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Abstract
China is the world’s largest greenhouse gas (GHG) emitter, but declining wind and solar energy costs present opportunities to
transform its electric power sector. In 2017, China launched a national emission trading scheme (ETS). Evidence to date suggests that
the ETS mitigates CO2 emissions and promotes renewable energy deployment but constrains economic growth. These studies,
however, do not account comprehensively for economic impacts. Ours is the �rst to account for three multiplier effects—shifting
consumption patterns, job growth with elastic labor supply, and higher total factor productivity (TFP)—when modeling accelerated
renewable electricity growth with the ETS in China. Results from a detailed economic forecasting model show low renewable energy
costs interacting with the ETS to slash GHG emissions while directly stimulating incremental net positive economic growth by 2030,
compared with a business-as-usual scenario that assumes slower renewable cost reductions and no ETS. Accounting for the multiplier
effects reveals larger potential bene�ts, including up to 15.6% of additional GDP growth (over business as usual) by 2030 when
shifting consumption patterns, job growth with elastic labor supply, and higher TFP are all considered. These results suggest that
China should accelerate its clean energy transition, not only for the air-quality and climate bene�ts, but also for the broad and positive
impact on innovation, employment, and economic growth.

Background
The People’s Republic of China is the world's largest emitter of greenhouse gases (GHGs), 44% (4.14 billion metric tons of CO2) of

which came from the electric power system in 2017.1 According to its Nationally Determined Contribution to the United Nations
Framework Convention on Climate Change, the Chinese government pledged to lower CO2 emissions per unit of GDP by 60%–65%

relative to 2005 emissions, increasing the share of non-fossil fuels in primary energy consumption to around 20%2 by 2030.
Accelerating the replacement of traditional energy with renewable substitutes would help transform the power system and reduce
carbon emissions. China has already demonstrated rapid growth in renewable electricity generation, which increased from 736 TWh
(17% of total electricity generation) to 1,931 TWh (26%) between 2010 and 2019.3

Renewable energy costs have experienced an unprecedented decline. Over the past decade, the global weighted-average levelized cost
of electricity has fallen by 82% for photovoltaics (PV), 38% for onshore wind, and 84% for battery storage.4-7 Even without accounting
for the social cost of carbon, all-inclusive costs of electricity from new PV and onshore wind are now below the marginal operating
costs of an increasing number of existing coal-�red powerplants.5,6 In market economies, this crossover cost trend will support
autonomous power system transformation, reduce fossil fuel dependence and related environmental impacts,8-10 and reduce
wholesale and retail electricity costs.11 As a result, new opportunities will arise for cutting consumer and manufacturer energy costs,
improving human welfare, and boosting economic growth.

The computable general equilibrium (CGE) model is an important tool for studying these macroeconomic impacts. The progress of
energy technology in the CGE model is generally characterized by homogeneous autonomous energy e�ciency improvement (AEEI)
across the economy12,13 or average AEEIs for different energy-consuming sectors,14,15 but neither approach distinguishes
technological improvement for different energy sources. Huang et al. (2019) use an exogenously speci�ed mix of fossil and renewable
energy as a baseline to describe the process of renewable energy substitution along China’s future low-carbon development pathway.16

However, the exogenous generation mix does not capture the recent cost crossover—with the cost of renewables dropping below the
cost of coal power—nor does it evaluate the full economic impacts of technology improvement. Therefore, there is a need for studies
that consider both the plummeting renewable energy costs and the associated economic and social impacts.

Carbon emission trading scheme (ETS) is among the most potentially impactful approaches to driving the renewable transition. In
2011, China launched a pilot ETS covering seven leading provinces and cities including Beijing, Shanghai, Guangdong, Shenzhen,
Tianjin, Chongqing, and Hubei. By the middle of 2019, the cumulative trading volume of the pilot ETS covered 330 million metric tons
of CO2 equivalent emissions, with a cumulative transaction value of 7.11 billion RMB.17 In December 2017, China o�cially launched

its national ETS, and electric power was the �rst industry included in the system.18

To date, the research literature suggests that China’s ETS mitigates CO2 emissions and promotes renewable energy deployment but
hinders the economy—although there is signi�cant disagreement about the magnitude and direction of net economic impacts. Chen et
al. (2020) �nd that a 1% carbon emission reduction would reduce GDP by 0.06%,19 whereas Zhang et al. (2018) indicate that the ETS
could reduce carbon intensity by 20% without GDP loss.20 Most studies show a negative net impact on the economy due to the ETS,
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ranging from 0.08% to 5.61% of real GDP12,21 and depending on carbon pricing,22 the allowance allocation mechanism,15,23-25 revenue
redistribution methods,16,26 government �nes,27 and coverage considered.13,14,28 The price-directed nature of the ETS still confers
e�ciency gains compared with mandated emission caps.29,30 However, few studies focus on the comprehensive impact of renewable
technology promotion and the ETS in the context of the renewable energy cost crossover.

