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Carbon emissions cap or energy technology
subsidies? Exploring the carbon reduction policy
based on a multi-technology sectoral DSGE model
Jianping Gu1, Yi Li1, Jingke Hong1✉ & Lu Wang1

As global climate change becomes increasingly severe, energy technology innovation has

become a key means of coping with the climate crisis and realizing green and low-carbon

development. However, existing literature rarely examines the effects of carbon emission

reduction policies based on the perspective of energy technology progress for both short-

term economic fluctuations and long-term equilibrium. This paper introduces the fossil

energy technology sector and the renewable energy technology sector into the dynamic

stochastic general equilibrium (DSGE) model, and compares the effectiveness of the carbon

emission cap policy, the fossil energy technology subsidy policy, and the renewable energy

technology subsidy policy under the framework of China’s carbon trading market in pro-

moting macroeconomic growth and controlling pollutant emissions. We found that in long-

term, the emission reduction effect of the carbon emission cap policy falls short of the other

two policies, and subsidizing fossil fuel technologies is more cost-efficient comparatively. The

government expenditure shock can all stimulate macroeconomic growth with crowding out of

private investment and household consumption, whereas the energy technology research

productivity shock leads to a decline in total output and an increase in renewable energy

technology demand. In addition, pollutant emissions are pro-cyclical under the impact of total

carbon policies and counter-cyclical under the impact of energy technology subsidy policies.

This article constructs a multi-technology sectoral dynamic stochastic general equilibrium

model, expanding the research perspective and theoretical framework for evaluating carbon

emission reduction policies. At the same time, it proves the importance of the government to

implement the phased energy technology subsidy policy while implementing the carbon

emission cap policy, which provides important enlightenment for the implementation and

adjustment of carbon emission reduction policy.
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Introduction

While fossil fuel energy is an essential driver of economic
development, it is also the primary contributor to
carbon emissions intensifying global climate change

(Xu et al., 2023). The high reliance on fossil fuels will aggravate
the energy shortage crisis and global warming (Zhou, 2022c).
Against this backdrop, a growing global consensus has emerged
advocating for collective action on climate change and strive
towards carbon neutrality (Zhou, 2023). This was demonstrated
in 2015 when the Paris Agreement established long-term climate
goals, including the achievement of carbon neutrality. By the end
of 2021, 136 regions worldwide have set targets for net-zero
emissions. As a significant global energy consumer, China has
also pledged to reduce emissions, with the goal of peaking carbon
emissions by 2030 and reaching carbon neutrality by 2060 (Zhou,
2022b). Reaching carbon neutrality is poised to redefine global
production paradigms and lifestyles, with technology innovation
emerging as a pivotal cornerstone for nations worldwide to attain
carbon neutrality objectives (Liu et al., 2022; Zhou et al., 2023).
Therefore, formulating carbon reduction policies to foster energy
technology innovation, optimize the energy structure, and achieve
economic transformation of China represents a pressing issue
that needs to be addressed.

Literatures have investigated the impacts of policies such as
carbon tax, carbon trading, and carbon cap on carbon reduction
and the macroeconomy (Lin and Jia, 2020; Qi et al., 2024; Rui
et al., 2023). Studies have indicated that implementing carbon
policies might lead to the migration of carbon-intensive industries
to countries with more lenient carbon policies (He and Chen,
2023; Luan et al., 2023). With the diversification of global carbon
policies, China may face increased pressure from the influx of
carbon-intensive industries from abroad, compelling a shift from
a high-carbon emission growth model to a new growth paradigm
driven green technologies (Lin and Wang, 2023). Imposing a
carbon tax effectively incentivizes reduction in emissions by
manufacturing firms; however, merely increasing the tax rate
would escalate the loss in social welfare (Chen, 2022). In contrast,
the carbon emission trading system not only effectively reduces
carbon emissions but also boosts production, stimulating tech-
nological innovation, particularly incentivizing technological
advancements in the energy sector (Sun et al., 2023). Based on
this, scholars further discovered a synergistic effect in reducing
carbon emissions through China’s carbon trading market and
administrative intervention in setting carbon cap (M. He et al.,
2023a). By setting reduction targets through carbon cap, com-
plemented by the carbon pricing mechanism of the carbon
trading market, investors are encouraged to investment in low-
carbon technologies through market signals, while enterprises are
motivated to seek cleaner and more efficient energy technology
solutions to minimize costs (Mandaroux et al., 2023; Shobande
et al., 2024). Therefore, complementing carbon trading with
carbon cap is among the most potent measures for China to
achieve its carbon peak goals.

Considering the significant impact of energy technology
innovation on carbon reduction, directly subsidizing low-carbon
energy technology is a crucial policy measure. Compared to
policies such as carbon trading and carbon cap control, the body
of literature exploring the benefits associated with energy subsidy
technology policies remains relatively underdeveloped. Further-
more, there exists some contention among the findings of existing
studies regarding the effects of energy technology subsidies. For
instance, empirical research based on panel data has indicated
that subsidies for new energy technologies are conducive to the
transition of energy structures and stimulate economic growth
(Lin and Xie, 2023). However, some scholars have identified that
R&D subsidies may exert negative effects on the macroeconomy.

This controversy stems from the potential divergences between
the long-term and short-term effects of energy technology sub-
sidy policies, along with the notion that different intensities of
subsidies may yield heterogeneous outcomes (Blanes and Busom,
2004). The literature is deficient in exploring the theoretical
mechanisms by which energy technology subsidies directly or
indirectly influence technological innovation, changes in energy
structures, and macroeconomic output. Consequently, there is an
inadequate understanding of the short-term fluctuations and
long-term effects that energy technology subsidies impose on the
macroeconomic environmental system. On the other hand, it is
evident that policies such as carbon trading, carbon cap control,
and subsidies for energy technologies all potentially contribute to
emission reduction and foster technological advancement,
enhancing energy efficiency and optimizing the energy structure.
However, literatures predominantly focus on individual policies,
with less comparative analysis on the heterogeneous effects of
different policies and often overlooking the synergistic effects
produced by policy interactions, despite the reality that policy-
making involves weighing multiple approaches. Therefore, to
achieve China’s dual carbon goals, further research is warranted
to compare the heterogeneous effects of restrictive policies like
carbon cap control and incentive policies such as subsidies for
energy technologies on energy technology innovation, carbon
reduction, and the macroeconomy under the carbon trading
market.

As mentioned above, findings in numerous literatures have
revealed that technology innovation constitutes a pivotal avenue
for mitigating carbon emissions (Fernández et al., 2022; Hossain
et al., 2022; Yu et al., 2024). Advances in energy technology can
reduce the energy use intensity of industrial production activities
while improving production efficiency (Wurlod and Noailly,
2018). Further, the heterogeneous effect induced by technological
improvements in fossil and renewable energy on carbon emission
reduction also received wide concern. Fossil fuel technologies
encompass the techniques for the exploration, utilization, and
management of fossil fuel resources, like Carbon Capture, Utili-
zation, and Storage (CCUS) technology (McLaughlin et al., 2023).
Their critical role in carbon emission mitigation primarily hinges
upon augmenting energy efficiency and reducing the emission
intensity per unit of energy (Su et al., 2023; Wurlod and Noailly,
2018). In contrast, the advancement of renewable energy tech-
nology directly catalyzes the utilization of renewable energy
sources, displacing high-emission conventional fossil fuels such as
coal (Zhou, 2022a; Zhou et al., 2024; Zhou and Lund, 2023).
Many existing studies primarily focus on the effects of individual
energy technologies on emission reduction as well as economic
growth, overlooking the heterogeneous and integrated effects
stemming from the interaction of fossil fuel and renewable energy
technologies. This lack of understanding can be a limitation when
formulating a policy package to encourage using both types of
energy technologies.

Given the potential of technological innovation in achieving
carbon neutrality without comprising economic growth, it
becomes imperative to grasp the rhythm of economic fluctuations
induced by carbon reduction policies (Iraola and Santos, 2017). A
thorough examination of macroeconomic oscillations becomes
indispensable to formulate judicious policies to promote tech-
nological innovation for carbon emission reduction within a
context of economic stable advancements. A widely adopted
method for assessing policy effects is the decomposition analysis,
which can analyze the contributions of technological factors to
carbon emissions. Additionally, numerous studies employ statis-
tical models including IPAT, KAYA, STIRPAT models, among
others, for assessments of technological factors influencing
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carbon emissions.(Bretschger, 2021; Lin et al., 2023; Solarin,
2020). However, it is imperative to acknowledge that those ex-
post assessment methods relying on historical statistics confront
the critique posed by the Lucas Critique. To predict the effects of
carbon emission reduction policy for ex-ante risk controls, Inte-
grated Assessment Models (IAMs) (Cai and Lontzek, 2019;
Nordhaus, 1992) and Computable General Equilibrium (CGE)
models (Chen, 2022; Jiang et al., 2023; Qi et al., 2024; Song et al.,
2023) have become prevalent in recent years. Furthermore,
technological progress wields an inescapable aura of uncertainty
over both the economic and environmental realms. Apart from
the technological advancements, the implementation of policies,
enhancements in efficiency, and the expansion of public fiscal
outlays also cast a shadow of uncertainty upon the dynamics of
macroeconomic functioning (Xiao et al., 2021). However, Inte-
grated Assessment Models (IAMs) and Computable General
Equilibrium (CGE) models often presume a deterministic envir-
onment, delving solely into the static effects at equilibrium states,
which typically disregard uncertainties, thereby rendering them
ill-suited to providing a reasoned elucidation of economic phe-
nomena. Therefore, environment policy research based on the
dynamic stochastic general equilibrium (DSGE) has surfaced,
which relies on representative agents optimizing their utility with
intertemporal decisions based on future economic conditions,
thus providing some resilience against the Lucas Critique while
capturing the economic dynamics (Clift, 2019). The core of our
study is to introduce various random shocks and carbon emission
reduction policies related to energy technologies into the econ-
omy. By incorporating future uncertainty, we aim to simulate
dynamic variations in both short-term economic fluctuations and
long-term equilibrium.

