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Reducing carbon emissions is critical for addressing the challenges of climate
change and represents an important step toward achieving the United Nations
Sustainable Development Goals (SDGs). How to minimize disruptions to price
levels within the economic system during the process of carbon reduction is an
urgent issue that requires systematic investigation. In this paper, the nonlinear
impact of carbon emissions on PPl (Producer Price Index) and CPI (Consumer
Price Index) is deeply explored by using the Quantile-on-Quantile approach. In
addition, the dynamic characteristics of this impact in the short-, middle- and
long-term are systematically investigated through wavelet decomposition. It is
found that, in general, there is significant heterogeneity in the impact of carbon
emissions on PPl with the movement of the quantiles of the two factors. From a
dynamic perspective, the impact of carbon emissions on PPl is not obvious in the
short-term, shows a negative effect in the middle-term, and exhibits volatile
effects in the-long term across different quantiles of PPI. In contrast, the effect of
carbon emissions on CPl is relatively insignificant. However, in the middle-term
and long-term, carbon emissions have negative effects on CPI within certain
quantile intervals. Further analysis reveals that PPl exerts a positive impact on CPI,
with this positive effect becoming more pronounced over time. These findings
offer valuable insights for mitigating the disruptions caused by carbon reduction
measures on production and consumer prices.

carbon emissions, CPI, PPI, wavelet decomposition, quantile-on-quantile approach
1 Introduction

Climate change is widely recognized as one of the most significant challenges facing the
world today (Chai et al., 2022). Greenhouse gas emissions, especially carbon emissions, have
been identified as a major driver of global warming, receiving extensive attention worldwide
in recent years (Hu et al., 2024). Excessive carbon emissions disrupt the natural balance in
various ways, including reducing crop yields (Warsame and Abdi, 2022), diminishing
vegetation diversity, and threatening ecological communities and the entire ecosystem
(Kumar et al,, 2022). These disruptions result in global climate change, manifesting in rising
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temperatures, decreasing salinity, and fluctuations in sea level
(Martin, 2023). Carbon
implications for the economy. Wang C. et al. (2023) suggested

emissions also have profound
that rising costs associated with higher carbon emissions directly
stimulate technological innovation and increase related labor
demand in high-carbon-emitting firms, thereby promoting low-
carbon transformation of these firms and boosting employment.
Zhang Y. et al. (2023), in their study on the income distribution
effects of carbon pricing mechanisms, found that carbon pricing
results in larger wage declines for rural labor compared to urban
labor. Conversely, Zhou et al. (2022) demonstrated that carbon
emissions negatively impact productivity development.

The international community has widely recognized the need to
reduce carbon emissions, not only as a key to curbing global warming
but also as a means to promote sustainable economic development
(Wang X. et al, 2022). Many countries have committed to achieving
carbon neutrality by 2050 (Wu et al., 2023) and implemented various
policies to reduce emissions such as carbon tax and carbon emissions
trading scheme (Zhu et al.,, 2023; Cui et al., 2024). However, the existing
research has several limitations. First, the majority of studies have
predominantly focused on the direct environmental benefits of carbon
reduction, while there is a significant gap in understanding the
to the
transmission mechanism (Gan et al., 2024). As core indicators of
the economic system, the stability of PPI and CPI is critical for the
smooth functioning of the macroeconomy. However, the mechanisms

disturbances economic system, especially the price

through which policies such as carbon pricing and energy transition
affect the price system through cost-push channels have not been
systematically investigated. Second, traditional research methods are
mostly based on linear framework and mean reversion, which are
inadequate for capturing the non-linear dynamic
relationships between carbon emissions and price levels (Chevallier,

complex,

20105 Li et al., 2021). These theoretical gaps have led to serious policy
dilemmas: policymakers are faced with the dual constraints of “rigidity
in emission reduction” and “price stability”. Most existing studies rely
on static analyses based on specific scenarios, which fail to capture the
dynamic and evolving nature of the factors influencing the price system
during the emission reduction process. For instance, changes in the
energy structure and adjustments in the industrial structure exhibit
significantly different impacts on the price system across various time
scales. Existing studies mainly focus on carbon reduction measures,
while the impacts and perturbations on the economic system during the
carbon reduction process have not been systematically discussed.
Therefore, it is necessary to explore the impact of carbon emissions
on the economic system, especially on price indices. As essential tools
for measuring the fluctuations in the price levels of goods and services
over time, price indices are widely utilized to reflect inflation, deflation,
and broader trends in economic activity. Among the most commonly
referenced price indices are the PPI, CPI, Wholesale Price Index (WPI),
and Import and Export Price Index. Specifically, the PPI measures
changes in the prices of raw materials, semi-finished goods, and finished
products acquired by producers during the production process. In
contrast, the CPI tracks changes in the retail prices of goods and services
closely tied to residents’ daily lives. The WPI measures the changes in
the prices of goods in the wholesale market, including bulk
commodities and raw materials. Meanwhile, the Import and Export
Price Index measures fluctuations in the prices of imported and
exported goods. Although numerous price indices exist, the PPI and
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CPI are the most widely utilized in macroeconomic analysis. They can
respectively reflect the inflationary pressure from the consumption side
and the production side (Aphane et al.,, 2024; Jatuporn, 2024). Due to
their widespread application, the relevant data for the PPI and CPI are
more readily accessible. Additionally, research findings based on these
indices are more easily understood and accepted by other researchers
and policymakers. Therefore, this article selects the PPI and CPI as the
research objects.

