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Abstract: Along with the new stage of prevention and control of the COVID-19 pandemic and the vision
and goals of combatting climate change, the challenges of the transition to a green economy have become
more severe. The need for green recovery of the economy, stability and security of energy production
and consumption, and the coordination of low-carbon transformation and socio-economic development
has become increasingly urgent. This paper proposes a new theoretical framework to study the effect of
carbon emission reduction on the mutual application of the carbon market, fiscal policy and monetary
policy under the non-homothetic preference of energy product consumption. By constructing an
environmental dynamic stochastic general equilibrium (E-DSGE) model with residents” non-homothetic
preferences, this paper finds that coordinating the carbon market and macroeconomic policies can
achieve economic and environmental goals. However, the transmission paths for each are different.
The carbon market influences producers’ abatement efforts and costs through carbon prices. Monetary
policy controls carbon emissions by adjusting interest rates, while fiscal policy controls carbon emissions
by adjusting total social demand. Improving non-homothetic preferences will amplify business cycle
fluctuations caused by exogenous shocks, thus assuming the role of a “financial accelerator”. Further
research shows that non-homothetic preferences influence the heterogeneity of different policy mixes.
Finally, this paper discovers that the welfare effects, the relative size and difference of long-term and
short-term effects resulting from the different policy mixes, also depend on the level of non-homothetic
preferences. The intertemporal substitution mechanism due to the improvement of non-homothetic
preferences endows low-carbon production with “option” characteristics. Our study reveals the role of
non-homothetic preferences on the effectiveness of policy implementation. It highlights the importance of
matching monetary and fiscal policies with the carbon market based on the consumption and production
side. It provides ideas for policy practice to achieve the goal of “dual carbon” and promoting coordinated
socio-economic development.

Keywords: non-homothetic preferences; carbon market; monetary policy; fiscal policy; emission-
reduction effect

1. Introduction

Nations worldwide have remained resolute in their commitments to addressing cli-
mate change despite the impact of the COVID-19 pandemic [1]. Beginning with the goal
of “limiting global temperature rise to less than 2 °C” in the Paris Agreement, countries
are showing determination for sustainable development in response to climate change [2].
The European Parliament in the European Union approved the “Fit for 55” legislative
package (known as Europe’s “biggest carbon market reform in history”) on 18 April 2024.
The Legislation includes reforming the Emission Trading Scheme (ETS), amending the
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rules related to the Carbon Border Adjustment Mechanism (CBAM) and establishing so-
cial climate funds. Similarly, in October 2021, China, the world’s highest primary energy
consumption and greenhouse gas emission nation, formulated an Action Plan for Carbon
Dioxide Peaking Before 2030. China’s national emission trading scheme (carbon market),
the world’s largest carbon market, commenced in the same year. Green recovery is crucial
to reducing carbon emissions when the world focuses on reviving the economy [3]. The
construction of carbon markets of such a scale by the EU and China is bound to be a
“shot in the arm” for global action on climate change and economic recovery. However,
the low-carbon transition should be rationally viewed to avoid the impact on the regular
operation of the economy due to over-aggressive measures such as production cuts and
restrictions and to ensure the stability and security of energy production and consumption.
Therefore, the problem is how to guide low-carbon transition and economic development
in a twin-track way. The main objective of this work is to study whether the carbon market
can enable the transformation toward a sustainable low-carbon economic system, guide
suitable investments to unlock the benefits and create new jobs to solve social problems
and whether it can equitably restructure the economy and society and ensure stability and
the long-term benefits of decarbonization, in the context of the increasing public demands
for the ecological environment. To answer the questions above, this paper must clarify the
mechanisms and effects of different emission-reduction policies and explore the impact of
different policy mixes on macroeconomic variables.

Existing studies believe countries implementing carbon markets have different to-
tal quotas, covered industries and carbon trading prices, generating certain employment
dividends [4]. In order to thrive in a green and low-carbon way, the carbon market is
an essential tool for adjusting energy consumption. It ensures a smooth shift in energy
supply towards cleaner energy consumption by adjusting the relative prices of different
energy sources [5,6]. Consumption behavior changes with income, i.e., preferences are
non-homothetic. Thus, the change of relative prices of different energy sources induced by
carbon markets will affect household energy consumption and welfare differently [7]. In
addition, in monopolistic competitive markets, the demand side will critically affect busi-
ness cycle fluctuations due to non-homothetic preferences [8]. However, previous studies
on energy consumption have focused on single energy preference and price elasticity [9]
while ignoring the effects caused by differences in non-homothetic preferences.

In addition to analyzing the emission-reduction effect of the carbon market under
non-homothetic preferences, another issue needs to be resolved: Are there any interactions
between macroeconomic policies and carbon markets? Domestic macro policies, such as
fiscal and monetary policies, aim to promote economic growth [10-13]. The theoretical
logic of the connection between macro policies and carbon markets follows. The carbon
emission level of a developing country depends mainly on the total output and the carbon
market is built to encourage enterprises to make more efforts or invest more in emission
reduction. As a result, firms suffer in the initial period and macro variables are adversely
affected. Fiscal and monetary policies mitigate the impact by expanding expenditures and
adjusting interest rates, respectively, increasing carbon emissions to a certain extent, thereby
offsetting the emission-reduction effect of the carbon market. Figure 1 shows the interest
rates, fiscal expenditures and carbon emission growth rates in China from 2001 to 2020.
The growth rates of carbon emissions and fiscal expenditures exhibit a similar trend and
generally move in the opposite direction to the growth rate of interest rates. The carbon
market influences social welfare (including output, consumption and labour) by adjusting
the macroeconomic environment, while traditional macroeconomic policies impact carbon
emissions as they address economic fluctuations. However, since the introduction of the
“dual carbon” goal, the formulation of macroeconomic policies has begun to incorporate
this goal. In May 2022, the Ministry of Finance issued the Opinions on Fiscal Support
for Carbon Peaking and Carbon Neutrality, proposing that a fiscal and taxation policy
framework for green and low-carbon development be gradually established to enhance
the guiding role of fiscal expenditure. Regarding monetary policy, the People’s Bank of
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China introduced a carbon-reduction support tool in November 2021. This tool enables
financial institutions to provide loans and interest rate discounts for carbon-reduction
projects to enterprises in key areas, with the People’s Bank of China offering credit support
amounting to 60% of the loan principal. The one-year interest rate for this support is only
1.75%, compared to the loan market benchmark rate (LPR) of 3.85% for the same period.
This indicates that macroeconomic policies are increasingly focusing on environmental
pollution, energy conservation and emission reduction, aligning their goals with the carbon
market’s goals. This paper argues that when macroeconomic policies and carbon mar-
kets are used interchangeably, implementing one policy may affect the effectiveness of
the other policy. Currently, research related to macroeconomic policies mainly focuses
on evaluating their effects on carbon emission reduction individually [14-17]. There is
little literature assessing carbon-reduction effects when these heterogeneous policies are
implemented mutually and even less literature studying the impact of multiple policy
applications under non-homothetic preferences on carbon emissions and the underlying
mechanisms. Therefore, this paper considers the non-homothetic preferences in reality
and examine the emission-reduction effects of the coordinated implementation of carbon
markets and fiscal and monetary policies. Our research has significant theoretical and
practical implications for guiding countries in achieving their carbon-reduction targets
through policy implementation.
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Figure 1. China’s interest rate, fiscal expenditure and carbon emission growth rate from 2001 to 2020.

Based on the logic above, this paper explores the effect of carbon emission reduction
on the mutual application of the carbon market, fiscal policy and monetary policy under
non-homothetic energy consumption preferences. Specifically, this paper constructs an
environmental dynamic stochastic general equilibrium (E-DSGE) model based on the mod-
eling setting of Annicchiarico and Dio [14] and Blazquez et al. [18]. The model is used to
study the impact of carbon market policies, fiscal expenditure policies and price-based
monetary policies on carbon emissions under non-homothetic preferences. Moreover, this
paper measures the change in households” welfare caused by policy shocks by constructing
a consumption compensation variation (CCV). Understanding the welfare effects of het-
erogeneous policy shocks also holds essential policy implications. Rational policy choices
affect the present and influence the sustainability of smooth production and long-term
carbon reduction, which are precisely what welfare analysis involves [19].

In the context of existing literature, this work makes academic contributions in filling
the following scientific gaps. (1) From the perspective of non-homothetic preferences, our
study delves into how different macroeconomic policy mixes affect carbon emission reduc-
tion based on variations in energy demand preferences. Unlike previous studies [8,9,17],
this paper is the first to embed non-homothetic consumption preferences into household
expected utility functions and construct an E-DSGE model incorporating non-homothetic
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preferences. This setting helps to make the theoretical model more realistic and discover
some results that are not available under the single preference hypothesis. (2) Integrat-
ing carbon emission factors into policy functions allows for a study of carbon markets,
government departments and central banks taking carbon emissions into account while
formulating policies. Current researchers mainly focus on evaluating the impact of macroe-
conomic policies alone on carbon emission reduction [15,16]. This paper draws inspiration
from the Taylor Rule in monetary policy to model policy functions and adjust the response
coefficients to carbon emissions, respectively. This approach aims to understand how
the three policies—carbon markets, fiscal policy and monetary policy—should respond
to varying degrees of macroeconomic shocks and the underlying mechanism, ultimately
evaluating which policy mix is most effective in reducing carbon emissions. These settings
and tests help to theoretically extend the study of the abatement effects of heterogeneous
policy mixes. (3) The welfare effects of carbon emission reduction when the three policies
are applied individually and simultaneously are considered in a welfare analysis frame-
work. Previous studies have primarily focused on discussing the welfare effects of a single
policy [20,21]. In a single-policy welfare effects analysis framework, it is difficult to “truly”
understand the relationship between carbon emission reduction and social welfare. Only
an analysis framework incorporating a combination of policies is more realistic, making
research about carbon-reduction policy more comprehensive and concrete.

This paper is organized as follows. The following section presents a related literature
review. Section 3 formulates the DSGE model. Section 4 is about parameter calibration and
estimation. Section 5 analyzes policy shocks” dynamic effects and mechanisms on vital
macroeconomic variables under non-homothetic preferences. Section 6 discusses the wel-
fare changes imposed on households by policy shocks. Conclusions and recommendations
are drawn in Section 7.

2. Literature Review

Our study closely relates to two main strands of literature on carbon markets un-
der non-homothetic preferences for energy demand and the carbon abatement effects of
macroeconomic policies. Related research is divided roughly into three groups to sort out
the overview of research on these two aspects in recent years. The analytical framework of
this paper is an extension of the literature on the abatement effects of the carbon market.

