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H I G H L I G H T S  

• A world carbon tax policy is examined with/without inclusion of non-CO2 emissions. 
• The impacts are highly divergent with/without inclusion of non-CO2 emissions. 
• The divergences become larger along with increased costs to economies. 
• Developing nations experience relatively high economic contractions. 
• Major polluting nations (China, USA, India, and Russia) have low marginal abatement costs.  
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A B S T R A C T   

Both CO2 and non-CO2 emissions are liable in climate change policies in many countries around the world. 
However, there are still many impact assessment studies in different regions that consider only CO2 emissions. 
We hypothesise that excluding non-CO2 greenhouse gas emissions, which are also liable in climate change 
policies, may lead to misleading results and impacts. We employ a global climate change policy model (GTAP-E- 
PowerS) to examine how the impact of a uniform carbon tax at US$15 applying to the world regions are different 
when only CO2 emissions are liable compared to the case that non-CO2 emissions are additionally subject to the 
tax. That is, the impacts of the carbon tax applying to CO2 emissions only (against no carbon tax) will be 
compared to the impacts of such a tax applying to both CO2 and non-CO2 greenhouse gas emissions (against no 
carbon tax). Results show the deviations in the impacts between with and without inclusion of non-CO2 emis-
sions are more obvious in developing countries particularly by comparison to developed nations. Iran, for 
instance, experiences a higher reduction in real GDP of 1.52 percentage points when non-CO2 emissions are 
overlooked. These impact deviations also rise with increased costs to economies (e.g., more sectors involved or 
higher tax rates). We find developing countries experience higher contraction rates in their economies than 
developed nations. Iran, Kazakhstan, South Africa, China, India, Russia, Mexico, and Indonesia all experience 
2–5.1% reductions in real GDP relative to business-as-usual (no carbon tax), while such reductions are below 
0.8% in Australia, the United States and other developed nations because emission costs compared to economy 
size are relatively high in developing nations. Major polluting countries like China, the United States, India, and 
Russia were also found to have low marginal abatement costs compared to other nations due to high emission 
levels and input substitution possibilities. To provide more accurate and insightful impacts of climate change 
policies, we recommend future studies include both CO2 and non-CO2 emissions in models.   

1. Introduction 

Climate change policies such as emissions trading schemes (ETSs) 

and carbon taxes have become fundamental instruments to reduce 
greenhouse gas (GHG) emissions and limit global temperature increases. 
Various market-based policies have been implemented in many 
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countries including the European Union [1], China [2], South Korea [3], 
Australia [4], New Zealand [5], South Africa [6], and other regions [7]. 
In this context, economic, environmental, ecological and social impacts 
of policies are of great interest to the public, researchers and policy-
makers in different regions around the world. Policymakers are expected 
to be aware of the likely impacts so that prevailing settings can be 
adjusted in a timely and efficient manner to reduce severe impacts if 
implemented. Supporting policies, such as subsidies and tax reductions 
to specific sectors (e.g., households or highly adversely impacted sec-
tors) can also be tuned to moderate or ‘log-roll’ negative impacts. Many 
studies have been conducted with a view to refine such contingencies 
[8]. However, impacts should be observed with caution. Policymakers 
should be aware that numerous assumptions on policy design (i.e., 
sectoral coverage and revenue recycling mechanisms), assumed pa-
rameters, data accuracy, market constraints, and GHG emissions ac-
counts are crucial factors in modelling approaches. Above all, modelling 
results will invariably change if assumptions are altered. Often, policy 
design and policy parameters are tested in different scenarios and 
sensitivity analysis so that modellers can observe changes in the results. 

GHG emission accoubnts in databases and policy design, however, are 
rarely considered sufficiently. GHG emissions, viz. CO2, CH4, N2O, and F- 
gases, are legislated to be covered in climate change policies in many 
countries including the European Union, Australia, New Zealand, South 
Korea, and South Africa. However, numerous studies only have CO2 
emissions in models, without incorporating the full suite of GHG emis-
sions that include non-CO2 emissions.1 Generally speaking, inclusion of 
more GHG emissions indicates higher emission-related costs under the 
same carbon price per tonne of CO2-e (equivalent). It means that liable 
entities (industrial sectors) will suffer higher production costs, which 
results in higher negative impacts on the economy if additional gases are 
liable to a carbon tax. Non-CO2 GHG emissions accounted for major shares 
of the total emission levels in many countries and regions (see Table 1). 
Mexico, Qatar, Australia, Vietnam, Argentina, Indonesia, the Philippines, 
Brazil, Bangladesh, Cambodia, Tanzania, and Ethiopia, for example, re-
ported the shares of non-CO2 emissions at 40–92% of total GHG emission 
levels in 2014. This indicates results of climate change policies in these 
countries may be very different depending on how GHG emissions are 
modelled, and how policy is implemented. 

We hypothesise that studies that have climate change policies 
applied only to CO2 emissions, but not additionally applied to non-CO2 
GHG emissions,may lead to significantly misleading results and impacts 
for certain economies. The main objective is thus to examine how eco-
nomic impacts of a global climate change policy that applies to all 
greenhouse gas emissions (CO2, CH4, N2O, and F-gases) will diverge 
from those whereby such a tax only applies to CO2 emissions. That is, we 
compare results on emission reductions, industrial output levels, and 
macroeconomic results (e.g., real GDP, householdsconsumption, gov-
ernment consumption, investment, exports, imports and others). We 
examine a uniform carbon tax rate of US$15 per tonne of CO2-e applied 
to all regions around the world when only CO2 emissions are liable 
under the carbon tax, and then when CH4, N2O, and F-gases are addi-
tionally liable in accordance with the Kyoto Protocol. We examine four 
scenarios subject to different coverage of sectors and GHGs using a 
global climate change policy version of the GTAP-E-PowerS model [6]. 
By doing this, a sub-objective is also conducted to compare marginal 
abatement costs and economic costs across countries and regions. 

There are several important novelties and contributions arising from 
this sarticle, as follows:  

• Our analysis fills a knowledge gap in the literature in understanding 
marginal abatement costs across the world regions since studies on 
this aspect on large scale are scarce. Such a comparison is important 
for policymakers vis-à-vis abatement possibilities, and potential 
costs.  

• Awareness of marginal abatement costs and economic costs between 
developed and developing nations is facilitated, providing new 
knowledge on this issue.  

• Knowledge about the likely impacts of climate change policies 
applied to different types of GHG emissions on various global econ-
omies in contemporary conditions is also advanced in this study. This 
has important implications in many countries (e.g., China) that are 
expected to address CO2 emissions only, so that they become aware 
of potential impacts if non-CO2 emissions are also liable in their 
climate change policies.  

• Various countries which have not yet introduced climate change 
policies may find useful references from this study, since it includes 
assessments of their economies.  

• Findings of this study shed light for future studies on climate change 
policies regarding the importance of GHG emissions, viz. there is a 
need for a wider range of GHG emissions to be included in models 
and databases in order to provide more accurate assessments of 
policies. 