Typically, DSGE models can be categorized into: the Real
Business Cycle (RBC) framework and the New Keynesian (NK)
framework, depending on the presence of nominal price rigidities.
Angelopoulos et al. (2010) introduced environmental pollution
into this framework, conceptualizing it as a byproduct of output
and analyzing the welfare implications of environmental policies.
For example, Fischer and Springborn (2011) found that emissions
intensity reduction targets significantly impact on economic
growth more than caps or carbon taxes. Further studies, such as
those by Fischer and Heutel (2013) and Lintunen and Vilmi
(2021), explored the impacts of policies like carbon taxes and
carbon pricing in different economic cycles. The NK framework
enhances the RBC model by including market frictions, imperfect
competition, and nominal rigidities. It also expands uncertainty
shocks beyond technology, such as those from fiscal and mone-
tary policy changes, making it more suited to explain policy
impacts in the real-world. Annicchiarico and Di Dio (2015)
obtained the optimal environmental policy response to inflation
under real and nominal uncertainty by introducing an environ-
mental policy analysis model within the NK-DSGE framework.
Furthermore, many studies have affirmed the positive role of
fiscal and monetary policies in stabilizing carbon emissions (Chen
et al., 2021), but some research has suggested that only fiscal
policy can maintain emission levels while increasing household
consumption and societal welfare (Chan, 2020). However, these
studies assume production sectors to be homogeneous, which
overlooks the differences in factor inputs between different pro-
duction sectors and the heterogeneous impact of different pro-
duction sectors on the economy and the environment. To explore
heterogeneities within the production sector, pioneers repre-
sented by Dissou and Karnizova (2016) transformed the single
production sector into a multifaceted landscape by subdividing
the production sector into energy and non-energy sectors. Their
work delved into the impact of heterogeneous production sectors
on climate policies and found that the efficacy of climate policies

is profoundly contingent upon the technological shocks experi-
enced across various industries. According to the type of energy,
Aminu (2018) constructed a DSGE model for oil and gas to
explore the effects on energy price shocks. In addition, some
studies have subdivided the energy sectors into the fossil fuel
sector and the renewable energy sector, and examined the effects
of a variety of carbon abatement policies, and analyzed the
dynamic mechanism of action between different policy instru-
ments (Argentiero et al., 2018; Xiao et al., 2021). Although pre-
vious studies have isolated the energy sector from the broader
production landscape, aiming to analyze price dynamics and
consumption patterns concerning fossil and renewable energy
sources, they fall short of elucidating the profound effects on
energy technology innovation on the economy.

In summary, formulating effective emission reduction policies
to foster energy technology innovation is crucial to achieving
China’s dual carbon goals, whereas the short-term fluctuations
and long-term effects of carbon reduction policies that promote
energy technology innovation on the macroeconomy remain to
be further explored and compared. DSGE, a powerful tool for
policy analysis, predominantly characterizes technological pro-
gress by simulating exogenous shocks on total factor productivity,
while the incorporation of energy technology sector into model-
ing is still rare, despite the pivotal role of energy technology
innovation in mitigating pollutant emissions. Furthermore, the
failure of differentiating the heterogeneous effects induced by the
energy technology sector and the commodity production sector
may lead to an oversight or even misunderstanding of the con-
tribution, substitution, and complementarity of energy technol-
ogy in the total output. To address these gaps, we constructed a
multi-technology sectoral NK-DSGE model to assess and com-
pare the policy effects of the carbon emission cap, the fossil fuel
technology subsidy, and the renewable energy technology sub-
sidy. Specifically, the paper aims to make the following
contributions.

Initially, extant DSGE models have yet to investigate the
influence exerted by the energy technology sector on the broader
economic system. Considering the crucial role of energy tech-
nology advancements in transitioning to a low-carbon economy,
this study integrates sectors representing both fossil fuel and
renewable energy technologies into an NK-DSGE framework.
This integration aims to elucidate the theoretical mechanisms by
which fossil fuel and renewable energy technologies contribute to
efforts in carbon emission reduction and the facilitation of eco-
nomic development.

Secondly, in comparison to policies such as carbon trading and
carbon cap, the existing literature presents a relative dearth of
research on the short-term and long-term effects brought about
by energy technology subsidies. This paper constructs policy
scenarios under the operation of the carbon emission permit for
both fossil fuel subsidies and renewable energy subsidies. It
analyzes the long-term effects of these subsidies on carbon
emissions, energy allocation, employment, economic output etc.
Additionally, this study introduces stochastic shocks to the
intensity of both fossil fuel and renewable energy subsidies to
unveil the short-term fluctuations within the macroeconomic
environmental system caused by the uncertainty of subsidy
intensity.

Finally, the extant literature typically focuses on the effects of
an individual emission reduction policy, thereby lacking com-
parative studies on the heterogeneity of effects across different
policies. We further compare the short-term and long-term
effects of carbon cap, fossil fuel technology subsidy, and renew-
able technology subsidy. This comparison aids policymakers in
weighing a variety of policy tools, facilitating the formulation of
an efficient combination of carbon reduction policies.
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The paper is organized as follows: “Methodology” presents the
DSGE model; “Scenario setting” outlines the carbon emission
reduction policy scenario setting; “Calibration and Bayesian
estimation” offers parameters calibration and Bayesian estima-
tion; “Results and discussion” provides the results and discussion
of this research; “Policy Implication” provides the policy impli-
cations; “Conclusions” presents the conclusions; and “Limitations
and future research” presents the limitations and future research.

Methodology
The DSGE model includes six economy sectors: the household
sector, the intermediate goods sector, the final goods sector, the
fossil fuel technology sector, the renewable energy technology
sector, and the government sector. Figure 1 illustrates the basic
structure of the DSGE model, where the dashed arrows indicate
flows of materials while the solid arrows denote flows of funds.
The household sector is the owner of the factors of production,
and it supplies labor, capital, and energy to the various produc-
tion sectors and receives income. Energy technologies produced
by the fossil fuel technology sector and the renewable energy
technology sector also enter the production process of the
intermediate goods sector. The intermediate goods sector pro-
duces intermediate goods for supply to the final goods sector. The
final goods sector produces final goods, which are supplied to the
household sector for consumption, and pays profits to the
household sector. The government sector collects revenue
through taxes, partly to purchase final products, and partly to
transfer payments to the household sector. We also incorporate
pollutant emission, energy productivity, and carbon reduction
policy components into the DSGE model framework. In this
section, we will discuss this framework in detail.

The most significant difference between this study and previous
studies is the introduction of the energy technology sector in the
DSGE framework, which is subdivided into the fossil energy
technology sector and the renewable energy technology sector. This
not only allows us to explore the heterogeneous effects of different
energy technologies on economic development and carbon emis-
sion reduction, but also to simulate the impacts of carbon emission
reduction policies on different energy technologies.

Households. The household sector is postulated to be homo-
geneous, with ownership of capital (Kt), labor (Lt), fossil fuel
(MFF

t ), and renewable energy (MRE
t ). According to Xiao et al.

(2018), the representative agent derives positive utility from
consumption but negative utility from both labor and energy
usage. The goal of the representative household is to maximize its
lifetime utility as Eq. (1).

max ‘ ¼ ∑
1

t¼0
βt lnCt �

L1þγ
t

1þ γ
� χðMRE

t Þ1þυ

1þ υ
� ½ð1� ertÞμMFF

t �1þν

1þ ν

( )

ð1Þ
where ert is the proportion of emission reductions, 0< β< 1 is the
discount factor, γ≥ 0, υ≥ 0 and ν ≥ 0 are the inverse of the elasticity
of labor supply, renewable energy supply, and fossil fuel supply,
χ > 0 is the coefficient of the disutility of the renewable energy, and
μ is the emission coefficient. Consequently, the intertemporal
budget constraint is expressed in terms of goods as Eq. (2).