Further, the existing literature does not account for three critical multiplier effects that could magnify the impacts of accelerating
China’s renewable electricity transition through technology improvement and the ETS. First, households can be expected to divert the
electricity cost savings that result from rapidly declining renewable energy costs toward other expenditures, promoting broad-based
economic growth from the demand side. Second, because China generally has a higher elasticity of labor supply compared with
developed countries, this more accommodating labor supply will amplify economic gains due to the expenditure stimulus, particularly
in the long term. Third, increasing renewable energy use may increase regional total factor productivity (TFP), supporting the anecdotal
narrative of a virtuous productivity cycle linking renewable energy deployment to other technological innovation; although the exact
mechanisms are di�cult to disentangle, studies in diverse settings suggest a positive linkage.31-33 Tugcu (2013) estimates long-run
(short-run) growth elasticities are -2.1 (-1.7) and 0.8 (0.7) for fossil and renewable consumption, respectively.34 Yan et al. (2020) study
the relationship between renewable energy technology innovations and China’s green productivity growth, �nding a signi�cant effect in
provinces where income is above a certain threshold.35

Ours is the �rst study to account for the economic impacts of shifting consumption patterns, job growth in the context of elastic labor
supply, and higher TFP when simulating accelerated renewable electricity growth with the ETS in China. We employ a dynamic
recursive CGE model with a diverse portfolio of electric power technologies to evaluate scenarios designed for illuminating each of the
three multiplier effects. Those scenarios are described in the next section, followed by our results and conclusions. The Methods
section details our analytical approach.

Scenarios Evaluated

We evaluate six scenarios (Table 1). In the business as usual (BAU) scenario, the productivity of renewables (wind, solar, and electricity
storage) is assumed to follow historical trends (He et al. 2020),11 with sustained but moderate cost reductions into the future. In the
low-cost renewable scenario (R), more rapid productivity growth in renewables continues in alignment with recent indications,
simulating how lower renewable energy costs provide direct stimulus to the economy. In the carbon constraint scenario (C50), total
emissions from the power sector by 2030 are limited to 50% below the 2015 level by instituting an ETS for this sector.

Table 1: Scenarios Evaluated

Scenarios Description

BAU Moderate productivity improvements in renewables

R Rapid productivity improvements in renewables

C50 R + ETS limiting CO2 emissions from the power sector to 50% of the 2015 emissions level

Keynes C50 + shifting expenditure from energy savings

EMP Keynes + more accommodating labor market

PROD EMP + energy productivity spillovers (1% TFP growth)

Our other three scenarios examine the multiplier economic impacts of renewable innovation and the ETS. The Keynes scenario builds
on the C50 scenario to elucidate the effects of demand-side aggregate stimulus resulting from energy cost savings due to renewable
technology innovation. Previous economic assessments of renewable energy have focused on three component impacts: investment
in technology production, technology purchasing, and installation. Technology production (e.g., building and operating a solar panel
factory) represents so-called “shovel ready” investment and is usually an unambiguous economic stimulus. Technology purchase and
installation costs can have mixed economic effects, depending on the opportunity cost or alternative return to capital. In other words,
technology adoption will stimulate the economy if it increases productivity, reduces resource costs, or both. If it reduces productivity or
increases resource costs, it will be detrimental to growth.
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The shifting consumption patterns in the Keynes scenario begin with lower-cost electricity saving money for households and
enterprises. These savings are diverted toward other expenditures, mostly domestic services that employ workers from all skill levels
and demographics and that are non-tradable, meaning these new jobs cannot be outsourced. Because more than half of China's
aggregate domestic demand is from household consumption and 70% of this goes to services, about half of energy cost savings
diverted to other expenditures can be expected to go to this employment category—the most labor intensive and skill diverse in the
economy. In contrast, the carbon fuel supply chain is among the least employment intensive; for example, the carbon fuel supply chain
produces only 1%–10% as many jobs per unit of revenue compared with the service sector, differences far too large to be offset by
wage inequality (Figure 1). Simply put, about two thirds of the money saved on cheaper electricity is spent on services, stimulating
much stronger and more diverse domestic job growth.