This article is organised as follows. Section 2 provides a review of 
literature related to climate change policies that apply computable 
general equilibrium modelling approaches limited to CO2 emissions. 
Section 3 outlines our modelling approach, database and simulation 
design. Section 4 provides results, while Section 5 extends the discus-
sion. Policy implications follow. 

2. Literature review 

Economy-wide impacts of a climate change policy is often studied by 
using computable general equilibrium (CGE) modelling approaches 
[10]. Generally speaking, a regional, national, or global economy 
(including most sectors in an economy) is outlined in a CGE model. Such 
a model includes a set of equations which describe consumption, im-
ports, exports, investments, savings, and production behaviours 
following economic theory. Producers are often modelled to minimise 
production costs by allowing them to substitute between different input 
commodities (e.g., between capital and labour, or between coal and 
natural gas) at certain rates so that they can purchase lower cost inputs 
rather than relatively expensive inputs, which face high price increases. 
Emissions data can also be included in a CGE model for climate change 
policy study purposes, of which changes in the emission levels are often 
linked to changes in the input quantity demands or output quantity 
levels. 

GHG emissions (CO2, CH4, N2O, and F-gases) are released from 
different sources and modelled following the sources of such emissions. 
For example, in the Global Trade Analysis Project (GTAP) database 
version 10 [9], CO2 emissions are only released from the combustion of 
fossil fuels (i.e., coal, crude oil, natural gas, and petroleum product). 
Non-CO2 emissions are released from various sources, such as combus-
tion of fossil fuels, land use change, uses of livestock capital, uses of 
chemicals, and production processes. Modellers can develop designs to 
include CO2 emissions, non-CO2 emissions, or both in their models. 
Numerous studies have been conducted over the last decades to examine 
the impacts of climate change policies, which include both CO2 and non- 
CO2 emissions. Many include all GHG emissions, such as Reilly, et al. 
[11], Adams [12], Meng, et al. [13], Benavente [14], Renner [15], Tran, 
et al. [16], and Nong, et al. [17]. Some studies only considered several 
gases, such as CO2 and CH4 in Tol [18] and Tol, et al. [19], and CO2, 
CH4, and N2O in Manne and Richels [20]. The use of ‘only CO2 gas’ in 
climate change policy studies is, however, common, not only in global 
CGE models such as GTAP-E [21] and C-GEM (China-in-Global Energy 

1 China plans to address only the CO2 emission levels under their emissions 
trading scheme; hence, most studies on climate change policies in China will 
need to be understood as only accounted for CO2 emissions in their models. In 
this instance, we show how additional coverage of non-CO2 emissions in a 
climate change policy will differentiate as a policy that only includes CO2 
emissions. 
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Model) [22] but also in national CGE models (for example, see Devar-
ajan, et al. [23], Tang, et al. [24], Li, et al. [25], and Sabine, et al. [26]). 
Empirical evidences show that cost savings are highly different up to 
70% when additional gases are included [11,18–20,27], and the impacts 
are also significantly different, for example, increased poverty via food 
prices [15]. 

Many climate change policy studies that only include CO2 emission 
levels in CGE models are also found in different country contexts. Alton, 
et al. [28] employed a dynamic national CGE model to examine the 
impacts of a carbon tax in South Africa. Such a model has details of 
electricity generation technologies using both fossil- and renewable- 
based resources. However, only CO2 emissions were included in the 
model. The authors found a carbon tax rate of US$30 caused real GDP in 
South Africa to decline by 1–1.23% compared to the baseline in 2025 
over different scenarios. Nong [6] employed a global CGE model (GTAP- 
E-PowerS) to examine impacts of a carbon tax of US$9.15 in South Af-
rica, which was recently introduced and found if only CO2 emissions 
were included in the model, real GDP would decline by 1.34%. How-
ever, real GDP reduction would be 1.59% if non-CO2 emissions were also 
incorporated. Other carbon tax studies in South Africa, such as in Van 
Heerden, et al. [29], Devarajan, et al. [23], Van Heerden, et al. [30], and 
Winkler [31], also employed only CO2 emissions in their models. 

Clarke, et al. [21] employed a global CGE model (GTAP-E) to 
examine how much the Australian Emission Reduction Fund (A$2.55 
billion) could buy emissions abatements through reverse auctions. With 
consideration of only CO2 emissions, the authors found such a budget 
could only buy 50% of the emission abatement required to meet Aus-
tralia’s Kyoto emissions target of 5% lower than the 2000 levels by 2020. 
Nong and Siriwardana [32], on the other hand, concluded that such a 
budget could help Australia to achieve 85% of the 2020 target when 
both CO2 and non-CO2 emission levels are included (using the GTAP-E 
model). 

Many other climate change policy studies in other countries also 
incorporate CO2 emissions only in CGE models. For example, Ojha, et al. 
[33] examined carbon taxes in India with various recycling options 
using a national dynamic CGE model. The authors found real GDP in 
India would increase by 0.09% by 2040 if carbon tax revenues were 
recycled to increase investments in industrial sectors. In other recycling 
options, India’s GDP would not increase but decrease by less than 0.2% 
across different scenarios. Li, et al. [25] employed the GTAP-E model 
with incorporation of CO2 emission levels only in the database to 
examine the impacts of an ETS in South Korea. They found real GDP 
would decline by 0.41%; however, electricity prices would increase 
considerably. Böhringer and Rutherford [34] studied the ETSs in Poland 
and the rest of the European Union by employing a global CGE model 
and the GTAP database version 7 with only CO2 emissions in the model. 
They found welfare measured in terms of percentage changes of 
equivalent variation in income would decline by 0.18–1% in Poland, 
while such decreases would be by 0.03–0.29% in the rest of the Euro-
pean Union. 

In China, almost all climate change policy studies only include CO2 
emissions in CGE models. This primarily arose from the nature of the 
committed emission target and climate change policy regulation in 
China. That is, China followed the Copenhagen Accord in 2009 to reduce 
its carbon intensity of GDP by 40–45% below the 2005 level by 2020 and 
agreed at the Paris Climate Change Conference in 2015 to lower such an 
index by 60–65% below the 2005 levels by 2030.2 China aimed to 
substantially cut its CO2 emission levels by implementing a national ETS 
in 2020 after pilot implementations of the schemes in many provinces.3 

However, the national scheme has been delayed due to other priority 
emissions reduction programs, such as renewable development plans.4 

Irrespective of political actions set by the Chinese Government, 
numerous studies have been conducted to set up different scenarios to 
study carbon taxes or ETSs in regional China or the whole Chinese 
economy. Almost all studies focus exclusively on CO2 emission levels in 
models for impact assessments, rather than the full suite of GHG emis-
sions. There are some common characteristics of CO2 emission data 
compilations in China that are different from data compilation processes 
in other countries. That is, studies in other countries may use emissions 
data released directly by official sources, for example, from the national 
greenhouse gas emission inventories in Australia [16] and in South Af-
rica [35], or a global dataset like the GTAP database [9]. Researchers 
studying climate change policies in China, however, often calculate CO2 
emission levels for their models by using carbon emission intensities of 
various fuel resources. Such calculations can be found in Li, et al. [25], 
Dai, et al. [36], Zhang, et al. [37], Lin and Jia [38], and Lin and Jia [39]. 
The drawback of such calculations following the carbon emission in-
tensities of fuel resources is that the intensities are uniform across sec-
tors and exclude differences in technologies applied by different sectors, 
and proportions of resource consumption (e.g., black coal versus brown 
coal). 