PtCt þ PtIt þ PtBt ≤ ð1� τKt ÞRtKt�1 þ ð1� τLt ÞWtLt þ ð1� τFFt ÞPFF
t MFF

t

þPRE
t MRE

t þ ð1þ RB
t ÞBt�1 þ Trt

ð2Þ
The representative household owns the firms, and payments for

capital (Rt), labor (Wt), fossil fuel (P
FF
t ), and renewable energy

(PRE
t ) are received by the representative household from the

intermediate goods sector, fossil fuel technology sector, and
renewable energy technology sector. And households need to pay
a percentage of taxes to the government when it receives payment
from capital (τKt ), labor (τ

L
t ), and fossil fuel (τFFt ). In addition, the

government pays a lump-sum transfer (Trt) to the representative
household and levies taxes at varying rates on factor incomes. After
receiving income and transfer payments, the household allocates
these resources towards consumption (Ct), investment (It) and
financial activities such as purchasing government bonds (Bt), and
the household receives interest at bond interest rate (RB

t ).
According to Dixit and Pindyck (1994), we incorporate

Generalized Quadratic (GQ) investment adjustment costs into
our model, which are a crucial component of contemporary
DSGE models (Smets and Wouters, 2007). At the period t, the
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Fig. 1 The framework of the DSGE model.
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representative household holds capital and makes investments.
The investment expression is as Eq. (3).

Ktþ1 ¼ ð1� δKÞKt þ 1� ϑ

2
It
It�1

� 1

� �2
" #

It ð3Þ

where δK donates the capital depreciation rate, ½1� ϑ
2ð

It
It�1

� 1Þ2�It
refers to the capital adjustment cost, and ϑ represents the
corresponding capital adjustment cost coefficient.

Enterprises
Energy technology sector. In the DSGE framework, our model
separates the production sector into the technology production
sector and the good production sector, and further divides energy
technology module into fossil fuel technology producers and
renewable energy technology producers. Fossil fuel technology
innovation will improve the efficiency of fossil fuel burning,
thereby reducing carbon emissions, and improving production
efficiency. Meanwhile, the innovation of renewable energy tech-
nology can reduce its costs, enhance its comparative advantage to
a certain extent, and improve the usage of renewable energy by
complementary effect to achieve the purpose of optimizing the
energy consumption structure. Energy technology is the output of
the two energy technology sectors and the production factors of
the intermediate goods sector. In our research, we concentrate on
one representative enterprise j.

We draw inspiration from Rivera-Batiz and Romer (1991), and
establish the production function for the energy technology sector
as a Cobb-Douglas production function, encompassing both
capital and labor inputs. The representative fossil fuel technology
producer donates the capital KFF

t and the labor LFFt to produce
fossil fuel technology, the production function of the representa-
tive fossil fuel technology producer is as Eq. (4). The objective of
the representative fossil fuel technology producer is to maximize
its profit as Eq. (5).

TEFF
t ðjÞ ¼ AT

t ½KFF
t ðjÞ�αFF ½ηLt LFFt ðjÞ�1�αFF ð4Þ

maxΠFF
t ðjÞ ¼ PTEFF

t ðjÞTEFF
t ðjÞ �WtL

FF
t ðjÞ � RtK

FF
t ðjÞ ð5Þ

where PTEFF
t is the price of the fossil fuel technology, AT

t is the
energy technology research and development efficiency, and it
follows an AR(1) process as Eq. (6).

lnAT
t � lnAT ¼ ρAT lnA

T
t�1 � ρAT lnA

T þ εt;AT εt;AT �i:i:d:Nð0; σ2AT Þ
ð6Þ

Similarly, the representative renewable energy technology
producer donates the capital KRE

t and the labor LREt to produce
renewable energy technology. The production function of the
representative fossil fuel technology producer is as Eq. (7). The
objective of the representative renewable energy technology
producer is to maximize its profit as Eq. (8).

TERE
t ðjÞ ¼ AT

t ½KRE
t ðjÞ�αRE ½ηLt LREt ðjÞ�1�αRE ð7Þ

maxΠRE
t ðjÞ ¼ PTERE

t ðjÞTERE
t ðjÞ �WtL

RE
t ðjÞ � RtK

RE
t ðjÞ ð8Þ

where PTERE
t represents the price of the renewable energy

technology. The energy technologies produced by two energy
technology sectors continue to participate in the production chain
of intermediate goods as factors of production.

Intermediate goods sector. According to Dixit and Stiglitz (1977),
there exists a multitude of final goods producers who operate
within a perfectly competitive market and rely on intermediate
goods to craft their final goods. These final goods producers

employ a production function that consistently exhibits constant
returns to scale. In contrast, the intermediate goods producers
engage in competition under monopolistic conditions within
their respective product markets, with no control over factor
prices. This agent employs labor LYt ðjÞ, use capital KY

t ðjÞ, and
purchases fossil fuel MFF

t ðjÞ and renewable energy MRE
t ðjÞ to

manufacture intermediate goods with the Cobb-Douglas tech-
nology. The production function of the representative inter-
mediate goods producer is as Eq. (9).

YtðjÞ ¼ AY
t ½KY

t ðjÞ�
αY ½ηLt LYt ðjÞ�

ΔY ½ηFFt MFF
t ðjÞ�σY ½ηREt MRE

t ðjÞ�1�αY�ΔY�σY

ð9Þ
where AY

t means the total factor productivity (TFP), which
represents the level of technology in intermediate goods pro-
duction. And it also follows the AR(1) process as Eq. (10).

lnAY
t � lnAY ¼ ρAY lnAY

t�1 � ρAY lnAY þ εt;AY εt;AY �i:i:d:Nð0; σ2AY Þ
ð10Þ

According to Jorgenson (1984), energy efficiency is closely
linked to the amount of energy technology input. Therefore, we
introduce fossil fuel efficiency ηFFt and renewable energy efficiency
ηREt into the production function. Following “learning by doing”
(LBD) proposed by Arrow (1962), we assume that the efficiency
of energy inputs is closely related to the energy technology used
in production.

ηFFt ¼ λtðTEFF
t ÞωFF�1 ð11Þ

ηREt ¼ λtðTERE
t ÞωRE�1 ð12Þ

where λt represents the variable denoting the enhancement of
energy technology efficiency throughout the LBD approach. And
it adheres the AR(1) process as Eq. (13).

ln λt � ln λ ¼ ρλ ln λt�1 � ρλ ln λþ εt;λ εt;λ �i:i:d:Nð0; σ2λÞ ð13Þ
Consequently, the production function of the representative

intermediate goods producer can be expressed as Eq. (14).

YtðjÞ ¼ AY
t ½KY

t ðjÞ�
αY ½ηLt LYt ðjÞ�

ΔY ½λtðTEFF
t ÞωFF�1

MFF
t ðjÞ�σY ½λtðTERE

t ÞωRE�1
MRE

t ðjÞ�1�αY�ΔY�σY

ð14Þ
The representative intermediate goods enterprise emits pollu-

tants, and μ is the emission coefficient. Under the pressure of
environmental regulations and pollutant emission costs, the
enterprise makes efforts to reduce emissions, where the emission
reduction ratio is denoted as ertðjÞ, whose size depends on the
input of fossil fuel technology TEFF

t . Therefore, the emission
reduction ratio ertðjÞ, pollutant emissions ZtðjÞ and emission
reductions REtðjÞ can be expressed as follows:

ertðjÞ ¼ ϕ � TEFF
t ðjÞ ð15Þ

ZtðjÞ ¼ μð1� ertðjÞÞMFF
t ðjÞ ð16Þ

REtðjÞ ¼ μ � ertðjÞMFF
t ðjÞ ð17Þ

According to the research of Nguyen (2023), the connection
between emission reductions and the cost associated with those
reductions can be approximately expressed as a quadratic
function, which is illustrated as Eq. (18).

CEtðjÞ ¼ ϕ0 þ ϕ1REtðjÞ þ ϕ2ðREtðjÞÞ2 ¼ ϕ0 þ ϕ1μ � ertðjÞMFF
t ðjÞ

þϕ2μ
2 � ½ertðjÞ�2ðMFF

t ðjÞÞ2
ð18Þ

The labor efficiency coefficient (ηLt ) is closely related to the
pollutant stock (STt), and according to Xiao et al. (2018) and
Heutel (2012), we set the labor efficiency shown as Eq. (19),
where η0, η1 and η2 are the damage function parameters. Due to

HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS | https://doi.org/10.1057/s41599-024-03320-x ARTICLE

HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS |          (2024) 11:798 | https://doi.org/10.1057/s41599-024-03320-x 5



the accumulation process of pollutant stock over time, it is
assumed that the pollutant stock of any two periods follows the
following relationship shown in Eq. (20), where δZ represents the
depreciation rate of pollutant stock.

