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Due to the uncertain effects on economic growth and economic fluctuations caused by environmental policies,
the best means of choosing the most appropriate environmental policy remains controversial. In the face of var-
ious uncertain economic factors, economic fluctuation is an important criterion for evaluating different environ-
mental policies. Thus, we established an environmental dynamic stochastic general equilibrium model under
New Keynesian framework embodying nominal price rigidities, environmental policies, pollutant emissions
and real uncertainties with the aim of comparing the impacts of different environmental policies on the macro-
economic fluctuations. The results are as follows. First, the responses indicate that all kinds of environmental pol-
icies are counter-cyclical. Emissions intensity policy has the strongest effect on curbing fluctuations. Second, a
positive energy efficiency shock will lead to a corresponding increase in energy inputs, which is referred to as
the energy rebound effect, as well as a rise in pollutant emissions. Third, an emissions intensity shock will
exert greater impacts than environmental tax rate shock and emissions cap shock. Fourth, the lower is the
price dispersion the less intermediate goods are needed, and, consequently, the lower are the pollutant emis-
sions. Taken together, the results highlight the policy implications associated with choosing an environmental
policy.
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1. Introduction

Over the past decade, notable progress has been made with regards
to environmental protection through the cutting of pollutant emissions
following years-long campaigns by Chinese government, which can
mainly be attributed to a series of laws and environmental policies
(Cui et al,, 2014; Mo et al,, 2018). Currently, there are three kinds of en-
vironmental policies based on market mechanisms in China: environ-
mental tax policy, emissions permits policies, and emissions intensity
policy. As all three kinds of environmental policies have their own
pros and cons, determining the optimal environmental policy has be-
come an unavoidable issue. Indeed, the question of how to choose envi-
ronmental policies has become a hot topic among many scholars in
recent years. Thus, this paper mainly focuses on the different environ-
mental policies in China from the perspective of economic fluctuations.

Why should we consider the relationship between macro-economy
and environmental policy? Simply, the implementation of environmental
policy will produce some economic costs, which will inevitably restrict
the economic development and bring uncertainty to different kinds of
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economic activities (Mardones and Baeza, 2018). In recent decades,
long-term economic growth and short-term economic fluctuation have
always been the core issues of macroeconomics. The relationship be-
tween economic growth and environmental policy has been intensively
investigated in previous researches (Doda, 2014; Abdullah and Morley,
2014). However, there are fewer researches about the economic fluctua-
tions brought by environmental policies. Economic fluctuation is not only
one of the main fields of theoretical research, but also a practical problem
in macroeconomic decision-making (Ramazi et al., 2017). Several scholars
pointed out that economic fluctuations have real effects on environmen-
tal policies and vice versa (Heutel and Fischer, 2013). Under different en-
vironmental policies, the dynamic responses and short-term fluctuations
of economy to uncertain exogenous shocks can be quite different. So,
some important feedback effects in the economy will be ignored if we
drop the relationship between environmental policies and economic fluc-
tuations (Xu et al., 2016)). Thus, in the face of various uncertain economic
factors, economic fluctuation is an important aspect of evaluating the ad-
vantages and disadvantages of different environmental policies (Xu et al,,
2015).

The aim of this paper is to answer the following questions. How
will different environmental policy regimes affect our economy?
To what extent do different environmental policies influence the


http://crossmark.crossref.org/dialog/?doi=10.1016/j.eneco.2018.10.028&domain=pdf
https://doi.org/10.1016/j.eneco.2018.10.028
yfan1123@buaa.edu.cn
Journal logo
https://doi.org/10.1016/j.eneco.2018.10.028
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/eneeco

440 B. Xiao et al. / Energy Economics 76 (2018) 439-456

macroeconomic fluctuations seen in China? How will different environ-
mental policies respond optimally to the business cycle under nominal
rigidities? To answer these questions, we established an environmental
dynamic stochastic general equilibrium (DSGE) model under classical
New Keynesian framework embodying nominal price rigidities, envi-
ronmental policy variables and pollutant emission variables which are
treated as the by-products of energy inputs. In all, all these analyses
have reference meaning for the Chinese government in terms of choos-
ing the optimal policy for cutting air pollutant emissions.

2. Literature review

In the context of cutting and regulating emissions of environmental
pollutants, a number of economists have attempted to value market-
based climate management tools and environmental policies, thereby
striving to minimise the economic costs of realising the given emissions
reduction targets (Duan et al., 2018; Tiba and Omri, 2017). All these cli-
mate management tools and environmental policies based on market
mechanisms can be classified into three categories: price instruments,
quantity instruments and intensity-based instruments. For example, en-
vironmental tax policies (Rausch and Schwarz, 2016), emissions trading
schemes (Fan et al.,, 2017; Liu and Fan, 2018) and emissions permits pol-
icies (Jiang et al., 2016). The former are characterised by price control (Cui
et al.,, 2014), while the latter are characterised by total amount control
(Zhang and Wei, 2010). Moreover, some scholars have also analysed
intensity-based policies. Weitzman (1974) compared quantitative envi-
ronmental policy and price based environmental policy by partial equilib-
rium model. From then on, many previous studies have applied various
alternative methods for discussing the performances and effects of alter-
native environmental policies on emissions controls (Goulder et al.,
1999; Quirion, 2005), including the system dynamics model (Liu et al.,
2015; Xiao et al., 2016), the computable general equilibrium (CGE)
model (Cui et al.,, 2014; Xiao et al., 2015; Fan et al,, 2016), the input-
output model (Dong et al., 2018; Su and Ang, 2017; Sun et al., 2017;
Wang et al.,, 2017) and the DSGE model (Heutel, 2012; Xu et al.,, 2016),
all of which mainly focus on the macro impact of environmental policies.

In the branch of the general equilibrium models, the DSGE models
stand out due to their theoretical basis in policy simulation and analysis.
Structural, micro-founded DSGE model can simulate the response of dy-
namic behaviours and fluctuations on stochastic shocks in the short
term and long term equilibrium, which can move away from reduced-
form modelling and towards structural-form modelling by embedding
micro-founded principles (Aiyagari, 1995; Kurozumi and Zandweghe,
2011; Leeper and Yang, 2008; Benavides et al., 2015). Thus, an increas-
ing number of scholars have begun to pay attention to the dynamic ef-
fects of the environment and the macro-economy, and they have
embedded environmental policies into the DSGE model.

To summarize, the DSGE models that include pollution and environ-
mental policies can be divided into two varieties: those adopting an RBC
structure with flexible prices; and those adopting a NK framework in-
corporating some type of nominal rigidities. Examples of the former
are Angelopoulos et al. (2010), Fischer and Springborn (2011) and
Heutel (2012). Angelopoulos et al. (2010) and Heutel (2012) added pol-
lutant emissions by treating them as a by-product of production, while
in the study by Fischer and Springborn (2011), the pollutant emissions
were considered to be emitted by energy consumption. Heutel and
Fischer (2013) comprehensively reviewed and summarised the re-
search on environmental economics. They focused on two macroeco-
nomic tools, namely real business cycle models and endogenous
technological growth models, and their application within environmen-
tal economics. From then on, some researchers began to embed envi-
ronmental policies into the DSGE model. Fried et al. (2013)
constructed a typical DSGE model based on the microcosmic basis of en-
vironmental feedback, linking carbon dioxide emissions with economic
growth. Lintunen and Vilmi (2013) also used a DSGE model to analyse
the periodicity of environmental policy, and they found that the optimal

emissions tax policy is pro-cyclical. Compared to the previous litera-
tures on prices vs. quantities policies, Annicchiarico and Di Dio (2015)
used a DSGE model to compare the dynamic effects of different environ-
mental policy choices under productivity shocks within the NK frame-
work. Following the approach of Annicchiarico and Di Dio (2015), Xu
etal. (2016) extended the model and analysed other shocks on different
policy regimes. Dissou and Karnizova (2016) analysed alternative envi-
ronmental policy instruments in the presence of persistent productivity
shocks by disaggregating the economy into six sectors. Further, Golosov
et al. (2011) established a dynamic public finance model in order to
study optimal carbon taxes with endogenous technological change.

