑟 is the annual social cost of country i in year t to achieve the mitigation scenario from 

the SSP scenario s and RCP scenario r. 𝐿𝑡,𝑟,𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛 is the loss of global GDP in year t in 

climate change mitigation. The time series of 𝐿𝑡,𝑟,𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛 is derived by liner interpolation 

from the data points in 2020, 2030, 2050 and 2100. 𝑅𝑘,𝑟,𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛 is the ratio of the regional 

cost in region k relative to the global cost of climate change mitigation (Table S2). k 

represents 5 regions: OECD 1990, Asia, Middle East and Africa, Latin America and 

https://github.com/burke-lab/BDD2018
https://country-level-scc.github.io/
https://country-level-scc.github.io/
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Economics in Transition. 𝐶𝐶𝑖,𝑇,𝑠,𝑟  is the discounted lifetime cost of the age cohort born in 

year T from country i.  

5. Calculation net gain of GDP per capita during lifetime 

       We calculated the net gain of GDP per capita for an age cohort from climate change 

mitigation from the following equations: 

𝐶𝐺𝐷𝑃𝑖,𝑇,𝑠,𝑟 = ∑ [𝐺𝐷𝑃𝑖,𝑡,𝑠,𝑟 ∙ 𝐼𝑡−𝑇,𝑡,𝑖 × ∏
1

1 + 𝐷𝑖𝑠𝑖,𝑡,𝑠,𝑟

𝑡

𝑆𝐿

]

𝐸𝐿

𝑡=𝑆𝐿

 (16)  

𝑁𝑒𝑡𝑖,𝑇,𝑠,𝑟 = 𝐶𝐶𝑖,𝑇𝑠,𝑟 − 𝐶𝐵𝑖,𝑇,𝑠,𝑟 (17)  

 𝑅𝐺𝐷𝑃𝑖,𝑇,𝑠,𝑟 =
𝑁𝑒𝑡𝑖,𝑇,𝑠,𝑟

𝐶𝐺𝐷𝑃𝑖,𝑇,𝑠,𝑟
 (18) 

𝐶𝐺𝐷𝑃𝑖,𝑇,𝑠,𝑟 is the cumulative GDP per capita for the age cohort born in year T in 

country i under the baseline scenario of SSP s and RCP r. 𝑁𝑒𝑡𝑖,𝑇,𝑠,𝑟 is the net gain of GDP 

per capita for the age cohort born in year T in country i by achieving the mitigation scenario 

from the SSP s and RCP r.  𝑅𝐺𝐷𝑃𝑖,𝑇,𝑠,𝑟 is the percentage change of GDP per capita for the 

age cohort born in year T in country i in the climate change mitigation.  

6. Calculation of breakeven year 

𝐵𝑌 𝑆𝑌,𝑖 = 𝑇𝑆𝑌, 𝑖𝑓 𝑁𝑒𝑡𝑖,𝑇𝑆𝑌 ,𝑠,𝑟 > 0 𝑎𝑛𝑑 𝑁𝑒𝑡𝑖,𝑇𝑆𝑌−1,𝑠,𝑟 < 0  (19) 

𝐵𝑌 𝑆𝑌,𝑖 = 𝑛𝑜𝑛𝑒𝑥𝑖𝑠𝑡𝑒𝑛𝑠𝑒, 𝑖𝑓 𝑁𝑒𝑡𝑖,𝑇,𝑠,𝑟 < 0 𝑎𝑛𝑑 𝑇 ∈ [𝑆𝐿, 𝐸𝐿]  (20) 

𝐵𝑌𝑆𝑌,𝑖 is the age cohort in country i that breaks even the lifetime cost and benefit of the 

studied age cohorts (0-100 years old) in year of SY (2020-2100).  𝑇𝑆𝑌 is the age of the 

cohort in the year of SY. If none of the studied age cohort breaks even the lifetime cost and 

benefit, the age of the breakeven generation is defined as nonexistence.  



 

47 

 

7. Uncertainty test 

     The uncertainty of our calculation originates from the use of SSP and RCP scenarios, 

discount rates, the parameters in the equations and the model specification of Equation (6).   

In this study, the RCP6.0 and SSP4 scenarios are used as the business as usual scenario, 

which is consistent with the global temperature increase and economic development under 

current policy by recent studies101. To analyze the uncertainty of different RCP and SSP 

scenarios, the social benefits under RCP4.5, RCP6.0 and RCP8.5 and all five SSP scenarios 

were calculated. 

For the fixed discount rates, we consider 3% and 5% scenario. For the growth-adjusted 

discount rate, we assumed that 𝜌 ∈ {2,1} and  𝜇𝜖{2}. All possible combinations of 𝜌 and 𝜇 

are considered to test the sensitivity of discount rates on our results.  

The uncertainty of 𝛽1, 𝛽2 in Equation (6) is analyzed by bootstrapping using 1000 sets of 

parameter values. We assume that 𝐿𝑡,𝑟,𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛 and 𝑟𝑘,𝑟,𝑚𝑖𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛 in Equation (13) follow 

the triangle distribution. We did 1000 times of simulation to test the uncertainty caused by 

parameters. 

The results of the uncertainty test are provided online (https://climate-

change.shinyapps.io/generation_disparity/). The influence of temperature on GDP growth 

includes the contemporary and the long-term effects. Rather than using pooled data, the 

model specification can also differentiate rich and poor countries. In Fig. S2, we show the 

uncertainty caused by using different function forms of temperature and GDP growth. 

 

https://climate-change.shinyapps.io/generation_disparity/
https://climate-change.shinyapps.io/generation_disparity/
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C. Results 

1. Costs and benefits over generations 

We first evaluate the change of lifetime GDP per capita for age cohorts born between 

1920 and 2020. Our results show that climate change mitigation incurs a net reduction in 

lifetime GDP per capita for age cohorts born prior to 1960 across nearly all nations (Fig.1). In 

low-income countries, the age cohorts born before 1960 incur the largest reduction of average 

lifetime GDP per capita compared to the same age cohorts in countries with higher income. 

In low-income countries, the age cohort born between 1920 and 1960 is estimated to incur, on 

average, ~2.5% net reduction in lifetime GDP per capita under the Paris Agreement (Fig. 1d, 

h). In contrast, in high-income countries, the same age cohorts incur the least net reduction 

(<1%) in average lifetime GDP per capita. 

 

Fig. 1: Percentage change of lifetime GDP (gross domestic product) per capita for age 

cohorts born during 1920–2020. 

https://www.nature.com/articles/s41467-021-25520-8#Fig1
https://www.nature.com/articles/s41467-021-25520-8#Fig1
https://www.nature.com/articles/s41467-021-25520-8#Fig1
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Using the short-term BHM (Burke, Hsiang, and Miguel) damage function to calculate the 

lifetime benefits of climate change mitigation (short-term benefits), the percentage change of 

lifetime GDP per capita (short-term net benefits) for age cohorts born during 1920–2020 is 

shown in (a) high-income countries, (b) upper-middle-income countries, (c) lower-middle-

income countries, and (d) low-income countries. Using the long-term BHM damage function 

to calculate the lifetime benefits of climate change mitigation (long-term benefits), the 

percentage change of lifetime GDP per capita (long-term net benefits) for age cohorts born 

during 1920–2020 is shown in (e) high-income countries, (f) upper-middle-income countries, 

(g) lower-middle-income countries and (h) low-income countries. The solid black lines 

represent the population-weighted average of the percentage change of lifetime GDP per 

capita for each age cohort. For age cohorts with the same birth year, the average percentage 

change of lifetime GDP per capita is quantified in n = 47 high-income countries, n = 50 upper-

middle-income countries, n = 43 lower-middle-income countries, and n = 29 low-income 

countries. A circle symbol represents an age cohort in a country. The color of circles represents 

the income group of a country.  

 

In most of the lower-middle-income and low-income countries, age cohorts born after 

1990 will start to have a net gain of lifetime GDP per capita in the course of climate change 

mitigation under the Paris Agreement. By quantity, the net gain of lifetime GDP per capita 

among the younger age cohorts is asymmetrically larger than the net reduction among the 

older age cohorts. In low-income countries (Fig. 1d, h), the age cohort born in 2020 enjoys a 

net gain of ~6% in lifetime GDP per capita on average, while the age cohort born in 1950 

incurs a net reduction of ~3%. In lower-middle-income countries (Fig. 1c, g), on average, the 

https://www.nature.com/articles/s41467-021-25520-8#Fig1
https://www.nature.com/articles/s41467-021-25520-8#Fig1
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largest net gain of lifetime GDP per capita is 5–8-folds larger than the net reduction in absolute 

value. 

In high- and upper-middle-income countries, the trend of lifetime GDP per capita by 

age cohort is sensitive to the model specifications that measure the benefits of climate change 

mitigation. When using the short-term BHM damage function to measure the lifetime benefits 

(short-term benefits), which is commonly used in other research7,27,39,43,70, the age cohorts in 

many high- and upper-middle-income countries still incur a net reduction of lifetime GDP per 

capita (short-term net benefits) with the progression of birth year, including the age cohorts 

born in 2020. The age cohorts in high and upper-middle-income countries, on average, barely 

gain any net benefits throughout the birth years considered (Fig. 1a, b). On average, all age 

cohorts in high-income countries lose 0–2% of lifetime GDP per capita, and those in upper-

middle-income countries lose 0–3% of lifetime GDP per capita. 

However, when using the long-term BHM damage function to measure the lifetime benefits 

(long-term benefits), the net gain of GDP per capita (long-term net benefits) increases in high- 

and upper-middle-income countries with the progression of birth years. The age cohorts born 

in 1960 in high-income countries (Fig.1e), and the age cohorts born in 1980 in upper-middle-

income countries (Fig. 1f) start to show net gains of average lifetime GDP per capita under 

climate change mitigation. 

The uncertainty range of the long-term BHM damage function is much wider than that of the 

short-term damage function (Fig. S2). Due to the large uncertainties of the long-term damage 

function and the lack of robust evidence for the long-term benefits, the short-term benefits of 

climate change mitigation are more commonly discussed in the current literature27,27,95. 

 

https://www.nature.com/articles/s41467-021-25520-8#Fig1
https://www.nature.com/articles/s41467-021-25520-8#Fig1
https://www.nature.com/articles/s41467-021-25520-8#Fig1
https://www.nature.com/articles/s41467-021-25520-8#MOESM1
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2. Breakeven generation 

We define a breakeven generation as the age cohort that breaks even the lifetime cost 

and benefit from climate change mitigation under the Paris Agreement in a given year studied. 

An age cohort born after the breakeven generation will gain net benefits from climate change 

mitigation, and an age cohort born before this breakeven generation will bear net costs. In 

2020, more than three-quarters of the population are born after the breakeven generation in 

Latin America, South Asia, and Western Asia (Fig. 2e and Fig. S3e). In Latin America and 

South Asia, the breakeven generations are born prior to 1970 (Fig. 2 and Fig. S3), which are 

the earliest across the world. However, in Eastern Europe, only the age cohorts born after 

1980 enjoy a net benefit from climate change mitigation, so that more than half of the current 

population in that region are born before the breakeven generation (Fig. 2e and Fig. S3e). 

 

https://www.nature.com/articles/s41467-021-25520-8#Fig2
https://www.nature.com/articles/s41467-021-25520-8#Fig2
https://www.nature.com/articles/s41467-021-25520-8#MOESM1
https://www.nature.com/articles/s41467-021-25520-8#Fig2
https://www.nature.com/articles/s41467-021-25520-8#MOESM1
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Fig. 2: Breakeven generation and the percentage of the population born after the 

breakeven generation using the short-term net benefits.  

The birth year of the breakeven generation in 2020 in (a) high-income countries, (b) upper-

middle-income countries, (c) lower-middle-income countries, and (d) low-income countries. 

(e) The percentage of the population born after the breakeven generation. In (a–d), different 

colors represent different ranges for the birth years. In (e), different colors represent different 

ranges for the percentage of the population. Here, we use the short-term benefits to measure 

the lifetime benefits. We use the long-term benefits in Fig. S3. 

https://www.nature.com/articles/s41467-021-25520-8/figures/2
https://www.nature.com/articles/s41467-021-25520-8/figures/2
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In high-income countries, the breakeven generations are born prior to 1980 in Spain, 

Australia, and Saudi Arabia (Fig. 2a). The birth years of the breakeven generation in Europe, 

Canada, and the United States are sensitive to the model specification. Using the short-term 

net benefits, none of the age cohorts studied (age cohorts born between 1920 and 2020) breaks 

even the costs and benefits of climate change mitigation in Canada and most Western 

European countries, and the breakeven generation in the United States is born in 1994. This 

is because, in colder regions, the temperature increase has neutral or positive effects on the 

economy in the short-term. When considering the long-term net benefits, the breakeven 

generation are born prior to 1970 in Canada, the United States, and Western Europe, and more 

than three-quarters of the current population are born after the breakeven birth year (Fig. S3). 

Among the upper-middle-income countries (Fig. 2b), the breakeven generations are 

the youngest (born after 1990 or nonexistent) in Russia and South Africa, while they are the 

oldest in Latin American countries (born before 1970). In Russia, only 0–31% of the current 

population are born after the breakeven generation (Fig. 2e and Fig. S3e). In contrast, in Brazil 

and Mexico, >75% of the current population are born after the breakeven generation. The birth 

years of the breakeven generation in Asia are uncertain due to the model specification, ranging 

from 1970 to infinity (nonexistence). In China, none of the age cohorts breakeven the costs 

and benefits when using the short-term net benefits, but two-thirds of the current population 

are born after the breakeven birth year when using long-term net benefits. 

In lower-middle- and low-income countries (Fig. 2c, d), the breakeven generation are 

generally born before 1990. As the population is younger in lower-middle and low-income 

countries, more than half of the current populations are born after the breakeven birth year in 

https://www.nature.com/articles/s41467-021-25520-8#Fig2
https://www.nature.com/articles/s41467-021-25520-8#Fig2
https://www.nature.com/articles/s41467-021-25520-8#Fig2
https://www.nature.com/articles/s41467-021-25520-8#Fig2
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the majority of these countries (Fig. 3e and Fig. S3e). The breakeven generations are the oldest 

in South Asia and Latin America; >75% of the population are born after the breakeven 

generation. In India, Pakistan, and Bolivia, the breakeven generation are all born between 

1950 and 1970. In Southeastern Asia, the breakeven generations are born before 1980. The 

breakeven generations in Africa are born during 1980–1990, and are 10–30 years younger 

than Latin America and South Asia. 

 

 

Fig. 3: Intergenerational disparity among high-, upper-middle-, lower-middle-, and low-

income countries using the short-term benefits. 

https://www.nature.com/articles/s41467-021-25520-8#Fig3
https://www.nature.com/articles/s41467-021-25520-8/figures/3
https://www.nature.com/articles/s41467-021-25520-8/figures/3
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(a) The distribution of the intergenerational disparity index from 2020 to 2100. (b) 

Intergenerational disparity index and GNP (gross national product) per capita (using 2018 

GNP per capita) in 2020 and 2100. In (a), a triangle symbol represents a higher-income 

country, and a circle symbol represents a lower-income country. In (b), a circle symbol 

represents a country, and a solid circle with the black edge represents the median GNP and 

the median intergenerational disparity index of an income group. In (a, b), the color of a 

symbol represents the income group of a country. The intergenerational disparity index is 

calculated as the percentage change in lifetime GDP per capita among the 25-year-old cohort 

minus that among the 75-year-old age cohort. Here, the intergenerational disparity index is 

calculated using the short-term benefits.  

 

3. Future intergenerational cost-benefit disparity 

The intergenerational disparity index (IDI) is calculated in this paper as the percentage 

change in lifetime GDP per capita among the 25-year-old age cohort minus that among the 

75-years-old age cohort. For example, if the 25-year-old age cohort gains 10% of lifetime 

GDP per capita, and the 75-year-old age cohort loses 10% of lifetime GDP per capita, the 

intergenerational disparity index is 0.2 (0.1 – (−0.1)). A larger absolute value of IDI in a 

country indicates that the economic disparity between the young and the old under climate 

change mitigation is severe. 

Here, we project IDIs from 2020 to 2100, and find that the intergenerational disparity 

is widening using the short-term net benefits. Specifically, IDIs become larger in countries 

with lower income over time (Fig. 3). In 2020, IDIs are <0.1 in most countries (Fig. 3b). After 

2020, the intergenerational disparity grows significantly, particularly in countries with lower 

https://www.nature.com/articles/s41467-021-25520-8#Fig3
https://www.nature.com/articles/s41467-021-25520-8#Fig3
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income. In 2020, the median IDI is 0.05 for lower-middle-income countries and 0.06 for low-

income countries. However, in 2100, the median of IDI increases to 0.42 for lower-middle-

income countries and 0.52 for low-income countries. For upper-middle-income countries, IDI 

also increases; the median value increases from 0.05 in 2020 to 0.27 in 2100. 

For high-income countries, the intergenerational disparity is the smallest compared 

with other income groups. From 2020 to 2100, IDI remains within −0.25 to 0.25 for most 

high-income countries. In 2100, the median IDI for high-income countries is only −0.04. In 

many high-income countries, the negative IDI indicates that the climate change mitigation 

under the Paris Agreement favors older age cohorts than younger age cohort in terms of 

lifetime GDP per capita. 

On a global scale, the intergenerational disparity is widening the most in Latin 

America, Africa, and Western and Southern Asia (Fig. S4). From 2020 to 2100, IDIs in these 

countries increase from less than 0.1 to over 0.25. Furthermore, in Saudi Arabia, Sudan, Niger, 

and Mauritius, IDI is over 1, whereas they remain within less than 0.25 in Eastern Asia, 

Europe, and North America. 

The use of long-term net benefits results in a similar trend (Fig. S5). IDIs are increasing 

over time, and they become larger in countries with lower income. In low-income countries, 

the median IDI increases from 0.04 (2020) to 0.34 (2100). In lower-middle-income countries, 

upper-middle-income countries, and low-income countries, the median IDI increases from 

0.05 to 0.31, 0.28, and 0.23 during 2020–2100. 

D. Discussion 

In this paper, we find a large cost-benefit disparity among age cohorts under the Paris 

Agreement. On a global level, the older age cohorts born before 1960 hardly gain in climate 

https://www.nature.com/articles/s41467-021-25520-8#MOESM1
https://www.nature.com/articles/s41467-021-25520-8#MOESM1
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change mitigation, while younger age cohorts born after 1990 are gaining large net benefits. 

This result indicates that younger generations may be more strongly motivated to mitigate 

climate change, which is well-aligned with the prevailing narrative that tries to explain the 

rise of the younger generation in the global climate movement. 

However, country-level analysis paints a somewhat more complex picture. Our results 

based on the short-term damage function of climate change, for example, show that no age 

cohorts enjoy net benefit from climate change mitigation in most Western European countries 

in 2020. Therefore, the rise of the younger generation among Western European countries in 

climate movement cannot be explained by the economic self-interest under the short-term 

damage function, while using the long-term damage function, we find that younger age 

cohorts in Western Europe also benefit from climate change mitigation. 

In addition, our results may provide an insight on the attitude toward climate change 

mitigation. Should the level of support to climate change mitigation be positively correlated 

to the net lifetime benefits from climate change mitigation, lower-income (lower-middle- and 

low-income) countries are likely to see more support to climate change mitigation from older 

generations, because more than half of the current population are born after the breakeven 

generation in most low-income countries. Likewise, the climate change mitigation effort is 

likely to face challenges in Eastern Europe, because, regardless of the model specification, 

less than half of the current population in Eastern Europe are likely to gain net benefits from 

climate change mitigation. 

Furthermore, our results also show that the cost-benefit disparity between the old and 

the young under climate change mitigation is widening in almost all countries over time. 

Although all age cohorts may gain from climate change mitigation, the benefits of younger 
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age cohorts are much larger than that of older age cohorts. By 2100, the intergenerational 

disparity in most countries is over fivefold larger than that in 2020. Particularly, we find that 

countries with lower-income experience larger intergenerational disparity over time. The 

widening intergenerational disparity in the costs and benefits of climate change mitigation 

indicates that building consensus across generations on climate policy may not become any 

easier in the future. Our results provide a new insight on intergenerational equity of climate 

change mitigation. Closing the economic disparity among age cohorts may require different 

climate policies to different age cohorts. The increase in renewable asset price may alleviate 

the intergenerational disparity under climate change mitigation, given that different age 

cohorts hold varying amounts of renewable assets87. Our study shows that the cost-benefit 

distribution among age cohorts can be an important consideration for policy makers when 

designing tax and fiscal policies in response to climate change mitigation. 

E. Appendix 

 1. Data and code availability 

The income distribution data used in this study are available in the OECD database 

(https://www.oecd.org/social/income-distribution-database). The life expectancy and age 

structure data are available in World Bank Open Data (https://data.worldbank.org/) and World 

Population Prospect (https://population.un.org/wpp/DataQuery/). The data used for 

replicating our analysis have been deposited in the Data for paper Economic disparity among 

generations under Paris Agreement103 database under accession code 

https://doi.org/10.5281/zenodo.5103739. The data used to generate the interactive website 

have been deposited in the Data and code for the shiny app of the paper Economic disparity 

among generations under Paris Agreement104 database under the accession code 

https://www.oecd.org/social/income-distribution-database
https://population.un.org/wpp/DataQuery/
https://doi.org/10.5281/zenodo.5103739
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https://doi.org/10.5281/zenodo.5104877. Data visualization for the analysis of other SSP and 

RCP scenarios can be found on our shinny app (https://climate-

change.shinyapps.io/generation_disparity/). Source data are provided with this paper. 

R 3.6.1 and MATLAB 2019b are used to process the data. R 3.6.1 and Origin 2019 

are used for data visualization. All the scripts used in our data collection, data analysis, and 

data visualization are available at https://github.com/climate-change-ucsb/generation-

disparity.  

https://doi.org/10.5281/zenodo.5104877
https://climate-change.shinyapps.io/generation_disparity/
https://climate-change.shinyapps.io/generation_disparity/
https://github.com/climate-change-ucsb/generation-disparity
https://github.com/climate-change-ucsb/generation-disparity
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2. Supplementary Notes: Extended background on IAMs 

  Here we classify the current the economic modules of IAMs into three categories 

based on the literature93. 

2.1 General Equilibrium model 

Computational General Equilibrium (CGE) models are an algebraic representation of 

the intricate functioning of a market economy based on the economic equilibrium theory. By 

maximizing consumer utility and producer profits, the supply and demand are in 

equilibrium. The general way that CGE models are used for policy analysis is to change one 

or more of the exogenous parameters of the economy and compute the new equilibrium. 

Comparing the new counterfactual equilibrium to the initial equilibrium, including activity 

levels, prices and utility, provides insights about the effect of a “shock” on the economy. 

 IAMs using the CGE principles include: AIM/CGE, GEM, REMIND, WITCH and 

IMACLIM. 

1.2 Partial Equilibrium model 

Partial equilibrium analysis differs from general equilibrium modelling primarily by 

focusing on a specific market or sector. Partial equilibrium analysis is used extensively to 

estimate the impacts of climate change in different sectors of the economy.  

IAMs using the partial equilibrium model include: GCAM, MESSAGE, TIAM-

UCL. 

1.3 Energy system models 

Energy system models can broadly be classified as optimization models or 

simulation models. Optimization models use information on costs and constraints of 

technology characteristics to identify the “best”, “least-cost” or “optimal” technology. The 
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consumer is assumed to be rational, and energy supplies are allocated to energy demands, 

based on minimum lifecycle technology costs.  

IAMs using the energy system models include: MESSAGE, DNE21+. 
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3. Supplementary Tables 

Table S1. The ratio of the age-specific income versus the mean income at country level. 

