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Abstract
The Japanese government plans to reduce greenhouse gas emissions by 80% by 2050. However, it is not yet clear which policy 
measures the government will adopt to achieve this goal. In this regard, environmental tax reform, which is the combination 
of carbon regulation and the reduction of existing distortionary taxes, has attracted much attention. This paper examines 
the effects of an environmental tax reform in Japan. Using a dynamic computable general equilibrium (CGE) model, we 
analyze the quantitative impacts of an environmental tax reform and clarify which types of environmental tax reform are 
the most desirable. In the simulation, we introduce a carbon tax and consider the following four scenarios for the use of the 
carbon tax revenue: (1) a lump-sum rebate to the household, (2) a cut in income taxes, (3) a cut in corporate taxes and (4) a 
cut in consumption taxes. The first scenario is a pure carbon tax, and the other three scenarios are types of environmental tax 
reform. Our CGE simulation shows that (1) environmental tax reform tends to generate more desirable impacts than the pure 
carbon tax and that (2) the strong double dividend is obtained in some cases. In particular, we show that a cut in corporate 
taxes leads to the most desirable policy in terms of GDP and national income.

Keywords  Carbon tax · Environmental tax reform · Double dividend · Computable general equilibrium · Climate change · 
Tax interaction effects · Paris agreement

Introduction

The Paris Agreement gave momentum to many coun-
tries’ long-term commitments to reduce greenhouse gases 
(GHGs). The Japanese government plans to reduce GHG 
emissions by 80% by 2050. However, it is not yet clear which 
policy measures the government will adopt to meet this tar-
get. The choice of policy measures influences the economic 
burden of emission regulation. Therefore, the government 
has been careful in designing policy measures.

To reduce the economic burden of GHG regulation, it is 
desirable and reasonable to use efficient policy measures. 
From that perspective, it is natural to adopt carbon pric-
ing, i.e., either carbon taxes or emissions trading schemes 
(ETSs). In Japan, however, ETSs have been introduced only 
at the local level in Tokyo (Arimura and Abe 2020) and 
Saitama (Hamamoto 2020). Furthermore, the national gov-
ernment introduced a very low carbon tax of 289 yen per ton 
(Ministry of Environment 2012). Carbon pricing has faced 
opposition from industry stakeholders who prefer a volun-
tary approach (Arimura et al. 2019).

However, this opposition to the carbon tax could be over-
come if revenue from the carbon tax is used wisely. If the 
government implements environmental tax reform, which 
is the combination of a carbon tax and a reduction in exist-
ing distortionary taxes, Japan may achieve both economic 
growth (or improvement of economics welfare) and emis-
sion reduction. This is known as the double dividend of the 
carbon tax (Bovenberg and Goulder 2002). Although envi-
ronmental regulation is often considered to be a burden for 
economies and thus difficult to introduce in many countries, 
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the revenue recycling of environmental taxes is expected 
to mitigate this problem by improving economic efficiency 
with the reduction of distortionary taxes. For example, if 
the government uses a carbon tax revenue to reduce cor-
porate taxes, investment will increase. If the labor tax is 
reduced by revenue recycling, the labor supply will increase. 
If the economic improvement due to the revenue recycling is 
strong enough, there are possibilities for economic growth 
(or improved welfare) alongside GHG emission reduction.

The revenue recycling of the carbon tax, however, may 
not always lead to economic growth for two reasons. First, 
if the reduction of economic activities due to carbon pricing 
is greater than the expansion of economic activities from 
tax reduction, gross domestic product (GDP) will decrease. 
Second, if the tax-interaction effect (Bovenberg and Goulder 
2002) of the carbon tax is large enough, economic growth 
under carbon pricing will be difficult. Even before a car-
bon tax is introduced, economies face various distortionary 
taxes, such as corporate taxes or income taxes. When a car-
bon tax is added to these distortionary taxes, the deadweight 
loss due to the existing tax may become even larger. Thus, 
the benefit of revenue recycling must be large enough to 
achieve economic growth under carbon pricing. Since the 
environmental tax reform has diverse and complex effects on 
the economy, it is difficult to theoretically predict whether a 
double divided arises or not. To examine the validity of this 
hypothesis, we must conduct a numerical simulation.

Previous literature has examined the possibility of double 
dividend quantitatively. Saveyn et al. (2011) developed a 
computable general equilibrium (CGE) model for the EU 
and found a double dividend when permit revenues are 
used to reduce employees’ social security contribution. 
Developing a dynamic CGE model for the US economy, 
Carbone et al. (2013) found a double dividend with the rev-
enue recycling of capital taxes (i.e., corporate taxes or per-
sonal income taxes on interest, dividends, or capital gains). 
Jorgenson et al. (2013) also found a double dividend when 
carbon tax revenues were used to reduce capital taxes for 
the US economy. Constructing a dynamic CGE model for 
Portugal, Pereira et al. (2016) showed a double dividend 
when carbon tax revenues were used for the reduction in 
personal income taxes and social security contribution. 
Freire-González (2017) conducted a comprehensive litera-
ture review of the double dividend.

A few studies examined the double dividend for the 
Japanese economy. Takeda (2007) assessed the possibility 
of a double dividend using revenue recycling for corporate 
taxes with a dynamic CGE model. Using a macroeconomet-
ric model, Lee et al. (2016) examined the double dividend 
for the Japanese economy. These studies provided useful 
information about climate change policy in Japan. How-
ever, they have shortcomings. First, Takeda (2007) only 
examined a mild reduction target of 1995 levels that was 

discussed at that time. Furthermore, he did not consider 
carbon capture sequestration (CCS) or renewable energies, 
which are expected to be important options for achieving 
an 80% reduction in GHGs in the future. On the other hand, 
Lee et al. (2016) examined the environmental tax reform 
of consumption taxes, social security payments and income 
taxes but not corporate taxes. Thus, no studies have exam-
ined the possibility of double dividend, including the reform 
of corporate taxes, for the long-term emission reduction goal 
for 2050.

In this paper, using a dynamic CGE model, we analyze 
the quantitative impacts of environmental tax reforms and 
clarify which types of environmental tax reforms are the 
most desirable. Specifically, we simulated three types of 
environmental tax reforms depending on the types of exist-
ing taxes as the target of revenue recycling: (1) income taxes, 
(2) corporate taxes and (3) consumption taxes. These three 
taxes accounted for 77% of the total national tax revenues in 
2016, which indicates that they are the main tax instruments 
in Japan. One notable feature of our analysis is that we con-
sider CCS activity and renewable energies, which were not 
considered in Takeda (2007). We do so because the Japanese 
government believes that CCS and renewable energies are 
essential for achieving an 80% reduction in GHG emissions.1

We show that the revenue recycling of the carbon tax can 
lead to economic growth (increase in GDP) in 2030 in the 
case of the Japanese economy. This shows that the Japanese 
economy can achieve economic growth while reducing GHG 
emissions, at least in 2030.

Methods and data

Overview of the model

We provide simulations based on a CGE model. In this sec-
tion, we explain the model and data used for the simula-
tions. The structure of the model is basically the same as 
that of Takeda (2007), although we make some adjustments. 
Our model is relatively simple, but we cannot provide a full 
description of the model due to space limitations. For the 
algebraic representation of the model, see the supplementary 
material.2

1  If Japan were to reduce GHGs by 80% without relying on CCS and 
renewable energies, the carbon tax rate required would be extremely 
high. Thus, the government recognizes CCS and renewable energies 
as essential policy options.
2  The full model description is provided in the supplementary mate-
rial. In addition, the simulation programs are available from the 
authors upon request. Complete and accurate information about the 
model structure and the simulation setting can be obtained by reading 
the program code.
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Our model is a single country model for Japan that 
divides the economy into 26 goods and 18 sectors, as listed 
in Table 1. Basically, one sector produces one good, but 
some sectors produce multiple goods, and some goods are 
produced by multiple sectors. For example, the “petroleum 
products” sector produces eight petroleum goods, and “elec-
tricity” is produced by multiple electricity sectors. Thus, 
the number of goods does not coincide with that of sectors. 
The model is a forward-looking dynamic model that covers 
the years 2011 to 2050. We treat five years as one period 
and solve the model for every five years to 2050. The model 
includes three types of agents: a representative household, 
firms and the government. We assume that all markets in the 
model are perfectly competitive and that all agents behave 
as price takers. The basic structure of the model is depicted 
in Fig. 1.