ηLt ¼ 1� ðη0 þ η1STt þ η2ST
2
t Þ ð19Þ

STt ¼ ð1� δZÞSTt�1 þ Zt ð20Þ
The total production cost faced by enterprises, in addition to

the cost of capital, labor, energy, and energy technology, also
includes the cost of reducing carbon emissions. Therefore, the
Lagrange function for maximizing the profits faced by enterprises
in the production process can be determined as Eq. (21).

max
QY
t
ðjÞ ¼ Pt ðjÞ

Pt
YtðjÞ � Wt

Pt
LYt ðjÞ � Rt

Pt
KY

t ðjÞ � PFFt
Pt
MFF

t ðjÞ � PREt
Pt
MRE

t ðjÞ

� PTEFFt
Pt

TEFF
t � PTEREt

Pt
TERE

t � PZt
Pt
½μð1� ertðjÞÞMFF

t ðjÞ� � CEtðjÞ
s:t:YtðjÞ ¼ AY

t ½KY
t ðjÞ�

αY ½ηLt LYt ðjÞ�
ΔY ½ηMt MFF

t ðjÞ�σY ½ηMt MRE
t ðjÞt �

1�αY�ΔY�σY

ð21Þ
To determine price adjustments, we adopt the method of Calvo

(1983), positing that intermediate goods firms can only modify
their nominal prices in reaction to a stochastic signal. The
possibility of such price adjustments occurring in any given
period is determined by the parameter 1� ω, where ω signifies
the level of price rigidity prevalent in the economy.

max
Pt ðjÞ

Φ ¼ Et ∑
1

i¼0
ðβωÞi U

0ðCtþiÞ
U 0ðCtÞ

Ytþi
PtðjÞ
Ptþi

Ptþi

PtðjÞ

� �ϕ

�MCtþi
Ptþi

PtðjÞ

� �ϕ
" #

ð22Þ
Final goods sector. The representative final goods producer uses
YtðjÞ units of each intermediate good j 2 ½0; 1� to manufacture the
final good Yt , following Dixit and Stiglitz (1977) assumption of
constant returns to scale, competitive firms produce Yt using a
Constant Elasticity of Substitution (CES) technology, where φ> 1
denotes the elasticity of substitution between intermediate goods.

Yt ¼
Z 1

0
YtðjÞ

φ�1
φ dj

� � φ
φ�1 ð23Þ

The representative final goods producer seeks to maximize
profitability by determining YtðjÞ and Yt , as expressed by Eq. (24).

max
Yt ðjÞ

Pt

Z 1

0
YtðjÞ

φ�1
φ dj

� � φ
φ�1

�
Z 1

0
YtðjÞPtðjÞdj ð24Þ

where Pt represents the price of the final good, and PtðjÞ represents
the price of the intermediate good j. The first-order condition

generates the demand function for the intermediate goods are
shown in Eq. (25) and Eq. (26), and we can clearly see that the
price of final goods Pt is also a reflection of the price level.

YtðjÞ ¼
PtðjÞ
Pt

� ��φ

Yt ð25Þ

Pt ¼
Z 1

0
PtðjÞ1�φdj

� � 1
1�φ ð26Þ

Government. The financing of public consumption Gt comes
from the taxes of labor, capital and fossil fuel, as well as the fees
charged for pollutant emission permits. And the government
adjusts lump-sum transfers Trt in a passive manner to ensure
budget equilibrium in each period. So, the government budget
constraint can be represented as Eq. (27).

PtGt þ ð1þ RB
t�1ÞBt�1 þ Trt ≤ τ

L
t WtLt þ τKt RtKt þ τMt P

FF
t MFF

t þ PZ
t Zt þ Bt

ð27Þ

Aggregation and market clearing. Following Calvo (1983), we
define the price dispersion as given in Eq. (28), and the pro-
duction function can be written as Eq. (29).

Vt ¼ ð1� ψÞ P*
t

Pt

� ��φ

þ ψ
Pt

Pt�1

� �φ

Vt�1 ð28Þ

Yt ¼ AY
t ðKY

t Þ
αY ðηLt LYt Þ

ΔY ðηMt MFF
t ÞσY ðηMt MRE

t Þ1�αY�ΔY�σY ðVtÞ�1

ð29Þ
To characterize the long-term equilibrium of the model, this

study assumes that the commodity market in the model system is
in long-term equilibrium, the market-clearing condition is
defined as Eq. (30).

Yt ¼ Ct þ It þ Gt þ CEt ð30Þ

Scenario setting
We set up four policy scenarios summarized in Table 1. To
accelerate the realization of carbon emission reduction, govern-
ments often prefer to implement policy tools from multiple
dimensions (Rosenbloom et al., 2020). The restrictive policy
represented by the carbon emission cap policy is often recom-
mended by senior scholars and widely used worldwide (Hua et al.,
2011). At the same time, the government also attempt a series of
incentive programs to promote the low-carbon economy, subsidy
policy is a representative policy because it can achieve carbon
emission reduction and control by incentivizing enterprises to

Table 1 The scenarios.

Scenario Policy description Variables setting

Scenario 1:
BAU

No policy
(Baseline scenario)

In this scenario, it is assumed that the price of pollutant
emissions is 0. The government will not set any subsidies or
emission targets. Therefore, intermediate goods producers do
not seek to reduce emissions in the production process.

PZt ¼ 0

Scenario 2:
CEC

Carbon emissions cap
policy

In this scenario, the governments announce a mandatory
emission cap to control pollutant emissions, and sell emission
permits to the enterprises with the emission price.

Zt ¼ κt�Z
ln κt

κ ¼ ρκ ln
κt�1
κ þ εt;κ; εt;κ � Nð0; σ2κÞ

Scenario 3:
FTS

Fossil fuel technology
subsidy policy

In this scenario, the government subsidizes fossil fuel
technology at an exogenous level sFFt .

TEFFt ¼ AT
t TIt½ð1þ sFFt ÞKFF

t �
αFF ðηLt LFFt Þ

1�αFF

Trt ¼ Trt þ sFFt K
FF
t

ln sFFt
sFF ¼ ρsFF ln

sFFt�1
sFF þ εt;sFF ; εt;sFF � Nð0; σ2sFF Þ

Scenario 4:
RTS

Renewable energy
technology subsidy
policy

In this scenario, the government subsidizes renewable energy
technology at an exogenous level sREt .

TEREt ¼ AT
t TIt½ð1þ sREt ÞKRE

t �αRE ðηLt LREt Þ1�αRE

Trt ¼ Trt þ sREt KRE
t

ln sREt
sRE ¼ ρsRE ln

sREt�1
sRE þ εt;sRE ; εt;sRE � Nð0; σ2sRE Þ
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increase energy efficiency, optimize energy consumption mix, and
carry out technological innovation (Y. He et al., 2023b). However,
there is no research to compare the effect of subsidies for fossil
energy technology and renewable energy technology. Therefore,
we set up the fossil fuel technology subsidy policy scenario and
the renewable energy technology subsidy policy scenario, and
attempt to compare the economic and environmental effects of
these policies.

Calibration and Bayesian estimation
The calibration method is used to determine some parameters
based on a combination of existing research and related statistical
data in this study. Meanwhile, Bayesian estimation is employed to
determine the remaining parameters using quarterly data from
China, which enables the DSGE model constructed in this paper
to better simulate the practice in China.

Parameters calibration. We have calibrated most of the struc-
tural parameters based on the research of Heutel (2012),
Annicchiarico and Di Dio (2015), Xiao et al. (2018), and sum-
marized in Table 2. We have calibrated the values for parameters
aligning with the actual socio-economic situation in China. For
example, the discount factor β reflects the individual’s attitude
towards future risks and uncertainties, as well as their preferences
for current consumption and investment. Drawing upon existing
research, this parameter typically ranges between 0.95 and 0.99.
In this study, a value of 0.97 is chosen to mirror the relatively
optimistic outlook and emphasis on the future among Chinese
residents. The depreciation rate of capital δK is set at 0.025 in this
paper, a value for which scholars have largely reached a con-
sensus, reflecting alignment with the practical condition in China.
The emissions per unit of energy μ is set at 0.6, and it aligns with
the current technological proficiency and efficiency levels in the
utilization of fossil fuels across various sectors with China’s
economy. We assume the output elasticity of capital αY and labor
ΔY is 0.33 and 0.5, which aligns with China’s labor-intensive
characteristics. Besides, since capital input is crucial in deter-
mining energy structure in China, we set the capital elasticity for
the fossil fuel technology sector αFF and the renewable energy
technology sector αRE to 0.33 and 0.36, respectively.

Bayesian estimation for shocks. To examine the endurance of
exogenous shocks, we utilized the Bayesian estimation approach
to evaluate the persistence of the AR(1) process. According to
Smets and Wouters (2007), and Traum and Yang (2010), we
assumed that the prior distributions of the parameters associated
with the AR(1) processes (ρAY , ρG, ρAT , ρλ, ρκ, ρsFF , ρsRE ) followed a
beta distribution.

This study endeavors to illuminate the distinct characteristics of
four distinct exogenous economic shocks: the total factor produc-
tivity (TFP) shock (AY

t ), the government expenditure shock (Gt), the
energy efficiency shock (λt), and the energy technology research
productivity shock (AT

t ). First, the TFP shock represents the changes
in efficiency in commodity production, which consequently
influences carbon emissions and economic development. Second,
government expenditure plays an essential role in reducing carbon
emissions; for instance, the government can reduce carbon emissions
by investing in green infrastructure. Third, energy efficiency reduces
the intensity of energy inputs per unit of output, thereby reducing
carbon emissions. Finally, the increase in energy technology research
efficiency means that new fossil and renewable energy technologies
can be developed more quickly with the same level of resource input,
and the widespread adoption of these technologies will reduce
reliance on traditional high-carbon energy sources. In conclusion, by
simulating the four aforementioned exogenous economic shocks, we
can better assess the significance of government support and
incentives for technological innovation in achieving carbon reduc-
tion goals and promoting sustainable development.