The EMP scenario builds on the Keynes scenario to examine the role of labor supply in economic adjustment. Based on China’s
dynamism over most of the last two decades, the BAU, R, C50, and Keynes scenarios assume relatively “full employment,” which would
limit the economy’s supply response to positive or negative stimulus. China’s reform period has seen dramatic economic growth and
large-scale labor mobilization, but over the last decade growth and rates of job creation have moderated (particularly in the post-COVID
economy). To re�ect this, the EMP scenario assumes a low but nonzero elasticity of aggregate labor supply (0.25), describing a more
accommodating labor market.

Finally, the PROD scenario builds on the EMP scenario to exemplify renewable energy productivity spillovers, assuming that
accelerated renewable deployment confers an average of 1% higher TFP growth on the economy. This value is not a forecast; it merely
illustrates the growth potential of induced innovation.

Results
Generation Mix

As expected, fossil fuel generation becomes increasingly small and renewable generation increasingly large as the renewable-
promoting assumptions in our scenarios become increasingly aggressive (Figure 2). In the BAU scenario (moderate productivity
improvement in renewables), coal’s share of generation declines from 65.9% in 2017 to 51.3% in 2030, while solar’s share increases by
8.6 percentage points and wind’s share increases by 7.6 percentage points. In the R scenario (more rapid productivity growth and larger
renewable cost reductions), solar’s share rises by 18.7 percentage points compared with the BAU scenario in 2030, and wind’s share
rises by 0.5 percentage points, with coal’s share dropping below half. The rapid reduction in technology costs, especially solar costs,
directly drives transformation of the power sector from fossil energy to renewable energy. In the C50 scenario (R scenario + ETS
limiting power-sector CO2 emissions to 50% of 2015 levels), the substitution from fossil fuel to renewables in the power sector is
further accelerated by the ETS policy. Solar and wind account for 54.4% of generation in 2030, and coal falls to 21.1%. In the Keynes,
EMP, and PROD scenarios, changes in consumption patterns, labor supply, and productivity spillovers have relatively small impacts on
the generation mix compared with the rapid renewable cost reductions and ETS implementation in the C50 scenario; thus, their
electricity generation mixes are similar to the mix in the C50 scenario.

CO2 Emissions

The power-sector CO2 emissions trends in each scenario correspond with the generation trends (Figure 3). In the BAU scenario, the
moderate renewable productivity improvement decreases electricity prices, which increases electricity demand. Because coal
generation remains the largest component, this rebound effect results in higher emissions. In the R scenario, total electricity demand is
2.6% higher than in the BAU scenario owing to lower electricity prices. However, higher renewable penetration more than offsets this
effect, and total annual carbon emissions are 4.47 Gt in 2030, slightly larger than in 2017 but 23% lower than in the BAU scenario. The
remaining scenarios show how transforming the power sector via renewables can reduce CO2 emissions while meeting electricity
demand growth. In the C50, Keynes, EMP, and PROD scenarios, power-sector CO2 emissions are reduced by the cap of 50% below 2015
levels, at 1.92 Gt in 2030.

Economic Impacts

Compared with our BAU scenario, all of our other scenarios grow China’s economy (Tables 2 and 3). In the R scenario, sustained
renewable cost improvements alone more than compensate for the cost of a signi�cant renewable buildout, adding over 607 billion
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RMB or 0.4% to China’s real GDP by 2030. Even the C50 scenario, with its aggressive CO2 mitigation strategies, results in positive
growth owing to low-cost renewables. In both these scenarios, aggregate investment grows more slowly than in the BAU scenario, but
overall economic growth and real consumption are higher. Lower electricity costs also translate into greater Chinese competitiveness,
with bene�cial impacts on exports and (to a lesser extent) imports.

In economics, general equilibrium, indirect, and induced effects often outweigh direct effects. This is apparent in the Keynes scenario,
which accounts explicitly for expenditure diversion from electric power to other goods and services. This multiplier effect increases real
GDP signi�cantly. Compared with the C50 scenario on which it is based, the Keynes scenario adds 2,020.5 billion RMB to GDP in 2030.
The Keynes scenario increases GDP by 1.3% over the BAU scenario, compared with the C50 scenario’s 0.1% increase over the BAU
scenario.