Production side

Firms produce goods with constant-returns-to-scale tech-
nology using primary factors and intermediate inputs. The 
primary factors are labor, capital stock, land and resources. 
Land is a specific factor used only in the “agriculture, for-
estry and fishery” sector. Similarly, resources are specific to 
the “fossil fuels” and electricity sectors.3

The production technology in each sector is represented 
by a constant elasticity of substitution (CES) production 
function. To consider the differences in the production 
technologies of goods and services with completely dif-
ferent properties, we divide the production sectors into the 

following five types: (1) general sectors, (2) “agriculture, 
forestry and fishery” sector, (3) “fossil fuels” sector, (4), 
electricity sectors, and (5) “petroleum products”, “coal prod-
ucts” and “gas and heat” sectors. The general sectors include 
all sectors not included in sectors 2–5. We assume differ-
ent production functions for the different types of sectors. 
To specify the production functions, we mainly refer to the 
models used in the MIT EPPA model (Paltsev et al., 2005) 
and Takeda et al. (2010). Below, we explain the production 
structure of each sector.

First, the general sectors have the CES production func-
tion shown in Fig. 2. The tree diagram in the figure repre-
sents the structure of the nested CES function, where sym-
bols, such as E_XX, indicate the elasticity of substitution 
(EOS) values between inputs. In the general sectors, out-
put is produced by the Leontief aggregation of nonenergy 
intermediate inputs and an energy-primary factor compos-
ite (KLE). The energy-primary factor composite is a nested 
CES function of composite energy and primary factors (cap-
ital and labor). Composite energy is the CES aggregation of 
electricity and other energy composites, which is, in turn, 
the CES aggregation of all other energy goods. We use this 
type of nested production structure because we would like to 
consider the differences in the EOS values of various inputs.

Next, the production function of the “agriculture, forestry 
and fishery” sector is given by Fig. 3. In “agriculture, for-
estry and fishery” sector, the primary factor of land plays 
an important role in production. Thus, we assume a produc-
tion function that emphasizes the role of land. In this sec-
tor, output is produced by the CES aggregation of land and 
nonland input, where land is the specific primary factor that 
is used only in this sector. The structure of nonland input is 
the same as the production tree of the general sectors. This 
production function implies that the output of this sector is 

Table 1   List of goods and sectors

Goods Sectors Goods Sectors

Agriculture, forestry and fishery Coke Coal products
Coal Fossil fuels Other coal products
Crude oil Construction
Natural gas Electricity Electricity (fossil fuel)
Non-energy intensive sectors Electricity (nuclear)
Energy intensive sectors Electricity (hydro)
Gasoline Petroleum products Gas and heat supply
Jet fuel oils Medical, health care and welfare
Kerosene Railway transport
Light oils Road transport (passenger)
Heavy oils Road transport (freight)
Naphtha Water transport
LPG Air transport
Other petroleum refinery products Other services

3  The sector specific resource factor for a sector is only used in that 
sector and cannot move to other sectors.
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strongly restricted by the amount of land.4 The benchmark 
input data of land is derived from GTAP10 data.5

The production function of the “fossil fuels” sector is 
basically the same as that of “agriculture, forestry and fish-
ery” except that “resource” is used instead of land as a sector 
specific factor. The benchmark resource input data in the 
“fossil fuels” sector is also derived from the GTAP10 data.6
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Fig. 1   The basic structure of the model
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Fig. 2   Production function of the general sectors
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Fig. 3   Production function of the “agriculture, forestry and fishery” 
sector

4  Due to this restriction, the output of this sector is less likely to 
change than that of the general sectors.
5  More specifically, we use the GTAP10 factor input share data of the 
“agriculture, forestry and fishery” sector in Japan. The derived data of 
the benchmark value of the land input is 916 billion yen.

6  The derived data of the benchmark value of the resource input is 
30.4 billion yen.
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The production function of the three electricity sectors 
has a structure similar to but slightly different from the 
“agriculture, forestry and fishery” and “fossil fuels” sectors. 
In the production function of the electricity sectors depicted 
in Fig. 4, the energy composite enters the second level Leon-
tief nest as a nonenergy intermediate input. We assume this 
shape for the electricity sectors so that the energy input and 
the capital-labor composite cannot be substituted in elec-
tricity generation by fossil fuels. The electricity sectors use 
“resource” factors, which are also assumed to be specific to 
that sector. Although we call it “resource”, it does not repre-
sent natural resources but represents various nonmarket fac-
tors that affect production, and it is used as an instrument for 
controlling the production level.7 The benchmark resource 
input data for the electricity sectors is derived by assuming 
that half of the original payment to capital is the payment to 
the resource input. For the nuclear and hydroelectricity sec-
tors, we assume 0 for E_RES, which means that the amount 
of electricity produced by nuclear and hydro energy is basi-
cally controlled by the sector specific resource amount.

The “petroleum products”, “coal products” and “gas and 
heat” sectors have almost the same production function as 
the general sectors depicted in Fig. 2, but the method for 
treating the energy inputs is slightly different. For exam-
ple, a large amount of “crude oil” is used in the “petroleum 
products” sector, but almost all of it is used as feedstock, 

which means that “crude oil” is used as a material. Thus, it 
is desirable to treat the oil input in the “petroleum products” 
sector as a nonenergy input. For this, “crude oil” enters the 
top Leontief nest in the “petroleum product” sector. A simi-
lar treatment is also applied to the “coal” used in the “coal 
product” sector and the “natural gas” and “LPG” used in the 
“gas and heat supply” sector.

The production functions explained above include many 
parameters, in particular, many EOS parameters. The values 
of the EOS parameters are provided later, in the “Param-
eters” section. Each sector determines the outputs and inputs 
needed to maximize their profits. The produced output is 
allocated to the domestic market or export market. The allo-
cation is conducted through a constant elasticity of trans-
formation (CET) function as in Lofgren et al. (2002) and 
Takeda (2007).

Demand side

To represent the demand side of the economy, we assume 
a microeconomic consumer household. This representative 
household’s utility depends on consumption and leisure. 
The utility during a period (hereafter, period utility) for 
the household is represented by the nested CES function 
in Fig. 5. Aggregate consumption is a CES aggregation of 
an energy composite and a nonenergy composite with an 
EOS of E_C. The energy composite is a CES aggregation 
of energy goods with an EOS of E_CE, and the nonenergy 
composite is a CES aggregation of nonenergy goods with an 
EOS of E_CNE. From the period utility in all periods, the 
lifetime utility of the household is derived as

where uL is the lifetime utility, uP
t
 is the period utility at 

period t and � is the intertemporal elasticity of substitution; 
t0 is the first period and T is the terminal period. The lifetime 

(1)uL =

�

∑T

t=t0
�
u
t

�

uP
t

�
�−1

�

�

�
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Output
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Fig. 4   Production function of the electricity sector
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Fig. 5   Period utility function

7  Large electric power plants cannot be built everywhere, as their 
construction is limited by natural, environmental and political condi-
tions. For example, hydropower plants are constrained by natural con-
ditions. Nuclear power plants are very strongly influenced by politi-
cal factors. “Resource" factor here represents such constraints. If we 
assume a specific factor for a sector, the production of that sector is 
strongly restricted by the amount of that factor because the specific 
factor cannot be moved from other sectors. The same kind of specific 
factor is used in electricity sectors in MIT EPPA model Paltsev et al. 
(2005) and Takeda et al. (2010).
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utility function in Eq. (1) is almost the same as those used 
in Bernstein et al. (1999), Takeda (2007) and Babiker et al. 
(2009).8 The representative household chooses consump-
tion and leisure subject to its lifetime budget constraint to 
maximize the lifetime utility.

