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Abstract
Many countries have taken stringent climate policies to minimize the risks by climate change. But these policies could 
burden households and the poor with the extra costs and threaten their wellbeing. However, the consequences of climate 
policies on poverty and welfare loss are seldom presented in stringent long-term climate change mitigation projections. 
Carbon pricing is a cost-effective approach; how it affects households varies among countries. This study investigated the 
distributional effects and poverty implications of carbon pricing in China during the transition towards carbon neutrality 
and the Paris Agreement’s long-term goals. We assessed multiple poverty and equity standards in future scenarios with a 
newly developed integrated assessment model. It was found that climate change mitigation efforts would not greatly hinder 
poverty alleviation in China, with the poverty headcount under the $3.2/cap/day-threshold being less than 0.3 million people 
in 2050 in most scenarios. A carbon tax became a regressive factor mainly due to price increases in food and energy goods. 
This indicates that the distributional effects on carbon pricing should be considered. For example, supplementary policies 
that compensate for price changes, such as subsidies and early mitigation actions, that lead to modest price increases in the 
long term are worthy of consideration as valid instruments for the just transition towards the 2 °C or even 1.5 °C pathway.

Keywords Climate change mitigation · Integrated assessment model · Poverty · Inequality · Carbon neutrality · 
Distributional impacts

Introduction

To tackle the threat from climate change, the Paris Agree-
ment (PA) (UNFCCC 2015) declared a long-term climate 
goal of “holding the increase in the global average tem-
perature to well below 2 °C above pre-industrial levels 

and pursuing efforts to limit the temperature increase to 
1.5 °C above pre-industrial levels.” Members submitted and 
updated their nationally determined contributions (NDCs) 
to achieve this long-term goal. Studies showed that there is 
either a significant implementation or ambition gap for all 
countries and the collective effort of current national poli-
cies falls short of the Paris Agreement’s objectives (Fawcett 
et al. 2015; Roelfsema et al. 2020). Further climate efforts 
should be pursued.

Climate change interacts with poverty and inequality 
directly through climate change impacts and vulnerability, 
and indirectly through climate policies (Taconet et al. 2020). 
The poor population is more susceptible to the impacts from 
both climate change damage and abatement. Changes in 
price, income, and productivity could also drag households 
into poverty. Climate policies affect poverty directly and 
indirectly. The direct channels include payments for envi-
ronmental services (e.g., low-income farmers are paid for 
aiding afforestation) and direct taxation on emissions, while 
indirect channels often operate through markets (Hussein 
et al. 2013). Stringent climate policies without progressive 
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redistribution will push an additional 50 million people into 
poverty worldwide (Soergel et al. 2021b). Policymakers 
should be deliberate when tailoring climate policies to avoid 
possible negative effects on the economy.

Carbon pricing is a common economic instrument for 
reducing GHG emissions. Common pricing mechanisms 
include carbon taxation and emissions trading systems 
(ETSs), etc. Many countries have already introduced taxes 
on carbon dioxide  (CO2) emissions, for example, the tax rate 
worldwide is as low as $5.00/tCO2 in Chile and as high as 
$126/tCO2 in Sweden (Carbon Tax Center 2020; Jonsson 
et al. 2020).

Many studies have found that carbon taxes have a regres-
sive effect on income distribution and exacerbate inequality 
(Wier et al. 2005; Kerkhof et al. 2008; Feng et al. 2010; 
Meng et al. 2014; Fremstad and Paul 2019). This can be 
explained by low-income households spending a relatively 
large share of their income on carbon-intensive goods, and 
are thus more sensitive to a carbon tax. Some studies have 
suggested otherwise. Yusuf and Resosudarmo (2015), using 
a computable general equilibrium (CGE) model with highly 
disaggregated household groups, suggested a carbon tax 
would not necessarily be regressive in Indonesia. Malerba 
et al. (2021) suggested that in Peru a carbon tax would 
leave relative inequality unchanged without compensation. 
Although it would increase poverty, this could be prevented 
if proper transfer schemes were in place. Dorband et al. 
(2019), using household expenditure data, a multiregional 
input–output (MRIO) table, and a microsimulation, reported 
a U-shaped relationship between the share of energy expend-
iture and national per capita income, which was used to 
explain the seemingly contradictory distributional effects 
of a carbon tax in countries with different income levels.

China is the largest greenhouse gas (GHG) emitter, 
accounting for over one quarter of the global GHG emis-
sions (Kuramochi et al. 2020), and is an active player in 
GHG climate change mitigation. It is well on track to reach 
its first NDC target through current policies, but recent and 
expected emission trends are incompatible with the 2 °C 
or 1.5 °C goals (He et al. 2016; Wang et al. 2020a; Carl-
son et al. 2021). At the end of 2020, China announced its 
updated NDC targets and commitments toward carbon neu-
trality in 2060.

The country also faces an urgent need to alleviate pov-
erty and improve inequality. It was announced in February 
2021 that absolute poverty had been eliminated within the 
country (Xinhua News 2021). Following this significant 
achievement, there has been a shift in focus from poverty 
in rural to urban areas, and to the gap between rural and 
urban lifestyles (Walker and Yang 2020). Multi-dimen-
sional poverty remains a concern and multiple poverty 
measurements are required (Chen et al. 2013; Sun and Xia 

2019; Wang and Feng 2020). Questions arise regarding 
whether the country’s climate commitments and the align-
ment of climate policies with the PA’s long-term tempera-
ture goal would negatively affect its social and economic 
development, and the daily lives of the population.

