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Can Carbon Based Tariffs Effectively Reduce Emissions?

A Numerical Analysis with Focus on China
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Abstract

(1) We estimate COo implicitly exported via commodities relative to a region’s
total emissions: We find -15% for the industrialized, 10% for the developing region,
and 25% for China. (2) We analyze a Contraction and Convergence climate regime
in a CGE model including international capital mobility and technology diffusion:
When China does not participate in the regime and instead a carbon tariff is
imposed on its exports, it will likely be worse off than when participating. This
result does not hold for the developing region in general. Meanwhile, the effect on

emissions appears small.

JEL Classifications: F13, F18, Q54
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1 Introduction

The necessary drastic reduction in global COs emissions critically depends on the in-
clusion of the developing and emerging economies, especially of China. — If China stays
reluctant to join a binding post-Kyoto regime, China’s emissions can possibly be reduced
by imposing a carbon tariff, or carbon content based border tax adjustment, since the
Chinese economy is carbon as well as export intensive.! Such a carbon tariff could also
be used as a threat in order to convince China to join a post-Kyoto climate regime. Such
policies are currently controversially debated (Krugman 2009, Friedman 2009, Broder
2009: “Obama Opposes Trade Sanctions in Climate Bill”). Also, the accordance with
WTO law is a critical aspect. For example, Bhagwati and Mavroidis (2007) question
the economic, juristic and political feasibility of carbon content based border tax adjust-
ment (BTA). The main research task of our article is therefore to assess how a carbon
tariff on exports from China in comparison with a carbon tariff on exports from the
other developing countries affects welfare and emissions of China, the developing and
the industrialized countries.

Several studies have recently estimated carbon emissions implicitly embodied in
traded commodities for different countries and specifically for China.? Shui and Harriss
(2006) estimate that US COg2 emissions would be 3 to 6% higher if the goods imported
from China were produced in the USA, and that 7 to 14% of China’s COy emissions can
be attributed to exports for US consumers.

Peters and Hertwich (2008) calculate carbon contents of trade based on the GTAP 6
data set for 2001. They find net carbon imports for the Annex B region of 5.6% relative
to total COy emissions produced in this region, and relative net carbon exports of 8.1%
for the non-Annex B region.? In particular, according to their calculations China’s net
carbon exports amount to 17.8% of its total produced emissions, US net carbon imports
amount to 7.3%, Japan’s to 15.3%, and Germany’s to 15.7%. Switzerland (122.9%) and
Latvia (60.7%) are the most intensive net carbon importers among Annex B countries,
while Hong Kong (182.2%), the rest of South African CU (176.4%) and Mozambique

(172.4%) are the main net carbon importers among all countries. South Africa (38.2%)

!The term ’border tax adjustment’ (BTA) is frequently used in the debate and usually refers to taxes
on imports in combination with tax rebates on exports from a region with a higher tax than in the trade
partner region.

2For a “review of input-output models for the assessment of environmental impacts embodied in
trade” see Wiedmann et al. (2007). For an overview of quantitative analyses of CO2 embodiment in
international trade see Liu and Wang (2009).

3Herein, net carbon exports mean implicit CO2 exports via exports of commodities minus implicit
CO2 imports via imports of commodities.



and the Russian Federation (21.6%) are the most intensive net carbon exporters among
all countries.

Pan et al. (2008) estimate China’s emissions in 2006 on a consumption basis using
data from Input-Output Tables of China in 2002 (NBS 2006), the China Statistical Year-
book (various years), the International Energy Agency (IEA 2006, 2007) and the World
Resources Institute (WRI). They apply the “Leontief inverse” matrix and distinguish
imported from domestically produced intermediate goods, which is often neglected in
the literature. As a result, they find emissions amounting to 3.8Gt of COy rather than
5.5Gt on the standard production basis. This implies that China’s net carbon exports
amount to 1.7Gt in 2006. They conclude: “Moreover, in the current institutional con-
text, production methodologies encourage leakages through trade that may do more to
displace than to reduce emissions. Both equity and efficiency concerns therefore suggest
that emissions embodied in trade should receive special attention in the distribution of
post-Kyoto abatement burdens.” Accordingly, our CGE (computable general equilib-
rium) analysis captures supply and demand side carbon leakage between regions with
and without climate policy.

In the CGE model based literature, Babiker and Rutherford (2005) and Bhringer et
al. (2010) find that border tax adjustment has a limited potential to reduce carbon leak-
age. Moreover, possible competitiveness disadvantages for firms within the European
emissions trading scheme towards non-EU firms play a central role. Alexeeva-Talebi et
al. (2008a) compare border tax adjustment based on imported quantities multiplied by
domestic carbon intensity factors with an integrated emissions trading scheme based on
imported emissions actually created during the production of imported commodities.
They conclude that border tax adjustment protects domestic competitiveness more ef-
fectively, while an integrated emissions trading scheme achieves a greater reduction in
emissions abroad. Alexeeva-Talebi et al. (2008b) conclude from their simulations of the
European emissions trading scheme that market based policy measures such as the Clean
Development Mechanism, allowing for flexibility in the location of emissions savings, can
be effective substitutes for border tax adjustments in unilateral climate policy. Manders
and Veenendaal (2008) find that border tax measures under the European emissions
trading scheme significantly reduce carbon leakage. Furthermore, border tax measures
appear beneficial for the EU, while they may entail a welfare loss for the rest of the
world. Herein, most of these studies use the GTAP 6 data for the base year 2001, while
our study uses the GTAP 7 data for 2004. Moreover, we focus on China as a carbon as

well as export intensive exporter, in comparison with the other developing countries.



Finally, Lessmann et al. (2009) examine a numerical, intertemporal optimization
framework with stable coalitions. They show that carbon based import tariffs increase
the emissions target coalition in a welfare improving way if the tariff rate is small relative
to the Armington elasticity of imports.

The first contribution of our paper is to calculate and illustrate implicit carbon con-
tents of commodities traded between (mainland) China, the industrialized countries and
the developing countries using the GTAP 7 data for 2004 and distinguishing interme-
diate inputs by source country (section 3). The second contribution is to examine the
welfare and emissions effects of imposing a carbon tariff on exports from China and the
other developing countries under a Contraction and Convergence climate regime with
emissions trading (section 4). Herein, we apply a computable general equilibrium (CGE)
model that includes international capital mobility (foreign direct investment, FDI) and
an innovative way of modeling international technology diffusion via capital mobility
and trade, distinguishing vertical and horizontal spillovers. This feature appears impor-
tant when analyzing trade policy in combination with climate policy, because trade and
FDI may create emissions reductions via technology spillovers. Based on the results, the
paper derives implications for post-Kyoto policies (section 5). The paper starts with an

overview of the underlying three region model (section 2).