2.1. Research Progress on Emission-Reduction Effects of Carbon Markets

The carbon market is an environmental policy based on the market mechanism [22],
which has become one of the hot issues in energy and climate research at home and
abroad. The discussion on the EU ETS has reached a considerable level of maturity [23,24].
The corresponding literature is also extensive and comprehensive, providing significant
references for this paper. The Chinese carbon market has gradually attracted widespread
attention from scholars, and some theoretical frameworks have also been established [25].
The main focus has been on the mechanism design, trading operations and economic and
environmental impacts [26,27]. However, the research regarding reduction effects is still
inconclusive on emission reduction. Many studies have suggested that carbon markets
significantly positively affect emission reduction. Li and Ramanathan [28] argue that carbon
markets exert cost pressures on polluters and provide economic incentives for them to
sell excess emission allowances, adjusting the production patterns of clean and polluting
enterprises to enable them to maximize profits and efficiently utilize environmental quotas.
Borenstein et al. [15] conclude that carbon pricing policies are crucial for carbon markets to
achieve significant carbon reductions, but only sufficiently strong carbon price signals can
help achieve carbon neutrality. Zhao et al. [29] point out that the carbon market indirectly
affects carbon emissions by optimizing the input of energy intermediates, adjusting energy
production and consumption structure and reducing coal consumption. From a micro-firm
perspective, Du et al. [30] find that the carbon market significantly reduces firms’ pollution
emissions and that cleaner production rather than end-of-pipe treatment plays an essential
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role in reducing carbon emissions. The results of another group of literature show that
carbon market pilots may cause uninvolved regions and participating enterprises to face
adverse effects of carbon emission reduction. Tan et al. [31] conclude that China’s ETS pilots
shift high-emission and energy-intensive industries to other regions through competition
mechanisms and energy demand channels, leading to carbon leakage. Based on the
efficient market theory, Wen et al. [32] proposes that irrational behaviors, poor information
transparency, imperfect market mechanisms, and high transaction costs cause inefficient
carbon emission reductions in different pilot regions. In summary, the conclusions related
to the effects of carbon markets on emission reduction are still under discussion, and future
research is needed to provide more theoretical and empirical evidence.

Regarding research methodology, current studies on the effects of emission reduction
on the carbon market are categorized into three groups. The first group includes research
on quasi-natural experiments, which examines the mechanism of ETS pilots in China as
an exogenous policy shock that affects carbon emissions [27]. The second group contains
research on policy scenario simulation, which analyzes the emission-reduction effect by
constructing an emission trading model and designing several policy scenarios, including
no emission trading pilot, an emission trading system containing only pilots, a unified
carbon market and different tax rates [33-35]. The third group provides research on general
equilibrium analysis, which assesses changes in factor rewards and distribution of environ-
mental tax reforms in carbon markets through general equilibrium modeling [36]. In recent
years, foreign scholars have begun to apply the dynamic stochastic general equilibrium
(DSGE) model to the study of environmental problems and have developed the E-DSGE
model [14,37]. The E-DSGE model combines the advantages of the DSGE model to avoid
the Lucas critique and can be used to study the dynamic effects of different types of stochas-
tic shocks on various variables in the economic system. Therefore, the E-DSGE model is
more suitable for studying the effects of stochastic policy shocks in the carbon emission
process. Using the E-DSGE model, this paper can embed non-homothetic preferences into
the intertemporal utility function of households, thus extending the literature on research
methods on the abatement effects of carbon markets.

Heutel [37] first applied DSGE to environmental economics analysis and found that the
optimal carbon price should be procyclical. When the optimal carbon price is implemented,
carbon emissions will show a procyclical suppression effect. Fischer and Springborn [38]
compared carbon taxes and carbon market-related policies and found that the volatility of
most macroeconomic variables is small under the emission cap system in the carbon market
policy. However, since they all assume that the product market is perfectly competitive and
the price level changes at any time, this deviates from the fact that prices are sticky. Then,
Annicchiarico and Di Dio [39] constructed an E-DSGE model with price stickiness, focusing
on the vital role that price stickiness plays in affecting the effectiveness of carbon market
policies. In this regard, the model of this paper also includes the sticky price assumption in
Annicchiarico and Di Dio [39]. As the most important innovation of this paper, the setting of
non-homothetic preference plays an essential role in scenario research in the DSGE model.
Cavallari and Etro [8] argues that the non-homothetic preference nature of goods makes
monopolistic competition markets crucial for the demand side effects generated by shock
propagation. This effect works through changes in demand for goods within the cycle,
primarily through changes in endogenous demand elasticity. The model setting of this
paper follows their ideas and extends them into the E-DSGE analysis framework to provide
more insights. Regarding modelling heterogeneous producers, Dissou and Karnizova [40]
enriches the modelling ideas between final product producers and heterogeneous interme-
diate product producers by distinguishing between energy and non-energy sectors. The
model constructed in this paper also includes the assumption of heterogeneous producers.
In addition to carbon market policies, the E-DSGE model in this paper also involves fiscal
and monetary policies in the field of the environment. Katircioglu and Katircioglu [41]
constructs an E-DSGE model with fiscal policies that include environmental goals and
finds that expansionary fiscal policies can alleviate pollution problems. Higher government
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spending is believed to crowd out private investment, leading to changes in industrial
intensity, thereby causing lower carbon emissions. This crowding-out effect of government
spending on private investment also applies to this paper’s analysis. The difference be-
tween the model constructed in this paper is that a new carbon emission-dependent fiscal
policy rule is proposed, which shows how government spending should respond to carbon
emissions. Regarding monetary policy, Economides and Xepapadeas [42] introduces en-
ergy as a production factor into the production function, focusing on the economic impact
of monetary policy shocks that include environmental goals under the E-DSGE model.
Unlike their research, this paper only restricts monetary policy to follow specific rules. This
paper focuses on which policy combination (carbon market, fiscal, monetary) the policy
authorities should adopt to be better.

2.2. Emission-Reduction Effects of Carbon Markets under Non-Homothetic Preferences

Our research supplements the literature on the effects of carbon markets on emission
reduction under non-homothetic preferences. In fact, in the analysis of neoclassical eco-
nomics, people’s consumption preferences and structures can vary significantly due to the
differences in income levels and prices. Most previous studies assumed that consumers
make homogeneous behavioral choices in the environment. However, in recent years, some
literature has analyzed the effects of emission reduction on consumers’ heterogeneous
preferences under the impact of policy shocks. The logic is that as higher environmental
standards are implemented and consumers shift to environmentally friendly products,
manufacturers tend to produce low-carbon products and take measures to suppress carbon
emissions [43,44]. For example, Ji et al. [45] construct a Stackelberg model that incorporates
supply chain, cap-and-trade regulation and consumers’ low-carbon preferences and find
that manufacturers and retailers may accept a cap-and-trade mechanism when consumers
have low-carbon solid preferences. Xia et al. [46] consider consumers’ low-carbon aware-
ness in a carbon emission trading system and analyze its impact on manufacturers’ and
retailers” incentives to reduce emissions, profits and utility. The result is that improving
consumers’ low-carbon awareness can incentivize manufacturers” and retailers’ investment
in emission reduction, which is conducive to increasing profits and utility. Wang and
Wang [47] constructed a carbon market model with carbon tax differences to discuss the
impact of consumers’ differentiated preferences for different products on production and
emission-reduction decisions. The result shows that the relevant firms will start production
only if consumers’ willingness to pay for recyclable products exceeds a certain threshold.
Moreover, this threshold also depends on the base tax rate and the preferential tax rate for
recyclable products.

In the specific field of the new energy industry, Dogan and Muhammad [48] believe that
consumers’ willingness to buy more green electricity or their cheerful willingness to pay a
premium for green energy electricity can support the development of green and low-carbon
energy. Then, Ndebele [49] uses a random parameter logit model to estimate the choice
experiment data of New Zealand electricity consumers online in 2014. The results show
that for every 2% increase in the current electricity bill of consumers’ willingness to pay for
renewable energy generation, the market share of electricity from renewable resources will
increase by 10%. Liobikiené and Dagilitité [50] discover that with a new carbon market-related
policy, factors such as consumers’ knowledge of green energy, age structure and income level
will significantly affect consumption preferences, thereby paying more for green electricity.
Cardella et al. [51] subsequently investigate how consumer choice preferences are shifted
from traditional to green energy electricity schemes through non-price information, such as
generation efficiency under voluntary emission-reduction mechanisms in the carbon market,
costs and environmental impacts, to reduce carbon emissions.

2.3. Emission-Reduction Effects of Macroeconomic Policies

The relevant literature on the impact of macroeconomic policies on carbon emissions
focuses on three aspects, fiscal policy, monetary policy and the interaction between the two,
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while the conclusions are inconsistent. Most of the existing literature analyzes the impact
of fiscal policy on carbon emissions from the perspectives of taxation, subsidies, carbon
pricing and policy mixes. Some scholars believe that fiscal policy will promote carbon
emission reduction, while others point out that some fiscal policies will have a negative
impact on carbon emission reduction. In fiscal taxation, Rozenberg et al. [16] find that
sudden price changes in the short term caused by environmental taxes may lead to stranded
assets, which will hit related industries and hinder carbon abatement. In the emission-
reduction effect of monetary policy, Sun et al. [17] use green credit policy as a quasi-natural
experiment and find that it does not produce a Porter effect within enterprises. The reason
is that the green credit policy’s compliance cost and credit constraint effect inhibit firms
from innovating. Meanwhile, a green credit policy can prompt enterprises to focus on
preventing pollution at the source rather than reducing emissions at the end. Research
on the mutual combination of fiscal and monetary policies on carbon emissions is mainly
about low-carbon city construction and green finance. The construction of low-carbon
cities includes policies such as special funds, industry subsidies and credit incentives to
curb carbon emissions by boosting technological innovation levels [52]. The development
of green finance includes fiscal measures such as special fiscal funds, fiscal subsidies,
fiscal discounts and tax incentives and is also inseparable from structural monetary policy
tools. By optimizing the energy consumption structure and substantive green technology
innovation, green finance can significantly curb carbon emissions and mitigate the impact of
carbon tax policies on the economy, achieving a win-win situation between environmental
protection and economic development.

3. The Model

This paper constructs an E-DSGE model that contains six sectors: representative house-
holds with non-homothetic consumption preferences, final good producers, intermediate
good producers, carbon markets, government and central banks. Among them, repre-
sentative households with non-homothetic preferences optimize their consumption and
labor supply when facing intertemporal budget constraints. Producers, including final and
intermediate goods producers, face perfectly competitive and monopolistic competition
markets, respectively, and their production results in carbon emissions. Carbon emissions
are introduced into the utility function of representative households to explore its social
welfare effect. As producers influence carbon emissions, they only affect household utility
and do not influence household decision-making. This paper introduces wage stickiness
and price stickiness to make the economy more realistic. The carbon market controls the
level of carbon emissions through carbon pricing tools. Government departments imple-
ment fiscal policies to regulate producers’ carbon emission behaviors. The central bank, on
the other hand, regulates carbon emissions through price-based monetary policy.

3.1. Households

Considering the impact of carbon emissions on the utility of a representative house-
hold, this paper sets the household utility function as follows:

© L1+¢
U(Ct, L, CE;) = Eo }_ B' | InCt — pp—-— — xInCE; (1)
£ (e -myirg e

This utility function indicates that the consumption of a representative family brings
positive utility to it, while providing labor is “painful”, so it brings negative utility to the
family. Similarly, the more environmental pollution there is in society, the greater the harm
to the health of family members, so it brings negative utility to the family. The budget
constraint is:
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Here, Ej is the expectation operator based on initial period, g is the household dis-
count factor and C; is household energy consumption. The coefficient y; measures the
disutility of labor, and ¢ is the inverse of Frisch elasticity. L; is the labor, x is the parameter
of carbon emission disutility and CE; is carbon emissions. I; is the investment, and B; is the
investment on riskless bond. w; is the real wage rate, 7§ is the real rate of return on capital,
while K; is capital stock. i;_1 is the nominal interest rate in t — 1, M D; is the profit dividends
and G; denotes government fiscal expenditure. This paper defines I'1(Ky, u¢, Z;) as invest-
ment adjustment cost, to measure capital adjustment costs incurred in investment. Since
capital cannot be adjusted quickly in the short run relative to labor, there is a cost when cap-
ital is idle or overutilized. Suppose I'+(K, us, Z¢) = K/ Zy (Al(ut — 1)+ Ap/2(us — 1)2>,
where A1, Ay > 0 are parameters for capital utilization costs. A, can be freely calibrated,
u; is capital stock utilization for upgrading the model’s endogenous amplification mecha-
nism and Z; is marginal efficiency shock to investment, which follows an AR (1) process:
Zt = p3Z24_1 + €;1. Ok is the capital depreciation rate and 7; is the investment adjustment
cost parameter.