Country/Age 0-17 18-25 26-40 41-50 51-65 65-75 >75 

Australia 0.91 1.14 1.06 1.05 1.11 0.83 0.64 

Austria 0.87 1.06 0.93 1.07 1.14 0.95 0.92 

Belgium 0.95 1.07 1.02 1.07 1.12 0.85 0.73 

Canada 0.92 1.01 0.99 1.06 1.11 0.94 0.87 

Chile 0.87 0.92 1.18 1.05 1.03 0.96 0.90 

Costa Rica 0.77 0.98 1.10 1.11 1.15 1.03 0.92 

Czech Republic 0.97 1.07 1.09 1.10 1.08 0.76 0.68 

Denmark 1.00 0.85 0.96 1.12 1.20 0.87 0.73 

Estonia 1.07 1.02 1.14 1.10 1.00 0.74 0.60 

Finland 1.00 0.85 0.99 1.14 1.17 0.90 0.72 

France 0.91 0.94 0.94 1.04 1.16 1.04 0.94 

Germany 0.93 0.91 0.96 1.10 1.16 0.93 0.85 

Greece 0.92 0.93 1.04 1.01 1.10 1.01 0.88 

Hungary 0.93 1.03 1.06 1.06 1.01 0.94 0.91 

Iceland 0.92 1.07 0.89 1.05 1.18 1.04 0.78 

Ireland 0.94 1.10 1.03 1.04 1.12 0.86 0.75 

Israel 0.87 0.99 0.99 1.09 1.23 1.11 0.92 

Italy 0.86 0.99 0.96 0.99 1.17 1.08 0.92 

Japan 0.95 1.06 1.01 1.10 1.16 0.90 0.85 

Korea 1.00 1.11 1.06 1.09 1.07 0.73 0.56 
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Latvia 1.07 1.08 1.19 1.12 0.95 0.75 0.59 

Lithuania 0.94 1.13 1.13 1.10 1.08 0.75 0.66 

Luxembourg 0.90 0.89 0.98 1.06 1.07 1.11 1.02 

Mexico 0.81 1.11 1.09 1.06 1.22 0.98 0.84 

Netherlands 0.97 0.91 1.00 1.09 1.12 0.91 0.77 

New Zealand 0.83 1.01 0.98 1.12 1.25 0.95 0.71 

Norway 0.95 0.86 0.93 1.08 1.23 1.01 0.77 

Poland 1.00 0.98 1.09 1.04 0.99 0.86 0.86 

Portugal 0.94 0.96 1.03 1.00 1.05 1.07 0.90 

Slovak Republic 0.87 1.04 1.07 1.05 1.08 0.89 0.82 

Slovenia 0.98 1.09 1.03 1.07 1.03 0.89 0.80 

Spain 0.92 0.99 0.95 1.02 1.13 1.02 0.88 

Sweden 0.95 0.99 0.96 1.10 1.21 0.97 0.70 

Switzerland 0.89 1.04 1.00 1.09 1.16 0.88 0.76 

Turkey 0.84 0.98 1.10 1.11 1.14 0.89 0.81 

United Kingdom 0.91 1.04 1.04 1.15 1.08 0.89 0.77 

United States 0.87 0.93 1.02 1.09 1.16 1.02 0.81 

Brazil 0.75 0.97 1.04 1.10 1.24 1.18 1.18 

Bulgaria 0.94 1.04 1.15 1.18 1.07 0.73 0.59 

China (People's 

Republic of) 0.85 1.06 1.14 1.03 1.06 0.85 0.82 

India 0.84 1.04 1.03 1.15 1.15 1.07 1.12 

Romania 0.90 0.97 1.13 1.09 1.06 0.87 0.75 
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Russia 0.87 1.01 1.07 1.09 1.07 0.83 0.79 

South Africa 0.76 0.90 1.07 1.36 1.47 0.94 0.99 

Other 0.85 1.01 1.07 1.10 1.07 0.87 0.82 
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Table S2. Regional relative cost of climate change mitigation versus global relative cost 

92.  

The relative cost is computed as the cumulative costs of mitigation over the period 2020 – 

2100 divided by cumulative GDP over that period.  

Region Median 25% percentile 75% percentile 

OECD 1990 0.47 0.41 0.61 

Asia 1.47 1.19 1.64 

Middle East and 

Africa 

2.29 1.79 2.79 

Latin America 0.99 0.92 1.15 

Economies in 

Transition 

1.99 1.39 2.49 
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4. Supplementary Figures 

 

Figure S1. Time series of the costs and benefits from 2020 – 2100. 

a Global cost of climate change mitigation relative to global GDP. b Global benefits of 

climate change relative to global GDP. Data are presented as median values with 25% and 

75% percentile, n=17 climate models in (a) and n=1000 replicates in (b). 
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Figure S2. The uncertainty of the population-weighted change of GDP per capita by 

income group when using different model specification to evaluate the temperature 

effects on GDP growth.   

The population-weighted average of the percentage change of GDP per capita by income 

group using a short-term BHM damage function, b long-term (5-year lag) BHM damage 

function.  

The data are presented as median values, and the error bar represents the 25% and 75% 

percentile level, n=47 high-income countries, n=50 upper-middle-income countries, n=43 

lower-middle-income countries and n=29 low-income countries.  
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Figure S3. Breakeven generation and the percentage of population born after  the 

breakeven generation using the long-term net benefits. 

The birth year of the breakeven generation in 2020 in a high-income countries, b upper-

middle-income countries, c lower-middle-income countries and d low-income countries. e 

The percentage of population born after the breakeven generation. In (a) – (d), different colors 

represent different ranges for the birth years. In (e), different colors represent different ranges 
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for the percentage of the population. Here, we use the long-term benefits of climate change 

mitigation to measure the benefits of climate change mitigation.   

 

 

Figure S4. The intergeneration disparity index using short-term net benefits of climate 

change mitigation. 

The intergeneration disparity index using short-term net benefits of climate change mitigation 

 in a 2020 and b 2100. 
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Figure S5. Intergenerational disparity among high-, upper-middle-, lower-middle- and 

low-income countries using the long-term net benefits. 

a The distribution of the intergenerational disparity index from 2020 to 2100. b 

Intergenerational disparity index and GNP (gross national product) per capita (using 2018 

GNP per capita) in 2020 and 2100. In (a), a triangle symbol represents a higher income 

country, and a circle symbol represents a lower income country. In (b), a circle symbol 

represents a country, and a solid circle with the black edge represents the median GNP and 

the median intergenerational disparity index of an income group. In (a) and (b), the color of a 

symbol represents the income group of a country.  The intergenerational disparity index is 

calculated as the percentage change in lifetime GDP per capita among the 25-year-old age 

cohort minus that among the 75-year-old age cohort.  
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Here, the intergenerational index is calculated by assuming the long-term net benefits 

of climate change mitigation.  
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Ⅳ. Global trans-continental power pools for low-carbon electricity system 

Materials from: Yang, H., Deshmukh, R. & Suh, S. Global transcontinental power pools for 

low-carbon electricity. Nat Commun 14, 8350 (2023). https://doi.org/10.1038/s41467-023-

43723-z 

 

Abstract 

The transition to low-carbon electricity is crucial for meeting global climate goals. However, 

given the uneven spatial distribution and temporal variability of renewable resources, 

balancing the supply and demand of electricity will be challenging when relying on close to 

100% shares of renewable energy. Here, we use an electricity planning model with hourly 

supply-demand projections and high-resolution renewable resource maps, to examine 

whether transcontinental power pools reliably meet the growing global demand for 

renewable electricity and reduce the system cost. If all suitable sites for renewable energy 

are available for development, transcontinental trade in electricity reduces the annual system 

cost of electricity in 2050 by 5-52% across six transcontinental power pools compared to no 

electricity trade. Under land constraints, if only the global top 10% of suitable renewable 

energy sites are available, then without international trade, renewables are unable to meet 

12% of global demand in 2050. Introducing transcontinental power pools with the same land 

constraints, however, enables renewables to meet 100% of future electricity demand, while 

also reducing costs by up to 23% across power pools. Our results highlight the benefits of 

expanding regional transmission networks in highly decarbonized but land-constrained 

future electricity systems. 

  

https://doi.org/10.1038/s41467-023-43723-z
https://doi.org/10.1038/s41467-023-43723-z
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A. Introduction 

To limit the global mean temperature increase relative to the pre-industrial era within 

2°C by 2100, carbon dioxide (CO2) emissions from fossil fuels must approach zero by the 

middle of this century105,51. Among anthropogenic sources, the electricity sector contributes 

about 40% of the global energy-related CO2 emissions annually106. In addition, electrifying 

other sectors including transport and industry is a predominant carbon mitigation strategy. It 

is, therefore, crucial to decarbonize the electricity sector, especially using abundant 

renewable resources92. In recent decades, the cost of renewable energy, especially solar and 

wind, has declined substantially107–109. The levelized cost of electricity generated by solar 

and wind has become competitive compared to the electricity generated by fossil fuels and 

nuclear109. The global share of wind and solar generation in total electricity supply has risen 

from less than 1% in 2000 to nearly 10% in 2020108.  

  The global potential of renewable electricity is immense—solar, wind and hydropower 

electricity can supply ~135, ~840 and ~50 petawatt hours (PWh) of electricity a year, 

respectively, according to some estimates110–113. If land suitability and availability are 

considered, the global potential for renewable energy is reduced to 50-400 PWh per year114, 

which is still ~2-17 times higher than the 23 PWh115 of global electricity consumption in 

2018. However, the temporal variability of renewable resources may limit their potential for 

reliably meeting electricity demand116. Without energy storage and over-generation (more 

electricity generation than demand), wind and solar may fulfill only 70% - 90% of the 

current electricity demand117. Furthermore, renewable resources are unevenly distributed 

across space112,114,118, further exacerbating the problem of spatiotemporal mismatch between 
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supply and demand. The uneven distribution of renewable resources also creates substantial 

variation in the cost of renewable electricity across countries and regions114, undermining 

their cost-effectiveness, especially if renewable resources are developed to meet electricity 

demand only within national borders. Building regional power pools and increasing 

electricity trade can and has been pursued to address the spatiotemporal mismatch between 

renewable electricity generation and demand119. In fact, several regional power pools have 

been in operation in Europe, North America and Southern Africa120. Existing 

intercontinental transmission projects include the BritNed (United Kingdom and 

Netherlands), NordBalt (Sweden and Lithuania), and NordNed (Norway and 

Netherlands)121. In 2020, cross-border trade of electricity accounts for 2.8% of the global 

supply122.  

Expanding regional power pools to continental-scale power pools can further 

increase electricity trade, decrease costs, and enable the integration of near-100% shares of 

renewable energy. Guo et al.123 and Zhao et al.124 examined the implications of a global 

power pool by modeling electricity trade between continents and found an increase in the 

share of renewable energy with increasing trade. However, these studies did not examine a 

near-100% clean energy system. Other studies, specifically from the Lappeenranta 

University of Technology, examined the trade of electricity between subregions across 

continental-scale power pools with 100% renewable electricity systems (e.g. Europe125, Sub-

saharan Africa126, Northeast Asia127, and MENA128), but these studies do not incorporate 

country-level spatial resolution. Further, none of these studies examined the impact of land-

use constraints on renewable energy resource availability and its resulting international 

electricity trade and system cost implications.  
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Here, we model the investments and operations of 100% renewable electricity systems 

across 211 countries and administrative areas in 2050, to quantify the benefits in reliability 

and system cost through introducing transcontinental power pools, compared to the case 

without electricity trade. Renewable resources analyzed in this study include solar 

photovoltaics, concentrated solar power, onshore wind, offshore wind, and hydropower. We 

use their supply potentials at a 0.01°×0.01° spatial resolution across the globe. The supply 

potentials are then mapped with the demand balance using 2050 demand projections and an 

electricity-system planning model at an hourly resolution. We map the supply potential and 

demand at hourly intervals, first, within each country (country scenario) and, second, across 

transcontinental power pools (transcontinental scenario); both with only renewables.  

Using the electricity system model, we co-optimize the investment and operation of 

electricity generation, transmission and storage using a hourly temporal resolution in 365 

days of a whole year. The demand projection follows the Sustainable Development Goal 

(SDG scenario) by IEA129. We assume a penalty of $100 million per MWh for the loss of 

load and a 1.6% transmission loss per 1000 kilometers130. We assume that the loss of load in 

the modeled 100% renewable energy system is exogenously satisfied by fossil fuels, and 

that the system cost of electricity comprises the cost of renewables, fossil fuels, and climate 

costs set at the social cost of carbon131. 

Under the transcontinental power pool scenario, we assume that countries within a 

continental region engage in electricity trade and share generation resources to meet their 

local electricity demand. We use six continental regions based on the current structure of 

global electricity trade132 and proposed regional electricity networks125,127,133–136. These six 

regions are: Sub-Saharan Africa, East Asia & Russia (East Asia, South Asia, Central Asia 
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and Russia), Europe & MENA (Europe, Middle East and North Africa), North America, 

South America, and Southeast Asia & Oceania.  

To understand the implications of land constraints on renewable energy potential, costs, 

and benefits of transcontinental power pools, we examine two cases of land availability for 

renewable energy siting. First, all suitable sites for renewables are available for 

development.  However, not all potential renewable resources can be tapped for electricity 

generation due to constraints on land availability not captured by available geospatial 

datasets, including ecological impacts, market accessibility, and local political support118,137. 

Therefore, in the second case, for each renewable energy technology (excluding rooftop 

PV), we assume that only the top 10% of suitable sites at the global level118 are available for 

energy development. We rank and select the top 10% renewable resources based on a 

composite index of resource yield (annual capacity factor), land use, infrastructure, and 

market accessibility (see Method section).  

 

B. Methods and Materials 

In the method section, we first measured the development potential of renewable 

resources. Then we simulated the investment and operation of renewable capacities under 

the country scenario and the transcontinental scenario, and estimated the costs of electricity 

to meet the electricity demand in 2050.  

1. Development potential 

 We used a published database to quantify the development potential for renewable 

energy that is not yet developed at a 0.01°×0.01° resolution118. Multiple factors including 

resource yield, market accessibility, population density, infrastructure condition, and land 
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cover were considered to measure the development potential of solar, wind, and 

hydroelectricity,  

𝐷𝑃𝐼 = 𝑤1 ∙ 𝑅𝑌 + 𝑤2 ∙ 𝐷𝐸𝐺 + 𝑤3 ∙ 𝐷𝑀𝑅 + 𝑤4 ∙ 𝐿𝐶 + 𝑤5 ∙ 𝐷𝑈𝐴 + 𝑤6 ∙ 𝐷𝑅𝑃 + 𝑤7 ∙ 𝐼𝑃𝐷 (1)  

where DPI is the development potential index; w is the relative weight for each criterion 

(Table 1); RY is the resource yield, which is measured as the capacity factor; DEG is the 

distance to electrical grid; DMR is the distance to major roads; LC is the land cover; DUA is 

the distance to the urban area; DRP is the distance to railway or ports; IPD is the inverse of 

the population density. 

The relative weights were derived using the analytical hierarchy process. The 

development potential is classified into 6 levels: very high (top 10%), high (top 10-25%), 

medium high (top 25-50%), medium low (50-bottom 25%), low (bottom 25%-10%) and 

very low (bottom 10%). More detailed information and data can be found in Oaklief et al. 

 

Table 1. Relative weights for the criteria used in the development potential index.  

 RY DEG DMR LC DUA DRP IPD 

CSP 0.45 0.24 0.12 0.11 0.051 0.03  

PV 0.45 0.23 0.12 0.12 0.069 0.03  

Wind 0.42 0.23 0.11 0.07 0.023 0.11 0.04 

Hydropower 0.45 0.11 0.05  0.05 0.03 0.31 

 

The Oaklief database does not include offshore wind and rooftop PV. For the 

offshore wind, we used the levelized cost to measure the development potential. We only 

considered the offshore areas which are within 200 kilometers of the coast. We also 
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excluded the protected areas138, sea ice139, and areas where wind speeds are less than 8 m/s. 

For rooftop solar, all the available urban areas are considered to have a very high potential.  

2. Potential of renewable resources 

In our main scenario, for each type of renewable energy technology, we chose a) all 

suitable renewable energy sites, and b) renewable energy sites with very high development 

potential (global top 10% suitable sites).  

In a pixel x, we chose the renewable technology with the least levelized cost if 

multiple technologies are available. The capacity of renewable energy technology t in a 

pixel x (𝐶𝑡,𝑥) is calculated as, 

𝐶𝑡,𝑥 = 𝑙𝑡 ∙ 𝐴𝑥 (2)  

where 𝐴𝑥 (km2) is the area of the pixel x, 𝑙𝑡,𝑥 (MW/km2) is the land use factor for renewable 

energy technology t. 

The capacity of renewable energy t (𝐶𝑡) in a country equals the summation of the 

renewable capacity in each pixel (𝐶𝑡,𝑥) within the country.  

𝐶𝑡 = ∑ 𝐶𝑡,𝑥

𝑥

 (3) 

𝑔𝑡,𝑥 is the maximum electricity generation in a year (8760 hours) for renewable 

energy t in the pixel x, 

𝑔𝑡,𝑥 = 𝑟𝑡,𝑥 ∙ 𝐶𝑡,𝑥 ∙ 8760 (4)  

where 𝑟𝑡,𝑥 is the capacity factor of renewable energy technology t in the pixel x. 

𝑔𝑡 , the maximum generation of renewable energy t in a country, is the summation of 

electricity generation in pixels within a country, 

𝑔𝑡 = ∑ 𝑔𝑡,𝑥

𝑥

 (5) 
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𝑟𝑡, the annual average capacity factor of renewable energy technology t in a country, 

is calculated as, 

𝑟𝑡 = 𝑔𝑡/(𝐶𝑡 ∙ 8760) (6)  

The land use factors were compiled from NREL140–142. As the land use factor 

reported in NREL is measured in the alternating current power capacity per km2, the land 

use factor for PV power plants was converted between the alternating current and direct 

current power capacity by a factor of 1.17141 (Table 6). The annual hydroelectricity 

generation per pixel was compiled from Hoes et al.113. 

On average, 138 MW rooftop PV (𝐿𝑟𝑜𝑜𝑓𝑡𝑜𝑝) can be installed per square kilometer 

(direct area)142. The land use factor for rooftop PV (𝑙𝑟𝑜𝑜𝑓𝑡𝑜𝑝) is discounted by the ratio of 

rooftop area in 1 km2 urban area143 (𝜇) and the share of suitable rooftop areas (s)114 (Table 

S7). 

𝑙𝑟𝑜𝑜𝑓𝑡𝑜𝑝 = 𝐿𝑟𝑜𝑜𝑓𝑡𝑜𝑝 ∙ 𝜇 ∙ 𝑠 (7)  

 Following the method in Wu et al.137, the capacity factor for solar PV in a pixel (𝑟𝑃𝑉,𝑥) is 

calculated as the ratio of the global titled irradiation (W/m2) in a pixel and the peak solar 

density of 1000 W/m2, adjusted for efficiency losses,  

𝑟𝑃𝑉,𝑥 =
𝐺𝑇𝐼𝑥 ∙ (1 − 𝜂0)(1 − 𝜂𝜄)

1000
 (8)  

where 𝐺𝑇𝐼𝑥 (W/m2) is the global irradiation for optimally tilted surface in pixel x, and was 

collected from the Global Solar Atlas144; 𝜂0 is the outage rate; 𝜂𝜄 is the inverter and AC wiring 

efficiency losses. 𝜂0 and 𝜂𝜄 were collected from Wu et al.137. 
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The capacity factor of concentrated solar power with no storage in a pixel (𝑟𝐶𝑆𝑃,𝑥) is 

calculated following the empirical linear relationship between the capacity factor and direct 

normal irradiation137, 

𝑟𝐶𝑆𝑃,𝑥 = 22.293𝑙𝑛 (𝐷𝑁𝐼𝑥)  − 145.69 (9)  

where 𝐷𝑁𝐼𝑥  is the direct normal irradiation at pixel x and was collected from the Global Solar 

Atlas, which derives the average annual capacity factor using daily data from 1994 to 2017. 

The capacity factor for wind power in a pixel (𝑟𝑤𝑖𝑛𝑑,𝑥) was calculated based on the 

wind speed, 

𝑟𝑤𝑖𝑛𝑑,𝑥 = 𝑟𝐼𝐸𝐶 𝑐𝑙𝑎𝑠𝑠 𝐼,𝑥 ,𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑 > 8.5 𝑚/𝑠 (10.1)   𝑟𝑤𝑖𝑛𝑑,𝑥 = 𝑟𝐼𝐸𝐶 𝑐𝑙𝑎𝑠𝑠 𝐼𝐼,𝑥, 7.5 𝑚/𝑠 <

 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑 ≤ 8.5 𝑚/𝑠 (10.2) 

𝑟𝑤𝑖𝑛𝑑,𝑥 = 𝑟𝐼𝐸𝐶 𝑐𝑙𝑎𝑠𝑠 𝐼𝐼𝐼,𝑥, 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑 ≤ 7.5 𝑚/𝑠 (10.3) 

where 𝑟𝐼𝐸𝐶 𝑐𝑙𝑎𝑠𝑠 𝐼,𝑥 is the capacity factor for IEC class I wind turbines; 𝑟𝐼𝐸𝐶 𝑐𝑙𝑎𝑠𝑠 𝐼𝐼,𝑥 is the 

capacity factor for IEC class II wind turbines; 𝑟𝐼𝐸𝐶 𝑐𝑙𝑎𝑠𝑠 𝐼𝐼𝐼,𝑥 is the IEC class III wind turbines. 

The average annual capacity factors and wind speeds were collected from the Global Wind 

Atlas145 using 2008-2017 data. 

The capacity factor for hydropower in a pixel (𝑟ℎ𝑦𝑑𝑟𝑜,𝑥) and the generation of 

hydropower were derived from Hoes et al.  

𝑟ℎ𝑦𝑑𝑟𝑜,𝑥 = 0.5 (11)  

 

3. Electricity planning model 

We used the GridPath model146 (https://github.com/blue-marble/gridpath), an open-

source power system model, to optimize the capacity and generation of energy infrastructure 

(hydropower, solar, wind, storage, and transmission) in 2050, following a least-cost 

https://github.com/blue-marble/gridpath
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principle. We optimized the capacity investment with only renewables and storage by using 

a hourly temporal resolution within a whole year. In the optimization model, the penalty cost 

for the loss of load is $100 million/MWh. The loss of load in the model will be exogenously 

met by fossil fuel power plants.  The levelized cost of electricity includes the cost of 

renewable energy, the cost of fossil fuels and the social cost of carbon. 

The existing capacities for solar, wind, and pumped hydro storage were collected 

from EIA147. The storage duration for the pumped hydro storage is assumed to be 10 hours. 

Under the transcontinental scenario, we include the existing transmission lines in Europe 

from Brinkerink et al148. We derived the capital and O&M costs (Tables S6, S8 and S9) and 

the cost projections (2020-2050, Tables S10 and S11) from International Renewable Energy 

Agency (IRENA)107 and 2022 Annual Technology Baseline (ATB) by National Renewable 

Energy Laboratory (NREL)149. We collected the transmission loss and cost for HVDC 

transmission lines (Table S9) from Bogdanov et al .130 The length of a transmission line 

between countries is the distance of the population centroid between countries150.  

The capacity of the renewable potential derived above is treated as the maximum 

capacity for new renewable capacities in each country. The planning-reserve margin is 15% 

of the peak load for each country. We assumed that the maximum discharge duration is 24 

hours for the battery storage, and that the battery storage is only used to balance supply and 

demand within a day. The monetary values are all undiscounted 2050 values. Under the 

country scenario, no transmission lines between countries are built, and under the 

transcontinental scenario, HVDC transmission lines are built to link all countries within the 

region.  
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Hourly profiles for solar and wind, and load demand were derived from Tong et 

al.117, which provided hourly profiles for wind and solar and load in 2018 for 42 major 

countries and 23 subregions. For the countries that are not included in the 42 major 

countries, we assumed that their generation and load profiles follow the regional profile. For 

hydropower, we used a monthly profile derived from IEA monthly data151 (2015-2021). For 

countries without hydropower data, we assumed the monthly profile is the same as nearby 

countries. As there is no IEA data for African countries, we assumed the monthly capacity 

factor to be 0.5.  

The hourly generation profile for solar and wind, and the monthly profile for the 

hydropower were derived as follows: 

𝑟𝑡,ℎ,𝑚 =
𝑟𝑡

𝑟𝑡
2018 ∙ 𝑟𝑡,ℎ,𝑚

2018 (12)  

𝑟𝑡,ℎ,𝑚 is the capacity factor for renewable energy technology t at hour h, month m; 

𝑟𝑡
2018is the annual average capacity factor in 2018 from Tong et al; 𝑟𝑡,ℎ,𝑚

2018 is the capacity 

factor for renewable energy technology t in 2018 at hour h, month m.  

  

4. Demand scenarios 

In the main scenario, we assumed that the growth rates of electricity demand during 

2030-2050 follow the IEA projection under the Sustainable Development Goal (SDG 

scenario). In the sensitivity test, we assumed that the growth rates of electricity demand 

follow the IEA projection under the Net Zero 2050 scenario (NZE scenario)152. The 

electricity demand in the year 2018 was collected from the Energy Information 

Administration (EIA)115. The growth rates for the two scenarios can be found in Table S12. 
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5. Country scenario 

The unmet electricity demand by renewables (shortn) in the country n under the 

country scenario was calculated as the difference of load demand (loadn) and renewable 

electricity production (production_ren), 

𝑠ℎ𝑜𝑟𝑡𝑛 = 𝑙𝑜𝑎𝑑𝑛 − 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛_𝑟𝑒𝑛 (13)  

The total cost of electricity demand in the country n under the country scenario 

(𝑐𝑜𝑠𝑡_𝑐𝑜𝑢𝑛𝑡𝑟𝑦𝑛) is the aggregation of renewable electricity cost (𝑐𝑜𝑠𝑡_𝑟𝑒𝑛) and fossil fuel 

electricity cost (𝑐𝑜𝑠𝑡_𝑓𝑜𝑠𝑠𝑖𝑙𝑛) in the country n, 

𝑐𝑜𝑠𝑡_𝑐𝑜𝑢𝑛𝑡𝑟𝑦𝑛 = 𝑐𝑜𝑠𝑡_𝑟𝑒𝑛 + 𝑐𝑜𝑠𝑡_𝑓𝑜𝑠𝑠𝑖𝑙𝑛 (14)  

The unmet demand is assumed to be met by fossil fuels. The fossil fuel electricity 

cost (𝑐𝑜𝑠𝑡_𝑓𝑜𝑠𝑠𝑖𝑙𝑛) includes the cost of fossil fuel power plants and the carbon tax, 

𝑐𝑜𝑠𝑡_𝑓𝑜𝑠𝑠𝑖𝑙𝑛 = (𝑙𝑐𝑜𝑒_𝑓𝑜𝑠𝑠𝑖𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
𝑛 + 𝑠𝑐𝑐 ∙ 𝑐𝑖̅𝑛) ∙ 𝑠ℎ𝑜𝑟𝑡𝑛 (15)  

where 𝑙𝑐𝑜𝑒_𝑓𝑜𝑠𝑠𝑖𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
𝑛 is the generation-weighted average cost of fossil fuels in country n; 𝑐𝑖̅𝑛 

is the generation-weighted average CO2 intensity of fossil fuels (ton/MWh) in the country n. 

scc is the social cost of carbon (i.e., carbon tax), which is $81/tonne CO2 in 2050131 under a 

3% social discount rate. The coal-gas generation mix was derived from world bank99, and 

the cost is 95$/MWh for coal and 90 $/MWh for natural gas53; the CO2 intensity for coal and 

natural gas was collected from NREL ATB. 