Since the hours of leisure are equal to the total avail-
able time minus the hours of work, the leisure decision is 
equivalent to the labor supply decision. Similarly, since the 
total budget is allocated to consumption and savings, the 
consumption decision is equivalent to a savings decision. 
The representative household provides primary factors to the 
production sectors and obtains the factor income.

The dynamics of the model

Our model is a forward-looking dynamic model that assumes 
a household’s dynamic optimizing behavior. The dynamic 
structure of our model is based on Takeda (2007) except 
that we do not consider adjustment cost for investment.9 
Many CGE models used for the analysis of climate change 
policy, for example, the MIT EPPA model (Chen et al. 2015) 
and OECD ENV-Linkages model (Chateau et al. 2014), are 
dynamic models, but they are usually recursive dynamic 
models.10 The recursive dynamic model is a kind of dynamic 
model that depicts the dynamic path of the economy by solv-
ing a myopic or static model iteratively.11

An investment is intrinsically an intertemporal resource 
allocation and the current investment decision is based on 
the future returns from it. To incorporate this forward-look-
ing nature of investment behavior into the model, we need 
the forward-looking dynamic model. In fact, macroeconom-
ics, in which the decision regarding investment and saving is 
one of the main research themes, usually uses the forward-
looking dynamic model.

On the other hand, recursive dynamic models (or static 
models) cannot capture the forward-looking investment 
behavior because they do not explicitly deal with future 

economic conditions. Actually, many recursive dynamic 
models determine investment (saving) by the assumption 
of a constant saving rate. Although some recursive dynamic 
models use more elaborate approaches, the recursive 
dynamic model can still only consider current or past eco-
nomic conditions.

In this research, we assume that corporate tax is a tax 
on capital income, namely, a tax on return from invest-
ment. Therefore, the relationship between corporate tax 
and investment plays an important role. To capture this 
relationship appropriately, we employ the forward-looking 
dynamic model. With the forward-looking dynamic model, 
the decrease in the corporate tax rate in the future has the 
effect of stimulating the current investment. The recursive 
dynamic model or the static model cannot capture this inter-
temporal effect. This is why we adopt the forward-looking 
dynamic model.

The dynamic model in this paper is a deterministic model 
without uncertainty. Therefore, all agents in the model (espe-
cially, a representative household) determine their behavior 
with perfect foresights. When we solve the forward-looking 
dynamic model, we need to solve all periods simultaneously, 
which means that the model, particularly the multigoods, 
multisector model, includes a large number of variables. To 
reduce the number of variables included in the model, we 
set one period to five years and solve the model for every 
five years from 2011 to 2050.12 Thus, the benchmark year 
is 2011 and the terminal year is 2050. Our model only cov-
ers periods until 2050 for the following reasons. First, the 
climate change policy after 2050 in Japan is not yet clear. 
Second, we have little information about the energy and car-
bon technology trends after 2050.

In solving a forward-looking dynamic model with a 
finite horizon, one problem arises. That is, if no condition 
is imposed on the terminal adjustment, investment becomes 
very low as the terminal period approaches because the 
capital stock existing after the terminal period is worthless. 
To avoid this problem, we adopt the approach used in Lau 
et al. (2002). More specifically, we impose the following 
condition

where invt is the investment in period t , ct is the consump-
tion in period t and T  is the terminal period. This condition 
implies that the rate of increase in investment in the terminal 
period is equal to that of consumption. With this condition, 
investment near the terminal period will behave smoothly, 

invT

invT−1
=

cT

cT−1

12  Strictly speaking, we solve for 2011, 2016, 2021,…,2046, 2051. 
However, for notational simplification, we use the expression 2011, 
2015, 2020,…,2045, 2050.

8  For example, Babiker et al. (2009) use the following lifetime utility 
function:

where ct is the consumption at period t  and T  is their terminal period 
(year 2050). Although consumption is used instead of period utility, 
this function has the same form as our lifetime utility function.

uL =

[

∑T

t=0
�tc

�−1

�

t

]
�

�−1

9  The structure of the model in Takeda (2007) is explained in detail 
in its supplementary paper, Takeda (2006).
10  The EPPA model has a forward-looking version; see Babiker et al. 
(2009).
11  Babiker et  al. (2009) use two terms “recursive dynamic model” 
and “forward-looking dynamic model”, respectively, in the same way 
as we do. In addition to Chen et al. (2015) and Chateau et al. (2014), 
the following studies use a recursive dynamic CGE model: Capros 
et al. (2013) and Diao and Thurlow (2012).
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as in an infinite horizon model. The same approach is used 
in Bernstein et al. (1999), Takeda (2007) and Babiker et al. 
(2009).

As Takeda et al. (2010), we assume that the annual depre-
ciation rate for capital is 7%. In addition, we assume that 
the total time available for the representative household 
decreases over time at the annual rate of 0.4%.13 Similarly, 
we assume that the amount of endowments of land and sec-
tor specific resources are kept constant over time. By this 
assumption, the amount of electricity generated by nuclear 
and hydro energies is kept constant over time. The supply of 
electricity by hydro energy is strongly constrained by geo-
graphical conditions, and it is unlikely that hydro power will 
change significantly in Japan in the future. With respect to 
nuclear power in Japan, there is great uncertainty regarding 
its future use, but the current Japanese government plans to 
use a certain amount of nuclear as of 2030. Taking account 
of these situations, we assume that the amount of nuclear 
and hydro power is constant at the benchmark value over 
time.

Since our model covers a long time span, the change 
in technology plays an important role in determining the 
impacts of climate change policy. For this, we consider 
growth in total factor productivity (TFP) and autonomous 
energy efficiency improvement (AEEI). The TFP growth rate 
and AEEI rate will be explained in the “Simulation sce-
narios” section.

Government

The government collects revenue from consumption taxes, 
income taxes, corporate taxes and other taxes. Then, the gov-
ernment uses this revenue to finance government consump-
tion. We assume that government consumption is constant 
at the benchmark value over time.

In the environmental tax reform simulation presented 
later, we reduce the rates of income tax, corporate tax and 
consumption tax with the introduction of a carbon tax. Thus, 
these three taxes are of great importance for our analysis. 
Although there are other various taxes in Japan, we focus on 
these three taxes because they are main taxes in Japan tax 
system.14 In this section, we explain how these three taxes 
are incorporated into the model.

First, the income tax is incorporated into the model as a 
tax on the labor income of the household. Second, the corpo-
rate tax is assumed to be a tax on the return from investment 

(capital stock). Finally, the consumption tax, as its name 
implies, is a tax on consumption. For all taxes, we derive 
the benchmark tax rate by dividing tax payments by the tax 
base in the benchmark year. For example, the benchmark 
income tax rate is derived according to the following for-
mula: income tax rate = value of income tax/value of labor 
income. This means that all the tax rates in our model are 
average tax rates. For tax data in the benchmark year 2011, 
we use the data in “Ministry of Finance statistics monthly 
No. 722” (Policy Research Institute 2012).15 The derived 
benchmark tax rates for income tax, corporate tax and con-
sumption tax are 5.7%, 4.9% and 3.6%, respectively. Note 
that the derived consumption tax rate is lower than the actual 
rate (the consumption tax rate in 2011 was 5% in Japan). 
There are many possible reasons for this discrepancy, for 
example, some goods and service are exempt from the con-
sumption tax.16 The fact that the tax rates of income tax, 
corporate tax and consumption tax are derived from the tax 
data of Japan means that the taxes in our model are not just 
numerical examples but reflect the actual Japanese tax sys-
tem.17 All the tax rates in the model are kept constant in 
the simulation except when we consider environmental tax 
reform.18

International trade

Our model focuses only on Japan, but we need to consider 
international trade in goods and services. To incorporate 
international trade, as in Takeda (2007), we assume that 
Japan is a small country, which means that the terms of trade 
in Japan are constant. We assume that the foreign exchange 
rate is adjusted so that the trade balance is kept constant at 
the benchmark level.19 As with other CGE models, we use 
the Armington assumption (Armington 1969), which means 
that domestic goods and imported goods are imperfect sub-
stitutes and are aggregated through a CES function.