Based on existing research gaps, understanding how to minimize
the perturbation to the price level in the economic system during
carbon reduction is of utmost importance. In this context, this paper
aims to fill this research gap. We employ the Quantile-on-Quantile
(Q-Q) approach based on wavelet decomposition to systematically
study the nonlinear and dynamic effects of carbon emissions on PPI
and CPI. Specifically, wavelet analysis is utilized to decompose the
time series of carbon emissions and price indexes into ten scales. The
scales ranging from 1 to 3 denote the short-term, the scales from 4 to
6 signify the middle-term, and the scales from 7 to 10 represent the
long-term. Furthermore, the Q-Q approach is used to examine the
heterogeneous effects of different quantiles and the dynamic impacts
over the short-, middle- and long-term. By comparing the results of
the Q-Q approach with those from the traditional quantile
regression approach, the robustness of the findings is tested and
confirmed. The research outline is presented in Supplementary
Figure SIA. of the supplementary material.

This study makes three significant contributions to the existing
literature. First, the Q-Q approach is utilized to systematically
examine the heterogeneous effects of carbon emissions on
different quantiles of PPI and CPI. The analysis demonstrates
that carbon pricing and the backward shifting of carbon
reduction burden raises the price of production inputs, leading to
an increase in PPI (Mardones, 2024; Fang et al., 2024; Wen et al.,
2024). Similarly, carbon emissions stimulate a higher CPI by
promoting economic growth and carbon taxes (Khurshid et al,
2024; Ullah et al., 2024; Goulder et al., 2019). However, this paper
finds that the effects of carbon emissions on PPI and CPI vary
significantly at different quantiles. For example, while carbon
emissions generally lead to an increase in the PPI, carbon
emissions may cause a decline in PPI when it is at lower
quantiles. This suggests that carbon reduction at this stage could
push up the price level, potentially exerting adverse effects on
economic development. Second, based on the wavelet
decomposition method, this paper investigates the dynamic
characteristics of the effects of carbon emissions on PPI and CPI
at different time scales, a dimension largely overlooked in previous
studies (Marques and Junqueira, 2022; Goulder et al., 2019; Wen and
Jia, 2022). In contrast, the findings of this study reveal that carbon
emissions have a weak positive effect on CPI in the short-term, while
exhibit negative effects in certain intervals in the middle- and long-
term. Further analysis reveals that PPI exerts a positive impact on
CPI, with this positive effect becoming more pronounced over time.
Third, this paper employs wavelet decomposition to dissect the
transmission mechanism of carbon emissions on price indices into
short-term, middle-term, and long-term components. By
delineating these temporal dimensions, the study provides robust
empirical evidence supporting the hypothesis of time-varying policy
effectiveness in climate change economics. This challenges the
traditional static analysis framework and provides a novel
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The coefficients between CO2 and PPI. Note: This Figure displays the estimation results of Quantile-on-Quantile analysis on the raw data as well as
the data from the wavelet decomposition of CO2 and PPI. Different colors represent statistical significance of the impact of CO2 on PPI. (a) Impact of
CO2 on PPI. (b) Impact of CO2 on PPI (Short-Term). (c) Impact of CO2 on PPI (Middle-Term). (d) Impact of CO2 on PPI (Long-Term).

framework for quantifying the economic risks in the
decarbonization process from a dynamic perspective.

The rest of the paper is structured as follows: Section 2 reviews
the literature on the relationship between carbon emissions and PPI
and CPI, Section 3 introduces the methodology used in this study,
Section 4 demonstrates the data sources of this paper, Section 5
presents the results of the empirical analyses and the discussion, and
Section 6 summarizes the and makes

findings policy

recommendations.
2 Literature review

2.1 Relationship between carbon emissions
and PPI

On the one hand, the PP is an indicator of price changes based
on producers’ prices for means of production. From a production
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perspective, Goulder et al. (2019) analyzed the impact of carbon
emissions on the PPL Their findings suggest that as the tax burden
on carbon-intensive industries is transferred upstream to energy-
consuming firms, the resulting reduction in energy demand by
producers leads to a decline in producer prices. Besides, Yu et al.
(2023) demonstrated that certain emission reduction measures, such
as time-of-use electricity pricing, can effectively incentivize
enterprises to reduce carbon emissions while simultaneously
lowering production costs, thus curbing the increase in the PPI.
On the other hand, Mardones (2024) argued that the carbon tax
policy exerts a significant upward pressure on the PPI by raising the
cost of coal energy, subsequently leading to higher prices for
downstream firms. Similarly, Jia (2023) demonstrated that the
carbon tax policy is able to directly drive up the price levels of
the energy-producing industries, which indirectly
contributes to higher price levels across the entire industry. Fang
et al. (2024) analyzed the short-term effects of the carbon tax on
China’s economic system and found that the carbon tax policy