The system cost of electricity in the country n under the country scenario 

(𝑙𝑐𝑜𝑒_𝑐𝑜𝑢𝑛𝑡𝑟𝑦𝑛) is the cost per load demand, 

𝑙𝑐𝑜𝑒_𝑐𝑜𝑢𝑛𝑡𝑟𝑦𝑛 =
𝑐𝑜𝑠𝑡_𝑐𝑜𝑢𝑛𝑡𝑟𝑦𝑛

𝑙𝑜𝑎𝑑𝑛
 (16)  
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6. Transcontinental scenario 

Under the transcontinental scenario, the total cost of electricity in a power pool 

(total_cost_continent) is the aggregation of renewable electricity cost (total_cost_re), fossil 

fuel cost (total_cost_fossil), and the transmission cost (total_cost_trans), 

𝑡𝑜𝑡𝑎𝑙_𝑐𝑜𝑠𝑡_𝑐𝑜𝑛𝑡𝑖𝑛𝑒𝑛𝑡 = 𝑡𝑜𝑡𝑎𝑙_𝑐𝑜𝑠𝑡_𝑟𝑒 + 𝑡𝑜𝑡𝑎𝑙_𝑐𝑜𝑠𝑡_𝑓𝑜𝑠𝑠𝑖𝑙 + 𝑡𝑜𝑡𝑎𝑙_𝑐𝑜𝑠𝑡_𝑡𝑟𝑎𝑛𝑠 (17) 

 The system cost in the country n (𝑙𝑐𝑜𝑒_𝑐𝑜𝑛𝑡𝑖𝑛𝑒𝑛𝑡𝑛) is equal to the demand-weighted 

average system cost in a power pool, 

𝑙𝑐𝑜𝑒_𝑐𝑜𝑛𝑡𝑖𝑛𝑒𝑛𝑡𝑛 =
𝑡𝑜𝑡𝑎𝑙_𝑐𝑜𝑠𝑡_𝑐𝑜𝑛𝑡𝑖𝑛𝑒𝑛𝑡

𝑡𝑜𝑡𝑎𝑙_𝑙𝑜𝑎𝑑
 (18) 

where total_load is the total load demand in a power pool. 

 The change of system cost (𝛥𝑐𝑜𝑠𝑡) compared to the country scenario is, 

𝛥𝑐𝑜𝑠𝑡 = 𝑙𝑐𝑜𝑒_𝑐𝑜𝑛𝑡𝑖𝑛𝑒𝑛𝑡𝑛 − 𝑙𝑐𝑜𝑒_𝑐𝑜𝑢𝑛𝑡𝑟𝑦𝑛 (19) 

 

C. Results 

1. Mismatch between renewable resources and electricity demand 

Globally, with all suitable land for renewable resources, the renewable potential 

reaches ~3500 PWh. If each country sources renewable resources within their national 

border to meet their national demand, renewable resources can supply 42 PWh of global 

electricity demand, but are 0.8 PWh or 2% short of the global annual demand in 2050 (Fig 

1a).  

We find that renewables alone reliably meet 100% of electricity demand in three 

quarters of the countries. However, they fall short in meeting hourly demand in several 

countries. Notably, in South Korea, the renewable potential (0.6 PWh) is lower than the 
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demand (1.1 PWh) by 0.5 PWh, leading to over 30% of unmet demand. In Switzerland, 

although the renewable potential (0.14 PWh) exceeds the annual demand (0.08 PWh), 0.01 

PWh or 16% of the demand is not met by renewables alone. This is because the battery 

storage only balance the diurnal variability of renewable energy, and cannot balance the 

seasonal variation. 

If only the top 10% suitable land is used, the global renewable potential is reduced 

by 80% to 665 PWh. Globally, 4.1 PWh of demand shortage is solely caused by a lack of 

aggregate renewable resources within the country boundary (Fig. S1). After considering the 

temporal mismatch between renewable energy generation and demand, the renewable 

potential is 5.2 PWh or 12% short of annual electricity demand, if sourced within each 

national border (Fig 1b). Because of the temporal variation in renewable energy generation, 

some countries cannot meet their demand by only renewables even if their annual renewable 

potential exceeds demand. For example, India is unable to meet ~11% of its demand with 

renewables alone because the renewable potential is only 1% higher than the demand. On 

the other hand, abundant resources are unutilized in countries with rich endowments of 

renewables. In China, for example, about one-third of the renewable potential is not utilized, 

if consumed only within the national border. In the United States, Brazil and Saudi Arabia, 

the potential of renewable resources is higher than the annual demand by an order of 

magnitude.  

Under the constrained land availability scenario, in 2050, because of the uneven 

spatial distribution and the temporal variability of renewable resources, renewable electricity 

generation alone is unable to reliably meet over 20% of electricity demand in nearly one-

third of the countries (Fig 1d), mainly in Southeast Asia and East Asia. In many South 
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European countries, over 10% of demand is unmet by renewables. Across North America, 

South America, Western Asia, Africa, and China, Mongolia and Russia, however, less than 

3% of demand was unmet by renewables.  Adding existing inter-country transmission lines 

reduces the gap in demand and renewable energy supply because of electricity trade (Table 

S1), e.g., unmet demand in southern European countries decreases from 10-20% to 5-10% 

(Fig. S2). 

 

Figure 1. Supply and demand of renewable electricity in 2050. 

Renewable generation and electricity demand in 2050 by country under the country 

scenario, assuming (a) all suitable sites for renewables and (b) top 10% suitable sites at the 

global level. Unmet demand with only supply of renewable resources under the country 

scenario, assuming (c) all suitable sites for renewables and (d) top 10% suitable sites at the 
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global level. In (a) and (b), each rectangle represents the demand for electricity (horizontal 

dimension) and the available renewable resources potential (vertical dimension). The blue 

diagonal line represents demand equals renewable electricity generation by country (y=x 

line). The red line represents the cumulative demand met by renewable electricity generation 

by country. Within a country’s rectangle, when the slope of the red line is smaller than the 

slope of the blue line, country-level electricity demand remains unmet using only renewable 

energy supply.  

 

2. Large variation in system cost of electricity  

Due to the heterogeneity in renewable resource quality and abundance, we find that 

the system costs of electricity vary greatly across countries under the country scenario 

(Fig.2a,b). These costs vary both across and within the 6 regions that we define for forming 

the transcontinental power pools (Fig 2c). By utilizing all suitable sites, the country-level 

system costs of electricity are highest among countries in Europe, and East and Southeast 

Asia, exceeding $60/MWh. The lowest system cost occurs in South America, North 

America, Sub-Saharan Africa and Oceania, estimated to be around $30/MWh.  

In Europe & MENA, East Asia & Russia, and Southeast Asia & Oceania, countries 

with large unutilized renewable potential have lower system costs (Fig 2d). Within Europe 

& MENA, Middle Eastern and North African countries have over 20 PWh of excess 

renewable resources, and their system costs are much lower than those in Europe (Fig 2a). 

Within the East Asia & Russia region, Russia, Pakistan and Afghanistan have over 10 PWh 

of excess renewable resources, with system costs (~$35/MWh) much lower than the average 

system cost in the region ($57/MWh). In Southeast Asia & Oceania, countries in Oceania 
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have excess renewable resources and lower system costs, while Southeast Asian countries 

have higher costs or less renewable resources. 

Limiting the available renewable resources to the global top 10% suitable sites 

substantially increases the system costs of electricity in countries with fewer renewable 

resources compared to their electricity demand (Fig 2e). Within Southeast Asia & Oceania, 

70% of the countries (mostly in Southeast Asia) suffer from a shortage of renewable 

resources, resulting in system costs of over $70/MWh. Only in countries such as Australia 

and Cambodia that have large renewable resources relative to their demand, system costs 

remain low (~$50/MWh). In East Asia & Russia, Pakistan, Afghanistan and Russia are the 

only three countries with over 0.5 PWh of excess renewable resources relative to demand 

and low system costs (~$40/MWh), whereas over half of the countries in the region have 

system costs over $60/MWh. In Europe & MENA and Sub-Saharan Africa regions, over 

half of the countries have system costs over $60/MWh and $50/MWh, respectively, because 

of limited renewable resources compared to demand.  

In contrast, some regions and countries do not see a substantial increase in system 

costs under constraints on suitable sites. Because the top 10% suitable sites across South 

America and North America include abundant high-quality renewable resources to meet the 

electricity demand, system costs remain low. Similarly, countries that have high-quality 

renewable resources, such as wind resources in the United Kingdom, can access the same 

resources as the scenario without land constraints and as such, do not experience much 

system cost increases. Lastly, the average system cost in Europe & MENA see a decrease 

under a land constraint scenario. When 10% of the suitable sites are available, 0.4 PWh 

(6%) of the demand is exogenously met by fossil fuels, which is ~120 $/MWh. When all 
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suitable sites are used, over 99% of electricity demand is met by renewables alone by 

building over capacities of solar and wind. Even if adding the fossil fuel cost, the average 

system cost with 10% suitable sites is lower than the average system cost with all suitable 

sites (Fig 3). 

 

Figure 2. The system cost of electricity (cost per unit of electricity demand) under the 

country scenario. 

The system cost of electricity under the country scenario assuming (a) all suitable sites for 

renewables, and (b) only the global top 10% suitable sites for renewables are available for 

development. (c) Classification of the transcontinental power pools. Distribution of system 

costs across countries within the six regions assuming (d) all suitable sites for renewables, 
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and (e) only the global top 10% suitable sites for renewables are available for development. 

In (d) and (e), the color of scatters represents renewable energy potential excess or deficit 

(renewable energy potential minus electricity demand) in 2050.  

 

3. Transcontinental power pools avoid shortages and reduce costs 

Under the transcontinental scenario, countries with an excess of renewable resources 

export their renewable electricity to countries with insufficient renewable resources. By 

utilizing all suitable sites for renewable resources, regional renewable resources are larger 

than their electricity demand by 27-1000 times (Fig 3a). In Sub-Saharan Africa, the 

renewable resources potential (926 PWh) is nearly 1000 times the 2050 electricity demand 

(0.9 PWh). In East Asia & Russia where the regional demand is the largest across all regions 

at 23 PWh, the renewable resources potential is 628 PWh or 27 times the electricity demand. 

By integrating the regional renewable resources through transcontinental power pools, 

globally, the unmet demand by renewables decreases from 0.8 PWh (2%) to 0.0 PWh.  

Compared to the country scenario, transcontinental power pools decrease system 

costs of electricity by 12-52% across all regions except for North America (Fig 3c). Cost 

reductions in North America are small (5%) because of abundant renewable resources in 

each of the member countries. The largest reductions in system cost resulting from 

transcontinental power pools occur in Europe & MENA, with an average reduction of 52% 

or $47/MWh across all countries (Fig 3c). These cost reductions are largely driven by the 

international trade of electricity requiring fewer capacities of renewables and battery 

storage. In Europe & MENA, the decrease in cost for PV is the largest at $24 /MWh, 

followed by the onshore wind ($10/MWh) and storage ($8/MWh).  Assuming existing inter-
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country transmission lines in the Europe & MENA region in the country scenario reduces 

the system cost reduction benefits of a transcontinental power pool to 46% (Table S2). 

Cost reductions are also substantial in other power pools compared to the country 

scenario – over 10% in Sub-Saharan Africa, East Asia & Russia, South America, and 

Southeast Asia & Oceania. The cost reduction in these power pools is mainly driven by 

fewer installed PV and battery storage capacities in the transcontinental scenario.  

By restricting renewable energy development to only the top 10% of suitable sites, 

regional renewable resources are still greater than the regional electricity demand in 2050 

(Fig 3b). Specifically, in Southeast Asia & Oceania and East Asia & Russia, renewable 

resources are more than tenfold and threefold of the demand in power pools, respectively. 

Globally, if renewable resources are shared within the six continental regions defined in this 

study, the unmet demand decreases from 5.2 PWh (12%) in the country scenario to 0.0 

PWh, which is similar to the unmet demand if all suitable renewable energy sites were 

developed.  

When utilizing only the top 10% suitable renewable energy sites, benefits of building 

transcontinental power pools in reducing unmet demand are more pronounced at the 

regional power pool level (Fig 3d). Compared to the country scenario, transcontinental 

power pools reduce unmet demand in East Asia & Russia from 2.7 PWh (12% of regional 

demand) to 0; in Southeast Asia & Oceania from 2.0 PWh (65%) to 0; and in Europe & 

MENA from 0.4 PWh (6%) to 0.  

Restricting renewable energy development to the top 10% suitable sites results in 

high system costs in the country scenario. In this case, transcontinental power pools can 

enable a substantial reduction in system costs, especially in Europe & MENA, South 
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America, and Sub-Saharan Africa because of the development of higher quality renewable 

energy sites, better balancing of the variability of renewable energy and electricity demand 

through international trade, and a reduced need for fossil fuel generation to meet electricity 

demand unmet by renewables. In Europe & MENA, compared to the country scenario 

assuming no prior interconnections, the transcontinental power pool reduces system cost by 

23% because of fewer installed capacities of renewable energy and battery storage, and 

lower demand for fossil fuel generation. If existing interconnections are considered, this 

benefit is reduced to 21% but is still large (Table S2). The transcontinental power pool 

scenario also reduces system costs substantially in South America (23%) and Sub-Saharan 

Africa (14%) compared to the country scenario. The benefits of a transcontinental power 

pool are modest in North America (6%) because the countries are mostly large in size, 

providing sufficient high-quality renewable resources within the country boundaries. System 

cost increases from transcontinental power pools in East Asia & Russia and Southeast Asia 

& Oceania are modest—3% and 0.7%, respectively—because decreases in fossil fuel costs 

and renewable energy are offset by large increases in transmission interconnection costs.  

For robustness checks, we also modeled a scenario with only the top 25% suitable 

sites available for development (Fig. S3 and Fig. S4) as well as a scenario with 76 PWh of 

electricity demand in 2050 (~75% greater than the reference scenarios). For all land 

availability scenarios (10%, 25%, and all), we find that transcontinental power pools meet 

100%of global demand with renewables and reduce overall system costs. With the higher 

2050 electricity demand, renewables also meet nearly 100% of demand and reduce system 

costs in all power pools, except that in East Asia & Russia and Southeast Asia & Oceania, 
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the increase in renewable and transmission investment outweighs the decrease in fossil fuel 

costs when 10% of suitable land is used. 

 

Figure 3. Supply and demand balance of renewable electricity under the 

transcontinental and country scenarios and the corresponding cost reductions. 

(a) Renewable resources with all suitable sites and the 2050 electricity demand by country 

within continental regions. (b) Renewable resources with top 10% suitable sites and the 

2050 electricity demand by country within continental regions. Changes in system cost of 

electricity ($/MWh) under the transcontinental power pool scenario compared to the country 

scenario assuming (c) all suitable sites for renewables and (d) only the global top 10% 

suitable sites are available for development. In (a) and (b), each rectangle represents 

electricity demand and renewable resource availability. The blue line represents when 

cumulative demand equals available renewable resources (y = x line). Within each region, 
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the left-bottom corner of the first rectangle starts at the blue diagonal line because renewable 

resources are shared only within the continental region. 

 

Transcontinental power pools enable electricity trade where countries endowed with 

inexpensive and abundant renewable resources export electricity to countries with poor 

endowments of renewable resources (Fig. 4a, b). Using all suitable sites for renewables, the 

annual trade of electricity reaches ~16% of global demand (Fig 4a). In Europe & MENA, 

the annual trade of electricity accounts for nearly 40% of electricity demand. Syria and 

Oman are the two largest net exporters, followed by Spain and France, all net exporting over 

0.2 PWh in a year (Fig 4a, c). Germany is the largest net importers, net importing nearly 0.5 

PWh. In other power pools, the share of traded electricity is over 20% of demand for Sub-

Saharan Africa and Southeast Asia & Oceania, and ~10% for East Asia &Russia, North 

America and South America. Globally, the largest net importer and net exporter both occur 

in East Asia & Russia: China is the largest net exporter (0.9 PWh), while South Korea is the 

largest net importer (0.7 PWh). 

By utilizing the top 10% suitable sites, the continental trade of electricity plays a 

more dominant role, reaching ~30% of the global demand (Fig 4b). In Southeast Asia & 

Oceania, the annual trade of electricity reaches three-quarters (2 PWh) of the regional 

demand, and nearly all of the net imported electricity is sourced from Australia (Fig 4b, d), 

and destined to Indonesia (0.5 PWh), Vietnam (0.5 PWh) Thailand (0.4 PWh) and Malaysia 

(0.4 PWh). The annual trade of electricity is the largest in East Asia & Russia, reaching 5 

PWh, which contributes to a quarter of the regional demand. Specifically, South Korea (1 

PWh), India (1 PWh) and Japan (0.6 PWh) are the largest net importers of renewable 
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electricity, while Paksitan (1.5 PWh), Iran (1.3 PWh), Afghanistan (0.8 PWh) and 

Kazakhstan (0.3 PWh) are the largest net exporters. In Europe & MENA, imported 

electricity accounts for over 40% (3 PWh) of the regional demand. The largest net exporters 

are Syria, United Kingdom, Morocco and Libya, aggregately net exporting ~1.5 PWh of 

electricity for regional trade; large net importers are distributed in Western (e.g., Germany) 

and Southern Europe (e.g., Italy), benefiting from the inexpensive electricity from the 

Northern Europe and MENA. In North America, Canada is the largest net exporters (0.3 

PWh), while the USA is the largest net importer (0.2 PWh). 

To estimate the country-level net benefits or costs of transcontinental power pools 

compared to the country scenario, we assume that the generation, storage and transmission 

costs in a power pool are shared by all countries, proportional to each country’s electricity 

demand. By exporting and importing electricity with neighboring countries, in several net 

exporters, the transcontinental power pools reduce system costs by reducing generation 

curtailment, compared to the country scenario (Fig 4e,f). In both scenarios of land 

constraints— all suitable sites and only the top 10% suitable sites available for renewable 

energy development—about a quarter of the approximately 80 net exporters enjoy over 

$10/MWh reduction in system cost. These benefits in cost reduction are largest in Europe 

where net exporters experience over $20/MWh decline in system cost.  

However, system costs increase in about half of the net exporters because they install 

more renewable energy capacities and share the cost of electricity generation and 

transmission (Fig. S5) with the net importers within their transcontinental power pool. For 

example, when utilizing the top 10% suitable sites, the system costs increase by over 
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$20/MWh in Pakistan and Australia because they export large amounts of electricity but 

share the cost with other members of their power pool (Fig 4b).  

When either all or the top 10% suitable renewable energy sites are available for 

development, about three-quarters of the net importing countries reduce $5/MWh of the 

system cost by sharing renewable resources within transcontinental power pools (Fig 4g, h). 

Again, net importing countries in Europe experience some of the largest reductions in 

system costs of electricity (>$20/MWh).  

Several importers also see an increase in system costs in transcontinental power 

pools compared to the country scenario (Fig 2a and b) when net importers share the system 

costs with the net exporters in the power pool. Yet, the total system cost of the power pool 

decreases (Fig 3c,d) because international trade reduces generation curtailment in the net 

exporters. For example, the system cost in Canada, a net importer when all suitable sites are 

used, increases, but the curtailment in the United States, a net exporter, is reduced by 1.3 

PWh depending on land constraints.  
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Figure 4. Electricity trade and change in electricity costs under the transcontinental 

scenario compared to the country scenario. 

Annual imports and exports of renewable electricity assuming (a) all suitable sites for 

renewables, and (b) global top 10% suitable sites are available for development. Annual net 
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export of electricity assuming (c) all suitable sites, and (d) global top 10% suitable sites are 

available for development. Change of system cost in net exporters assuming (e) all suitable 

sites for renewables, and (f) global top 10% suitable sites are available for development. 

Change of system cost in net importers assuming (g) all suitable sites for renewables, and 

(h) top 10% suitable sites are available for development.  

 

D. Discussion 

To achieve net zero greenhouse gas emissions by 2050, it is critical to decarbonize 

the electricity sector by replacing fossil fuels with renewables. Power pools can reduce costs 

and help accelerate the phase-out of fossil fuels. Existing examples of multi-country power 

pools include the Southern African Power Pool, Eastern Africa Power Pool, and Nord 

Pool153. Grid integration projects such as Medgrid154 and North Seas Energy Cooperaton155 

have been launched to integrate renewable resources in North Europe, North Africa and the 

Middle East. 

Constraints on land use because of conservation, food production, and other uses can 

restrict the amount of land required for developing renewable energy. As shown in this 

study, renewable energy resources can be insufficient to meet all electricity demand within 

some countries in the absence of international trade, especially with greater constraints on 

land. Poor endowments of renewable resources, e.g. in Japan and South Korea, can result in 

high electricity costs and hinder the low-carbon transition in the electricity sector. 

Transcontinental power pools can not only enable most countries to meet their electricity 

demand through international trade but also substantially reduce electricity costs by 

developing the most suitable and least expensive renewable energy sites.  
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The cross-boundary trade of renewable electricity indicates a new landscape in the 

global energy market. Historically, fossil fuel resources have also been unequally distributed 

across countries, and the international trade of fossil fuels has enabled huge profits for 

exporters of fossil fuels. Building transcontinental power pools is likely to benefit both 

importers and exporters of renewable energy. By importing electricity, nearly all net 

importers reduce domestic investments in expensive renewables and storage (Fig. S6). By 

reducing curtailment (Fig. S7), about half of the exporters decrease their domestic 

investment. In this study, we assume that all countries within each transcontinental power 

pool share the costs in a regional wholesale electricity market. Other cost allocation models 

such as allocating the lowest-cost renewable resources to consumers within exporting 

countries and then selling higher-cost resources to importing countries within power pools 

can change the distribution of system costs across importers and exporters. How to design 

pricing mechanisms for the transcontinental power pool market remains an open question. 

The new mechanism needs to equitably allocate the profits from the trade of the electricity 

market, especially when transmission lines span across several countries.  

Geopolitics would be a barrier to building a transcontinental power pool121. Creating 

transcontinental power pools will require a large-scale integration of regional transmission 

infrastructure, and thus has many challenges including grid ownership, stakeholder roles, 

financial responsibilities, and revenue allocation between participating countries156. 

Collaboration between countries will be critical in addressing these challenges. Common 

policy frameworks and agreements need to be reached between national governments157. 

Regional electricity markets and pricing mechanisms need to be established to coordinate 

between system operators across territories to facilitate power pool operations20. The 
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electricity markets of the transcontinental power pools are required to provide a win-win 

trading mechanism for both exporters and importers. 

In the capacity expansion model, we managed to use a time-step of 1 hour in a whole 

year to capture the variation of weather in all 365 days (Table S3). Following the state-of-

the-art, by picking 24 representative days (one peak demand day and one average demand 

day in a month) and adding 15% planning reserves margins, the transcontinental power 

pools incurred ~1% load curtailment in the hourly operation model (Table S4). Using all 365 

days in the capacity expansion model provides more robust quantification results in system 

costs (Table S5) and reliability of the electricity system. 

Our research focused on addressing the low-carbon electricity with existing 

technologies that are commercially mature. Long-term storage technologies (i.e. hydrogen) 

which could balance the seasonal variability of renewables, are not included in our 

technologies. Green hydrogen has become a promising long-term storage alternative, but 

whether green hydrogen can be put into large-scale commercial use is under debate158,159. 

Country-level data on underground storage capacity for hydrogen is also lacking. Using 

synthetic methane as the long-term storage is technically mature by using existing 

infrastructure for natural gas160,161, but the round-trip efficiency is ~30%162. Without the 

power pools, incorporating long-term storage into our system could reduce the load 

curtailment by balancing the seasonal variability of renewables, but the transcontinental 

power pools are still able to reduce the system cost after the inclusion of the long-term 

storage163. Furthermore, under a land-constrained scenario, long-term storage is unable to 

address the demand shortage caused by the local shortage of renewable energy resources 

without the international trade of electricity. If renewable energy resources are sourced only 
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within the country boundary, 4.1 PWh of demand shortage still exists due to a shortage of 

aggregate renewable energy resources when only the top 10% suitable sites are utilized (Fig. 

S1). Our research proves that, without long-term storage, 100% renewable electricity is 

reliable and economically feasible by expanding transmission lines within continents. 

Due to data limitations, our study used uniform cost projections for renewable and 

storage technologies for all countries and regions. However, costs can vary across countries 

and regions for various reasons including differences in the cost of capital, access to 

technologies, and availability of skilled labor. Future analysis could incorporate these cost 

variations.  

Land-use factors for renewables have significant uncertainties given the competing 

uses of land for agriculture, conservation, and other needs. For example, some sources report 

land use factors that are double our assumptions adopted from NREL140,141. Furthermore, we 

assumed that only the technology with the least levelized cost can be installed at a particular 

site. Co-locating renewable energy technologies like wind and solar PV can increase the 

area of suitable sites and the overall renewable potential.  