Consider the setting of non-homothetic consumption preferences. Drawing on the
setting of Cavallari and Etro [8], this paper assumes that a representative household can
introduce different types of traditional and low-carbon new energy products into the final
set of consumer goods based on the long-term utility achieved from consumption. Thus,
the intertemporal utility is represented by a symmetric consumption index:

¢k u(itm)di 3

Here, u(C(i)) is consumption sub-utility, with u(C:(i)) > 0,u'(C¢(i)) > 0 and
u” (C¢(i)) < 0. Under homothetic preferences, this paper first sets the sub-utility function
asu(-) = (0 /0 —1)C?~1/¢ where the elasticity of substitution between products is con-
stant as 0. Second, non-homothetic preferences are introduced. Due to the existence of
non-homothetic preferences between households’ choices of traditional energy products
and low-carbon new energy products, the elasticity of substitution between products is
not constant. Instead, it is influenced by the level of consumption. This paper assumes
that the elasticity of substitution between low-carbon new energy products and traditional
energy products during the period is given by: 6. = —u/(C;)/u”(C¢)Cs. Bertoletti and
Etro [53] believe that 6. can reflect changes in consumption, thus, energy consumption

Bt + MDy + Gt — T (K¢, ut, Zy)
(2)

0, —

c—1 Oc—
L di] . The preference is given by the

under non-homothetic preferences is C; = { f01 C

following expression:

g 61

Here, when the non-homothetic parameter p # 0, it satisfies non-homothetic prefer-
ences, and the elasticity of substitution during the period can be expressed as

6.=0 (1 + pCtl/ 9) . This paper constructs a Lagrangian function for the household utility

maximization problem:
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Here, A; and ¢; are the Lagrange multipliers of the budget constraint and capital
accumulation equations, respectively. Define marginal Tobin as q; = ¢;/A;. Households
choose consumption (Equation (6)), labor (Equation (7)), capital utilization (Equation (8)),
investment (Equation (9)), bond holdings (Equation (10)), and capital stock (Equation (11))
to maximize discounted utility. The first-order conditions of the households’ problem are:
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This paper then assumes that the labor of representative households is also heteroge-
neous and add wage stickiness to the model. Assume that the labor provided by households
is heterogeneous, which gives them the power to bargain for wages and can introduce wage
stickiness [54]. The response of total nominal wages to exogenous shocks is weakened,
similar to the consistent response of prices and output under price inertia. Consequently,
wage stickiness causes the wage markup to exhibit endogenous fluctuations in response to
exogenous shocks. However, the assumption of household heterogeneity complicates the
utility maximization problem. Since households can earn different wages, they may work
varying hours, leading to differences in consumption, bond holdings and, consequently,
income. Erceg et al. [54] demonstrated that if complete state-dependent securities exist in
the economy and the utility function is additive and separable with respect to consumption
and labor, then households will have the same consumption and bond holdings, with
only wages and labor varying. Therefore, in the following discussion, it is assumed that
state-dependent bonds are present in the economy, which means that consumption and
bond holdings are no longer dependent on individual households. According to Calvo [55],
households are assumed to have a probability of 1 — @, (Pw € (0,1)) per period to adjust
the nominal wage to maximize their utility:
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where ¢ is the elasticity of substitution of labor supply, indicating wage markups and
distortions in the labor market. The first-order condition of the nominal wage W;(i) can be
calculated as follows:

£ (@apy (SR ) g 5 g (e ) 000 1LY

=0 Ptis
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where Sq; and Sy; are two auxiliary wage variables that can be written as recursive equations:
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Similarly, the recursive equation for Sy; can be derived as:
&
Sat = )\t(wt ) Ly +<I>w,3Et( ttl) C 1S4 (16)

It can be seen from Equations (15) and (16) that the existence and fluctuation of wage
markup actually represent the degree of distortion in the labor market.

3.2. Producers

Assume that there is a representative final good producer in the economy, using
continuous energy intermediate goods Y;(i) and concluding the final product equation by
CES summation:

0

1 o1 -1
Y, = (/O Yt(i)edi) (17)

where 6 > 1 represents the incomplete substitution between different intermediate goods.
This assumption suggests that intermediate goods producers have pricing power, which is
consistent with the reality of the energy market, i.e., the existence of a monopolistic compe-

tition market. The demand function of intermediate good Y;(i) is Y;(i) = (P:(i)/ P:) Oy,
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according to the profit maximization problem. Here, P%(i) is the price of intermediate goods,

and P is the general price level, which can be expressed as P; = ([ Pt(i)di)l/ (1-6),

Intermediate goods producers face two problems. The first is the cost minimization
problem, subject to the carbon emission constraint. The second is to conduct a dynamic
pricing strategy to solve the profit maximization problem under the sticky price. In the first
stage, this paper assumes that intermediate goods are produced using existing production
technology, capital stock and labor. The production function equals:

Yi(i) = (1 — 7(CE)) A, (COViK (i))* L1~ (i) (18)

Here, 7v(CE) € (0,1) is a damage coefficient which captures the impact of carbon
emissions on output. According to the definition of Annicchiarico and Dio [14], the higher
the carbon emissions are, the higher the damage coefficient will be, with which the environ-
mental impacts caused by carbon emissions are put into the model. A; is productivity for
all intermediate good producers, which follows an AR (1) process: A; = paA;_1 +eas &
represents the share of capital. COV; is the operating rate shock faced by enterprises due to
the COVID-19 outbreak, which follows the AR(1) process: COV; = pcoyCOV,_1 + ecov -
This paper refers to the setting of rare disaster risks by Gourio [56] and combines the long
shutdown period of enterprises around the world and the decreased willingness of some
residents to return to work after the outbreak of COVID-19 to introduce this shock into the
manufacturer’s production function to reflect the impact of the inability of enterprises to
start work due to shutdowns on economic life.

Carbon emissions from intermediate goods are assumed to be a linear function of
their outputs:

CEi(i) = x(1 — e (i) Yi (i) (19)

where x > 0 is the technological efficiency coefficient of abatement efforts and e;(i) is
abatement efforts of the intermediate goods producer. There is no carbon emission when
the abatement efforts e;(i) = 1. Producers need to pay the corresponding abatement cost to
reduce carbon emissions, i.e.,

Cr(i) = ref (i) Vi(i) (20)

where ¢; > 0 is the scale coefficient of controlling abatement cost and ¢» is the elasticity
of abatement cost to abatement efforts. This form of cost function conforms to the law
of increasing marginal cost of abatement as well as ensure the positive effect of carbon
tax policy on producers’ abatement efforts in the carbon market. Thus, the producer cost
minimization problem is expressed as:

minw; L (i) + rfCOViK; (i) + Cg (i) + 1/ CE(i) (21)

where 7/ is the carbon tax rate faced by producers of intermediate goods. The minimization
problems above are subject to the constraints Equations (17)—(20). Construct a Lagrangian
function and solve to obtain the producer’s first-order conditions on labor (Equation (22)),
capital (Equation (23)), and abatement efforts (Equation (24)):

Li(i) =

ACOVi(1 - (CE)) (2 (£25)")

Yi(i) IR0 o ()’
) @)

I’t)a
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ki) = %X ) =tk = il @ ()
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= D(Kt(l) At
pol®m
er(i) = [;g] 24)

Equations (22) and (23) are the labor and capital demand curves, respectively, and
Equation (24) is the optimal abatement efforts, which depends entirely on the change in
the carbon tax, i.e., the higher the carbon tax rate, the harder the producer tries to abate. If
the carbon tax rate remains constant, the abatement efforts of the producer is also constant
over time. A; denotes the real marginal cost of labor and capital subject to environmental
constraints. The total marginal cost should equal A; plus the marginal cost of abatement
and the marginal cost of paying the carbon tax:

My(i) = A+ pref? (i) + 1 (1 — ey (i) (25)

Then this paper considers the profit maximization problem. Since the energy market
is imperfectly competitive, the producer of the intermediate good has the pricing power.

The price is set by price markup: P;(i) = (%) M;(i). Assuming that intermediate good
producers discount their future profits using the same stochastic discount factor:

Vi

SDFiss = B (26)
Consider the pricing strategy of intermediate good producers. In order to introduce
sticky prices, significant exploration has been conducted in the literature. Classic models
of sticky prices typically assume that in each period, a fraction 1/t of manufacturers can
re-price, with the number of manufacturers allowed to re-price decreasing as ¢ increases.
However, the staggered pricing mechanism based on this strategy makes model aggregation,
that is, removing heterogeneity, extremely cumbersome. Drawing on the staggered pricing
mechanism proposed by Calvo [55] to introduce price stickiness: assuming that any producer
has a fixed probability of 1 — ®, (P, € (0,1)) in each period to adjust the price, which does not
change over time. Logically, this staggered pricing mechanism is straightforward, and from a
technical standpoint, it simplifies the aggregation process (eliminating heterogeneity). Over
time, it has evolved into the most classic and commonly used staggered pricing mechanism
and a standard component in DSGE model. Assuming that intermediate good producers can
adjust prices in period t but cannot adjust prices in all subsequent periods, the optimal price,

Py(i), can be chosen to maximize the profit as follows:

ad u'(c 1_pa
maXEtZ(;)(cppﬁ)su(,(Z;)(PHs(l)l 0971Y, s — MyssPii1Pris) (27)
s=|

Real income Real cost

The first-order condition with respect to P (i) is:

AN =~ u, C —_ o\ —
Py(i)°Es Z(q’pﬁ)sm ((1 — )P Yigs + M5 Pi(i) 1Pt9+syt+s> =0
5=0
« 0 EZZ(PpB) U (crps) MissPl YVivs 0 Xy

= P = _ 6 Xy
‘0-1E Y20 (PpB) U (cris) PP Wiy sYigs 0 —1Xny

(28)
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From the above first-order conditions, the price choice of intermediate producers is
independent of the index. Therefore, all intermediate product manufacturers choose the same
optimal adjustment price, and the choice is symmetrical. Therefore, j can be removed to show
symmetry. X1; and Xp; are two auxiliary variables that can be written as recursive equations:

[e9)

Xip = U (COMYi + Et Y (®pB) U (Cris) Migs Py Y
s=1
Let s=k+1 =
ets_)Jr U’(Ct)./\/ltPfYt + E; 2 ((I)Igﬁ)su’(ct+s)Mt+st+sYt+s
s=1

= k41 29
= U'(COMPIY: + Er Y (®pB) U (Crrpper)) My PPy g1 ik @)

k=0

- k
= U'(CO)MPIY; + @pBEEr1 ) (PpB) U (Cryrs1) Mrsksr Ppsr Yerkan
k=0

= U/ (Cr)MPYY; + @pBE X1 441
Similarly, the recursive equation for Xy can be derived as:

Xor = U'(Ct)PP71Ys + ®@pBE X 141 (30)

The above equation implies a classic conclusion: under elastic prices, the price chosen
by a monopolistic competitor is equal to a markup on the (nominal) marginal cost. To get
the equilibrium conditions, the inflation rate and auxiliary variables are defined as:

pr Xt Xot
7Tf == XY=, X =57 (31)

Py Py P!