in turn
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results in an increase in the average price level of the industry.
However, in the long-term, firms improve their energy efficiency to
cope with the carbon tax, leading to reduced production costs and,
consequently, lower product prices (Wu et al., 2024; Wang Z. et al,,
2022). In the agricultural sector, Shabani et al. (2024) found that
carbon taxes can indirectly increase production costs by raising the
price of diesel, which may drive up the PPI of agricultural products.
Similarly, Fikru and Kilinc-Ata (2024) observed that accounting for
firms’ abatement benefits significantly lowers the technological costs
associated with emission reduction. Considering the impact of
carbon pricing policies, Wen et al. (2024) showed that carbon
pricing leads to a significant increase in the price of means of
production. In addition, energy prices play a pivotal role in
influencing the PPI. For instance, Wang et al. (2024) emphasize
that coal, as the primary energy source for China’s industrial sector,
serves as a critical determinant of production costs. Fluctuations in
coal prices can be directly transmitted to producer prices through
the supply chain. It is worth noting that the rapid expansion of
renewable energy can also contribute to an increase in PPL As
highlighted by Feng et al. (2022), the substantial costs associated
with constructing power generation facilities and energy storage
systems are often passed through the industrial chain, ultimately
influencing the prices of industrial products. Conversely, Gao et al.
(2024) found that the increase in total factor productivity
significantly reduces the PPL. As economic growth is closely
related to the increase in total factor productivity (Ahmad et al,
2019; Zhang M. et al., 2023), it suggests that economic growth may
exert a downward pressure on the PPI. Building on the existing
literature on the relationship between carbon emissions and
economic growth, it can be hypothesized that a complex dynamic
relationship exists between carbon emissions and the PPL

2.2 Relationship between carbon emissions
and CPI

Environmental quality indicators are crucial in analyzing the
factors influencing consumer price level. Azam et al. (2023)
identified a significant negative correlation between carbon
emissions and the CPI. Contrary to the traditional cost pass-
through theory, Wu and Zhu (2023) also found that the CPI in
pilot provinces with Carbon Emissions Trading System (ETS) did
not increase but instead decreased. This may be attributed to the
fact that in the initial stage of the policy, enterprises absorbed the
costs through efficiency improvement rather than price pass-
through. However, Marques and Junqueira (2022) suggested
that the long-term utilization of different energy sources can
result in inverse trends between carbon emissions and the CPIL.
In addition, CPI is an indicator of price changes based on the prices
paid by consumers for goods and services, indicating a positive
correlation between price level and the CPI. Therefore, the price
level can serve as a direct mediating variable affecting the
relationship between carbon emissions and the CPI. Djedaiet
(2023), through an analysis of the dynamic relationship
between carbon emissions and inflation rate, concluded that a
high inflation rate in the long-term is associated with low carbon
emissions. However, Akhtar and Masud (2022), in their study on
the impact of climate change on agriculture, found that the adverse
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effects of carbon dioxide on crop yields lead to higher prices for
agricultural commodities. Secondly, economic growth can drive an
increase in commodity prices (Wang and Liao, 2022; Wang Z.
etal, 2023), which in turn has a positive impact on the CPI. In this
regard, research has established a significant positive correlation
between carbon emissions and economic growth (Hasan et al,
2021). Khurshid et al. (2024), examining the relationship between
economic development and carbon emissions in the case of
Pakistan, concluded that in the long-term carbon emissions
have a favorable impact on economic development. Similarly,
Ullah et al
between carbon emissions

(2024) found a long-term causal relationship

and economic growth across
47 Asian countries. In contrast, some scholars hold an opposing
view. Mohsin et al. (2022) analyzed the relationship between
environment and economic growth in European and Central
Asian countries, finding a significant negative long-term
correlation and a significant positive short-term correlation
between carbon emissions and GDP. Besides, Rehman et al.
(2021) found that increased low carbon emissions from the
in Pakistan hinders the

economic growth in the long-term. Huang et al. (2022) believed

transportation  sector country’s
that when weighing its long-term benefits, the low-carbon target
exerted downward pressure on CPI in the short-term. Conversely,
areduction in carbon emissions contributes to economic growth in
both short- and long-term. Finally, in order to cope with the
impacts of climate change, governments are implementing various
abatement policies to control carbon emissions. From the
perspective of consumption, the impact of these abatement
policies on the CPI warrants attention. Feng et al. (2022) found
that the development of low-carbon energy can lead to an increase
in CPI, underscoring the financial burden placed on consumers
during the green energy transition. Goulder et al. (2019), in their
study of the effects of a carbon tax on households with different
income levels in the U.S., argued that the implementation of a
carbon tax would lead to an increase in the CPI. Moreover, the
abatement process has both direct and indirect effects on
consumption. On the one hand, residents’ cooperation with
emission reduction policies fosters “guilt-free” consumption,
leading to higher consumption levels (Giinther et al., 2020).
Consumers are also more willing to pay a price premium for
low-carbon products, which directly drives up the CPI for
environmentally friendly products. This phenomenon of “green
inflation” is gradually emerging in developing countries, reflecting
the stimulating effect of environmental protection preferences on
consumer prices (Valenciano-Salazar et al., 2021). On the other
hand, the development of new products and services associated
with emission reduction efforts can boost consumer demand
(Niamir et al., 2024). The increased demand for consumption
subsequently drives up the overall market price level. Nevertheless,
Wen and Jia (2022) demonstrated that the implementation of
emission reduction policies had a negligible impact on
consumption, with the CPI increasing by no more than 1. In
addition to the unidirectional positive or negative impacts, some
studies have revealed the potential for a bidirectional causal
relationship between carbon emissions and CPI (Tariq et al,
2023). Based on the literature discussed above, it is evident that
the relationship between carbon emissions and CPI is relatively
complex and still requires further investigate.
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3 Quantile-on-quantile approach
based on wavelet decomposition