Table 2: Macroeconomic Impacts in China
(change from 2030 BAU in real billion RMB)

  R C50 Keynes EMP PROD

GDP 607.4 228.6 2,249.1 11,959.7 26,998.1

Consumption 490.0 329.1 1,051.7 3,871.5 8,697.3

Investment -897.8 -1,048.1 1,984.5 7,044.2 14,426.5

Exports 267.0 229.4 -518.8 1,112.3 4,450.1

Imports 97.9 113.8 1,057.6 1,278.6 2,424.3

Employment (million full-time equivalent jobs) 1.2 0.7 1.7 66.6 79.0

Table 3: Macroeconomic Impacts in China
(percent change from BAU in 2030)

  R C50 Keynes EMP PROD

GDP 0.4% 0.1% 1.3% 6.9% 15.6%

Consumption 0.8% 0.5% 1.7% 6.2% 13.9%

Investment -1.3% -1.6% 2.9% 10.5% 21.4%

Exports 0.8% 0.7% -1.6% 3.4% 13.5%

Imports 0.5% 0.6% 5.4% 6.6% 12.5%

Employment 0.1% 0.1% 0.2% 7.9% 9.4%

Although the economic stimulus in the R, C50, and Keynes scenarios is positive, the growth dividend from lower-cost energy is less
than 1.5% in 2030. To a signi�cant extent, this is due to assumed resource constraints, particularly in labor markets. China can import
natural resources without di�culty (but possibly with terms of trade effects), but we assume a very inelastic (0.125) aggregate labor
supply in the R, C50, and Keynes scenarios. When we relax this constraint modestly (to 0.25) in the EMP scenario, the bene�ts of
renewable energy stimulus increase dramatically. Incremental GDP in 2030 rises from 1.3% in the Keynes scenario to 6.9% in the EMP
scenario, adding 9.7 trillion RMB and 64.9 million full-time equivalent jobs to the overall economy. In other words, renewable electricity
can be growth positive but also strongly counter-cyclical, contributing even more to growth in adverse labor markets, such as during
the pandemic-induced economic downturn.

Finally, the PROD scenario demonstrates the substantial growth potential of productivity spillovers from an economywide renewable
energy transition—for illustrative purposes only, because evidence is insu�cient to estimate such induced productivity effects
econometrically for China. The 1% annual TFP increase in the PROD scenario more than doubles economic growth compared with the
EMP scenario, adding 15.6% to real GDP in just over a decade. This scenario is a reminder that China’s most dynamic growth
experiences—extending from the 1990s to 2005—depended not only on massive infrastructure investments, but also on signi�cant
technological progress. In the case of electric power, infrastructure also grew very rapidly, but technological progress has still been
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limited. New, clean energy technology can be instrumental in helping the economy achieve its full potential, improving material living
standards and quality of life across China.

Conclusion
In the wake of two decades of renewable energy innovations, it has become increasingly clear that the perceived tradeoff between
economic growth and climate risk reduction is based on a fallacy. Low- and zero-emission electricity generation costs are falling below
costs of carbon-fueled generation, and renewable energy co-bene�ts such as air-quality improvements are becoming ever more
apparent. Nowhere is the issue more compelling than in China, which for several decades has developed electric capacity faster than
any other country and now has the world’s largest renewable energy sector. Recognizing the need for a low-carbon transition, China is
experimenting with aggressive mitigation policies, including technology standards, ETS policies, and carbon taxation.

Using a detailed forecasting model for China’s economy, we show how falling renewable energy technology costs can interact with a
market-based ETS to deliver dramatic GHG reductions with net positive aggregate economic growth. This �nding supports plentiful
recent evidence of the impacts from renewable electricity costs dropping below grid parity, but we extend the economic analysis to
identify other growth drivers. These include as-yet unrecognized multiplier and productivity spillovers. First, energy cost savings for
households and enterprises permit expenditure shifting toward more diverse, labor-intensive goods and services, compared with the
carbon fuel supply chain. Because the new expenditure focuses on services, this process stimulates new, broad-based domestic
income and job creation—especially when labor supply is relatively elastic. Second, economic bene�ts brought about by technological
progress have been neglected or underestimated in previous studies, yet modernization of the energy system can be expected to yield
productivity bene�ts via technology spillovers. Although the exact magnitude of such impacts is an empirical question, the
pervasiveness of energy services suggests it will be substantial.

These results have two important implications. First, the economic bene�ts of renewable energy substantially exceed their direct costs,
and adoption of renewable technologies can proceed without the still-controversial interventions needed to recognize the social cost of
carbon in the coming decade. Second, modernizing the electric power system can support a new generation of more diverse domestic
job creation, facilitating an essential transition for millions of workers in the carbon fuel supply chain, one of the last great artifacts of
the Industrial Age.