13  We assume that the total time available to the household changes 
in the same way as the population in Japan. The rate of population 
change is taken from World Energy Outlook 2018.
14  As explained in “Introduction”, revenues from three taxes account 
for 77% in total national tax revenues in 2016.

15  The values of income tax, corporate tax and consumption tax 
in 2011 are 13.4 trillion yen, 8.8 trillion yen and 10.2 trillion yen, 
respectively.
16  We set 0% to the consumption tax on “medical, health care and 
welfare” because it is exempted. However, we do not consider exemp-
tions of other goods and services. The other reason may be an exemp-
tion for small businesses.
17  However, the specification of taxes in our model has some prob-
lems that need to be improved. We mention these problems in the 
“conclusions” section.
18  The only exception is the consumption tax rate. Even when we do 
not consider environmental tax reform, we change the baseline con-
sumption tax rate because it is increased in 2014 and 2019.
19  The benchmark value of trade surplus is 4.7 trillion yen, which is 
derived from the benchmark data (input–output table).
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Carbon tax

In the later simulation, we use a carbon tax to regulate CO2 
emissions. The carbon tax is a tax based on the amount of 
CO2 from fossil fuels. Thus, let pi be the original price of 
fossil fuel i , tCO2 be the carbon tax rate, and �i be the car-
bon coefficient (the amount of CO2 per unit of fossil fuel i ). 
Then, the user price of fossil fuel is given by20 

In the simulation, we set the path of CO2 emissions exog-
enously, and the carbon tax rate is determined endogenously 
so that the CO2 emissions derived from the model are equal 
to the target level. This means that carbon tax level changes 
over time. More specifically, as the reduction rate in CO2 
increases over time, the required level of carbon tax also 
increases. We assume the exogenous path of CO2 emissions 
because the climate change policy in Japan usually uses the 
CO2 emissions level as the policy target. The introduction 
of a carbon tax generates additional tax revenue. The use of 
a carbon tax revenue is discussed in a later section.

Renewable energy and CCS

New technology and energy play important roles in the 
long-term analysis of climate change policy. Specifically, 
as explained in the introduction, renewable energy and CCS 
are regarded as essential policy measures to mitigate cli-
mate change. Thus, we incorporate these two factors into 
our model.

First, in addition to electricity generated by conven-
tional energy (fossil fuel, nuclear and hydropower), we 
add the electricity generated by renewable energy. Like the 

pA
i
= pi + tCO2�i

conventional electricity sectors, this renewable electricity 
sector generates electricity using various production inputs, 
but fossil fuels are not used and, thus, CO2 is not emitted.

Figure 6 shows the production function of the renew-
able energy electricity sector. Since there is no informa-
tion regarding the production structure of this sector in the 
benchmark data (input–output table), we must specify the 
production function by other data. To specify the production 
function, we use benchmark the “input cost share” data and 
“markup factor”. The benchmark input cost share indicates 
the benchmark share of each input in the total cost. The 
markup factor specifies the cost of the renewable energy 
electricity relative to the existing technology. We use this 
information to specify the production function of the renew-
able energy electricity sector. The same approach is used in, 
for example, Takeda et al. (2010) and the MIT EPPA model 
(Paltsev et al. 2005).

We can obtain the benchmark input cost share data from 
the estimates provided by the Power Generation Cost Veri-
fication Working Group.21 For example, in the total cost 
of generating electricity by solar power, “policy cost”, 
“operating cost including labor cost”, and “capital cost” 
account for 13.6%, 12.4% and 74.0%, respectively.22 Since 
the classification of inputs used in the above estimate does 
not match the classification of goods in our model, we can-
not use the estimate directly in our model. However, we do 
not have another appropriate estimate. Therefore, from this 
estimate, we assume the benchmark cost share of inputs for 
the renewable energy electricity sector of our model as fol-
lows: “other services” = 10%, “labor” = 10%, “capital” = 40, 
“resource” = 40%. As in the conventional electricity sectors, 
we assume a sector specific resource input, which is used as 
the factor controlling the supply of electricity by renewable 
energies.

In addition, we need to determine the values of the 
markup factor and the amount of the sector specific resource 
factor. To do so, we use the World Energy Outlook (WEO) 
2018 (International Energy Agency 2018). More specifically, 
we determine the values of two parameters so that the supply 
of electricity from renewable energies is close to the value 
predicted in WEO 2018.23

Since we assume that the cost of electricity generated by 
renewables is higher than that of the conventional electricity 
sectors (that is, the markup factor is assumed to be high), the 
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Fig. 6   Production function of the renewable energy electricity sector

20  Strictly speaking, the user price of fossil fuel is distinguished 
according to its user (sectors and the household).

21  The data are available from https​://www.enech​o.meti.go.jp/commi​
ttee/counc​il/basic​_polic​y_subco​mmitt​ee/.
22  This estimate is derived from the 2014 model plant scenario.
23  As will be explained in a later section, the BAU equilibrium is 
used to replicate the “current policies scenario” in World Energy Out-
look 2018. In the WEO scenario, the volume of electricity by renew-
able resources (except hydro) reaches 175 TWh in 2040. We use this 
value for the target supply value.

https://www.enecho.meti.go.jp/committee/council/basic_policy_subcommittee/
https://www.enecho.meti.go.jp/committee/council/basic_policy_subcommittee/
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supply of electricity generated by renewables is small in the 
early period and increases gradually as the CO2 regulation 
is strengthened and the price of electricity rises. Because 
there is huge uncertainty in the cost and limit of renewable 
energy, we conduct the sensitivity analysis of the assumption 
regarding the amount of renewable energy.

Next, we explain the approach for modeling the CCS 
activity. CCS is usually combined with coal-fired electric-
ity generation, but for simplicity, we assume that the CCS 
activity is conducted by an independent sector. The produc-
tion function of the CCS sector is given by Fig. 7, which 
shows that the CCS activity is supplied under the Leontief 
production function with fixed coefficients. Since we have 
no appropriate information for specifying the parameters in 
the production function, we use the cost share information of 
the renewable energy electricity sector for the CCS activity, 
although this approach is slightly ad hoc. We assume that the 
sector specific resource input and other inputs are not sub-
stitutable because the CCS activity is likely to be strongly 
restricted by the technological and geographical factors that 
are embodied in the sector specific resource factor.

We adjust the markup factor so that cost of CCS is close 
to 10,000 yen per ton, which is taken from the report pub-
lished by Ministry of the Environment.24 This relatively 
high cost of CCS means that CCS is not supplied in the 
early periods and the supply of CCS increases as the car-
bon price rises. We adjust the amount of the sector specific 
resource so that an upper limit on CCS becomes 180 MtCO2 
per year, which is taken from the estimate by Akimoto and 
Sano (2017).

Because there is huge uncertainty about the available 
amount of CCS, we conduct the sensitivity analysis on the 
amount of CCS. The existence of CCS means that net CO2 
emissions are equal to gross CO2 emissions minus CCS.