There is existing literature on the distributional effects 
of a carbon tax in China. A carbon tax could reduce the 
primary income distribution and damage both household 
and business income (Wang and Liang 2015) and, there-
fore, before implementation in China it should be carefully 
assessed in terms of its design and impact on the economy 
(Cao 2009; Cao et al. 2021). When combined with a suit-
able recycling scheme, a carbon tax system could have a 
strong progressive impact on income distribution and benefit 
about 70% of the population (Brenner et al. 2007). Studies 
using input–output (IO) models showed that a carbon tax on 
 CO2 emissions from fossil fuel combustion will widen the 
urban–rural income gap due to the coupling of a lower car-
bon tax revenue transfer and the higher price level of com-
modity prices for rural households (Liang and Wei 2012). 
This will have more influence on poor provinces and urban 
income segments that have more energy-intensive consump-
tion and are more affected by commodity prices (Wang 
et al. 2019). A case study in Shanghai using an IO model 
found that a carbon tax on fossil fuels would be regressive 
(Jiang and Shao 2014), while a similar study in Guangdong 
Province found that carbon pricing would be increasingly 
progressive (Yan and Yang 2021). The prevailing studies 
in China have adopted IO models, and assumed linearities 
and limited substitution possibilities. No consensus on the 
distributional effects of carbon pricing in China has been 
reached yet.

No study has identified the long-term effects of carbon 
pricing on Chinese households, or the impact of stringent 
climate change mitigation on poverty and welfare distribu-
tion. The highly heterogenous population groups (Chen et al. 
2013), dramatic socioeconomic reforms, dual nature of the 
Chinese economy (Garbaccio et al. 1999), and limited data 
accessibility make it difficult to project the resulting poverty 
outcomes. Here, we investigated the distributional implica-
tions of a carbon tax and its impact on poverty in China 
by building a set of long-term scenarios that presented the 
efforts to achieve the long-term goal of the Paris Agreement 
in an integrated assessment model (IAM) framework.

The remainder of this paper is structured as follows. The 
next section introduces the methodology, covering the basic 
details of the model, scenarios, and data. The subsequent 
section shows the main results, followed by the general sce-
narios and poverty trends. The effects of a carbon tax on 
household welfare are explained next. The penultimate sec-
tion is a discussion. Then we present our main conclusions 
together with policy implications in in the final section.
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Materials and methods

Overview

We used an IAM framework, the Asia–Pacific integrated 
model (AIM), for the projection of future scenarios. Expend-
iture and poverty projections at a fine scale were derived 
from future economic conditions and a newly developed dis-
tribution model based on data from household surveys. The 
AIM model was primarily developed for a global analysis 
based on international data, but here we incorporated Chi-
nese national data in the model to improve the reliability of 
our national analysis. We adopted multiple measurements to 
assess the impacts of carbon pricing.

Our assessment here considered only the impacts of climate 
policies, here represented by carbon pricing. The impacts of 
climate change on household wellbeing are not considered in 
the AIM/Poverty, Household, and Income distribution (AIM/
PHI) model.

Model

AIM/Hub

The AIM/Hub model is the center of the AIM framework. It 
is a recursive dynamic CGE model where all goods and ser-
vices transactions within the economic system are represented 
and emissions constraints are met by carbon pricing (Fujimori 
et al. 2012, 2017). A carbon price is determined endogenously 
under equilibrium conditions by the exogenously determined 
climate change mitigation pathways and is applied as a carbon 
tax levied on all sectors. We refer to this carbon price as a 
carbon tax. The tax revenue is recycled to the representative 
household in the CGE model in a lump sum manner but is not 
considered at finer levels, meaning that this recycling only 
changes the average income but indicates no redistribution 
among income brackets. If a per capita lump sum is applied, 
the Gini coefficient would be reduced because the income of 
the poor increases more in proportion. We used socioeconomic 
outputs, such as gross domestic product (GDP) loss, budgets, 
and price change to project household income and expenditure 
(for more details, see SI 1).

Previous studies indicated that the mitigation capacity for 
non-energy derived non-CO2 emissions in the agriculture 
sector could be saturated under a high carbon tax, and that 
a further reduction would require a decrease in demand for 
agricultural products (Fujimori et al. 2019). We set a carbon 
tax cap at $200/tCO2eq for these emissions.

AIM/PHI

We used a new model in the AIM framework called the 
AIM/PHI model, which determines the income distribution 

using a lognormal income distribution function and depicts 
household consumption and expenditure changes with An 
Implicitly Directly Additive Demand System (AIDADS) 
(Rimmer and Powell 1992), which is an implicit functional 
form that expresses the relationship between utility and 
consumption levels as an identity and outperforms many 
other popular demand systems (Meyer et al. 2011), in the 
expenditure model. It has been applied to give global-scale 
long-term poverty projections and to assess the potential of 
carbon tax revenue for tackling absolute poverty (Fujimori 
et al. 2020).

A two-stage process is adopted in the AIDADS calibra-
tion: a cross-country panel data analysis and a national con-
sumption parameter estimation (SI 1). The cross-country 
panel data analysis compensated for the weakness of a sin-
gle national calibration, i.e., a potential failure to reflect the 
long-term changes brought about by economic development 
due to the limited time span of household budget surveys. 
Income elasticities were given after AIDADS projections 
based on the equations in SI 1.3. The national AIDADS 
parameters were calibrated to fit the expenditure patterns 
captured by the national household budget survey and were 
constrained by the income elasticity projections in the cross-
country panel analysis (see SI 1.3.4).

Key analyses

The poverty headcount under the poverty line of $3.2 per 
day and relative poverty were examined. The World Bank 
recognizes three poverty thresholds: $1.90 per day (inter-
national poverty line, IPL, 1.9-threshold), $3.20 per day 
(3.2-threshold) for poverty in lower-middle income coun-
tries, and $5.50 per day (5.5-threshold) for poverty in upper-
middle-income countries. The standards shown in our analy-
sis are based on purchasing power parities (PPPs) if no other 
explanation is given. China’s poverty alleviation efforts are 
rural-oriented and there is no official poverty line for urban 
areas (at the time of publication). The poverty standard in 
China is equivalent to $2.3 per day per capita in 2011 PPP 
dollars (The State Council Information Office of the People’s 
Republic of China 2021). The World Bank’s poverty thresh-
olds are important references for poverty measurements in 
urban areas and on a national scale (Chen et al. 2018; Chen 
et al. 2019). We focused on the 3.2-threshold, while projec-
tions for all three thresholds are provided in SI 6.

