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Previous research has acknowledged that climate change is likely to expand the wealth gap,
and climate policies may further increase inequality. Nevertheless, little research has focused
on how climate policies affect inequality. To address this, we employ a Computable General
Equilibrium (CGE) model to quantify the inequality impacts of the Chinese carbon taxes. Our
CGE model results show that tax impacts on inequality are influenced by distribution of
climate damages, tax payments, and recycling of tax revenues. Specifically, a positive cor-
relation between income and climate damage induces lower inequality, compared to a zero or
negative correlation. Tax payments by high-income households induce lower inequality than
tax payments proportional to or independent from income. Recycling tax revenues to low-
income households only induces lower inequality than the other recycling schemes. The
results imply that relative utility is determined by absolute income, whereas income
inequality only has a slight impact on it. In other words, governments could reduce negative
feelings about inequality under a climate policy by increasing national income, even if the
climate policy may induce higher inequality.
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Introduction
ow climate change influences generational inequality has
received a great deal of attention in recent years (Burke
et al., 2015; Moore and Diaz, 2015). This is because
energy inaccessibility of the poor in the content of climate change
“can decisively hamper the political feasibility of respective
reforms and provoke public resistance” (Dorband et al., 2019).

Considering the accelerating global warming recently, many
researchers (Yahoo and Othman, 2017; Chen et al., 2017; Bi et al.,,
2019) claimed for more climate policies to effectively address cli-
mate change by curbing anthropogenic emissions. Unexpectedly,
higher energy price, induced by climate policies, is likely to
undermine energy access, especially for the poor, and trap them in
their current patterns of energy use (Jakob and Steckel, 2014). This
is because the poor spend a higher share of their income on
pollution-intensive goods than the rich (Klenert et al., 2018). Hence,
climate policies are likely to disproportionally affect the lifestyles of
the poor; hence, most simulated climate policies in literature
appeared regressive (Berry, 2019). Nevertheless, less attention has
been given to potential inequality impacts of climate policies
(Markkanen and Anger-Kraavi, 2019). Omitting inequality impacts
is unlikely to simulate optimal climate policies, because a complex
and multi-layered relationship exists between income inequality and
greenhouse gas emissions (Rao and Min, 2018). Such omissions
may also lead to biased policy evaluations, as inequality could
weaken effectiveness of climate policies (Bae, 2018).

Inequality impacts of climate policies are also related to changes
of subjective well-being. People have negative feelings at the sight
of another’s good fortune (Bosmans and Ozturk, 2018). Such
feelings can be measured by relative utility, which postulates that
individuals compare their income to a reference level (Pham,
2008). In other words, individual utility not only depends on own
income but also is related to reference groups (Michalos, 1985;
Hagerty and Veenhoven, 2003). Indeed, a reference group’s income
could be as important as own income for individual happiness
(Ferrer-i-Carbonell, 2005). Previously, different terminologies were
used to define the scope of relative utility, including happiness
(Hagerty and Veenhoven, 2003; Clark et al., 2008), satisfaction level
of workers (Clark and Oswald, 1996), and personal life satisfaction
(Georgellis et al., 2009). Although it is extremely hard to prove that
human psychology measures utility, “the acceptance of subjective
well-being measures as a direct proxy for utility has consequently
opened up a wide range of opportunities to further inform theory
and policy design” (Clark et al., 2008). Hence, human psychology
can be meaningfully denoted by relative utility.

Previous research has agreed that relative utility is negatively
correlated with subjective well-being (Hagerty and Veenhoven,
2003; Clark et al., 2008; Clark and Oswald, 1996; Georgellis et al.,
2009). Because of social inequity, raising overall income may not
necessarily increase average happiness for the whole society
(Hagerty and Veenhoven, 2003). As climate policies affect
national income as well as income inequality, people’s psycho-
logical states could vary considering policy effects. Nevertheless,
to our best knowledge, almost no research was performed to
study psychological effects of climate policies. This paper narrows
the research gap by measuring changes of subjective welfare,
denoted by relative utility, under the designed carbon taxes. The
main innovations of this paper are listed as follows:

@ Inequality impacts of climate policies are innovatively linked
to a previous behaviour study.

® Welfare impacts of tax-induced inequality is innovatively
measured by relative utility.

® How tax revenue recycling affects inequality is analysed in
the designed scenarios.

This paper is divided into five sections. Section “Introduction”
introduces the research background, main targets, and research
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gap. Section “Methods” describes the research method, including
the CGE model structure, scenario designs, and definition of
relative utility. Section “Results” presents the model results in
graphs. Section “Discussion” discusses the main findings in
comparison with the literature. Section “Conclusion” shows the
main conclusions of this paper.