Agricultural sectors may produce different amounts of emissions 
from burning coal compared to the emission levels from coal combustion 
in the cement manufacturing sector due to different technologies 
deployed. There are also many types of coal, such as black coal, 
anthracite and brown coal, of which proportions of each type are used 
differently by the agricultural and cement manufacturing sectors. 
Hence, using average carbon emission intensities of fuel resources may 
not result in realistic emission levels. It is to be noted that such analysis 
merely presents a view of CO2 emission data without deep analysis, and 
the main focused point is that studies in China only include CO2 emis-
sions due to policy driven methods. 

From the literature, we found there are many studies that only 
employ CO2 emission levels in CGE models to study climate change 
policies. There are also several studies that highlight material 

Table 1 
CO2 and non-CO2 GHG emission levels in selected countries in 2014.  

Region MtCO2 (% total) Mt non-CO2 (% total) Region MtCO2 (% total) Mt non-CO2 (% total) 

Ethiopia 11 (8%) 133 (92%) Qatar 79 (59%) 56 (41%) 
Tanzania 10 (13%) 70 (87%) Mexico 420 (60%) 285 (40%) 
Cambodia 8 (25%) 23 (75%) India 1912 (66%) 990 (34%) 
Bangladesh 61 (36%) 106 (64%) Thailand 277 (72%) 109 (28%) 
Pakistan 137 (41%) 198 (59%) France 318 (74%) 112 (26%) 
Brazil 451 (44%) 579 (56%) Russia 1412 (75%) 477 (25%) 
Philippines 98 (54%) 84 (46%) Canada 575 (77%) 176 (23%) 
Indonesia 442 (55%) 365 (45%) Iran 537 (77%) 162 (23%) 
Argentina 187 (56%) 144 (44%) China 7997 (81%) 1891 (19%) 
Vietnam 139 (58%) 101 (42%) United States 5156 (84%) 997 (16%) 
Australia 373 (58%) 271 (42%) Germany 678 (84%) 131 (16%) 

Source: Aguiar, et al. [9]. 

2 https://climateactiontracker.org/countries/china/pledges-and-targets/  
3 https://www.iea.org/reports/chinas-emissions-trading-scheme  
4 https://www.argusmedia.com/en/news/2156912-china-in-new-push-for- 

national-emissions-trading-scheme 
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divergences in results once non-CO2 emission levels were included. 
Here, the present study shows how results are different with, and 
without, non-CO2 emission levels in CGE models in studying a climate 
change policy on a global scale. In this context, it is useful to examine 
how any policy will affect an economy once non-CO2 emission levels 
were included. 

3. Modelling approach 

3.1. The model used 

We employ a version of the GTAP-E-PowerS model extended by Nong 
[6]. This is a GTAP-based model, which was originally developed by 
Peters [40]. The model includes a set of equations to describe the global 
economy. No individual person, firm, investor, or government are 
mentioned. Instead, such a model, like other CGE models, only outlines 
behaviours of representatives. In each region5, there is only one 
household and government representative group, along with industrial 
sectors acting as producers. Households receive incomes from their la-
bour supply, while governments collect tax revenues (e.g., production, 
consumption, investment, import, and export taxes) as income sources. 
Representative households and governments act as final consumers 
demanding goods and services to maximise utility, subject to budget 
constraints. Households pay both consumption and income taxes. Dif-
ferences between incomes and expenditures are savings. 

Producers (industrial sectors) are modelled to minimise production 
costs. That is, producers substitute low cost inputs for relatively 
expensive commodities. Fig. 1 outlines the production structure in 
GTAP-E-PowerS. There are different levels of substitutions between 
groups of commodities. For example, if a shock makes the price of pe-
troleum products more expensive (i.e., increases at higher rates) 
compared to the price of natural gas, producers will use more natural gas 
rather than petroleum products to minimise costs. The substitution 
works through the constant elasticity of substitution (CES) function at 
each level with assigned parameter values. Intuitively, the magnitude of 
a parameter in CES functions indicates how much a commodity will 
increase or decrease (in percentage terms) relative to the levels of price 
changes. In GTAP-E-PowerS, there are nests of electricity inputs. Elec-
tricity is divided into a generation commodity and transmission (ser-
vices) commodity, which are not substitutable. At lower levels, 
electricity generation commodity is formed by base-load and peak-load 
electricity indicating consumption of electricity during base and peak 
and periods, respectively. These two types of electricity are also not 
substitutable. In each base-load and peak-load technology, electricity 
can be generated from either fossil-based (coal, oil, gas, and petroleum 
products) or renewable-based (wind, hydro, solar, and biomass) re-
sources. It is noted that each commodity in an end-box also represents an 
industrial sector (e.g., coal is the coal mining sector, oil is the oil 
extraction sector, transmission is the electricity transmission sector, and 
fossil-based is the fossil-based electricity generation sector). 

In the model, CO2 and non-CO2 emissions are incorporated following 
their sources. CO2 emissions are linked to quantity of fossil fuels 
consumed (coal, oil, gas, and petroleum products) (Eq. (1)). That is, we 
assume that percentage changes in the CO2 emissions released from 
fossil fuel combustion are the same as percentage changes in real 

(quantity) demands for these fossil fuels. Percentage changes in non-CO2 
emission levels are assumed to be the same as percentage changes in 
corresponding uses of coal, oil, gas, petroleum products, chemicals, land 
and livestock capitals (Eq. (2)), and quantity output given emissions 
released from production processes (Eq. (3)). 

CO2s,f ,j,r = Demand Fs,f ,j,r (1)  

NCO2 Ds,k,j,r = Demand Ds,k,j,r (2)  

NCO2 Oi,j,r = Output Oi,j,r (3)  

where s = sources (import or domestic); f = fossil fuels (coal, oil, gas, 
and petroleum products); j = industries; r = region; k = products (coal, 
oil, gas, petroleum products, chemicals, land, and livestock capitals); i =
k + other products (e.g., rice, wheat, grain, steel, etc.).  

• CO2s,f ,j,r refers to percentage changes in the CO2 emissions released 
by industry j in region r, which combusts fossil fuel f from source s.  

• Demand Fs,f ,j,r refers to percentage changes in real (quantity) demand 
for fossil fuel f from source s by industry j in region r.  

• NCO2 Ds,k,j,r refers to percentage changes in the non-CO2 emissions 
released by industry j in region r, which uses product k from source s. 

• Demand Ds,k,j,r refers to percentage changes in real (quantity) de-
mand for product k from source s by industry j in region r.  

• NCO2 Oi,j,r refers to percentage changes in the non-CO2 emissions 
released by industry j in region r in producing product i.  

• Output Oi,j,r refers to percentage changes in real (quantity) output i 
produced by industry j in region r. 