Following the contributions of previous literatures, we try to combine
macroeconomics and environmental economics by embedding the envi-
ronmental block into a New Keynesian DSGE model. Different from
Annicchiarico and Di Dio (2015), we embedded energy consumption
and energy efficiency into our model, and we used it to analyse the
three different environmental policy regimes in China. In addition,
along with the development of economy, the uncertain factors from
economy and environment gradually increased, which will affect the
environmental policy effects. Hence, more uncertainties need to be
taken into consideration when evaluating and selecting the environ-
mental policies. We not only considered technology uncertainty and
energy efficiency uncertainty, which are all real shocks to the economic
cycle, fiscal policy uncertainty including government expenditure shock
and tax rate shocks are all taken into consideration. More importantly,
in order to analyse the uncertainties of environmental policies, we
also simulated and compared the macroeconomic fluctuations and
emissions controls under an environmental tax rate shock, an emissions
cap shock and an emissions intensity shock.

3. Methodology

The structure of this DSGE model is represented by four major eco-
nomic agents, that is, representative household, intermediate goods
producers, final goods producers and government. The framework of
this DSGE model is shown in Fig. 1. The dotted arrow represents the
money flow, while the solid arrow represents the material flow.

3.1. Households

The representative household is endowed with labour (L;), capital
(K¢) and energy (M) dedicated to the different intermediate goods pro-
ducing firms. Note that the labour capital and energy are homogeneous
goods in that the agent does not distinguish between different jobs, cap-
itals and energy. The representative infinitely lived household maxi-
mises the following lifetime utility:

B © . B L3+9 _ [(1—ert)uM[}“”
UE‘;B{“‘Q 1+6 T+v (M)

such that the budget constraint in units of goods:

PiCe + Pel¢ + B[+1 = (1 _T’E)W[Lt + (1 _Tf)RtK[ + (1 —TItVI)PItVIMt
+ (1 +R§)Bt 4 DPy + Tre 2)

Households are the owners of firms. The representative household
receives profits (D;) as a dividend from each intermediate goods produc-
ing firm. In addition to the dividends, the representative household re-
ceives factor payments for labour (W,), capital (R;) and energy (P}
supplied to intermediate goods firms as well as a lump-sum transfer
(Tr,) from the government. Meanwhile, the government levies tax on
factor incomes with different tax rates. The household uses its income
to purchase consumption (C), invest (I;) or acquire assets, for example,
government bonds (By).

The investment adjustment cost is an essential specification for the
modern DSGE (Smets and Wouters, 2007; Christiano et al., 2005). The
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Fig. 1. The framework of the DSGE model.

law of motion of capital is given as Eq. (3), where § is the depreciation
rate of capital, +¢ is the parameter of investment adjustment cost.

3)

3.2. Enterprises

3.2.1. Final goods producers

The representative final goods producer uses Y¢(j) units of each in-
termediate good j € [0, 1] in order to produce the final good Y, according
to the constant returns to scale technology suggested by Dixit and
Stiglitz (1977), where ¢ > 1 is the elasticity of the substitution between
the different intermediate goods.

Ye = [/O nmfdj} )

Note that P(j) is the price of the intermediate good j. The represen-
tative final goods producer's aim is to maximise profits by deciding Y,
and Y,(j), as given by':

maX Pt [/ Y[

£
—T

} / Ye()Pe() (5)

3.2.2. Intermediate goods producers

Intermediate goods producers are monopolistic competitors in their
product markets, and they take factor prices as given. For now, we focus
on a representative intermediate goods producing firm j. It hires labour
L«(j), expends capital K¢(j) and purchases energy M(j) to produce Y
(j) using the necessary Cobb-Douglas technology.

Ye(i) = AKEG) LG 2 M ()] (6)

! The FOCs (first order conditions) of Lagrangian function for the household and final
goods producers are listed in Appendix A.

where A is the total factor productivity (TFP), following an exogenous
process:

A= A= py InA_1—0, INA+6s Eia~ LIAN(0.03) (7

In the production function, we add efficiency variables into the la-
bour and energy input. Following the “learning by doing” (LBD) ap-
proach in the process of capital and labour experience accumulation,
we presume that the energy efficiency improvement can be attributed
to the use of energy. It is assumed that there exists a relationship
between the efficiency of the energy input and the amount of energy
used in production. Note that the Cobb-Douglas production function is
increasing returns to scale due to the LBD approach of energy efficiency.
(¢ is a variable for improving the efficiency of the energy use during the
process of LBD, and it follows the AR(1) process.

®)

Erg ~ i.i.d(o,ag) 9)

The energy use will lead to pollutant emissions Z(j). The emissions
coefficient is written as . We assume that representative enterprise
can determine its proportion of emission reductions er(j).

(10)

Marginal abatement cost MCE(j) is a function of proportion of emis-
sion reductions. Parameter A < 0 is estimated by GEiNcSEHNNSHRE

(11)

Total emission reduction cost CE.(j) can be expressed by the integral
of MCE,(j) at the interval [0, RE.(j)], where emission reduction RE,(j) =
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- er(j)M(j).

RE:(j) i
CE,(j) = /0 Aln <1— lfl\b;ltr((JJ‘))>dREt(j)

= —AuM¢(j) - | In(1—ere(j))(1—ere(f)) + ere(j) (12)

We presume that the efficiency of labour will be affected by the pol-
lutant emissions. The law of motion for pollutant stock is shown in
Eq. (14), where &, is depreciation rate of pollutant stock.

1 = 1= (11 1, STe +11,STY | (13)

STy = (1=07)ST—1 + Zt (14)

For now, the problem for representative intermediate goods produc-
ing firm j can be written as follows.> Where P¥ is the price for buying
each unit emission permit from government.

Py Wep o Ree o PR
max IT= P, Yi(j) P, Le(j) P, Ke(j) P M (j)
p? , : : (15)
—p, (1ert()uM:() —CE:(j)
. . “1A w1 (1—a—A
st Yeli) = AKEG) L)) ot Me()]

Following the approach of Calvo (1983), we assume that intermedi-
ate firms can only change their nominal prices when they receive a ran-
dom signal to do so. The probability that a firm can change its price
during any given period is 1 — . Firms that have the chance to change
their prices at t choose their price in order to maximise the expected
sum of discounted future real profits**.

e 0o e e (585) () |

(16)

3.3. Government

The government passively adjusts lump-sum transfers so as to clear
the budget each period. We assume that the net supply of bonds is zero.
Hence, the government budget constraint can be given as:

(17

)

where public consumption Gt is fully financed by the taxes levied from
the labour, capital, energy and emissions revenue collected from envi-
ronmental policies, including an environmental tax, selling emissions
permits etc. There are three shocks. We assume that government
consumption, the capital tax rate and the labour tax rate all follow the
AR(1) stochastic process. & ¢, & K and g ; all follow a normal
distribution.

InTy— InT" = p InTe_y—p, InT" + &y £ ~LLAN(0,07) 120,

2 The derivation of the FOCs for intermediate goods producers and the Calvo pricing op-
timisation problems are listed in Appendix A.

3.4. Aggregation and market clearing

For the factors and goods markets clearing, the sum of the labour,
capital and energy is equal to the total factor used in all of society, that
is, Le = JoLeG)dj, Ke = JoKe(i)dj, M = [6M:(j)dj.

The price dispersion can be defined as Eq. (21). Then, following the
approach of Calvo (1983), the price dispersion (and so of total output
dispersion) and the production function can be rewritten as Egs. (22)
and (23):

_ M (PO
- ()
R AN AN
v,=(1 w)(é) +w<PH> Ve, (22)
Ye = AK L] M (v) (23)

Finally, the resource constraint of the economy can be given as:

Ye=Cetle+ G+ CEr (24)

3.5. Scenario setting

In order to analyse the different policy effects, we set four scenarios
in this study, namely scenario 1: BAU (without any policy), scenario 2:
TAX (environmental tax policy), scenario 3: EI (emissions intensity pol-
icy) and scenario 4 (emissions permits policy). The specific scenarios
and key variable settings are presented in Table 1.