In addition, this study also explores the effects of three carbon
emission reduction policy shocks, namely carbon emission cap
shock (κt), fossil fuel technology subsidy shock (sFFt ), and
renewable energy technology subsidy shock (sREt ). By conducting
Bayesian estimations of carbon emission reduction policy
variables, it is possible to simulate how implementing these
policies affects carbon emissions and macroeconomic fluctua-
tions. This aids in evaluating the effectiveness of carbon emission
reduction policies and, consequently, leading to better planning
and adjusting these policies.

Data source. We employ quarterly data from 2000Q1 to 2020Q4 in
China to estimate parameters, using observable variables such as
total output (Yt), government expenditure (Gt), fossil fuel

Table 2 Calibrated parameters.

Parameter Value Description Source

β 0.97 Discount factor Angelopoulos et al. (2010)
υ 0.3 Elasticity of renewable energy Xiao et al. (2018)
ν 0.3 Elasticity of fossil energy Xiao et al. (2018)
δK 0.025 Depreciation rate of capital Annicchiarico and Di Dio (2015); Nalban (2018)
φ 6 Price elasticity of intermediate products Annicchiarico and Di Dio (2015)
ψ 0.75 Calvo’s price parameter for nominal rigidities Annicchiarico and Di Dio (2015); Nalban (2018)
μ 0.6 Emissions per unit of energy Xiao et al. (2018)
δZ 0.005 Depreciation rate of pollutant stock Xiao et al. (2018)
ω 2.136 Elasticity of energy use efficiency Xiao et al. (2018)
η0 1.3950e-3 Damage fuction parameter Heutel (2012)
η1 −6.6722e-6 Damage fuction parameter Heutel (2012)
η2 1.4647e-8 Damage fuction parameter Heutel (2012)
αY 0.33 C-D parameter of capital of intermediate goods sector Filippeli et al. (2020)
ΔY 0.5 C-D parameter of labor of intermediate goods sector Dissou and Karnizova (2016)
σY 0.1 C-D parameter of renewable energy of intermediate goods

sector
Xiao et al. (2021)

αFF 0.33 C-D parameter of capital of fossil technology sector Filippeli et al. (2020); Xiao et al. (2018)
αRE 0.36 C-D parameter of capital of renewable technology sector Dissou and Karnizova (2016); Fischer and Springborn

(2011)
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technology (TEFF
t ) and renewable energy technology (TERE

t ). Spe-
cifically, quarterly GDP data are obtained from the National Bureau
of Statistics of the People’s Republic of China (NBS), while quarterly
government expenditure data are collected from the Ministry of
Finance of the People’s Republic of China. In addition, we con-
ducted a patent search using the latest CPC patent classification
system jointly administered by the European Patent Office (EPO)
and the United States Patent and Trademark Office (USPTO). We
utilized the Incopat patent search system to extract patent data
related to Chinese energy technologies in the “Y02E” subclass.

We process the observed variables to align them with the
variables in the model, following these steps: First of all,
we deseasonalized the variables using the Census X12 technique.
Secondly, we applied a logarithmic transformation to the
observed variables. Lastly, we utilized the Hodrick-Prescott
(HP) filter to remove the trend from the variables, extracting
their volatile components.

Bayesian estimation. Table 3 shows the beta distributions for the
persistence of AR(1) processes in relation to exogenous economic
shocks and carbon emission reduction policy shocks. The exogen-
ous economic shocks include the TFP shock of goods production,
government expenditure shock, energy technology productivity
shock, and energy efficiency shock. According to Annicchiarico and
Di Dio (2015), and Xiao et al. (2018), the standard deviation for all
processes associated with exogenous economic shock was 0.0045,
while the means were 0.92, 0.92, 0.8, and 0.5, respectively.

In addition, we exert a one-unit positive effect on variables κt ,
sFFt and sREt to simulate the impact of carbon emissions cap shock,
fossil fuel technology subsidy shock, and renewable energy
technology subsidy shock, which means that the government will
relax the total carbon emission target, and will increase the
subsidies for fossil fuel technology and renewable energy
technology. Similarly, we set the standard deviation for all
processes associated with carbon emission reduction policy
shocks at 0.0045, while the means were 0.08.

Then, a random walk Metropolis-Hastings (MH) algorithm is
subsequently used to draw 300,000 samples from the posterior
distribution, while the Markov chain Monte Carlo algorithm is
utilized for estimating the distribution. The results of Bayesian
estimation show that different types of shocks exhibit different
persistence and long-term impacts across economic sectors. The
TFP and government expenditure shocks are the most persistent,
the energy technology shocks are the second most persistent, and
the energy efficiency shock is the shortest of all shocks.

As shown in Fig. 2, it becomes apparent that the length of total
sequence interval and mean length of the within sequence
intervals of all parameters coincide and converge. Consequently,
the Bayesian estimation results have high accuracy.

Results and discussion
Steady state. To facilitate a comprehensive comparison among
the three distinct carbon emission reduction policies, following

the methodology established by Xiao et al. (2018), we endeavored
to align exogenous variables, thereby ensuring uniform levels of
total output Yt across these three scenarios. This meticulous
approach enables to scrutinize not only economic metrics but also
the abatement effects when the three policies converge at an
equivalent stage of economic advancement. Table 4 illustrates the
equilibrium values of key variables within each scenario. Since
FTS and RTS scenarios differ only in the energy technology
sectors subsidized by the government, the steady-state values for
most variables are essentially the same in both scenarios.

Implementing carbon emission reduction policies negatively
impacts consumption, which decreased by 15.04% in the CEC
scenario and 19.8% in the FTS and RTS scenarios. Under the CEC
scenario, several vital production factors, including labor, capital,
and renewable energy inputs, exhibit a noteworthy ascent.
Specifically, labor escalates by 8.55%, capital by 9.55%, and
renewable energy inputs surge by a substantial 17.69%. In the
context of the FTS and RTS scenarios, these factors undergo even
more pronounced augmentations, with labor experiencing a rise
of 11.73%, capital expanding by 10.78%, and renewable energy
inputs soaring impressively by 23.02%. This amplified infusion of
production factors consequently begets an uptick in total societal
output, registering a substantial 4.99% increase within the carbon
emission reduction policy scenarios.

It is evident that the implementation of policies has a salutary
impact on the enhancement of environmental quality. Indeed, a
marked reduction in pollutant emissions and pollutant stockpiles
emerges as a conspicuous outcome across all three environmental

Table 3 The Bayesian estimation results of the baseline scenario.

Parameters Prior distribution Prior mean Post mean 90% Confidence interval

ρAY Beta distribution 0.92 0.9357 0.9296 0.9418
ρG Beta distribution 0.92 0.9203 0.9128 0.9274
ρAT Beta distribution 0.8 0.8003 0.7929 0.8075
ρλ Beta distribution 0.5 0.5027 0.4953 0.5101
ρκ Beta distribution 0.8 0.8060 0.7988 0.8134
ρsFF Beta distribution 0.8 0.8047 0.7973 0.8118
ρsRE Beta distribution 0.8 0.8024 0.7948 0.8099

Length of total sequence interval

Mean length of the within sequence intervals

Fig. 2 The result of multivariate convergence diagnostic.
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policy scenarios when juxtaposed with the reference scenario of
BAU. The pollutant emissions decreased by 27.84% under the
CEC scenario and by 33.45% under the FTS and RTS scenarios,
which shows that the emission reduction effect brought by the
subsidy policy is better than that of the carbon emission cap
policy. In addition, it can be calculated that the carbon intensity
(Zt/Yt) is 0.648 in the BAU scenario, 0.445 in the CEC scenario,
and 0.411 in the FTS and RTS scenarios, which represents a
decrease of 31.26% and 36.61% compared to the BAU scenario.

In the CEC scenario, the government sets a target for total
emissions, which will constrain firm’s production activities
through coercive and commanding means. Obviously, both
pollutant emissions and pollutant stocks will be reduced. The
government’s imposition of charges for pollutant will serve as a
compelling incentive, driving firms to substantially reduce the
input of fossil fuel. Consequently, this dynamic is poised to
engender a notable shift towards renewable energy utilization.
And renewable energy related indicators such as renewable
energy demand, renewable energy efficiency, and renewable
energy technology demand have shown significant growth, with
increases of 17.69%, 28.65%, and 24.83% compared with the BAU
scenario, which suggests that the carbon emission cap policy
promotes the development and application of renewable energy.