Last, the cost of transmission in our study was conservatively estimated and may 

well be an overestimation. We assumed that the cost for HVDC (high-voltage direct current) 

transmission lines would remain at the 2020 level across the timeframe, but that the 

transmission cost would decrease due to technology learning. Given these potential 

overestimations for the costs of transmission lines, the actual economics of transcontinental 

power pools may be more favorable than how it is portrayed in our study.  
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E. Appendix 

1. Data and code availability 

The data used for replicating our analysis are available in the Global 

Transcontinental Power Pool database under accession code https://doi.org/10.5281/zenodo. 

The electricity planning model, GridPath 0.10.1, is available at 

https://github.com/blue-marble/gridpath. Matlab 2019a and Python 3.8 were used to process 

the data. Matlab 2019a, Origin 2023 and R 3.6.1 are used for data visualization. All the 

scripts used in our data collection, data analysis, and data visualization are available at 

https://github.com/cetlab-ucsb/Transcontinental-power-pool. 
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https://github.com/blue-marble/gridpath
https://github.com/cetlab-ucsb/Transcontinental-power-pool
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2. Supplementary Tables 

Table S1. Unmet demand (PWh) in Europe & MENA under the country scenario, with and 

without existing transmission lines. 

Sites No transmission lines Existing transmission 

lines 

10% 0.4 (5%) 0.3 (4%) 

All 0.05 (0.7%) 0.03 (0.4%)  

 

Table S2. System cost ($/MWh) in Europe & MENA under the country scenario with and 

without existing transmission lines, and the system cost under the ‘transcontinental’ 

scenario. 

Sites No transmission lines Existing transmission 

lines 

Power pool 

10% 77 75  59 

All 91  81  44 
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Table S3. The unmet demand using the capacity expansion model with an 8760-hour 

operation model. The 2050 global demand is 43 PWh under the SDG (sustainable 

development goal) scenario. 

Scenario Top 10% sites + 

SDG  

Top 100% sites + 

SDG  

Country 12%   1.9% 

Transcontinental 0  0  

 

Table S4. The unmet demand using the capacity expansion model with 24 representative 

days, and the validation using an 8760-hour operation model. The 2050 global demand is 43 

PWh under the SDG scenario. 

Scenario Model Top 10% sites + 

SDG  

Top 100% sites + 

SDG  

Country Reduced(1) 12%   1.9% 

8760(2)  12%  2.2% 

Transcontinental Reduced 0  0  

8760 0.7%  0.9% 

(1) Optimized the capacity investment by using 24 representative days (576 hours) within a 

year,  

(2) Simulated the operation with fixed capacities across 8760 hours.  
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Table S5. Change of the system cost in transcontinental power pools compared with the 

case without power pool by using different temporal resolutions in the capacity expansion 

model. 

Pool 100% land availability 10% land availability 

24 days 3-hour 24 days 3-hour 

Sub-Saharan Africa -14% -16% -11% -14% 

East Asia & Russia -13% -12% -5.6% 3.3% 

Europe & Middle East -44% -52% -32% -23% 

North America -2.9% -4.7% -3.4% -5.5% 

South America -13% -16% -19% -23% 

Southeast Asia & Oceania -15% -19% -4.4% 0.7% 
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Table S6. Cost parameters for renewable energy technology in 2020.  

 PV power 

plant 

Rooftop 

PV 

CSP-no 

storage 

Onshore 

wind 

Offshore 

wind 

Hydro- 

power 

Land use 

factor 

(MW/km2) 

37141 

(31×1.17) 

12141 15141 3140 3140  

Capital cost 

($/kW)107 

883 1817(1)149 3907(2)149 1355 3185 1870 

O&M cost149 

($/kW) 

23 29 66 43 109 

 

30 

Variable 

cost149 

($/MWh) 

0 0 3.5    

(1) The capital cost for utility-scale and rooftop PV is $1333/kW and $2734/kW from 

NREL. The global average capital cost for rooftop PV is calculated as 

883⋅2734/1333=1817. 

(2) The capital cost for CSP-no storage=Turbine cost + 1.2 ⋅ field cost. 
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Table S7. Assumptions for the rooftop PV. 

Parameter Value 

Ratio of urban area143 0.25 

Share of suitable rooftop149 0.33 

 

Table S8. Cost parameters for the storage technology149 in 2020. 

 Battery storage Pumped hydro 

Capital cost ($/kW) 249 1999 

Energy cost 

($/kWh) 

369 NA 

O&M cost ($/kW) 6 18 

O&M cost ($/kWh) 9 NA 

Variable cost 

($/MWh) 

0 0.5125 

Roundtrip 

efficiency 

85% 80% 
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Table 9. Cost parameters for the HDVC130. 

  HVDC 

Capital cost ($/(km·kW)) 1.044 

O&M cost (($/(km·kW)) 0.003 

Lifetime (years) 50 

Transmission loss (%/1000 km) 1.6 

Converter capital cost ($/kW) 180 

Converter O&M ($/kW) 1.8 

Converter pair loss (%) 1.4 
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Table S10. Cost projection for capital cost from 2030-2050149. 

Technology 2020 2030 2040 2050 

Battery storage capacity 1.00 1.06 0.93 0.80 

Battery storage energy 1.00 0.43 0.37 0.32 

PV 1.00 0.56 0.51 0.46 

Rooftop 1.00 0.37 0.33 0.29 

CSP 1.00 0.68 0.59 0.57 

Wind 1.00 0.65 0.58 0.52 

Offshore 1.00 0.73 0.66 0.62 

Pumped hydro 1.00 1.00 1.00 1.00 

Hydropower 1.00 1.00 1.00 1.00 

HVDC 1.00 1.00 1.00 1.00 
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Supplementary Table 11. Cost projection for O&M cost from 2030-2050149. 

Technology 2020 2030 2040 2050 

Battery storage power 1.00 1.06 0.93 0.80 

Battery storage energy 1.00 0.43 0.37 0.32 

PV 1.00 0.67 0.63 0.59 

Rooftop 1.00 0.45 0.42 0.38 

CSP 1.00 0.86 0.85 0.85 

Wind 1.00 0.91 0.84 0.77 

Offshore 1.00 0.77 0.69 0.63 

Pumped hydro 1.00 1.00 1.00 1.00 

Hydro 1.00 1.00 0.96 0.96 

HVDC 1.00 1.00 1.00 1.00 

 

 

 

 

 

 

 

 

 

 



 

111 

 

Table S12. Growth rates of electricity demand under SDG (Sustainable development 

goal)129 and NZE152 (Net zero emission) scenarios. 

 SDG NZE 

North America 0.7% 2.3% 

United States 0.6% 2.3% 

Central & South America 2.0% 4.7% 

Brazil 1.7% 4.7% 

Europe 1.2% 2.3% 

European Union 1.1% 2.3% 

Africa 4.1% 4.7% 

South Africa 0.8% 4.7% 

Middle East 2.4% 4.7% 

Eurasia 0.5% 4.7% 

Russia 0.4% 4.7% 

Asia Pacific 2.4% 4.7% 

China 2.1% 4.7% 

India 4.5% 4.7% 

Japan -0.2% 2.3% 

Southeast Asia 3.2% 4.7% 
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3. Supplementary Figures 

 

Figure S1. Supply and demand of renewable electricity in 2050 without considering the 

temporal variation of renewable energy. 

Renewable potential and electricity demand in 2050 by country under the country scenario 

using a all suitable sites for renewables and b top 10% of suitable sites at the global level. In 

a and b, each rectangle represents the demand for electricity (horizontal dimension) and the 

available renewable resources potential (vertical dimension). The blue diagonal line 

represents demand equals renewable electricity potential by country (y = x line). The red line 

represents the cumulative demand met by renewable potential by country, without 

considering the temporal variation of renewables. Within a country’s rectangle, when the 

slope of the red line is smaller than the slope of the blue line, country-level electricity 

demand is infeasible to be met only by renewable potential. 
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Figure S2.  Unmet demand with only the supply of renewable resources under the 

country scenario after adding existing transmission lines in Europe. 

a all available sites for renewables and b top 10% suitable sites at the global level.  
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Figure S3. Unmet demand by renewable electricity generation under different 

scenarios.  

‘country’ and ‘pool’ refer to the country and transcontinental scenario. ‘10%’, ‘25%’ and 

100% refer to the top 10% sites, top 25% sites and all suitable sites for renewables. SDG and 

NZE refer to the demand scenarios under the UN Sustainable Development Goals and the 

IEA Net Zero Emissions by 2050, respectively. 
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Figure S4. Cost change ($/MWh) by transcontinental power pools under different 

scenarios compared to the country scenario.   

 ‘10%’, ‘25%’ and 100% refer to the top 10% sites, the top 25% sites and all suitable sites 

for renewables. SDG and NZE refer to the demand scenarios. 
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Figure S5. Change in system costs without the cost of transmission under the 

transcontinental scenario compared to the country scenario. 

Change of system costs in net exporters assuming a all suitable sites for renewables, and b 

global top 10% suitable sites. Change of system costs in net importers assuming c all 

available sites for renewables, and d top 10% suitable sites. 
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Figure S6. Change in investment costs within the boundary under the transcontinental 

scenario compared to the country scenario. 

Change of investment cost in net exporters assuming a all suitable sites for renewables, and 

b global top 10% suitable sites. Change of investment cost in net importers assuming c all 

suitable sites for renewables, and d top 10% suitable sites.  
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Figure S7. Change of curtailment (TWh) by transcontinental power pools under 

different demand scenarios compared to the country scenario.   

Change of curtailment in net exporters assuming a all suitable sites for renewables, and b 

global top 10% suitable sites. Change of system costs in net importers assuming c all 

available sites for renewables, and d top 10% suitable sites.  
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Ⅴ. Regional disparities in health and employment outcomes of China’s 

transition to a low-carbon electricity system 

Materials from: Yang, H. et al. Regional disparities in health and employment outcomes of 

China’s transition to a low-carbon electricity system. Environ. Res.: Energy 1, 025001 

(2024). https://doi.org/10.1088/2753-3751/ad3bb8 

 

Abstract  

Understanding the costs and the spatial distribution of health and employment outcomes of 

low-carbon electricity pathways is critical to enable an equitable transition. We integrate an 

electricity system planning model (GridPath), a health impact model (InMAP), and a 

multiregional input-output model to quantify China’s provincial-level impacts of electricity 

system decarbonization on costs, health outcomes, employment, and labor compensation. 

We find that even without specific CO2 constraints, declining renewable energy and storage 

costs enable a 26% decline in CO2 emissions in 2040 compared to 2020 under the Reference 

scenario. Compared to the Reference scenario, pursuing 2ºC and 1.5ºC compatible carbon 

emission targets (85% and 99% decrease in 2040 CO2 emissions relative to 2020 levels, 

respectively) reduces air pollution-related premature deaths from electricity generation over 

2020-2040 by 51% and 63%, but substantially increases annual average costs per unit of 

electricity demand in 2040 (21% and 39%, respectively). While the 2ºC pathway leads to a 

3% increase in electricity sector-related net labor compensation, the 1.5ºC pathway results in 

a 19% increase in labor compensation driven by greater renewable energy deployment. 

Although disparities in health impacts across provinces narrow as fossil fuels phase out, 

disparities in labor compensation widen with wealthier East Coast provinces gaining the 

https://doi.org/10.1088/2753-3751/ad3bb8
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most in labor compensation because of materials and equipment manufacturing, and 

offshore wind deployment.  

A. Introduction 

China’s electricity sector emitted 4.8 gigatonnes (Gt) of carbon dioxide (CO2) in 

2020, contributing over 40% of China’s annual energy-related CO2 emissions and 13% of 

global fossil CO2 emissions164. Air pollution from China’s predominantly fossil fuel-based 

power plants also caused 100,000~170,000 premature deaths in 2018165,166. Decarbonizing 

China’s electricity system is thus critical not only to limit global average temperature 

increase to 1.5ºC or 2ºC by the end of this century, but also to mitigate health damages 

caused by air pollution released by power plants. For example, Tong et al. show mitigating 

CO2 emissions in the electricity sector in line with the 1.5ºC climate target avoids about 1.1 

million premature deaths caused by air pollution in China over 2010-2050166.  

At the same time, because China’s electricity sector is a major employer, a transition 

to low-carbon electricity will have a large impact on employment, and labor compensation 

in the power generation sector167. Employment in the electricity sector includes two 

components—direct jobs hired by the electricity sector and indirect jobs created in the 

upstream sectors of the electricity sector. The labor compensation measures wages from 

both the direct and indirect jobs. In 2017, nearly 3 million people were directly employed in 

the electricity generation sector, and another 3 million were employed in coal mining and 

gas extraction, two sectors that provide inputs to fossil-fueled electricity production168. 

Phasing out fossil fuels will eliminate some jobs, while investments in new wind, solar, 

storage, and other infrastructure will create new ones. Previous studies have shown gains in 

employment from a low-carbon transition in China. To achieve 80% renewable generation, 
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Abhyankar et al. estimated a 1.9 million increase in job-years cumulative over 2020-2035169. 

Zhang et al. estimate a net increase of 1.4 million jobs per year by 2030 and 5.8 million jobs 

per year by 2050 in the electricity sector for decarbonization pathways compatible with 

China’s carbon neutrality goal by 2060170. Similarly, Pai et al. projected a 10% increase in 

energy sector jobs in 2050, compared to 2020, under a climate target below 2ºC171, and Zhou 

et al. predicted an increase of 1.5 million jobs in 2050 compared to 2020 under a 1.5ºC 

climate target172. 

Health and employment are the two main effects that communities experience in an 

energy transition and that are not captured by changes in system costs. Often, the 

distribution of these effects is not equitable across regions and communities. A low-carbon 

transition will no doubt lead to overall health benefits driven by reduced air pollution from 

fossil fuel power plants, but the distribution of these benefits will depend on where and 

when these power plants reduce their generation or completely retire. The distribution of 

employment effects is less clear as provinces will experience job losses in fossil fuel mining 

and power generation while gaining employment through clean energy investments, the 

scale of which will depend on the renewable energy potential and associated manufacturing 

industries across provinces. Previous studies have highlighted the inequitable distribution of 

benefits and losses across regions and communities in low-carbon energy transitions173,174. 

However, few studies have examined the trade-off between the health and 

employment effects of low-carbon energy transitions across China’s regions and 

provinces175. Moreover, while previous studies, highlighted above, have separately 

quantified the health and employment effects of decarbonization at the national level, they 

have not examined the distribution of these effects across China's regions and provinces, 
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which is critical to plan a low-carbon transition that is also equitable. Furthermore, spillover 

effects, where renewable energy installations in one province create jobs in other provinces 

through interregional trade, have not been considered when measuring employment 

effects170,172. As China decarbonizes its electricity sector, differences in economic and labor 

market conditions, fossil fuel and renewable energy resources, and population distribution 

across regions will likely cause disparate health and employment effects across China’s 

communities. For example, the East Coast region covers a tenth of China’s total area, but 

had 40% of China’s population and contributed to 52% of its national gross domestic 

product (GDP) in 2021. In contrast, the West region occupies over 70% of the total area, but 

in 2021, was home to only 27% of China’s population and contributed 21% of the national 

GDP168. Whereas several of the lower-income provinces in the West region are rich in wind 

and solar resources, the higher-income provinces in the East Coast region rely heavily on 

fossil fuel power plants, exposing their communities to local air pollution and its associated 

health impacts176,177. 

In this study, we deploy a multi-model framework to develop a current-policy 

(Reference scenario) and low-carbon transition pathways for China’s power system from 

2020 to 2040 and compare the cumulative system costs, carbon emissions, and health and 

labor impacts of those pathways. First, we develop an electricity system planning model146 

(GridPath-China) to identify cost-optimal generation, storage, and transmission investments 

under various technical, economic, and carbon emission constraints. Second, using the 

temporally and spatially-explicit power plant generation outputs from the GridPath-China 

model, we use a reduced-form air pollution transport model (InMap—An Intervention 

Model for Air Pollution) for China178 to estimate the distribution of ambient concentration of 
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air pollutants, specifically fine particulate matter (PM2.5), and the resulting premature 

mortality within the population. Third, we incorporate the electricity infrastructure 

investments and operations projections from the GridPath-China model into a multiregional 

input-output model to quantify the change in direct and indirect employment and labor 

compensation induced by the decarbonization of China’s electricity system.  

We compare three main scenarios: a current-policy (Reference) scenario with no cap 

on carbon emissions and two low-carbon scenarios with carbon emission caps that are 

consistent with pathways that limit global temperature rise to 2ºC and 1.5ºC by 2100179. In 

all scenarios, the generation capacity of coal after 2020 is limited to less than 1100 GW 

based on the policy to avoid the over-capacity of coal power generation180. To disentangle 

the effects of decarbonization on supply-side investments, pollution, and employment, we 

assume the same electricity demand across the three main scenarios even though the low-

carbon scenarios will likely see a higher demand because of greater electrification of end 

uses. Investment and operation decisions in all scenarios are made to minimize total system 

costs over 2020-2040. Using these results, we assess the changes in the distribution of health 

and labor effects across China’s four main economic regions181—East Coast, Central, West, 

and Northeast—and provinces resulting from the pursuit of low-carbon targets. To examine 

the robustness of our results, we also perform sensitivity tests on electricity demand growth 

and technology cost projections.  
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B. Method and Materials 

1. Scenarios 

 The ‘Reference’ scenario is a least-cost investment system operations pathway. The 

Reference scenario has no constraint on CO2 emissions from China’s power system and the 

electricity demand trend assumes current policies. In the low-carbon scenarios, CO2 

emissions are compatible with the 2°C and 1.5°C climate targets, and electricity demand is 

the same as the Reference scenario. The 2°C scenario is defined as the scenario where the 

CO2 emissions in China’s power system and the electricity demand follow the trajectory to 

limit the global average temperature increase by 2°C. The 1.5°C scenario is defined as the 

scenario where the CO2 emissions in China’s power system and the electricity demand 

follow the trajectory to limit the global average temperature increase by 1.5°C. 

 The annual carbon emission budgets for the three scenarios were compiled from the 

median projections of 8 Integrated Assessment Models (IAMs) in the CD-LINKS (Linking 

Climate and Development Policies – Leveraging International Networks and Knowledge 

Sharing) Database (Table S1-S3)51,182. These IAMs include AIM/CGE 2.1, COPPE-

COFFEE 1.0, DNE21+ V.14, GEM-E3 V1, IMAGE 3.0.1, MESSAGEix-GLOBIOM 1.0, 

REMIND-MAgPIE 1.7-3.0,  and WITCH-GLOBIOM 4.4. In the CD-LINKS database, the 

NPi, NPi2020_1000 and NPi2020_400 scenarios correspond to the Reference scenario, 2°C 

scenario, and 1.5°C scenario in our study. The NPi scenario includes currently implemented 

climate policies and assumes the policies continue after the duration of the policy. The 

NPi2020_1000 assumes a carbon budget of 1000 Gt CO2 for the period 2011-2100, 

corresponding to staying below 2°C at >66% probability through the 21st century. The 
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NPi2020_400 assumes a carbon budget of 400 Gt CO2 for the period 2011-2100, 

corresponding to staying below 1.5°C at >66% probability through the 21st century. 

In our main scenarios, we assumed that electricity demand is the same across the 

Reference, 2°C, and 1.5°C scenarios. All scenarios used the median values for electricity 

demand under the NPi scenario (Reference scenario) across the IAMs. The electricity 

demand projections from CD-LINKS for all years were multiplied by a constant factor so 

that the calibrated 2020 electricity demand from IAMs equals the actual 2020 demand (7.6 

PWh). 

  To assess the impact of different demand trajectories under the 2°C, and 1.5°C 

scenarios, we performed sensitivity analyses by designing a demand growth scenario (Table 

S4). In the demand growth scenario, the electricity demand under the 2°C and 1.5°C 

scenarios is the median of the selected IAMs in the NPi2020_1000 and NPi2020_400, 

respectively.  

 

2. Electricity Model 

We used the GridPath model, an open-source power system model, to optimize the 

total investment and operation costs of electricity infrastructure (coal, natural gas, nuclear, 

hydropower, solar, wind, storage and transmission) in China from 2020 to 2040146,183,184. We 

chose 2040 as our end-year because it is near enough to limit uncertainty in technology cost 

trajectories and far enough to develop meaningful pathways for policy-making. In our 

GridPath-China model, the 31 provinces in China are classified into 32 load zones, where 

Inner Mongolia is split into an Eastern Inner Mongolia load zone and a Western Inner 

Mongolia load zone. We modeled three investment periods — 2020 (2020 - 2025), 2030 
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(2025 - 2035) and 2040 (2035-2045). Within each investment period, we modeled one day 

per month with 24 hours to represent each of the 12 months. This representative day has the 

average hourly load for the month. To ensure reliability during peak load hours, we assumed 

a planning-reserve margin of 15% of the peak load. Total coal capacity after 2020 is 

constrained to less than 1100 GW in all scenarios based on National Development and 

Reform Commission’s policy to avoid the over-capacity of coal generation180. Carbon 

capture and storage is not allowed in our model. The minimum generation level assumed is 

100% of rated capacity for nuclear power plants, 40% for coal power plants and gas 

turbines, and 45% for combined cycle gas turbines. The hourly ramp rate of the rated 

capacity is 30% for coal power plants and 60% for gas power plants. An 8% discount factor 

is used to calculate the net present value of system costs, similar to assumptions in other 

studies185.  

We collected the latitudes and longitudes for existing coal power plants and their 

heat rates from Global Energy Monitor186, which are critical for the air quality model. 

Existing generation capacities for all technologies, projected generation capacities for 

hydropower and nuclear, monthly average capacity factors of hydropower, and provincial-

level fuel costs were compiled from the SWITCH-China model187. We collected the existing 

and planned hydropower and pumped hydro capacities larger than 1 GW from Global 

Energy Monitor188. We collected data for existing transmission lines from State Grid189 and 

Southern Grid190. The derating factors of coal and nuclear capacities are collected from the 

2020 Electric Power Yearbook191. Hourly load, and projected generation capacity factors for 

solar, onshore, and offshore wind were collected from Abhyankar et al169. China-specific 

costs (2020) of renewable energy are from the International Renewable Energy Agency107, 



 

127 

 

and costs of battery storage technologies and fossil-fuel technologies were collected from 

Zhuo et al192 (Table S5, S6). We then applied normalized cost projection curves from 2020 

to 2040, derived from the NREL 2021 Annual Technology Baseline (ATB) database193 

(Table S7), to the China-specific technology costs. The projected cost for transmission lines 

was collected from Grid Project Construction Cost Analysis in the 12th Five-year Period194.   

Scenarios shown in the main text assumed the ‘moderate’ cost projection scenario 

from NREL’s ATB. In addition, we performed sensitivity analyses assuming two different 

cost projections (Table S8). The low and high-cost scenarios assume the ‘advanced’ and 

‘conservative’ cost projection trends from the NREL ATB database. 

 

3. Employment and labor compensation 

3.1 Direct employment and labor compensation 

For each investment period, the direct jobs refer to the employment created by the 

operation and maintenance (O&M) of the power plants., 

The number of direct jobs for energy technology m ( 𝐷𝐽𝑟
𝑚) was calculated as the 

product of the total installed capacity for energy technology m in region r (𝐶𝑟
𝑚) and the 

employment factor per unit installed capacity (𝐹𝑚). 

𝐷𝐽𝑟
𝑚 = 𝐶𝑟

𝑚 ∙ 𝐹𝑚  (1)  

 The direct labor compensation was calculated as the product of direct jobs ( 𝐷𝐽𝑟
𝑚) 

and wages ( 𝑤𝑟
𝑚) for energy technology m and region r. 

𝐷𝐿𝑟
𝑚 = 𝐷𝐽𝑟

𝑚 ∙ 𝑤𝑟
𝑚  (2)  

 

3.2 Indirect employment and labor compensation 
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 The multiregional input-output (MRIO) model was used to calculate changes in 

indirect employment and associated labor compensation due to decarbonization of the 

electricity sector. 

 The basic formula for the MRIO model shows relationship between the total 

monetary output X and the final demand Y, 

𝑋 = (𝐼 − 𝐴)−1𝑌 (3)  

where (𝐼 − 𝐴)−1 is the Leontief Inverse Matrix, which captures both direct and indirect 

inputs to satisfy one unit of final demand in monetary value; I is the identity matrix; A is the 

matrix showing the coefficient for intermediate input. 

 The number of jobs directly hired by region r, industry i (𝑗𝑜𝑏𝑟,𝑖) divided by the 

monetary output in region r, industry i (𝑥𝑟,𝑖) derived the job intensity (job/$) in region r, 

industry i (𝑒𝑗𝑟,𝑖),  

𝑒𝑗𝑟,𝑖 =
𝑗𝑜𝑏𝑟,𝑖

𝑥𝑟,𝑖
 (4)  

 The matrix for indirect jobs (𝐼𝐽) measures the indirect job driven by the final 

demand, 

𝐼𝐽 = 𝑑𝑖𝑎𝑔(𝑒𝑗)(𝐼 − 𝐴)−1𝑌 (5)  

where ej is the vector of job intensity (𝑒𝑗𝑟,𝑖). 