2 The three region model

The underlying DART* model is a recursive dynamic multi-region, multi-sector CGE
model of the world economy. The static part of the model is currently calibrated to the
GTAP 7 database (Narayanan and Walmsley 2008) that covers global production and
trade data (including taxes and subsidies, governments and households, consumption
and savings) for 113 countries and regions, 57 sectors (commodities) and 5 production
factors (skilled and “unskilled” labor, capital, land, natural resources) for the benchmark
year 2004.%> Carbon emissions are derived from the use of fossil fuels in production and
for consumption in combination with the associated carbon intensity factors of coal, gas
and oil. The model runs under GAMS MPS/GE. For a detailed description see Klepper
and Springer (2000), Springer (2002) and Klepper et al. (2003) and Hiibler (2011).
The GTAP data can be aggregated according to modelers’ needs. The version of the

model scrutinized here distinguishes three regions: (mainland) China (CHI), industrial-

“Dynamic Applied Regional Trade.
5The GTAP data are collected from various data sources and merged together to a consistent data
set. For detailed information see https : //www.gtap.agecon.purdue.edu/.



ized region (IND) and developing region (DEV). The industrialized region encompasses
the OECD countries plus Hong Kong, Macao, Taiwan, Singapore and South Korea,
since they are important sources of FDI into (mainland) China — and potential sources
of technology transfer into (mainland) China (compare Tseng and Zebregs 2002, Whal-
ley and Xin 2006). The model distinguishes the production factors labor, capital, land,
and natural resources (fossil fuels). In order to analyze climate policies, CO2 emissions
are linked to the use of fossil fuels in production and consumption. The current sectoral
aggregation covers 30 sectors in each region.

FEach commodity market is perfectly competitive. Product and factor prices are
fully flexible. The model incorporates two types of agents for each region: producers
(one producer per production sector and region) and consumers (one private and one
public consumer per region). Producer behavior is derived from cost minimization for a
given output. Consumers receive all income generated by providing primary factors to
production processes. Consumers save a fixed share of income and invest it into capital
for production in each period. Herein, investments are produced like commodities by
using production inputs. The disposable income (net of savings and taxes) is then used
for utility maximization by purchasing and consuming commodities. The expenditure
function is modeled as a CES (constant elasticity of substitution) composite, which
combines an energy bundle with a non-energy bundle.

Factor markets are perfectly competitive with full employment of all factors. La-
bor is a homogenous good, being mobile across industries within regions, but being
internationally immobile. While in the basic version of the DART model capital is also
internationally immobile, in this version capital is internationally mobile between the in-
dustrialized region and China. The benchmark values of foreign capital located in China
are taken from the China Statistical Yearbook (2006, 2007). All regions are linked by
bilateral trade flows, and all commodities except the investment good are traded among
regions. Domestic and foreign commodities imported from different regions are imper-
fect (Armington) substitutes.

The model is recursive-dynamic; it solves for a sequence of static one-period equilibria
for future time periods. The major exogenous, regionally different driving factors of
the model dynamics are population growth, total factor productivity growth, human
capital growth and investment in capital. The model assumes constant, but regionally
different growth rates of human capital (educational attainment) taken from Hall and
Jones (1999). Population growth rates and labor participation rates are taken from the

PHOENIX model (Hilderink 2000). The resulting GDP growth paths are in line with



recent projections by OECD (2008).

Technological progress has an exogenous part in every region. It consists of im-
provements in total factor productivity and in energy biased technological progress. In
the latter case, a given output quantity can ceteris paribus be produced with a smaller
volume of energy inputs. In (mainland) China, technological progress in a certain sector
additionally increases with the import intensity of the related product, with the foreign
capital intensity in this sector (horizontal linkage) and with forward and backward link-
ages (vertical linkage) across sectors within the production chain. Technological progress
decreases the closer the Chinese technology level comes to the technology frontier given
by the industrialized region. This results in a process of technological convergence.’
This novel way of modeling international technology diffusion via FDI and trade ap-
pears important when analyzing trade policy in combination with climate policy.

Like other CGE models, DART has a number of limitations: In China, as well as
in any other country, markets are far from perfect with respect to perfect competition,
market clearance, immediate adjustment without adjustment costs, and so forth. As a
consequence, reactions to shocks such as new policies, occur fast and do not incorporate
all relevant associated costs. Moreover, the model is bound to the benchmark situation
in certain respects, for example consumer preferences and carbon emissions factors. As a
consequence, the farther the time horizon of the policy analysis, the less likely it becomes
that the world economy will be as given by the benchmark data. In particular, with
respect to climate policy analysis, a standard CGE model represents a reduction in the
use of fossil fuels by substitution of fossil fuel inputs by other inputs in the production
structure. It does not represent investment in low-carbon technologies over time (like

for example Leimbach et al. 2010).

3 Carbon content of trade

We calculate the implicit carbon contents of traded commodities using the GTAP 7
data set for 2004 (Narayanan and Walmsley 2008) in combination with emissions data

computed from the GTAP 7 data set (Lee 2008).” Such implicit carbon contents capture

SFull technological catching up would be far beyond the time horizon of our analysis.

"For this section, we only need the GTAP 7 data set, not the CGE model itself. Like Peters and
Hertwich (2008), we do not distinguish intermediate inputs by source country, since the GTAP data
do not provide bilateral intermediate good flows. The GTAP 7 data apparently incorporate some
inconsistencies between intermediate inputs in currency value terms and fossil fuel (emissions) inputs
in physical value terms and differences in accounting emissions. For details see Peters and Hertwich
(2008) and their supporting information. These inconsistencies can be relevant when computing sector
or product specific results, ut probably not on the macro level. Therefore, the results should be treated



all emissions that occur during the production processes of commodities. Our calculation
improves on Pan et al. (2008) by using the new GTAP 7 data and by distinguishing
intermediate good inputs by country of origin (for detailed explanations see Ackerman
et al. 2007). The latter aspect seems important for computing Chinese carbon contents
of trade, since a substantial part of Chinese exports is produced by using imported
intermediate goods (so that the value added is relatively low).