4. Parameters and data
4.1. Calibration

Some parameters are determined by Bayesian estimation based on
the relevant quarterly data from China, while the rest of the parameters
are determined via the calibration method based on both the existing
research and related statistical data. The parameters and values, as
well as their sources, are listed in Table 2.

4.2. Bayesian estimation

4.2.1. Data source

This paper select China quarterly data from January 1992 to December
2017 to estimate parameters. The total output (Y), government expendi-
ture (G), investment (I), labour (L) and inflation (rr) are selected as ob-
servable variables. We select GDP to reflect the total output (Y).
Quarterly GDP data are collected from National Bureau of Statistics of
the People's Republic of China (NBS). Quarterly government expenditure
data (G) are collected from Ministry of Finance of the People's Republic of
China. We select fixed assets investment to reflect the investment (I).
Quarterly fixed assets investment data are collected from NBS. Quantity
of employment data are selected to reflect labour (L), which are also col-
lected from CEIC database. Consumer price index, which are collected
from NBS, can fully reflect the inflation (1) in China. Thus, we calculated
quarterly inflation by monthly consumer price index data.

In order to render the observed variables consistent with the vari-
ables in the model, we need to deal with the observed variables. First,
we used the Census X12 method to deseasonalise the variables. Then,
we established the logarithm for observed variables. Finally, the
Hodrick-Prescott (HP) filter was used to detrend the variables and ob-
tain the volatile components.
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The specific scenarios and key variable settings.
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Scenario

Policy measure

Variable setting

Scenario 1: BAU  No policy (Baseline scenario)

Scenario 2: TAX  Environmental tax policy

In this baseline scenario, we presume that the price of the pollutant emissions is zero.
Governments will not levy any tax on emissions or set emission target. Hence, external costs of
pollutant emissions are ignored by intermediate goods producers. The emission pollutant price
is set to be 0.

In this scenario, the governments will levy environmental tax on the firms who emit pollutions
to interiorize the external costs of pollutant emissions. It will lead to lower pollutant emissions.
Hence, the pollutant emissions price is equal to the tax rate. We presume that the tax rate levied

F=0

h="
In ; =pz; In 1/75l+ &z°
& z~i.i.d. N(0,0%)

on pollutant emissions is 75

Scenario 3: EI Emissions intensity policy

Scenario 4: EP Emissions permits policy

In this scenario, the governments will announce a mandatory emissions intensity target in per
unit of output. In the meantime, the governments ask for the emission permits for every unit of
pollutant emissions, and sell emission permits to the producers with the emission price. Hence,
the proportion of emission and output will be given exogenously.

In this scenario, the governments will establish a cap and trade system to control pollutant
emissions. The governments will announce a mandatory total amount of pollutant emissions
(cap), and still sell emission permits to the producers with the emission price in the meantime.

JYe=(1-er)uMy/Y,= .
In%=p, InYs+g,’
&, y~i.i.d. N(0,03)

Zi =KZ
Inft = p, In"et g, ?
& i i, d. N(0,0%)

Hence, the total pollutant emissions will be given exogenously.

a

4.2.2. Prior distribution & diagnostic check

We used Bayesian estimation method to estimate the persistence of
the AR(1) processes. Learning from Smets and Wouters (2007), and
Traum and Yang (2010), prior distributions of parameters of the AR
(1) processes are assumed to be beta distribution. As shown in
Table 3, persistence of the AR(1) processes of technology shock is beta
distributed with standard deviation 0.1 and mean 0.8. Similar distribu-
tions are assumed for parameters of the AR(1) processes of energy effi-
ciency shock, government expenditure shock, capital tax rate shock and
labour tax rate shock, all of which are beta distributed with standard de-
viation 0.1 and mean 0.49, 0.8, 0.8 and 0.8 respectively.

After setting the prior distributions of AR(1) parameters, Bayesian
estimation method are applied. Bayesian estimation of our DSGE
model is achieved by software package DYNARE in Matlab 2014
(Boucekkine, 1995; Juillard, 1996; Collard et al., 1999). Posterior density
function and posterior mode can be obtained by prior distribution of
structural parameters and the likelihood function value of data. Then,
random walk Metropolis-Hastings (MH) algorithm is adopted to sam-
ple from the posterior distribution (the sampling number in this paper
is 100,000).

Table 2
The parameters and values.

No. Parameters Value Description

1 B 0.99 Discount factor

2 0 1.97 Elasticity of labour supply

3 © 6 Price elasticity of intermediate products
4 «a 0.33 C-D parameter of capital

5 A 0.58 C-D parameter of labour

6 b% 2.136 Elasticity of energy use efficiency

7 u 0.6 Emissions per unit of energy

8 o 0.75 Calvo's price parameter for nominal rigidities
9 Sk 0.025 Depreciation rate of capital

10— 0.005 Depreciation rate of pollutant stock

1. Cebi (2011):0.99; Lintunen and Vilmi (2013):0.995; Fischer and Springborn
(2011):0.95. Angelopoulos et al. (2010):0.97; Leeper and Yang (2008):0.96.

2. Cebi (2011):2; Lintunen and Vilmi (2013):2; Brzezina et al. (2013):2; Pop (2017):2;
3. Annicchiarico and Di Dio (2015):6; Xu et al. (2016):6;

4.Kydl and Prescott (1982): 0.36; Angelopoulos et al. (2010): 0.33; Fischer and Springborn
(2011):0.33; Leeper and Yang (2008): 0.36; Chang and Kim (2007):0.36; Nalban
(2018):0.33.

5. Fischer and Springborn (2011):0.58; Pop (2017):0.55;

6. Yang et al. (2014): 2.136; Shao et al. (2013): 2.136

7.Xu et al. (2016): 0.601; Guidelines for National Greenhouse Gas Inventories (IPCC)

8. Annicchiarico and Di Dio (2015): 0.75; Nalban (2018):0.75; Brzezina et al. (2013):0.66.
9. Kydl and Prescott (1982):0.025; Lintunen and Vilmi (2013):0.025; Annicchiarico and Di
Dio (2015):0.025; Heutel (2012):0.025; Chang and Kim (2007):0.025.

10. According to Nordhaus (1991), the conventional estimate for decay rate of CO, in the at-
mosphere is 0.005 (representing a residence time of 200 years); IPCC (2001): 0.003-0.129.

% is environmental tax rate, ¥, is emission intensity, and r; is emission cap. & 7, &, ;. &, . all follow a normal distribution.

The diagnostic results of convergence are shown in Appendix B. Mul-
tivariate potential scale reduction factors (MPSRF) of Brooks and Gelman
(1998) are used for the univariate and multivariate diagnostic check in
Figs. B.2 and B.3. When the blue line and red line close to each other, it
means MPSRF is close to 1 for the evidence of no divergence. It is note
that convergence conditions for all estimated parameters are satisfied in
Figs. B.2 and B.3. Specific technical details of convergence can be referred
to Brooks and Gelman (1998), and An and Schorfheide (2007).

4.2.3. Estimation results

Table 3 reports the post mean values and confidence intervals of
Bayesian estimation based on MH algorithm. The results of the Bayesian
estimation tell us that the capital tax rate shock is the most persistent,
while the labour tax rate shock is the shortest of all shocks. Technology
shock and public expenditure shock are relatively persistent. As ex-
pected, capital tax rate shock can directly impact investment, thereby
affecting the capital accumulation. However, depreciation and accumu-
lation of capital stock is a slow process, which indicates that capital tax
rate shock can influence the capital in a long time period. That explains
why capital tax rate shock is the most persistent. The wage level in
China is lower than that in developed countries. Therefore, workers
with rational expectations will work harder to offset the negative effects
caused by high tax rate. Moreover, in a labour-surplus economy such as
China, effects of labour tax rate shock will not last a long time. The sur-
plus labour force can partially smooth the labour tax rate shock.

5. Results and discussion
5.1. Results for the steady state values

The results for the steady state values of the main variables are rep-
resented in Table 4. In order to compare the effects of the three different
policies, we try to fix the exogenous variables so as to achieve the same
emissions reductions under three different scenarios. Additionally, the
changes in the steady state values relative to the BAU are also shown
in Table 4.