In the FTS and RTS scenarios, when the government
implements an energy technology subsidy policy, it positively
affects the production activities of companies due to the reduction
of their production and operation costs. Subsidies, as a non-
reimbursable transfer, follow the subsidy transfer and price
transmission mechanism and will be transferred downstream
through a cost-push process, and the wage level will rise by 0.12%,
which also results in higher household disposable income, driving
households’ investment and capital stock up by 10.78% while the
level of capital interest rate remains unchanged. In the FTS
scenario, subsidies have a crowding-out effect on capital factor
inputs in the fossil energy technology sector, replacing firms’ own
capital inputs and leading to a 4.45% decline in capital inputs in

the fossil energy technology sector. In the RTS scenario, the
introduction of renewable energy technology subsidy policies has
driven significant growth in demand for renewable energy,
renewable energy efficiency, and renewable energy technology,
with increases of 23.02%, 40.26%, and 34.69% compared with the
BAU scenario, suggesting that renewable energy technology
subsidy policies stimulate the development of renewable energy.
Additionally, the subsidy intensity is 0.0475 for fossil energy
technologies and 0.05 for renewable energy technologies to
achieve the same environmental and economic effects, which
shows that the government subsidy intensity for fossil energy
technologies is lower than that for renewable energy technologies
to reach the same output level. As highlighted by Lin and Jiang
(2011), China, as a developing country, still heavily relies on fossil
energy, where subsidies prove to be more cost-effective. However,
for the purpose of enhancing energy efficiency and optimizing the
energy mix, it is imperative to shift the focus of subsidy policies
towards renewable energy technologies.

Exogenous shocks. The above analysis revolves around the long-
run deterministic steady state under each scenario, ignoring the
potential impact of various short-term uncertainty on economic
fluctuations. In this part, we examine how different exogenous
stochastic shocks affect the macroeconomy and environment,
comparing the responses of pivotal economic and environmental
variables to these exogenous shocks within various carbon
emission reduction policies.

Total factor productivity (TFP) shock. The impact of TFP shock in
the commodity production sector is simulated by imposing a one-
unit positive impact of AY

t . Figure 3 represents the results for four
scenarios of total factor productivity uncertainty production:
BAU, CEC, FTS, and RTS. The percentage deviations of each
impulse response from the variables’ steady-state over 100
quarters are presented.

Table 4 Long term steady state values of the main variables.

Variables BAU CEC FTS RTS

Value Value Change Value Change Value Change

Emission reduction cost (CEt) 0 0.0058 - 0.0050 - 0.0050 -
Proportion of emission reductions (ert) 0 0.1377 - 0.1378 - 0.1378 -
Emission permit price (PZt ) 0 0.1527 - 0.1408 - 0.1408 -
Labor (Lt) 0.3344 0.3630 8.55% 0.3736 11.73% 0. 3736 11.73%
Consumption (Ct) 0.1744 0.1482 −15.04% 0.1399 −19.80% 0.1399 −19.80%
Wage (Wt) 1.5302 1.5318 0.10% 1.5320 0.12% 1.5320 0.12%
Interest (Rt) 0.0762 0.0762 0.00% 0.0762 0.00% 0.0762 0.00%
Capital (Kt) 29.9007 32.7558 9.55% 33.1238 10.78% 33.1221 10.77%
Investment (It) 0.7475 0.8189 9.55% 0.8281 10.78% 0.8281 10.77%
Total output (Yt) 1.0220 1.0729 4.99% 1.0729 4.99% 1.0729 4.99%
The price of fossil fuel (PFFt ) 0.0974 0.0432 −55.68% 0.0596 −38.80% 0.0596 −38.80%
Fossil fuel (MFF

t ) 1.1037 0.9237 −16.31% 0.8519 −22.82% 0.8518 −22.82%
Fossil fuel efficiency (ηFFt ) 1.1315 1.1316 0.01% 1.1316 0.01% 1.1316 0.01%
Fossil fuel technology (TEFFt ) 3.4409 3.4434 0.07% 3.4438 0.08% 3.4438 0.08%
The price of renewable energy (PREt ) 0.0690 0.0616 −10.79% 0.0589 −14.66% 0.0589 −14.66%
Renewable energy (MRE

t ) 0.9639 1.1343 17.69% 1.1858 23.02% 1.1857 23.02%
Renewable energy efficiency (ηREt ) 2.4951 3.2099 28.65% 3.4996 40.26% 3.4996 40.26%
Renewable energy technology (TEREt ) 2.2364 2.7916 24.83% 3.0123 34.69% 3.0122 34.69%
Efficiency of labor (ηLt ) 0.9982 0.9993 0.10% 0.9994 0.12% 0.9994 0.12%
Stock of pollutants (STt) 132.4390 95.5718 −27.84% 88.1410 −33.45% 88.1386 −33.45%
Pollutant emissions (Zt) 0.6622 0.4779 −27.84% 0.4407 −33.45% 0.4407 −33.45%
Fossil fuel technology subsidy intensity (sFFt ) - - - 0.0475 - - -
Renewable energy technology subsidy intensity (sREt ) - - - - - 0.05 -

“Change” indicates the rate of change in the value of the variable in each policy scenario compared to the BAU scenario.
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When the economy is exposed to a positive TFP shock, many
of the variables such as Yt , Ct , It and Kt will positively deviate
from the steady state values in all four scenarios, indicating that
the expansion of production by firms and the increase in demand
for various factors of production have a positive impact on the
level of the economy and social consumption. In period 0, the
output rises by about 1.33% in the BAU scenario, 1.25% in
the CEC scenario, and 1.14% and 1.18% in the FTS and RTS
scenarios, which shows that total factor productivity shocks
cause the most pronounced fluctuations in output in the BAU
scenario.

In response to the TFP shock, the investment rises in period 0,
leading to increased capital stock. The capital stock follows a
hump-shaped dynamic, where a substantial rise will gradually drive
social capital accumulation until about the 17th period. Over time,
investment growth will decelerate and arrive at an inflection point
when capital depreciation outpaces capital expansion. This explains
why the capital stock initially increases, then gradually declines
approaching a steady state value. Furthermore, after the onset of
the shock, the demand for the two energy technologies in business
production shows opposite movements. In period 0, the need for
renewable energy technologies is deviating from the steady state
value in the negative direction, while fossil fuel technologies are
deviating from the steady state value in the positive direction. This
is due to the fact that the fossil fuel still dominates the energy
consumption mix, and firms realize that using more fossil fuel
technologies can rapidly increase the efficiency of fossil fuel use

and maintain the continuity and stability of production using fossil
energy (Semmler et al., 2022). Because of the substitution effect
between energy technologies, companies will correspondingly
reduce the demand for renewable energy technologies.

Additionally, there are variations in the responses of variables
to the shocks across the four scenarios. First, the impact of the
TFP shock is lower in the FTS and RTS scenarios than in the CEC
scenarios, such as Yt , It and Ct . This is because the carbon
emission cap policy, being a restrictive measure, is coupled with
the carbon trading system arrangement. This system furnishes
firms with clear economic incentives and market signals by
acquiring carbon emission permits. Consequently, the changes in
economic variables under the CEC scenario will be more
pronounced than market-based policies such as subsidies. Second,
there are significant differences in the effects of the four scenarios
on pollutant emissions. Because of the government has set
pollutant emission objectives, pollutant emissions in the CEC
scenario will stay in a steady state and not react to TFP shocks. In
addition, in period 0, the positive TFP shock will result in more
pollutant emissions in BAU, FTS, and RTS scenarios, which is the
negative effect of economic expansion in the short term.

Government expenditure shock. The macroeconomy can also be
uncertainly impacted by fiscal policies, and we simulate the
impact of government fiscal spending shocks on the economy by
imposing a one-unit positive impact on the variable Gt . The
results of government fiscal spending shocks are shown in Fig. 4.

Fig. 3 Economic responses to the TFP shock.
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Similar to the TFP shock, variables in the CEC scenario exhibit
more pronounced responses to the government expenditure
shock compared to the BAU, FTS, and RTS scenarios.

Increased government expenditure can stimulate economic
activity. Under the expansionary fiscal policy, the total output in
all four scenarios will rise in period 0. However, while bringing
economic growth, it will have a “negative substitution effect” on
investment, triggering a decrease in investment, and capital
accumulation will be negatively affected, with both investment
and capital stock declining. The government’s augmentation of
public expenditure often aligns with considerations of environ-
mental preservation and sustainable development. This translates
to an increased fiscal baking for renewable energy technologies,
concurrently fostering a transformation in energy consumption
patterns. This transformation entails a reduction in the share of
fossil fuels within the energy consumption spectrum, thereby
mitigating greenhouse gas emissions and catalyzing a shift toward
a low-carbon economy. In all four scenarios, the need for
renewable energy technologies is anticipated to rise, while the
demand for fossil energy technologies is expected to decline.

Except for the CEC scenario, where pollutant emissions remain
constant, pollutant emissions in BAU, FTS, and RTS scenarios
tend to increase with economic expansion, similar to the response
observed with the TFP shock. Furthermore, the BAU scenario
shows a more significant reaction of pollutant emissions to the
shock compared to the FTS and RTS scenarios, indicating that the
energy technology subsidy policies play a role in stabilizing
pollutant emissions to some extent. Harting (2021) found that
subsidy policies play a role in smoothing the economic cycle, and

we found that the smoothing effect of subsidy policies plays out
mainly in terms of pollutant emissions.

Energy technology research productivity shock. The impact of the
energy technology research productivity shock is simulated by
imposing a positive one-unit effect on the variable AT

t . The results
of government fiscal spending shocks are shown in Fig. 5.