This paper have:
6 xy
*

= — 2
TS a1 My, (32)
x1p = MMY + @pBExy 1170 (33)
xXor = MYy + @pPEixp 17| (34)

Based on the demand and production functions of intermediate goods, the sum of the
labor and capital demand functions gives:

Lo i)\l
/OYt(z)dz:/O ( b, ) Y;di
1 . .
Ly, = b i@ (df>_1(1 — v(CE))(COViKy(i))* LY (i)di (35)

S () ai

_ (df)71(1 — 4(CE)) Ai(COVIK(i))*L}

where d¥ is a price discretization kernel, measuring price dispersion. A larger d!’ indicates
a greater dispersion of P;(i). d¥ indicates that the manufacturers that can readjust prices in
each period are randomly selected, and there are a large number of intermediate product
manufacturers. Therefore, the integral on a subset of [0, 1] should be proportional to the
integral of the entire interval [0, 1], and this proportion is exactly the length of the subset.
The staggered price mechanism is introduced into the discretization kernel and written in
the following recursive form:
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1-6 / pr\ 1 p_q()\7° 17pe\~° 1/p_q1(i)\ °
dP:/’ f) di (fl ) di=(1-® /’(f> di+® 9/’<f1 ) di
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According to Py = ( [ Py(i)di) 1078 and ntf = P}/ P;_4, the following equation holds
when there is no inflation:

R CONCO R CONC SO
N fo(P’p(,)) di (-9 (g5 1)’9
() B () e g (1”) i

=m0 =(1-0,)1 0 + @,

+@, (37)

A first-order logarithmic linearization of the above equation yields:

i = (1 - )7ty (38)

where 7} = log P} —log P,_;. Equation (38) shows that the optimal choice of intermediate
good producers’ adjustable prices, is not the weighted average price of the previous period,
thus leading to inflation. Furthermore, the equation shows that when perfect price stickiness
prevails, net inflation is zero.

Based on the above results, the total carbon emissions level and the total abatement
costs are obtained by summing up:

CE; = x(1 —e;)Y;d? (39)

1
Cey = /O Cy(i)di = pref>Y,d? (40)

The budget constraint on the final good (i.e., market clearing) is expressed by:

Yt =Ci+ It + G+ Cgs + ZI (K - 51<> COViK; (41)
t

3.3. Carbon Markets

The core issue of carbon market policy is carbon pricing. Carbon pricing can encourage
changes in production patterns by incorporating the costs of climate change into individual
economic decisions through price signals. Currently known carbon pricing models can
be categorized into explicit and implicit carbon pricing. Explicit carbon pricing mainly
includes a carbon tax, carbon emission trading system, carbon credit mechanism, shadow
carbon price and internally negotiated pricing. Carbon tax and ETS are currently the
most widely used carbon pricing tools. The core of the current carbon emission trading
system’s pricing mechanism is the same as the carbon tax mechanism, that is, by charging
carbon fees for carbon emissions. In contrast, the pricing subject has been changed from
the government to the market, and quotas have been allocated accordingly. Therefore, this
paper redefines 7/ as the carbon price under the carbon market policy.

This paper assumes that the carbon market controls pricing in the current period based on
the carbon emissions and carbon price of the previous period, and satisfies the following rules:

In(") = (1= g In(P) + e In () + (1 ¢g¢wm<i >+€L (42)
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Here, 77 is the steady-state level of carbon price. 0 < i, r < 1 is the response to
carbon emissions and carbon price when the carbon price policy is implemented, which
describes the persistence of the policy shock. e represents the carbon price policy shock
normally distributed with mean zero and standard deviation ¢;. Equation (42) assumes
that economic agents in the market expect to maintain carbon emissions at the target steady-
state value through carbon price tools. The carbon market will automatically increase the
carbon price if the actual carbon emission exceeds the target value. However, to avoid
excessive changes in carbon prices, the carbon market adopts market stability reserves,
price corridors, emissions control reserves, auction floor prices and cost control reserves.
This suggests that the carbon market only sets the carbon price policy at a biased constant

,d
value ;.

3.4. Central Banks

Since the carbon emissions function is linear with output, this paper draws on the
standard Taylor rule’s setting and ignore the money supply’s impact. Assume that the
central bank adopts a smooth price-based monetary policy and determines the current
interest rate based on the previous period’s interest rate, inflation, output and carbon
emissions. This results in the following function:

In(it) = (1= ¢r) In(i) + ¢ In(ip—1)+
43
(1- t/»)(zpnln(””) +¢y1n(yff1> +¢m1n<(é’f;>) e )

T -
where 7, 7 and Y are the steady-state interest rate, inflation and output, respectively. ¥;,
VP, Py and Py, are the degrees of response to interest rate, inflation, output and carbon
emissions, respectively, when the central bank implements price-based monetary policy,
which describes the persistence of the policy shocks. The monetary policy shock ¢, is
normally distributed with mean zero and standard deviation o;. The theoretical logic be-
hind Equation (43) is that by raising interest rates, the central bank will increase household
savings and curb consumption, leading to a decline in demand, price and output and
reducing carbon emissions.

3.5. Government

Unlike the carbon market, the government is motivated to strengthen the traditional
administrative intervention of fiscal policy tools to regulate carbon emissions under the
constraints of carbon emission-reduction targets since the carbon market has not yet been
perfected. Therefore, this paper assumes that the government plays a role in fiscal policy
through government fiscal expenditures and carbon pricing charges. This paper sets
the proportion of government fiscal expenditures to output as GE?, and the equilibrium
condition for the government sector is derived as follows:

G = GESY, + 17CE, (44)

Similarly, assuming that the government determines the current period’s expenditure
share based on the previous period’s fiscal expenditure share and carbon emissions, the
following rule is satisfied:

In(GEf) = (1= ) In(GE) + g In(GEY ;) + (1= ) g ln((él;> tegr  (45)

where GE is the steady-state level of the government expenditures share.
0 <@g, hem < 1, respectively, refer to the degree of responsiveness to government spend-
ing and carbon emissions when the government implements fiscal policy and describes
policy shock persistence. ¢¢; represents the fiscal policy shock that follows a normal
distribution N (0, o).
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4. Calibration and Estimation

The parameters in this paper include parameters outside the model (structural pa-
rameters) and parameters inside the model (policy-related parameters). This research uses
previous literature, statistical data, common sense settings and other means to calibrate
structural parameters. At the same time, policy-related parameters are often obtained by
estimation using Bayesian methods since they are difficult to acquire by statistical data.

4.1. Calibration

The structural parameters that need to be calibrated in the E-DSGE model in this paper
mainly include the following: Consider the household discount factor . The inflation
is zero in the steady state, that is, 7 = 1. According toi = 7t/, B value of 0.99 means
that the annual riskless interest rate and also implies that the model corresponds to a
quarterly frequency of data. The labor disutility parameter y is calculated by steady state.
According to common practice in the literature, the inverse of the Frisch elasticity of labor
supply is set to 1, indicating that wages and labor supply grow at the same rate [57]. Zhang
and Zhang [58] estimate the environmental effect elasticity of representative households,
and the estimated value is 0.20. Thus, this paper sets the carbon emissions disutility
parameter « to 0.20. Assuming that capital is depreciated by 10% per year, the quarterly
capital depreciation rate, Jg, is 0.025. The investment adjustment cost parameter, v, is
the degree of sensitivity of investment to the marginal Tobin’s Q. The smaller the value,
the greater the sensitivity, that is, a slight change in cost can cause a significant change
in investment. Most of the existing literature sets the range of values of the investment
adjustment cost parameter 77 as [1, 3] [59-61], which set to 2.00. The capital utilization cost
parameter A, is calculated by steady state and A, can be calibrated freely. When A, is set
too large, it leads to a lower output response to exogenous shocks, and a value of 0.01 is
generally sufficient [57]. The elasticity of substitution between clean energy and traditional
energy products has been adopted primarily following Annicchiarico and Diluiso [59] and
Pan et al. [60]. This paper sets the elasticity 8 = 6.00. Also, assuming the household
wage markup is 20%, the supply substitution elasticity of labor ¢ is 6.00. Referring to
Bertoletti and Etro [53], the non-homothetic parameter p is set to 1.00. According to
Calvo [55] staggered pricing mechanism, when the wage stickiness parameter ®;, and
the price stickiness parameter @, are 0.75, prices remain unchanged for four quarters,
which is in line with our setting of a quarterly benchmark period. This paper align with
Annicchiarico and Diluiso [59] in establishing the share of capital output & as 1/3. As
Heutel [37] calculated, this paper sets the damage coefficient of emissions as 0.0026. This
research follows Annicchiarico and Dio [14] by setting the technological efficiency factor
for abatement efforts x as 0.45, the scale coefficient of controlling abatement costs ¢; as
0.185 and the elasticity of abatement costs to abatement efforts ¢, as 2.80. Moreover, as
in Chan [62], this paper sets the steady-state carbon price of the carbon market and the
steady-state level of government expenditure proportion to 0.05 and 0.20, respectively. The
calibration results of specific parameters are shown in Table 1.

Table 1. The result of calibration.

Parameter Description Value Literature Backed
B Discount factor 0.9904 Chan [62]
UL Parameter of labor disutility Calculated by steady-state
¢ Inverse of Frisch elasticity 1.0000 Christiano et al. [57]
K Parameter of emissions disutility 0.2000 Zhang and Zhang [58]
Sk Depreciation rate of capital 0.0250 Chan [62]
YI Parameter of price adjustment cost 2.0000 Pan et al. [60], Xiao et al. [61]
A Parameter of capital utilization cost Calculated by steady-state

Ao Parameter of capital utilization cost 0.0100 Christiano et al. [57]
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Table 1. Cont.

Parameter Description Value Literature Backed
0 Elasticity of substitution of energy products 6.0000 Annicchiarico and Diluiso [59]
0 Parameter of non-homothetic 1.0000 Bertoletti and Etro [53]
o, Parameter of wage stickiness 0.7500 Calvo [55]
€ Elasticity of substitution of labor supply 6.0000 Chan [62]
it Share of capital in production 1/3 Annicchiarico and Diluiso [59]
v(CE) Damage parameter of carbon emissions 0.0026 Heutel [37]
X Technological efficiency parameter of abatement efforts 0.4500 Annicchiarico and Dio [14]
¢ Scale parameter of controlling abatement costs 0.1850 Annicchiarico and Dio [14]
¢ Elasticity of abatement costs to abatement efforts 2.8000 Annicchiarico and Dio [14]
TP Steady-state carbon price in carbon markets 0.0500 Chan [62]
GE Steady-state share of government expenditures 0.2000 Chan [62]
D, Parameter of price stickiness 0.7500 Calvo [55]

4.2. Bayesian

In the estimation process, this paper uses five observable sequences: the real GDP, real
investment, real consumption, labor force and inflation rate of the United States. Among them,
real GDP, real investment and real consumption are estimated from nominal values and GDP
deflator and CPI measures the inflation rate. The data are from the International Monetary
Fund and span the period from the first quarter of 2000 to the fourth quarter of 2023. All data
are deseasonalized and detrended using the Census X12 method and HP filtering.