Poverty alleviation in China has entered a new phase, 
where relative poverty should be reduced (Sun and Xia 
2019). We adopted the definition of relative poverty as the 
“income level lower than 40% of the median disposable 
income level” (Walker and Yang 2020). Poverty in our study 
was expenditure-based, comparable with global standards 
and represented more serious poverty concerns than the 
income-based standard (Chen et al. 2018).
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We decomposed the effects of climate policies on poverty 
headcount into the income effects, direct carbon tax effects, 
and indirect price effects (goods price change effects). The 
income effects were associated with the general macroeco-
nomic income loss, as given by AIM/Hub and were reflected 
in the income module in AIM/PHI. The direct carbon tax 
effects corresponded to the carbon tax imposed on house-
hold consumption and activities that directly emit GHGs, 
e.g., the carbon price penalty on gas and liquid fuel con-
sumption. The indirect price effects referred to the price 
changes due to emission abatement costs and taxation on 
residual emissions.

Welfare was measured by the equivalent variation ratio 
(EV, compared to the baseline), (see SI 1.2). This showed the 
adjustment in income as a proportion of the baseline income 
that would be needed to change the consumers’ utility to the 
level that would occur if the climate policies were adopted.

We tested the sensitivity of the model to critical model 
assumptions and alternative datasets (see SI 1.4). Other 
uncertainties are also discussed there.

Scenarios

We considered five national scenarios. The “baseline sce-
nario” was based on national GDP and population projec-
tions (see SI 2 and 3) combined with other narratives in 
the Shared Socioeconomic Pathway 2 (SSP2) (Fricko et al. 
2017) and no climate policies. The four climate change miti-
gation scenarios were based on the baseline, but meeting 
various climate change mitigation targets or climate poli-
cies. This assessment followed the framework of a global 
comparative national study (Fujimori et al. 2021) (Table 1). 
The climate policies covered carbon dioxide  (CO2), meth-
ane  (CH4), and nitrous oxide  (N2O) emissions from energy 
and non-energy-related activities. The detailed parameter 
assumptions are presented in Fujimori et al. (2017).

“50% mitigation” corresponding to the global 
higher-2  °C scenario, where there is more than 50% 
chance of staying below 2 °C throughout this century; 
“65% mitigation” corresponding to the global lower-2 °C 

scenario, where the chance of staying below 2 °C through-
out this century is over 66.7%; and “80% mitigation” was 
in line with the below-1.5 °C scenario, where there is over 
66% chance of staying below-1.5 °C in 2100 (Rogelj et al. 
2018). They were referred to as “optimal” scenarios in this 
study because the climate policy started without delay and 
followed cost-optimal pathways that were consistent with 
a series of global and national studies (McCollum et al. 
2018; Li et al. 2019; Roelfsema et al. 2020; Wang et al. 
2020b). The reduction rate in 2050 was taken from the 
average emissions in 2050 given by the aforementioned 
studies. Linear emissions reductions started from 2020.

The NDC scenario simulated the updated NDC and the 
pathway towards carbon neutrality by 2060, where a linear 
reduction started from 2030 and continued towards 2050. 
The emissions targets for 2050 were based on research 
outcomes reported by the Institute of Climate Change and 
Sustainable Development, China (2021).

Data

Two global databases and one national database were 
used in the demand system calibration. The Global Con-
sumption Database (World Bank 2019) and EUROSTAT 
(EUROSTAT 2019) provide global comparable national 
expenditure data and were utilized in the model in our 
previous global study (Fujimori et al. 2020). We identi-
fied 12 goods and services for which data in both datasets 
could be compared (Table 2).

To better depict the household consumption pattern in 
China, we adopted household survey data in the China 
Family Panel Survey (Xie and Hu 2014). The survey cov-
ered 25 provinces and regions and was considered repre-
sentative of 95% of the Chinese population (Xie and Zhou 
2014; Zhao 2015). It provides detailed household informa-
tion on income, expenditure, assets, and education, which 
was collected by household survey. We obtained detailed 
expenditure data from the questionnaires and fed it into the 
PHI model for AIDADS calibration (see SI 1.3.1).

Table 1  Scenarios

Scenario Time with  
carbon pricing

Emission reduction 
from 2020 level (%)

Reference pathway

2030 2050

Baseline None None None National GDP and Population Projection
50% 2020–2050 16.7 50.0 Optimal higher-2 °: > 50% chance of staying below 2 °C throughout twenty-first century
65% 2020–2050 21.7 65.0 Optimal lower-2 °C: > 66% chance of staying below 2 °C throughout twenty-first century
80% 2020–2050 26.7 80.0 Optimal 1.5 °C: > 66% chance of staying below-1.5 °C in 2100
NDC 2030–2050 − 10.2 89.0 NDC effort by 2030 and pathway toward the national carbon neutrality
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Results

Greenhouse gas emissions and the carbon tax

Greenhouse gas emissions continued to increase after 2020 
and followed a steeper reduction trajectory after 2030 in 
the NDC scenario (Fig. 1a). In the NDC scenario, GHG 
emissions peaked around 14,900  MtCO2eq in 2030 and 
the cumulative carbon budget from 2010 to 2050 was 422 
 GtCO2eq, which was in between the values for the 50% and 
65% mitigation pathways.

In the three optimal scenarios, carbon taxes were highest 
in 2050, being 242 US$2010/tCO2eq in the 80% mitigation 
scenarios. The GDP loss rates increased by 2040, with the 
largest loss rate being 6.68%, but there was a decline later 
(Fig. 1b). In the NDC scenario, because of the stringent cli-
mate change mitigation post-2030, the carbon tax reached 
84.0 US$2010/tCO2eq in 2040 and 1100 US$2010/tCO2eq 
in 2050. The GDP loss continued to increase during 2030 
to 2050, reaching 9.60% and corresponding to 4280 billion 
US$2010 (MER GDP) in 2050. From this perspective, early 
climate change mitigation with a lower carbon tax was pref-
erable for the country’s economy, and also led to a larger 
GHG reduction.