Due to the use of the same emissions reduction level, the steady state
values of the variables in the three different environmental policy re-
gimes are basically the same. Lots of macroeconomic indicators will be
negatively impacted by all kinds of environmental policies. For example,
GDP (Y) will decrease by 1.76%, capital stock will decrease by 1.75%, and
investment will also decrease by 1.75%.

Obviously, the environmental policies can promote environmen-
tal quality improvements. Pollutant emissions, the emissions inten-
sity and the stock of pollutant emissions all decrease under the
three different environmental policy regimes. The pollutant
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Table 3
The Bayesian estimation results in the BAU.
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Parameters Prior Prior mean Post mean Confidence interval Standard deviation
pa(rhoa) Beta distribution 0.800 0.8372 0.7457 0.9295 0.1
pq(rhoe) Beta distribution 0.490 0.3621 0.1626 0.5466 0.1
pc(rhoG) Beta distribution 0.800 0.7506 0.6206 0.8755 0.1
pi(rhoK) Beta distribution 0.800 0.9143 0.8918 0.9347 0.1
pr(rhoL) Beta distribution 0.800 0.2014 0.1414 0.2545 0.1

emissions will decrease by 9.94%. The emissions intensity (Z/Y) is
0.244 in the BAU scenario and 0.223 in the three different environ-
mental policy regimes, which indicates a decrease of 8.6%. When
there is a 1% decline in pollutant emissions, the GDP in the steady
state will decrease by 0.18% in the three different environmental pol-
icy regimes.

When the government levies an environmental tax, it will restrain
the production activities of enterprises due to pushing up production
costs. The environmental tax is an indirect tax, in accordance with the
tax shifting and price conduction mechanism, and a tax imposed up-
stream will transfer downstream through the cost-push process. The
real wage will decline by 1.83%, which will lead to a decline in household
revenue. The lower disposable income will limit consumption and in-
vestment decisions. As a result, it will reduce household consumption
by 1.97% and investment by 1.75%. Although the capital interest rates
will remain unchanged, the falling level of investment will lead to a re-
duction in the capital stock (—1.75%). Enterprises will cut their energy
inputs because of rising production costs, which could result in a decline
in energy efficiency according to our LBD setting in the relation between
energy input and efficiency. Thus, there is no doubt that the pollutant
emissions will decrease, as will the stock of pollutant emissions. Al-
though the lower stock of pollutant emissions will push up the labour
efficiency, the increase in the marginal output of labour cannot make
up for the GDP loss caused by the negative effects of the environmental
tax.

Similarly, when there is an emissions intensity target, the govern-
ment will control pollutant emissions by implementing mandatory
pollutant emissions per unit of output. Undoubtedly, the pollutant
emissions will decrease, as will the stock of pollutant emissions.
The sharp rise in the price of pollutant emissions will greatly cut
the energy input, which will in turn further cut energy efficiency.
Thus, the sharp decline in GDP is mainly attributed to the substantial
decline in the capital stock and energy input. Meanwhile, household
consumption and investment will suffer a significant impact, which
is mainly caused by the great decline in both the real wage and
household revenue. When the government announces a mandatory
emissions cap, which is a command and control method, it will also

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

Variables BAU TAX El EP Change
I 0 0.2 0.2 0.2 /

er 0 0.0392 0.0392 0.0392 /

L 0.8892 0.8899 0.8899 0.8899 0.08%
w 1.4992 1.4718 1.4718 1.4718 —1.83%
C 1.7948 1.7594 1.7594 1.7594 —1.97%
r 0.0473 0.0473 0.0473 0.0473 0.00%

m 1.0058 1.0058 1.0058 1.0058 0.00%

1 0.4005 0.3935 0.3935 0.3935 —1.75%
K 16.0211 15.7401 15.7398 15.7399 —1.75%
Y 2.2953 2.255 2.255 2.255 —1.76%
M 0.9321 0.8736 0.8736 0.8736 —6.28%
un 0.9974 0.9976 0.9976 0.9976 0.02%
M 0.9232 0.8577 0.8577 0.8577 —7.10%
Vv 1.0014 1.0014 1.0014 1.0014 0.00%
V4 0.5592 0.5036 0.5036 0.5036 —9.94%
ST 111.8485 100.7261 100.7261 100.7261 —9.94%
tax 0.2905 03811 0.3812 0.3811 31.19%

restrain the production activities of enterprises. Different from the
environmental tax, this policy mainly affects the economy via the
control of pollutant emissions or energy inputs. The decline in the
GDP is also due to the decline in the capital stock and energy input.
Moreover, household consumption and investment will suffer a
great impact, which is mainly caused by the great decline in the
real wage and household revenue.

5.2. Results for exogenous shocks

The analyses above are concerned with the steady state values for
the main variables, ignoring the potential effects of different sources of
uncertainties, whereas exogenous uncertain factors from the different
sources may influence the choice of environmental policy. In order to
analyse the response of the macro-economy, we introduce technology
uncertainty (technology shock), fiscal policy uncertainty (government
consumption expenditure shock, labour tax rate shock and capital tax
rate shock) and energy efficiency uncertainty (energy efficiency
shock) into our model. Then, we analyse the different effects of the ex-
ogenous shocks of emissions intensity targets, the emissions cap and the
emissions tax rate in three different environmental policy regimes.

5.2.1. Technology uncertainty

We simulate the effect of a technology shock by exerting one unit
positive impact of variable A (&, 4 = 1). Fig. 2 represents the results of
technology uncertainty in four scenarios: BAU, EI, EP and TAX. All the
impulse responses are reported as percentage deviations from the
steady state of variables over a 100-quarter period.

When the economy is affected by a positive technology shock, most
variables will positively deviate from the steady state values. According
to Bayesian estimation, the coefficient of the AR(1) technology shock is
0.8372, which means that the positive technology shock will last for
nearly the 40th period.

Investment will rise to 1.52% in the BAU scenario and gradually con-
verge with the steady state value, which will lead to an increase in the
capital stock. Note that the capital stock will follow a “hump-shaped”
dynamic in response to the technology shock. Prior to the 15th period,
the sharp increase in investment will gradually help society to accumu-
late capital. As time goes by, the increment of investment will slow
down and capital will gradually accumulate. When the depreciation of
the capital stock is larger than the increment of investment, the “turning
point” will be reached and the capital stock will gradually decrease and
converge with its steady state.

The intermediate goods producing firms will slightly increase their
labour demand during the Oth period. Then, labour will sharply increase
and reach the peak value in nearly the 5th period. Why will the labour
demand increase sharply and then drop? At the beginning, enterprises
want to rent more capitals and labours to expand production. However,
due to the lag of capital accumulation, rational enterprises will hire
more labours to replace the capitals. As time goes by (nearly 5 quarters),
the capital stock will gradually increase. Rational enterprises will rent
more capitals to meet their production requirements, which will cause
a sharp decrease in labour demand.

The figure also reveals some results of the environmental policies.
We found that the trends of the impulse response curves are basically
the same in all four scenarios. For some macroeconomic variables, the
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Fig. 2. Impulse response to a technology shock.

effects of a technology shock in the EI, EP and TAX scenarios are
lower than in the BAU scenario, for example, Y, I, C and L. In the
BAU scenario, increases in TFP will affect positively all real economic
variables because of the productivity increase. The implementation
of environmental policies will reduce the economic expansion with
respect to the BAU scenario although the differences are quite
small. This conclusion may seem to a certain extent obvious since,
though in a different degree, all the environmental policies raise
the cost of production, and thus affect negatively the real economic
variables.

There are significantly different effects on pollutant emissions in the
four scenarios. In the EP scenario, the pollutant emissions will remain at
the steady state and will not respond to the technology shock, which is
mainly due to the fixed pollutant emissions target announced by the gov-
ernment. Intuitively, the positive technology shock will lead to a corre-
sponding increase in pollutant emissions in the EI, TAX and BAU
scenarios, since we assume a proportional relationship between energy
input and pollutant emissions. The positive percentage deviation from
the steady state of pollutant emissions in the BAU scenario is the largest,
which is mainly because the economic expansion effect caused by the
technology shock is the largest in all the scenarios. The pollutant
emissions will increase more with an environmental tax and less with a
cap rule while the intensity target produces an intermediate result.