Methods
CGE model. In this paper, a Computable General Equilibrium
(CGE) model, originating from the pioneering work of Johansen
(1960), is used to analyse inequality impacts of carbon taxes.
Stemming from the general equilibrium theory of Walras, a CGE
model reaches equilibrium when aggregated supplies and demands
are equalised across all the interconnected markets (Xie et al., 2018).
In this paper, the social accounting matrix (SAM) of the CGE
model is based on the 2015 China Input-Output (I0) Table. The
detailed SAM is shown in Table S1 in Supplementary Informa-
tion. The sector division of the Chinese economy is based on Guo
et al. (2014), shown in Table S2 in Supplementary Information.
According to Table S2, there are 42 sectors in the input-output
Table, but only 29 sectors are left through the aggregation and
disaggregation process. Noticeably, the Production and Distribu-
tion of Electric Power and Heat Power sector is divided into the
electricity sector and heat sector first. Then the electricity sector is
disaggregated into nine subsectors following Lindner et al. (2013)
who disaggregated the Chinese electricity sector in the 2007
Input-Output Table. Electricity disaggregation is necessary,
because with very few anthropogenic emissions, electricity
subsectors exploiting renewables should not be regulated by
climate policies. Detailed electricity disaggregation can be found
in the equations in Section B of Supplementary Information.
The CGE model is formed by the top-down method, with two
regions (China and the rest of the world) and four economic entities
(household, enterprise, foreigner, and government). As the CGE
model is dynamic recursive, a dynamic block is introduced, and the
research period is 2015-2030. The equations of the CGE model are
presented in Section B of Supplementary Information.

Production block. In this block, the top level is formed by a Leontief
function, while the other levels are formed by constant elasticity of
substitution (CES) functions. The elasticity parameters in the CES
functions are from Guo et al. (2014). Noticeably, the elasticity
parameters of the electricity subsectors are assumed to be the same
as the elasticity parameter of the electricity sector given in Guo et al.
(2014). The default values of the elasticity parameters are shown in
Table S3 in Supplementary Information.

A sensitivity analysis is performed to test how the given values
of the elasticity parameters influence the model results, namely
the robustness of the results to the exogenous elasticity
parameters. In the sensitivity analysis, the elasticity parameters
are assumed to change by +10, +20, and +50% to analyse how
parametric values affect model equilibrium. This is because in the
range of £50%, inputs in some sectors may turn from poor (good)
substitutes to good (poor) substitutes (Lu and Stern, 2016). In
general, low (high) elasticity parameters denote flexible (strin-
gent) economy.

Income-expenditure block. A representative household and
enterprise are introduced to represent the entire Chinese house-
holds and enterprises. The household consumes domestic or
foreign goods, while its income source is labour, capital, and
money transfers. The enterprise earns its income from capital
only, whereas its expenditure includes labour wages, economic
taxes, carbon taxes, and money transfers to the household.
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Government block. A representative government is used to repre-
sent all the Chinese central and local governments. Governmental
income comes from taxes imposed on consumption, production,
international trade, and carbon emissions. The government spends
its income on consumption of goods, money transfers, and savings
with a CES utility function quantifying its spending.

Trade block. In this block, a representative foreigner is introduced
to represent the worldwide countries except China. The foreigner
produces goods consumed by the household, meanwhile it con-
sumes goods exported by the enterprise. Trade balance is
assumed when monetary value of export equals that of import.
International trade is based on the Armington (1969) assumption
that goods produced in different regions are imperfect substitutes.

Dynamic block. In this paper, the exogenously determined
dynamic parameters are the population, price, energy consump-
tion growth rate, output growth rate, and capital accumulation.
The projected Chinese population is from the medium variant
scenario in 2017 World Population Prospects (WPP) by UN
(2017). The export price is assumed to change proportionally to
the price projection of the total OECD countries by OECD
(2014). The GDP deflator, domestic commodity price, and import
price are assumed to change proportionally to the price projection
of China by OECD (2014). The projected energy consumption
growth rate is from the reference scenario in 2017 International
Energy Outlook by EIA (2017). The output growth of the energy
sectors follows the projected growth of the Chinese energy con-
sumption (OECD, 2018), while the output growth of the none-
nergy sectors follows the Chinese GDP projection in the regional
GDP long-term forecast (OECD, 2018). The projected physical
capital stock follows Long and Herrera (2016), while the projected
human capital stock is based on the annual China Human Capital
Report published by China Centre for Human Capital and
Labour Market Research (CHLR, 2018). The detailed variations of
the dynamic parameters in this paper are shown in Section C of
Supplementary Information.