Benchmark data

Any CGE analysis is based on the benchmark data that rep-
resent the economy at a certain period. We use Japanese 
input–output data from 2011 (Ministry of Internal Affairs 

and Communications Japan 2016) for the benchmark data 
and aggregate sectors and goods of the original IO data into 
the sectors and goods in Table 1. For CO2 emissions data, we 
use 3EID data from 2011 (Center for Global Environmental 
Research 2018).

Parameters

The functions appearing in the model include many param-
eters. The values of the EOS parameters are reported in 
Table 2, where the symbols indicate the EOS parameters 
appearing in the figures and the text. The column “Source” 
indicates the source from which the parameter values are 
taken. The EOS values are basically taken from the previous 
CGE studies, but we change some of them slightly to fit our 
model. Because we have no empirical estimate for E_LND, 
we assume 0.5.

Simulation scenarios

Scenarios

In the simulation, we consider the five scenarios listed in 
Table 3. The BAU (business-as-usual) scenario is a reference 
scenario in which no explicit CO2 regulation (carbon tax) is 
adopted. We determine some of the exogenous parameters 
in the model so that the equilibrium in BAU replicates the 
situation under the “current policies scenario” in the World 
Energy Outlook 2018 (International Energy Agency 2018). 
Specifically, we determine rates of TFP growth and AEEI 
so that values of GDP and CO2 emissions derived from the 
model replicate those of WEO 2018. In “current policies 
scenario” in WEO 2018, the average annual growth rate of 
GDP in Japan is 0.7%. We adjust the TFP growth rate so that 
the average growth rate of GDP from the model is close to 
the WEO value. In WEO 2018, the CO2 emissions of Japan 
in 2040 are approximately 820 MtCO2. We adjust the AEEI 
rate so that the CO2 value from the model is close to this 
value. The derived annual rates of TFP growth and the AEEI 
parameter are 1.4% and 2.4%, respectively.

In the four scenarios other than BAU, we impose a car-
bon tax to reduce CO2 emissions by 80% by 2050. We use 
2020 as the benchmark year for the reduction rate. Thus, if 
the amount of CO2 in 2020 is 800 MtCO2, an 80% reduc-
tion means that (net) CO2 must be reduced to 160 MtCO2 
by 2050. Since we impose carbon restriction from 2020, a 
carbon tax will be introduced after from 2020.

The “lump-sum rebate scenario” is the scenario in 
which carbon tax revenue is rebated to the household in 
a lump-sum way. This scenario does not change existing 
tax rates and thus represents the scenario of a pure car-
bon tax. The other three scenarios are environmental tax 
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Fig. 7   Production function of CCS activity

24  The following document reports that the average cost of CCS is 
10,287 yen/ton. https​://www.env.go.jp/earth​/ccs/h26_repor​t.html.

https://www.env.go.jp/earth/ccs/h26_report.html
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reform scenarios in which the carbon tax replaces the exist-
ing taxes. First, the “income tax scenario” is a scenario 
in which income tax is reduced. The income tax in this 
model is a tax on the labor income of the household and 
lowers the incentive to work. The cut in income taxes has 
the effect of stimulating incentives to work and increasing 
the labor supply. It leads to an increase in production and 
generates positive impacts on the economy. The “corpo-
rate tax scenario” is a scenario featuring a cut in corporate 
taxes. Corporate tax in our model is a tax on returns from 
capital stock and thus suppresses incentives to invest. The 
cut in corporate taxes increases investment and accelerates 
the accumulation of capital, leading to an increase in output. 

Finally, the “consumption tax scenario” is the scenario of 
cuts in consumption taxes. During the second half of the 
2010s, the consumption tax became the major tax in Japan, 
and its share of the total tax is the largest. The cut in con-
sumption tax is expected to stimulate consumption demand 
and thereby production. In the simulation, we compare the 
results from BAU with those from other scenarios. Spe-
cifically, we check how equilibrium, particularly macroeco-
nomic variables, changes from the BAU equilibrium when 
CO2 regulations are imposed.

Criteria for the double dividend

Many studies have investigated environmental tax reform 
and the possibility of the double dividend. Some studies 
report the existence of the double dividend, and others do 
not, and there are wide varieties in conclusions (see Freire-
González 2017). One reason for these diverse conclusions 
is that different studies use different criteria for judging the 
existence of the double dividend. Theoretical studies often 
use “utility” (or equivalent variation, EV) as a criterion for 
the double dividend (Bovenberg and Goulder 2002), but 
some use the volume of employment instead (e.g., Boven-
berg and van der Ploeg 1998). On the other hand, CGE 
studies often use GDP and income for the criteria. In addi-
tion, when utilizing a dynamic model, there are two types 

Table 2   Value of elasticity of 
substitution parameters

Values of parameters are basically taken from the previous studies. Since value of E_LND is not found in 
the previous studies, we assume 0.5 for it. We think that value of E_LND has little impacts on simulation 
results because “agricultural, forestry and fishery” sector only has a small share in Japan

Symbol Value Source

E_KLE 0.4 Takeda et al. (2010)
E_KL for three conventional electricity sectors

1.0 for other sectors
E_ELY 0.1 for three conventional electricity sectors

0.5 for other sectors
E_ENE 0.5 for three conventional electricity sectors

0.3 for transport sectors
1.0 for other sectors

E_LND 0.5 This value is 
assumed by 
authors

E_RES 0.1 for electricity (fossil fuel)
0.0 for electricity (nuclear and hydro)
0.6 for fossil fuel sectors
0.2 for renewable energy electricity

Takeda et al. (2010)

E_LEI 0.73 Takeda et al. (2014)
E_C 0.5 Takeda et al. (2019)
E_CE 1
E_CNE 1
Intertemporal elasticity of substitution 0.5 Takeda (2007)
Armington elasticity Different values for different goods GTAP data
Elasticity of transformation 4 Takeda (2007)

Table 3   List of scenarios

In all scenarios with carbon tax, CO2 emissions are reduced by 80% 
by 2050

Scenario Explanation

BAU Business As Usual (BAU) scenarios without 
carbon tax

Lump-sum rebate Carbon tax + lump-sum rebate to the household 
(the pure carbon tax scenario)

Income tax Carbon tax + cut in income tax
Corporate tax Carbon tax + cut in corporate tax
Consumption tax Carbon tax + cut in consumption tax
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of utility that can be used as criteria, i.e., period utility and 
lifetime utility.25 Since these variables move differently, the 
existence of the double dividend depends on which variable 
is used as criteria.

From a theoretical point of view, utility may be the most 
important variable for measuring welfare of the country 
because GDP is just an index for domestic production and 
income cannot capture value of leisure. However, utility is 
not directly observable and thus difficult to use as a policy 
criterion. Actually, utility is rarely used as a policy evalua-
tion criterion in policy making in Japan. Instead, GDP (or 
income) has been used as an important policy indicator, 
and thus, policy makers find the information about policy 
impacts on GDP very helpful.26

Since each criterion has some advantages and disadvan-
tages, we decide to provide multiple criteria for a double 
dividend. Specifically, we use the following four criteria 
(variables): real GDP, (national) income, period utility27 
and lifetime utility. “GDP” is calculated from the expendi-
ture side.28 “Income” is the after-tax disposable income of 
the household that can be used for consumption and sav-
ing expenditure.29 In explaining the simulation results, we 
report the change in GDP and income in 2030 and 2050. In 
addition, we report their discounted sums, which are calcu-
lated from the values in all periods (2011–2050).30 Since 

the interest rate in Japan has been very low recently, we use 
1% as a discount rate for calculating the discounted value.

In the discussion of the double dividend hypothesis, there 
are two types of double dividend, i.e., a “strong double 
dividend” and a “weak double dividend” (Goulder, 1995). 
The former indicates the situation where environmental tax 
reform generates a positive impact on the criterion variable, 
for example, the increase in GDP when GDP is used as a 
criterion. The latter double dividend indicates the situation 
in which environmental tax reform generates better results 
than the lump-sum rebate of carbon tax revenue. A strong 
double dividend is the most desirable result, but even a weak 
double dividend shows environmental tax reform’s superior-
ity to the pure carbon tax.