There are two carbon prices (CT1 and CT2) in the carbon tax scheme 
that are imposed on CO2 and non-CO2 emission levels, respectively. 
When both CO2 and non-CO2 emissions are subject to the carbon tax 
policy, both CT1 and CT2 equal a certain price level (e.g., US$15 per 
tonne of CO2-e as examined in this study). On the contrary, if only CO2 
emissions are bound in the carbon tax policy, CT1 is set up at a certain 
price level (e.g., US$15), while CT2 equals zero. 

3.2. Database and simulation design 

We employed the latest GTAP-Power database version 10 with the 
base year in 2014 [9]. The data comprises 141 countries and regions, 76 
industrial sectors, one representative household and one representative 
government in each region. In the following analysis, we aggregate these 
141 countries and regions into 22 regions, including the 20 most emit-
ting countries6, the rest of the European Union, and the rest of the world. 
76 sectors are aggregated into 14 key sectors. The purpose of such ag-
gregation is due to our analysis focus and to reduce simulation times. 

There are four scenarios in our analysis related to sectors and types of 
emissions coverage as shown in Table 2. We assume a long run setting 
following Adams [41] since climate change policies are often long-term 
perspectives. That is, the aggregate employment level in each region is 
unchanged in the long run, while the real wage rate is flexible. However, 
labour can move between sectors and regions. The aggregate capital 
stock can be changed, but the rate of return on capital is fixed. We also 
keep the ratio of private and public consumption to regional income 
unchanged. All carbon tax revenues contributed are eventually reallo-
cated to households. 

4. Result analysis and discussion 

In this section, key results are outlined at sectoral and macro levels 
with reasons underlying the model mechanisms. We also compare the 

5 A region can be a country representing such country scale if it stands alone 
(e.g., the United States, Canada, Australia, Germany, etc.). Or a region can be a 
whole region combining many countries if users aggregate data of these 
countries into a region following either association relationship (e.g., the Eu-
ropean Union) or geography (e.g., Latin America or Asia). For example, the 
Latin America region includes all countries in Latin America. Or simply, a re-
gion (the rest of the world region) can be a combination of the remaining 
countries in the original database to reduce simulation time since the countries 
covered in the rest of the world region are not study focus. 6 https://www.ucsusa.org/resources/each-countrys-share-co2-emissions 
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results between scenarios, highlighting the differences when non-CO2 
emissions are liable to the carbon tax rather than CO2 emissions only. 

4.1. Economic reduction costs and marginal abatement costs 

The carbon tax policy aims to reduce emission levels by requiring 
polluters to pay a certain price per unit of emissions (e.g., tonne of 
CO2e). Since emission-related costs add a financial burden on polluters, 
they seek to reduce emission levels to minimise production costs. Such 
activities contribute to reductions of country emissions. Fig. 2 outlines 
region emission reductions and aggregated economic costs measured in 
terms of reductions in real GDP in Scenario S2.2. In percentage change 
form, a country carries out relatively high emissions cuts for two main 
reasons. First, if such costs induce a high financial burden for industrial 
sectors (and thereby the whole country) they will reduce production 
levels to lower emission levels, entailing high emission abatement. 
However, this emissions reduction pathway frequently results in high 
economic costs (i.e., high reductions in real GDP). This often happens in 
developing countries because costs of production are relatively low due 
to cheap primary inputs and natural resources; hence, additional emis-
sions costs may be proportionately high, forcing a cut in production 
levels and associated emissions levels. China, India, South Africa, Iran, 
Turkey, Indonesia, Mexico, Russia, and Kazakhstan, for example, expe-
rience relatively low labour, capital, and natural resource costs 
compared to developed nations; hence, a uniform US$15 per tonne of 
CO2e applying to all countries imposes relatively higher costs on sectoral 
production in these nations cf. developed countries. As a result, these 
countries experience deep cuts in emission levels associated with high 
economic reduction rates measured in terms of real GDP reductions. 
Specifically, Kazakhstan experiences a 20.1% reduction in emissions 
with a cost of 4.3% reduction in real GDP. Such reductions are 

respectively 17.7% and 3.7% in South Africa, 17.7% and 5.1% in Iran, 
16.6% and 2.3% in China, 11.7% and 2.3% in India, and 7.7% and 2.0% 
in Mexico, 7.1% and 2.1% in Russia, 6.3% and 1.9% in Indonesia, and 
6.4% and 1.9% in Turkey. 

Second, if a country is presented with the possibility to shift from 
fossil-based electricity and replacing power consumption with renew-
able energy resources, relatively high emission abatement is plausible. 
In addition, if emission costs (i.e., US$15 per tonne of CO2e) are small 
relative to the size of such an economy, the economic cost (i.e., re-
ductions in real GDP) will also be small. This is more likely in developed 
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Fig. 1. The production structure in GTAP-E-PowerS.  

Table 2 
Scenario design in this study.  

Scenario Sector coverage GHG emission coverage 

S1.1 Energy + energy-intensive sectors CO2 
S1.2 Energy + energy-intensive sectors CO2 + non-CO2 
S2.1 All industrial sectors CO2 
S2.2 All industrial sectors CO2 + non-CO2  
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Fig. 2. Emissions reductions and associated reductions in real GDP (% change) 
(Scenario S2.2). 
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nations. 
Modelling results (Fig. 2) show emissions and real GDP reductions in 

developed countries are materially different to the nature of changes in 
developing nations. For example, there is a 9.8% decline in emission 
levels and a 0.5% decline in real GDP in the United States, 8.9% and 
0.7% in Canada, 5.9% and 0.6% in Germany, and 5.7% and 0.8% in 
Australia. 

The marginal abatement cost (MAC) outlines additional aspects 
about the ability to reduce emission levels by sectors and by countries. 
The MAC measures an additional emission unit (e.g., a tonne or million 
tonnes of CO2e) at a certain carbon price level, while a MAC curve 
connects all intersecting points between emission abatements and car-
bon prices. In principle, there are MAC curves for each sector and for a 
whole country in aggregate, which horizontally adds up all sectoral MAC 
curves. Fig. 3 outlines emission abatements (Mt CO2e) across countries 
at the MAC of US$15 per tonne of CO2e in Scenario S2.2. In analysing 
Fig. 3, at a constant carbon price of US$15 per tonne of CO2e, China with 
a higher volume of emission abatement (1654 MtCO2e) has a lower 
marginal abatement cost compared to other countries, which have lower 
volumes of emission abatement. This is because these other countries 
require higher carbon prices to achieve the same volume of emission 
abatement as China. There are always two joint conditions to generate 
low MACs. First, a country needs relatively high emission levels to 
enable a high volume of emission reductions, but it is not crucial to have 
low MACs. Second, the economic structure requires low input costs and 
production possibilities to switch to lower-emission intensity or 
renewable energy resources. Considering Iran and Brazil for example, 
Brazil has a higher CO2e emission level of 1030 MtCO2e (Table 1) than 
Iran with 699 MtCO2e (Table 1), but Brazil is only able to reduce 
emission levels by 47 MtCO2e at the MAC of $15, whereas Iran can 
achieve an emission abatement of 76 MtCO2e at such a MAC. This in-
dicates Iran may have lower input costs and/or higher possibilities to 
switch to low-emissions intensity or renewable energy resources. In 
short, Iran has a lower MAC than Brazil. 