3.1 Quantile-on-quantile approach

In this study, the complex dynamic relationship between
carbon emissions (CO2) and CPI and PPI was assessed using
the Q-Q approach (Sim and Zhou, 2015), which is based on a
standardized quantile regression model with a local linear
regression (LLR) model, systematically examining the effects of
each quantile of the explanatory variable on the quantiles of the
explained variable. Specifically, traditional quantile regression
demonstrates the relationship between dependent variable and
independent variable across various quantiles. For a given quantile
0 (0<0<1), the objective of quantile regression is to find the
coefficient 8 so that the prediction error is minimized under this
quantile. However, the Q-Q method is a statistical analysis method
that combines quantile regression and LLR. The basic idea of LLR
is to approximate the relationship between independent variable
and dependent variable with a linear function within a certain local
neighborhood. In the model construction of Q-Q approach, this
local linear is used to handle the possible nonlinear relationships
between variables, and it is combined with quantile regression to
study the local linear relationships at different quantiles. Overall,
the Q-Q method has the following three main advantages
compared with the traditional

quantile regression: (1)

Traditional quantile regression usually assumes a linear
relationship between variables, while the Q-Q method can
perform local linear approximation of the nonlinear
relationships between variables across different quantiles, thus
more accurately capturing the complex relationship patterns.
(2) Traditional quantile regression mainly focuses on the
impact of independent variables on a single quantile of the
Q-Q method can

investigate the influence of one variable across different

dependent variable. In contrast, the
quantiles on another variable at various quantiles, thereby
providing a more detailed analysis. (3) Traditional quantile
regression may exhibit limitations when dealing with complex
data situations, whereas the Q-Q method is relatively more flexible.
It can adapt to different data characteristics and research questions

by adjusting parameters in the local linear regression. The

following nonparametric —quantile regression model is
constructed in this study:
CPI, = f°(CO2,) + 4f (1)
PPI, = B°(CO2,) + 4! ()
CPI, = f°(PPIL,) + p! 3)

CPI; and PPI,; denote the CPI and PPI of China in period ¢, and
CO2 represents the carbon emissions in period ¢. The parameter 0
corresponds to the 0-th quantile of CPI; and PPI,, while pf is the
quantile perturbation term. Due to the lack of a priori information
about the relationship between CO2 and CPI and PPI, ﬁe (+) is an
unknown function.

To analyze the relationship between the explanatory variables
and the explained variables at the 6-th quantile, this study employs
the LLR method to estimate Equations 1-3. First, the first order
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Taylor expansion of f°(-) around the quantile of CO2 yields the
following linearized model:

B (C0o2,) = B (CO27) + p7 (CO27) (CO2, — CO2")  (4)

In this model, 8 (CO27) is the slope of the LLR model and [39,
denotes the partial derivative of % (CO27). An important feature of
model (4) is the existence of two indices, 8 and 7, for both
parameters /39 (CO2") and [39, (CO27), which means that both
ﬂe(COZT) and /39, (CO27) can be regarded as functions of 0,
where CO27 is treated as a function of 7. Since both ﬂe(COZT)
and ﬁey (CO27) are functions of 6 and 7, they can be rewritten as
B, (8, 7) and B, (6, 1), respectively. Consequently, Equation 4 can be
expressed in the following form:

B’ (CO2,) = B, (0, 7) + B, (6, 7) (CO2, — CO2") (5)
Substituting Equation 5 into Equations 1, 2 yields the following
functional form of the Q-Q regression:

B, (6,7) + B, (6,7) (CO2, - CO2") + 4}
()
ppy, < PG +5, 6 T)((()?OZ, - CO2") +4f

where (x) depicts the conditional quantiles of CPI and PPL

CPI, = (6)

(7)

Equations 6, 7 quantitatively estimate the actual impact of the
7-th quantile of CO2 on the 6-th quantiles of CPI and PPL
However, these models do not fully capture the relationship
between the quantiles of the variables. Therefore, this study
examines the overall impact of CO2 on CPI and PPI by using
Equations 8, 9 to obtain the optimal bandwidths through the
following optimization method:

minho,blznzpe |:CPIt —by - b1<c’(_)3t _ C’O\ZT)K(M)]

h
(8)
) L . F,,(CCE,\ - T)
mmbo,blzpe[PPIt by - b, (CO2, - CO27)K <#>]
)
where pO is the quantile loss function, defined as

pO(u) =u(60-1(u<0)). K(x) is the kernel density function,
which represents the observed value of CO2; when the minimum
weight is negatively assigned to CO2;, and the distribution function
F,(CO2—7)=13"" 1(CO%<CO02). h is the bandwidth
parameter. Following Sim and Zhou (2015), a bandwidth
parameter of 0.05 is used.