The energy technology research productivity shock is obviously
different from other shocks. The enhancement of energy
technology research productivity results in increased marginal
output in energy technology sectors. In contrast to the positive
impact on total output observed by Xiao et al. (2021) due to the
positive energy productivity shock, in our study, the positive
energy technology research productivity has led to a decline in
total output. This ensues because the shock can prompt resource
reallocation, with production factors flowing from the inter-
mediate goods sector to the energy technology sector. Such factor
flows restrict output in the intermediate goods sector. The fall of
output also has a negative impact on the demand for capital
and labor.

In the four scenarios, the impact of the energy technology
research productivity shock in period 0 leads to an upsurge in the
demand for renewable energy technologies. This phenomenon
arises from the progress in energy technology innovation
efficiency, which triggers a reduction in the prices of renewable
energy technologies, thus promoting enterprises to enhance their
utilization of renewable technologies due to cost-effectiveness.
However, in the initial stages of the shock occurrence, there is a
transient increase in the demand for fossil fuel technology. This

Fig. 4 Economic responses to the government expenditure shock.

HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS | https://doi.org/10.1057/s41599-024-03320-x ARTICLE

HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS |          (2024) 11:798 | https://doi.org/10.1057/s41599-024-03320-x 11



anomaly is attributed to the prevailing dominance of fossil energy
in the energy consumption mix at the time of the shock. The
complementary effects come into play, driving a corresponding
initial increase in the demand for fossil energy technologies.
Subsequently, the demand for fossil energy technologies con-
sistently deviates from its steady-state value in a negative
direction. This indicates that as the comparative advantage of
renewable energy technologies strengthens, environmental con-
sciousness gradually takes root within enterprises. Consequently,
owing to substitution effects, the demand for fossil energy
technologies diminishes over time.

Analyzing the impulse responses of pollutant emissions in the
four scenarios reveals that, except for the CEC scenario where
pollutant emissions stay constant, the pollutant emission levels in
the other scenarios deviate from the steady state value in a negative
direction, that is, after the energy technology research productivity
shock, the pollutant emissions have decreased to a certain extent.
Therefore, technology innovation plays an important role in
curbing pollutant emissions, aligning with the findings suggested
by Fernández et al. (2022). The rebound effect in carbon emissions,
as mentioned in the study by Yang and Li (2017), does not appear
to be significant. This is because as the concept of low-carbon
development takes root, advances in energy technologies have not
boosted large-scale growth in fossil fuels but promoted renewable
energy to replace some high-carbon energy. Moreover, the process
in energy technologies has also improved energy efficiency levels,
reducing emissions caused by per unit consumption of fossil fuels.

Energy efficiency shock. We model the economic impact of the
energy efficiency shock by imposing a one-unit positive effect on
the variable λt . The results of the energy efficiency shock are
shown in Fig. 6.

Augmented energy efficiency bolsters the economies of
scale for the Cobb-Douglas production function in the inter-
mediate goods sector. Evidently, positive energy efficiency shocks
promote macroeconomic growth, with total output rising to
2.06% in the BAU scenario before gradually reverting toward the
steady state value. As the economy balloons, vital economic
variables exhibit positive expansion, including consumption,
investment, capital stock, and labor. Based on the LBD approach,
we posit that energy efficiency increases with the increased use of
fossil fuel technologies. Consequently, ensuring a favorable shock
to energy efficiency, rational firms’ demand for fossil energy
technologies proliferates as a means to amplify production and
enhance production efficiency. Similar to the TPF shock, the
demand for fossil fuel technologies appears to ascend after the
shock, attaining its apex around period 4. At this time, the
competitiveness of renewable energy technologies is weak
compared with fossil fuel technologies, and both energy
technologies are used as factors of production for commodity-
producing enterprises. The substitution effect makes enterprises
expand the demand for fossil fuel technologies and suppress the
demand for renewable energy technologies accordingly, so the
demand for renewable energy technologies deviates from the
steady state value in the negative direction in period 0.

Fig. 5 Economic responses to the energy technology research productivity shock.
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For pollutant emissions, except for the CEC scenario where the
government declares a fixed target for pollutant emissions and
pollutant emissions keep unchanged, similar to the TFP shock,
energy efficiency shocks contribute to higher levels of pollutant
emissions in the CEC, FTS, and RTS scenarios while promoting
economic expansion.

Carbon emission reduction policy shock. The effects of three car-
bon emission reduction policy shocks on Yt , Ct , Kt , and Zt are
shown in Fig. 7. Under the impact of the carbon emissions cap
shock, the government will relax the emission cap target, so the
total output, total consumption, and capital stock will respond
positively. However, due to the reduction of environmental
standards, pollutant emissions will also increase. Therefore, it can

be concluded that pollutant emissions are pro-cyclical under the
carbon emissions cap policy.

Under the impact of the fossil fuel technology subsidy policy
shock and the renewable energy technology subsidy policy shock,
the government will increase subsidies to support energy
technology innovation, and the total output, total consumption,
and capital stock will also have a positive reflection. Heutel (2012)
and Lintunen and Vilmi (2021) argued that carbon emissions are
pro-cyclical under most environmental policies and that only
optimal environmental policies can reduce the pro-cyclicality of
carbon emissions to a certain extent. However, we can find that
under the shocks of the fossil fuel technology subsidy policy and
the renewable energy technology subsidy policy, pollutant
emissions show a downward trend. This is because fossil fuel

Fig. 6 Economic responses to the energy efficiency shock.

Carbon emission cap shock on Y,C,K,Z Fossil fuel technology subsidy shock on Y,C,K,Z Renewable energy technology subsidy shock on Y,C,K,Z

Fig. 7 Economic responses to the carbon emission cap shock, the fossil fuel technology subsidy shock and renewable energy technology subsidy shock.
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technology progress contributes to increased emission reduction
rates, and developments in renewable energy technologies
increase the use of renewable energy. Reduced pollution levels
have been achieved in parallel with advances in the level of
economic development.

In addition, the variables respond more sharply to shocks
under the carbon emissions cap shock than the fossil fuel
technology subsidy shock and the renewable energy technology
subsidy shock. This is also consistent with our previous results
that the economic variables respond more sharply to shocks
under the CEC scenario. Unlike the view held by Annicchiarico
and Di Dio (2015) that the carbon emission cap policy has a lease
impact on economic fluctuations, energy technology subsidy
policies exhibit a superior capacity to restrain economic volatility
compared to the carbon emission cap policy. Thus, the magnitude
of macroeconomic fluctuations is more moderate when govern-
ments subsidize fossil and renewable energy technologies than
when they impose a cap on carbon emissions.

Policy implication
Policy makers need to contemplate a variety of policy instru-
ments, including joint carbon trading, carbon cap, and subsidies
for energy technology, to harness synergistic effects that effi-
ciently promote carbon emission reduction and economic
transformation. In pursuit of the goal to peak carbon emissions
by 2030, China has preliminarily established a carbon trading
market. Consequently, in our model, the imposition of emission
permits on enterprises by the government is considered a man-
ifestation of the carbon trading mechanism. Currently, China’s
carbon trading market is in its nascent stage, with only the
electricity sector incorporated into the national carbon trading
market. The trading activity remains relatively low, failing to fully
demonstrate the potential effects of the carbon trading market on
the environment and economy. In contrast, carbon trading
markets in places like the United States, the European Union, and
Japan operate more maturely. In particular, the European Union
Emission Trading System (EU ETS), is not only the largest in
scale globally but also wields significant influence, effectively
promoting the reduction of greenhouse gas emissions (Liu et al.,
2022). On top of implementing carbon trading and carbon cap,
the EU has also launched policies to support energy technology
innovation. For instance, the “Horizon Europe” project has
injected substantial subsidy funds into the energy technology
sector, covering a wide range of key technologies from enhancing
energy efficiency to decarbonizing fossil fuels (Baena-Moreno
et al., 2020; Gowd et al., 2023). These energy technology subsidies
essentially reduce the adoption costs of low-carbon technologies,
and simultaneously enhance enterprises’ purchasing power in the
carbon market, which is conducive to invigorating the carbon
trading market. The synergy between energy technology subsidies
and the EU ETS has effectively driven carbon emissions reduc-
tion. This is consistent with the core conclusion of this study that
it is imperative to combine carbon cap and energy technology
subsidy policies. On the one hand, setting clear emission reduc-
tion targets through carbon cap, and on the other, incentivizing
enterprises to pursue low-carbon technological innovation via
energy technology subsidies, bidirectionally stimulate the trading
in the carbon market. Subsidies for energy technology supported
by the project of “Horizon Europe” have not only achieved
remarkable carbon emission reduction, but also favorably con-
tributed to stimulating consumption, attracting investment, and
creating jobs, thereby enhancing the EU’s innovation capacity
and economic competitiveness. The promotional effect of energy
technology subsidies on the macroeconomy, while achieving
carbon emission reductions, is also corroborated in this study.

Under the policy scenarios of subsidies for renewable and fossil
energy technologies in this research, a reduction in carbon
emissions was accompanied by an increase in capital stock and
total output.