At a cost of US$15 per tonne of CO2e, China shows the highest 
emission reduction of 1654 MtCO2e and thus the lowest MAC to achieve 
such a quantity of emission abatement, followed by the rest of the world 
(-667 MtCO2e), the United States (-607 MtCO2e), India (-340 MtCO2e), 
Russia (-134 MtCO2e), and others. These regions emit major emission 
levels as shown in the 2014 database [9], viz. 9391 MtCO2e in China, 
7825 MtCO2e in the rest of the world, 5092 MtCO2e in the United States, 
2741 MtCO2e in India, and 1693 MtCO2e in Russia. Other regions (with 
the exception of the rest of the European Union) emit less than 1000 
MtCO2e. The rest of the European Union released 1507 MtCO2e in 2014 
as shown in the database with high input costs relative to other regions, 
thereby having a high MAC. The rest of the world, on the other hand, 
involves numerous low- and middle-income countries in Africa, Asia, 
and Latin and South America, which are characterised by relatively 
cheap labour and capital resources. Hence, these regions experience low 
MACs compared to other regions. The United States shows a relatively 
low MAC because it is a major polluter and exhibits substantial growth 
in renewable electricity to substitute for fossil-based energy resources 
(Table A1.22 in the Supplement). 

4.2. Differences in sectoral output results 

When a carbon tax is applied globally, liable sectors in all economies 
face increasing production costs, thereby decreasing their production 
levels. In addition, other sectors which are not bound by the policy face 
increased costs due to increased output prices of binding sectors. Hence, 
such unbound sectors may also decline in output levels. Table 3 shows 
world output levels of the 14 sectors examined in this research. All 
sectors, except the renewable electricity generation sector, will experi-
ence declines in output levels across all four scenarios due to direct 
carbon tax-induced cost increases and/or indirect input-cost increases 
following CO2-driven price increases. The coal mining and baseload 

fossil-based electricity generation sectors suffer the highest contractions 
in production levels (− 12.77% to − 14.55% for the coal mining and 
− 11.76% to − 12.13% for the electricity sector) because tax-liable sec-
tors reduce utilisation of coal (the highest emissions-intensive energy 
resource) to reduce their production costs. The fossil-based electricity 
generation sector, being emissions-intensive, suffers high emissions- 
related costs and therefore reduces output levels at higher rates. The 
energy-intensive and other sectors experience small decreases in output 
levels (e.g., − 1.13% to − 1.84% for the energy-intensive sector) because 
they can substitute high emission-intensive inputs (e.g., coal) for low 
emission-intensive energy inputs (e.g., natural gas) to reduce emissions- 
related costs. In general, Scenarios S2.1 and S2.2 show higher negative 
impacts on sectoral production levels because more sectors are now 
liable to incur direct or indirect carbon tax costs. That is, as more sectors 
are included in the carbon tax policy, output prices of new sectors in-
crease, driving up input costs in demanding sectors so that all sectors 
bear higher intermediate input costs. Hence, all sectors and the whole 
economy experiences higher negative impacts. Only the renewable en-
ergy sector experiences expansion in production (8.87% to 9.38%) due 
to substituting fossil-based energy commodities, which suffer high costs 
of emissions. 

Table 3 also shows that there are quite substantial differences on a 
global scale between the impacts in S1.1 and S1.2, and between S2.1 and 
S2.2 when non-CO2 emissions are additionally covered in the carbon tax 
policy. A positive difference means adverse impacts are higher when 
non-CO2-emissions are included. That is, Scenario S1.1 and Scenario 
S2.1 experience relatively smaller negative impacts than in Scenario 
S1.2 and Scenario S2.2, respectively. In particular, the world commodity 
output levels in Scenario S1.1 suffer smaller negative impacts by 0.04 to 
0.35 percentage points than in Scenario S1.2, and by 0.38 to 0.67 per-
centage points in S2.1 compared to S2.2. It indicates higher costs to 
economies with higher impacts show higher divergence rates in the 
results of the world commodity output levels. 

Table 4 shows percentage point differences in the output level 
changes between Scenarios S1.1 and S1.2 and between Scenarios S2.1 
and S2.2. A positive difference means adverse impacts are higher when 
non-CO2-emissions are included. We note results related to percentage 
changes in output levels across scenarios are provided in 
Table A1.11–A1.22 in the Supplement. Variations in output levels across 
scenarios also follows the pattern of world output levels (Table 3). In 
Table 4, most percentage point differences are less than 1, which indi-
cate negative impacts on output levels in Scenarios S1.2 and S2.2 are not 
much higher than those in Scenarios S1.1 and S1.2, respectively. 

However, deviations in impact between Scenarios S2.1 and S2.2 are 
relatively larger than those between Scenarios S1.1 and S1.2. This sug-
gests when costs to economies are higher, deviations in the impacts on 
output levels of sectors will be larger. Results also show deviations in the 
impacts on output levels of several sectors (i.e., coal mining, oil 
extraction and gas extraction sectors) are relatively higher because of 
the additional emissions costs that non-CO2 emissions entail with lower 
demand for primary energy resources by other liable sectors. Thus, these 
upstream primary energy sectors experience higher negative impacts on 
production levels when non-CO2 emissions are included. As a result, the 
effects on these sectors’ outputs experience higher deviations. 

4.3. Deviations in macroeconomic results 

Table 5 shows how the impact on key macroeconomic variables 
between Scenarios S1.1 and S1.2, and between Scenarios S2.1 and S2.2 
differ from each other measured in percentage points. It is noted that 
percentage changes in these variables are shown in Tables A2–A9 in the 
Supplement; such results show increasing costs to economies from 
Scenarios S1.1 and S1.2 (only energy and energy-intensive sectors are 
liable to the carbon tax) to Scenarios S2.1 and S2.2 when all industrial 
sectors are included in the carbon tax policy. That is, a positive differ-
ence means adverse impacts are higher when non-CO2-emissions are 
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included. 
The reasons for this were explained previously viz. as more sectors 

pay for their emission levels at a certain carbon price, costs are raised for 
the overall economy. In Table 5, we rank the percentage point differ-
ences (D2) between Scenarios S2.1 and S2.2 by region, from large to 
small. It is noticeable that differences in the effects on real GDP are 
relatively large in many countries, for example up to 1.52 percentage 

points in Iran. It also shows divergences are relatively higher in devel-
oping countries cf. developed nations because developing countries 
experience higher impacts. Kazakhstan shows 1 percentage point dif-
ference in the real GDP, followed by Indonesia (0.8), India and Mexico 
(0.75), and Turkey (0.67). The United States only shows a 0.06 per-
centage point difference in real GDP, 0.07 in Japan, 0.1 in France, and 
0.11 in Germany. The percentage point differences in other 
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Fig. 3. Emissions abatement (Mt CO2e) by country at the marginal abatement cost of US$15 per tonne of CO2e (Scenario S2.2).  