Similarly, a first-order Taylor expansion of ﬁe(-) around the
PPI; quantile yields the following linearized model:

B (ppI,) ~ °(PPI") + 8° (PPI") (PPI, - PPI") (10)

where 8 (PPI") is the slope of the LLR model, and ﬁy is the partial
derivative of /39 (PPI"). Since Equation 10 shares the same
characteristics as model Equation 4, ﬁg (PPI") and /36’ (PPI") can
be converted to 3, (6, 1) and S, (0, 7), respectively. Consequently,
Equation 10 can be expressed as:

B°(PPI,) = B, (6, 7) + B, (6, 7) (PPI, — PPI") (11)
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Substituting Equation 11 into Equation 3 yields the following
functional form of the Q-Q regression:

B, (6,7) + B, (6,7) (PPI, — PPI") + yf

()

Equation 12 quantifies the impact of the 7-th quantile of PPI on

CPI, =

(12)

the 0-th quantile of CPI, where (x) depicts the conditional quantile
of the CPIL In addition, Equation 13 is employed to examine the
overall impact of PPI on CPIL Then, the following optimization
method is used to determine the optimal bandwidth:

minbo,hlipe CPI, — b, — bl(P’I—)\Ip _ P’ﬁT)K<w>:|

(13)

3.2 Wavelet analysis approach

To systematically examine the dynamic effects of explanatory
variables on the explained variables across the short-, middle- and
long-term, this study integrates the Q-Q approach with wavelet
analysis methods (Khan et al., 2022). The wavelet analysis method
allows for the examination of information within a time series
corresponding to specific time horizons and time points (Ganda,
2019), enabling it to effectively address the non-stationary
characteristics inherent in time series data. Therefore, in this
study, the wavelet dynamics are constructed as a specific pair of
functions as follows:

J(p(t)dt =1 (14)

J w(Odt =0 (15)
where father wavelet ¢ and mother wavelet y are structured to
decompose the series. The former wavelet ¢ provides low-frequency
smoothing information and the latter wavelet y captures high-
frequency detailed information, defined as Equations 14, 15,
respectively. Therefore, based on the equation above, the
resulting wavelet can be expressed as Equations 16, 17:

P () = 2729 (2"t = 1) (16)
Y, (8) = 272y (27t — 1) (17)
wherem = 1,. .., M, and the maximum value of m is also limited by

the sample size T>2m; n=1,...,2". In this study, the Q-Q
approach is integrated with multiscale wavelet decomposition in
order to investigate the effect of the quantile of the explanatory
variables on the quantile of the explained variables across different
time periods. This approach portrays the complex relationship
between the variables in the time series through a more
comprehensive and dynamic way.

4 Data sources

As the world’s largest carbon emitter, China has taken
significant responsibility for reducing its emissions. In 2016,
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China became a signatory to the Paris Climate Change
Agreement, and in September 2020, China set explicit targets to
achieve “carbon peaking” by 2030 and “carbon neutrality” by 2060.
These commitments make China’s data particularly relevant for
studying the impact of carbon emissions on prices. Therefore,
China’s
perturbations caused by carbon emissions. In this paper, we

data are well-suited for examining the price
utilize monthly data spanning January 1993 to December 2023,
encompassing carbon emissions, PPI and CPI in China. Carbon
emissions data are sourced from the EU Global Atmospheric
Emissions Database (EDGAR) (https://edgar.jrc.ec.europa.eu/),
while PPI and CPI data are obtained from the National Bureau
of Statistics of China (NBS) (https://www.stats.gov.cn/sj/ndsj/). The
sample size is determined solely on the basis of the most recent data

available on these variables.

5 Results and discussion
5.1 The impact of carbon emissions on PPI

As shown in Figure 1a, the results of the original series indicate
that the effect of carbon emissions on PPI varies across quantiles.
The effect of CO2 on PPI is negative when PPI is at the low to middle
quantiles (0.2-0.5) and the high quantiles (0.6-0.8; 0.9-1.0), and this
negative effect becomes more pronounced as the quantile of
CO2 increases. However, a positive effect of CO2 on PPI is
observed when PPI is at certain quantiles (0.5-0.6; 0.8-0.9). Due
to varying cost pass-through capabilities across sectors, industries
such as low-cost, labor-intensive manufacturing and high-cost
services can either partially or fully transfer the cost of CO2 or
reduce production costs by utilizing emitted CO2 as a raw material
(Ullah et al., 2022), which results in a lower PPI. Sectors such as
electricity and natural gas production, which are associated with
higher costs, are subject to government price controls. As a result,
the cost of emitted CO2 cannot be passed on to consumers and must
instead be internalized into production costs, leading to a positive
relationship between emitted CO2 and PPI in the higher PPI range
(Ma et al,, 2021). To further explore the comprehensive interaction
between emitted CO2 and PP]J, this study utilizes wavelet analysis to
decompose the time series of emitted CO2 into three different
frequencies: short-term, middle-term, and long-term. Figures
1b-d demonstrates the relationship between emitted CO2 and
PPI across short-, middle- and long-term, respectively.

According to Figure 1b, the correlation between emitted
CO2 and PPI is not significant in the short-term, indicating that
emitted CO2 have minimal impact on PPI over this period. This
finding is inconsistent with Ma et al. (2020), who argue that the
short-term effect of reducing CO2 on China’s economic system
leads to an increase in the average industrial price, suggesting a
negative correlation between CO2 and PPI in the short-term. In the
middle-term, as depicted in Figure lc, the weak negative effect of
CO2 on PPI is predominant. This reflects the negative economic
effect of the implementation of emission reduction policies.
Specifically, producers who reduce carbon emissions face dual
pressures: the need to lower emission reduction costs and the
rising cost of raw materials associated with carbon emissions,
resulting in a negative impact of CO2 on PPI (Tost et al., 2020).
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CO2 on PPI (Long-term).