In addition to considering the synergistic effects among carbon
reduction policies, decision-makers should also accurately
recognize the short-term dynamics and long-term effects that
emission reduction policies have on the environmental economic
system, to effectively formulate phased policies by weighing the
short-term and long-term effects. In the short term, our finding
reveals that carbon cap may lead to a short-term increase in
carbon emissions. When enterprises anticipate the stricter carbon
emission restrictions implemented in the future, they might
increase production or engage in carbon-intensive activities
before the policy is enacted to avoid future high costs or con-
straints. Combining with the carbon trading mechanism con-
sidered in the model, if carbon price is lower than expected,
enterprises might opt to purchase more carbon emission rights,
which could also result in an increase in carbon emissions in the
short term under the carbon cap scenario. In contrast to the
carbon cap scenario, which may lead to an increase in carbon
emissions in the short term, both types of energy technology
subsidies have immediate effects on reducing carbon emissions.
Compared to the respective impacts of two subsidy regimes,
financial support for fossil energy technologies is more adept at
facilitating immediate reductions in carbon emissions. This
effectiveness is largely due to the prevailing dominance of fossil
fuels within China’s energy structure, where subsidies directed
towards fossil energy technologies can lead to swift and efficient
emission mitigations. Conversely, subsidies allocated to renewable
energy technologies not only contribute to emission reductions
but also possess a superior capacity to stimulate short-term
economic expansion. The advancement in renewable energy
technologies catalyzes the development of sectors such as pho-
tovoltaic, wind power, and energy storage, alongside bolstering
the construction of pertinent infrastructure. This dynamic
engenders an increase in employment opportunities and invigo-
rates investment inflows in the short term, culminating in a sti-
mulative impact on economic growth (Bilgili et al., 2015). In the
long term, reliance solely on carbon cap policy yields restricted
emission mitigation outcomes. On the other hand, subsidization
of both fossil fuel technologies and renewable energy technologies
manifests superior emission reduction efficacies in the long term.
Consequently, it becomes essential to concurrently implement
energy technology subsidies alongside the carbon cap to facilitate
the low-carbon transition in the long term.

As delineated in preceding discussions, the subsidization of
both fossil fuel and renewable energy technologies is deemed
essential, encompassing both short-term and long-term con-
siderations. Acknowledging the unique benefits that subsidies for
fossil fuel technologies and renewable energy technologies present
in facilitating carbon emission reductions and stimulating eco-
nomic growth, the formulation of a judiciously phased subsidy
policy for energy technologies emerges as a paramount concern.
Initially, the government must prioritize ensuring subsidies for
fossil fuel technologies, recognizing that, against the backdrop of
China’s existing energy structure, stimulating the advancement of
these technologies serves as the most efficacious strategy for
mitigating carbon emissions in the short term. Simultaneously, it
is essential for the government to actively encourage technological
innovation and augment the efficiency of research and develop-
ment activities. The outcomes presented in this paper underscore
the significance of enhancing energy technology research pro-
ductivity as a catalyst for the proliferation of renewable energy
technologies, thereby laying the foundational groundwork for a
seamless transition towards sectors aligned with renewable
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energy. Secondly, the government needs to incrementally increase
subsidies for renewable energy technologies, gradually shifting the
focus of subsidies from fossil fuel technologies to renewable
energy technologies. This approach is warranted by the findings
of this paper, which suggest that subsidizing renewable energy
technologies not only facilitates emission reductions but also
more effectively promotes economic growth. Concurrently, the
government should establish transition funds to support tradi-
tional energy enterprises venturing into the realm of renewable
energy technologies. Furthermore, it is essential for the govern-
ment to amplify its investment in renewable energy infra-
structure, facilitating the market-based application and expansive
growth of renewable energy technologies. This strategy is crucial
for unleashing the full spectrum of economic and environmental
benefits associated with the advancement of renewable energy
technologies.

It is noteworthy that external factors, such as international trade,
also exert an influence on the efficacy of China’s carbon emission
reduction policies. The European Union has initiated the imple-
mentation of carbon tariff, a move that undeniably escalates the
operational costs for Chinese export enterprises (Yang and Yan,
2023). Against this backdrop, it becomes imperative for the gov-
ernment to enhance subsidies for energy technologies, enabling
these subsidies to serve as an endogenous motivation for enterprises
to reduce emissions. This approach, in turn, could mitigate the
impediments to international trade brought about by the carbon
tariff, and assist enterprises in maintaining their competitiveness
within the global trading arena. Moreover, enhancement of overall
innovation capacity is pivotal to carbon emission reduction.
According to the results of this study, enhancements in the effi-
ciency of energy technology R&D can effectively propel the devel-
opment of renewable energy technologies. This, in turn, is
conducive to driving the growth of industries related to renewable
energy, achieving a transformation in energy structure. Beyond
international trade and technological progression, this paper reveals
that an increase in government public expenditure can enhance
public investment, elevate overall economic output, and also play a
role in promoting the development of renewable energy technolo-
gies. Therefore, the combination of energy technology subsidies
with an increase in government public expenditure can effectively
promote the development of renewable energy technologies,
enhance the innovation capabilities, and bolster competitiveness in
global market.

Delving into the interaction between carbon emission reduc-
tion policies and other economic and environmental policies will
constitute a crucial step towards refining the policy framework.
China’s goal to double per capita GDP by the year of 2035,
necessitates sustaining a high trajectory of economic growth. This
imperative invariably escalates the challenges associated with
enforcing carbon reduction measures. Hence, to balance the
relationship between economic growth and carbon emission
reduction, the implementation of energy technology subsidy
policies becomes particularly significant, especially subsidies for
renewable energy technologies. Additionally, China’s energy
technology subsidy policies can be effectively integrated with the
product subsidies for renewable energy related industries. For
instance, the subsidy for new energy vehicles essentially serves as
incentives for downstream low-carbon products, which in turn,
catalyze technological innovation at the upstream of the supply
chain, thereby engendering a synergistic policy effect. On the
environmental policy front, there is a pronounced synergistic
relationship between pollution reduction and carbon mitigation
efforts. Prevailing studies affirm that targets of numerous pollu-
tion abatement policies are often significant sources of carbon
emissions as well. Consequently, the deployment of policies
aimed at pollution control can inadvertently foster reductions in

carbon emissions. The total carbon control and energy technol-
ogy subsidy policies under investigation in this discourse have the
potential to facilitate pollution abatement concurrently with
carbon emission reductions, thus achieving dual objectives of
environmental preservation.

Conclusions
This research constructed a multi-technology sectoral dynamic
stochastic general equilibrium model by integrating the fossil fuel
technology sector and the renewable energy technology sector.
We simulated the impact of energy technology innovations on
macroeconomic fluctuations and assessed the policy effects of the
carbon emission cap policy, the fossil fuel technology subsidy
policy, and the renewable energy technology subsidy policy.

The findings of this article suggest that implementing carbon
emission reduction policies can achieve long-term reductions in
carbon emissions and improvements in total output. However,
the carbon emission cap policy is not as effective as the other two
policies in reducing carbon emissions. Additionally, to achieve the
same emission reduction goal, the government needs to allocate
more subsidies to renewable energy technologies than fossil fuel
technologies.

In the short term, the implementation of total carbon control
policies may lead to a simultaneous increase in carbon emissions
and total output. However, the adoption of energy technology
subsidy policies can result in an immediate reduction of carbon
emissions, while macroeconomic variables such as total output and
consumption experience growth. Contrastingly, subsidies directed
towards fossil energy technologies are more efficacious in advancing
carbon reduction efforts, while subsidies allocated to emerging
energy technologies play a pivotal role in fostering economic pro-
gression. Additionally, the total factor productivity shock, energy
efficiency shock, and government expenditure shock all stimulate
macroeconomic growth, with the government expenditure shock
and energy technology research productivity shock effectively pro-
moting the development of renewable energy technologies.

Therefore, it is crucial to phase subsidies for energy technol-
ogies. When implementing the carbon emission cap policy, the
government should prioritize subsidizing fossil fuels initially to
achieve efficient carbon reduction. Then, gradually shift the focus
towards renewable energy technologies to optimize energy
structure and foster economic development. Furthermore,
throughout the phases of implementing energy subsidy policies, it
is imperative to consider the synergistic effects of other economic
and environmental policies and factors of externalities, which
entails making corresponding adjustments to subsidies to max-
imize potential economic and environmental benefits.

Limitations and future research
Further research could be expanded in the following areas. First,
heterogeneous households can be introduced into the model to
differentiate between the labor force engaged in energy technol-
ogy research and production, in order to clarify the varied roles of
different individuals in economic operation. Second, it would be
meaningful to explore the interactions between carbon emission
reduction policies and other economic or environmental policies.
Finally, this paper mainly examines the impact of carbon emis-
sion reduction policies on China’s economy and environment,
without considering cross-regional effects. As the process of
economic globalization deepens, it is necessary to expand the
closed economy model into an open economy model. In con-
clusion, future work should incorporate more factors affecting
energy technology and carbon emissions to understand the
complex mechanisms by which energy technology subsidies work.
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