In the first step, we derive an input-output table, in other words a 90 x 90 Leontief
technology matrix A, from the GTAP 7 data. In each column, it describes the production
of a commodity ¢ (in a sector ¢) in region r. The first columns contain all commodities i
produced in the first region, the following columns contain all commodities produced in
the second region and so on. Within each column, commodities ¢ are listed in the same
order representing the intermediate good inputs that are necessary to produce one output
unit of commodity ¢ in region r. At this point, the GTAP 7 data set does not provide
bilateral trade flows of intermediate goods. It does, however, provide bilateral data on
total trade flows p (for intermediate input use plus consumption) and it does provide
bisectoral data on total imported intermediate inputs ¢ of firms (without distinguishing
by source country). Therefore, we use the following weighting algorithm to compute

bilateral intermediate good flows ¢ from sector 74 in region rr to sector i in region 7:

w(rr,r,i)
S u(rr, i) (1)

Lb(TT', ryit, 1) = u(r, i, 1)

The underlying assumption is that the distribution of source countries of imports is the
same for intermediate good imports as for total imports.

In the second step, we compute the Leontief inverse x containing the volumes of all
commodities that are necessary to satisfy the demand for one unit of each commodity,
and additionally to satisfy the need for intermediate inputs throughout all production

stages. Herein, = is a 90 x 90 identity matrix.
X=Axx+E & x=[E-A" (2)

In the third step, we derive the direct emissions per unit of output i, denoted by the
1x90 vector €. These direct emissions occur in each production stage via direct inputs of

fossil fuels (coal, gas and oil).® For this purpose, we use the data on direct emissions that

with some caution.
8 Assume, steal production uses electricity and burns oil when running machines. Then, only these
direct emissions from burning oil are included at this stage of the calculation.



Lee (2008) computes from the GTAP 7 data. She takes into account that, depending on
the region, a certain share of oil and gas goes into plastic products within the chemical
sector. She also takes into account that the oil sector encompasses processes where oil
inputs are not burned, but refined in order to gain improved oil products. In this case,
she assumes that the resulting emissions are zero.

In the fourth step, we multiply € with y. As a result, we obtain the 1 x 90 carbon
intensity vector ¢ that contains the emissions over all intermediate production stages

that occur when producing one unit of each commodity ¢ in each region r.

(=exx (3)

Figure 1 shows the results for the benchmark year 2004.° The figure illustrates that
products from (mainland) China (CHI) have the highest carbon (COz) intensities (ex-
cept transportation trn), on average about 3.1kg/US$. Especially, the Chinese carbon
content of electricity generation (egw) is extremely high due to the importance of in-
efficient coal power in (mainland) China.'® As expected, commodities produced in the
developing countries (DEV) have the second highest carbon contents, on average about
1.6kg/US$, and commodities produced in the industrialized countries (IND) have the
lowest carbon intensities, on average about 0.7kg/USS$.

In the fifth step, total carbon contents of traded commodities per year can easily be
computed by multiplying the carbon intensity factors shown in Figure 1 by the related
volumes of commodity trade. (Note that implicit carbon trade within regions is not
included.) Figure 2 shows the results for exports of each region. As expected, the ranking
of implicit Chinese carbon export volumes is similar to the ranking of commodity export
volumes. The three highest and almost equal carbon volumes are embodied in exports
of textiles, apparel and leather (tex); electrical equipment (elm) and machinery (mac).
Chemicals, rubber and plastic (crp) contribute the fourth highest carbon export volume

which is lower than the three highest volumes. All other products contribute lower

9We distinguish 30 sectors: agriculture and food (agr), textiles, apparel and leather (tex), beverages
and tobacco (bev), business services (bui), chemicals, rubber and plastic (crp), culture and recreation
(cus), coal (col), communication (com), construction (con), crude oil (cru), electricity supply (egw),
electrical equipment (elm), ferrous metals (fem), financial intermediation (fin), gas (gas), machinery
(mac), metal products (met), minerals (min), non-ferrous metals (nfm), non-metallic mineral products
(nmm), other manufacturing (otm), paper products and publishing (pap), petroleum and coal (oil), trade
and wholesale (trd), public services (pub), real estate (ree), transport machinery (trm), transportation
(trn), water supply (wat), wood (wo0).

9The emissions intensity of gas in (mainland) China was obviously an outlier. Therefore, we assumed
it is equal to the emissions intensity of gas in developing countries. For further comments on accounting
problems in the GTAP data see Peters and Hertwich (2008) and their supporting information.
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Figure 1: Carbon intensity factors of products

carbon export volumes. The other developing countries obviously export substantial
carbon volumes via transportation services (trn);!! non-ferrous (nfm) and ferrous (fem)
metals; via agricultural and food products (agr); via crude oil (cru); and via petroleum
and coal products (oil).

Figure 3 illustrates the result of summing up over carbon contents of traded com-
modities per region for the benchmark year 2004. The triangle in Figure 3 visualizes the
total quantities of CO2 in Gt (Giga tons) that are implicitly traded between regions.
While about 1.6Gt flow from the developing countries to the industrialized countries,
(mainland) China alone exports about 1.1Gt to the industrialized countries. COg ex-
ports from the industrialized region to the developing region and China, as well as CO9
flows from the developing region to (mainland) China and vice versa, are relatively
low. Figure 3 does not show implicit carbon trade within regions. The implicit carbon
trade within the industrialized region (between industrialized countries) is substantial;
it amounts to 2.7Gt. The implicit carbon trade within the developing region amounts
to 0.7Gt.

The percentage numbers show net CO4 exports (implicit CO2 exports minus imports)
relative to total emissions that are actually generated in each region. As expected, China
is a major net carbon exporter (24% of total Chinese emissions), while the industrialized

region is a net carbon importer (15% of total emissions). The developing region is a net

1 The high volume of carbon exports via transportation services stems from the high export volume
of transportation services given by the GTAP 7 data.
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Figure 2: Ilmplicit carbon contents of exported products

carbon exporter as well (12% total emissions).!?

These outcomes suggest that climate policy in the industrialized region alone might
cause carbon leakage: Production might increase in developing countries such as China
as a response, and trade of carbon intensive commodities to the industrialized region
might increase. Therefore, it seems worthwhile to examine the effectiveness of policies

that might lower implicit carbon trade, in particular carbon based tariffs.

4 Carbon tariffs

This section uses the carbon intensities of commodities computed in the previous section
to set carbon content based tariffs on imports from a region without a carbon price, in
particular China, to a region with a carbon price under a Contraction and Convergence

policy (C&C, introduced by GCE 1990).13

12Compared with Peters and Hertwich (2008) who calculate the carbon contents of trade based on
GTAP 6 for the year 2001, implicit carbon carbon exports of China have risen from 0.8Gt (24.4% of
total Chinese emissions) in 2001 to 1.4Gt (31.3%) in 2004. Relative carbon imports of China have risen
from 0.2Gt (6.6%) to 0.3Gt (7.7%). Thus, net carbon exports of China have risen from 0.6 (17.8%) to
1.1Gt (23.6% = 24%). According to Pan et al. (2008), China’s net CO2 exports amount to 1.7Gt in the
year 2006.