According to our equation, the pollutant emissions are emitted by
energy inputs. In the BAU scenario, the economic expansion effect can
increase the energy demand. Without any environmental policies, en-
terprises can use energy without restrictions. Therefore, the energy
price will jump up. In the TAX scenario, the environmental tax will, in
turn, lead to a lower energy demand, which implies a milder rise in
the energy price. The energy prices in the EI and EP scenarios are rela-
tively low due to the mandatory emissions targets.

5.2.2. Fiscal policy uncertainty

5.2.2.1. Government expenditure shock. For fiscal policy uncertainty, we
now consider the environmental policy and macroeconomic dynamics
in relation to a government expenditure shock. In particular, we simu-
late the effect of a government expenditure shock by exerting one unit
positive impact of variable G (& ¢ = 1). The results of a government ex-
penditure shock are displayed in Fig. 3.

According to Bayesian estimation, the coefficient of the AR(1) govern-
ment shock is 0.7506, which means that the government expenditure
shock will converge with the steady state at a relatively fast speed (by
nearly the 30th period). Consequently, the variables will rapidly return
to the steady state. When compared to a technology shock, the effect of
a government expenditure shock is significantly weaker. The total output
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Fig. 3. Impulse response to a government expenditure shock.

will increase to 0.012% at Oth period, and then gradually converge to
steady state after nearly the 40th period in the BAU scenario.

The expansion of government expenditure will exert a positive
shock on the total output, the labour supply and the pollutant emissions.
As expected, lower energy price will boost the energy inputs, which can
increase pollutant emissions. Although the expansion of government
expenditure can bring economic expansion effects, it will trigger a de-
crease of investment which is crowded out by the higher public expen-
diture. Therefore, capital accumulation will be affected negatively.

Wealth effects determine the behaviour of household labour supply.
Due to the lower real wage, households will supply more labour to off-
set the lower wealth, which will increase in hours, in turn, gives a boost
to total output. Previous researches pointed out that the public expendi-
ture will influence the private consumption. In response to this shock,
household consumption will be crowded out by the higher government
expenditure. Investment and consumption will drop to —0.04% and —
0.032% respectively and converge with the steady state at a relatively
high speed in all the scenarios.

5.2.2.2. Capital & labour tax rate shock. In order to analyse the effects of
increasing the capital and labour tax levy, we simulate the effect of a
capital tax rate shock and a labour tax rate shock by exerting one unit
positive impact of variable 7:and (g, 1, & x = 1).

Fig. 4 illustrates the impulse responses of the economy to capital tax
rate shock. The positive capital tax rate shock means that the

government will increase the capital tax levy. According to Keynes-
ian economics, governments should boost the total demand through
quantitative easing monetary policy and fiscal stimulus. Without
doubt, the temporary tight fiscal policy can keep economics growth
muted. If the government increases the capital tax rate in order to
dampen economic growth, capital and investment will experience
the impact first. The higher capital tax rate can cool the enthusiasm
for investment, which will cause the capital stock to be pulled
down. Along with the decreasing capital stock, there will be lower
demand for labour and energy.

It is noteworthy that the negative effects of increasing the capital tax
in the BAU scenario are larger than in the other scenarios with environ-
mental policies. Therefore, environmental policies are counter-cyclical in
terms of smoothing economic fluctuations of the macro-economy
(Annicchiarico & Di Dio, 2015; Sim, 2006; Xu et al., 2016). But different
from Annicchiarico & Di Dio (2015), energy intensity policy has the stron-
gest effect on curbing economic fluctuations.

The capital tax rate shock have a positive impact on consumption at
Oth period while the impacts on most of other variables are negative,
which is mainly due to the fact that the households prefer short-term
consumption rather than low-return investment caused by high capital
tax levy. We found that the impact of a capital tax shock on investment,
in terms of deviation from steady state, is larger than that on consump-
tion. These results can be verified by Leeper et al. (2010). Empirically, in-
vestment should be more sensitive than consumption.
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Fig. 4. Impulse response to a capital tax rate shock.

The results of a labour tax rate shock in the four scenarios are
displayed in Fig. 5. When the economy is affected by a positive la-
bour tax rate shock, most variables will negatively deviate from the
steady state values. The coefficient of the AR(1) technology shock
is 0.2014, which means that the labour tax rate shock will maintain
for a short time. If the government increases the labour tax rate in
order to restrain surplus labour, labour and the real wage will expe-
rience the impact first. Then, economic development will be
curtailed. From Fig. 5, labour, capital, investment, consumption and
output will all suffer negative impacts. Now, turning to the dynamic
implications of the environmental policy regimes, the results
suggest that the EI, EP and TAX scenarios all slightly diminish the
responses of the macroeconomic variables, including capital, output,
investment, labour and consumption. With the falling labour
demand, there will be falling demand for both investment and en-
ergy. These decreases in demand will, in turn, diminish the levels
of capital stock.

Finally, looking at the impulse response of pollutant emissions under
the four scenarios, we found that, except for the emissions permits pol-
icy whose pollutant emissions remain constant, the levels of pollutant
emissions in the other scenarios will be reduced by the falling demand
for energy inputs, although the associated emissions reduction is quite
small in size.

5.2.3. Energy efficiency uncertainty

The results of the impulse responses of the main macroeconomic var-
iables to an energy efficiency shock in the four scenarios are displayed in
Fig. 6. More specifically, we simulate the effect of an energy efficiency
shock by exerting one unit positive impact of variable q (&, 4 = 1).

Following the LBD approach, we presume that the energy efficiency
improvement can be attributed to the use of energy and, further, that it
follows the AR(1) process. Intuitively, energy efficiency enhancement
implies a rising marginal output of energy input. As expected, just like
the positive technology shock, the improvement in energy efficiency
also generates an economic expansion effect. Following the shock, the
total output, consumption, investment, capital stock and real wage all
react positively, which stimulates the pollutant emissions. Why does
the efficiency shock have a negative impact on labour at Oth period
while the impacts on other variables are positive? Looking back to
Eq. (13), the growing pollutant emission stock will exert negative effect
on labour efficiency and cut the marginal output of labour. Therefore, ra-
tional enterprises will hire less labour at Oth period.

As previously explained in the case of a technology shock, a positive
energy efficiency shock will lead to a corresponding increase in energy in-
puts (known as the energy rebound effect), which can lead to the grow-
ing pollutant emissions in the EI, TAX and BAU scenarios. Under an
emissions permits policy, the pollutant emissions remain constant due
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Fig. 5. Impulse response to a labour tax rate shock.

to the fixed pollutant emissions target announced by the government.
Since the exogenous shock will push up energy efficiency, enterprises
can produce more outputs with the same energy inputs. As a result,
these producers will expand their outputs and spur on economic growth.

5.3. Shocks of policy intensity

In order to analyse the effects of policy intensity, we simulate the ef-
fects of an environmental tax rate shock, an emissions cap shock and an
emissions intensity shock. We also use the Bayesian parameter estima-
tion method to estimate the first-order autoregressive coefficients of
the three shocks. The results of the Bayesian estimation and the diag-
nostic results are shown in Appendix B (Figs. B.4, B.5).

The results of an environmental tax rate shock, an emissions cap
shock and an emissions intensity shock are displayed in Fig. 7. We
simulate the effects of an emissions cap shock and an emissions in-
tensity shock and an environmental tax rate shock by exerting one
unit impact of variables, {i, kand 7% (&, g, &, x = 1& z = — 1),
which means that the government will loosen both the emissions
cap and the emissions intensity target, and decrease environmental
tax rate by one unit.

The results of the Bayesian estimation tell us that the coefficient of
the AR(1) of environmental tax rate shock is 0.7705 and emissions cap
shock is 0.8301, while that of the emissions intensity shock is 0.8652,
which means that the emissions intensity shock will last longer than

other two shocks. As expected, if the government loosens the tax levy,
the emissions cap and the emissions intensity target, the price of pollut-
ant emissions will decrease and all the macroeconomic variables will
positively react to these shocks. Meanwhile, pollutant emissions will in-
crease due to the lower environmental standards.