Results

BAU equilibrium

We first show the results in the BAU scenario. Table 4 
reports GDP and CO2 emissions in the BAU scenario. In 
BAU, GDP increases at an annual rate of 0.5–0.9% (the 
average annual rate is 0.7%) and reaches approximately 700 
trillion yen in 2050. The growth of GDP is due mainly to 
capital accumulation and TFP growth. On the other hand, 
CO2 emissions gradually decrease to approximately 820 
MtCO2 in 2050. Although GDP increases and there is no 
explicit CO2 regulation (carbon tax) in BAU, CO2 emis-
sions decrease over time because there are energy efficiency 
improvements by the AEEI parameter and an increase in 
renewable energy.

Figure 8 shows the path of electricity generation in BAU 
(TWh). Electricity ultimately decreases in the long run 
in BAU. In addition, electricity generation by fossil fuels 
decreases significantly, while electricity generation by 
renewable energy increases, leading to a decrease in CO2 
emissions, as described in the previous paragraph. The levels 

Table 4   GDP and CO2 emission in BAU

a GDP is trillion yen, and CO2 is MtCO2

Levela Annual growth rate 
(%)

GDP CO2 GDP CO2

2020 545.8 952.0 0.5 − 1.3
2025 563.1 902.7 0.6 − 1.1
2030 583.8 866.8 0.7 − 0.8
2035 607.6 840.7 0.8 − 0.6
2040 633.9 825.4 0.9 − 0.4
2045 662.4 822.5 0.9 − 0.1
2050 693.7 821.1 0.9 0.0

25  For example, Takeda (2007) uses lifetime utility for the criterion 
of the double dividend.
26  We do not insist that GDP and income are better indicators of 
welfare. Rather, GDP and income have drawbacks as indicators of 
household welfare. However, we report impacts on GDP and income 
because they are used as important policy indicators in actual policy 
making.
27  In the CGE analysis, the Hicksian equivalent variation (EV) is 
used for the policy evaluation. In this model, the positive value of EV 
in a period is equivalent to the positive change rate in period utility in 
that period. Therefore, the two indicators are equivalent in terms of 
their signs.
28  Real GDP is calculated by the following formula with constant 
prices in 2011: GDP = consumption + investment + government con-
sumption + export—import.
29  Income is defined from the expenditure side and expressed as fol-
lows:

where pC is price index of consumption, pI is price index of invest-
ment goods, C is aggregate consumption and I is aggregated invest-
ment.

Income =
pCC + pII

pC

30  When calculating lifetime utility and sum of discounted values, 
we use values in periods covered by our model (that is, from 2011 
to 2050). However, some studies also use values after the terminal 
period. For example, Babiker et al. (2009) use such an approach. We 
do not consider utility after terminal period because economic situa-
tion after 2050 is highly uncertain, and thus we want to avoid includ-
ing such uncertainties in the calculation. But note that our definition 
of lifetime utility ignores period utility in the distant future.
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of electricity from nuclear power and hydropower are kept 
constant by the assumption.

Table 5 reports BAU values of revenues from taxes that 
are reduced in the environmental tax reform scenarios. The 
rates of all taxes are kept constant, but economic growth in 
BAU increases revenues from all taxes over time.

Impacts of the carbon tax

Now, let us examine the impacts of the carbon tax. Table 6 
reports CO2 emissions (gross and net emissions), the vol-
ume of CCS and the carbon tax rate (yen/per ton) in 2030 
and 2050. In BAU, CO2 emissions in 2030 and 2050 are 
866.8 MtCO2 and 821.1 MtCO2, respectively. Under CO2 
regulation, net CO2 emissions decrease to 685.4 MtCO2 and 
190.4 MtCO2 in 2030 and 2050, respectively. Note that net 
CO2 emissions are the same in all the scenarios with carbon 
tax, but the carbon tax rates differ across scenarios. This is 
because we set the same path of CO2 emissions in all the 
scenarios and the carbon tax rates are endogenously adjusted 
to achieve the emissions target.

The 80% reduction target means an 80% reduction from 
the 2020 CO2 level, and the reduction rate from the 2050 
level (821.1 MtCO2) is slightly smaller (approximately 
76.8%). Nevertheless, it shows that Japan must reduce a 
significant amount of CO2 emissions.

CO2 emissions here indicate net CO2 emissions. Because 
of the existence of CCS activity, gross CO2 emissions do not 
decrease as much as net CO2 emissions. The amount of CCS 
in 2050 reaches 180.0 MtCO2, which is the upper limit, and 
thus, gross CO2 emissions are greater than net emissions by 
180.0 MtCO2.

The significant decrease in CO2 emissions is realized by 
the carbon tax. The required carbon tax rate in the lump-
sum rebate scenario is approximately 8,600 yen in 2030 and 
61,000 yen in 2050. These tax rates are not very different in 
environmental tax reform scenarios, which shows that a sig-
nificantly high carbon tax rate is needed to reduce CO2 emis-
sions by 80%. Sugiyama et al. (2020) report carbon prices 
calculated in various studies on 80% reduction in Japan. The 
median of carbon prices in their studies is slightly higher 
than our estimate, which means that our estimate is compa-
rable to their simulation.

Next, let us observe the impacts on macroeconomic varia-
bles. Table 7 reports the percentage change in GDP, income, 
period utility, lifetime utility, sum of discounted GDP and 
sum of discounted income from BAU values. GDP, income 
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Fig. 8   Electricity generation in BAU (TWh)

Table 5   Tax revenues in BAU (trillion yen)

Income tax Corporate tax Con-
sumption 
tax

2020 13.6 9.4 18.4
2025 14.1 9.8 19.1
2030 14.7 10.2 19.9
2035 15.3 10.7 20.8
2040 16.0 11.2 21.8
2045 16.8 11.7 23.0
2050 17.6 12.3 24.2

Table 6   CO2 emissions under 
the carbon tax

CO2 and CCS units are MtCO2

BAU Lump-sum rebate Income tax Corporate tax Consumption tax

2030 CO2 (gross) 866.8 685.4 685.4 685.4 685.4
CO2 (net) 866.8 685.4 685.4 685.4 685.4
CCS 0.0 0.0 0.0 0.0 0.0
Carbon tax rate (yen/ton) 0 8,564 8,796 9,423 9,069

2050 CO2 (gross) 821.1 370.4 370.4 370.4 370.4
CO2 (net) 821.1 190.4 190.4 190.4 190.4
CCS 0.0 180.0 180.0 180.0 180.0
Carbon tax rate (yen/ton) 0 60,684 62,093 65,093 62,481
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and period utility are reported for two periods, i.e., 2030 and 
2050. From these values, we can see whether environmental 
tax reform generates the double dividend or not.

First, we examine the impacts in 2030. In the lump-sum 
rebate scenario, all three variables (GDP, income and period 
utility) decrease with the carbon tax. This is an expected 
result because the lump-sum rebate scenario represents the 
pure carbon tax. On the other hand, the three environmental 
tax reform scenarios increase GDP. This means that there is 
a strong double dividend from the environmental tax reform 
in terms of GDP. Similarly, we find a strong double dividend 
from cuts in corporate tax and consumption tax in terms of 
income. In addition, we obtained a weak double dividend 
for income under income tax scenario. These results sug-
gest that an environmental tax reform generally has more 
desirable impacts than a pure carbon tax in terms of GDP 
and income. In particular, the cut in corporate tax is the most 
desirable in terms of GDP and income because it increases 
the two variables most. On the other hand, in terms of period 
utility, we found no double dividend for income and corpo-
rate tax cut scenarios. Thus, an environmental tax reform is 
not likely to be desirable in terms of period utility.