Overall, our results suggest that China should accelerate its clean energy transition, not only for the air-quality and climate bene�ts, but
also for the broad and positive impact on innovation, employment, and economic growth. As China considers its post-COVID recovery
measures, building green energy infrastructure should simultaneously support sustained economic growth and climate mitigation.

Methods
We use the PRC Aggregated National Development Assessment (PANDA) model, a dynamic CGE model of the Chinese economy
constructed at the University of California, Berkeley, which has been used to analyze China’s energy and climate policies.*16,38 The
current version of the PANDA model is calibrated to the 2017 China Input-Output table,36 with 42 aggregated production sectors. To
better analyze the economic impacts of renewable energy cost reductions, we disaggregate the power sector into electricity
transmission, electricity storage, and eight different generation technologies (coal, natural gas, oil, nuclear, hydropower, wind, solar, and
biomass) following the methods by Mu et al.13 and Wing.39 The generation shares by technology type are based on data from the
China Electricity Council,3 whereas the cost shares by investment, operations and maintenance, and fuel for each technology are
based on levelized cost data from the International Energy Agency40 and He et al.11

Core Model

In the production block, the constant elasticity of substitution (CES) function, the most common non-linear function for CGE models, is
used to represent the different substitution possibilities across different inputs in each sector (Figure 4). The non-energy intermediate
demand (ND) bundle—where the intermediate demand follows the �xed proportion input-output relationship (the Leontief function, a
special form of the CES function with zero substitution elasticity)—is combined with the capital-energy-labor (KEL) bundle to generate
the �nal output. The KEL bundle consists of the labor demand (AL) bundle and capital-energy (KE) bundle. In the third level, the AL
bundle is split into labor demand by skill, whereas the KE bundle is split into energy and capital. In the fourth level, the energy demands
by fuel type are combined to generate energy output.



Page 7/11

In the consumption block, the PANDA model includes households and government as the two representative consumers. Household
income from labor wages, investment income, and transfer payments is allocated to expenditures on goods and saving by an
exogenous rate calibrated to the social accounting matrix. Each representative household is assumed to maximize utility by
consuming different goods and services as modeled by the Linear Expenditure System speci�cation. The government receives
revenues from various tax instruments (income, indirect trade, and factor taxes), net of subsidies and transfers. Government income is
allocated to goods and services, and aggregate expenditures are �xed in real terms.

For international trade, the Armington assumption allows for differentiation between domestic products and imports and exports. In
addition, the model simulates this differentiation as an aggregate (XA above), with one domestic Armington agent per product
category using Constant Elasticity of Substitution (CES) and Constant Elasticity of Transformation (CET) functions to represent the
import and export sides, respectively.

Carbon Emission Trading Block

A carbon emission trading block is applied to simulate the ETS in the PANDA model. The CO2 emissions of sector i (EFi) equal the
inputs from energy sector e to sector i (XAPi,e) multiplied by the emission factor (emiti,e) (Eq. 1). The CO2 emissions of household h
(EFh) equal the inputs from energy sector e to �nal consumption of household h (XACh,e) multiplied by the emission factor (emith,e)
(Eq. 2). The total CO2 emissions (EFT) equal the sum of emissions from production and households (Eq. 3). The emission factors by
energy types, sectors, and households are calculated by aggregating 20 fuel types into 4 energy sectors and disaggregating the
consuming sectors to be more consistent with the production sectors, based on the China national CO2 emission inventory (sectoral

approach) from Shan et al.1

In this study, the power industry is the only sector controlled by the national ETS. The total annual carbon emissions for the power
sector (EFcapieiec) are set exogenously (Eq. 4). To meet the CO2 emissions constraints, a shadow carbon price (μ) for each unit of CO2

is introduced into the model. Each unit of emissions in the power generation process requires an additional payment (Ctaxieiec,e) to the
production function (Eq. 5). When CO2 emissions constraints on the power sector are introduced into the economic system in terms of
affecting production costs and producers’ behavior, the system eventually reaches a new equilibrium.

* PANDA was developed in 2005 by David Roland-Holst and is fully documented here:
http://www.bearecon.com/PANDA_Technical191015.pdf.
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Figures

Figure 1

Employment Intensity in China by Sector, 2017
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Figure 2

Generation mix of the power sector in the base year (2017) and in 2030

Figure 3

CO2 emissions in the power sector from 2017 to 2030
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Figure 4

PANDA model production block