Accompanied by increasing pollutant emissions, the stock of pollut-
ant will follow a “hump-shaped” dynamic in response to these three
shocks. As already explained in the case of a technology shock, the
stock of capital will follow a “hump-shaped” dynamic in response to
the technology shock. The reason why the “hump-shaped” dynamic
will appear in the case of the stock of pollutant emissions is basically
the same as for the stock of capital.

Note that the responses of the variables to the emissions intensity
shock are larger than the responses to the environmental tax rate
shock and the emissions cap shock. According to our previous results,
the emissions intensity policy (EI) will exert greater impacts on the
economy than the environmental tax policy (TAX) and the emissions
permits policy (EP). Therefore, when compared to the emissions inten-
sity policy, if the government loosens the emissions cap or tax rate, the
fluctuations of the variables will be milder.

5.4. Price rigidities

Nominal rigidities under NK framework, such as sticky prices in this
paper, have become important components of models used in modern



B. Xiao et al. / Energy Economics 76 (2018) 439-456

energy efficiency shock on consumption

L

0.1

0.1 . . . .
0 20 40 60 80 100
energy efficiency shock on capital
0.01
X 0.005
0 . . :
0 20 40 60 80 100

energy efficiency shock on energy price

0.1
X 0.05
0
0 20 40 60 80 100
energy efficiency shock on output
0.1
BAU
— TAX
X 0.05 EP
El
0
0 20 40 60 80 100

449

energy efficiency shock on investment

0.1
X 0
-0.1 . - L -
0 20 40 60 80 100
energy efficiency shock
x 10 on labor
10
5 4
= k
0
-5 L L n n
0 20 40 60 80 100

energy efficiency shock on real wage

0.1

X 0.05 1

0
0 20 40 60 80 100
energy efficiency shock
x 10°  on pollution emission
10
5 4
R
0
-5 - " " .
0 20 40 60 80 100

Fig. 6. Impulse response to an energy efficiency shock.

economics today. It is important to investigate the role of nominal rigid-
ities. We try to find out the link between the NK setting and the empir-
ical results. Calvo's price parameter for price rigidities are set to be 0.3,
0.5, 0.75 and 0.9. Table 5 displays the long term steady state values of
the main variables under different price rigidities. The smaller the
value, the lower the price rigidity, and vice versa. When o = 0.9, 90%
of the intermediate goods producers cannot change their prices, which
corresponds to an extremely high price rigidity.

With the nominal rigidity going up, the lower price dispersion will cut
the demands for labour, capital stock, investment and energy by interme-
diate goods producers and push up total output and consumption. In our
model, pollutant emissions derive from the use of energy inputs by the in-
termediate good producer firms. Hence, we can expect that the lower is
the price dispersion the less intermediate goods are needed to produce
a final output, and consequently, the lower are the pollutant emissions.

The nominal rigidity can not only influence the long term steady
state value, but also can influence impulse response of variables. As
shown in Fig. 8, we select the impulse response of technology shock
on investment and pollutant emissions to see how price rigidity influ-
ence the empirical results.

It is noteworthy that the external shocks on the investment and pol-
lutant emission under different price rigidities are similar. However, the
larger the w value, the lower the impulse responses of investment and
pollutant emissions, and vice versa. High price rigidity means high pro-
portion of intermediate goods producers cannot change their prices.

Consequently, faced with economic uncertainties, high price rigidity
can reduce macroeconomic fluctuations. This result can be also verified
by the standard deviations of the variables in Table 5. Standard devia-
tions of most variables under high price rigidity, such as Z, M, I, K and
L, are lower than them under low price rigidity. Hence, we would expect
that the higher is the price dispersion, the variables are more insensitive
to exogenous shocks.

6. Conclusions

In this paper, we established an environmental DSGE model under
classical New Keynesian framework embodying environmental policy
variables and pollutant emission variables that aimed to compare the
impacts of different environmental policies on the macroeconomic fluc-
tuations and emissions controls under conditions of technology uncer-
tainty, fiscal policy uncertainty and energy efficiency uncertainty. In
addition, in order to analyse the environmental policy uncertainty, we
simulated the effect of an environmental tax rate shock, an emissions
cap shock and an emissions intensity shock. The results of this paper in-
dicate the following.

(1) We analysed the technology uncertainty by exerting one unit
positive impact of the TFP. In the BAU scenario, increases in TFP
will affect positively all real economic variables because of the
productivity increase. The implementation of environmental
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Fig. 7. Impulse response to an environmental tax rate shock, an emissions cap shock and an emissions intensity shock.

policies will reduce the economic expansion with respect to the
BAU scenario, which is mainly due to the fact that environmental
policies can push up the production cost. The only significant
differences concern the energy price and pollution emissions.
They will increase more with an environmental tax and less
with a cap rule while the intensity target produces an intermedi-
ate result.

(2) For fiscal policy uncertainty, we considered the macroeconomic

dynamics of a government expenditure shock, a capital tax
shock and a labour tax shock. Intuitively, a proactive fiscal policy,
for example, cutting the tax levy and increasing public expendi-
ture, can contribute to the overall flourishing of the economy
(and vice versa). However, the higher public consumption can
crowd out investment and private consumption. The responses
of the macroeconomic variables further reveal that all kinds of
environmental policies are counter-cyclical, just as the previous
literatures stated. But different from Annicchiarico & Di Dio

3

=

=

(2015), energy intensity policy has the strongest effect on curb-
ing economic fluctuations.

Following the LBD approach, we presumed that the energy effi-
ciency improvement can be attributed to the use of energy,
which follows the AR(1) process. Intuitively, energy efficiency
enhancement implies the rising marginal output of the energy
input, which can generate an economic expansion effect in the
same way as a positive technology shock. A positive energy effi-
ciency shock will lead to a corresponding increase in energy in-
puts (known as the energy rebound effect), which can lead to
growing pollutant emissions.

If the government loosens the environment standards, the price
of pollutant emissions will decrease and all the macroeconomic
variables will react positively, which will be accompanied by in-
creasing pollutant emissions. The dynamic responses of variables
show that the emissions intensity shock will exert greater im-
pacts on the economy than the environmental tax rate shock

Table 5

Long term steady state values of the main variables under different price rigidities.
Variables ®=03 ® =05 o =075 0=09

Value Std.de Value Std.de Value Std.de Value Std.de

L 0.89 0.2742 0.8895 0.2739 0.8892 0.2737 0.8891 0.2736
w 1.4994 3.1599 1.4992 3.1599 1.4992 3.1599 1.4991 3.1599
C 1.7921 3.2132 1.7938 3.2173 1.7948 3.2194 1.7951 3.2202
r 0.0473 0.0982 0.0473 0.0982 0.0473 0.0982 0.0473 0.0982
m 1.0383 0.0012 1.017 0.0006 1.0058 0.0002 1.0019 0.0001
pM 0.4741 0.9822 0.4741 0.9823 04741 0.9824 04741 0.9824
I 0.4009 2.5834 0.4007 2.5831 0.4005 2.5829 0.4005 2.5828
K 16.0376 32.7181 16.0267 32.7128 16.0211 32.7102 16.0192 32.7091
Y 2.293 5.3012 2.2945 53048 2.2953 5.3067 2.2956 5.3073
M 0.933 0.341 0.9324 0.3405 0.9321 0.3402 0.932 0.3401
14 1.0034 0.0002 1.0021 0.0001 1.0014 0.0001 1.0011 0.0001
VA 0.5598 0.2046 0.5594 0.2043 0.5592 0.2041 0.5592 0.2041
ST 111.9619 2.7083 111.887 2.7043 111.8485 2.7021 111.835 2.7013
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Fig. 8. The impulse responses of technology shock under different price rigidities.

and the emissions cap shock. When compared to the emissions
intensity policy, if the government loosens the emissions cap or
tax rate, the fluctuations of the variables will be milder.