Table 3 
The world commodity output level (% change).  

Sector S1.1 (1) S1.2 (2) PP difference (S1.1 minus S1.2) (3) S2.1 (4) S2.2 (5) PP difference (S2.1 minus S2.2) (6) 

Agriculture − 0.51 − 0.58  0.07 − 0.71 − 1.20  0.49 
Food processing − 0.46 − 0.52  0.06 − 0.66 − 1.04  0.38 
Coal mining − 12.77 − 13.06  0.30 − 13.88 − 14.55  0.67 
Oil extraction − 1.11 − 1.38  0.28 − 2.33 − 2.93  0.60 
Gas extraction − 5.24 − 5.59  0.35 − 6.73 − 7.38  0.65 
Petroleum products − 1.06 − 1.32  0.25 − 2.28 − 2.85  0.57 
Electricity transmission − 5.30 − 5.52  0.22 − 5.25 − 5.78  0.52 
BL elec (fossil-based) − 11.76 − 12.04  0.28 − 11.60 − 12.13  0.53 
BL elec (renewable-based) 9.38 9.34  0.04 9.27 8.87  0.41 
PL elec − 5.38 − 5.61  0.24 − 5.32 − 5.87  0.55 
Transportation − 0.73 − 0.85  0.11 − 1.20 − 1.56  0.37 
Energy-intensive − 1.13 − 1.25  0.12 − 1.42 − 1.84  0.42 
Other manufacturing − 0.92 − 1.03  0.11 − 1.20 − 1.58  0.38 
Services − 0.59 − 0.67  0.08 − 0.81 − 1.10  0.28 

Note: PP refers to percentage point; elec stands for electricity. A positive difference means adverse impacts are higher when non-CO2-emissions are included (Scenarios 
S1.2 and S2.2 compared to S1.1 and S2.1, respectively). 
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Table 4 
Higher negative impacts on output results once including non-CO2 emissions.  

Sector China USA India Russia Japan DEU Iran KOR Indo CAN MEX ZAF Brazil Turkey AUS UK Poland France Italy KAZ Eux ROW 

Percentage point differences (Scenario S1.1 minus S1.2) 

Agriculture 0.06  0.1  0.05 0.13 0.07  0.15  0.17  0.02  0.01 0.15  0.04  0.22  0.12  0.12  0.1  0.11  0.05  0.13  0.11  0.05  0.11 0.03 
Food processing 0.07  0.03  0.04 0.17 0.03  0.07  0.34  0.02  0.03 0.04  0.15  0.14  0.06  0.12  0.03  0.07  0.05  0.07  0.07  0.16  0.08 0.02 
Coal mining 0.35  0.14  0.19 0.48 3.51  0.1  0.98  0.75  0.18 0.19  0.99  0.47  1.41  0.3  0.21  0.18  0.19  5.43  6.26  0.8  0.12 0.36 
Oil extraction 0.7  0.47  1.04 0.33 1.68  0.99  0.39  1.33  1.04 0.14  0.02  1.68  0.13  2.37  0.55  0.05  1.6  1.1  1.29  0.05  4.07 0.07 
Gas extraction 0.38  0.09  0.06 0.27 0.35  0.56  2.33  0.88  0.86 0.69  2.98  0.51  0.22  2.27  0.3  0.1  1.02  0.72  0.49  2.75  0.71 0.31 
Petroleum products 0.34  0.17  0.18 0.65 0.01  0.05  0.75  0.01  0.71 0.34  0.69  0.39  0.12  0.36  0.61  0.02  1.04  0.07  0.04  0.86  0.14 0.24 
Electricity service 0.33  0.08  0.12 0.6 0.03  0.05  0.88  0.04  0.42 0.14  0.92  0.27  0.13  0.35  0.28  0.02  0.43  0.04  0.04  1.13  0.08 0.27 
BL elec (fossil) 0.37  0.13  0.15 0.55 0.04  0.09  0.92  0.1  0.42 0.32  0.93  0.28  0.29  0.37  0.29  0.06  0.44  0.63  0.07  1.13  0.26 0.32 
BL elec (renewable) 0.11  0.03  0.05 0.77 0.06  0.04  0.6  0.09  0.47 0.12  0.9  0.17  0.09  0.24  0.2  0.05  0.4  0.01  0.02  13.19  0.05 0.18 
PL elec 0.34  0.08  0.13 0.59 0.03  0.03  0.9  0.04  0.42 0.17  0.91  0.3  0.13  0.35  0.28  0.02  0.52  0.03  0.03  1.16  0.08 0.28 
Transportation 0.13  0.05  0.09 0.39 0.02  0.03  0.73  0.03  0.6 0.1  0.28  0.58  0.05  0.16  0.09  0.02  0.26  0.02  0.02  0.65  0.06 0.17 
Energy-intensive 0.17  0.03  0.16 0.85 0.03  0.04  1.18  0.04  0.23 0.08  1.3  0.07  0.01  0.37  0.22  0.1  0.15  0.1  0.07  1.37  0.01 0.14 
Other manufacturing 0.15  0.01  0.09 0.5 0  0.01  0.91  0.01  0.46 0  0.1  0.27  0.02  0.08  0.17  0.04  0.01  0.05  0.01  4.48  0.03 0.47 
Services 0.15  0.03  0.09 0.31 0.02  0.03  0.9  0.02  0.35 0.06  0.32  0.18  0.04  0.17  0.09  0.03  0.18  0.03  0.02  0.68  0.05 0.13  