Figure 1d shows the long-term effect of CO2 on PPI, presenting a
more significant positive impact of CO2 on PPI across the middle to
high quantiles of PPI (0.4-1.0). This reflects the positive economic
effect of emission reduction policies, particularly at the higher
quantiles of PPI. Specifically, producers reduce carbon emissions
while simultaneously improving production technologies and
energy efficiency to meet emission reduction targets, leading to
lower costs for producers (Serbanoiu et al., 2022; Dorsey-Palmateer
and Niu, 2020; Zhang and Zhang, 2020). It is worth noting that
CO2 has a more significant negative effect on PPI at a lower level of
PPI (0.1-0.4). At this level, an increase in CO2, which are closely
related to production, implies an increase in output, thereby driving
long-term economic growth (Khan et al, 2020). However, the
increase in total factor productivity associated with economic
growth leads to a significant reduction in PPI (Wen and Jia,
2022), thus establishing a relationship
between CO2 and PPL

Although the estimates are statistically significant in the Q-Q

negative

analysis as depicted in Supplementary Figures S1Ba-d shown in the
supplementary material, this paper further assess the validity of the
results by comparing the traditional quantile regression method
with the Q-Q approach. In Figures 2a-d, the red dashed lines
represent the mean values of the effect of an independent
variable on the dependent variable across various quantiles,
obtained through Q-Q analysis. Besides, the black solid lines
depict how the independent variable influences the other variable

Frontiers in Environmental Science

across different quantiles in the traditional quantile regression. The
results indicate that the effect of CO2 on PPI exhibits a less
significant effect in the short- and middle-term, but in the long-
term, it exhibits significant positive and negative effects across
different of PPL
emissions has a non-significant effect on PPI in the short-term.

quantiles Furthermore, reducing carbon
In the middle-term, it increases manufacturers’ production costs
and generate a slight upward pressure on the PPI. In the long-term,
at the higher levels of PPI, emission reductions lead to
improvements in production technology and efficiency,
significantly lowering the PPI, which has a positive economic
impact. Conversely, in the lower quantiles of PPI, emissions
reductions result in a substantial increase in the PPI, causing a

more pronounced negative impact on economic development.

5.2 The impact of carbon emissions on CPI

CPI is another important indicator reflecting socio-economic
performance, making it essential to explore the effect of CO2 on CPL
Based on Figure 3a, the effect of CO2 on CPI across different
quantiles in the original series is evident, with a predominantly
positive relationship. This finding is inconsistent with the
conclusion of Alam et al. (2014), which reported a significant
negative correlation between CO2 and CPI. However, when
CO2 is at the higher quantiles (0.7-1.0) and CPI is at the lower
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(0.0-0.1) or middle quantiles (0.3-0.6), the overall impact of CO2 on
CPI is significantly positive, but this specific effect is not significant
in Supplementary Figure S2Ba.

Figure 3b depicts the short-term effect of CO2 on CPI,
indicating a weak positive relationship between CO2 and CPI.
This reflects the short-term positive economic impact of CO2,
specifically, an increase in CO2 promotes economic growth (Khan
et al., 2020; Abbasi et al., 2021; Mohsin et al., 2022). As economic
growth tends to drive an increase in CPI (Garnaut, 2012), the rise
in CO2 fosters economic growth while exerting a positive effect on
CPL Figure 3c shows that, in the middle-term, CO2 has a negative
effect on the CPI in the higher range of CPI (0.7-1.0), and this
negative effect becomes particularly pronounced when CO2 is at
the higher quantiles. Figure 3d illustrates a weak positive effect of
CO2 on CPI across the low to high quantiles of CPI (0.3-1.0) in the
long-term. The study also finds that the positive impact of carbon
emissions on the economy becomes more pronounced over time.
In response to the pressure of increased carbon emissions, the
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population develops low-carbon awareness and exhibits increased
demand for low-carbon consumption in the long-term. This
stimulates the growth of consumer demand (Zou et al., 2020;
Wilson et al., 2020; Giinther et al., 2020), which raises the prices of
products and services, thereby increasing the CPI. However,
according to Figure 3d, CO2 has a more pronounced negative
impact on the CPI in the lower quantiles of CPI (0.1-0.3) and this
negative effect is more significant when CO2 is at the lower
quantiles (0.0-0.6). This the
economic impact of high emissions when CPI is at a lower
level,

reflects long-term negative

where an increase in carbon emissions suppresses
economic growth (Khan et al, 2020), ultimately leading to a
decrease in CPI. Furthermore, the low level of CO2 contributes
to higher CPI values in the long-term (Alola et al., 2019), making
the negative effect of CO2 on CPI more pronounced at lower levels
of CO2. Marques (2022) reached similar
conclusions, observing that in the long-term, there is an inverse

relationship between CO2 and CPI. The statistical significance of

and Junqueira

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1557902

Li and Chen
N
o
o 2
€ o
2
(3]
§ S-
o ]
o
<
o -
[
T T T T
0.2 0.4 0.6 0.8
Taus of CO2
(a)
o
= -
2 8
QL o
o
£ -
o [Xo]
o g
]
o
S | | | |
0.2 0.4 0.6 0.8
Taus of CO2 (middle—term)
(©
FIGURE 4