Household disaggregation. Based on income, the representative
household of the CGE model is divided into three household
groups, namely low-income, mid-income, and high-income
households. Low-income households are the lowest 40% income
households; high-income households are the highest 10% income
households; the other households belong to mid-income house-
holds. The household division is based on the 2013 Chinese
Household Income Project (CHIP) conducted by China Institute
for Income Distribution (CIID, 2013). The compiled data are
summarised in Table 1.

In this paper, ratios of income sources for household groups
are assumed to be time-invariant. As a carbon tax may have
various impacts on different income sources, household income
distribution is likely to vary in tax scenarios.

HGI, = (Istgt x YH&) 1)

We have defined household income distribution in Eq. (1), where
the subscripts f, g, and t denote factor (labour, capital, and transfer),
household group, and time (year). HGI,; stands for the gross income

Table 1 Ratios of income sources for household groups.

Income source Labour Capital Transfer Overall
Low-income 10.03% 18.26% 23.38% 14.38%
Mid-income 57.43% 49.76% 57.67% 55.39%
High-income 32.55% 31.97% 18.95% 30.23%

of a household group. YH refers to household factor income; INSg
is ratios of income sources displayed in Table 1.

The 2013 CHIP data also include consumption distribution of
the surveyed households, shown in Table 2. A carbon tax may
have various impacts on different consumption goods; hence, it is
likely to affect household consumption distribution. Like income
source ratios, commodity consumption ratios are assumed to be
time-invariant.

HGC, =Y, (INQgt x cht) @)

Equation (2) shows household consumption distribution, where
the subscript c represents a kind of commodity. HGC,, stands for
the monetary value of total consumption for a household group.
YC, is household consumption on a certain commodity; INC is
ratios of consumed commodities displayed in Table 2.

Distribution of climate damages. To analyse the effects of climate
change on inequality, in this paper, we have studied climate damage
distribution among household groups. According to Dennig et al.
(2015), the relationship between climate damages and income dis-
tribution can be denoted by the income elasticity of damage para-
meter (§). A positive £ value means that climate damages are
proportional to income; in other words, high-income households
suffer the most welfare loss, while low-income households suffer the
least welfare loss under climate change. Hence, this assumption
induces the lowest inequality among the & assumptions.

A zero & value means that climate damages are independent
from income. This assumption implies that uncertainties exist in
equity issues of climate change. For example, distributive criterion
may be relevant to income distribution influenced by climate
change; hence, there is less agreement on how equity considera-
tions should inform future action on climate change (Matto and
Subramanian, 2012).

A negative £ value means that climate damages are inversely
related to income. This is the case that most previous researchers
were concerned about. For example, Mendelsohn et al. (2006)
examined worldwide impacts of climate change, arguing that
poor countries suffered bulks of damages from climate change; in
other words, global temperature rise from anthropogenic
emissions causes impacts that fall more heavily on low-income
countries (Taconet et al., 2020). Hence, this assumption induces
the highest inequality among the & assumptions.

In this paper, damage distribution among household groups is
based on the & assumptions. Under the positive ¢ assumption,
household damage distribution is defined in Eq. (3a). HGDy,
refers to climate damages suffered by a household group. HTC, is
total household consumption. Dam, denotes aggregated climate
damages suffered by households. dr; is proportion of household
consumption that is deducted by climate damages.

HGD,, = HGC,,/HTC, x Dam, = HGC,, x dr, (3a)
HGD,, = PR, x Dam, (3b)
HGDy, = dr, x Dam, (30)

When & equals zero, climate damages are assumed to be
independent from household income. Hence, damage distribution
is only related to the size of a household group, shown in Eq. (3b).
PR, refers to the occupied population ratio of a household group,
namely 40%, 50%, and 10% for low, mid, and high-income
households, respectively.

When £ is negative, low-income households suffer dispropor-
tionally more climate damages than high-income households
shown in Eq. (3c). According to Dennig et al. (2015), the
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Table 2 Ratios of consumed commodities for household groups.