13Herein, on the one hand, we neglect the following aspect: Part of intermediate goods used in Chinese
production are imported and thus have been subject to a carbon tax in the region of origin. Under a
carbon tariff, Chinese exports are taxed again based on their full carbon content. Deducting these
carbon taxes already paid would reduce the effect of the border tax adjustment under scrutiny. On the
other hand, the emissions data for GTAP 7 (Lee 2008) yield relatively low emissions for China. In this
respect, a carbon tariff would have a stronger effect if Chinese emissions were higher.

10



+24%

1.1Gt 0.1Gt
0.2Gt 0.3Gt
1 6Gt

-15% DEV +12%
3
0.5Gt

Figure 3: Interregional carbon contents of trade

C&C has been frequently suggested in the scientific and political debate. It treats
all people in all countries equally with respect to emissions and it favors high-population
countries and poor countries hat have today much lower per capita emissions than the
industrialized countries. Therefore, it has a realistic chance of being accepted by the
developing countries and of becoming implemented on a global scale. It appears interest-
ing in particular with respect to China to analyze such a C&C policy. In mathematical
terms, the endowment with emissions permits for region r at time or year t follows the

rule (Peterson and Klepper 2007):

2050 — ¢
37

t—2013

092 (t,r) = 6992(2012, 1) T

+ 6992(2050) .Vt >2013 (4)

Regional emissions in 2012, denoted by §°92(2012,), are derived from the solution of
the CGE for 2012. The global emissions level in 2050 is set exogenously to about 18.3Gt
COg which corresponds roughly to a 450ppm COs intensity target (compare IPCC 2001).
As a result, per capita emissions converge step by step from their regionally different
levels in 2012 to an equalized level of 2t per capita in 2050. Given these regional permit
endowments, permits can be traded across regions and across all sectors, yielding efficient
emissions reductions in the participating regions.

In the next step, we examine carbon based tariffs on imports from a region without
a carbon price to a region with a carbon price. The political debate also includes carbon
tax rebates on exports from a region with a carbon price to a region without a carbon

price. The latter is especially discussed with respect to competitiveness and fairness

11



aspects concerning exporters that face a carbon price, while their foreign rivals do not.™

In our border tax adjustment (BTA) experiments, the carbon based ad valorem tariff

BTA(t,rr, r,i) is endogenously adjusted, where rr denotes exporting regions (for

rate T
example CHI) outside the regime, and r denotes importing regions within the regime
(for example IND), and ¢ denotes sectors or commodities. In the absence of the first
best solution, a carbon price in all sectors in all regions, we aim at a second best solution
by pricing imports as if they had been produced domestically. The tax rate depends
on the carbon intensities of commodities in the exporting region, denoted by ((rr,1).
This implies that policy makers exactly know the real implicit carbon contents of the
imported products, at least in the benchmark year. Furthermore, the tariff rate depends
on the current carbon price p©©2(t) and on the current (Armington composite) import
price of the commodity pM(t,r,i). The border tax adjustment is then given by the

following constraint:'®

pCO2(t)

BTA
T "
( pM(t,r,i)

¢(rr, i) (5)

t,rr,r i) =

Thus, imports of commodities are due to the same carbon tax as the corresponding
domestically produced commodities. As a result, across sectors, the carbon based tax
rate is mainly determined by the carbon intensity. Over time, it basically follows the
development of the carbon price.

In the next step, we distinguish two technology scenarios (for a detailed description
see Hiibler 2011): In scenario green, we assume exogenous energy efficiency gains of
1% per year in all regions. We assume total factor productivity gains of 0.5% per year
in China (CHI), 1.3% in the developing region (DEV) and 0.86% in the industrialized
region (IND). In CHI, we additionally assume energy efficiency and total factor pro-
ductivity gains via international technology diffusion associated with imports and FDI
inflows. The resulting time paths of CO2 emissions come close to the Alternative Policy

Scenario by IEA (2007) and are optimistic regarding CHI’s future business as usual

Mpauwelyn (2007), for example, notes: ”Such competitiveness provisions would essentially aim at
leveling the playing field by imposing the same or similar costs on imports, as US federal climate policy
imposes on domestic US production. To level the playing field on world markets, US exports could also
be exempted from domestic climate restrictions.” For further details see Houser et al. (2008). Moreover,
Meade (1974) and Grossman (1980) show under which conditions an equal border tax on all imports
and a corresponding subsidy on all exports lead to a readjustment of the exchange rate without real
economic effects. In our current analysis with import tariffs at different rates but no export subsidies,
these criteria are not fulfilled.

!5Re-arranging the equation and multiplying by the volume of imports M (t,r,4) yields: M(t,r,i) -
pM(t,7,4) - TBTA, vy d) = M (L, r,0) - C(rr,7) - p©O2(t). Now, the left hand side is the total tax to be
paid for importing commodity i into region 7, given the ad valorem tax rate 7274 (¢, rr,r,4). The right
hand side computes the carbon content of commodity ¢ and prices it at the current carbon price.

12



(BAU) emissions intensity.

In scenario brown, we do not assume any energy specific efficiency gains in any
region. We do not assume energy efficiency or total factor productivity gains associated
with imports or FDI inflows, either. We assume total factor productivity gains of 2%
per year in China (CHI), and 1.3% in the developing region (DEV) and 0.86% in the
industrialized region (IND) as before. The resulting time paths of CO2 emissions come
close to the High Growth Scenario by IEA (2007). They are more pessimistic regarding
future emissions intensities, especially of CHI. In this scenario, the Chinese economy
also strongly grows towards the end of the time horizon in 2030 and thus produces high
emissions.

The BAU emissions paths for scenarios green and brown and the emissions paths
resulting from the policy experiments, explained in the following, are illustrated in
Figure 4. Obviously, DEV grows strongly and overtakes IND at the end of the time
horizon with respect to emissions. While CHI’s emissions grow moderately in scenario
green, they come close to those of IND and DEV in scenario brown.

We then analyze several policy scenarios for each technology scenario. Herein, a “+”
before a region’s name indicates that this region is included in the climate policy regime,

W

a indicates that it is not. +bta indicates that border tax adjustment is imposed on
imports from regions outside the climate policy regime to regions within the climate
policy regime.

Figure 4 illustrates the emissions paths under the different technology and policy
scenarios. (Scenario 4chi-dev+ind is not shown.) In “bau”, there is no climate policy in
any region, while in “pol”, climate policy covers all regions. Obviously, the inclusion of
regions to the Contraction and Convergence (C&C) regime reduces emissions substan-
tially. Border tax adjustments on imports (+bta), on the contrary, show small impacts
on CHI’s emissions, while the impact on DEV’s and IND’s emissions is hardly visible in
the figure, since it is so small.