In the carbon market policy, the prior distribution of the carbon price response coef-
ficient ¢ is assumed to be Beta distributed, which is set to a mean of 0.5 and a standard
deviation of 0.10. Drawing on the monetary policy rules, this paper sets the prior dis-
tribution ., of response coefficient to carbon emissions as a normal distribution with a
mean of 1.50 and a standard deviation of 0.10 [60]. In monetary policy, this paper follows
Annicchiarico and Diluiso [59] to assume that the prior distribution of response parameter
of monetary policy to interest rates i, is Beta distributed with mean 0.50 and standard
deviation 0.20 to inflation ¢ is normally distributed with mean 1.60 and standard devia-
tion 0.10 and to output ¢y is normally distributed with mean 0.10 and standard deviation
0.05. Referring to Noureen et al. [63], the prior distribution of the response parameter of
monetary policy to emissions ,, is normally distributed at a mean of 0.12 and a standard
deviation of 0.20. In fiscal policy, the prior distribution of the response parameter of fiscal
policy to government spending ¢, is assumed to be Beta distributed with a mean of 0.50
and standard deviation of 0.20. Following Noureen et al. [63], the prior distribution of
the response parameter of fiscal policy to emissions ., is assumed to be normally dis-
tributed with a mean of 0.05 and a standard deviation of 0.02. The prior distribution of the
autoregressive parameters of investment efficiency shock and technology shock is a beta
distribution, of which the mean and standard deviation are set to be 0.70 and 0.20, respec-
tively. This paper assigns values to the five exogenous shocks in the model (investment
efficiency shock ¢ ¢, technology shock e 4 ;, carbon price policy shock e, monetary policy
shock ¢, and fiscal policy shock ¢ ) following the estimation results of the observable
series [59,60,63]. This paper follows the approach of Gourio [56] and assumes that the pcoy
follows a beta distribution with a mean of 0.50 and a standard deviation of 0.02 and ecov ¢
follows an inverse gamma distribution with a mean of 0.02 and a standard deviation of 2.

Since the posterior distributions of economic parameters cannot be expressed in the
analytical form in most DSGE models and thus cannot be computed by Bayes’ law, the
posterior distributions can only be approximated by the Monte Carlo method through
random sampling. Therefore, this paper uses Markov Chain-Monte Carlo (MCMC) and
Metropolis-Hastings Algorithm to simulate the posterior distribution. This paper uses
Kalman filtering to estimate the likelihood function in combination with the observed data.
Then, the maximum value of the likelihood function is derived using the numerical solution
algorithm. Finally, simulated by the MH algorithm, which extracts the Markov chain and
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approximates the density of the posterior distribution by histogram approximation, the
posterior distributions are obtained. The estimation results of the parameters are shown in
Table 2.

Table 2. The Bayes estimation of parameters.

Prior Distribution Posterior Distribution

Parameter

Prior Dist Prior Mean Prior SD Posterior Mean 90% Confidence Interval

Pr Beta 0.5000 0.1000 0.4032 [0.3969, 0.4096]
Pee Normal 1.5000 0.1000 1.7460 [1.7439, 1.7481]
Py Beta 0.5000 0.2000 0.1458 [0.1414,0.1501]
Yr Normal 1.6000 0.1000 1.5643 [1.5642, 1.5645]
Py Normal 0.1000 0.0500 0.4088 [0.4075, 0.4101]
P Normal 0.1200 0.2000 0.0851 [0.0849,0.0854]
e Beta 0.5000 0.2000 0.9569 [0.9547, 0.9590]
Yem Normal 0.0500 0.0200 0.0443 [0.0434, 0.0452]
0z Beta 0.7000 0.2000 0.7721 [0.7707, 0.7735]
CA Beta 0.7000 0.2000 0.9883 [0.9775, 0.9991]
Pcov Beta 0.5000 0.0200 0.5328 [0.5326, 0.5331]

Output

5. Dynamic Analysis and Mechanisms

In this part, this paper uses Matlab R2024a and Dynare 4.5.0 software to conduct
numerical simulations of the three policy matching scenarios to examine the dynamic
impacts and transmission mechanisms of different policy shocks on key macroeconomic
variables under non-homothetic preferences.

5.1. Analysis of the Transmission Path of Carbon Price Shocks

Figure 2 shows the impulse response functions of a positive carbon price policy shock
on output, consumption, investment, labor, the nominal interest rate, the real rate of return
on capital, the real wage, inflation, carbon emissions, the abatement cost, the abatement
efforts and the carbon tax under non-homothetic preferences. The solid lines are obtained
with a higher elasticity of substitution for energy products, non-homothetic preference
and technological efficiency of abatement efforts, while the dashed lines are about the
low situation. This paper analyze the policy’s long- and short-term dynamic impacts by
treating the first four periods of post-shock changes as short-term impacts and the fifth to
the twentieth periods as the long-term impacts of the shock.
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Figure 2. Impulse responses of carbon price policy shocks to major economic variables.
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5.1.1. Impact of Carbon Price Shocks

In terms of the magnitude of the impact, when an economy is hit by a positive carbon
price policy shock, output, consumption, investment, labor, the real rate of return on capital,
the real wage, inflation, government spending, the capital stock, the wage markup, the cost
of abatement, the level of abatement efforts and the carbon tax will show an upward trend.
In contrast, the nominal interest rate and carbon emissions show a downward trend.

On the production side, when a positive carbon price policy shock increases the
carbon tax rate, producers will make more efforts to abate, as shown by the first-order
condition of abatement efforts (Equation (24)). Government spending also rises with
the rise in the carbon tax, as shown in Equation (44). In maintaining the same level
of output, producers will face higher abatement costs (i.e., as shown in Equation (20)).
Therefore, producers of energy consuming intermediate goods will tend to reduce carbon
emissions in order to ensure cost minimization (Equation (21)). On the consumption side,
representative households are more inclined to consume low-carbon new energy products
due to the characteristic of non-homothetic preference. Low-carbon new energy products
produced by producers in the process of carbon emission reduction will be favored by
representative households. Meanwhile, the increase in producers” abatement costs and
investment adjustment costs will stimulate the demand for low-carbon intermediate and
final products.

Thus, the final output increases due to the interaction between the low-carbon interme-
diate and final goods demand. The increase in low-carbon new energy products generates
a positive consumption utility for non-homothetic representative households, leading to an
increase in consumption in the household sector. Producers of low-carbon intermediate
goods need to invest more in labor due to the increased supply capacity of their products,
causing the labor and real wages and wage markups to rise. Under the interest burden,
the increase in inflation is accompanied by a decrease in nominal interest rates, which will
bring a fall in real interest rates. The decrease in real interest rates leads to a fall in the real
cost of debt for producers, i.e., a rise in net worth, a fall in the risk premium on external
financing, a rise in the real rate of return on capital and a corresponding rise in investment
and the capital stock.

5.1.2. Impact Cycle of Carbon Price Shocks

In terms of the impact cycle, the impact of carbon price policy shocks on output,
consumption, labor, the real interest rate, the rate of return on capital, inflation, government
spending, wage markups, carbon emissions, the abatement costs, the abatement efforts and
the carbon tax in an economy is basically within four periods. It gradually tends to a steady
state after the fifth period. As is shown in the gross emissions function CE; = x(1 — et)Ytdf ,
when the carbon emission intensity of a unit of output is given, the price dispersion core
under the staggered pricing mechanism increases. Due to price stickiness, carbon emissions
caused by reducing one unit of the final product will require more low-carbon intermediate
inputs. Therefore, high abatement efforts are not needed in the long run, and abatement
costs and carbon emissions tend to stabilize in the long term.

However, the carbon price policy has long-run effects on investment, capital stock and
real wages, with investment converging to a steady state after the 15th period and real
wages remaining above the steady state level for a long time. In the short run, investment,
the real interest rate and real wages all peak around periods 2 and 3. Output rises when con-
sumption increases, leading to increased producer profits, labor income and a slight price
increase. Since investment takes time to adjust, and over the long term, non-homothetic
will make consumption demand slightly above the steady state; investment will be higher
than the steady state in the long run. The increase in investment brought about by the
shock will cause an increase in capital available to producers and a sustained increase in
the capital stock, which will raise factor production capacity. With the triple combination
of the higher marginal output of labor, lower general price and sticky wages, finally, real
wages continue to be higher than the steady-state level in the long run.
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5.1.3. Impact of Carbon Price Shocks under Low Non-Homothetic Preferences

The impact of carbon price policies shows heterogeneity under different settings,
that is, the effects of shocks are influenced by the elasticity of substitution between low-
carbon new energy products and traditional energy products, non-homothetic parameters
and the technological efficiency of abatement efforts. As the elasticity of substitution
decreases, the non-homothetic parameter decreases and the technological efficiency of the
abatement efforts diminishes, the effects of the shocks diminish for all economic variables
except inflation. The reason is that the sticky parameter causes price dispersion in the
economy. The larger the sticky parameter, the stronger the degree of price dispersion and,
therefore, the higher the inflation. In the lower case, price dispersion shows a downward
trend, indicating that the degree of price dispersion decreases and the level of inflation
subsequently decreases. Increased elasticity of substitution amplifies cyclical fluctuations
because the intertemporal substitution effect incentivizes households to anticipate high
consumption and a more excellent labor supply during booms when prices are relatively
low and wages are relatively high.

The new low-carbon energy products brought about by the carbon price policy shock
are not effectively consumed at lower elasticity of substitution, non-homothetic, and tech-
nological efficiency of abatement efforts. Producers often have to pay the same abatement
costs and abatement efforts as when the elasticity of substitution is high, which raises the
cost of production and ultimately leads to higher cost-driven inflation at the beginning of the
period. At the same time, the elasticity of demand resulting from the elasticity of substitution
under a set of non-homothetic preferences varies with the level of consumption. It induces
producers to change their desired price markup in response to the shock. Higher elasticity of
substitution and non-homothetic preferences allow more and more producers to commit to
desiring and innovating energy-efficient products in response to positive carbon tax shocks,
thereby increasing the technological efficiency of abatement efforts and ultimately reducing
carbon emissions. Although producers need to weigh the costs and benefits of shifting to
cleaner production, when consumers have high preferences for low carbon, producers will
move away from short-term interest to a sustainable business model [43]. Thus, the non-
homothetic preferences of representative households for low-carbon new energy products are
a crucial mechanism through which carbon pricing policies work and exacerbate the degree
of responsiveness of non-production-side economic variables.

5.2. Analysis of the Transmission Path of COVID-19 Shocks

Figure 3 illustrates the economic impact of the COVID-19 shock. The positive COVID-19
impact led to a substantial drop in output. However, output is expected to return to its
original level after six periods, reflecting that the occurrence of the disaster will indeed
have a more lasting impact on normal economic production. At the same time, the labor
supply will also be affected, showing a significant decline that will take a long period to
recover. This indicates that the impact of COVID-19 will have a notable negative effect on
the entire society. Regarding investment, reductions in employment and production will
lower the marginal product of capital, thus decreasing total investment demand. However,
due to factors such as the impact of rare disasters, the bankruptcy of old companies, the
establishment of new companies and government bailouts, total investment will quickly
surpass its original level, leading to a rise in real interest rates and capital prices after a brief
decline. The reduction in production means that enterprise emissions will also decrease
rapidly, reducing the intensity of emission-reduction efforts and alleviating the burden
of emission-reduction costs. Consequently, the transaction volume in the carbon market
decreases, leading to a lower level of carbon tax. However, since the COVID-19 shock is
not the focus of this study, the impact of the COVID-19 shock is no longer considered in
subsequent policy combinations and welfare analysis.
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Figure 3. Impulse responses of COVID-19 shocks to major economic variables.

5.3. Analysis of the Transmission Path of Monetary Policy Shocks

Unlike carbon pricing, price-based monetary policy sets the current interest rate
through the previous period’s nominal interest rate, inflation, output and carbon emissions
level. The central bank becomes a “modified” Taylor rule by linking carbon emissions to
the nominal interest rate.