Consumption source Food Clothing Transport Service Other goods Overall
Low-income 24.90% 16.56% 15.72% 20.63% 15.22% 20.91%
Mid-income 55.08% 56.57% 53.47% 53.53% 50.11% 54.16%
High-income 20.02% 26.87% 30.81% 25.83% 34.68% 24.93%

exogenous given damage ratio (dr;) is 69.7%, 27.8%, and 2.5% for
low, middle, and high-income households. In this paper, the ratio
for low-income households is the aggregation of the first and
second quintiles in Dennig et al. (2015); the ratio for mid-income
households is the aggregation of the third and fourth quintiles
and the first half of the fifth quintile; the ratio for high-income
households is the second half of the fifth quintile. The embedded
assumption of dividing the fifth quintile is that climate damages
are evenly distributed. Noticeably, the aggregation of the damage
ratios is equal to 99%, and thus all the ratios have been amplified
by 100/99% for mathematical balance.

Tax payments. In literature, the Gini coefficient is widely used to
denote income inequality; however, it is oversensitive to changes
in the middle of income distribution and less sensitive to changes
at the extremes. Hence, the Gini coefficient is not an ideal tool to
analyse current inequality patterns characterised by stable income
share of middle classes and high fluctuations on tails (Campag-
nolo and Davide, 2019). In contrast, the Palma ratio focuses on
top and bottom class of income distribution, and thus it is more
appropriate to current inequality patterns (Cobham et al., 2016).
The Palma ratio is defined as “the ratio of the top 10% of
population’s share of gross national income (GNI) divided by the
poorest 40% of the population’s share of GNI” (Campagnolo and
Davide, 2019). In this paper, the Palma ratio is defined as net
income of low-income households divided by that of high-income
households.

Net income equals gross income subtracted by climate damages
and tax payments; hence, the net income of a household group in
this paper is related to who pays the carbon tax. The poor are less
responsible for historical emissions but possess fewer resources to
adapt to climate change; on the contrary, the rich have much
higher per capita CO, emissions than the poor (Padilla and
Serrano, 2006), and they have more resources to adapt to global
temperature rise. Hence, carbon taxes should be paid by high-
income households only (Markkanen and Anger-Kraavi, 2019).

HGNI,, = HGI, x (1 —dr,)
0 (low and mid income households)
) YT, x (1 — dr,) x tax, (high income households)

(4a)
HGNI,, = HGI, — YT, x dr, x PR,

0 (low and mid income households)
| YT,x (1 —dr,) x tax, (high income households)

(4b)

HGNI, = HGI, — YT, x dr,x dr,
0 (low and mid income households)
| YT,x (1 — dr,) x tax, (high income households)

(40)

In Egs. (4a, b), we have defined distribution of net income
among household groups under tax payments by high-income
households only; the three equations denote damage distribution
under the positive, zero, and negative £ assumptions. HGNI,, is
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the net income of a household group; YT, is total household
income; tax, is tax payments.

HGNI, = HGIyx (1 —dr,) x (1 — tax,) (5a)
HGNI,, = (HGl, — YT, xdrx PR, ) x (1~ tax)  (5b)
HGNI, = (HGIgt — YT, x dr, x dré) x (1 — tax,) (5¢)

When tax payments are proportional to income, we have
defined distribution of net income among household groups on
the positive, zero, and negative & assumptions of damage
distribution in Egs. (5a, ¢).

HGNI, = HGIyx (1 —dr,) — YT, x (1 — dr,) x tax, x PR,
(6a)

HGNI, = HGI, — YT, x dr,x PR, — YT, x (1 —dr,) x tax, x PR,
(6b)

HGNI, = HGIy — YT x dr,x dr, — YT,x (1 — dr,) x tax,x PR,
(60)

By comparison, tax payments could be also independent from
income, and thus payments are only related to the size of a
household group. In this case, we have defined distribution of net
income on the positive, zero, and negative & assumptions in Egs.
(6a, ).

Tax revenue recycling. Revenue recycling to complement carbon
taxes could make a difference to tax policy effects, as it can sti-
mulate economic growth or reduce mitigation costs (Sands,
2018). In addition, revenue recycling is a way to compensate or
even offset welfare loss induced by climate policies, and thus it
helps achieve social equity. The importance of revenue recycling
has been already confirmed in literature. For example, Liu and Lu
(2015) used a dynamic CGE model to study economic impacts of
different revenue recycling schemes in China, arguing that rev-
enue recycling was important in tax designs; Xiao et al. (2015)
utilised a dynamic recursive multi-sector CGE model to explore
policy effects of an environmental tax in China, concluding that
governmental tax refunds could reduce negative effects of the tax
on economy.

In this paper, tax revenue recipients are governments,
enterprises, and households. Recycling tax revenues to govern-
ments is equivalent to no revenue recycling in previous research
on carbon taxes (Li et al., 2019). Recycling tax revenues to
enterprises is beneficial to production activity and international
trade (Macaluso et al, 2018). By comparison, recycling tax
revenues to households could be regarded as a kind of income
redistribution. Specifically, tax revenues could be recycled to
households evenly or low-income households only.