Poverty

Poverty headcount

More than 5.25 million people were still in poverty in 2030 
if we adopted the higher poverty line (3.2-threshold) in the 
baseline scenario. The poverty headcount decreased rap-
idly, reaching 0.800 million in 2040 in the baseline sce-
nario, and to less than 0.300 million in 2050 in all scenarios 
(Fig. 2b). A carbon tax would not significantly slow the 

pace of poverty alleviation in China, with poverty under 
the 3.2-threshold eliminated by mid-century. In the NDC 
scenario, although the poverty headcount declined at a much 
lower rate than in all other scenarios after 2030, the poverty 
headcount remained low due to the rapid decrease before 
2030.

Climate change mitigation along the optimal pathways 
substantially increased the poverty headcount in 2030, plac-
ing an additional 2.49 million people under the 3.2-threshold 
in the 80% scenario (Fig. 2c). The impact diminished in 
2050. Compared to the optimal pathways, the NDC scenario 
placed less people at risk for poverty, albeit a more chal-
lenging emissions reduction and slower poverty alleviation 
post-2030.

Income loss was the main factor controlling the delay in 
poverty alleviation (Fig. 2c). The income effects accounted 
for 80.4%, 79.1%, and 77.8% of the additional poverty 
headcount in the 50%, 65%, and 80% mitigation scenarios 
in 2030. The share decreased to around 70% in 2040 and 
50% in 2050 for the three scenarios. The additional poverty 
headcount in the NDC scenario was small and the changes 
in income- and expenditure-side effects from 2040 to 2050 
were similar to the optimal scenarios. Direct-price effects 
were only observed for household energy consumption for 
residential services and accounted for around 2.00% of the 
additional poverty headcount under all scenarios.

Relative poverty

Relative poverty presents a different picture (Fig. 2b). In 
the baseline scenario, the relative poverty headcount con-
tinued to fall from 2020 to 2050, with an acceleration from 
130 million to 91.8 million (for the full detail of the poverty 
headcount projections, see SI 6). In the three optimal sce-
narios, it increased in the coming decade and then decreased 
quickly after 2030. Our projection in the NDC scenario indi-
cated a significantly slower decrease in relative poverty from 
2040 to 2050. This could be explained by our finding (see 
later text) that welfare loss caused by a carbon tax could be 
regressive after 2040.

The relative poverty headcount in 2030 was projected to 
be around 131–132 million in the optimal climate change 
mitigation scenarios. The differences caused by climate 
change mitigation among the scenarios were amplified in 
2050. Around 4.73 million people were placed in relative 
poverty in 2050 due to a carbon tax in the 80% scenario, 
in which climate change mitigation efforts had the most 
influence over poverty among the three optimal scenarios. 
Around 4.99 million more people fell into relative poverty 
due to carbon pricing in the NDC scenario in 2050, indicat-
ing that a high carbon tax in the long term due to delayed 
climate change mitigation would increase the time required 
to achieve equity.

Table 2  Consumption categories identified in AIM/PHI

Category Name

Food and nonalcoholic beverages Food&Drinks
Alcohol beverages, tobacco and narcotics Alcohol&Others
Clothing and footwear Clothing
Housing, water, electricity, gas and other fuels Residentials
Furnishings, household equipment  

and maintenance
Equipment

Health Health
Transport Transport
Communication Communication
Recreation and culture Recreation
Education Education
Restaurants and hotels Restaurant&Hotel
Miscellaneous goods and services Miscellaneous
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Fig. 1  Scenario overviews. a GHG emissions trajectories from 2010 
to 2050. The three optimal scenarios produced linear reductions from 
2020. The NDC scenario produced a linear reduction from 2030. b 
The resulting carbon tax trajectories. c The GDP loss compared to the 
baseline. d The price change due to a carbon tax on the 12 goods and 
services. The updated NDC target to “lower carbon dioxide emissions 
per unit of GDP by ‘over 65%’ in 2030 compared to 2005 levels” can 
be achieved by bringing “its total installed capacity of wind and solar 
power to over 1.2 billion kilowatts by 2030”, which is also stated in 

the updated NDC. Therefore, no carbon price was implemented until 
2030 in the NDC scenario. This improvement in capacity led to a tiny 
increase (less than 0.1%) in GDP and raised the price of residential 
goods and services by 1.33%. The delayed but rapidly rising carbon 
price in the NDC scenario entailed great economic risks judging both 
from the GDP loss and the price fluctuation. The price shown here is 
the relative commodity price, due to the numeraire used in the CGE 
model. It is different from the actual price or the CPI
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Fig. 2  Poverty headcounts. a Historical trend of the poverty head-
count in China. “$1.9”, “$3.2”, “$5.5” correspond to “1.9-thresh-
old”, “3.2-threshold”, and “5.5-threshold”, respectively. b Poverty 
headcount projections (2020–2050). c Additional poverty headcount 
due to carbon taxes, decomposed by income-side, indirect price, and 
direct price effects. d Expenditure distribution in 2030 and 2050, 
with the relative poverty level arising from the baseline scenario. 
Area A represents people living under the 3.2-threshold in the base-
line scenario. Area A + area B represents people living under relative 
poverty in the baseline scenario. The national poverty standard was 
regularly updated. The national poverty threshold (income for rural 

households) was updated from 206 CNY ($59.7) per year per capita 
in 1986 to 865 CNY ($105) per year per capita in 2001, and to the 
current standard of 2300 CNY (at the 2010 constant price) per year 
per capita in 2011 (The State Council Information Office of the Peo-
ple’s Republic of China 2021). While the poverty headcount declined 
in the coming decade regardless of the stringency of climate policy, 
relative poverty raised by carbon price was of concern in the optimal 
scenarios. The delayed but rapidly rising carbon price in the NDC 
scenario has more long-lasting impacts on poverty headcount by both 
the 3.2-threshold and relative poverty
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Distributional effects