Nevertheless, BTA tax rates reach substantial values. In scenario -chi+dev+ind+bta
green, the carbon based tariff rate 7574(2013, CHI, IND, 1) varies between 0.07% for
real estate; 0.2% for communication, public services and others; and almost 6% for gas
and electricity. According to this scenario, the COy price will rise up to 65 US-$ per
ton of CO9 in 2030. As a consequence, the carbon based tariff rate will vary between
2% for real estate; around 30% for paper, oil and metal products; more than 40% for
chemicals and water; around 50% for coal; more than 60% for ferrous and non-ferrous

metals; almost 80% for non-metallic mineral products; and 265% for electricity, given

13
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Figure 4: Time paths of regional CO2 emissions under scenarios green and brown

that China’s energy supply will still strongly rely on coal.'6

- Table 1 about here -

- Table 2 about here -

Tables 1 and 2 describe the technology and policy scenarios in detail. Several aspects

are important for the interpretation of the results:

First, our C&C scenario reduces per capita emissions from their 2012 levels to equal

regional levels of about 2t of CO5 in 2050. We do not consider a scenario, where global

16 Again, the Chinese gas sector appears as an outlier; the related border tax rate would be about

365%.
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emissions must not exceed a certain level in order to meet a certain CO5 concentration or
a temperature target, such as the 2 degree target. The latter would require that regions
within the regime cut emissions to a larger extent the more countries are outside the
regime that do not reduce emissions.!” As a consequence of our scenario assumption,
global emissions cuts will be insufficient to reach an ambitious temperature target, if
not all regions are “in the boat”.

Second, the inclusion of a region into C&C implies that firms in this region have an
incentive to use less fossil fuel inputs for production in order to reduce their emissions
intensity of production and hence their tax payments. BTA policies, on the contrary,
do not create such an incentive, since the actual inputs of firms cannot be measured.
They simply imply a punishment for exporting emissions intensive products based on
benchmark data. As a consequence, imports will shift from high-carbon to low-carbon
products, and imports will decline in total as well. The difference is that the former
policy is an input tax at a fixed rate for each fossil fuel inputs (coal, gas and oil), while
the latter is an output tax at a fixed rate for each commodity (metal products, chemical
products and so forth).

Third, the regional aggregation is large (except China, which is the focus of our anal-
ysis). Therefore, we cannot disentangle how certain countries with different character-
istics are affected; for example least developed countries such as Ethiopia, fast-growing
high-population economies such as India, or oil exporters such as Saudi Arabia — which
are all merged in region DEV. As a consequence, high-population countries within region
DEV benefit from the per capita based C&C policy, while oil exporters suffer from cli-
mate policy. The overall effect of a C&C policy for region DEV is therefore ambiguous.
The aim of this aggregation is, however, to contrast the effects for China with those for
OECD countries and those for the rest of the world without tumbling over numerous
country specific effects. Furthermore, an impact of a certain size in absolute terms, for
example a tax revenue through border tax adjustment, has a higher relative impact on
CHI than on IND and DEV due to CHI’s smaller economic size.

Fourth, a long-term policy analysis is sensitive to the time horizon under scrutiny.
Since regions CHI and DEV are supposed to achieve sustained long-run growth, while
emissions targets will become more stringent in the long-run, climate policy will hit
these region harder the longer the time horizon. Moreover, as explained in section 2, a

numerical model is determined by the benchmark year data, for example with respect to

" This can result in more or less infeasible situations, if too less countries are in the regime, so that
the burden for the countries within the regime becomes too heavy.
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energy and emissions intensities of production. Therefore, uncertainty rises, the longer
the time horizon. Taking this into account, we have chosen 2030 as a medium-term
compromise. Since assumptions on technical progress play a major role for the results,
we contrast two technology scenarios.

Keeping in mind the assumptions and caveats above as well as those explained at
the end of section 2, we can now examine the simulation results reported in Table 1 and
Table 2.

Welfare and terms of trade. We measure welfare effects as the Hicks-equivalent
Variation between a policy scenario and BAU (relative to households’ expenditures in
BAU), cumulated from 2004 until 2030 and discounted at a rate of 2% per year. As
a result, in technology scenario green, under all policies without BTA, CHI is at least
equally off as in BAU. The exact reason is difficult to separate in a complex CGE.
Nevertheless, a look at the terms of trade gives a hint: The terms of trade (in 2030
relative to the 2004 value set to 1) are in all policy scenarios without BTA higher
than in BAU. Accordingly, fossil resource prices, and prices of goods that CHI uses
as intermediate inputs, fall relative to the prices of commodities that CHI exports.
Moreover, in scenario green that is optimistic with respect to CHI’s emissions intensity,
CHI becomes a permit seller and benefits from the related revenues. In this sense, it is
better for CHI, when more countries join the C&C regime that buy CHI’s permits. CHI’s
permit sales are also beneficial for the other regions — but only to a very small extent. A
possible reason is that CHI’s exports become more expensive, as indicated by the terms
of trade. This terms of trade effect is disadvantageous for the other regions that import
CHI’s products, and counteracts the efficiency gains with respect to emissions permits
trade.

In both technology scenarios, green and brown, CHI achieves the highest welfare
improvement if it stays outside the regime, while the rest of the world is inside. This
implies that terms of trade improvements and leakage effects are higher than CHI’s
benefits from participating in the permit market. The inclusion of DEV into the regime
causes a welfare loss of around 1% compared with BAU for DEV, while the inclusion of
IND creates only a small welfare loss for IND. Apparently, the disadvantages of climate
policy for fast growing economies and for oil exporters within DEV dominate. The
introduction of BTA, however, causes a substantial drop in the terms of trade and in
welfare of the targeted region, in particular a welfare loss of 1 to 2 % for CHI.

However, the picture looks partly different in technology scenario brown. On the

one hand, BTA has similar effects as before. On the other hand, the inclusion of CHI
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into the regime causes a welfare loss of around 1% compared with BAU for CHI, similar
to the welfare loss for DEV, which becomes stronger in brown than in green. Different
to scenario green, DEV does not benefit from the inclusion of CHI, possibly because
CHI does now buy permits from the market instead of selling permits. In summary,
whether CHI looses or gains from joining the regime compared with BAU depends on
the technology scenario. But in both scenarios, CHI looses when joining the regime
compared with the situation, where CHI is excluded, but all other regions are included
(-chi+dev+ind), since CHI can benefit from leakage effects in the latter case.