Table 3 shows the designed 12 scenarios based on distribution
of climate damages, tax payments, and tax revenue recycling. In
addition, a baseline scenario with no climate policies implemen-
ted is designed to act as the reference scenario in this paper.
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Table 3 The designed scenarios in this paper.
Scenarios Recipients of tax revenues  Tax payments
SCRO1 Governments High-income

households only
SCRO2 Governments Proportional to income
SCRO3 Governments Independent from income
SCRO4 Households evenly High-income

households only
SCRO5 Households evenly Proportional to income
SCRO6 Households evenly Independent from income
SCRO7 Low-income households only  High-income

households only
SCRO8 Low-income households only ~ Proportional to income
SCRO9 Low-income households only  Independent from income
SCRO10 Enterprises High-income

households only
SCROM Enterprises Proportional to income
SCRO12 Enterprises Independent from income

Relative utility. According to Johansson-Stenman et al. (2002),
we have defined relative utility (RU) for each household group in
Eq. (7). HRGU,, denotes the average relative utility of a house-
hold group. HGANI,; is the average net income of a household
group. ANYT, is average net income, and it equals aggregated net
household income divided by population.

HGRU,, = 1% (HGANI, x ANYT; ") 7 7)
2

In Eq. (7), the parameter y; is a weight that an individual
attaches to relative income (Johansson-Stenman et al., 2002). y,
lies between 0 and 1, with the extreme value 0, meaning that RU
does not depend on relative income, and the extreme value 1,
meaning that RU only depends on positional effects of individual
income relative to average income in the society (Johansson-
Stenman et al., 2002). By default, in this paper, y; is assumed to
equal 0.35, which was the median value of the positional
experiment by Johansson-Stenman et al. (2002).

The parameter y, measures the rate at which RU falls as
income rises (Howarth and Kennedy, 2016). By default, in this
paper, y, is assumed to equal 1.72, which was the median value of
the risk (inequality) aversion experiment (Johansson-Stenman
et al.,, 2002); this value is quite close to 1.8 given by Howarth and
Kennedy (2016). As rising income inequality decreases RU
(Howarth and Kennedy, 2016), y, is assumed to be larger than
one. This assumption is rational as most of the experimental
participants in Johansson-Stenman et al. (2002) had relative risk
aversions larger than one. As y, is larger than one, RU is negative
in this paper, implying that if national income is fixed, a rise in
income inequality increases RU absolute value.

ORU, = ¥, (HGRU, x PR, ) x POP, )

Hence, we have defined overall relative utility (ORU,) as the
weighted summation of each group’s relative utility in Eq. (8),
where POP, refers to population.

Carbon tax. In the baseline scenario of this paper, with no cli-
mate policies implemented, the Chinese anthropogenic emis-
sions will grow continuously over the research period 2015-2030
under the current production and consumption patterns.
Nevertheless, China has committed in its Nationally Determined
Contribution (NDC) target (NDRC, 2015) to peak the emissions
before 2030. To achieve this NDC target, the Chinese govern-
ments should implement climate policies to abate the anthro-
pogenic emissions.

In literature, carbon taxes and emission trading schemes (ETS)
are the most popular climate policies to mitigate carbon emissions
(Li and Jia, 2017; Bi et al., 2019). Implementation of a carbon tax
requires governments to play important roles in economy, while
ETS implementation requires a solid carbon market to be established
(Liu and Lu, 2015). Considering strong governmental powers and
undeveloped carbon markets in China, a carbon tax is preferable to
an ETS. This is because China’s nationwide ETS market has been
established very recently, and the seven ETS pilots encountered
problems. For example, too many allocated carbon quotas led to a
low and unstable carbon price and thus induced an ineffective
carbon market (Li and Jia, 2016). Compared to an ETS, a carbon tax
promotes energy-saving technologies and optimises energy con-
sumption structure, and its negative effect on GDP is small (Chi
et al,, 2014). Therefore, “a carbon tax is recognised as one of the
most cost-effective economic instruments to control carbon
emissions” (Li et al, 2018). Hence, it is worthwhile to study
socioeconomic impacts of the Chinese carbon taxes.

In literature, most carbon taxes were implemented as fixed
carbon prices on anthropogenic emissions (Li and Jia, 2016; Li
and Jia, 2017; Dong et al., 2017). In a dynamic study over time, a
fixed tax price achieves a larger proportion of emission reduction
when emissions are lower, but it achieves a lower proportion of
emission reduction at higher anthropogenic emissions. Hence,
carbon taxes based on fixed percentage tax rates are more
meaningful as they regulate emissions evenly over time.