10.3389/fenvs.2025.1557902

0.2

0.0 0.1

Coefficients

-0.2
|

T T T T
0.2 0.4 0.6 0.8

Taus of CO2 (short-term)

(b)

0.1 0.2

0.1

Coefficients
|

T T T T
0.2 0.4 0.6 0.8

Taus of CO2 (long—-term)

(d

Quantile regression (the black line) and Q-Q estimates (the red line) of CO2's impact on CPI. (a) Quantile on quantile impact of CO2 on CPI. (b)
Quantile on quantile impact of CO2 on CPI (Short-term). (c) Quantile on quantile impact of CO2 on CPI (Middle-term). (d) Quantile on quantile impact of

CO2 on CPI (Long-term).

the impact of CO2 on CPI across the short-, middle- and long-term
is depicted in Supplementary Figures S2Bb-d.

Figures 4a—d demonstrates a comparison of the Q-Q approach
and traditional quantile regression, highlighting the robustness of
the Q-Q analysis results. The findings reveal that CO2 exhibits a
weaker positive effect on CPI in both the short-term and middle-
term. However, in the long-term, CO2 exhibits a weak positive effect
and a significant negative effect across different quantiles of CPI.
Furthermore, reducing carbon emissions has some adverse effects
on the economy in the short- and middle-term, and these effects are
relatively more significant across the low to high quantiles of CPI in
the long-term. However, at the lower quantiles of CPI in the long-
term, emission reductions significantly increase CPI and stimulate
economic growth.

Considering that the impact of carbon emissions on CPI is
transmitted through its effect on PPI, this paper further examines
the dynamic relationship between PPI and CPI. The results shown in
the supplementary material align with economic theory: in the
short-term, the relationship between PPI and CPI is not
immediately apparent, because the impact of the producer price
level on the consumer price level requires time to materialize. In the
middle-term, a positive correlation between the two gradually
becomes evident. In the long-term, the positive effect of PPI on
CPI becomes particularly pronounced. To further test the
endogeneity of the effect of CO2 on PPI and CPI as well as the
impact of PPT on CPI across various quantiles, the Granger-causality
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in quantiles analysis is performed. The results are presented in the
section D of the supplementary material, showing that CO?2 is the
Granger cause of PPI and CPI considering quantile heterogeneities.
Similarly, the Granger causality from PPI to CPI are overall highly
significant. This further confirms the robustness of the Q-Q analysis
results presented above, suggesting significant impacts of CO2 on
PPI and CPI as well as PPI on CPI at different quantiles.
Compared with previous studies, the methodological system of
this paper has achieved innovative breakthroughs in two
dimensions. First, this paper employs the Q-Q method, a
that
limitations of traditional linear models, revealing the nonlinear

significant methodological innovation overcomes the
impacts of carbon emissions on PPI and CPI. For example,
Chevallier (2010) once used the ARMA (1,1)-GARCH(1,1) model
to evaluate the impact of Australian emission trading system on the
wholesale spot electricity prices. Li et al. (2021) estimated the
economic benefits of reducing greenhouse gas emissions based on
Benefit-Cost Analysis. While these methods largely remained
confined to linear framework, the Q-Q method adopted in this
paper represents a significant advancement in terms of non-linear
analysis. Second, most previous studies have focused on the static
impacts of carbon emissions on the economic system. This paper
employs the wavelet decomposition method to analyze the dynamic
effects of carbon emissions over different time horizons, filling the
gap in dynamic research. Compared with the static analysis of the
impact of low-carbon fuels on the production side using annual data
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(Canabarro et al, 2023), this paper focuses on the dynamic
evaluation of the impact of carbon emissions on price indices,
emphasizing that emission reduction policies need to take into
account the time-lag effect.

6 Conclusion

In order to minimize disruptions to price levels within the
economic system during the process of carbon reduction, we
systematically study the nonlinear and dynamic effects of
carbon emissions on PPI and CPI. Overall, there is significant
heterogeneity in the impact of carbon emissions on the PPI across
different quantiles. When the level of PPI is high, the impact of
carbon emissions on the PPI is negative, implying that carbon
reduction measures increase the PPI. In contrast, when PPI is at
the lower quantiles, the effect of carbon emissions on the PPI is
characterized by significant uncertainty. Dynamically, in the short-
term, the impact of carbon emissions on PPI is negligible,
indicating that carbon reduction measures do not exert a
significant perturbation effect on the economic system in the
short-term. In the middle-term, the effect of carbon emissions
on the PPI is generally negative, implying that carbon reduction
measures during this period will lead to an increase in the PPIL. In
the long-term, the impact of carbon emissions on the PPI is
positive across most quantiles, implying that carbon reduction
measures ultimately help stabilize the PPI. However, when the level
of the PPI is low, the long-term effect of carbon reduction may also
be negative, leading to an increase in the price level. This is
primarily due to the fact that, when the PPI is low, the
perturbation of the economic system caused by carbon
emissions is more likely to result in price increases.