5.3.1. The Impact and Cycle of Monetary Policy Shocks

Figure 4 shows that in the short run, a positive monetary policy shock increases nominal
interest rates and encourages household savings while discouraging household consumption,
real investment and capital stock and increases the cost of external financing for producers,
leading to lower output and carbon emissions levels. The abatement mechanism under
monetary policy shocks differs from the carbon price policy in that the former has negative
shocks to the carbon tax, the abatement efforts and the abatement cost. That is, monetary
policy does not enable producers to autonomously increase their abatement efforts and thus
increase the cost of abatement to reduce carbon emissions. Instead, demand is dampened by
adjusting the nominal interest rate, which causes producers to hire less labor and rent less
capital, leading to a decline in wages and the real rate of return on capital.
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Figure 4. Impulse responses of monetary policy shocks to major economic variables.
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Policy shocks result in a decline in the carbon tax because the tax is pro-cyclical, and
carbon tax policymakers tend to iron out the tightening effect of monetary policy on output
by temporarily lowering the carbon tax. Since there is a positive relationship between the
carbon tax and abatement efforts (Equation (24)), producers will find that adopting an
outright reduction in output is a better response to monetary policy shocks than increasing
abatement efforts, and the abatement costs borne by producers will fall as well. The
decline in final demand also reduces the gross price level and inflation. In the long run, all
significant economic variables plateau after period 5, except for investment, wage markups,
abatement costs, abatement efforts and carbon taxes, which plateau in period 10, and real
wages, which remain below steady-state levels for a long time.

5.3.2. Impact of Monetary Policy Shocks under Low Non-Homothetic Preferences

Non-homothetic preferences also play a role in monetary policy after considering
different elasticities of substitution, non-homothetic parameters and technological efficiency
of abatement efforts. Higher elasticity of substitution, non-homothetic parameters and
technological efficiency of abatement efforts under monetary policy shocks lead to more
significant declines in output, consumption, investment, labor, real capital gains, real wages,
government expenditures, the capital stock, wage markups, the level of carbon emissions,
the cost of abatement, the extent of abatement efforts and the carbon tax. At the same
time, there is a more minor change in inflation. This paper argues that the mechanism
by which non-homothetic preferences affect the transmission path of monetary policy is
similar to a “financial accelerator”, which amplifies the effect of monetary policy shocks
on the economy to a certain extent without changing the original transmission path of
monetary policy.

The nominal interest rate faced by producers is the opportunity cost of production.
With an unexpected rise in nominal interest rates as a result of monetary policy, the net
worth of producers decreases. The external financing premium will rise, leading to an
increase in the cost of financing and a decrease in investment, bringing about a fall in
output. As noted earlier, higher nominal interest rates will also reduce real investment
and consumption by households. During the shock, the higher low-carbon preference held
by households with non-homothetic preferences further leads to reduced consumption of
new low-carbon energy products, and a further rise in unemployment. The economy will
be more contractionary, and net producer value will decrease further, which counteracts
the level of asset prices. Policymakers continue to adopt pro-cyclical carbon tax policies,
which amplifies and perpetuates the effects of monetary policy affecting investment to
some degree, ultimately causing the economy to further deterioration.

However, households’ real wages and producers’ output are more affected when the
elasticity of substitution and the technological efficiency of abatement efforts are high,
so the change in the level of inflation is lower and smoother than in the low case. Thus,
monetary policy incorporating emission-reduction targets can curb overheating and reduce
inflation and carbon emissions in the short run. In the long run, it has a carry-over effect
on investment, real wages and variables on the production side, including emissions
abatement efforts and costs. Furthermore, non-homothetic preferences can cause the
financial accelerator phenomenon of “small shocks, large fluctuations” in monetary policy.

5.4. Analysis of the Transmission Path of Fiscal Policy Shocks
5.4.1. The Impact and Cycle of Fiscal Policy Shocks

Based on the theory of insufficient effective demand, government fiscal policy is
brought to the household utility function and the producer’s production function, thereby
influencing household choices and production decisions. Figure 5 shows that when shocked
by a positive fiscal spending policy, a sudden increase in government spending in the short
run raises aggregate social demand but crowds out private consumption and investment,
causing households to increase their labor supply to offset the negative wealth effect
of falling consumption. Expansionary policies cause producers to expand production
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and lower the financing premium by raising inflation through the “Fisher effect”. Thus,
producers will hire more labor and rent more capital, leading to higher real rates of return
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Figure 5. Impulse responses of fiscal policy shocks to major economic variables.

At the same time, the level of carbon emissions increases with output. According to
the equilibrium condition for government spending (Equation (44)), expansionary policies
require higher carbon taxes as a revenue source, leading to more extraordinary abatement
efforts and abatement costs for producers. In the long run, real wages show a positive-to-
negative movement caused by the persistent wealth disutility of expansionary policies. On
the one hand, while increased government spending can lead to a short-term increase in real
wages and a further short-term recovery in household consumption, a prolonged decline in
investment leads to the stock of private capital invested in production remaining below its
steady-state level, ultimately adversely affecting the productive capacity of society in the
long run. On the other hand, the short-run increase in the supply of labor by households
may exceed the demand for labor by producers, leading to a downward trend in real wages
in the long run due to price stickiness.

5.4.2. Impact of Fiscal Policy Shocks under Low Non-Homothetic Preferences

Non-homothetic preferences also play a financial accelerator in fiscal policy, while
the direction remains consistent and the primary transmission mechanism is maintained.
The most obvious is that lower elasticities of substitution, non-homothetic parameters and
technological efficiency of abatement efforts amplify the impact of shocks on investment,
real wages, inflation and price dispersion. Expansionary policies increase the demand
for traditional energy products, which has a more significant crowding-out effect on the
consumption and investment in traditional energy products by households with a lower
preference for low-carbon new energy products.

Also, the shock causes a reallocation of capital and labor from the low-carbon new
energy product sector to the traditional energy sector. The fact that the traditional energy
sector has some accumulation of capital and labor has resulted in few changes in the real
rate of return on capital and labor demand by producers. While the increase in labor supply
drives down the marginal returns to labor, the overheating of the economy leads to a more
significant increase in the level of inflation. The increase in the general price level leads
to a significant decline in real wages, and monetary policy raises nominal interest rates a
lot. Lower preferences make carbon tax changes more minor than high preferences, further
slowing down producers’ abatement efforts and costs and making it more difficult for
governments to achieve carbon emission targets.
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5.5. Analysis of the Dynamic Impacts and Transmission Paths of the Mix of Policies

After analyzing the dynamic impact and transmission mechanism of the three major
policy shocks, this paper will explores and compare the impacts of different potential mixes
of different policies in promoting carbon emission reductions. Since technology shocks are
the main driving factors of economic cycle changes, it is essential to study the impact of
policy mixes on the economy under technology shocks. This paper argues that a mix of
policies is needed to promote the low-carbon process for two reasons. First, in terms of
policy targets, policies incorporating a carbon emissions element seek to achieve a certain
amount of carbon emissions control at the lowest possible cost within a specific time and
spatial horizon. Policies are aimed at receptors, not intermediate objects, and need solutions
that make economic development and emission reduction a win—win situation, ensuring
that equity and efficiency are achieved together.

However, as different types of policies have different emphases, only a mix of them
can bring out their respective advantages so that the “stern hand” of command-and-control
policies and the “gentle hand” of “voluntary” economic stimulus policies can be used
together to offset the negative impacts and save implementation costs. Second, regarding
historical experience and implementation conditions, existing carbon markets in various
countries are at the start. At the same time, fiscal and monetary policies have long been
utilized and must be coordinated. Thus, this paper sets out that there are two cases in
the face of technological shocks. The first is the baseline case in which all three policies
include carbon emissions in the policy objective function. The second is in which only
two significant policies incorporate carbon emissions into the policy objective function.
In contrast, the other policy does not take into account the impact of carbon emissions,
resulting in the following three policy mixes, i.e., a mix of carbon price and monetary policy
(gm = 0), a mix of carbon price and fiscal policy (¢, = 0), and a mix of monetary and
fiscal policy (¢ = 0). This paper assumes that the degree of responsiveness to carbon
emissions of the pairwise policy mixes varies year-on-year in response to technology shocks,
which also facilitates comparative analysis.

5.5.1. The Impact and Cycle of the Mix of Policies

The results are shown in Figure 6. Under different policy mixes, the main macroeco-
nomic variables move in more or less the same direction. In the baseline case, the supply
attributes of the positive technology shock promote an increase in output and carbon emis-
sions in the short run, and there is an increase in consumption and investment but a decline
in labor. This results from price stickiness that prevents producers from immediately adjust-
ing their prices in response to an expansion in demand. However, technology shocks allow
producers to invest less in factors at a given output level, thus encouraging producers to
reduce their labor demand in response to the shock. Rising levels of carbon emissions lead
to three policies taking steps to slow the rise in carbon emissions. Carbon pricing policy
procyclically increases the carbon tax rate, stimulating producers to increase their abate-
ment efforts, resulting in higher abatement costs to slow the increase in carbon emissions.
The primary mechanism by which monetary and fiscal policies reduce carbon emissions
is to reduce output. Fiscal policymakers have found that reducing fiscal spending and
temporarily reducing household labor supply can mitigate the resource mismatch problem
caused by monopolistic competition in the energy products market, thereby reducing the
expansion of carbon emissions. Influenced by labor supply and demand, the level of real
wages rises.

While monetary policy can reduce the increase in carbon emissions in the long run by
raising interest rates, the short-term decline in nominal interest rates and inflation suggests
that policymakers have chosen to respond to shocks with accommodative monetary policy,
i.e., it is optimal to reduce producer price markups and wage markups, thereby increasing
the resources available for consumption and emission reductions in the short run. In the
long run, output, the nominal interest rate, the real rate of return on capital, inflation,
carbon emissions, abatement costs, abatement efforts and the carbon tax all show opposite
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responses. The effect of price stickiness will be ignored in the long run. More producers
will be able to adjust their prices, and policymakers will no longer have to weigh the cost
of abatement against the cost of price adjustment.

In periods 5 to 10, producers are guided by a low-carbon preference to shift to produc-
ing new low-carbon energy products. The economy overheats, and monetary policy raises
nominal interest rates to curb mild inflation. Real interest rates fall over the period, the real
rate of return on capital for producers rises and the carbon tax moves procyclically when
paired with monetary policy. Fiscal policy reduces the share of government spending and
requires a smaller carbon tax as a source of revenue. As a result, carbon tax changes are
gradually reduced, thus causing a decrease in abatement efforts and abatement costs for
producers in the long run. The low-carbon new energy products provided by producers in
the long term gradually have a dominant market position, forming a locked low-carbon
development path. Even if the negative charge of the carbon tax leads to the producers
facing fewer abatement efforts and costs, carbon emissions are still reduced to solve the
problem of “carbon lock-in”.

Here, this paper considers which policy mix is more effective in reducing carbon
emissions when combining three policies in pairs. As can be seen from Figure 6, the mix of
carbon price and fiscal policy will cause macroeconomic variables to react strongly when
facing technology shocks. The impact of carbon price and monetary policy and the mix
of monetary and fiscal policy are relatively the same. At the same time, the differences
exist in carbon tax, abatement efforts and abatement costs. The above findings indicate that
different policy combinations can have significantly different impacts.