In this paper, three carbon taxes are designed with the fixed tax
rates at 1%, 2%, and 3%, imposed on consumption of non-
renewable energy; in other words, tax base is monetary value of
consumed non-renewable energy. Noticeably, the designed
carbon taxes directly regulate electricity generation, because
combustion of fossil fuels in electricity generation emits
enormous quantities of greenhouse gases; in contrast, the
designed taxes do not directly curb end use of electricity, because
electricity consumption induces very few anthropogenic emis-
sions. In China, electricity price is determined by governmental
commands; however, in this paper, the representative enterprise
is assumed to be economically rational: it shifts rising costs of
electricity generation, under carbon taxes, to end-users by
increasing electricity price. Hence, household consumption of
fossil fuels is directly regulated by carbon taxes, while household
electricity consumption is indirectly affected by carbon taxes.

The 1, 2, and 3% tax in this paper are equivalently to 2.4-4.9,
3.6-7.8, and 4.4-9.8 $/t CO, over the research period. According
to National Development and Reform Commission (NDRC) and
Ministry of Finance of China (Li and Jia, 2017), the guided carbon
tax rates, which are China’s attempts to incentivise taxpayers to
lower non-renewable energy consumption (RIFS, 2009), are ~1.7,
4.2, and 6.7 $/t CO, for low, medium, and high tax, respectively.
In comparison with the guided taxes, the 1% tax in this paper lies
between the low and medium tax; the 2% tax lies between the
medium and high tax; the 3% tax is closer to the high tax.

Carbon taxes could complement ETS policies, and such
complementary roles were proved in literature (Lin and Jia,
2020). Nevertheless, this paper has focused on policy effects of
carbon taxes only, and thus the designed taxes are not related to
the current Chinese nationwide ETS policy. The current ETS
price is ~60 CNY/t CO, (Huanbao EN-IN, 2022) or 9 $/t CO,,
which is higher than the designed tax rates, except for a few years
at the 3% tax. Different tax rates and ETS prices are rational
because carbon taxes regulate anthropogenic emissions by direct
governmental commands (Bruvoll and Larsen, 2004), while ETS
policies indirectly abate emissions through market mechanisms
(Crossland et al., 2013). Indeed, tax rates could be lower than ETS
prices (Li and Jia, 2017), because emission reduction of carbon
taxes could be higher than that of ETS policies under the same
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Fig. 1 Impacts of climate damage distribution (£) on the Palma ratio. Shows impacts of climate damage on the Palma ratio: the legends “Positive”, “Zero”,

and “Negative” denote the positive, zero, and negative £ assumptions.
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Fig. 2 Impacts of climate damages (&) on relative utility (unit: 10° CNY). Shows impacts of climate damage on relative utility: the legends “Positive”,
"Zero", and "Negative” denote the positive, zero, and negative & assumptions.

GDP effect (Jia and Lin, 2020). Hence, it is meaningful to design
the tax rates lower than the current ETS price in this paper.

Results

Damage distribution. The Palma ratios in all the 12 scenarios are
shown in Table S4-S15 in Supplementary Information. According to
Fig. 1, the & assumptions influence inequality: a positive £ value
induces the lowest inequality, while a negative & value induces the
highest inequality among the £ assumptions. Figure 1 also shows that
carbon taxes reduce inequality on all the & assumptions. This is
because high-income households earn more income from energy
sectors than low-income households, and thus carbon taxes decrease
net income of high-income households disproportionately more
than average level. This finding is contrary to the previous research
showing that the simulated French carbon tax appeared regressive
(Berry, 2019). The result differences are caused by the taxation
scopes: Berry (2019) simulated the tax levied on household energy
consumption only, whereas the taxes in this paper are imposed on
sectoral and household energy consumption.

Figure 2 shows the relative utility (RU) in SCRO1, while Fig.
S1-S11 in Supplementary Information shows the RU in the other
scenarios. According to Fig. 2, tax rate is positively related to RU
absolute value. Under fixed tax rate, RU absolute value is the
lowest when £ is positive; it is the highest when & is negative.
Although carbon taxes reduce inequality shown in Fig. 1,

6

however, Fig. 2 shows that taxes increase RU absolute value.
This result implies that absolute income is the main RU
determinant even though inequality does affect relative utility.
Higher RU absolute values mean more negative feelings about
inequality, and thus this finding agrees with Georgellis et al.
(2009) who used the European Social Survey data to show that
reference or comparison income exerted a negative influence on
life satisfaction.