Percentage point differences (Scenario S2.1 minus S2.2) 
Agriculture 0.13  0.26  0.84 0.41 0.45  0.44  0.31  0.2  0.22 0.04  1.18  1.25  2.31  0.34  1.72  0.78  0.56  0.48  0.29  1.14  0.01 0.59 
Food processing 0.31  0.21  0.73 0.34 0.04  0.23  0.88  0.31  0.27 0.16  0.45  0.37  1.24  0.52  0.38  0.05  0.21  0.1  0.09  0.42  0.18 0.64 
Coal mining 0.7  0.27  0.96 0.69 4.11  0.21  1.49  1.01  1.04 0.54  1.43  1.01  1.67  1.08  0.57  0.31  0.43  5.47  6.48  1.09  0.32 0.75 
Oil extraction 1.15  0.64  1.49 0.59 1.87  1.41  0.79  2.22  1.59 0.36  0.23  1.57  0.3  2.86  0.83  0.23  3.42  3.59  1.8  0.31  4.48 0.44 
Gas extraction 0.52  0.13  1.44 0.46 1.77  1.83  2.43  1.81  1.5 0.76  3.19  0.74  0.15  2.8  0.2  0.32  4.79  4.07  1.74  2.86  0.03 0.71 
Petroleum products 0.72  0.29  0.97 0.94 0.03  0.15  1.37  0.19  1.36 0.46  1.08  0.72  0.54  0.84  0.72  0.13  1.19  0.17  0.19  1.1  0.33 0.75 
Electricity service 0.72  0.14  0.55 0.96 0.1  0.19  1.56  0.2  0.79 0.26  1.41  0.45  0.69  1.01  0.37  0.15  0.7  0.14  0.18  1.43  0.32 0.8 
BL elec (fossil) 0.69  0.18  0.56 0.86 0.09  0.16  1.53  0.2  0.73 0.35  1.38  0.52  0.7  0.93  0.36  0.14  0.68  0.65  0.14  1.43  0.39 0.74 
BL elec (renewable) 0.92  0.08  0.41 1.28 0.12  0.17  2.06  0.21  1.18 0.27  1.54  0.56  0.7  1.21  0.39  0.14  0.91  0.12  0.21  15.6  0.24 1 
PL elec 0.72  0.14  0.55 0.95 0.1  0.17  1.55  0.2  0.79 0.3  1.41  0.58  0.7  1.01  0.37  0.14  0.77  0.14  0.17  1.46  0.3 0.81 
Transportation 0.45  0.11  0.66 0.69 0.11  0.18  1.4  0.23  1.04 0.23  0.64  0.88  0.38  0.63  0.2  0.14  0.48  0.13  0.15  1.01  0.24 0.6 
Energy-intensive 0.53  0.01  1.07 1.21 0.01  0.03  2.04  0.05  0.73 0.14  1.82  0.34  0.37  1.06  0.18  0.03  0.36  0.02  0.07  1.48  0.18 0.77 
Other manufacturing 0.5  0.03  0.88 1 0.06  0.04  1.93  0.12  1.16 0.27  0.67  0.68  0.28  0.76  0.23  0.02  0.24  0.04  0.1  4.75  0.21 1.11 
Services 0.49  0.06  0.72 0.62 0.07  0.12  1.7  0.17  0.87 0.13  0.73  0.5  0.38  0.66  0.19  0.14  0.4  0.11  0.15  1.09  0.22 0.62 

Note: USA = the United States; DEU = Germany; KOR = South Korea; Indo = Indonesia; CAN = Canada; MEX = Mexico; ZAF: South Africa; AUS: Australia; UK = United Kingdom; KAZ = Kazakhstan; EUx = the rest of 
European Union; ROW = the rest of the world; and elec = electricity. A positive difference means adverse impacts are higher when non-CO2-emissions are included. 

D. N
ong et al.                                                                                                                                                                                                                                    



Applied Energy 298 (2021) 117223

9

macroeconomic variables (real private and public consumption, real 
investment, real import, and real export) are also large in many coun-
tries following the patterns of real GDP. Only percentage point differ-
ences in the consumer price index and terms of trade are relatively small 
compared to those in other macroeconomic variables. We also note 
percentage point differences (D2) between Scenarios S2.1 and S2.2 are 
much higher than those (D1) between the other two scenarios. This 
indicates higher costs to economies entail large divergences in the im-
pacts on macroeconomic variables when the model includes or excludes 
non-CO2 emission levels. 

Divergences in welfare impacts measured in terms of equivalent 
variation are relatively high (Fig. 4).7 In China, the negative welfare 
impact in Scenario S1.1 is US$10 billion smaller than in S1.2 (D1), and 
US$34 billion in S2.1 compared to S2.2 (D2). The negative impacts in 
Scenario S2.1 are also relatively smaller than in S2.2 in many countries 
including India (US$11 billion), Russia (US$9 billion), Brazil (US$8 
billion), the rest of the European Union (US$10 billion), and the rest of 
the world (US$59 billion). 

5. Policy discussion 

Our modelling results reveal that as more industries are included in a 
carbon tax policy (Scenarios S2.1 and S2.2 relative to Scenarios S1.1 and 
S1.2), the higher the costs are to those sectors (and to the relevant 
economies). This is because emissions released by new liable sectors are 
subject to the tax, which increase production costs of these additional 
sectors. Output prices of these sectors increase, leading to higher in-
termediate input costs for other industries, and ultimately higher final 
product prices for private and public consumers. As a result, consumer 
purchasing power and savings become tighter once more sectors are 
included in a carbon tax policy. Similarly, additional emissions (i.e., 
non-CO2 emissions rather than only CO2 emissions) included in a policy 
also result in higher costs to sectors and economies (higher costs in S1.2 

Table 5 
Higher negative impacts on key macroeconomic variables once including non-CO2 emissions.  

Region Real GDP Real private 
consumption 

Real public 
consumption 

Real 
investment 

Consumer price 
index 

Terms of trade Real import Real export 

D1 D2 D1 D2 D1 D2 D1 D2 D1 D2 D1 D2 D1 D2 D1 D2 

Iran  0.82  1.52  0.73  1.42  0.84  1.57  1.01  0.56  0.03  0.36  0.06  0.13  0.81  1.57  0.78  1.31 
Kazakhstan  0.63  1.00  0.55  0.96  0.55  0.93  0.99  0.07  0.03  0.26  0.05  0.08  0.53  0.97  0.47  0.72 
Indonesia  0.31  0.80  0.28  0.71  0.27  0.67  0.41  0.26  0.07  0.33  0.02  0.01  0.34  0.89  0.32  0.87 
India  0.08  0.75  0.08  0.63  0.08  0.49  0.12  0.38  0.04  0.49  0.02  0.14  0.11  0.72  0.08  0.95 
Mexico  0.32  0.75  0.27  0.65  0.25  0.57  0.44  0.13  0.08  0.27  0.03  0.10  0.19  0.60  0.23  0.72 
Turkey  0.17  0.67  0.17  0.61  0.16  0.58  0.18  0.40  0.07  0.33  0.01  0.09  0.16  0.62  0.16  0.80 
ROW  0.14  0.63  0.12  0.59  0.11  0.45  0.20  0.26  0.04  0.40  0.01  0.01  0.19  0.70  0.20  0.70 
Russia  0.27  0.55  0.22  0.52  0.22  0.48  0.38  0.10  0.15  0.35  0.09  0.05  0.16  0.49  0.23  0.39 
South Africa  0.19  0.52  0.17  0.44  0.14  0.35  0.29  0.05  0.08  0.33  0.02  0.10  0.18  0.51  0.20  0.60 
Brazil  0.04  0.50  0.05  0.41  0.03  0.25  0.07  0.18  0.07  0.22  0.03  0.43  0.11  0.77  0.08  1.29 
China  0.14  0.45  0.11  0.39  0.11  0.35  0.17  0.18  0.07  0.34  0.01  0.02  0.16  0.54  0.15  0.48 
Poland  0.20  0.43  0.18  0.39  0.16  0.33  0.28  0.05  0.08  0.30  0.00  0.03  0.03  0.24  0.03  0.27 
Australia  0.10  0.24  0.08  0.18  0.06  0.12  0.18  0.05  0.03  0.13  0.02  0.06  0.16  0.37  0.13  0.42 
EUx  0.04  0.22  0.04  0.20  0.03  0.16  0.06  0.10  0.08  0.25  0.00  0.01  0.04  0.23  0.03  0.24 
Canada  0.07  0.16  0.06  0.13  0.03  0.07  0.13  0.06  0.06  0.18  0.01  0.02  0.08  0.23  0.09  0.24 
South Korea  0.01  0.16  0.02  0.17  0.01  0.13  0.01  0.12  0.08  0.25  0.01  0.04  0.03  0.21  0.03  0.18 
Italy  0.02  0.14  0.02  0.14  0.02  0.12  0.03  0.09  0.09  0.25  0.01  0.03  0.01  0.16  0.01  0.14 
UK  0.02  0.13  0.02  0.13  0.02  0.10  0.05  0.05  0.08  0.22  0.01  0.06  0.03  0.18  0.01  0.10 
Germany  0.02  0.11  0.02  0.12  0.02  0.08  0.02  0.06  0.09  0.25  0.00  0.04  0.02  0.14  0.02  0.12 
France  0.02  0.10  0.02  0.09  0.02  0.05  0.04  0.01  0.08  0.23  0.01  0.00  0.02  0.12  0.01  0.10 
Japan  0.01  0.07  0.01  0.08  0.01  0.06  0.02  0.04  0.09  0.22  0.01  0.05  0.04  0.20  0.03  0.15 
USA  0.02  0.06  0.02  0.05  0.01  0.02  0.06  0.04  0.07  0.18  0.02  0.02  0.07  0.23  0.04  0.19 