With the nominal rigidity going up, the lower price dispersion
will cut the demands for labour, capital stock, investment and en-
ergy by intermediate goods producers and push up total output
and consumption. Hence, we can expect that the lower is the
price dispersion the less intermediate goods are needed to pro-
duce a final output, and, consequently, the lower are the pollut-
ant emissions. High price rigidity means high proportion of
intermediate goods producers cannot change their prices. Conse-
quently, our results pointed out that high price rigidity can re-
duce macroeconomic fluctuations.

Environmental policies have been continually issued in an attempt
to solve the environmental problems facing China. However, arguments
persist regarding how to choose the most appropriate environmental
policy to solve the increasingly serious environmental problems.
Taken together, all these analyses are of relevance to the Chinese gov-
ernment in relation to choosing the optimal policy for reducing air pol-
lutant emissions. Future studies should consider the financial behaviour
in different environmental policy regimes, for example, tradable per-
mits. Additionally, monetary policy also could be included.
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Appendix A. The model derivation
A.1. Households

In order to solve the household problem, form the Lagrangian
function:

1+6 1+v
Lt _ Zt

1+0 1+v>

/= Eti[_))f{ ( lnCt—
t=0
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where §; and v, are Lagrange multipliers. The FOCs for the household's

problem:
o E=gO-mhw, (83)
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A.2. Enterprises

A.2.1. Final goods producers
The representative final goods producer’'s aim is to maximise profits
by deciding Y; and Y¢(j), which are given by

1 o1 ., ‘%] 1 . o s
max Pt {/ Yr(]')Td]} —/ Ye(j)Pe(j)dj (A.8)
Ye() 0 0
The FOC for the final goods producer's problem:
Ye(j)PY(j) = YePY (A9)

We presume that the final goods are in a perfect competitive and
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(A1)

free entry market, which implies the zero profit of the final goods pro-
ducer, that is, [3Y,:(j)P,(j)dj = Y,P.. The general price level in the product
market is obtained by the zero profit condition P} ¢ = [{P(j)! ~%dj.
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A.2.2. Intermediate goods producers
In order to solve the household problem, form the Lagrangian func-
tion and the FOC:

- M
& =P80y, et R By (1)~ CEG .
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(A.10)

where A, is lagrange multiplier. The FOCs for the Intermediate goods
producers' problem:
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Following the approach of Calvo (1983), firms that have the chance
to change their prices at t choose their price in order to maximise the ex-
pected sum of discounted future real profits.
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F.0.C for Calvo pricing:
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Appendix B. The results of Bayesian estimation
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Fig. B.1. The Bayesian estimation results of first order autoregressive coefficients of 5 shocks
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Appendix C. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.eneco.2018.10.028.

References

Abdullah, S., Morley, B., 2014. Environmental taxes and economic growth: evidence from
panel causality tests. Energy Econ. 42, 27-33.

Aiyagari, S., 1995. Optimal capital income taxation with incomplete markets, borrowing
constraints, and constant discounting. J. Polit. Econ. 103 (6), 1158-1175.

An, S., Schorfheide, F., 2007. Bayesian analysis of DSGE models. Econ. Rev. 26 (2-4),
113-172.

Angelopoulos, K., Economides, G., Philippopoulos, A., 2010. What Is the Best Environmen-
tal Policy? Taxes, Permits and Rules Under Economic and Environmental Uncertainty.
(Working Paper). CESifo.

Annicchiarico, B., Di Dio, F., 2015. Environmental policy and macroeconomic dynamics in
a new Keynesian model. J. Environ. Econ. Manag. 69, 1-21.

Benavides, C., Gonzales, L., Diaz, M., Fuentes, R., Garcia, G., Palma-Behnke, R, Ravizza, C.,
2015. The impact of a carbon tax on the Chilean electricity generation sector. Energies
8 (4), 2674-2700.

Boucekkine, R., 1995. An alternative methodology for solving nonlinear forward-looking
models. J. Econ. Dyn. Control. 19 (4), 711-734.

Brooks, S.P., Gelman, A., 1998. General methods for monitoring convergence of iterative
simulations. ]. Comput. Graph. Stat. 7 (4), 434-455.

Brzezina, B.M., Kolasa, M., Makarski, K., 2013. The anatomy of standard DSGE models with
financial frictions. J. Econ. Dyn. Control. 37 (1), 32-51.

Calvo, G., 1983. Staggered prices in a utility-maximizing framework. ]. Monet. Econ. 12,
383-398.

Cebi, C.,, 2011. The interaction between monetary and fiscal policies in Turkey: an esti-
mated new Keynesian DSGE model. Working Paper No: 11/04. Central Bank of the
Republic of Turkey.

Chang, Y., Kim, S., 2007. Heterogeneity and aggregation: implications for labor-market
fluctuations. Am. Econ. Rev. 97 (5), 1939-1956.

Christiano, LJ., Eichenbaum, M., Evans, C.L., 2005. Nominal rigidities and the dynamic ef-
fects of a shock to monetary policy. J. Polit. Econ. 113 (1), 1-45.

Collard, F., Juillard, M., Zadrozny, P., 1999. Accuracy of stochastic perturbation methods.
J. Econ. Dyn. Control. 25 (6-7), 979-999.

Cui, L, Fan, Y., Zhu, L, Bi, Q., 2014. How will the emissions trading scheme save cost for
achieving China's 2020 carbon intensity reduction target? Appl. Energy 136,
1043-1052.

Dissou, Y., Karnizova, L., 2016. Emissions cap or emissions tax? A multi-sector business
cycle analysis. ]. Environ. Econ. Manag. 79, 169-188.

Dixit, A K, Stiglitz, ., 1977. Monopolistic competition and optimum product diversity. Am.
Econ. Rev. 67, 297-308.

Doda, B., 2014. Evidence on business cycles and CO, emissions. ]. Macroecon. 2014 (40),
214-227.

Dong, F., Yu, B,, Hadachin, T., Dai, Y., Wang, Y., Zhang, S., Long, R., 2018. Drivers of carbon
emission intensity change in China. Resour. Conserv. Recycl. 129, 187-201.

Duan, H,, Mo, J,, Fan, Y., Wang, S., 2018. Achieving china's energy and climate policy tar-
gets in 2030 under multiple uncertainties. Energy Econ. 70, 45-60.

Fan, Y., Wuy, ], Xia, Y., Liu, ], 2016. How will a nationwide carbon market affect regional econ-
omies and efficiency of CO, emission reduction in China? China Econ. Rev. 38, 151-166.

Fan, Y, Jia, J., Wang, X,, Xu, J,, 2017. What policy adjustments in the EU ETS truly affected
the carbon prices? Energy Policy 103, 145-164.

Fischer, C., Springborn, M., 2011. Emissions targets and the real business cycle: intensity
targets versus caps or taxes. J. Environ. Econ. Manag. 62, 352-366.

Fried, S., Johnson, J., Morris, S.D., 2013. Environmental Policy and Short Run Macroeco-
nomic Tradeoffs. University of California, San Diego.

Golosov, M., Hassler, J., Krusell, P., Tsyvinski, A., 2011. Optimal taxes on fossil fuel in general
equilibrium. NBER Working Papers 17348. National Bureau of Economic Research.


https://doi.org/10.1016/j.eneco.2018.10.028
https://doi.org/10.1016/j.eneco.2018.10.028
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0005
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0005
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0010
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0010
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0015
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0015
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0020
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0020
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0020
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0025
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0025
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0030
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0030
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0035
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0035
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0040
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0040
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0045
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0045
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0050
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0050
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0055
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0055
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0055
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0060
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0060
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0065
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0065
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0070
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0070
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0075
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0075
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0075
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0080
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0080
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0085
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0085
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0090
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0090
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0090
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0095
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0095
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf5005
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf5005
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0100
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0100
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0100
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0105
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0105
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0110
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0110
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0115
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0115
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0120
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0120

456 B. Xiao et al. / Energy Economics 76 (2018) 439-456

Goulder, L.H., Parry, I, Williams, R., Burtraw, D., 1999. The cost-effectiveness of alternative
instruments for environmental protection in a second-best setting. J. Public Econ. 72
(3), 329-360.