In summary, we find the following important result regarding welfare effects that
holds in both technology scenarios: When China does not participate in the regime and
instead a carbon tariff is imposed on its exports, it will likely be worse off than when
participating. This result does not necessarily hold for the developing region in general.

Emissions and energy intensity. The exclusion of CHI from the policy regime, while
the rest of the world is included (-chi+dev+ind), creates an increase in CHI’s emissions
of about 5% in green and about 11% in brown. Similarly, the exclusion of DEV, while the
rest of the world is included (+chi-dev+ind), creates an increase in DEV’s emissions of
about 8% in green and about 15% in brown. These findings indicate substantial carbon
leakage effects. CHI’s or DEV’s energy intensities strongly improve compared with BAU
when they are “in the policy boat”, while it worsens compared with BAU when they are
not. Obviously, BTA policies with fixed tax rates on produced commodities, achieve only
small improvements in energy intensity and emissions reductions. Emissions reductions
are around 1 to 2% in each region, CHI and DEV, and are thus smaller than the leakage
effects that we observed.

Interestingly, the implicit inter-regional CO2 flows computed in the previous section
are almost as high as the explicit COs flows through permit trading in 2030 that we
find here. In both cases, IND imports around 2 to 3Gt of CO4y a year from CHI and
IND. Herein, CHI’s supply or demand of permits strongly depends on CHI’s technical

progress, in our case expressed by the two technology scenarios, as discussed above.

5 Conclusion

In the first step, we calculate implicit carbon flows through commodity trade between an
industrialized region, a developing region, and mainland China, based on the GTAP 7
data for 2004. We find substantial implicit carbon flows from China and the developing

region to the industrialized region, in accordance with the literature. Most of China’s
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implicit carbon exports occur through textiles, apparel and leather; electrical equipment;
and machinery. Our findings indicate the possibility of carbon leakage effects, which
are confirmed by our computable general equilibrium analysis. Moreover, we compute
carbon intensity factors of all commodities. While we are able to compute these carbon
intensity factors accurately given the data, in real policy, data availability and accuracy
can be a difficulty when calculating carbon contents of products from certain countries.

In the second step, we analyze carbon tariffs by applying the carbon intensity factors
of commodities that we computed in the first step, to our computable general equilibrium
model. The resulting carbon content based tariffs are imposed on imports from a region
that is not part of a global post-Kyoto Contraction and Convergence regime (GCE 1990),
in particular China or the region of the other developing countries, to a region that is
part of the regime.

We find as a main result: When China does not participate in the regime and in-
stead a carbon tariff is imposed on its exports, it will likely be worse off than when
participating. This result does not necessarily hold for the developing region in general.
Therefore, carbon based tariffs might encourage China to join a Contraction and Con-
vergence policy regime, but they might not necessarily encourage developing countries
in general. The reason is probably that the Chinese economy is carbon intensive as well
as export intensive. In this case, a carbon tariff might be a threat — in case of other
developing countries it might not be a threat. Moreover, we find relatively small carbon
emission reductions stemming from the introduction of carbon tariffs. This result casts
doubt on the effectiveness of carbon tariffs as a direct measure for emission reductions.

A main reason for the small emissions reductions found in the analysis is probably
that such carbon tariffs are imposed on commodities based on base year carbon contents
that are fixed over time, and not directly on fossil fuel inputs. This cancels firms’
incentive to reduce fossil fuel inputs. Another reason is probably that China’s exports
are responsible for about one quarter of total Chinese emissions so that three quarters
of emissions are unaffected.

In order to address the first reason, carbon intensity factors would need to be mea-
sured and adjusted simultaneously in order to create a better incentive for emissions
reduction via tariffs. But this would require Chinese firms to provide exact informa-
tion on their energy inputs (or emissions outputs) regularly to European, US and other
policy makers. This requirement does not appear as a feasible option.

The alternative assumption under discussion is that carbon intensity factors of im-

ported products from different countries are homogenous and equal to the carbon in-
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tensity factor of the corresponding domestically produced products in the importing
country. This policy, however, discriminates against exporters with low carbon intensi-
ties and benefits exporters with high carbon intensities. And due to on average lower
emissions intensities of importing high-income countries compared with low-income ex-
porting countries, the effects of border tax adjustment would be lower than in our
analysis based on exporters’ carbon intensities.

Therefore, the full inclusion of China into a global post-Kyoto regime appears to
be more effective with respect to emissions reductions than the introduction of carbon
tariffs. Whether China significantly looses or slightly gains from the inclusion into
the climate regime compared with business as usual depends on the strength of (energy
saving) technical progress. Independent of the assumptions on technical progress, China
achieves the highest welfare gain when it is excluded from climate policy while all other
countries are included, since it can then benefit from leakage effects. The industrialized
and developing region seem not to benefit much from China’s inclusion into this policy
regime, or even slightly loose in case of the developing countries. A probable reason is
that the introduction of a carbon price in China raises the price of Chinese commodities
which the other countries, especially the industrialized countries, import at a large scale.
Herein it is important to note that in our policy scenario all regions follow the same
emissions targets, no matter China joins the regime or not. Therefore, global emissions
will be drastically higher, if China does not join the regime. In this sense, it is still in
the interest of all countries that China is “in the boat” in order to reduce global climate
change damages. But possibly the full inclusion of developing countries such as China
is not yet feasible.

Hence, the following carbon tariff policy could ba a feasible compromise with respect
to Chinese exports: Carbon intensity factors are estimated (on a rough sectoral base)
and updated after a certain period of time (for instance after five years) when changes in
the emissions intensity can be measured and proven. This will take emissions intensity
improvements of exporting economies like China on a macro level into account, without
large bureaucratic efforts to measure and verify carbon emissions of single firms con-
tinuously. It would create an incentive for governments to foster energy and emissions
saving policies such as in the Chinese Five Years Plan.

Future research may explicitly model endogenous technological progress including
the rising share of renewable energies and possibly CCS (carbon capture and storage)
since the deployment of new technologies strongly effects future emissions paths and

since coal power plays a major role in China. It might turn out that international
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transfer of low carbon energy technologies is a more promising option than imposing

trade barriers for successfully dealing with climate change.
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7 Appendix

This section contains key equations of the CGE model. For further details and
data sources see Klepper and Springer (2000), Springer (2002), Klepper et al.
(2003) and Hiibler (2011). Tables 1 and 2 explain the meaning of the parameters

and variables.'® The equations are written in quantities, while all prices are endogenous.