For the carbon price-fiscal policy mix, after a positive technology shock, the carbon
price policy raises the carbon tax in response to carbon emissions due to output expansion.
Fiscal policy will reduce demand by lowering government spending, and the relevant trans-
mission paths have been discussed above. However, monetary policy does not incorporate
carbon emissions into the policy objective function and only needs to focus on inflation and
output volatility. Thus, the magnitude of policy adjustment rises significantly. The sticky
price leads to a lower real return on capital, and in order to reduce the volatility of credit
spreads, monetary policy promptly lowers the nominal interest rate. This pushes the real
return on capital back up in the short run, exacerbates capital substitution for labor and
increases the dispersion of output and prices. Furthermore, the carbon tax and the capital
stock are raised, and government expenditures are reduced, leading to increased volatility
of macroeconomic variables relative to the baseline case.

The key to the interaction mechanism between monetary and fiscal policy is that carbon
emissions become a common target for both. Governments control carbon emissions mainly
by reducing spending, while monetary policy adjusts nominal interest rates to realize its
impact on producer financing costs. Monetary policy’s adjustment of nominal interest
rates in response to increased carbon emissions affects the effects of fiscal policy, with price
stickiness at the beginning of the period leading to a decline in interest rates. Fiscal policy
also reduces government spending to reduce carbon emissions, which weakens the extent
monetary policy can regulate inflation.

However, the mix is mainly consistent with the impact of the carbon price-monetary
policy mix, suggesting that carbon price policy and fiscal policy have some substitution
effects when combined with monetary policy. This paper argues that this is because carbon
tax revenues under the carbon price policy are a source of fiscal spending. Carbon price
policy is no longer responsive to carbon emissions, so the carbon tax does not change in this
case. There is no pressure to increase fiscal spending, and a similar carbon price mechanism
on the production side of emission reduction is achieved from the aggregate demand side.
Instead of the carbon price policy, fiscal policy coordinates with monetary policy to reduce
the volatility of carbon emissions due to the increase in aggregate demand. Although
the carbon tax does not affect the level of abatement efforts, producers still face positive
fluctuations in abatement costs. This is because monetary policymakers use accommodative
policies in the short run to lower interest rates and stimulate demand to accommodate
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output expansion. The opportunity cost of abatement rises for producers. In other words,
the monetary-fiscal policy mix does not mitigate the rise in carbon emissions through an
autonomous increase in producers’” abatement efforts.
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Figure 6. Impulse responses of technology shocks to major economic variables in different policy mixes.

5.5.2. Impact of the Mix of Policies under Low Non-Homothetic Preferences

Furthermore, this paper analyzes the effect of policy mixes when low energy product
substitution elasticity and non-homothetic parameters are used to discover the differences
caused by non-homothetic preferences. Since this paper wants to examine how economic
decision-makers respond to positive technology shocks under lower non-homothetic prefer-
ences and given the technological efficiency of abatement efforts, the value assigned to it is
not changed here. Figure 7 shows that, in terms of the impact, compared with Figure 6, the
magnitude of changes in most economic variables increases under lower elasticity of substitu-
tion and non-homothetic parameters. In contrast, investment and labor fluctuations show a
shrinking trend. In other words, higher non-homothetic preferences can reduce the impact of
policies on macroeconomic variables when responding to positive technology shocks.

Regarding the impact cycle, a lower non-homothetic preference shortens the dura-
tion of the impact of technology shocks on economic variables. Regarding the impact
of policy mixes, the four policy mixes show different performance from those with high
non-homothetic preferences. The impact of the baseline case is no longer in the middle
range. However, it substantially impacts output, consumption, nominal interest rates,
real capital returns, government spending, carbon emissions, abatement costs, abatement
efforts and carbon taxes. The second is the carbon price-monetary policy mix and the
monetary-fiscal policy mix. The above three mixes have similar impulse responses when
facing technology shocks. However, the carbon price-fiscal policy mix presents different
impulse responses, but they are similar to the impulse responses in Figure 6.

Specifically, the lower elasticity of substitution and non-homothetic cases are character-
ized by insufficient demand for low-carbon energy products. Expansion due to technology
shocks satisfy traditional energy demand, and traditional high-carbon production patterns
are unconstrained, so the volatility of output and carbon emissions is much higher than
in Figure 6. When all three policies target carbon emissions, carbon reduction can only
rely on complex policy adjustments because expanding household income does not cause
an increase in substitution between energy products. It leads to sharp fluctuations in the
economic variables and rapid realization of the steady-state target.
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Figure 7. Impulse responses of technology shocks to major economic variables in different policy
mixes with low elasticity of substitution and non-homothetic.

Moreover, reducing non-homothetic preferences promotes households to respond
to the impact of the shock with high consumption during the expansionary cycle (since
low elasticities imply low price markups). However, the variables quickly converge to the
steady state of consumption as the level of inflation returns to a steady state because of
policy adjustments. The negative fluctuations in labor supply also return to a steady state
in the short run. Technology shocks lead to products being produced at lower prices, and
lower relative prices and procyclical changes in investment lead to a short-run increase in
the producer’s real rate of return on capital.

When carbon prices are combined with monetary policy, low non-homothetic prefer-
ences lead to fiscal policy mitigating the upward pressure on the carbon tax less effectively
than in the high-preference case. A decline in the volatility of the carbon tax brings about a
decline in the volatility of the other variables. In contrast, in the monetary-fiscal policy mix,
the carbon tax is no longer volatile, which brings about a further decline in the volatility
of other variables. This suggests that the involvement of carbon price policy is a critical
factor in the low-homothetic preference case. As mentioned earlier, a higher carbon tax
pressures producers to reduce emissions. However, there is insufficient effective demand
for low-carbon energy products, and producers prefer to respond to the pressure to abate
through non-low-carbon methods (reducing labor demand and output). As can be seen
from the fluctuation of carbon emissions in Figure 7, in the case of a slight difference in the
fluctuation of carbon emissions, fluctuation of abatement efforts and abatement costs of
producers also show a gradual decrease when the carbon price policy is used in conjunction
with the two policies, when it is used in conjunction with the monetary policy and when it
is not used, which also proves the above thesis.

Finally, the trend in the volatility of the carbon price-fiscal policy mix is only slightly
lower at low preferences, suggesting that this policy mix is less affected by changes in
preferences. This is because a rise in the carbon tax for the same change in output makes
it necessary for producers to exert abatement efforts regardless of their preferences. In
addition, monetary policy only needs to focus on the deviation from output and inflation.
It reduces the producer price markup by lowering nominal interest rates and increases
consumption in response to rising output. On the other hand, fiscal policy needs to reduce
spending to mitigate carbon emissions. The combination of these three effects allows
producers to take the same level of mitigation efforts at a high real rate of return on capital
under low preferences as they would at a high preference and a low real rate of return on
capital, which ultimately makes the impact of this policy mix independent of preferences.
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This result reflects that a more homogenous source of fiscal revenue in this policy mix can
limit the effectiveness of fiscal funds.

6. Welfare Analysis

There are currently two ways of measuring welfare effects: compensating changes
and welfare loss functions. Since the welfare loss function is derived from the variance
of output and inflation conditional on a particular form of the utility function, it lacks
general applicability. Therefore, this paper uses the compensating change in consumption
to measure the change in welfare caused by policy implementation to households. It
refers to adjustments consumers make in their consumption patterns to offset changes in
income or prices, which helps them maintain their overall level of satisfaction or utility
despite changes in economic conditions. In addition, ignoring the risk factor for welfare
measurement generates large errors. This is because the risk factor included in the higher-
order moments (variance measures, i.e., second-order moments) is not taken into account in
the first-order approximation [64], the non-stochastic stable state is invariant to the variance
of the exogenous shock process. In the second-order approximation, this deterministic
equivalence no longer holds, and changes in shock volatility will affect welfare. This
is why this paper applies a second-order approximation to the model in the welfare
analysis. Finally, although the policy’s short-run impact requires attention, quantifying its
long-run welfare effects is essential to policy sustainability. Unconditional consumption
compensation is used to measure long-run welfare losses, while conditional consumption
compensation assess short-term welfare loss. Considering that the policy’s transition
and adjustment costs will disappear in the long run, this paper chooses unconditional
consumption compensation to study and define the following unconditional welfare level:

g . ( i,t+j> .
E(Weli(Ai,Kl-)) = EZ()‘B h’lCi’tJrj—]leW —Kll’lCEi,tJr]- (46)
]:
where i represents before and after policy implementation (i = B, A), C;, i L}, i and
CE/yy y denotes the optimal consumption, labor and carbon emission levels, respectively.

According to the property that the effect function is additive and separable, it is defined:

E(Wez (A K; ) = EZ/B (mcl*tﬂ) (47)
ERNEY

(WelL Ay K; ) = Ezﬁf —m% (48)

(WelCE A, K ) = 1—1251( KlnCEl*t+]> (49)

E(Wel;(A; K;)) = E(Wezf (A;, Ki)) + E(WeliL(Ai, K,»)) + E(WeliCE(Ai, Ki)) (50)

Based on the above form of unconditional welfare, the unconditional consumption
compensation change is defined as UCV'. It is assumed that after the policy is implemented,
UCYV units of consumption need to be compensated in order for the welfare level to be the
same as before the policy. That is, in order for households to have no difference in welfare
before and after policy implementation, the following equation needs to be satisfied:
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Substituting the non-homothetic preference utility function and further solving yields
the analytic formula for UCV :

UCV = exp{(1 — B)[E(Welp(A;, K;)) — E(Wela(A;, K;))]} — 1 (52)

A positive or negative UCV reflects the change in the level of household welfare before
and after the implementation of the policy. A positive UCV indicates an increase in household
welfare after the implementation of the policy, while a negative UCV indicates a decrease
in welfare after the implementation of the policy. A zero UCV indicates no difference in the
change in the level of welfare before and after the implementation of the policy.

Unlike other studies, this paper considers the percentage change in consumption
compensability before and after the implementation of various cases and policy mixes
for all shocks, only carbon price policy shocks, monetary policy shocks, fiscal policy
shocks, technology shocks and investment efficiency shocks, respectively, and the results
are presented in Table 3. Moreover, this paper shows the change in household welfare
at all shocks with different policy mixes and parameter settings in Figure 8. The results
in Table 3 show that, from a welfare improvement perspective, the short- and long-term
welfare changes under different preferences, shocks and policy mixes do not present the
usual DSGE result (i.e., shocks lead to welfare losses and unconditional consumption
compensatory changes are always smaller than conditional consumption compensatory
changes), but rather exhibit heterogeneous welfare changes. This difference proves that the
effects of different carbon-reduction policy portfolios can differ due to different shocks and
non-homothetic preferences in the real economic cycle.

For a given type of exogenous shock, the welfare effects resulting from implementing
different policy mixes depend on the elasticity of substitution and non-homothetic. Relative
to low non-homothetic preferences, at high non-homothetic preferences, the welfare effects
of most policy portfolios show a change in direction. For example, implementing the base-
line policy mix would shift long-run welfare from a loss of —0.9304% to an improvement
of 1.8953% when the full range of shocks is considered, and other policy mixes exhibit
the same shift. The same variation as in Table 3 is also shown in Figure 8, indicating that
the results in Table 3 are robust. Table 3 shows that in the face of a carbon price policy
shock, only the implementation effects of the carbon price-monetary policy mix exhibit a
shift from welfare improvement to loss. In the case of a monetary policy shock, all policy
mixes exhibit a shift in the direction of long-run welfare. In the case of a fiscal policy
shock, the long-run welfare after implementing the policy mixes, except for the carbon
price-monetary policy, exhibits a shift in direction. In the case of a technology shock, only
the carbon price-monetary policy portfolios shift their long-run welfare effects. In the case
of investment shocks, the welfare effects before and after the implementation of policy
portfolios are not affected by non-homothetic preferences.