 The wage per job in region r, industry i (𝑤𝑎𝑔𝑒𝑟,𝑖) divided by the output in region r 

industry i was the wage intensity in region r, industry i (𝑒𝑤𝑟,𝑖), 

𝑒𝑤𝑟,𝑖 =
𝑤𝑎𝑔𝑒𝑟,𝑖 ∙ 𝑗𝑜𝑏𝑟,𝑖

𝑥𝑟,𝑖
 (6)  
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The matrix for indirect labor compensation (𝐼𝐿) measures the indirect labor 

compensation driven by the final demand, 

𝐼𝐿 = 𝑑𝑖𝑎𝑔(𝑒𝑤)(𝐼 − 𝐴)−1𝑌 (7)  

where ew is the vector of wage intensity (𝑒𝑤𝑟,𝑖). 

      We used the synthetic industry approach195 to represent the energy technologies 

(wind, solar, hydropower, coal, natural gas, nuclear, storage and grid) that are not identified 

as an industry in the input-output table. In the synthetic industry approach, we created a 

proxy vector of demand for the energy technology m (𝑌𝑚), which is a package of goods and 

services from region s, industry j (𝑦𝑠,𝑗
𝑚 ).: 

 For each investment period, 𝐼𝐽𝑚 and 𝐼𝐿𝑚  are vectors showing the number of jobs and 

labor compensation created by the final demand of the energy technology m, 

𝐼𝐽𝑚 = 𝑑𝑖𝑎𝑔(𝑒𝑗)(𝐼 − 𝐴∗)−1𝑌𝑚 (8)  

𝐼𝐿𝑚 = 𝑑𝑖𝑎𝑔(𝑒𝑤)(𝐼 − 𝐴∗)−1𝑌𝑚  (9)  

where 𝐴∗ is the intermediate input matrix, where the elements are zeros in the columns and 

rows representing the electricity sector. 

The synthetic industries for energy technology are split into two categories: total 

investment and operation. The total investment quantifies the indirect jobs created by the 

investment in new capacity, and the operation quantifies the indirect jobs created by the 

operation of the existing and new capacity. 

In region r, the total indirect jobs created by the energy technology m (𝐼𝐽𝑟
𝑚) was 

calculated as the summation of jobs created in region r, industry i, which are driven by 

investments or operations of technology m in region s, industry j ( 𝐼𝐽𝑟,𝑖,𝑠,𝑗
𝑚 ). 
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𝐼𝐽𝑟
𝑚 = ∑ ∑ ∑ 𝐼𝐽𝑟,𝑖,𝑠,𝑗

𝑚

𝑗𝑠𝑖

 (10)  

Similarly, in region r, the indirect labor compensation created by the energy 

technology m (𝐼𝐿𝑟
𝑚) was calculated as the summation of labor compensation in region r, 

industry i created by the investments or operations of energy technology m in region s, 

industry j ( 𝐼𝐿𝑟,𝑖,𝑠,𝑗
𝑚 ). 

𝐼𝐿𝑟
𝑚 = ∑ ∑ ∑ 𝐼𝐿𝑟,𝑖,𝑠,𝑗

𝑚

𝑗𝑠𝑖

(11)  

 

We used the 2017 multiregional input-output table (MRIO)196. The final demand in 

the synthetic industry (i.e., investment and operation costs) was derived from the GridPath 

model. Data for the demand vector of the goods and services making up the synthetic 

industries were derived from Garrett-Peltier et al.195, NREL197 and Chen et al.198. 

Employment and wage data were collected from China Labor Statistical Yearbook199 and 

the National Bureau of Statistics168. 

 

3.3 Total employment and labor compensation 

For each energy technology, the total job-years in region r (𝑇𝐽𝑟) was calculated as, 

 

𝑇𝐽𝑟 = ∑(𝐷𝐽𝑟,𝑡 ⋅ 𝑝𝑡 + 𝐼𝐽𝑟,𝑡
𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 ⋅ 𝑝𝑡 + 𝐼𝐽𝑟,𝑡

𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡)

𝑡

 (12)  

where 𝐷𝐽𝑟,𝑡 represents the direct jobs in region r over the investment period t,  

𝐼𝐽𝑟,𝑡
𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛

 represents the indirect jobs created by the operation of capacities in region r over 

time period t,  𝐼𝐽𝑟,𝑡
𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡  represents the indirect jobs created by the investment of new 
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capacities in region r during period t, and 𝑝𝑡 is the years represented by the investment 

period t in the electricity system planning model. 𝐷𝐽𝑟,𝑡 and 𝐼𝐽𝑟,𝑡
𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛

 are created in each 

year over the period t, and hence are multiplied by 𝑝𝑡 to estimate total jobs. 𝐼𝐽𝑟,𝑡
𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡  are 

jobs created through total investments in new capacity during an investment period and thus 

are not multiplied by 𝑝𝑡. 

For each energy technology, the total labor compensation in region r (𝐿𝑟) was 

calculated as, 

𝐿𝑟 = ∑(𝐷𝐿𝑟,𝑡 ⋅ 𝑝𝑡 + 𝐼𝐿𝑟,𝑡
𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 ⋅ 𝑝𝑡 + 𝐼𝐿𝑟,𝑡

𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡)

𝑡

 (13)  

where 𝐷𝐿𝑟,𝑡 represents the direct labor compensation in region r over the investment 

period t,  𝐼𝐿𝑟,𝑡
𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛

 represents the indirect labor compensation created by the operation of 

capacities in region r over the investment period t,  𝐼𝐿𝑟,𝑡
𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 represents the indirect labor 

compensation created by the investment of new capacities in region r during period t. 

The data for the employment factor was compiled from prior studies171,200. The 

average wages of the fossil fuel, nuclear, hydropower, solar, wind, and storage sectors were 

collected from US Bureau of Labor Statistics201. The average wage in China’s electricity 

sector is scaled based on the average wage of the electricity sector in China and the US 

(Table S9-S10)168.  

Employment intensities under the Reference scenario in 2040 for each technology 

are shown in Table S11. A comparison of the total employment in our research and other 

studies is shown in Tables S12-S13, while we assume that the productivity (job/dollar 

derived from the MRIO and job/MW from O&M) remains constant over 2020-2040.  
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4. Air quality and health benefits 

 We used InMAP (Intervention Model for Air Pollution), a reduced-form air pollution 

model, to simulate the PM2.5 under the different scenarios202. InMAP China has been shown 

to capture the effect of emissions changes on predicted PM2.5 concentrations when compared 

with a weather forecasting model with a state-of-the-science chemical transport model (i.e., 

WRF-CMAQ)178. We compiled SO2, NOx, and PM2.5 emissions (Table S14) for the 

electricity sector using the activity (generation) data generated by GridPath, the location of 

power plants, and emission factors derived from published emission standards (i.e., ultra-

low emission standard)203.  Emission factors are a product of regulated emission intensity 

(ug/m3) and the emitted volume (m3/kg fuel). Emissions for other sectors and meteorological 

data were derived from InMAP China178. To quantify the impact of electricity generation in 

China, we first run InMap with emissions from power plants, and then run InMap without 

the emissions from the power plants. The Cox Proportional Hazards model204 was used to 

estimate premature deaths due to PM2.5 pollution, and avoided premature deaths are 

estimated as the difference in premature deaths associated with the simulation with power 

plant emissions and the one without the power plant emissions. 

 In each grid cell used by InMap, we first calculated the hazard ratio (HR) when the 

concentration of PM2.5 (µg/m3) is C, 

𝐻𝑅 = 𝑒𝛽𝐶  (13)  

where 𝛽 is the parameter in the exposure-response function. 

 The attributable fraction (AF) measures the premature deaths attributed to PM2.5, 

𝐴𝐹 =
𝐻𝑅 − 1

𝐻𝑅
 (14)  

The mortality attributed to PM2.5 (M) was calculated as,  
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𝑀 = 𝐴𝐹 ∙ 𝐴 ∙ 𝑃 (15)  

where A is the age-standardized all-cause mortality rate of the population in China; P is the 

population. 

In each year y, the value of statistical life (𝑉𝑦) was calculated as,  

𝑉𝑦 = 𝑉𝑏𝑎𝑠𝑒 + (𝐼𝑦 − 𝐼𝑏𝑎𝑠𝑒 ) ∙ 𝑀𝑉 (16)  

𝑉𝑏𝑎𝑠𝑒  is the baseline value of statistical life  in 2020 value ($1.0 million); 𝐼𝑦 is  the 

disposable income per capita in year y; 𝐼𝑏𝑎𝑠𝑒  is the baseline value of the disposable income 

per capita ($0.006 million); MV is the marginal value of statistical life per capita disposable 

income (99.8). 

The value of premature mortality (VM) was the product of the value of statistical life 

(V) and the number of premature deaths (M). 

𝑉𝑀 = 𝑉 ∙ 𝑀(17)  

 

 The value of the parameter 𝛽 is based on a long-term cohort study in China, which is 

age-standardized205. The all-cause mortality rate was compiled from Institute for Health 

Metrics and Evaluation (IHME)206. Population density was compiled from the Center for 

International Earth Science Information Network207, and was assumed to follow the 

population growth trajectory in CD-LINKS. The value of statistical life varies between 

different studies, which is related to the economic and social status of the surveyed samples. 

People in countries with higher incomes tend to have a higher value of statistical life. For 

example, the value of statistical life is higher in the US than China. The US Environmental 

Protection Agency uses $7.4 million208, while the US Department of Transportation uses 

$12.5 million209. The value of a statistical life in the base year and the marginal value of a 
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statistical life per disposable income per capita were collected from Tang et al., which used 

local data from China210. The trend of disposable income was derived from CD-LINKS. We 

compare our estimates to those from other studies in Table S15.  

 

5. Cost of carbon emissions 

 We used the social cost of carbon (𝐶𝑆𝑡) to calculate the total cost of carbon (𝑇𝐶𝑡) 

associated with the greenhouse gas emissions (𝐺𝐻𝐺𝑡) in year t as 

𝑇𝐶𝑡 = 𝐺𝐻𝐺𝑡 ⋅ 𝐶𝑆𝑡 (18) 

 We used the trajectory of the social cost of carbon under a 3% discount rate, 

published by the White House131. We include only CO2 emissions in the greenhouse gas 

emission estimates. The net present value for the total cost of carbon is discounted at a 3% 

social discount rate.  

 

C. Results 

1. New capacity investments and energy generation  

Under the Reference and both low-carbon scenarios, renewable energy (hydro, wind, 

and solar) capacity and generation increase their share. Under the Reference scenario, 

although the total fossil fuel installed capacity in 2040 (~1,700 GW) increases compared to 

that in 2020 (~1,400 GW), the share of fossil fuels in the total installed capacity decreases 

from 57% to 32% (Fig 1A). More importantly, energy generation from fossil fuels decreases 

by 20% in 2040 compared to 2020, comprising only 35% of total generation (Fig 1B). 

Driven by a rapid decline in renewable energy costs, specifically for wind and solar 

photovoltaic technologies (Table S1-S4), renewable energy capacity in the Reference 
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scenario grows four-fold to 3,500 GW, contributing over 50% of the energy generation in 

2040.  

 

 

Figure 1. Capacity and generation 

(A) Capacity mix and (B) generation mix of technologies from 2020 to 2040 under the 

Reference scenario (REF), 2ºC and 1.5ºC scenarios. In 2040, capacities of fossil fuels (coal 

and natural gas) under the Reference scenario (C) and change in capacities of fossil fuels (D) 

under the 2ºC scenario and (E) under the 1.5ºC scenario compared to the Reference scenario. 

In 2040, (F) capacities of fossil fuels under the Reference, 2ºC and 1.5ºC scenarios by 

region. In 2040, (G) capacities of renewable energy (hydropower, solar and wind) under the 
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Reference scenario, and change in capacities of renewable energy (H) under the 2ºC 

scenario and (I) under the 1.5ºC scenario compared to the Reference scenario. In 2040, (J) 

capacities of renewables under the Reference, 2ºC and 1.5ºC scenarios by region. The 

Reference scenario assumes no carbon emission cap, and the 2ºC and 1.5ºC scenarios are 

compatible with the 2ºC and 1.5ºC targets proposed by the Paris Agreement. 

 

Under the 2ºC scenario, our results show that in 2040, fossil fuel capacity is reduced 

by 40% to 1,300 GW and its electricity generation decreases by over three quarters to only 

8% of the total. The decrease in fossil fuel generation is compensated for by greater 

renewable energy capacity (~5,200 GW) and generation (87% of the total).  

Under the more tightly carbon-constrained 1.5ºC scenario, the total installed capacity 

increases by 50% in 2040 compared to the Reference scenario. This increase is driven by 

lower capacity factors of renewable energy compared to fossil fuel power plants, which 

require more capacity to generate the same amount of electricity. The share of fossil fuel 

capacity plummets by two-thirds compared to the Reference scenario, whereas renewable 

energy capacity, predominantly wind and solar, doubles to ~6,400 GW. Balancing the 

variability in electricity generation from this large increase in wind and solar capacities also 

requires a significant scale-up of battery storage capacity, an eight-fold or ~730 GW (4,900 

GWh of energy capacity) increase compared to the Reference scenario. The total 

transmission capacity also increases mainly to access geographically diverse renewable 

resources (Fig S1-S3). 

At the regional level, fossil fuel capacity declines follow historical patterns of fossil 

fuel power plant distribution in 2020, whereas increases in renewable energy capacities are 
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driven by resource availability. Under the Reference scenario, fossil fuel capacities are 

predominantly concentrated in the East Coast and West regions in 2040 (Fig 1C,F), similar 

to the pattern in 2020 (Fig S4, S5). As expected, these regions experience largest reductions 

in fossil fuel capacities (Fig 1D-F) under the low-carbon scenarios. 

Renewable energy installations, under the Reference scenario, are mainly 

concentrated in the West Region (1,300 GW, 37% of total renewable energy capacity) 

because of an abundance in solar and wind resources, as well as in the East Coast region 

(1,500 GW, 43% of total renewable energy capacity) driven by offshore wind resources (Fig 

1H-J). Under the 2ºC scenario, the increase (1,700 GW) in renewable energy capacity is also 

concentrated in the East Coast and West regions. Under the more stringent 1.5ºC scenario, 

renewable energy capacity doubles compared to the Reference scenario—1,300 GW in the 

West region, 1,000 GW in the East Coast region, and 270 GW in the Northeast region.  

A lack of a carbon target in the Reference scenario results in a relatively modest 26% 

reduction in annual CO2 emissions in 2040 compared to 2020. However, under the low-

carbon scenarios, annual CO2 emissions in 2040 decrease by 85% (2ºC scenario) and 99% 

(1.5ºC scenario) relative to 2020 because of the imposition of carbon caps across the 

planning period.  

The regional pattern of renewable energy deployment is similar across electricity 

demand and technology cost sensitivity scenarios (Fig S6-S8). High costs of renewable energy 

and storage decrease renewable energy capacity and increase fossil fuel capacity under the 

Reference scenario, but achieve a similar mix in the 2ºC and 1.5ºC scenarios across all cost 

scenarios because of the need to meet low-carbon targets. Without any constraint on coal 
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generation capacity (Fig S6G), the share of coal capacity remains at about 50% of the total 

installed capacity over 2020-2040 under the Reference scenario. 

 

2. National-level outcomes of China’s energy transition pathways  

We estimate cumulative system costs, which include investment, fuel, and operations 

costs, and carbon emissions from 2020 to 2040 to assess the economic and climate impacts 

from each scenario. To compare employment and health outcomes across scenarios, we 

estimate job-years and labor compensation, and premature deaths due to air pollution caused 

by electricity generation, respectively, across the study period. We present both total 

cumulative system costs (net present value discounted at a private discount rate of 8%(24)) 

and annual average costs per unit of electricity generation. We also compare the net present 

value of total wages, monetized value of avoided premature mortality, and climate damages 

using a social cost of carbon, all discounted at a social discount rate of 3%.   

Cumulative total system costs, including both investment and operations costs, 

increase slightly across 2020-2040 under the 2ºC scenario and significantly under the 1.5ºC 

scenario, when compared to the Reference scenario. Under the Reference scenario, the total 

discounted system cost over 2020-2040 is $6.1 trillion, whereas average costs per unit of 

electricity demand decrease from $58 per MWh in 2020 to $52 per MWh in 2040 (Fig 

2A,B). Under the 2ºC and 1.5º C scenarios, total discounted system costs over 2020-2040 

increase by 8% and 16%, respectively, and annual average costs per unit of electricity 

demand in 2040 increase by 21% and 39%, respectively, compared to the Reference 

scenario. This increase in system cost will ultimately lead to higher rates for consumers. Our 

study is limited to estimating only direct electricity system costs and does not include other 
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costs to the overall economy imposed by higher electricity prices, which could subdue 

electricity demand and GDP growth. 

  

Figure 2. Total impacts from 2020 to 2040 of China’s electricity sector under the 

Reference scenario pathway (REF) and low-carbon scenario pathways compatible with 

2ºC and 1.5ºC.  
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(A) Annual average system costs per unit of electricity demand ($/MWh), (B) net present 

value of cumulative system cost ($ trillion), (C) cumulative CO2 emissions (Gt), (D) total 

cost of carbon emissions ($ trillion). (E) cumulative premature deaths caused by PM2.5 

pollution from the electricity sector, (F) cumulative monetized value of premature deaths 

caused by the electricity sector ($ trillion),  (G) cumulative employment (job-years) created 

by each technology/sector including differences in employment between scenarios, (H) 

cumulative labor compensation ($ trillion). Cost and value estimates are in 2020 USD. The 

net present value of system costs is calculated assuming a private discount rate of 8%. Net 

present value of labor compensation, monetized value of premature deaths, and cost of 

carbon emissions calculated assuming a social discount rate of 3%.  

 

Employment and labor compensation patterns across scenarios are similar to those of 

the total system costs. Under the 2ºC scenario, 17 million more cumulative electricity sector-

related job-years (both direct and indirect jobs) are created from 2020 to 2040 compared to 

the 280 million job-years created under the Reference scenario (Fig 2G). The loss of 

employment due to lower fossil fuel investments and generation is 76 million job-years, 

whereas the expansion of renewables, storage systems, and electricity grids adds 93 million 

job-years. Similarly, labor compensation also increases by 3% or $0.1 trillion compared to a 

total of $3.3 trillion under the Reference scenario (Fig 2H). Under the 1.5ºC scenario, job 

gains from greater investment in renewables compensate for job losses from phasing out 

fossil fuel generation, leading to a net cumulative employment increase (76 million job-

years, or 27%) compared to the Reference scenario. Phasing out fossil fuels leads to a 

reduction of 104 million job-years compared to the Reference scenario, while new jobs 
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created by renewables, storage systems and electricity grids reach 179 million job-years. 

This net increase in employment raises total labor compensation by 19% or $0.6 trillion. In 

sensitivity tests, scenarios with higher costs for generation and storage technologies incur 

higher employment and labor compensation compared to the base low-carbon scenarios (Fig 

S9-S10). These estimates do not include jobs that are likely to be created for energy 

efficiency and end-use electrification retrofits, or job losses that may be incurred in fossil 

fuel transportation and other sectors (e.g., heating) due to greater electrification of end uses. 

Air pollution and carbon emissions from fossil fuel generation cause substantial 

health and climate damages but these damages decrease with increasing levels of 

decarbonization. From 2020 to 2040, air pollution under the Reference scenario causes 1.6 

million premature deaths and result in $1.6 trillion in health damages, while CO2 emissions 

reach 82 Gt and result in climate damages of $2.4 trillion (Fig 2C-F). Meeting the carbon 

emissions cap compatible with the 2ºC target avoids 0.8 million (51%) of the premature 

deaths associated with power plant emissions and 41 Gt (41%) of cumulative CO2 emissions 

under the Reference scenario, across 2020-2040 (Fig 2 C,E).  This reduction in premature 

deaths and carbon emissions under the 2ºC scenario corresponds to a decrease of $0.9 

trillion in health damages and $1.0 trillion in climate damages (Fig 2F). Compared to the 

Reference scenario, the 1.5ºC scenario avoids 1.0 million air pollution-related premature 

deaths (63%) and $1.1 trillion in monetized health damages, while also avoiding 53 Gt of 

CO2 emissions or $1.3 trillion in climate costs (Fig 2C-F).  
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3. Labor compensation gains and losses across regions and provinces  

Among the four economic regions, the East Coast region experiences the largest total 

employment and labor compensation under the Reference scenario. The region accounts for 

approximately half the total cumulative employment and total labor compensation over 

2020-2040 (Fig 3A,B, Fig S11). More importantly, per capita employment and labor 

compensation in the East Coast region are about 20-50% greater than the other regions (Fig 

S12, S13).  
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Figure 3. Labor compensation across provinces and regions. 

(A) Cumulative electricity sector-related labor compensation across 2020-2040 under the 

Reference scenario (REF).  (B) Cumulative labor compensation ($ billion) under the 

Reference, 2 ºC and 1.5 ºC scenarios in the four economic regions (numbers indicate the 

relative change from the Reference scenario). Change in cumulative labor compensation (%) 
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under the (C) 2 ºC scenario and (D) 1.5 ºC scenario, relative to the Reference scenario. (E) 

Renewable energy resources (GW) by province. (F) industrial value added in 2022($ billion) 

in China168.  

 

Under the 2ºC scenario, labor compensation in the Northeast, West, and Central 

China regions decreases because labor compensation losses from phasing out of fossil fuels 

are not fully compensated by increases in labor compensation driven by the build-up in 

renewable energy capacity (Fig 3B). The GDP per capita in most provinces (19 out of 21) 

across these three regions is at or below the national average.  

However, under a more stringent carbon target in the 1.5ºC scenario, these three 

regions experience a modest rise in net employment and labor compensation, compared to 

the Reference scenario Employment and labor compensation driven by new renewable 

capacity are assumed to be proportional to the investments in renewable energy. A more 

stringent carbon target requires greater investments in renewable energy, which results in 

greater employment and labor compensation gains compared to losses due to fossil fuel 

infrastructure phaseouts. This effect is most pronounced in the West region, which has 

abundant renewable resources (Fig 3E), where the number of jobs and labor compensation 

decreases by 0.5% and 10% under the 2ºC scenario, respectively, but increases by 9% and 

4% in the 1.5ºC scenario compared to the Reference scenario. This increase is mainly driven 

by renewable energy installations in Inner Mongolia, which contribute about 20% of the 

growth in jobs and 40% of the growth in labor compensation in the region.  

For the East Coast region, net employment and labor compensation increase in both 

low-carbon scenarios, thus increasing the gap in employment between regions (Fig 3B, job 
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and wage per capita shown in Fig S12,S13). Two reasons account for this increase. First, the 

East Coast region has mature manufacturing industries, and thus more indirect jobs are 

created in the manufacturing sector (Fig 3F). Second, by harnessing the high-quality 

offshore wind resources in the region, the East Coast region installs ~2100 GW of renewable 

energy capacity in the 2ºC scenario and ~2400 GW in the 1.5ºC scenario by 2040, which 

accounts for ~40% of the total installed renewable energy capacity in each scenario.  Under 

the 2ºC scenario, the East Coast region experiences an increase of 18% in employment and 

8% in labor compensation. This rise is greater under the 1.5ºC scenario, with job increases 

of 34% and labor compensation increases of 28% (Fig 3B).  

Although the 1.5ºC low carbon scenario improves labor market outcomes in the 

majority of China’s provinces compared to the Reference scenario, several provinces are 

still expected to experience employment losses due to their reliance on fossil fuel generation 

and mining, and a lack of high-quality renewable resources (Fig 3C,D). Shanxi province in 

the Central region, the largest supplier of coal (~30%) in China211, loses nearly 10 million 

job-years (-36%) and $98 billion of labor compensation (-35%) under the 1.5ºC scenario. 

Shaanxi province, the third largest coal supplier in China (~15%), also loses jobs and labor 

compensation under both low-carbon scenarios. Similarly, Shandong province in the East 

Coast region relies heavily on fossil fuels and the growth in renewable energy capacity 

under the low-carbon scenarios fails to negate the compensation losses in the fossil fuel 

industries. Other provinces, including Ningxia, Gansu, and Hubei, also lose jobs under both 

low-carbon scenarios. We found that the renewable resources in Ningxia and Gansu, though 

abundant, are mainly used to meet demand within the province. Inner Mongolia and 

Xinjiang are the major net exporters of electricity in the Northwest. As electricity demand 
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and exports are both low in Gansu and Ningxia (Fig S14), the low-carbon transition does not 

lead to a loss in employment and labor compensation. These results show that the labor 

market implications of decarbonizing the electricity sector can vary greatly across regions.  

 

4. Health benefits from electricity sector decarbonization across regions and 

provinces  

 To assess the health effects of decarbonization pathways, we estimate exposure to air 

pollution, specifically PM2.5, from coal and gas-fired power plants and its impacts on 

premature mortality at a spatial resolution of 36 km. We present results aggregated at the 

province level in the main text (Fig 4).  

 As China’s electricity sector decarbonizes from 2020 to 2040 in the Reference 

scenario, annual health impacts due to air pollution caused by the electricity sector decrease 

across regions but historical inter-regional inequities persist. Annual premature mortality in 

2040 drops by 50-60% compared to 2020 across all regions, with the East Coast and Central 

regions being the largest beneficiaries (Fig S15). Because of their continued reliance on 

fossil fuel generation under the Reference scenario and their higher population density, the 

East Coast and Central regions experience the largest cumulative premature deaths due to air 

pollution from electricity generation across our planning horizon—0.7 million (45% of the 

total premature deaths) and 0.5 million (31% of the total premature deaths), respectively 

(Fig 4A,B). Cumulative premature deaths per capita are also highest in these regions (Fig 

S16).  
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Figure 4. Health benefits across provinces and regions. 