Cumulated, discounted welfare effect excluding climate change damage is derived from
the relative Hicks-equivalent variation of policy scenario 1 compared with reference sce-

nario 0O:

R {PpC (2004,), U (1,7)] — PlpC (2004, 1), U (1, r)]} (1 — p) (=209

W{(r
) 5004 PlpC (2004,7), UO(t, 7)](1 — p) (+=2004

(6)
Households equate expenditure to income:
p°C =p"K +plL +pPB +p2EM + R()), V() (7)
Capital accumulation with a constant depreciation rate and saving rate:
Kit+1,7r)=[1-486nr)]K(tr)+o(r)Y(tr) ()
Splitting capital supply in IN D into domestic use and FDI to CHI:
K(t,IND) = cet[K(t,IND), F(t, CHI)] (9)
Exogenous labor augmentation (via population growth and educational improvements):

L(t+1,7) = [1+ At, r)]L(t,7) (10)

18The 30 production sectors are listed as a footnote in section 3.
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Basic production structure (producers minimize costs taking input and output taxes ()

into account):
cet(D,X) = Itf(N,ces{B,cdK,L,E]}), Y(tri),rec{IND DEV} (11)

Basic production structure in China (producers minimize costs taking input and output

taxes 7() into account):
cet(D,X) = Itf(N,ces{B,cd[cd(K,F),L,E|}), Y(t,CHI,i) (12)
Imported and domestically bought commodities form a consumption bundle:
C(t,r) = ces[D(t,r,i), M(t,r,i)] (13)
Linking CO4 emissions to fossil fuels (col, gas, oil) in an energy bundle:
E = cd{cru,eqw,ltf[EM(e),e]}, V(t,7) (14)

Armington aggregation of imports from different regions (where export subsidies, and

carbon and non-carbon based import tariffs 7(-) are imposed on traded commodities):
M(t,r,i) = ces{ltf[ X (t,rr,r i), L (rr,r )]} (15)
Exogenous total factor productivity improvement:
At +1,7,4) = [1 +94(r)A(t,r,i), Vre{IND,DEV} (16)
Exogenous and endogenous total factor productivity improvement in China:
A(t+1,CHI,i) = [1 +92(r) + TA(t,1)]A(t, CHI, 1) (17)
Exogenous energy efficiency improvement:
Et+1,ri)=[1- ﬂE(r)]E(t,r,i), Vr e {IND,DEV} (18)
Exogenous and endogenous energy efficiency improvement in China:

E(t+1,CHI,i) =[1 —9¥(CHI) - T®(t,i)|E(t,CHI, ) (19)
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Herein, the strength of total factor productivity improvements in China increases with
the intensities of foreign capital, of vertical linkages within the production chain, of

imports, and with the distance to the technology frontier:
TA(t,7) = FIFI(t,0), VI(t,4), MI(t,0)][Yi(t, IND,i) = Yr(t, CHI,i)] (20)
The strength of energy efficiency improvements increases with the same factors:

TE(t,i) = fIFI(t,3),VI(t,i), MI(t,i)][Yg(t,IND,i) — Yg(t,CHI, )| (21)
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Table 1: Economic indicators of scenario green (to be inserted in the main text)

9¢

Region CHI DEV IND World CHI DEV IND World
Policy bau = -chi-dev-ind
GDP 2030 (bill. 2004-US-$) 6594 15069 49327 70991
COg emissions 2030 (Gt) 8.54 17.82 17.13 43.49
Energy productivity 2030 wrt. 2004 1.79 1.38 1.31 1.37
Terms of trade 2030 wrt. 2004 0.86 1.11 1.00 -
Policy -chi-dev+ind -chi-dev+ind+bta
Welfare effect 2004-2030 wrt. bau 0.14% -0.29% -0.19% - -1.38% -0.95% 0.04% -
CO;, emissions 2004-2030 wrt. bau 1.88% 8.96% -17.96% -11.24% 1.11% 7.79% -17.96% -12.92%
GDP 2030 (bill. 2004-US-$) 6552 14713 49088 70354 5366 12764 49045 67176
CO4 emissions 2030 (Gt) 8.75 20.93 8.92 38.60 8.58 20.38 8.92 37.87
COg price 2030 (2004-US-$ per t) - - - 79.12 - - - 85.50
Energy productivity 2030 wrt. 2004 1.73 1.23 1.74 1.63 1.72 1.25 1.72 1.63
Terms of trade 2030 wrt. 2004 0.87 1.04 1.02 - 0.78 1.00 1.01 -
Policy -chi+dev+ind -chi+dev+ind+bta
Welfare effect 2004-2030 wrt. bau 0.41% -1.11% -0.03% - -1.42%  -1.00% 0.09% -
CO> emissions 2004-2030 wrt. bau 5.09% -18.97% -13.07% -28.53% 3.52% -19.02% -13.03% -29.46%
GDP 2030 (bill. 2004-US-$) 6600 14621 49143 70365 5492 14579 49128 69199
COy emissions 2030 (Gt) 9.69 10.22 11.17 31.08 9.28 10.19 11.20 30.68
COg sales 2030 (Gt) 2.26 -2.26 0 2.29 -2.29 0
COg price 2030 (2004-US-$ per t) - - - 63.22 - - - 65.06
Energy productivity 2030 wrt. 2004 1.54 1.78 1.50 1.56 1.57 1.79 1.50 1.56
Terms of trade 2030 wrt. 2004 0.89 0.97 1.03 - 0.76 0.96 1.03 -
Policy +chi-dev+ind +chi-dev+ind+bta
Welfare effect 2004-2030 wrt. bau 0.00% -0.25% -0.13% - 0.22% -0.83% -0.04% -
CO, emissions 2004-2030 wrt. bau -30.67% 8.60% -13.18% -21.08% -30.95% 7.45% -13.05% -22.36%
GDP 2030 (bill. 2004-US-$) 6805 14804 49177 70786 6828 13532 49170 69529
COy emissions 2030 (Gt) 2.72 20.86 10.75 34.32 2.67 20.30 10.80 33.76
COq sales 2030 (Gt) 1.83 -1.83 0 1.88 -1.88 0
COg price 2030 (2004-US-$ per t) - - - 50.87 - - - 54.21
Energy productivity 2030 wrt. 2004 2.67 1.24 1.57 1.61 2.68 1.26 1.55 1.61
Terms of trade 2030 wrt. 2004 0.88 1.05 1.01 - 0.88 1.00 1.01 -
Policy pol = +chi+dev+ind

Welfare effect 2004-2030 wrt. bau 0.22%  -1.09% 0.00% -
CO; emissions 2004-2030 wrt. bau -30.74% -16.12% -10.58% -40.34%

GDP 2030 (bill. 2004-US-$) 6843 14523 49180 70545

COz emissions 2030 (Gt) 2.79 11.08 12.07 25.94

COq sales 2030 (Gt) 1.75 1.40 -3.15 0

CO, price 2030 (2004-US-$ per t) : ; - 56.03
Energy productivity 2030 wrt. 2004 2.52 1.69 1.44 1.59