Next, let us observe the impacts in 2050. In 2050, we find 
no strong double dividend for any scenario or criterion, but 
we find a weak double dividend for all scenarios and criteria. 
These results in 2050 also show that an environmental tax 
reform generally has more desirable impacts than a pure 
carbon tax. In the corporate tax scenario, there is no strong 
double dividend, but the negative impacts on GDP, income 
and period utility are significantly reduced from the pure 
carbon tax scenario. In this sense, corporate tax cut is the 
most desirable in environmental tax reform scenarios.

Finally, let us observe the lifetime utility, sum of dis-
counted GDP and sum of discounted income, which repre-
sent impacts over the entire period. Under the income tax 
and consumption tax scenarios, we find a weak double divi-
dend in terms of all the criteria. Under the corporate tax sce-
nario, we find a strong double dividend in terms of the sum 
of discounted GDP and income but find no double dividend 
in terms of the lifetime utility. These results also show that 
the environmental tax reform tends to have a more desirable 
effect than a pure carbon tax, although the cut in corporate 
tax has undesirable impacts in terms of lifetime utility.

The cuts in income and consumption taxes generate at 
least a weak double dividend in almost all cases and crite-
ria except period utility in 2030 under the income tax sce-
nario. In addition, the cut in corporate tax tends to generate 
a strong double dividend in GDP and income. These results 
suggest that an environmental tax reform generally has more 
desirable impacts than a pure carbon tax. However, it does 
not mean that an environmental tax reform is always supe-
rior to the pure carbon tax. For example, the cut in corpo-
rate tax is not superior to the pure carbon tax in terms of 
period utility in 2030 and lifetime utility. This ambiguity 
in results suggest that when designing environmental tax 
reform, we need to pay attention to which criteria are the 
most important.

To clarify the mechanism that works for determining 
impacts on GDP, income and utility, Fig. 9 presents graphs 
of important variables in the model. All values in the graphs 
are percentage change from BAU values unless otherwise 
indicated. Figure 9-e reports “Tax level”. Value in this graph 
indicates the level of tax reduced in the scenario. For exam-
ple, INC means the level of income tax (normalized to unity 

Table 7   Macroeconomic impacts (% change from BAU values)

Lump-sum

rebate
Income tax

Corporate

tax

Consumption

tax

2030 GDP -0.28 0.03 0.99 0.19

Income -0.40 -0.06 1.10 0.63

Period util. -0.30 -0.41 -0.49 -0.05

2050 GDP -2.09 -1.51 -0.13 -1.78

Income -2.93 -2.28 -0.68 -2.12

Period util. -1.95 -1.93 -1.69 -1.77

Lifetime util. -0.47 -0.47 -0.68 -0.43

Sum of discounted GDP -0.49 -0.25 0.66 -0.19

Sum of discounted income -0.70 -0.44 0.65 -0.07

All values are percentage change froxxm BAU value. The blue cells indicate a strong double dividend, and the orange cells indicate a weak dou-
ble dividend
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in BAU eq.). Similarly, COR and CNT represent levels of 
corporate tax and consumption tax under corporate tax sce-
nario and consumption tax scenario, respectively.

Finally, we would like to explain the mechanisms behind 
some of the results obtained so far. First, we only find a weak 
double dividend from some environmental tax reform sce-
narios. Although the revenue-recycling effect caused by the 
reduction in existing taxes works positively, the result with-
out a strong double dividend means that the revenue-recy-
cling effect is not strong enough to cancel out the negative 

impacts caused by the direct effect of the carbon tax and 
tax-interaction effect.

Compared to the cut in corporate tax, the cut in income 
tax and the cut in consumption tax have similar effects. One 
reason for this similarity may be the overlap between the tax 
bases of the two taxes. This is the well-known argument of 
“the equivalence between labor income and consumption 
taxes” (Atkinson and Stiglitz, 1976).

On the other hand, the cut in corporate tax increases GDP 
and income in 2030 and sum of their discounted values. This 

Fig. 9   Impacts on individual variables
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is because the cut in corporate tax strongly stimulates invest-
ment, which is shown in Fig. 9k. The increase in investment 
leads to the accumulation of capital stock, thus expanding 
production and income in the long run. Since this effect 
works strongly, the corporate tax cut scenario increases GDP 
and income.

However, at the same time, the cut in corporate tax is 
worse than the cut in income and consumption taxes in terms 
of (lifetime) utility. This is because increase in investment 
caused by the cut in corporate tax expands the decrease in 

consumption in the short-run which is shown in Fig. 9j, 
resulting in a large decrease in utility in the short-run. In 
addition, the cut in corporate tax expands the production and 
thereby increases the carbon tax rate required to achieve the 
reduction target. This leads to the rise in the marginal abate-
ment cost of CO2, which has undesirable impact on utility.31

Fig. 9   (continued)

31  It is well-known that marginal abatement cost of CO2 is equalized 
to carbon tax rate. It is because under carbon tax policy, those who 
emit CO2 reduce CO2 so that their marginal abatement cost of CO2 is 
equalized to carbon tax rate.
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Sensitivity analyses

In the previous section, we have obtained several insights 
from the simulation. The simulation is based on specific 
assumptions and scenarios that are not necessarily realistic. 
To see how our results depend on the assumptions of the 
simulation and how changing the assumptions can change 
them, we conduct sensitivity analyses of the following 
aspects below: (1) the inclusion of CCS, (2) the inclusion 
of renewable energy, and (3) the inclusion of nuclear power. 
The list of sensitivity analyses is presented in Table 8. The 
simulation conducted so far is referred to as the “benchmark 
simulation”.

First, we change the amount of CCS because the amount 
of CCS available is highly uncertain. In the benchmark 
simulation, the upper limit of CCS is set to 180 MtCO2. We 
change the limit on CCS to 200 MtCO2 in CCS_MORE and 
to 160 MtCO2 in CCS_LESS. Next, we change the amount of 
electricity generated by renewable energy because, as there 
is in CCS. In the benchmark simulation, electricity gener-
ated by renewable energy reaches approximately 230 TWh 
in 2050 under the BAU scenario. We change the amount 
of resources used for electricity generation by renewables 
and thereby the amount of supply of electricity. Specifically, 
we increase electricity generated by renewables by 25% in 
RENE_MORE and decrease it by 25% in RENE_LESS.

Finally, we change the amount of electricity generated 
by nuclear power. After the Great East Japan Earthquake 
in 2011, many nuclear power plants have closed, and the 
supply of electricity from nuclear power remains low. Since 
the government has not provided a clear plan for future 
nuclear use, there is huge uncertainty in nuclear use in the 
future. Thus, we checked the sensitivity of nuclear use. In 
the benchmark simulation, electricity generated by nuclear 
power is set to approximately 100 TWh, which is basically 
constant over time. We increase electricity generated by 
nuclear by 50% in NUKE_MORE and decrease it by 90% in 
NUKE_LESS. Below, we check how the change in assump-
tions alters the results.

In the sensitivity analysis, we change one parameter for 
one scenario. For example, in NUKE_LESS scenario, we 
only change the amount of nuclear electricity. This approach 

means that BAU equilibrium in RENE_MORE/LESS and 
NUKE_MORE_LESS scenarios change from BAU equilib-
rium in the benchmark simulation.32 Since numerical values 
reported in Table 7 are percentage change from values in 
BAU equilibrium, we cannot directly compare scenarios 
with different BAU equilibrium.

Table 9 reports the simulation results of the sensitivity 
analyses. They show that we find at least a weak double divi-
dend in many cases and a strong double dividend of GDP 
and income under some environmental tax reform scenarios. 
By changing assumptions, the quantitative impacts of the 
carbon tax often change to a large extent, but almost all 
qualitative insights derived from the benchmark simulation 
remain unchanged. It follows that the analyses in the previ-
ous sections have a certain level of robustness.