(A) Cumulative premature deaths caused by air pollution from the electricity sector across 

2020-2040 under the Reference scenario (REF). (B) Cumulative premature deaths during 

2020-2040 under the Reference, 2ºC, and 1.5ºC scenarios in the four economic regions 

(numbers indicate the change from the Reference scenario). Avoided premature deaths 

under (C) the 2ºC scenario and (D) the 1.5ºC scenario, relative to the Reference scenario.  

 

Under the low carbon scenarios, regions with the largest health burden under the 

Reference scenario also account for the largest shares of health benefits attained by the 

reduction in air pollution from electricity generation (Fig 4B). Under the 2ºC and 1.5ºC 

scenarios, the East Coast and Central regions together experience the largest share (~75%) 

of the total reduction in cumulative premature deaths across 2020-2040 (Fig 4B).  Under the 
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2ºC scenario, 0.37 million cumulative premature deaths (47% of total reduction) are reduced 

in the East Coast region, followed by 0.25 million (32% of total reduction) in the Central 

region. Premature deaths are further reduced under the 1.5ºC scenario, with 0.45 million 

(46% of total reduction) in the East Coast region and 0.31 million (31% of total reduction), 

relative to the Reference scenario. At the province level, Shandong and Jiangsu in the East 

Coast region and Henan in the Central region experience the largest cumulative premature 

mortalities caused by air pollution from fossil fuel generation over 2020-2040 in the 

Reference scenario, but also experience large gains in avoided premature mortalities in the 

low-carbon scenarios (Fig 4 C,D, Fig S17). The relative reduction in premature deaths in the 

low-carbon scenarios is also large in West and Northeast regions, but the absolute reduction 

is much lower, because these regions have historically been less impacted by air pollution 

from electricity generation. 

 

5. Potential trade-offs between employment effects and health benefits 

Compared to the Reference scenario, all provinces gain health benefits due to the 

phase-down of fossil fuel power plants under the low-carbon scenarios. However, we found 

that provinces, especially those with low GDP per capita, are more likely to experience a 

trade-off between health benefits and labor compensation losses because these provinces 

lose jobs related to the coal industry (Fig 5A). On average, high-income provinces 

experience benefits in both health and labor compensation under the low-carbon scenarios, 

while upper- and lower-middle-income groups lose labor compensation under the 2ºC 

scenario and gain labor compensation under the 1.5ºC scenario. Average labor compensation 
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in the low-income provinces decreases under the 1.5ºC scenario, mainly driven by the coal-

producing Shanxi province.  

 

 

Figure 5. Trade-off between health and labor compensation. 

(A) Average premature deaths (deaths per 1,000 per year) and electric sector-related labor 

compensation ($/capita/year) under the Reference, 2ºC and 1.5ºC scenarios by income 

group. Premature deaths and labor compensation under the Reference, 2ºC and 1.5ºC 

scenarios in (B) high-income, (C) upper-middle-income, (D) lower-middle-income and (E) 

low-income provinces. The income level is classified based on the four quantiles of the 

provincial GDP per capita in year 2020. The red lines represent a decrease in labor 

compensation compared to the Reference scenario.  

 

At the provincial level, while all provinces experience health benefits,  the 

employment and labor compensation outcomes have mixed results. Nearly all high-income 
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provinces experience gains in both health benefits and labor compensation. Beijing, 

Shanghai, Jiangsu, Guangdong, Fujian and Zhejiang, experience an increase in labor 

compensation and a decrease in premature deaths under both the 2ºC and 1.5ºC scenarios 

relative to the Reference scenario (Fig 5B). In contrast, only a few provinces in the lower-

middle-income and low-income groups—Jiangxi, Hebei, Yunnan and Sichuan—experience 

an increase in labor compensation and a decrease in premature deaths under both the 2ºC 

and 1.5ºC scenarios. Nine out of the 16 lower-middle and low-income provinces experience 

labor compensation loss while avoiding premature deaths in health outcomes in the 2ºC 

scenario compared to the Reference scenario. Six provinces experience a decrease in labor 

compensation while avoiding premature deaths under both 2ºC and 1.5ºC scenarios–Shanxi, 

Ningxia, Gansu, Shaanxi, Hubei, and Shandong. Five out of these six provinces are major 

coal producers and the first three are from the low-income and lower-middle-income groups. 

These three provinces account for almost one-third of China's coal production and 10% of 

coal generation capacity. Phasing out coal power plant capacity and energy generation 

reduces premature deaths, but also results in unemployment and reduced labor compensation 

in these provinces. Decreases in labor compensation, especially in provinces with lower 

GDP per capita highlight the need to create new employment opportunities in coal-

producing provinces, which will be critical for equitable development as coal infrastructure 

retires and coal-dependent jobs are lost. 

To understand the temporal trends in employment impacts, we examined how the 

regional disparities in employment and avoided premature deaths evolve with a finer 5-year 

investment period (Fig S18). Compared to the reference scenario, in the low-carbon 

scenarios, while health benefits accrue across all regions in each investment period, the East 
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region begins experiencing larger gains in employment right from 2025 compared to the 

other regions. Furthermore, the 2ºC scenario creates fewer jobs in the three regions–West, 

Central, and Northeast–from 2035 onwards compared to reference. However, in the 1.5ºC 

scenario, health benefits and employment gains occur in all investment periods across all 

provinces, except for a dip in employment in 2035 in the West and Central regions. 

 

D. Discussion 

 China has pledged to reach peak CO2 emissions by 2030 and achieve carbon neutrality 

by 2060. In its Nationally Determined Contribution (NDC), China also committed to installing 

at least 1,200 GW of wind and solar capacity by 2030, more than doubling its 2020 capacity212. 

Our results show that even without imposing a carbon emissions target, under the cost-optimal 

Reference scenario, total wind and solar capacity in 2030 is more than double the NDC 

commitment and annual carbon emissions in 2030 decrease by 20% compared to 2020. More 

importantly, achieving a carbon emissions goal compatible with the 2ºC warming target (85% 

lower in 2040 compared to 2020) has slightly higher total system costs than the Reference 

scenario. Further, the 2ºC pathway results in an increase in the number of job-years and labor 

compensation, and large benefits in terms of avoided health and climate damages. Achieving 

an even more ambitious low-carbon pathway compatible with a 1.5ºC target (99% lower in 

2040 compared to 2020) costs significantly more, but also results in larger increases in labor 

compensation, health benefits, and avoided climate damages.  

Our results for wind and solar installed capacities are similar to studies that assumed 

recent cost projections for these technologies187, but they are greater than others that 

imposed limitations on the growth of manufacturing capacities192. Compared to the 
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employment effects in our study, the estimate from Zhang et al170 is 40% lower than ours 

due to the omission of the indirect employment impacts from a life-cycle perspective (Table 

S10), and the estimate from Zhou et al172 is 60% lower than ours due to the omission of the 

private sector employment (Table S11). Similarly, our estimates of premature deaths in 2020 

under the Reference scenario are lower than those of other studies because of higher shares 

of clean energy in 2020 and our assumption that the emission standards have perfect 

compliance (Table S17)166.  

 

1. Low-carbon pathways bring significant health benefits beyond already 

implemented low sulfur regulations 

Although China has made large strides in limiting the sulfur emissions from its coal 

power plants through the enforcement of ultra-low sulfur standards203, further phasing out 

fossil fuel generation in line with 2ºC and 1.5ºC targets can lead to significant health 

benefits—0.8 million and 1.0 million avoided deaths, respectively, over 2020-2040. Under 

both the low-carbon scenarios, about 80% of the reduction in cumulative premature deaths 

occurs in provinces of the East Coast and Central regions, which have historically 

disproportionately borne the pollution burden from fossil fuel generation.  

Our study only considers the direct air pollutant emission from power plants and has 

not calculated the air pollutant emissions from a life-cycle perspective from the 

transportation and industrial sectors. This omission may underestimate the health benefits 

because the life-cycle particulate matter emissions from wind and PV are substantially lower 

than coal and natural gas generation213. Further, we only quantified the impacts of PM2.5 on 

premature mortality. Accounting for additional health end-points (e.g., impacts on chronic 
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respiratory disease) and other air pollutants released by power plants (e.g., NOx and ambient 

ozone) would increase the health benefits attributable to the decarbonization of the 

electricity sector. Overall, we find that health benefits are likely to be higher in low-carbon 

scenarios, especially in the 1.5ºC scenario, which assumes greater electrification of end-

uses. 

 

2. Net gains and losses in employment driven by fossil fuel phaseout, renewable 

resource endowments, and manufacturing 

Decarbonization of China’s electricity system is expected to exert distinct impacts on 

employment across provinces. Although total employment and labor compensation at the 

national level increases under the 2ºC compatible carbon emissions target, most provinces in 

the West, Central and Northeast regions, which account for 80% of the jobs in the coal mining 

sector, experience a net loss in employment and labor compensation compared to the 

Reference scenario. In other words, the growth in renewable capacities in these regions is not 

enough to balance the loss in employment and labor compensation in the fossil fuel sector 

(Fig S19). In contrast to the provinces in the West, Central, and Northeast regions, most of 

which have a low GDP per capita, East Coast provinces (e.g., Jiangsu, Guangdong, and 

Zhejiang) with high GDP per capita experience a net gain in employment and labor 

compensation. This gain is driven by the development of offshore wind in the region, spillover 

effects of employment through renewable energy development in other regions, and a 

relatively low loss of employment in the fossil fuel sector because of the region’s small share 

of coal mining jobs (7% excluding Shandong).   
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 Under the more stringent 1.5ºC compatible carbon emissions target, most provinces 

gain employment due to the expansion of renewable energy capacity. However, in Shanxi, 

Shandong, Hubei, Gansu, Ningxia and Shaanxi provinces, jobs and labor compensation 

decrease due to a phase-out of their large existing capacity of fossil fuel generation and mining 

or a relatively poor quality of renewable resources.  

Creating employment opportunities in low-income provinces is important for a low-

carbon energy transition to be equitable and inclusive. Our results show an increasing gap in 

employment impacts between the high-income East Coast region and other regions with more 

stringent decarbonization targets. Net gains in employment and labor compensation are 

greater in the East Coast region than all other regions, partly because the East Coast region 

absorbs ~20-30% of the jobs created by energy infrastructure development in other regions 

driven by spillover effects (Fig S20). The West region, even with its greater development of 

solar and wind resources, creates only half of the resulting cumulative job increases locally 

because of its reliance on material and manufactured goods imports from the East Coast region 

(Fig S20). In addition to its highly developed manufacturing industry, the East Coast region’s 

development of large-scale offshore wind capacities, higher investment costs of which create 

more indirect jobs than onshore wind, exacerbates regional disparities in employment. 

In the provinces that experience job losses and reduced labor compensation under the 

low-carbon scenarios, installing carbon capture and storage (CCS) could extend some level of 

coal generation while meeting emissions targets and thus avoid large employment losses (Fig. 

S20). We observe an increase in employment and labor compensation in most provinces to 

achieve low-carbon targets. Shanxi and Hubei provinces still experience a reduction in 

employment and labor compensation because CCS cannot reduce all carbon emissions to zero 
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and some coal capacity is retired to meet carbon targets, but the relative decrease in 

employment is much more modest compared to the scenario without CCS. As coal and gas 

capacities with CCS continue to operate, provinces, especially in the West region, see fewer 

investments in renewable energy and thus a smaller increase in employment and labor 

compensation compared to the scenario without CCS. We do not estimate health benefits of 

CCS scenarios because of significant uncertainties in emissions of criteria pollutants from 

power plants with CCS but expect that overall health benefits of the low-carbon scenarios will 

be reduced because of greater coal capacity and energy generation with CCS systems. 

 

3. Policy and program interventions needed to ensure an equitable low-carbon 

transition 

Our results show that the low-carbon transition in China’s electricity sector will likely 

yield uneven employment outcomes across low- and high-income provinces. In the absence 

of policy interventions, some low-income provinces, especially those that have historically 

relied on fossil fuel extraction such as Shaanxi, are likely to experience significant 

employment losses but relatively modest health benefits, deepening regional disparities in 

economic development. While new employment opportunities will mostly arise in regions 

with high-quality wind and solar energy resources, materials and manufacturing industries 

that support the low-carbon transition could be encouraged in lower-income regions and 

provinces which have especially relied heavily on coal mining. Toward this goal, in its 14th 

Five-Year Plan, China pledges to reduce the regional disparity by incentivizing the transfer of 

job opportunities from the wealthier East Coast region to the West, Central and Northeast 

regions214. China has already announced a few regional development plans—China Western 
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Development Plan, Northeast Area Revitalization Plan and Rise of Central China Plan—that 

encourage the transfer of manufacturing industries from the East Coast region to the Central, 

West and Northeast regions, and further develop renewable energy resources in the West 

region. Such programs have contributed to narrowing the gap in employment opportunities; 

however, their actual effects deserve further research. Targeted social assistance, financial 

transfers, and revenue sharing for renewable development in low-income regions could 

facilitate a just transition. For example, first, the central government could strengthen the 

social safety net to ease the burden of the transition for affected coal workers. Currently, these 

programs are run at the provincial level. Nationalizing these programs would provide more 

stability for workers in the most vulnerable regions and sectors. Second, carbon tax and 

dividend payments could be used to collect necessary revenue to pay for assistance programs 

during the transition. Third, local and provincial governments in fossil fuel-dependent regions 

could create opportunities to address environmental damages from coal mining and ecosystem 

restorations, which in turn could provide stimulus to local economic revitalization. More 

studies, especially at the sub-provincial level and across multiple dimensions in addition to 

GDP disparities, will be needed to better understand and plan for the impacts of the low-

carbon energy transition in China.  

 

E. Appendix 

1. Data and code availability 

GridPath model code is available at https://github.com/blue-marble/gridpath. The 

code for the paper is available at https://github.com/cetlab-ucsb/China-low-carbon. The data 

are available at https://zenodo.org/records/10873443. 

https://github.com/blue-marble/gridpath
https://github.com/cetlab-ucsb/China-low-carbon
https://zenodo.org/records/10873443
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2. Supplementary notes and tables 

Note S1. Carbon budget and electricity demand under the Reference, 2ºC and 1.5ºC 

scenarios.  

The parameters are derived from the corresponding scenarios in the CDLINKS database.  

Table S1. Scenarios used in this study and the corresponding scenarios in CDLINKS. 

Scenario Scenario in 

CDLINKS 

Description 

Reference NPi National Policies implemented scenario includes 

currently implemented climate, energy and land 

policies and extrapolates the implied effort 

beyond the direction of the policies 

2°C NPi2020_1000 NPi scenario until 2020 with a transition to a 

globally cost-effective implementation of a 

carbon budget for the period 2011-2100 of 1000 

GtCO2 afterwards, corresponding to staying 

below 2°C at >66% through the 21st century 

1.5°C NPi2020_400 NPi scenario until 2020 with a transition to a 

globally cost-effective implementation of a 

carbon budget for the period 2011-2100 of 400 

GtCO2 afterwards, corresponding to a chance 

of >66% for staying below 1.5°C in 2100 
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Table S2. Budget of CO2 (Mt/year) under different scenarios. 

Scenario Model 2030 2040 

2°C 

AIM/CGE 2.1 568 28 

COPPE-COFFEE 1.0 2142 645 

DNE21+ V.14 2246 949 

GEM-E3 V1 3342 922 

IMAGE 3.0.1 3406 2068 

MESSAGEix-GLOBIOM 1.0 1449 619 

REMIND-MAgPIE 1.7-3.0 2173 531 

WITCH-GLOBIOM 4.4 393 -290 

Median 2157 632 

1.5°C 

AIM/CGE 2.1 440 3 

COPPE-COFFEE 1.0 682 0 

DNE21+ V.14 657 68 

GEM-E3 V1 1448 158 

IMAGE 3.0.1 2347 179 

MESSAGEix-GLOBIOM 1.0 784 37 

REMIND-MAgPIE 1.7-3.0 2051 242 
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WITCH-GLOBIOM 4.4 -59 -314 

Median 733 52 

 

 

 

Table S3. Raw data for electricity demand (EJ/year) from CD-LINKs. 

Scenario Model 2020 2030 2040 

REF 

AIM/CGE 2.1 21 26 29 

COPPE-COFFEE 1.0 18 27 30 

DNE21+ V.14 23 33 40 

GEM-E3 V1 23 30 33 

IMAGE 3.0.1 27 36 43 

MESSAGEix-GLOBIOM 1.0 24 29 31 

REMIND-MAgPIE 1.7-3.0 26 39 51 

WITCH-GLOBIOM 4.4 28 43 55 

Median 24 31 36 
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Note S2. Electricity demand  

We use the median electricity demand in each period across 8 IAMs under the NPi scenario 

to derive the electricity demand. In 2020, the electricity demand is 7.6 PWh168. 

 

Table S4. Electricity (PWh) demand across 2020-2040 in this study.  

 Fixed demand Demand growth 

 Reference 2ºC 1.5ºC Reference 2ºC 1.5ºC 

2020 7.6 7.6 7.6 7.6 7.6 7.6 

2030 10.1 10.1 10.1 10.1 9.3 9.7 

2040 11.7 11.7 11.7 11.7 10.7 11.8 

 

 

 

 

Note S3.  Cost projection 

China-specific cost for energy technologies in 2020 is derived from published literature192 

and International Renewable Energy Agency107. An exchange rate of 6.5 is used to convert 

RMB to 2020 US dollars. The NREL 2021 Annual Technology Baseline (ATB) is used to 

derive the normalized cost projection curve for the cost of energy technologies. We assume 

that China’s energy cost follows the same projection as the ATB database193. 
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Table S5. Capital cost, and operation and Maintenance (O&M cost) for electricity 

generation technologies in the year 2020107,192,193. The cost data for solar are quoted as dollar 

per-watt of direct current. 

Technology sub-technology Capital cost $/kW O&M cost $/kWh/yr 

Solar 

Solar-utility 651 (DC) 10 

Solar-commercial 691 (DC) 10 

Solar-residential 746 (DC) 14 

Wind 

Onshore wind 1264 22 

Offshore wind 2968 67 

Hydropower Hydropower 2240 40 

Coal 

Coal 622 10 

Coal-IGCC 1120 19 

Natural gas 

Natural gas-OCGT 324 12 

Natural gas-CCGT 367 15 

Nuclear Nuclear 2462 86 
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Table S6. Capital cost, and operation and maintenance (O&M cost) for energy storage 

technologies in the year 2020192. 

 Capacity cost $/kW Energy cost  $/kWh O&M cost $/kW/yr 

Battery 492 246 25 

Pumped hydro 918 NA 23 

 

Table S7. Normalized cost projections derived from ATB database193. The cost projection is 

assumed to be 1 in the year 2020. 

Cost projection Low Moderate High 

Period 2020 2030 2040 2020 2030 2040 2020 2030 2040 

Battery_capacity 1.00 0.41 0.33 1.00 0.53 0.45 1.00 0.70 0.70 

Battery_energy 1.00 0.42 0.34 1.00 0.77 0.74 1.00 0.81 0.81 

Central_PV 1.00 0.46 0.41 1.00 0.56 0.51 1.00 0.86 0.71 

Commercial_PV 1.00 0.40 0.35 1.00 0.52 0.46 1.00 0.83 0.68 

Residential_PV 1.00 0.29 0.24 1.00 0.37 0.33 1.00 0.83 0.60 

Gas_CT 1.00 0.91 0.86 1.00 0.91 0.86 1.00 0.91 0.86 

Gas_CCGT 1.00 0.95 0.91 1.00 0.95 0.91 1.00 0.95 0.91 

Wind 1.00 0.51 0.45 1.00 0.68 0.61 1.00 0.72 0.68 
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Offshore_Wind 1.00 0.62 0.51 1.00 0.67 0.58 1.00 0.79 0.73 

Coal 1.00 0.89 0.80 1.00 0.93 0.85 1.00 0.96 0.89 

Coal_IGCC 1.00 0.92 0.88 1.00 0.92 0.88 1.00 0.92 0.88 

Nuclear 1.00 0.93 0.87 1.00 0.93 0.87 1.00 0.93 0.87 

 

Table S8. Cost scenarios in this study and the corresponding cost projections in 2021 

ATB193. 

Sensitivity test Scenario in 2021 ATB  

High cost Conservative  

Moderate cost Moderate 

Low cost Advanced 

 

Note S4. Calculation of labor compensation  

The weekly average wages for US power plants are collected from the Quarterly 

Census of Employment and Wages of US Bureau of Labor Statistics (BLS, 

https://www.bls.gov/cew/). There is no specific industry for the storage system, and we use 

the power distribution industry as a proxy. 

The wage for long-term jobs is derived from the average wage in the US and China. 

China’s National Bureau of Statistics only records the average wage of the electricity sector 

in China. We assume that the average wage in China corresponds to the fossil fuel power 

https://www.bls.gov/cew/
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generation industry in the US. The average wage for the electricity sectors in China is 

assumed to follow the same sector-specific wage ratios in the US. 

 

Table S9. The weekly average wage for US and China power plants. 

 Power plant Weekly average ($/week) Industry in BLS 

 

 

 

 

 

US 

Coal 2321 Power generation, fossil fuel 

Gas 2321 Power generation, fossil fuel 

Hydro 2202 Power generation, 

hydroelectric 

Nuclear 2920 Power generation, nuclear 

electric 

Solar 1921 Power generation, solar 

electric 

Storage 2073 Electric power distribution 

systems 

Wind 2012 Power generation, wind 

electric 

China Coal and gas 333  
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Table S10. The wage for long-term jobs in the operation and maintenance of power plants 

in 2020 ($/job-year). 

 Coal Gas Hydro Nuclear Solar Storage Wind 

Beijing 28732 28732 27259 36147 23781 25662 24907 

Tianjin 25660 25660 24345 32282 21238 22918 22244 

Hebei 16909 16909 16042 21273 13995 15102 14658 

Shanxi 14158 14158 13432 17812 11718 12645 12273 

Inner 

Mongolia 

17520 17520 16621 22041 14500 15648 15187 

Liaoning 13213 13213 12536 16623 10936 11801 11454 

Jilin 14305 14305 13572 17997 11840 12777 12401 

Heilongjiang 13384 13384 12698 16838 11078 11954 11602 

Shanghai 35849 35849 34011 45100 29670 32018 31076 

Jiangsu 23510 23510 22304 29577 19458 20998 20380 

Zhejiang 23997 23997 22766 30190 19861 21433 20802 

Anhui 18924 18924 17954 23808 15663 16902 16405 

Fujian 18971 18971 17998 23867 15701 16944 16445 
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Jiangxi 13988 13988 13271 17598 11577 12494 12126 

Shandong 17652 17652 16747 22208 14610 15766 15302 

Henan 14578 14578 13830 18340 12065 13020 12637 

Hubei 18919 18919 17949 23802 15659 16898 16401 

Hunan 15751 15751 14943 19816 13036 14068 13654 

Guangdong 23154 23154 21967 29130 19164 20680 20071 

Guangxi 16318 16318 15482 20530 13506 14575 14146 

Hainan 16797 16797 15935 21131 13902 15002 14560 

Chongqing 15146 15146 14369 19055 12536 13528 13130 

Sichuan 17700 17700 16792 22267 14649 15808 15343 

Guizhou 18251 18251 17315 22961 15106 16301 15821 

Yunnan 17234 17234 16350 21682 14264 15392 14939 

Tibet 16325 16325 15488 20538 13512 14581 14152 

Shaanxi 17494 17494 16597 22009 14479 15625 15165 

Gansu 13911 13911 13198 17501 11513 12424 12059 

Qinghai 17557 17557 16657 22088 14531 15681 15220 

Ningxia 19082 19082 18104 24006 15793 17043 16541 
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Xinjiang 17030 17030 16157 21426 14095 15211 14763 

 

 

 

 

 

 

 

 

 

 

Note S5. Calculation of jobs 

The indirect employment is the jobs directly hired by the electricity sector, the 

manufacture sector, construction sector and the mining sector. Other studies use the 

employment factor (job/MW or job/MWh) to estimate the direct employment. 

In this study, we used the MRIO method to estimate the indirect employment, and 

used the employment factor to estimate the direct employment from the maintenance of 

power plants. The indirect employment in MRIO is the jobs created along the supply chain 

of these inputs, including the job in the service sectors, financial sectors, etc. 
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Table S11. Jobs per unit capacity. Jobs by investment and operation are using the national 

average in 2040 under the Reference scenario. 

 Coal Gas Solar Wind Battery Transmission 

Jobs in 

O&M (per 

MW) 

1.32 0.77 Central: 0.50 

Commercial: 0.75 

Residential: 1.0 

Onshore: 0.38 

Offshore: 0.17 

0.75  

Jobs by 

investment 

(per 

million $) 

6.1 5.6 5.1 5.1 5.6 6.2 

Jobs by 

operation 

(per GWh) 

0.90 1.5     
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Table S12. Comparison of employment (million jobs) related to the electricity sector in 

2020. 

Studies Direct employment Indirect employment 

This study 3.4 4.5 

Pai et al.171 5.9 NA 

Ram et al.200 5.0 NA 

Zhang et al.170 4.6 NA 

 

Table S13. Comparison of employment (million jobs) related to the electricity sector in 

2020. Zhou et al.172 used the labor data in China Population and Employment Statistics 

Yearbook, which only accounts for 170 million jobs in public sectors. This study accounts 

for the jobs in the agriculture, private and public sectors168, which covers 730 million jobs. 