To summarize: (i) In the presence of positive fiscal and monetary policy shocks, higher
non-non-homothetic preferences make it likely that the carbon price-fiscal policy mix
will improve welfare when curbing carbon emissions. The reason is that the high non-
homothetic preference setting reflects the household’s preference for low carbon and the
positive utility-enhancing effect of emission reduction in the utility function. As discussed
earlier, a fiscal shock requires a higher level of carbon tax as a source of revenue. The carbon
tax is thus unexpectedly raised, and producers’ level of abatement efforts responds to this,
gradually transmitting to an abatement behavior. Similarly, an unexpected rise in nominal
interest rates reduces carbon emissions from production while discouraging consumption
and investment. It is worth noting that policymakers need to respond to lower inflation
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regardless of whether the monetary policy function considers carbon emissions. The “Fisher
effect” of expansionary fiscal policy indirectly restores inflation to its steady-state level
from a fiscal perspective, reducing the efficiency loss in the policy implementation process.
On the contrary, with low non-homothetic preferences, households are more reluctant to
substitute consumption across periods. They cannot substitute consumption with periods
of higher marginal utility of consumption and prefer traditional energy products. Positive
fiscal and monetary policy shocks lead to a tighter carbon price, fiscal and monetary policy,
resulting in negative utility from short-run increases in carbon emissions from reduced
household consumption and expansionary shocks, ultimately resulting in a loss of long-run
welfare. (ii) This paper also finds that under low preferences, monetary policy increases
the level of welfare when paired with a carbon price and fiscal policy that includes an
emission-reduction target, respectively. Any positive shock will raise the carbon tax and
the nominal interest rate, thereby mitigating carbon emissions. The central bank lowers
the nominal interest rate according to the monetary rule in response to the shocks. Since
households’ low preferences will not lead them to substitute across time, this will encourage
them to consume more, thus increasing the welfare level. In contrast, the pairing between a
carbon price and fiscal policy is a powerful channel for abatement, inducing traditional
energy consumption by households with low non-homothetic preferences, which results in
a long-run welfare loss.
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Figure 8. Changes in household welfare under full shocks with different policy mixes and param-
eter settings. (a) Unconditional consumption compensation for households in the baseline case.
(b) Unconditional consumption compensation for households with carbon price policy & monetary
policy. (c) Unconditional consumption compensation for households with carbon price policy &
fiscal policy. (d) Unconditional consumption compensation for households with monetary policy &
fiscal policy.
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Table 3 shows that the relative magnitude of long- and short-run welfare effects
before and after policy implementation is not perfectly uniform and still shifts with non-
homothetic preferences. Specifically, the short-run welfare improvement of the carbon
price-monetary policy mix and the monetary-fiscal policy mix at low preferences is higher
than the long-run welfare improvement when there is only a monetary shock. Although
welfare is lost when there is a high preference, the long-run welfare loss is lower than the
short-run welfare loss. Similarly, the post-implementation welfare improvement (loss) of a
policy mix that includes a carbon price under high preferences when faced with the carbon
price and technology shocks is significantly higher (lower) than the welfare situation in the
low-preference case. That is, the policy implementation is more attractive to high-preference
households. This finding suggests that an increase in non-homothetic preferences may
be the critical mechanism by which post-policy implementation shocks increase long-run
welfare or dampen welfare loss in the long run. So, what is this crucial mechanism?
According to the First Fundamental Theorem of Welfare Economics, every Walrasian
equilibrium allocation is Pareto efficient, so it is natural to assume that fluctuations after
policy implementation always reduce welfare. However, the increase in non-homothetic
preferences increases the substitutability between low-carbon new and traditional energy
products. Producers will respond to higher demand by increasing new, low-carbon energy
products. The increase in the quantity of products produced also reduces the price of
the relevant products in the long run. The decline in the price index tends to increase
the real wage further, creating a mechanism of intertemporal substitution. Carbon price
shocks, monetary policy shocks and technology shocks are exogenous fluctuations closely
related to the production side of the equation. The unexpected positive shocks will induce
households to provide more labor and take advantage of higher real wages and lower price
expectations to consume more in the future. The shocks anticipate the long-term goal of the
“dual carbon” policy, and the variables above change through the intertemporal substitution
mechanism of high preferences. In this case, increasing non-homothetic preferences imparts
an “option”-like property to low-carbon production. A mix including carbon price policies
is used to face the three shocks. The greater the shock volatility, the more valuable the
“option” will be, and household welfare will improve or lose less in the long run.

Table 3. Welfare analysis of policies under different circumstances.

Non-Homotheticity

0=6,p=1 0=21,p=0.25
Shock
Policy Mix Policy Mix
Baseline C+F C+M M+F Baseline C+F C+M M+F
All Shocks 1.895 2.046 —0.034 —0.004 —0.930 —4.389 0.757 0.013
(3.597) (4.502) (—0.090) (—0.012) (0.894) (—1.486) (0.711) (0.003)
Carbon price —0.246 —0.036 —0.179 0.364 —3.757 —7.314 0.774 0.014
(—0.593) (—0.160) (—0.360) (0.867) (—3.757) (—7.314) (0.774) (0.014)
Monetary 2.159 2.346 —0.031 —0.015 —0.922 —4.378 0.746 0.004
(3.672) (4.527) (—0.074) (—0.029) (0.560) (—1.984) (0.715) (—0.005)
Fiscal 0.002 0.008 0.006 —0.053 —3.755 —7.314 0.774 0.014
(0.009) (0.001) (0.001) (—0.116) (—3.752) (—7.314) (0.775) (0.014)
Technology —0.026 —0.016 —0.008 0.001 —3.696 —7.241 0.771 0.014
(—0.050) (—0.028) (—0.017) (0.002) (—3.663) (—7.191) (0.768) (0.014)
Investment —0.234 —0.277 0.005 0.010 —3.828 —7.398 0.786 0.022
(—0.025) (0.004) (0.005) (0.014) (—3.536) (—6.967) (0.774) (0.022)

From the differences between unconditional and conditional consumption compensa-
tion in Table 3, the differences between the baseline case and the long and short run of the
carbon price-fiscal policy mix decrease at high levels of preferences, while the differences
between the other two policy mixes increase. This result suggests that high non-homothetic
preferences make the former case have a minor impact on the average capital stock in the
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face of shocks compared to the latter. The reason is that the mix containing a carbon price
and fiscal policy enhances the ability of high-preference households to utilize shocks for
intertemporal substitution. In contrast, the remaining policy mixes do not. This paper
introduces capital stock utilization into the model, which makes capital elastic in the short
run, increases the overall factor supply elasticity and amplifies the change in welfare due
to the shock. The former case works because of the coordination between policies. That
is, carbon pricing policies affect monetary and fiscal policies while targeting producer
carbon emissions, fiscal policy affects carbon prices and monetary policy while targeting
aggregate social demand and monetary policy targets carbon emissions and inflation while
influencing carbon price and fiscal policy. Among them, the match of carbon price and
fiscal policy plays an important role. Carbon tax is the source of fiscal expenditure, and
carbon price policy leads to synchronized changes in fiscal policy. Under the standard
emission-reduction target, one can take action. At the same time, the other can choose
a discretionary way, reducing the cost of proactive adjustments. At the same time, high-
preference households are able to make quick intertemporal adjustments to reduce the
average capital loss in the short-run policies. Finally, the average capital stock increases as
shocks increase, and high preferences endow this policy mix with more capital in the face
of shocks than in low preference cases.

7. Conclusions and Policy Implications

How can the carbon market, as a significant tool, facilitate the achievement of carbon
emission-reduction targets in a twin-track way with economic development? Is there an
interaction between macroeconomic policies and carbon markets? What is different from
the past is that carbon pricing behavior caused by the carbon market will affect the imple-
mentation effect of policy mixes and changes in household welfare, and this impact will vary
depending on non-homothetic preferences. Based on the above reality, this paper, based on
the supply side and demand side, constructs an environmental dynamic stochastic general
equilibrium model of six departments, including households, intermediate and final product
producers, carbon market, central bank and government with non-homothetic consumption
preferences. This paper analyzes economic effects, transmission mechanisms and welfare
effects under different exogenous shocks, policy mixes and non-homothetic preferences. This
paper draws the following main conclusions through policy simulation analysis.

First, coordinating carbon markets and macroeconomic policies can simultaneously
achieve economic and environmental goals. When a positive carbon price shock impacts
the policy, it reduces emissions. The existence of price stickiness means that abatement
does not need to be maintained for a long time. Meanwhile, the supply capacity and output
level will be improved due to the demand-pull of non-homothetic preferences, further
increasing labor and real wages.

Second, when monetary policy incorporating carbon emission targets faces positive
external shocks, it suppresses carbon emissions through the interest rate channel by sup-
pressing demand and reducing output. Fiscal policy works similarly, which uses fiscal
expenditures to affect total social demand and regulate carbon emission levels.

Third, when considering non-homothetic preferences, higher non-homothetic prefer-
ences will expand the economic cycle fluctuations caused by exogenous shocks and act as a
“financial accelerator” for the transmission path of policies.

Fourth, it is further found that the mix of policies promoting carbon emission reduction
will produce heterogeneous effects under the influence of non-homothetic preferences.
Also, higher non-homothetic preferences can lead to a reduction in the magnitude and
lengthening of the period of policy influence on macroeconomic variables compared to low
non-homothetic preferences. Moreover, the “carbon lock-in” problem can be solved in the
long run when the three policies are implemented together.

Fifth, welfare analysis suggests that differences in the relative size and variance of
the welfare effects, long- and short-term effects, resulting from implementing different
policy mixes, depend on the level of non-homothetic preferences. The intertemporal
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substitution mechanism with high non-homothetic preferences imparts an “option”-like
character to low-carbon production. The findings of this paper are of great significance
for expanding the field of carbon market research and comprehensively recognizing the
emission-reduction effects of the government’s “macroeconomic policy package”. This
paper obtains the following policy implications.

First, promote synergistic development of the carbon market and economy and soci-
ety. Carbon markets can support productivity and innovation in low-carbon new energy
products and sustainable industries through price signals, creating more jobs. Also, car-
bon markets can encourage financial investment in low-carbon, net-zero and net-negative
technologies and support additional economic incentives and investment programs.

Second, clarify the monetary policy mix’s role in climate regulation. The pairing of
monetary policy and carbon market construction can improve liquidity, promote capital
accumulation and changes in the rate of return on capital and guide the transfer of capital
elements to the new energy industry. However, it is necessary to guard against systemic
financial risks.

Third, build a comprehensive, integrated and linked environmental fiscal policy
system. Current green fiscal policies rely heavily on carbon tax revenues, but a single
source of fiscal revenue for carbon emissions management can limit the regulatory effect of
fiscal policy. Therefore, a sound-linked financial system should be constructed to recover
quickly from shocks.

Fourth, advocate vigorously for green and low-carbon public consumption. In the
face of technology shocks, increasing green consumption preferences can mitigate the
magnitude of economic changes and reduce the costs of short-term policy adjustments.
The government should stimulate a preference for more renewable energy, and ensure
economic stability and decarbonization of development.

Fifth, enhance systemic thinking and risk prevention in carbon-reduction policies.
In formulating these policies, the government must fully consider the spillover effects
between them, strengthen their systemic and synergistic nature, and avoid conflicts and
superposition of policies with the same goals.
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