Tax payments. Because of zero tax payments, the Palma ratio in
the baseline scenario is equal to 2.63 on the zero & assumption,
shown in Fig. 1. Hence, Fig. 3 only shows the Palma ratio under
the designed carbon taxes.

According to Fig. 3, tax payments by high-income households
only induce the lowest inequality among the tax payment
schemes. In this case, carbon taxes induce lower inequality than
that in the baseline scenario, implying that taxes are progressive.
When carbon taxes are paid proportionally to income, they have
small impacts on the Palma ratio, compared to the baseline
scenario, implying that taxes are neutral. This is because in this
case, low-income and high-income households bear the same
proportion of tax payments to income, which minimally affects
inequality, according to the definition of the Palma ratio. If tax
payments are independent from income, inequality is the highest
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Fig. 3 Impacts of tax payments on the Palma ratio. Shows impacts of tax payments on the Palma ratio: the legends “High-income Households Only",
"“Proportional to Income”, and “Independent from Income” refer to tax payments by high-income households, proportional to income, and independent

from income.
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Fig. 4 Impacts of tax payments on relative utility (unit: 102 CNY). Shows impacts of tax payments on relative utility: the legends “High-income

"ou

Households Only”,
and independent from income.

among the tax payment schemes and higher than that in the
baseline scenario, implying that taxes are regressive.

Figure 4 shows how relative utility (RU) is affected by tax
payments. RU absolute value is the lowest under tax payments by
high-income households; it becomes higher under payments
proportional to income; tax payments independent from income
induce the highest RU absolute value. Figure 4 implies that given
absolute income, RU absolute value is inversely related to
inequality. This finding agrees with Clark and Oswald (1996)
who explored the data of 5000 British workers to conclude that
workers’ satisfaction was inversely related to satisfaction of
reference group. Similarly, Clark et al. (2008) discussed the
relation between happiness and utility, arguing that income gap
reduced happiness.

Tax revenue recycling. In Figs. 1-4, we have not considered tax
revenue recycling; in other words, tax revenues are kept in gov-
ernmental budgets (Li et al., 2019).

Figure 5 shows how recycling of tax revenues affects inequality. At
a lower tax rate, revenue recycling has a small impact on inequality;
however, at a higher tax rate, this impact is larger. Revenue recycling
to enterprises induces similar inequality to the case without revenue
recycling. In contrast, revenue recycling to households induces lower
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Proportional to Income”, and “Independent from Income” refer to tax payments by high-income households, proportional to income,

inequality than recycling to other recipients. This finding agrees with
Davies et al. (2014) who tested possibilities of eliminating global
inequality by tax revenues, concluding that redistributing tax
revenues reduced the Gini coefficient. In addition, revenue recycling
to low-income households only rather than households evenly
further reduces inequality. This finding complies with Grottera et al.
(2017) who used a Brazilian SAM to analyse tax effects on income
distribution, showing that recycling of tax revenues to lower income
class contributed the most to inequality reduction in Brazil.

Figure 6 shows how recycling of tax revenues affects relative
utility (RU). Revenue recycling to enterprises induces the largest
RU absolute value, closely followed by revenue recycling to
governments. Revenue recycling to households induces lower RU
absolute value than recycling to other recipients; particularly,
revenue recycling to low-income households only induces the
lowest RU absolute value among the recycling schemes.

Sensitivity analysis. Table S16 in Supplementary Information
shows that if the elasticity parameters change by —50 to 50%, the
Palma ratio will change by <0.1%. Similarly, Table S17 in Sup-
plementary Information shows that the relative utility will change
by <10% under the parametric changes by —50 to 50%. Hence,
the results of the sensitivity analysis imply that the defined Palma
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Fig. 5 Impacts of tax revenue recycling on the Palma ratio. Shows impacts of tax revenue recycling on the Palma ratio: the legends “Governments”,
“Households Evenly”, “Low-income Households Only”, and “Enterprises” refer to revenue recipients are governments, entire households, low-income
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“Governments”, “Households Evenly”, “Low-income Households Only”, and “Enterprises” refer to revenue recipients are governments, entire households,

low-income households, and enterprises.

ratio and relative utility, in this paper, are quite insensitive to the
exogenous elasticity parameters; in other words, the CGE model
results are reliable.

Discussion

This paper shows that inequality is affected by the income elas-
ticity of damage parameter (£). A negative £ value induces higher
inequality than a positive or zero £ value. This finding is com-
patible with Winsemius et al. (2018) who argued that the poor
were often disproportionally exposed to climate damages. Hence,
climate change exacerbates inequality (Beck, 2010).