Studies Employment in power plants Employment in upstream sectors 

This study 2.2 5.7172 

Zhou et al. 1.25 1.77 

 

 

 

Note S6.  Health burden 

We calculate air pollutant emissions and compare the annual PM2.5-related premature deaths 

caused by the power system with other studies. 
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Table S14. Annual emissions of PM2.5, SO2 and NOx (tonne). 

  2020 2030 2040 

 REF 41,201 20,409 16,380 

PM2.5 2ºC 39,200 7,819 3,003 

 1.5ºC 39,314 3,890 568 

 REF 858,096 515,043 395,547 

SO2 2ºC 839,207 210,908 42,660 

 1.5ºC 838,684 78,900 1,340 

 REF 1,083,638 828,799 664,262 

NOx 2ºC 1,072,713 319,229 122,650 

 1.5ºC 1,074,115 157,695 23,261 

 

 

 

 

 

 

 

 

 



 

171 

 

Table S15. Comparison of the PM2.5-related premature deaths caused by the power system 

with other studies. 

Studies Year Premature death 

(thousand) 

Hu et al215 2013 134 

Gao et al216 2013 268 

Wu et al165 2015 94 

Tong et al166 2018 170 

This study 2020 94  
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3. Supplementary Figures 

 

 

 

Figure S1. Transmission capacities in the year 2040 under the Reference scenario. 

 

Figure S2. Cumulative new transmission capacities under the 2ºC scenario compared to the 

Reference scenario. 
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Figure S3. Cumulative new transmission capacities under the 1.5ºC scenario compared to 

the Reference scenario. 
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Figure S4. Capacity mix (GW) for technologies at the provincial level in the investment 

period of 2020, 2030 and 2040.  
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Figure S5. Generation mix (TWh) for technologies at the provincial level in 2020, 2030 and 

2040. For each province, the three bars show the 2020, 2030, and 2040 generation mix from 

the bottom to the top. 
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Figure S6. Capacity and generation mix under different cost scenarios. (A), (B) Main 

scenario in the main text, where there is a cap (1100 GW) on coal capacities and uses 

medium cost projection. (C), (D) Low cost. (E), (F) High cost. (G), (H) No cap on coal 
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capacity. (I), (J) Demand growth. (K), (L) Main scenario but with CCS. In the demand 

growth scenario, the electricity demand is consistent with the values in the Reference, 2ºC, 

and 1.5ºC scenarios in Table S4. 

 

 

Figure S7. Fossil fuel capacities (GW) under different cost and demand scenarios in 2040. 

The explanation for the ‘New coal’ and ‘Demand growth’ scenarios can be found in the 

figure caption of Fig S6. 
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Figure S8.  Renewable capacities (GW) under different cost and demand scenarios in 2040. 
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Figure S9. Electricity sector-related employment (million job-years) under different demand 

and cost scenarios. 
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Figure S10. Electricity sector-related labor compensation ($ billion) under different demand 

and cost scenarios. 
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Figure S11. (A) Cumulative jobs (job-years) created by the electricity sector under the 

Reference scenario. Compared to the Reference scenario, (B) relative change in cumulative 

jobs under the 2 ºC scenario, and (C) 1.5 ºC scenario. (D) Cumulative jobs created by the 

electricity sector in the four economic regions under different scenarios.  
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Figure S12. The electricity sector-related jobs per thousand capita per year within the four 

economic regions under the Reference and low-carbon scenarios. 

 

Figure S13. The electricity sector-related labor compensation per capita per year within the 

four economic regions under the Reference and low-carbon scenarios. 
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Figure S14. Annual net import of electricity (TWh) by province in 2040. 
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Figure S15. Electricity sector-related premature deaths (thousands) by province during each 

period over 2020 -2040. 
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Figure S16. The electricity sector-related premature deaths per thousand capita per year 

within the four economic regions under Reference and low-carbon scenarios. 
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Figure S17. Cumulative electricity sector-related labor compensation ($ billion) and 

cumulative premature deaths related to the electricity sector across 2020-2040 under the 

Reference, 2ºC and 1.5ºC scenarios and gross domestic product (GDP) per capita in 2020 by 

province and economic region. The vertical line shows the national average GDP per capita 

in 2020. 

 

 

Figure S18. Employment under (A) Reference scenario. Relative to the Reference scenario, 

change of employment under (B) 2ºC and (C) 1.5 ºC scenarios. Avoided premature deaths 

under (D) Reference scenario. Relative to the Reference scenario, change in avoided 

premature deaths under (E) 2ºC and (F) 1.5 ºC scenarios. The time period is 5 years. 
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Figure S19. Relative to the Reference scenario, change of electricity sector-related 

employment under the (A) 2ºC scenario and (B) 1.5ºC scenario, and change of labor 

compensation under the (C) 2ºC scenario and (D) 1.5ºC scenario. 
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Figure S20. The spillover effects of the investment for jobs. Each column shows the 

distribution of the jobs created by the investment in a region under the Reference scenario. 

 

 

 

Figure S21. With carbon capture and storage technology. Compared to the Reference 

scenario, (A) relative change in cumulative jobs under the 2 ºC scenario, and (B) 1.5 ºC 

scenario. Compared to the Reference scenario, (C) relative change in cumulative labor 

compensation under the 2 ºC scenario, and (D) 1.5 ºC scenario. 
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Figure S22. (A) Capacity mix and (B) generation mix of technologies from 2020 to 2040 

under the Reference scenario (REF), 2ºC and 1.5ºC scenarios with a 5-year time period. 
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Ⅵ. Role of hydrogen in China’s zero-carbon electricity system 

 

Abstract 

Hydrogen emerges as a solution to reduce the cost of a zero-carbon electricity system, offering 

long-term storage of electricity. However, disparity exists on the potential role of hydrogen in 

decarbonizing the electricity system and energy as a whole. Here, we used an electricity 

planning model, GridPath, to quantify the cost implications of hydrogen penetrations in 

China’s zero-carbon electricity system, and how hydrogen interplays with firm low-carbon 

technologies and hard-to-abate sectors. Hydrogen enables a reduction in the levelized cost by 

17% in a zero-carbon electricity system relative to that without hydrogen. Cost reductions 

hinge on underground hydrogen storage capacities and transmission expansion. Expanding 

nuclear capacities synergize with hydrogen in reducing the cost of a zero-carbon electricity 

system. Conversely, carbon capture and removal technologies crowd out hydrogen. Apart 

from the role of long-term storage, hydrogen from the zero-carbon electricity system is cost-

competitive compared to the hydrogen produced by fossil fuels given an increasing energy 

price.  

A. Introduction 

China’s electricity sector contributed roughly 10% of global greenhouse gas emissions 

in 2020164. As the Chinese government pledges to reach carbon neutrality by 2060212, it is 

crucial to achieve a zero-carbon electricity system in a cost-effective manner.  

Despite the rapid decline in the cost of solar and wind energy217, achieving a zero-

carbon electricity system with only solar and wind increases the costs by two- or threefold 

relative to the cost-optimal system218. This spike in cost is caused by the diurnal and seasonal 
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variation of solar and wind219,220,117. Hydrogen, which stores electricity for tens of days, has 

emerged as a promising long-term energy storage technology that can potentially reduce the 

cost of a zero-carbon electricity system with high penetrations of renewables221,222. Given 

abundant underground storage sites, previous research has shown that hydrogen could reduce 

the cost of zero-carbon electricity systems in the United States223 and Europe163,224 by 

approximately 15% compared to that without hydrogen. 

In addition to serving as long-term storage in the electricity system, hydrogen is also 

a promising alternative fuel or material in hard-to-abate sectors including iron and steel, 

ammonia, methanol, transportation, and heating22. Currently, hydrogen is mainly produced by 

fossil fuels (grey hydrogen). A zero-carbon electricity system provides carbon-free hydrogen 

(green hydrogen) to meet the demand in these hard-to-abate sectors, and help achieve a zero-

carbon energy system. 

However, while hydrogen is critical in achieving China’s zero-carbon electricity and 

energy system, previous research has rarely systematically examined its role in cost reduction. 

While many studies revealed the importance of hydrogen in the decarbonization of China’s 

electricity system and hard-to-abate sectors225–228,  several key questions remain unanswered. 

First, how much cost can be reduced by hydrogen, and what are the limiting geographical and 

technological factors for hydrogen development? Second, how does hydrogen interplay with 

other low-carbon firm capacities like nuclear and CCS coupled with DAC. To achieve a zero-

emission electricity system without hydrogen, previous research found that nuclear power 

capacity roughly quadruples and hydropower capacity doubles, relative to 2020 levels192,229. 

Coal, natural gas, or bioenergy power plants aggregately provide 10-20% of electricity 

demand, with their carbon emissions captured by CCS192,229–231. Lastly, how do costs of 
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hydrogen from the zero-carbon electricity system compare with hydrogen produced by fossil 

fuels?  

Here, we examine the role of hydrogen in China’s zero-carbon electricity systems, the 

interaction between hydrogen and other low-carbon firm capacities, and its cost implications 

for hard-to-abate sectors. This study builds upon the GridPath modeling platform by adding 

the capability to model hydrogen electrolyzers, fuel cells, and combustion turbines, carbon 

capture capacity with both existing and new coal and gas power plants, direct air capture 

capacity, and storage and pipeline capacities for both hydrogen and carbon dioxide. See the 

Methods section and Supplementary Information (SI) for more details.  

We selected 3 representative days per month with an hourly resolution to capture 

diurnal, multi-day, and seasonal variability but limiting the burden on computational resources 

required for co-optimizing both investment and operational costs. Following the cost-optimal 

principle, in the baseline scenario, we simulated the investment and operation of a zero-carbon 

emission electricity system in 2050 (ZE scenario, Table 1). In an alternative scenario, 

hydrogen technologies are not available (ZE w/o H2 scenario). To compare with other low-

carbon capacities, we examined scenarios where nuclear capacities were expanded (ZE + 

Nuclear) and CCS and direct air capture (DAC) were installed (ZE + CCS + DAC). To 

examine the role of hydrogen in the whole energy system, we build a scenario where the zero-

carbon electricity system meets external hydrogen demand in hard-to-abate sectors (ZE + 

Hydrogen demand), and a scenario where the external hydrogen demand is met by the zero-

carbon electricity system, SMR and gasification coupled with CCS and DAC (ZE + Hydrogen 

demand + Blue).  
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In the ZE scenario, we limited hydropower capacity (including pumped hydro) to 430 

GW based on existing and planned capacities188, and nuclear capacities to 120 GW according 

to the projection from China’s official goal232. Following China’s policy on coal power 

plants180, the maximum coal capacity is limited to 1100 GW. Our analysis includes the 

following technologies (Table 2): direct carbon capture (DAC), power-to-gas (P2G) and gas-

to-power (G2P) technologies, steam methane reforming (SMR), coal gasification, 

underground storage for hydrogen (i.e., salt caverns) and carbon dioxide (i.e., depleted gas 

and oil reservoirs, and saline aquifers), and the transportation pipelines for hydrogen and 

carbon dioxide. The underground storage capacities for hydrogen233 and carbon234 are limited 

to only those provinces with suitable sites. Due to a lack of data on China’s potential for 

underground storage, we assume unlimited underground hydrogen and carbon storage 

capacity (Table S1). 

 

 

 

Table 1. Main scenario description in our study 

Scenario Emission Low-carbon technologies Hydrogen 

demand 

ZE  

 

 

Zero  

H2, nuclear No 

 

ZE w/o H2 Nuclear  

ZE + Nuclear 500 GW nuclear  

ZE + CCS +DAC H2, nuclear, coal, natural 

gas 
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ZE + Hydrogen demand H2, nuclear Hard-to-abate 

sectors 

ZE + Hydrogen demand 

+ Blue  

H2, nuclear, SMR, 

gasification 

Hard-to-abate 

sectors 

 

 

Table 2. Technologies assessed in this study to decarbonize China’s future electricity system 

Classification Technology 

Conventional energy Coal, gas, nuclear, and hydropower 

Renewable energy Solar PV, onshore wind, offshore wind 

Conventional storage Battery storage, pumped hydro storage 

Power-to-gas (G2P) Electrolyzer 

Gas-to-power (P2G) Hydrogen combustion turbine, fuel cell 

Hydrogen storage Underground storage (i.e. salt cavern), 

tank storage 

Energy and CO2 transport Electricity grid, hydrogen pipeline, and 

CO2 pipeline 

Carbon removal technologies Carbon capture and storage (CCS), direct 

air capture (DAC), and underground CO2 

storage 

Fossil-based hydrogen production 

(gray hydrogen)  

Steam methane reforming (SMR), and 

gasification 

 

B. Method and Materials 

1. Electricity model 

We used the GridPath model, an open-source power system model, to optimize the 

total investment and operation costs of electricity infrastructure in China in 2050.235,236 In our 

GridPath-China model, the 31 provinces in China are classified into 32 load zones, where 
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Inner Mongolia is split into an Eastern Inner Mongolia load zone and a Western Inner 

Mongolia load zone. Each month in the model has three representative days with hourly 

resolution. The representative days are selected based on maximum, median and minimum 

electricity demand in each month. The representative days with minimum electricity demand 

represent weekend days, while the maximum and median days represent weekdays. To ensure 

reliability during peak load hours, we assumed a planning reserve margin of 15% of the peak 

load. Total coal capacity is constrained to less than 1100 GW in all scenarios based on the 

National Development and Reform Commission’s policy to avoid over-capacity of coal 

generation.180 The minimum generation level assumed is 100% of rated capacity for nuclear 

power plants, 40% for coal power plants and gas turbines, and 45% for combined cycle gas 

turbines. The hourly ramp rate of the rated capacity is 30% for coal power plants and 60% for 

gas power plants.187 The energy loss of transmission lines and hydrogen pipelines is shown in 

Table S6 

Existing generation capacities for all technologies, projected generation capacities for 

hydropower and nuclear, monthly average capacity factors of hydropower, and provincial-

level fuel costs were compiled from He et al (2016)185. We collected the existing and planned 

hydropower and pumped hydro capacities larger than 1 GW from Global Energy Monitor.188 

We collected data for existing transmission lines from State Grid189 and Southern Grid190. 

Hourly demand and projected generation capacity factors for solar and onshore, and offshore 

wind were collected from Abhyankar et al.169 The distribution of salt caverns and carbon 

storage sites were collected from Zhu et al233 and Fan et al234. 

 In this study, we improved the GridPath model by adding a hydrogen module, 

including P2G, G2P and hydrogen storage technologies. We also added hydrogen pipelines 
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into the model, which allows the transportation of hydrogen across load zones. Another 

improvement is that we added a CCS/DAC module, which optimizes the investment and 

operation of carbon capture. Our CCS/DAC considers the storage of carbon emissions, and 

the transport of carbon emissions through pipelines.  

 

2. Cost assumptions  

China-specific renewable energy capital costs were collected from the International 

Renewable Energy Agency107, and China-specific capita costs of battery and pumped hydro 

storage technologies, and fossil-fuel technologies were collected from Zhuo et al (Table 

S3)192. The O&M costs for renewables, storage and fossil fuels were collected from Zhuo et 

al192. We then applied normalized cost projection curves from 2020 to 2050, derived from the 

moderate cost projection from the NREL 2023 Annual Technology Baseline (ATB) 

database237 to the China-specific technology costs.   

The costs for the electrolyzers, salt cavern, hydrogen storage tank, CCS underground 

storage (depleted oil and gas reservoirs and saline aquifers), hydrogen and CCS pipeline, and 

DAC were from the Danish Energy Agency (Table S4-S6)238. The costs for CCS were 

collected from the Global CCS Institute (Table S5)239. The projected cost for transmission 

lines was collected from Grid Project Construction Cost Analysis in the 12th Five-year Period 

(Table S6)194. The fuel costs of coal, natural gas, and uranium were curated by Gang et al.185,187 

and Luo et al184 (Table S7).  

3. Scenario 

The base scenario, "ZE", in this analysis is China's 2050 electricity system with zero 

carbon emissions. In this scenario, no fossil fuel generation is allowed. The hydropower and 
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pumped hydro capacities include existing and planned capacities. The ‘ZE w/o H2’ scenario 

refers to an electricity system with zero carbon emissions, but without any hydrogen 

generation or infrastructures. 

We include various scenarios to assess the uncertainty associated with input costs and 

technologies. These include zero-emission scenarios with low (ZE + Low cost) and high-cost 

(‘ZE + High cost’) hydrogen technologies. The ‘ZE + High cost + Low efficiency’ assesses a 

zero-emission scenario with high-cost and low-efficiency hydrogen technologies.  

We then assess the impact of constraints on the various types of electricity and 

hydrogen infrastructure on costs and emissions compared to the base zero-emission (ZE) 

scenario. These zero-emission scenarios include those without new electricity transmission 

lines (‘ZE w/o new electricity grid’), without new H2 pipelines (‘ZE w/o H2 pipeline’), 

without both new electricity transmission lines and H2 pipelines (‘ZE w/o new electricity grid 

and H2 pipeline’), without underground storage for hydrogen (‘ZE w/o underground storage’), 

and without new hydrogen combustion turbines (‘ZE w/o H2 turbine’). 

The reference (‘REF’) scenario has no constraint on CO2 emissions from China’s 

power system. In ‘90R’ and ‘80R’ scenarios, CO2 emissions from the electricity system are 

reduced by 90% and 80% respectively relative to 2020.  

To understand the effect of other low-carbon technologies on hydrogen infrastructure 

investments and system costs, we include scenarios with both CCS combined with DAC and 

nuclear. We simulate a zero-emission scenario with CCS and DAC technologies (‘ZE + CCS 

+ DAC’) By assuming that the cost of CCS and DAC stay the same as 2020 and a CCS capture 

rate of 85%. To assess the effects of technology and cost improvements, we also include a 



 

198 

 

low-cost, high-efficiency CCS and DAC scenario  (‘ZE + CCS + DAC’), where the costs of 

CCS and DAC decline by 50% and the CCS capture rate improves to 95%. 

In the zero-emission scenario with expanded nuclear power plant deployment (‘ZE + 

Nuclear’),  we allow nuclear capacity to expand from 120 GW in the base scenario to 500 

GW. We assume a minimum generation level for nuclear power plants of 50% instead of 

100% under the base ZE scenario. To assess the effect of higher costs of nuclear energy (‘ZE 

+ Nuclear (high cost)’ scenario), we assume the relatively conservative nuclear cost projection 

from NREL while keeping the same input assumptions as the ‘ZE + Nuclear’ scenario. We 

also include a zero-emission scenario with no constraints on nuclear capacity expansion (‘ZE 

+ Unlimited nuclear’ scenario). Lastly, we simulate a zero-emission scenario with both CCS 

combined with DAC and high nuclear scenario (‘ZE + CCS + DAC + Nuclear’) where the 

new nuclear buildout follows the assumptions under the ‘ZE + Nuclear’ scenario, and CCS 

and DAC infrastructure follows the assumption under the ‘ZE + CCS +DAC‘ scenario. 

 Finally, we include a zero-emission scenario where China’s 2050  electricity system 

serves additional hydrogen demand from hard-to-abate sectors including industry (e.g., direct 

reduced iron, methanol, ammonia, and industry heat), transportation (heavy duty vehicle), and 

building (‘ZE + Hydrogen demand’). To compare with fossil-based hydrogen, we built a zero-

emission scenario where the additional hydrogen demand from hard-to-abate sectors can also 

be sourced from  SMR and gasification coupled with CCS + DAC (‘ZE + Hydrogen demand 

+ Blue’). In this ‘ZE + Hydrogen demand + Blue’ scenario, to be more conservative, we 

assume the CCS capture rate is 95%, and the cost of CCS and DAC decline by 50%. 
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3. Electricity and hydrogen demand 

 The 2050 electricity demand was collected from Abhyankar et al.169 In our main 

scenarios (‘ZE’), when hydrogen is only used as long-term storage in the electricity system, 

external hydrogen demand from hard-to-abate sectors is zero. 

 In the ‘ZE + Hydrogen demand’ scenario, the national hydrogen demand (excluding 

the hydrogen demand in the electricity system) in a net-zero energy system is equal to the 

demand estimated by the China Hydrogen Association (124 million tonne), which is reported 

by the International Energy Agency.240 The lower heating value of hydrogen (120 MJ/kg) is 

used to convert hydrogen between mass and energy values. The hourly curve of hydrogen 

demand follows the normalized hourly curve of electricity demand. A sensitivity test with a 

flat demand curve for hydrogen demand is shown in Fig S8. 

For the zero-carbon electricity system, the levelized cost of hydrogen (LCOH) for the 

hydrogen demand in hard-to-abate sectors (HD) is calculated as:   

𝐿𝐶𝑂𝐻 =
𝑇𝑜𝑡𝑜𝑙 𝑐𝑜𝑠𝑡𝑍𝐸 + 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑑𝑒𝑚𝑎𝑛𝑑 − 𝑇𝑜𝑡𝑜𝑙 𝑐𝑜𝑠𝑡𝑍𝐸

𝐻𝐷
 

where 𝑇𝑜𝑡𝑜𝑙 𝑐𝑜𝑠𝑡𝑍𝐸 + 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑑𝑒𝑚𝑎𝑛𝑑 is the total cost to meet both electricity and hydrogen 

demand under the ZE + Hydrogen demand scenario, and 𝑇𝑜𝑡𝑜𝑙 𝑐𝑜𝑠𝑡𝑍𝐸 is the total cost to meet 

only electricity demand under the ZE scenario. 

C. Results 

1. Effects of hydrogen on deployment and costs 

Hydrogen decreases the levelized cost of a zero-emission electricity system (ZE) by 

17% (ranging from 11-20% due to uncertainties in electrolyzers, fuel cells, and storage costs 
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and efficiencies, Fig S1) relative to the system without hydrogen (ZE w/o H2 scenario) (Fig 

1f).  

A zero-emission electricity system with hydrogen (ZE scenario) decreases the need 

for wind and solar capacity (4% and 30 %) and yet their generation increases by 6-35% 

relative to a system without hydrogen (ZE w/o H2 scenario) because long-duration hydrogen 

storage reduces energy curtailment (Fig 1e). The availability of hydrogen storage also reduces 

the need for battery storage capacity. Under the ZE scenario, the battery capacity halves 

relative to the ZE w/o H2 scenario (Fig 1c). Hydrogen displaces battery capacity not only 

because it balances energy supply and demand across seasons but also between weekdays and 

weekends. It shifts energy generation from weekends with low electricity demand to 

weekdays with high electricity demand, providing additional flexibility during weekdays and 

thus displacing short-duration battery storage (Fig S2). Lastly, hydrogen also avoids 

substantial electricity grid capacity (40%) in the zero-emission system even though some 

hydrogen pipeline capacity needs to be built because of heterogeneity in underground storage 

availability across provinces (Fig 1b).  

Without a carbon emissions target, the reference scenario (REF) results in an 

emissions reduction of 15% in 2050 compared to 2020. Only 48% of energy comes from 

variable wind and solar resources (Fig 1e) and no hydrogen storage is cost-optimally built 

(Fig 1d). As the carbon emissions cap is tightened (80R, 90R, and ZE), wind and solar capacity 

are increasingly installed (Fig 1a) and contribute 80%, 84%, and 88%, respectively, to total 

energy generation. Commensurately, the deployment of hydrogen storage capacity for long-

duration storage services increases exponentially with the 80R, 90R, and ZE scenarios 

deploying 76 TWh, 152 TWh, and 620 TWh of hydrogen storage capacity, respectively, by 



 

201 

 

2050 (Fig 1d). That storage capacity in the ZE scenario is equivalent to 18 days of daily 

average electricity demand. Similarly, hydrogen electrolyzer capacity increases from 600 GW 

to 950 GW as the carbon cap increases from 80% to 100% (Fig 1e). In all three low-carbon 

scenarios (i.e., 80R,90R and ZE), hydrogen decreases system costs. While cost decreases with 

hydrogen in the 80R and 90R scenarios relative to those without hydrogen are relatively 

modest (3% and 4%, respectively),  

Though hydrogen enables a lower levelized cost under the ZE scenario, reaching a 

zero-carbon system remains expensive. Compared to the least cost REF scenario, the levelized 

cost of electricity increases by 72% under the ZE w/o H2 scenario. With hydrogen, the 

increase in levelized cost relative to the REF scenario is lower but still substantial at 44% (38-

53% accounting for uncertainties in hydrogen infrastructure costs). 

Due to the complexity of time, we used 36 representative days in our capacity 

expansion model, which may miss some extreme days with wind or solar drought. To prevent 

demand loss, we assumed a 15% planning reserves margin. To examine the reliability of the 

zero-carbon electricity system, we ran an operation model with fixed capacities in 8760 hours 

(Table S2). We found that in a zero-carbon electricity system with hydrogen, the demand can 

be met at every hour.  
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Figure 1. a. Generation capacity, b. transmission capacity, c. power capacity of charging and 

discharging storage, d. energy capacity of storage, e. generation, and f. levelized cost of 

electricity under low-carbon scenarios in 2050. In e, the negative value for the electrolyzer 

represents the electricity input for hydrogen. Different colors refer to different technologies. 