Welfare loss

As shown in Fig. 3a, poor households suffer more from 
carbon pricing, with most of the welfare loss caused by 
a loss in income. The poorest decile lost 1.36% (50% 

mitigation scenario) and 2.09% (80% mitigation scenario) 
more of their total welfare compared to the richest, due 
to a carbon tax in 2030. The gap between the poorest 
and richest decile widened to 1.88% (50% mitigation sce-
nario) and 5.15% (80% mitigation scenario) in 2050, with 
the poor households suffering more welfare loss. In 2050, 
the large income loss and radical price changes in the 
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Fig. 3  Equivalent variation (EV) ratio relative to the baseline sce-
nario by decile. a Projections of the EV ratio (by income and price 
effects in total, and only by price effects), with the values showing 
the percentage of welfare change (negative = welfare loss, posi-
tive = welfare gain) for households in each income decile. b The EV 

ratio decomposition (by income and price effects in total, and only 
by price effects). Four consumer goods where the impacts on welfare 
were prominent were picked out and the remaining eight were aggre-
gated into “Others”. Decile 1 is the lowest income segment and decile 
10 is the highest segment
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NDC scenario led to an average welfare loss of 16.0%, 
with the EV ratio for the poorest and richest households 
being 18.7% and 12.8%, respectively.

The price effects indicated the burden of a carbon tax 
when household income was compensated for by income 
subsidies to maintain a stable income, while price changes 
were not easily offset. Note that the subsidy may not only 
come from carbon tax revenue. In this case, the burden 
of a carbon tax was neutral (evenly distributed) in 2040, 
but gradually shifted to regressive around 2050 (Fig. 3a), 
particularly when the carbon tax was set at a higher level 
to achieve urgent and stringent climate change mitigation. 
The shift towards regressivity was not purely decided by 
the tax level. A carbon tax of 83 US$2010/tCO2eq in the 
65% mitigation scenario in 2040 was neutral, while the 
lower carbon tax (76 US$2010/tCO2eq) in the 50% miti-
gation scenario in 2050 was regressive.

The decomposition of EV (Fig.  3b) revealed clear 
regressive effects of the Food&Drinks, neutral effects of 
Residentials, and progressive effects through Equipment 
and Transport. Their relationship determined whether a 
carbon tax was regressive, neutral, or progressive, while 
other sectors had less influence on the distribution (there-
fore they were aggregated into the Others category in 
Fig. 3b).

If only the price effect was considered, the conclusion 
was similar but the welfare gains due to the decrease in 
prices for goods and services in Health, Recreation, and 
Education offset much of the welfare loss. In the 80% 
mitigation scenario, the welfare loss (EV ratio, nega-
tive value) via Food&Drinks was less influential in 2030 
(0.776% in decile 1 and 0.269% in decile 10) than that 
via Residentials (2.30% in decile 1 and 2.60% in decile 
10). And the progressive effects through Equipment offset 
much of the regressive effects via Food&Drinks. Impacts 
via Food&Drinks were amplified in 2050 and dominated 
the regressivity in the 80% mitigation scenario, with the 
contribution of Food&Drinks to welfare loss being 2.81% 
in the lowest decile and 11.28% in the highest decile, 
while the welfare loss due to Residentials was around 
1.05% across the income segments and even less via 
Equipment and Transport.

In the NDC scenario, despite the soaring carbon tax 
post-2040, welfare loss through price changes were 
smaller than in the 80% mitigation scenario. This was 
because of the large net-welfare gains (positive values, 
2.32% in decile 1 and 2.59% in decile 10) in other cat-
egories. However, the welfare loss was more biased to 
low-income households due to the larger regressivity in 
Food&Drinks. In 2050, the welfare loss in Food&Drinks 
was 3.84% in decile 1 and 1.90% in decile 10, while the 
welfare loss in Residentials was around 1.45% for all 
segments.

Price changes

Price changes as a result of carbon taxes were used to deter-
mine the distributional impacts observed in our study, with 
the most acute price change occurring in Food&Drinks and 
Residentials (Fig. 1d). Prices in the Food&Drinks sector 
increased slowly but steadily in the optimal scenarios by 
mid-century, with an increase of 12.7% in 2050 in the 80% 
mitigation scenario. Considering the smaller price elastic-
ity of food compared to other goods, this large increase over 
the decade suggested that there would be adverse effects on 
Chinese households, where the average expenditure on food 
is around 30% of household expenditure (National Bureau 
of Statistics 2021). The Food&Drinks sector is, therefore, 
likely to be a channel that passes the economic burden of 
climate change mitigation to households.

In all three optimal scenarios, price changes in the Resi-
dentials were already prominent in 2030. The price of Resi-
dentials increased by 9.30% in the 50% mitigation scenario, 
by 11.2% in the 65% mitigation scenario, and by 13.8% in the 
80% mitigation scenario in 2030 compared to the baseline. It 
then decreased slightly by 2040, and then fell sharply to around 
5.0% of the baseline in the three scenarios in 2050. In the NDC 
scenario, due to the early promotion of renewable energy and 
the decreasing energy demand, the price increase was not as 
large as in other climate change mitigation scenarios and did 
not display such a distinct difference as in other categories.

In the NDC scenario, the promotion of renewable energy 
slightly reduced the price of Food&Drinks but the effect due to 
a carbon tax took over from 2030, increasing the price change 
over the baseline from − 0.2% in 2030 to 17.8% in 2050. The 
price change in Residentials was less intensive in the NDC sce-
nario. In 2030, the promotion of renewable energy raised the 
price of Residentials by 1.30%. Even with a higher carbon tax 
in 2040 and 2050, the increases were only 9.10% and 7.20% 
compared to the baseline. The tax level and price changes in 
this scenario were influenced by the postponement of climate 
change mitigation and the promotion of renewable energy. The 
high carbon tax post-2040 was mainly due to the postponed but 
urgent climate change mitigation. Its impact on the Residen-
tials price was buffered by the promotion of renewable energy 
because the increase in electricity price was largely reduced 
by a larger wind- and solar-power capacity and lower carbon 
capture and storage (CCS) demand (see SI 4).