If tax payments are independent from income, carbon taxes
increase inequality. This finding agrees with Markkanen and Anger-
Kraavi (2019) who synthesised evidence of inequality impacts of
climate policies in literature, arguing that a carbon tax usually
increased inequality because of rising energy price, even if tax rev-
enues were recycled to the poor. Similarly, Freitas et al. (2016) also
analysed economic and distributional effects of emission taxation in
Brazil, concluding that a Brazilian tax increased inequality.

A decrease in national income, caused by a rise of tax rate,
always results in an increase in RU absolute value even if a carbon

8

tax decreases inequality. This result implies that compared to
relative income, absolute income has a more influential impact on
relative utility. Similarly, Clark et al. (2008) also argued for
positive correlations between individual income and individual
measures of subjective well-being even though happiness was
indeed negatively related to others’ income and own income in
the past.

Keeping revenues in governmental budgets is equivalent to the
case with no revenue recycling in literature (Li et al., 2019). Without
revenue recycling, carbon taxes are usually regressive as tax burdens
on the poor are higher than that on the rich (Wang et al,, 2019).
Conversely, carbon taxes may decrease inequality if tax revenues are
recycled as uniform lump-sum transfers (Klenert and Mattauch,
2016). Revenue recycling to households induces lower inequality
than recycling to other recipients. This finding is compatible with
Montenegro et al. (2019) who found that redistributing revenues
from carbon certificates decreased income inequality in EU.

In addition, revenue recycling to low-income households only
induces the lowest inequality among the recycling schemes. By
providing the best means for sheltering the poorest, revenue
recycling as income transfers is the most equitable way to use tax
revenues (Jorgenson et al., 2018). This finding agrees with the
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previous research showing that revenue recycling to low-income
households was the cheapest option to offset regressivity of the
French carbon tax (Berry, 2019).

In summary, this paper implies that inequality impacts of carbon
taxes are affected by distribution of climate damages, tax payments,
and tax revenue recipients. Distribution of climate damages may not
be easily influenced by governmental policies; however, governments
can take measures to reduce inequality induced by climate policies.
A desirable carbon tax should include tax payments by high-income
households instead of payments proportional to or independent
from income; tax revenues should be recycled to low-income
households rather than enterprises or governments.

Conclusion

In this paper, the representative household of the CGE model is
divided, based on income, into three household groups to quantify
inequality impacts of carbon taxes. The model results show that
inequality varies in the designed tax scenarios, compared to the
baseline scenario. Inequality impacts of carbon taxes are influenced
by distribution of climate damages, tax payments, and recycling of
tax revenues. More specific results are summarised below:

Climate damage distribution affects inequality because it is
linked to distribution of welfare loss under climate change. If
climate damages are positively related to income, inequality is the
lowest among the distribution assumptions. If climate damages
become independent from income, low-income households suffer
more welfare loss, and thus inequality is higher than that on the
positive distribution assumption. If climate damages are nega-
tively related to income, low-income households suffer the most
welfare loss, and thus inequality is the highest among the dis-
tribution assumptions.

Tax payments are burdens on taxpayers and thus affect
inequality. Inequality is the lowest under tax payments by high-
income households. Payments proportional to income induce
higher inequality than payments by high-income households. If
tax payments are independent from income, inequality is the
highest among the payment schemes. A carbon tax is progressive
under payments by high-income households; it is neutral if
payments are proportional to income; it is regressive if payments
are independent from income.

Revenue recycling is a way to compensate welfare loss of
economic entities induced by climate policies, and thus it affects
inequality. Among the recycling schemes, revenue recycling to
low-income households induces the lowest inequality. By com-
parison, revenue recycling to enterprises or governments induces
higher inequality than revenue recycling to households.

Different from the Palma ratio, the defined relative utility in this
paper is determined by absolute income, even though relative
income does have an impact on it. In other words, variations of
income inequality, owing to distribution of climate damages, tax
payments, and tax revenue recycling, only slightly affect relative
utility. When tax rate increases, absolute value of relative utility
becomes higher even if an increase in tax rate may reduce
inequality. This is because higher tax rate induces lower household
absolute income irrespective of tax effects on income distribution.

Data availability

The data that support the findings of this paper are available on
request. The data in this paper were derived from the following
public domain resources: https://www.eia.gov/outlooks/archive/
ieol7/;  https://stats.oecd.org/;  https://data.oecd.org/gdp/gdp-
long-term-forecast.htm;  https://www.un.org/development/desa/
publications/world-population-prospects-the-2017-revision.html;
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