Terms of trade 2030 wrt. 2004 0.90 0.96 1.04 -




Table 2: Economic indicators of scenario brown (to be inserted in the main text)

Xé

Region CHI DEV IND World CHI DEV IND World
Policy bau = -chi-dev-ind
GDP 2030 (bill. 2004-US-$) 8726 15265 49197 73188
COg emissions 2030 (Gt) 14.07 16.84 16.49 47.40
Energy productivity 2030 wrt. 2004 1.23 1.36 1.21 1.24
Terms of trade 2030 wrt. 2004 0.76 1.21 0.98 -
Policy -chi-dev+ind -chi-dev+ind+bta
Welfare effect 2004-2030 wrt. bau 0.31% -0.36% -0.22% - -1.56% -1.06% 0.08% -
CO; emissions 2004-2030 wrt. bau 5.82% 10.16% -16.83% -5.49% 3.97% 8.85% -16.83% -8.69%
GDP 2030 (bill. 2004-US-$) 8693 14856 48911 72460 6806 12492 48856 68155
CO4 emissions 2030 (Gt) 15.65 20.23 8.91 44.79 14.87 19.50 8.91 43.28
COg price 2030 (2004-US-$ per t) - - - 94.24 - - - 103.65
Energy productivity 2030 wrt. 2004 1.13 1.21 1.60 1.46 1.16 1.23 1.58 1.47
Terms of trade 2030 wrt. 2004 0.77 1.14 1.01 - 0.67 1.09 1.00 -
Policy -chi+dev+ind -chi+dev+ind+bta
Welfare effect 2004-2030 wrt. bau 0.73%  -1.22%  -0.06% - -147%  -1.08% 0.13% -
CO; emissions 2004-2030 wrt. bau 11.41% -17.54% -11.61% -17.99% 7.89% -17.65% -11.53% -20.99%
GDP 2030 (bill. 2004-US-$) 8800 14810 48986 72596 7085 14655 48969 70708
CO4 emissions 2030 (Gt) 17.54 10.16 11.17 38.87 16.11 10.10 11.23 37.45
COg sales 2030 (Gt) 2.27 -2.27 0 2.33 -2.33 0
COg price 2030 (2004-US-$ per t) - - - 68.69 - - - 72.62
Energy productivity 2030 wrt. 2004 1.03 1.73 1.38 1.41 1.09 1.73 1.37 1.41
Terms of trade 2030 wrt. 2004 0.77 1.09 1.02 - 0.65 1.06 1.02 -
Policy +chi-dev+ind +chi-dev+ind+bta
Welfare effect 2004-2030 wrt. bau -1.27% -0.53% -0.16% - -0.91% -1.49% -0.02% -
CO; emissions 2004-2030 wrt. bau -33.96% 14.83% -16.01% -24.00% -34.32% 12.85% -15.79% -26.01%
GDP 2030 (bill. 2004-US-$) 8620 14672 48901 72193 8660 12706 48886 70253
CO4 emissions 2030 (Gt) 4.55 22.07 9.40 36.02 4.47 21.11 9.49 35.07
COq sales 2030 (Gt) 0.50 -0.50 0 0.59 -0.59 0
COg price 2030 (2004-US-$ per t) - - - 93.01 - - - 98.66
Energy productivity 2030 wrt. 2004 2.21 1.13 1.53 1.53 2.22 1.16 1.51 1.53
Terms of trade 2030 wrt. 2004 0.80 1.09 1.02 - 0.79 1.02 1.01 -
Policy pol = +chi+dev+ind

Welfare effect 2004-2030 wrt. bau -0.95% -1.68% 0.04% -
CO; emissions 2004-2030 wrt. bau -31.59% -18.48% -11.47% -44.33%

GDP 2030 (bill. 2004-US-$) 8636 14395 48941 71972

CO2 emissions 2030 (Gt) 5.14 9.82 11.43 26.39

COq sales 2030 (Gt) -0.09 2.61 -2.52 0

CO, price 2030 (2004-US-$ per t) : ; ; 88.71
Energy productivity 2030 wrt. 2004 1.99 1.74 1.33 1.49

Terms of trade 2030 wrt. 2004 0.82 0.97 1.04 -




Table 3: Functions, sets and parameters

Symbol Explanation

fQ) General function

ces(.) [cet(.)] Constant elasticity of substitution [transformation] function
cd(.) Cobb-Douglas function

Itf(.) Leontief function

t Time, year [2004; 2025] (climate policy starts in 2012)

r [rr] Region {IND, DEV, CHI}

i |4 Sector, commodity (30 sectors, see footnote in section 3)

e Fossil fuels {col, gas, oil} (subset of i)

p Time discount rate (0.02 per year)

o(r) Capital depreciation rate

o(r) Saving rate

A(t,r) Population growth rate plus rate of educational improvement
94 (r) Rate of exogenous general technological progress

9 (r) Rate of exogenous energy biased technological progress
70() Tax rate

Y(rr,r, ) Transportation costs (of transporting from rr to r)
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Table 4: Variables

Symbol Explanation

W(r) Cumulated, discounted welfare effect
Ul(t,r) Utility of the representative consumer
P() Expenditure

C(t,r) Consumption (private and public)
D(t,r, 1) Production for domestic use

X(t,ri) [X(trrri)] Exports [bilateral trade from rr to r]
M(t,r, 1) Imports

F(t,CHI)

EM(t,re)
N(t,r,i)
R(.)

p()

A(t,r, i)
E(t,r,q)
FI(t,i)
MI(t,i)
NI(t,ii,4)
VI(t,i)

[F(t,CHI,1)]
L(t,r) [L(t,r,i)]

B(t,r) [B(t,r,i)]
[EM(t,r,e,i)]
[N (t, 7, 1i,1)]

Capital endowment [production input]

Endowment of CHI with capital from IND [production input|
Labor endowment [production input]

Land and natural resources endowment [production input]
CO2 Emissions permits endowment [production input]
Intermediate good input [flow from ii to i]

Total tax revenue

Price

Total factor productivity

Energy input

Foreign capital intensity in China (%)

Import intensity in China (%)

Intermediate good flow intensity in China (from ii to i) (mLX)

Vertical linkage intensity in China

with respect to upstream u and downstream d sectors
[ FI(t 7 ) NIt 7, 0,0) + X g I 7, d)NI(E, 7,7, )|
Labor productivity (%)
Energy productivity (%)

Rate of endog. general tech. progress in China

Rate of endog. energy biased tech. progress in China
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