Compared with the effect of carbon emissions on the PPI, the
effect of carbon emissions on CPI is relatively negligible. When
carbon emissions are at the low quantiles, the effect of carbon
emissions on CPI is negative, while at high levels of carbon
emissions, the impact on CPI is positive. Dynamically, in the
short-term, there is a weak positive impact of carbon emissions
on the CPI, implying carbon reduction measures lead to a
decrease in consumer price levels. In the middle-term, carbon
emissions have a negative effect on CPI in certain intervals,
particularly when the level of carbon emissions is high. It
implies that carbon reduction measures will gradually increase
the CPI over the middle-term. In the long-term, the relationship
between carbon emissions and CPI is negative across the lower
quantiles of CPI, while it becomes insignificant in other intervals.
In summary, the theoretical contributions of this paper are
mainly reflected in three aspects: First, this paper challenges
the traditional linear model by using the Q-Q approach,
providing a more nuanced theoretical framework for analysing
the complex interactions between the environment and the
economy. Second, this paper enriches macroeconomic theories
by integrating environmental policy lags into the price formation
model through distinguishing short-term, middle-term and long-
term impacts. Third, through a systematic comparison of the
impacts of carbon emissions on PPI and CPI, this paper reveals
that carbon emissions have a more intense and long-lasting
impact on the PPI. This highlights the crucial role of cost
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the
economics and provides theoretical foundation for future

transmission  at production end in environmental
policy design.

Based on the findings of this paper, the following policy
implications can be drawn.

First, in the middle-term, carbon reduction policies may lead to
an increase in the PPI, while in the long-term, carbon reduction
measures will ultimately help stabilize the PPI. Therefore, the
should adopt

timelines. For example, heavy industries with rigid production

government asymmetric  implementation
chains could be granted longer adaptation periods, while sectors
with flexible technologies face earlier deadlines. Considering the
long-term stabilization effect, government should provide clear
guidance to enterprises by setting long-term carbon reduction
targets and timetables, ensuring the consistency and continuity of
these policies. At the same time, an incentive mechanism should be
established to encourage enterprises to actively engage in carbon
reduction efforts by providing tax incentives, granting subsidies,
and implementing carbon pricing and carbon emissions trading
scheme. Specially, the government can set a carbon price range for
specific industries. Within this range, the price of emission permits
can be automatically adjusted in real-time according to the
fluctuations of PPI. For industries with a relatively high PPI, a
more lenient price floor can be set to mitigate the risk of cost-push
inflation. Besides, government should also support front-loaded
investments in green infrastructure to accelerate the transition to
the equilibrium phase. Public support for carbon reduction
policies is also crucial, particularly in light of the short-term
price increases that may result. To this end, the government
should undertake extensive public outreach campaigns to
promote the concept of carbon reduction. These campaigns
should aim to raise public awareness and understanding of
carbon reduction, foster social acceptance, and garner support
for the carbon reduction policies. By reducing resistance, these
efforts will help ensure the consistent implementation of
the policy.

Second, since the impact of carbon emissions on the CPI
exhibits a negative effect in certain intervals across the middle-
to long-term, the implementation of the carbon reduction
policies may lead to price increases. To mitigate this impact,
the government can adopt a phased implementation approach
for the carbon reduction policies. For example, the government
can begin by implementing the emission reduction policies in
large-scale enterprises and high-emission industries, while
promoting technological innovation and changes in
production methods. The policy can then be gradually
extended to small and medium-sized enterprises and low-
emission industries. Simultaneously, it is essential to monitor
and assess the impact of policy implementation at each stage,
making flexible adjustments as needed to prevent excessive
disruption to prices. This approach will help ensure a smooth
transition in market and maintain a balance between supply and
demand. In addition, the government can also set price ceilings
and price floors in the carbon emissions trading market to
ensure that the cost of carbon emissions fluctuates within a
certain range, thereby preventing sharp price increases.
Furthermore, government can implement green inflation
compensation mechanisms, such as temporary Value-Added
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Tax reductions on essential goods during intensive
decarbonization process in critical supply chains.

Third, it is important to improve market regulations and
establish a flexible price transmission mechanism. This paper
finds that the positive price transmission effect of PPI on CPI
becomes more significant over time. As companies pass the cost of
carbon emissions onto consumers, the long-term increase in CPI
may distort consumer choices and economic outcomes, ultimately
leading to efficiency losses. To ensure market efficiency, the
government should implement stricter measures to bolster anti-
monopoly regulations and address issues such as enterprises
abusing their monopoly power to manipulate prices, thereby
enabling the carbon market to fully support the low-carbon
transition of businesses. At the same time, the government
must protect the rights and interests of consumers and
maintain economic stability.

While this study provides novel insights into the heterogeneous
and time-varying effects of carbon emissions on price indices,
several limitations warrant consideration. First, the analysis relies
on aggregated national data, which may obscure regional or sector-
specific dynamics in carbon-price transmission. Second, there may
be a bidirectional relationship between economic activities and
emissions. While the quantile regression framework employed in
this paper has effectively captured the nonlinear relationship, the
exploration of the bidirectional relationship remains an area ripe for
further in-depth research. Future research could extend this work
three (1)

heterogeneity using multi-regional

along dimensions: investigating ~ cross-country

input-output models to
disentangle global value chain effects. (2) innovative models or
methods should be employed to analyze the bidirectional
relationship between carbon emissions and price indices,
providing theoretical support for better addressing economic
challenges under the “Dual Carbon” goal. (3) incorporating firm-
level data to analyze how carbon cost pass-through mechanisms
differ across market structures and production technologies. These
extensions would enhance both the predictive power and policy
relevance of environmental macroeconomics research.
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