Heutel, G., 2012. How should environmental policy respond to business cycles? Optimal
policy under persistent productivity shocks. Rev. Econ. Dyn. 15, 244-264.

Heutel, G., Fischer, C., 2013. Environmental macroeconomics. NBER Working Paper,
No.18794.

IPCC, 2001. Climate change 2001: the scientific basis (third assessment report). http://
www.ipcc.ch/ipccreports/tar/wgl/.

Jiang, M., Yang, D., Chen, Z., Nie, P., 2016. Market power in auction and efficiency in emis-
sion permits allocation. J. Environ. Manag. 183, 576-584.

Juillard, M., 1996. Dynare: a program for the resolution and simulation of dynamic models
with forward variables through the use of a relaxation algorithm. CEPREMAP Work-
ing Papers (Couverture Orange).

Kurozumi, T., Zandweghe, W.V., 2011. Determinacy under inflation targeting interest rate
policy in a sticky price model with investment (and labor bargaining). ]. Money
Credit Bank. 43 (5), 1019-1033.

Kyd], F., Prescott, E., 1982. Time to build and aggregate fluctuation. Econometrica 50,
1345-1369.

Leeper, E.M,, Yang, S.S., 2008. Dynamic scoring: alternative financing schemes. J. Public
Econ. 92 (1), 159-182.

Leeper, E.M., Plante, M., Traum, N., 2010. Dynamics of fiscal financing in the United States.
J. Econ. 156, 304-321.

Lintunen, J., Vilmi, L., 2013. On Optimal Emission Control: Taxes, Substitution and Busi-
ness Cycles. Bank of Finland, Finland (Research Discussion Papers).

Liu, X., Fan, Y., 2018. Business perspective to the national greenhouse gases emissions
trading scheme: a survey of cement companies in China. Energy Policy 112, 141-151.

Liu, X., Mao, G., Ren, ], Li, RY.M,, Guo, ], Zhang, L., 2015. How might China achieve its
2020 emissions target? A scenario analysis of energy consumption and CO, emissions
using the system dynamics model. J. Clean. Prod. 103, 401-410.

Mardones, C., Baeza, N., 2018. Economic and environmental effects of a CO, tax in Latin
American countries. Energy Policy 114, 262-273.

Mo, J.L,, Schleich, J., Fan, Y., 2018. Getting ready for future carbon abatement under uncer-
tainty - key factors driving investment with policy implications. Energy Econ. 70,
453-464.

Nalban, V., 2018. Forecasting with DSGE models: what frictions are important? Econ.
Model. 68, 190-204.

Nordhaus, W.D., 1991. To slow or not to slow: the economics of the greenhouse effect.
Econ. . 101 (407), 920-937.

Pop, E.R,, 2017. A small-scale DSGE-VAR model for the Romanian economy. Econ. Model.
67, 1-9.

Quirion, P., 2005. Does uncertainty justify intensity emission caps. Resour. Energy Econ.
27,343-353.

Ramzi, K., Asma, M., Chebbi, A., 2017. Growth, fluctuations and macroeconomic policies:
evidence from Arab open economies. ]. Econ. Anal. Policy 55, 132-146.

Rausch, S., Schwarz, A.G., 2016. Household heterogeneity, aggregation, and the distribu-
tional impacts of environmental taxes. J. Public Econ. 138, 43-57.

Shao, S., Yang, L., Huang, T., 2013. Theoretical model and experience from China of energy
rebound effect. Ecol. Res. J. 48 (2), 96-109 (In Chinese).

Sim, C.S.N., 2006. Environmental Keynesian macroeconomics: some further discussion.
Ecol. Econ. 59, 401-405.

Smets, F., Wouters, R., 2007. Shocks and frictions in US business cycle: a Bayesian DSGE
approach. Am. Econ. Rev. 97 (3), 586-606.

Su, B, Ang, BW., 2017. Multiplicative structural decomposition analysis of aggregate em-
bodied energy and emission intensities. Energy Econ. 65, 137-147.

Sun, C, Ding, D., Yang, M., 2017. Estimating the complete CO, emissions and the carbon
intensity in India: from the carbon transfer perspective. Energy Policy 109, 418-427.

Tiba, S., Omri, A,, 2017. Literature survey on the relationships between energy, environ-
ment and economic growth. Renew. Sust. Energ. Rev. 69, 1129-1146.

Traum, N., Yang, S.C.S., 2010. Does government debt crowd out investment? A Bayesian
DSGE Approach. General Information

Wang, H., Ang, B.W.,, Su, B., 2017. A multi-region structural decomposition analysis of
global CO, emission intensity. Ecol. Econ. 142, 163-176.

Weitzman, M.L.,, 1974. Prices vs. quantities. Rev. Econ. Stud. 41, 477-491.

Xiao, B., Niu, D., Guo, X., 2015. The impacts of environmental tax in China: a dynamic re-
cursive multi-sector CGE model. Energies 8 (8), 7777-7804.

Xiao, B., Niy, D., Guo, X,, 2016. Can China achieve its 2020 carbon intensity target? A sce-
nario analysis based on system dynamics approach. Ecol. Indic. 71, 99-112.

Xu, W., Xue, ], Mao, Y., 2015. Environmental policy choice under the perspective of mac-
roeconomic dynamics: based on the analysis of the new Keynesian DSGE Model.
China Popul. Resour. Environ. 25 (4), 101-109 (In Chinese).

Xu, W., Xu, K,, Lu, H., 2016. Environmental policy and China's macroeconomic dynamics
under uncertainty: based on the NK model with distortionary taxation. MPRA Work-
ing Paper, NO.71314.

Yang, A, Liuy, J., Wu, X,, 2014. Carbon reduction targets and effects of emissions policy
based on DSGE modeling. Res. Sci. 36 (7), 1452-1461 (In Chinese).

Zhang, Y., Wei, Y.M,, 2010. An overview of current research on EU ETS: evidence from its
operating mechanism and economic effect. Appl. Energy 87, 1804-1814.


http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0125
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0125
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0125
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0130
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0130
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0135
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0135
http://www.ipcc.ch/ipccreports/tar/wg1/
http://www.ipcc.ch/ipccreports/tar/wg1/
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0145
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0145
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0150
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0150
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0150
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0155
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0155
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0155
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0160
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0160
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0165
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0165
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0170
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0170
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0175
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0175
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0180
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0180
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0185
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0185
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0185
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0185
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0190
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0190
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0190
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf5000
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf5000
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf5000
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0195
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0195
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0200
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0200
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0205
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0205
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0210
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0210
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0215
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0215
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0220
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0220
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0225
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0225
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0230
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0230
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0235
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0235
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0240
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0240
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0245
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0245
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0245
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0250
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0250
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0255
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0255
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0260
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0260
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0260
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0265
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0270
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0270
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0275
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0275
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0280
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0280
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0280
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0285
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0285
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0285
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0290
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0290
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0295
http://refhub.elsevier.com/S0140-9883(18)30430-4/rf0295

	Exploring the macroeconomic fluctuations under different environmental policies in China: A DSGE approach
	1. Introduction
	2. Literature review
	3. Methodology
	3.1. Households
	3.2. Enterprises
	3.2.1. Final goods producers
	3.2.2. Intermediate goods producers

	3.3. Government
	3.4. Aggregation and market clearing
	3.5. Scenario setting

	4. Parameters and data
	4.1. Calibration
	4.2. Bayesian estimation
	4.2.1. Data source
	4.2.2. Prior distribution & diagnostic check
	4.2.3. Estimation results


	5. Results and discussion
	5.1. Results for the steady state values
	5.2. Results for exogenous shocks
	5.2.1. Technology uncertainty
	5.2.2. Fiscal policy uncertainty
	5.2.2.1. Government expenditure shock
	5.2.2.2. Capital & labour tax rate shock

	5.2.3. Energy efficiency uncertainty

	5.3. Shocks of policy intensity
	5.4. Price rigidities

	6. Conclusions
	Acknowledgments
	Appendix A. The model derivation
	A.1. Households
	A.2. Enterprises
	A.2.1. Final goods producers
	A.2.2. Intermediate goods producers

	A.3. Competitive equilibrium

	Appendix C. Supplementary data
	References