Note that the rate of increase in GDP in 2030 under the 
corporate tax scenario in CCS_LESS is larger than that in 
CCS_MORE. This may seem puzzling because the scenario 
with more restrictive capacity generates a more desirable 
impact on GDP. This is because the smaller CCS capac-
ity leads to a higher carbon tax and thereby increases the 
value of carbon tax revenues, which in turn strengthen the 
revenue-recycle effect.33

Conclusions

Using a forward-looking dynamic computable general equi-
librium model, we analyze the quantitative impacts of envi-
ronmental tax reform and examine the validity of the double 
dividend hypothesis of the carbon tax by revenue recycling 
in the Japanese economy. As the emission reduction target, 
we chose the goal set by the Japanese government, i.e., the 
80% reduction in GHG emission by 2050. As environmental 
tax reforms, we examined the three types of revenue recy-
cling of the carbon tax. The three scenarios we examined 
were the reduction in (1) income taxes, (2) corporate income 
taxes and (3) consumption taxes and compared these scenar-
ios with the pure carbon tax (the carbon tax with a lump-sum 
rebate to households).

Our CGE simulations show that an environmental tax 
reform tends to generate more desirable impacts than the 
pure carbon tax. Environmental tax reform generates a 
strong double dividend in 2030 under many policy sce-
narios and at least a weak double dividend in 2050 in all 
scenarios, which indicates that the government should use 

Table 8   List of scenarios in the sensitivity analyses

Scenario Explanation

CCS_MORE Scenario with more CCS
CCS_LESS Scenario with less CCS
RENE_MORE Scenario with more renewable energy
RENE_LESS Scenario with less renewable energy
NUKE_MORE Scenario with more nuclear energy
NUKE_LESS Scenario with less nuclear energy

32  BAU equilibrium in CCS_MORE/LESS scenarios are the same as 
one in the benchmark simulation because CCS is active only in equi-
librium with carbon tax.
33  Note that, as explained before, we cannot compare RENE_MORE/
LESS and NUKE_MORE/LESS scenarios because they have differ-
ent BAU equilibrium values.
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environmental tax reform instead of the pure carbon tax. In 
particular, we found that the corporate tax cut is likely to 
generate the double dividend in terms of GDP and income. 
The corporate tax cut generates a strong double dividend 
of GDP and income in 2030 and sums of discounted GDP 

and income. Following our simulation results, the carbon 
tax with revenue recycling into corporate taxes may attract 
support from some stakeholders. The government may be 
able to obtain more public support for the carbon tax if 

Table 9   Results of sensitivity analyses (% change from BAU values)1

CCS_MORE CCS_LESS

LMP2) INC COR CNT LMP INC COR CNT

2030 GDP -0.30 0.02 0.85 0.14 -0.27 0.03 1.15 0.24

Income -0.42 -0.07 0.94 0.57 -0.39 -0.05 1.29 0.70

Period util. -0.29 -0.41 -0.42 -0.03 -0.31 -0.42 -0.57 -0.08

2050 GDP -1.91 -1.40 -0.24 -1.67 -2.33 -1.65 -0.01 -1.94

Income -2.63 -2.06 -0.72 -1.98 -3.29 -2.55 -0.66 -2.31

Period util. -1.75 -1.71 -1.48 -1.60 -2.20 -2.19 -1.94 -1.97

Lifetime util. -0.44 -0.43 -0.60 -0.40 -0.51 -0.51 -0.78 -0.48

Sum of discounted GDP -0.48 -0.25 0.54 -0.21 -0.52 -0.27 0.80 -0.17

Sum of discounted income -0.67 -0.41 0.53 -0.11 -0.75 -0.47 0.79 -0.04

RENE_MORE RENE_LESS

2030 GDP -0.23 0.06 0.91 0.18 -0.32 0.01 1.08 0.20

Income -0.34 -0.02 1.01 0.58 -0.45 -0.09 1.20 0.68

Period util. -0.30 -0.41 -0.46 -0.07 -0.29 -0.41 -0.50 -0.03

2050 GDP -1.99 -1.44 -0.31 -1.82 -2.21 -1.57 0.06 -1.76

Income -2.78 -2.17 -0.85 -2.20 -3.09 -2.39 -0.51 -2.04

Period util. -1.91 -1.89 -1.65 -1.73 -2.00 -1.97 -1.74 -1.80

Lifetime util. -0.47 -0.47 -0.65 -0.42 -0.47 -0.46 -0.72 -0.44

Sum of discounted GDP -0.45 -0.22 0.57 -0.21 -0.53 -0.29 0.77 -0.17

Sum of discounted income -0.65 -0.39 0.55 -0.11 -0.75 -0.48 0.77 -0.03

NUKE_MORE NUKE_LESS

2030 GDP -0.19 0.07 0.96 0.23 -0.32 0.10 1.19 0.24

Income -0.28 0.01 1.08 0.64 -0.47 0.00 1.31 0.80

Period util. -0.24 -0.33 -0.42 -0.03 -0.37 -0.52 -0.54 -0.03

2050 GDP -2.02 -1.49 -0.26 -1.76 -2.23 -1.54 0.10 -1.85

Income -2.80 -2.21 -0.79 -2.11 -3.17 -2.42 -0.52 -2.19

Period util. -1.82 -1.79 -1.55 -1.64 -2.22 -2.21 -1.95 -2.01

Lifetime util. -0.42 -0.42 -0.60 -0.38 -0.54 -0.54 -0.81 -0.50

Sum of discounted GDP -0.46 -0.25 0.58 -0.19 -0.51 -0.23 0.87 -0.15

Sum of discounted income -0.66 -0.41 0.57 -0.09 -0.75 -0.43 0.87 0.01
1 All values are percentage change from BAU value. The blue cells indicate a strong double dividend, and the orange cells indicate a weak double 
dividend
2 LMP is lump-sum rebate scenario, INC is income tax scenario, COR is corporate tax scenario and CNT is consumption tax scenario
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they adopt the scenario of corporate tax reduction with 
revenue recycling.

However, our simulation results also have ambiguities. 
They show that an environmental tax reform does not always 
generate better impacts, and the existence of the double 
dividend can depend on the criteria and policy scenarios. 
For example, a corporate tax cut, which has the most desir-
able impact in terms of GDP and income, is not desirable 
in terms of (lifetime) utility. This ambiguous result implies 
that we need to continue a more elaborate analysis of envi-
ronmental tax reform in the future.

In addition, in understating the implications of our simu-
lation, some caution must be adopted because there are some 
limitations to our modeling. First, our model does not incor-
porate more efficient alternatives to existing fossil fuel-based 
and carbon inefficient technologies. For example, we do not 
model hydrogen fuel, which is an important energy source 
to realize decarbonization. The diffusion of hydrogen fuel 
may not be relevant in 2030 but is expected to be crucial 
in 2050. Furthermore, we do not model the transportation 
sector in a sophisticated manner. Thus, electric vehicles or 
fuel cell vehicles that make use of hydrogen fuel are not 
captured in detail.

Third, our approach for modeling taxes has some prob-
lems. The actual income tax in Japan is a progressive tax and 
the tax rate changes depend on income classes. However, 
we cannot consider the progressive nature of income tax 
because we use a representative household assumption. The 
actual corporate tax has different tax rates for firms with 
different sizes, but we do not consider multiple rates in cor-
porate tax system. The consumption tax after 2019 has two 
tax rates, i.e., the standard tax rate and the reduced rate. 
However, we assume one uniform tax rate. Our approach 
for modeling the tax system in Japan has many problems 
that need to be improved. These aspects of the modeling are 
areas for future research. With these revisions in the mod-
eling, we will be able to understand the possibilities of the 
double dividend in 2050 more accurately.
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