REF refers to the scenario without a carbon emission target. 80R, 90R, and ZE refer to the 

scenarios where carbon emissions are reduced by 80%, 90%, and 100% relative to 2020 levels.  
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2. Transmission and underground storage are key for the deployment of 

hydrogen  

The levelized cost of the zero-carbon electricity system depends on both technological 

and geographical factors. To understand the effect of investments in key hydrogen and 

electricity infrastructure components in China’s zero-emission electricity system, we exclude 

each component from available investment options and examined their impact on system 

costs, hydrogen and battery storage requirements, and hydrogen and electricity trade. We 

found that the expansion of the electricity grid and hydrogen pipelines, and the availability of 

abundant underground hydrogen storage are key to lowering the levelized cost of electricity 

(Fig 2).  

Not expanding the existing energy transport network increases the levelized cost by 

34% compared to the ZE scenario that allows unlimited expansion of both transmission lines 

and hydrogen pipelines (Fig 2a).  The cost increase is mainly driven by the expansion of 

offshore wind capacities in East Coast China to compensate for the scarce onshore renewable 

energy resources in those provinces (Fig S3, S4). Additionally, the tank storage of hydrogen 

in provinces without underground storage sites increases the cost. In provinces with limited 

high-quality renewable resources, P2G technologies need to have higher hydrogen-to-power 

efficiencies to meet local demand; therefore, more capacities of high-efficiency but expensive 

fuel cells are installed (Fig S3, S5). The hydrogen storage capacity increases by 200 TWh 

(35%) relative to the ZE scenario because the existing limited transmission network cannot 

balance the variability of renewable energy (Fig 2b).   

Solely expanding electricity grids without hydrogen pipelines bumps the levelized cost 

by only 0.8%, which is similar to the levelized cost when both electricity and hydrogen 
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networks are expanded (Fig 2a). Under the ZE scenario, hydrogen is produced in inland 

provinces with high-quality wind and solar resources, and sent to East Coast provinces for 

storage via hydrogen pipelines (Fig S6). Without hydrogen pipelines, hydrogen is produced 

and stored in the East Coast provinces by importing electricity from inland provinces. In this 

scenario, the reliance on electricity trade increases. The capacity of the electricity grid 

increases to 4,800 GW compared to the 4,100 GW in the ZE scenario, and the annual trade of 

electricity reaches ~7,800 TWh, increasing from 5,800 TWh under the ZE scenario (Fig 2c). 

 Expanding only hydrogen pipelines increases the levelized cost by 7% (Fig 2a) 

compared to the ZE scenario. Without transmission lines, more expensive but more efficient 

fuel cells are built to make the best use of limited high-quality renewables. The energy storage 

capacity slightly increases to 700 TWh, but the annual trade of hydrogen between provinces 

doubles to 5,300 TWh compared to that in the ZE scenario (Fig 2c).  

Among the hydrogen technologies, inexpensive underground storage (i.e., salt 

caverns) is the most crucial to lowering the levelized cost (Fig 2a). Without underground 

storage, no hydrogen technologies are selected because the energy capacity cost of the 

alternative – tank storage – is greater than the underground storage by 15 times. As for the 

G2P (gas-to-power) technologies, without hydrogen combustion turbines, electricity 

generation from hydrogen is limited to using only fuel cells, which results in an 11% increase 

in the levelized cost relative to the ZE scenario. The use of only fuel cells also shrinks the 

capacity for underground hydrogen storage by a quarter to 430 TWh due to its higher gas-to-

power efficiency (Fig 2b). 
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Figure 2. Sensitivity to new investments in electricity and hydrogen infrastructure, a. change 

in cost per unit electricity demand relative to the zero-emission scenario (ZE), b. energy 
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capacity of battery and hydrogen storage, and c. annual trade of electricity and hydrogen. 

Vertical blue lines in a represent the net percentage change in levelized cost.  

  

3. Interaction of hydrogen with other low-carbon firm capacities 

  Green hydrogen infrastructure (P2G, storage and G2P) can provide low-carbon firm 

capacity to an electricity system but other technologies including flexible nuclear power 

plants, and CCS and DAC coupled with coal and gas power plants could also provide similar 

services. We assessed the impact of these low-carbon firm capacities on hydrogen 

infrastructure and other investments and system costs. Under the ZE + Nuclear scenario, we 

increase the available nuclear capacity from 120 GW to  500 GW, and assume that the nuclear 

fleet is more flexible by allowing it to operate at 50% of its rated capacity instead of 100% 

under the ZE scenario. For coal and gas power plants coupled with CCS and DAC 

technologies (ZE + CCS + DAC scenario), we assume an 85% capture rate for CCS and 

constant costs for CCS and DAC from 2020-2050 (Table S5).  

 Overall, adding nuclear, CCS, and DAC technologies reduces the cost of the zero-

carbon electricity system. A larger flexible nuclear fleet (ZE + Nuclear scenario) decreases 

the levelized cost of electricity by 11% compared to the ZE scenario. Allowing investments 

in CCS and DAC capacities (ZE + CCS + DAC scenario) decreases the levelized cost of 

electricity by 4% relative to the ZE scenario (Fig 3f). If the capture efficiency of CCS 

improves from 85% to 95%  and capital costs of both CCS and DAC technologies decline by 

over 50%, the levelized cost decreases by 13% compared to the ZE scenario (Fig S7). 

Expanding nuclear and installing CCS and DAC at the same time reduces system costs by 
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15% relative to the ZE scenario, and reduces the capacity requirement of underground 

hydrogen storage by 70% to 160 TWh (Fig S7).  

Installing CCS and DAC capacities increases the electricity generation of coal and 

natural gas to 5% of the total electricity demand (Fig 3e), generated from a fleet of 1,100 GW 

compared to none in the ZE scenario (Fig 1a). The cost increase from fossil fuel power plants, 

CCS and DAC is balanced by lower investment in renewable energy and storage. Relative to 

the ZE scenario, the solar, wind and battery storage capacities drop by 4-11% (Fig 3a), and 

the energy capacity of hydrogen storage shrinks by 70% (Fig 3d).  

Carbon capture and removal technologies clash with hydrogen. Due to high operating 

costs of capturing CO2, fossil power plants are operated not as baseload supply but as marginal 

capacity operated during peak load hours. As a result, the need for energy storage during peak 

hours reduces. Thus, the capacity of electrolyzers decreases by 21% from 950 GW to 740 GW 

(Fig 3c), and the capacity of hydrogen pipelines decreases by 20% from 1,100 GW to 840 

GW (Fig 3b).  

Expanding nuclear power plants reduces the over-capacity of renewable energy. The 

share of nuclear power in total electricity generation increases from 7% under the ZE scenario 

to 23% under the ZE + Nuclear scenario. Solar, wind, and battery capacities decrease by 19-

39% relative to the ZE scenario. Due to low operating costs, nuclear power plants offer 

baseload generation, but do not balance the seasonal variation of renewable energy. Bulk 

hydrogen storage capacities are still required to balance the variation in renewable energy 

generation across seasons. Relative to the ZE scenario, the energy capacity of hydrogen 

storage decreases by only 7%. 
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Figure 3. a. Generation capacity, b. transmission capacity, c. power capacity of charging and 

discharging storage, d. energy capacity of storage, e. generation, and f. levelized cost of 

electricity under ZE, ZE + CCS +DAC, and ZE + Nuclear scenarios. Different colors refer to 

different technologies.  

 

4. Cost-competitiveness of green hydrogen for hard-to-abate sectors 

Green hydrogen demand in China's hard-to-abate sectors including heavy industry, 

transportation, and heating is expected to rise to 124 TWh by 2050 in scenarios compatible 
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with 1.5ºC end-of-century warming (see Method). When China's zero-emission electricity 

system meets this additional hydrogen demand (ZE + Hydrogen scenario), hydrogen use for 

long-term storage in the electricity sector decreases (Fig 4a,b). When hydrogen solely serves 

as long-term storage, electricity generation from G2P technologies balances energy supply 

and demand across seasons (Fig 4a). Hydrogen is produced and stored between March and 

August, and discharged in other months, generating 990 TWh of electricity from G2P 

technologies. In contrast, when hydrogen provides both long-term storage and external 

hydrogen demand, electricity generated by G2P technologies decreases to 290 TWh (Fig 4b). 

This is because to meet the additional hydrogen demand from hard-to-abate sectors, more 

wind and solar capacity is deployed. This additional renewable energy capacity contributes 

more towards meeting demand in peak hours, and thus reduces the need for hydrogen storage 

compared to the ZE scenario. At the same time, more electrolyzers are built to meet hydrogen 

demand from the hard-to-abate sectors, but capacity of G2P technologies decreases because 

of the expansion in renewable energy capacities. Despite the increase in renewable energy 

capacities, generation curtailment decreases because hydrogen is produced and stored during 

times of overgeneration of electricity.  

Relative to the ZE scenario, the levelized cost of energy (both electricity and hydrogen 

production for non-electricity sectors) is 5% lower in the ZE + Hydrogen demand scenario 

(Fig 4c). Allowing blue hydrogen production through SMR and coal gasification coupled with 

CCS and DAC (ZE + Hydrogen demand + Blue) yields a similar levelized cost of energy (only 

a reduction of 0.4 $/MWh) as the green hydrogen scenario (ZE + Hydrogen demand).  

For China, the cost of producing green hydrogen in 2050 can be similar to and even 

lower than the cost of coal and gas-based hydrogen. In this study, we assume that the total 
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cost of green hydrogen production is the difference in cost between the ZE and the ZE + 

Hydrogen demand scenarios. This method yields a levelized cost of hydrogen of 58 (56-72) 

$/MWh or 1.93 (1.88-2.40) $/kg. This range of costs of green hydrogen production overlaps 

significantly with the range of costs expected from both coal and gas-based hydrogen (grey 

hydrogen) assuming fossil fuel costs remain at levels seen during 2018-2023 (Figs. 4d and 

4e). If China’s natural gas price rises above ~11 $/MWh or coal prices exceed ~2.5 $/mmBtu 

in 2050, green hydrogen from the zero-emission electricity system is likely to be cheaper than 

natural gas and coal-based hydrogen (Fig 4d and 4e), a plausible future given the rising real 

energy prices of fossil fuels. 

The hourly demand curve of hydrogen is lacking due to data availability. In the main 

text, we assumed that the demand curve of hydrogen follows the pattern of electricity demand. 

In Fig S8, we assessed the robustness of our results assuming that, in each province, hourly 

hydrogen demand follows a uniform distribution. The results show that the pattern of the 

hourly demand curve of hydrogen does not affect the cost of energy. 
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Figure 4. Generation curve of hydrogen by month under a. ZE and b. ZE + Hydrogen demand 

scenarios. c. Levelized cost of electricity under the ZE and ZE + Hydrogen demand and ZE + 

Hydrogen + Blue scenarios. Contour maps showing the levelized cost under different fixed 

costs and fuel costs for the d. natural gas-based grey hydrogen (SMR) and e. coal-based grey 

hydrogen (gasification). The capacity factor of SMR and gasification is assumed to be 100%. 

The solid black lines represent the combination of fixed cost and fuel cost where the levelized 

cost of grey hydrogen equals the levelized cost of green hydrogen. The dashed black lines 

represent the combination where the levelized cost of the grey hydrogen equals the lower 

higher bound of the levelized cost for green hydrogen. The red lines represent the levelized 

cost of grey hydrogen given fuel costs over the past five years53. 
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D. Discussion 

As the world’s largest greenhouse gas emitter, China has pledged a zero-carbon 

electricity system by 2060 to mitigate climate change. However, without technological 

innovations, achieving a zero-carbon electricity system can be expensive. Here, we find that 

including hydrogen as long-term storage can reduce the levelized cost of electricity by 17% 

in a zero-carbon electricity system where fossil fuels are entirely phased out. We also find that 

a zero-carbon electricity system can supply hydrogen demand in hard-to-abate sectors at a 

reasonable cost. If the price of natural gas increases to over 13 $/mmBtu and the price of coal 

increases to over 2.5 $/mmBtu, hydrogen produced by zero-carbon electricity is likely to be 

cheaper than fossil-based hydrogen. Relative to the cost-optimal scenario with no carbon cap, 

however, the levelized cost of electricity in the ZE still increases by 44% assuming a moderate 

rate of cost decline in electrolyzers, fuel cells, and hydrogen storage (Table S3-S7), and 

potentially imposes a large financial burden for investors and consumers. 

Several factors overshadow the prospects of hydrogen use in China. First, the 

availability of underground storage is the limiting factor for using hydrogen as long-term 

storage. Without underground storage, using tanks to store hydrogen will be a more expensive 

option. Salt caverns are the best sites to store hydrogen,241,242 and our research estimates that 

the underground hydrogen capacity should reach ~600 TWh. While Europe has found a total 

of 84.8 PWh hydrogen storage sites,243 the potential for salt cavern capacity is unknown in 

China. The latest research shows that the operating salt cavern in China can store only 0.3 

TWh hydrogen, which is 3 orders of magnitude lower than the required capacity.233   

 Adding other low-carbon firm capacities like nuclear power plants to the ZE 

electricity system further reduces the cost. Carbon capture (CCS) and removal (DAC) 
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technologies squeeze out hydrogen technologies, as they both serve as moderators for the 

variability of renewable energy. If CCS and DAC technologies are available, the levelized 

cost of electricity decreases by 4% relative to the zero-carbon electricity system with 

hydrogen, and the hydrogen storage capacity decreases. This antagonistic effect indicates that 

the prospect of hydrogen as long-term storage depends on whether the Chinese government 

decides to fully phase out fossil fuel power plants by 2060.  

While these pathways with nuclear, CCS, and DAC technologies may be economically 

feasible, they pose socio-political challenges. Introducing new nuclear power plants raises risk 

concerns in the public244. Coal power plants cause ~100,000 annual premature deaths due to 

air pollution245. Reliance on natural gas casts doubt on energy security, given that 40% of 

China’s natural gas was imported in 2020, while supplying 3% of electricity generation246. 

Other pathways that include hydropower and bioenergy expansion, which were not examined 

in this study, also face sociopolitical risks. Expanding hydropower capacities results in the 

change of ecosystem247 and the resettlement of communities248,249. Moreover, to meet China’s 

carbon-neutral target, bioenergy reduces food supply by 8% without food import250. 

Expanding the electricity transmission network is crucial for hydrogen use. Solely 

expanding electricity transmission lines can achieve similar cost reduction as expanding both 

pipelines and the electricity transmission lines. By retrofitting China’s existing natural gas 

pipelines to hydrogen, the cost can be further reduced.   

More importantly, hydrogen from the electricity sector is cost-effective to replace the 

traditional fossil-based hydrogen pathways, facilitating decarbonization in the hard-to-abate 

sectors. Given China's reliance on expensive imported natural gas, scaling up hydrogen using 

natural gas is not economically or politically feasible.  
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E. Appendix 

1. Code availability 

GridPath model code is available at https://github.com/cetlab-

ucsb/gridpath/tree/H2_CCS. 
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2. Supplementary Tables 

Table S1. Sites for underground hydrogen and carbon storage 

Technology Province Reference 

Underground hydrogen Anhui, Hebei, Henan, Shandong, Hubei, 

Hunan, Sichuan, Jiangsu, Jiangxi, 

Guangdong, Yunnan, Chongqing, Gansu, 

Inner Mongolia 

Zhu et al233 

Underground CO2 Onshore: 

Anhui, Chongqing, Jiangsu,  Jilin, Hebei, 

Heilongjiang, Hubei, Henan, Inner 

Mongolia, Liaoning, Qinghai, Sichuan, 

Tianjin, Xinjiang 

 

Offshore: Fujian, Guangxi, Guangdong, 

Hainan, Jiangsu,  Liaoning, Shandong 

Fan et al234 
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Table S2. Examine the demand curtailment of the capacity expansion model 

Scenario Temporal resolution Demand curtailment 

‘ZE’ 36 days1 0%  

87602 0% 

1 Optimized the capacity investment by using 36 days in a whole year, 

2 Simulated the operation with fixed capacities across 8760 hours.  
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Table S3. Cost assumptions for conventional electricity generation and storage technologies. 

We assumed that the exchange rate between RMB and the US dollar is 6.5:1. O&M costs are 

all from NREL ATB databases237. 

$/kW or $/kWh 2020 2050 Ref 

Capital O&M Capital O&M 

Coal 

Coal 622 10 495 8 

Zhuo192 

 

IGCC 1090 19 1030 18 

Natural gas 

CT 367 15 286 13 

CCGT 409 20 318 15 

Nuclear 2462 86 1739 86 

Hydropower 2240 40 No new hydropower 

PV 

Utility 628 10 308 6 

IRENA10

7 

Resident

ial 

746 10 292 4 
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Wind 

Onshore 1157 22 784 17 

Offshore 2857 67 1947 44 

Battery 

  

Power 

($/kW) 

492 

25 

412 

20 

Zhuo192 

Energy 

($/kWh) 

246 111 

Pumped hydro  

(10-hour) 

918 23 No new pumped hydro 
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Table S4. Cost and parameter assumptions for hydrogen technologies. The exchange rate 

between the Euro and the US dollar is 1.1:1.   

$/kW or $/kWh Capital O&M Efficiency Ref 

2020 2050    

Low Medium High    

Electrolyzer 1245 283 311 385 4% 70% 

Low:55% 

Danish 

Energy 

Agency238 

Hydrogen 

combustion 

turbine 

315 305 Gas 

CT 

40% 

 

McPherso

n251 

Fuel cell 1562 600 962 1087 5% 60% 

Low: 40% 

Danish 

Energy 

Agency238 

Tank 69 25 25 42 2% 90% 
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Hydrogen 

storage 

($/kWh) 

Unde

rgrou

nd 

3.6 1.2 1.6 2.2 0 99% 

 

Table S5. Cost and parameter assumptions for CCS and DAC technologies.  

$ million per tonne per 

hour 

2020 2050 Electricity 

(MWh/ tonne) 

Ref 

Capital O&M Capital O&M 

CCS Coal 3.1 0.02 1.4 0.008 0.15 Global 

CCS 

Institut

e239 
Natural gas 3 0.03 1.4 0.01 0.16 

SMR/ 

gasification 

0.8 0.0003 0.4 0.0003 0.61 

  

CCS 

storage 

Onshore 
2.8 0.0 2.3 0.0   Danish 

Energy 

Agency
238 

Offshore 4.7 0.0 3.8 0.0 

DAC 7 0.4 2 0.4 1.5 
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Table S6. Cost and parameter assumptions for CCS and DAC technologies. The 2020 

exchange rate between the Euro and the US dollar is 1.1:1.  

  $/MW/km 

$/tonne/km 

Loss/1000 km Ref 

Transmission 

line 

340 5.3% Electric Power Planning 

Design General Institute194 

Hydrogen 

pipeline 

226 1.3% Danish Energy Agency238 

CO2 pipeline 1.7  0 
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Table S7. Fuel cost. The data for the fuel cost is from He et al.187 ang Luo et al184. 

Fuel Region $/mmBtu 

Coal Anhui 4.61 

Coal Beijing 4.93 

Coal Chongqing 3.82 

Coal Inner Mongolia 2.80 

Coal Fujian 5.77 

Coal Gansu 3.60 

Coal Guangdong 6.17 

Coal Guangxi 6.17 

Coal Guizhou 6.17 

Coal Hainan 6.17 

Coal Hebei 4.93 

Coal Heilongjiang 4.23 

Coal Henan 4.87 

Coal Hubei 4.41 
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Coal Hunan 4.72 

Coal Jiangsu 5.77 

Coal Jiangxi 4.72 

Coal Jilin 3.15 

Coal Liaoning 3.38 

Coal Ningxia 3.19 

Coal Qinghai 3.09 

Coal Shaanxi 3.15 

Coal Shandong 4.93 

Coal Shanghai 5.77 

Coal Shanxi 4.22 

Coal Sichuan 3.82 

Coal Tianjin 4.93 

Coal Xinjiang 2.60 

Coal Yunnan 6.17 
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Coal Zhejiang 5.77 

Gas National 13.68 

Uraniam National 0.82 
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3. Supplementary Figures 

 

Figure S1. a. Generation capacity, b. transmission capacity, c. power capacity of storage, d. 

energy capacity of storage, e. generation, and f. levelized cost of electricity under low-carbon 

scenarios in 2050. Different colors refer to different technologies. ZE + Low cost refers to the 

ZE scenario with low-cost hydrogen technologies. ZE + High cost refers to the ZE scenario 

with high-cost hydrogen technologies. ZE + High cost + Low efficiency refers to the ZE 

scenario with high-cost and low-efficiency hydrogen technologies 
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Figure S2. Daily generation of electricity in the 36 representative days under ZE w/o H2 

and ZE scenarios. 
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Figure S3. The potential of solar, onshore wind and offshore capacities. 
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Figure S4. The installed capacities of solar, onshore wind and offshore capacities under 

the ZE scenario. 
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Figure S5. Fuel cell capacities under the ZE scenario but without new transmission and 

hydrogen pipelines. 
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Figure S6. Capacities of solar, wind, battery, underground storage, transmission lines 

and hydrogen pipelines. The color grey means that no underground storage is available 

in the area. 
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Figure S7. a. Generation capacity, b. transmission capacity, c. power capacity of charging 

and discharging storage, d. energy capacity of storage, e. generation, and f. levelized cost of 

electricity under different zero-carbon scenarios. Different colors refer to different 

technologies. REF refers to the scenario without a carbon emission target. The scenario ‘CCS 
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+ DAC + Low cost’ refers to a scenario where the CCS and DAC follow the cost projection 

in 2050, and the CCS capture rate reaches 95%. ‘Unlimited nuclear’ refers to a scenario where 

no capacity cap is imposed on nuclear power plants. 

 

 

Figure S8. Levelized cost of energy demand under different scenarios. 

The flat demand curve scenario refers to the scenario where in each province, the hourly 

hydrogen demand is the same across every hour. 
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Ⅶ. Conclusion 

This dissertation evaluates the opportunities and challenges in the lower-carbon 

transition of the energy system. It seeks to answer what socioeconomic challenges are 

hindering more ambitious climate actions among countries and individuals. While 

socioeconomic factors are typically viewed as barriers, this dissertation examines the 

potential of socioeconomic factors to accelerate the low-carbon transition of the energy 

system.   

In Chapter Ⅱ, I quantify the stranded asset costs of the low-carbon transition, and 

compare with the benefits to stabilize the temperature within 2ºC.  The unequal spatial 

distribution of the stranded assets in higher and lower income countries may partly explain 

the disparate stances among countries, given varying endowments of fossil fuel reserves. 

Higher income countries experience a loss of $3.7 trillion stranded fossil fuel assets; but 

only receive $1.7 trillion benefits from joining a global 2°C target. In contrast, lower income 

countries bear a stranded asset cost of $0.5 trillion, and receive $3.3 trillion of benefits. This 

unequal cost-benefit landscape between higher and lower income countries implies the free-

rider problem in climate change mitigation. 

In Chapter Ⅲ, I develop a cost-benefit framework to analyze how the costs and 

benefits are distributed across different age cohorts in the low-carbon transition. Globally, 

the year 1960 is the breakeven year for the age cohorts to gain net benefits from the low-

carbon transition. However, country-level analysis paints a somewhat more complex picture. 

In many African and Latin American countries, over half of the current population gains net 

benefits, whereas no age cohorts benefit in most Western European countries.  Should the 

public be well aware of the net lifetime benefits from the low-carbon transition, older 
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generations in Africa and Latin America are likely to see more support for the low-carbon 

transition, while the young generations in Europe may change their attitudes. 

Chapter Ⅳ examines whether building transcontinental power pools achieves a 

reliable and economically feasible zero-carbon electricity system within constraints on land 

availability. Only using 10% of the suitable sites for renewable energy, the international 

trade of electricity reliability meets electricity demand with 100% renewable energy. 

Relative to the case without international trade, if countries participate in the 

transcontinental power pool, the aggregate system cost of the countries is reduced by 5-23%. 

While global transcontinental power pools address the shortage of land at an affordable cost, 

geopolitical concerns would be the major barriers to implementing the power pools. 

Chapter Ⅴ zooms into the socioeconomic barriers at the regional level. Using a 

multi-model framework, this chapter examines the provincial and regional distribution of 

health and employment outcomes by the low-carbon transition of China’s electricity sector. 

At the national level, the low-carbon transition increases the number of jobs and labor 

compensation, and incurs large benefits in terms of avoided health and climate damages. 

However, the decarbonization of China’s electricity system is expected to exert distinct 

impacts on employment across provinces. The economically developed East Coast region 

experiences a higher increase in employment, while less economically developed regions 

experience a much smaller increase in employment. While economic feasibility is important 

to accelerate China’s low-carbon transition of the electricity sector, addressing the regional 

disparity in employment outcomes is also critical. 

  Chapter Ⅵ explores the economic implications of hydrogen in a zero-carbon 

electricity system, which is a politically feasible pathway compared to pathways with 
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nuclear expansion and carbon removal technologies. My research demonstrates that 

hydrogen reduces the cost of a zero-carbon electricity system by 16%, compared with a 

scenario without hydrogen. The cost reduction relies on the availability of underground 

hydrogen storage capacities and the expansion of the transmission capacities. Carbon 

removal technologies achieve larger cost reduction in the zero-carbon electricity system, and 

crowd out hydrogen. Apart from the role of long-term storage, hydrogen from the zero-

carbon electricity system can be used to meet hydrogen demand in hard-to-abate sectors, 

while incurring a slight decrease in the unit cost of energy demand. 
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