Among the 12 categories of consumer goods, Equip-
ment, Transport, and Communication were less influ-
enced by a carbon tax by mid-century. The price changes 
compared to the baseline were less than ± 5.0% in all 
scenarios. In the NDC scenario, where emissions con-
straints did not take effect until 2030, price changes 
before 2030 were induced by the promotion of renewable 
energy. However, this effect was less prominent than that 
induced by a carbon tax.
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Expenditure and consumption changes

The composition of household expenditure did not vary 
much among scenarios, but there were changes across 
income segments and time. Not surprisingly, the largest 

expenditure changes were in Food&Drinks and Residen-
tials. In the baseline scenario, the national average share 
of Food&Drinks (27.1%) and Alcohol&Others (5.80%) was 
32.9% in 2020 (Fig. 4a), which was slightly higher than the 
latest published data, in which the share of food, beverages, 
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Fig. 4  Expenditure share by decile. a The expenditure pattern in 2020 
given by the model, which was consistent across scenarios, b The 
share of household expenditure on each category of goods and ser-
vices in the baseline scenario. c The change in consumption in each 
scenario. The small zig-zags are due to the “double-nature” setting 

(discrete income segments and continuous distribution functions) in 
our expenditure model and did not affect the final results. The loss in 
welfare and consumption was large but consistent with the macroeco-
nomic level loss given by AIM/Hub
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and tobacco is 30.2% (National Bureau of Statistics 2021). 
With increasing income levels and improved living stand-
ards, this value decreased to 26.2% (Food&Drinks 20.9%) 
in 2050. In decile 1, the share of household expenditure 
on Food&Drinks was 31.6% in 2020 and 27.9% in 2050. 
With a higher income, the share of household expenditure 
on Food&Drinks decreased significantly, with the share 
in decile 10 in the baseline being 19.3% in 2020, which 
reduced to 12.1% in 2050. The difference in the share of 
household expenditure on Food&Drinks among the sce-
narios was minor.

The share of household expenditure on Residentials 
was relatively stable across income segments and across 
scenarios. In 2020, the share of household expenditure on 
Residentials was 22.0% on average and for each decile (the 
difference among deciles 10 and 1 was less than + 0.1%), 
which was close to the latest available recorded value of 
24.6% (National Bureau of Statistics 2021). This trend was 
captured and retained in our model, with the share of Resi-
dentials being 22.1% in the baseline in 2050.

With the price of Food&Drinks and the carbon tax 
increasing over time, low-income households spend a 
large share of their total expenditure on food and are less 
able to adjust to price changes; therefore, they suffer more 
welfare loss due to price changes (Fig. 4). The decrease 
in the consumption of products other than Food&Drinks 
either varied less among income segments (for example, 
Residentials) or was minor because of their small share of 
household total expenditure (for example, Equipment and 
Restaurant&Hotel), and therefore they had less influence 
on the distributional impacts of a carbon tax in the case 
of China. However, Residentials products are sensitive to a 
carbon tax, and their share of household expenditure varies 
among countries and is largely dependent on the income 
level. They should also be the focus of interest.

Discussion

We found that a carbon tax would not prominently exac-
erbate poverty or inequality in the short term in China. By 
comparing the NDC scenario and other climate change miti-
gation pathways, we found that a delayed climate change 
mitigation effort could incur more severe regressivity, 
although the promotion of renewable energy could buffer 
the shock of carbon pricing. While our model made strong 
assumptions, such as the income distribution function, and 
relied on limited household data, our newly developed meth-
odology provides a framework for carbon tax assessment 
and ensuring a just transition towards low-carbon pathways.

Carbon pricing

Our model adopted a very strong assumption on carbon 
pricing: a carbon price is applied uniformly to all emis-
sions sectors as an explicit carbon emissions tax. The Inter-
governmental Panel on Climate Change (IPCC) special 
report “Global warming of 1.5 °C” stated that Higher-2 °C 
pathways required a carbon tax of 15–220 US$2010/
tCO2eq in 2030, and 45–1050 US$2010/tCO2eq in 2050, 
while for Below-1.5 °C pathways the required carbon tax 
was 135–6050 US$2010/tCO2eq in 2030 and 245–14,300 
US$2010/tCO2eq in 2050 (Rogelj et al. 2018). The tax rates 
in this study were in the lower range.

Common alternatives for carbon pricing instruments 
include explicit instruments, namely, an ETS, which is a 
crediting mechanism, and inexplicit instruments, such 
as a road tax, an energy tax, or subsidies for low-carbon 
technologies (World Bank 2020). How the carbon pricing 
is introduced and where the tax is implemented alters the 
effectiveness of climate change mitigation and the impacts 
on households.

Unlike the carbon tax investigated in this study, we con-
sider the impacts of these alternative instruments on house-
hold income and expenditure to be less straightforward. For 
example, in a cap-and-trade emission trading system where 
a limited number of emission permits are issued by the gov-
ernment and traded among the companies, emission reduc-
tions are guaranteed by the emission caps, which are the 
sum of the emission permits, but the carbon price depends 
on the market. The scales and channels of the impact on 
households vary greatly according to the system’s design. 
China has operated pilot ETSs in the electricity supply sec-
tor in eight pilot regions, and officially launched its national 
ETS, covering emissions from all industries and regions in 
2021 (Ministry of the Ecology and Environment of People’s 
Republic of China 2021). Because the electricity supply sec-
tor operates with “a highly regulated dispatch and pricing 
system,” few of the additional costs of carbon pricing are 
transmitted to final users due to the separated producer and 
consumer prices of the electricity supply sector (Ju and Fuji-
kawa 2019).

The extent to which the impacts of this national ETS will 
be conveyed to consumers is unknown, but the enhanced 
scale and stringency of abatement could result in changes to 
households and individuals, as well as the country overall. 
The distributional impacts of other carbon pricing instru-
ments could be more limited. For instance, carbon pricing 
in the form of fuel taxes is limited in scale compared to the 
carbon tax assumed in our study. The same applies to other 
sector-wise pricing instruments.
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Poverty and inequality implications

Though the 3.2-threshold suggests an optimistic future, rela-
tive poverty would remain a fundamental societal issue. With 
economic development and improving living standards, a 
fixed poverty line could become less sensitive and would no 
longer be representative of poverty. Relative poverty is more 
relevant to the distribution of income and expenditure and its 
trajectory could partially reflect the temporal dynamics of 
distribution among income segments. There is a need for an 
assessment of relative poverty in future poverty projections 
and climate policy assessments in China.

Low consumption and inadequate living standards are at 
the heart of the concept of “poverty,” and health, literacy, 
and other factors also play a role. This multidimensional 
nature of poverty makes the projection of poverty complex 
and requires information and projections across non-income 
dimensions, which is difficult in our current model, but will 
be an important aspect of future research (Ferreira and Lugo 
2013).

Concerning the distributional effects and inequality 
implications, the household consumption patterns were 
more relevant, especially the spending on energy services 
and foods. Because of our assumption that the household 
consumption bundle followed the historical trends recorded 
in the HBS and was captured by the AIDADS parameters, it 
was considered that there would be no substantial and dis-
crete changes in household consumption brought about by 
advances in technology. The shifts in distributional effects 
were the result of relative commodity price changes, a rising 
income level, and income elasticities (see SI 5).

The largest price changes occurred in consumption 
related to Food&Drinks and Residentials. The distribu-
tional effects generated through foods and beverages, e.g., 
Food&Drinks, were regressive due to Engel’s law. Trans-
port and Equipment showed clear progressivity. We found 
that the share of spending on residential goods and services, 
e.g., Residentials, was almost consistent across the income 
brackets, leading to neutral distributional effects through 
Residentials. This was a feature of the Chinese household 
and is the reason why this study could be distinguished 
from others in the published literature, revealing the regres-
sivity of carbon pricing. Our findings also agree with the 
proposition of Dorband et al. (2019) that the relationship 
between the share of energy expenditure and income is cru-
cial to the distributional effects of carbon pricing. Atten-
tion should also be given to the relative price changes in 
the food sectors. As demonstrated in our Chinese example, 
when the relative price increase of Food&Drinks reached a 
certain level, the regressive effects through Food&Drinks 
took over, resulting in a shift of the distributional effects 
from being slightly progressive or neutral to being regres-
sive (Dorband et al. 2019).

A novel approach to carbon tax assessment

Our study presented a novel approach to carbon tax assess-
ment and global comparative studies. We identified goods 
and services in the Food&Drinks, Residentials, Equipment, 
and Transport sectors as the most important factors for the 
distribution and scale of the impacts of a carbon tax. While 
the impacts via food and agriculture goods and services were 
regressive due to Engel’s law, the impacts via energy-related 
goods and services, especially the Residentials, either exac-
erbated, offset, or had no obvious effects on regressivity, 
depending on the share of spending across income segments 
and its price change. If the impacts via the energy sector 
were progressive, whether they could overcome the regres-
sivity demonstrated by the welfare loss in the food sector 
was dependent on price changes in both sectors.

Other goods and services with net-welfare gains due to 
price effects were biased toward lower income segments. 
While they were less sensitive to carbon taxes in the opti-
mal scenarios, they largely buffered the welfare loss by 
Food&Drinks and Residentials in the NDC scenario in the 
long term.

Dorband et al. (2019) reported that energy goods are 
what determine the distributional effects of carbon pricing 
which takes the form of a tax applied to fossil fuel related 
 CO2 emissions. Our study covered carbon taxes on  CO2 and 
non-CO2 emissions from energy and non-energy-related pro-
cesses. A comparison between the two studies provides a 
novel way of quantifying the subsidies and exemptions based 
on non-CO2 or non-energy-related emissions in the food and 
agriculture sectors. From a food security perspective, carbon 
pricing on non-CO2 emissions could have an adverse impact 
on hunger (Hasegawa et al. 2018; Fujimori et al. 2019). Our 
findings are consistent with these reports.

Tax exemption and subsidies

High-carbon taxes can generate considerable welfare loss, 
particularly in the long term. An explicit carbon tax must be 
complemented with other policies or tax revenue recycling 
schemes to avoid distributional regressivity when aiming for 
stringent climate change mitigation.

Carbon tax revenue could provide income subsidies to 
avoid biased distributional effects. For example, in our 80% 
mitigation scenario, the revenue from carbon taxation was 
744 billion dollars in 2050, while the national total welfare 
loss was about 2774 billion dollars. The tax revenue could 
not fully offset the nationwide welfare loss but was more 
than enough to compensate the poorest 40% of the popu-
lation, whose combined welfare loss was 598 billion dol-
lars in 2050. The carbon tax revenue can also be invested 
in renewable energy development and other low-emission 
technologies. In such cases, more stable electricity and fuel 
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prices could be expected and the distributional effects could 
be mitigated.

Tax exemption, where households do not pay for the 
GHGs emitted directly during their consumption of cer-
tain commodities, could also be an option. Such payments 
include the carbon tax embedded in fuel taxes, road taxes, 
and pricing. If exemption is provided for poor households, 
who are responsible for less GHG emissions, but are more 
vulnerable to a high tax rate, the negative effects of a car-
bon tax could be abated. Exempting poor households from a 
direct carbon tax may not necessarily be in the form of direct 
exemption, providing them with energy subsidies could 
also be an effective compensation. Our quantification of the 
direct price effect serves as a reference for subsidy design.

Because we showed that the food sector is the main con-
tributor to the regressive welfare loss in China, measures 
to regulate food price changes and guarantee agricultural 
productivity are key to ensure food security and household 
welfare.

It was beyond the scope of our study to perform a com-
prehensive analysis of different countermeasures, but our 
model could be equipped with the flexibility to examine 
countermeasures in more depth in the future. For example, 
in AIM/Hub it is possible to investigate situations where 
carbon tax revenues are recycled as labor tax subsidies or 
are invested in low-emission technologies. It is also possible 
in AIM/PHI to examine the different transfer schemes of 
the subsidies. The main reason why we did not conduct an 
assessment of the countermeasures is that there is currently 
no guarantee of consistency in production and consumption 
between the two models, which is an innate weakness of the 
sequential soft-link strategy.

In addition to the countermeasures, there could be other 
positive effects of climate change mitigation such as job 
creation. In our modeling framework, from a macroscopic 
perspective, the total labor supply, which is determined by 
the population, and productivity, which is determined by 
labor quality, would not change from the baseline. Among 
the different income brackets, the creation and loss of jobs 
could have a considerable impact on income levels and dis-
tribution. This assessment requires a detailed occupational 
representation, which is currently difficult given the limita-
tions of our models and the data availability. Future studies 
will be conducted to address these issues.

Strengths and limitations

Our methodology had several advantages over most pre-
vious methods. Previous studies have focused more on 
the direct effects of price changes on expenditure, while 
ignoring the change in consumption bundles and behavio-
ral responses induced by price changes (Feng et al. 2010; 
Fremstad and Paul 2019). Another advantage is that within 

the IAM framework, societal dynamics and the deep reform 
propelled by climate change mitigation can be projected in 
the long term, while maintaining international consistency. 
Most studies have used an input–output analysis or static (or 
comparative static) CGE models, both of which are limited 
in terms of capturing the temporal dynamics (Beck et al. 
2015; Hertel et al. 2015; Fremstad and Paul 2019).

There were also limitations and caveats to this study. 
First, the natural carbon sinks and negative emissions for 
certain land-use sectors in the NDC scenario were under-
estimated. A better depiction of land use, land-use change, 
and forestry in future studies could shed more light on the 
NDC and carbon neutrality pathway, as well as the potential 
food security concerns.

Second, the distributional impacts from the income side 
were not fully reflected in our projection. This was because 
of the model assumption, in which the shape of the income 
distribution was derived from Gini coefficient projections, 
which were fixed into the future for a certain SSP (Fujimori 
et al. 2020). Loss of GDP altered household income by shift-
ing the distribution leftward. Future studies should focus 
more on household heterogeneity and distributional changes 
from the income-side. Another limitation generated by the 
lognormal distribution and Gini coefficient was the lack of 
flexibility in relative poverty, the calculation of which was 
heavily dependent on the shape of the distribution.

Third, our household model was sensitive to the input 
household data that were used for the parameter estima-
tion. Data reliability and quality had a great influence on 
our results. The goods category may be too aggregated to 
represent the impact of the energy sector on households and 
further studies of energy goods and household consumption 
are needed.

There have been many recent studies of the impact of 
climate policies on poverty and equity (Goulder et al. 2019; 
Soergel et  al. 2021a, b; Steckel et  al. 2021). Our study 
featured a flexible demand system with large coverage of 
consumer goods, as well as a set of national scenarios and 
the latest national policy pathways. We noted that, in the 
national-specific context, a commitment to carbon neutrality 
may not pose a huge barrier to poverty alleviation, but an in-
depth discussion of the welfare issues and countermeasures 
required to maintain the welfare level is required for the 
promotion of public acceptance of climate policies such as 
carbon pricing.

Any shocks related to climate change and their interaction 
with poverty and inequality were not assessed. Generally, the 
direct climate change impacts on poverty are the most prom-
inent, with crop yields and the resulting changes in global 
commodity prices, labor productivity, and natural disasters 
identified as major channels (Ahmed et al. 2009; Hertel et al. 
2010; Hallegatte and Rozenberg 2017). There have been lar-
gescale evaluations of these direct impacts as well as the 
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indirect effects of climate change mitigation on income and 
poverty by building damage functions (Taconet et al. 2020) 
or simulations based on household surveys and case studies 
(Hallegatte and Rozenberg 2017; Hallegatte et al. 2017). 
Further assessments of poverty and distributional impacts 
by integrating climate-related impacts and climate change 
mitigation at national and finer levels are needed.

Conclusions

This study was the first attempt to quantify the long-term 
poverty headcount in China and to assess the distributional 
impact on households following the implementation of a 
carbon tax. We examined the national pathways for the Paris 
Agreement’s long-term goal and evaluated the Chinese NDC 
and carbon neutrality pathway. We adopted multiple meas-
urements to depict different dimensions of poverty and the 
distributional impacts of a carbon tax to provide a new per-
spective of carbon tax and an assessment of climate change 
mitigation pathways.

A carbon tax would not greatly hinder poverty alleviation 
in China, even if the poverty threshold for LIMC is adopted. 
An assessment of the different threshold criteria would be 
meaningful for the establishment of future mitigation poli-
cies. In the NDC scenario, although the poverty headcount 
declined slowly after 2030, the NDC and carbon neutrality 
pathway placed fewer people at poverty risk. The more chal-
lenging emissions abatement and slower poverty alleviation 
conditions post-2030 in this pathway should not be ignored.

The impacts of a carbon tax on Chinese household 
expenditure were neutral or slightly regressive in the early 
stages of climate change mitigation, but there was a shift to 
strongly regressive impacts in the long term. A high carbon 
tax could harm the social equity and wealth of citizens. The 
current carbon tax level did not have an obvious regressive 
effect on household expenditure, suggesting that a carbon 
tax in China for early emission reduction would be effective.

The impacts on food and energy goods could lead to a 
change in household welfare following the imposition of a 
carbon tax, and these products were also key to determining 
regressivity and progressivity. A pathway aligned with the 
NDC and carbon neutrality deepened income inequality in 
the long term compared to the optimal pathways. With the 
expected advancements in clean energy, CCS technologies, 
and a well-designed tax revenue recycling scheme, it will 
be possible to alleviate and offset such negative impacts on 
households. Carbon tax exemption and subsidies on energy 
and food consumption for poor households could also be 
beneficial for poverty and inequality alleviation.
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