Note: D1 = percentage point difference (Scenario S1.1 minus S1.2); D2 = percentage point difference (Scenario S2.1 minus S2.2); GDP = gross domestic product; USA 
= United States; UK = United Kingdom; EUx = the rest of European Union; ROW = the rest of the world. A positive difference means adverse impacts are higher when 
non-CO2-emissions are included. 
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Fig. 4. Higher negative impacts on welfare measured in terms of equivalent 
variation (US$ billion) once including non-CO2 emission. Note: D1 = differ-
ences (Scenario S1.1 minus S1.2) (US$ million); D2 = differences (Scenario S2.1 
minus S2.2) (US$ million). A positive difference means adverse impacts are 
higher when non-CO2-emissions are included. 

7 Table A10 in the Supplement shows the changes in welfare across scenarios. 
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compared to those in S1.1, and higher costs in S2.2 relative to S2.1). 
However, since sectors release different levels of non-CO2 emissions, 
divergence in impacts on these sectors are different. Such a phenomenon 
is similar to applying a higher carbon tax rate – which in turn imposes 
higher costs on economic agents, implying higher divergences in the 
impacts between inclusion of both CO2 and non-CO2 emissions and in-
clusion of only CO2 emissions in the model and policy. 

Results indicate two important policy implications. First, higher 
costs to economies result in greater divergences in impacts with and 
without incorporation of non-CO2 emissions. Second, the impacts of the 
carbon tax at US$15 are potentially misleading in many countries since 
the differences are relatively high with and without non-CO2 emissions 
incorporated in the model. It is also noted that differences in some 
countries are relatively small, but these issues matter because differ-
ences are increasing along with the increasing costs to economies (from 
S1.1 and S1.2 to S2.1 and S2.2). 

In comparison to other studies, we found that Liu and Lu [42] 
examined a carbon tax of 100 RMB (around US$15) per tonne of CO2 in 
China with different recycling mechanisms resulting in real GDP re-
ductions by 0.29–1.17%. Our study found real GDP declines in China by 
1.6–1.88% when including only CO2 emissions. The differences between 
the two studies can be because of model settings, parameter uses, data 
sources, and data compilation processes. It is noted that Liu and Lu [42] 
used a national model (MONASH-based model) for China, whereas we 
use a global model. Hence, model structures and parameters are quite 
different. In addition, they employed a Chinese 2007 input–output table, 
as well as applied uniform emission intensities to calculate the CO2 
emission levels released from different sources, then updated data to 
2015 by shocking several macroeconomic variables in the model. On the 
other hand, we use global 2014 data along with available emissions 
data. Apart from these issues, we found in our study that real GDP in 
China would decline at higher rates, by 1.74–2.33%, if non-CO2 emis-
sions are included; hence, in the study of Liu and Lu [42], the real GDP in 
China could also be expected to decline at much higher rates compared 
to the reduction rates of 0.29–1.17% if non-CO2 emissions were 
included. 

Japan was also found to have a decline of 0.3% in real GDP at a 
carbon tax rate of US15.14/tonne of CO2e [43], while we obtain a 
reduction of 0.43–0.6% when we include all GHG emissions. Higher 
economic contractions in our study are due to the global application of a 
uniform carbon tax, while different tax rates across regions and coun-
tries applied in [43]. In other words, the carbon taxes in our study 
applying to all countries have broader impacts on the global economy 
and import/export prices in all countries around the world. As a result, 
the economy of Japan is affected at higher rates than in [43]. Nong [6] 
also found deviations in the impacts on the real GDP in South Africa at 
the carbon tax rate of US$9.15. Specifically, Nong [6] found real GDP in 
South Africa would decline by 1.59% and 1.34% with and without non- 
CO2 emissions, respectively. We found a reduction of 3.70% and 3.17% 
in these two cases at the carbon tax rate of US$15. Meng, et al. [13] 
concluded that a carbon tax rate of A$23 (US$17.7) per tonne of CO2e 
would cause real GDP in Australia to decline by 0.4–0.6%, the reduction 
is about 0.5–0.81% in our study when including additional non-CO2 
emissions. However, the impacts of only including CO2 emissions are 
smaller by just 0.1–0.24 percentage points. This indicates impacts are 
not highly divergent in Australia when non-CO2 emissions are included. 

Our study, however, presents certain limitations. First, data used for 
the GTAP-E-PowerS model, as with most other CGE models, confronts 
multi-year lags due to statistical contingencies and data compilation 
processes [3]. It may thus not indicate contemporary situations and 
structures of economies. However, it is expected that economic struc-
tures and sources of various CO2 and non-CO2 emission levels would not 
change substantially in the short- to medium-run. As a result, if 
including non-CO2 emission levels led to much higher negative impacts 
of a carbon tax on economies compared to the case of considering only 
CO2 emission levels, it is expected that using newer databases would also 

yield similar deviations in impacts. Second, GTAP-E-PowerS has the 
same production and consumption structures with identical substitution 
parameters across countries/regions. This may not be plausible for 
certain countries given unique or new technologies superior to those of 
other countries. This issue is relevant to developed and developing na-
tions [44]. Consequently, results in such a global model should be 
observed with caution. 

6. Trends and perspectives 

Global decarbonisation is an urgent goal to limit global temperature 
increases [45], thereby protecting the living environment of all animals 
and species on earth. Climate change policies such as carbon taxes or 
emissions trading schemes, which have been introduced in numerous 
countries and regions, can be expected to remain an important tool in 
order to curb GHG emission releases on a global scale. Many country 
governments have studied these policies, and some have conducted pilot 
mechanisms, including Japan, China, Thailand, and Singapore or South 
Africa (albeit, at small tax rates) [46]. To evaluate the trade-offs be-
tween environmental protection and economic growth, economic 
modelling approaches such as applied general equilibrium analysis are 
crucial. Such frameworks can also be integrated with many other models 
[47], such as partial equilibrium models, to enable more detailed as-
sessments. The centrepiece of such models is to ensure the adequacy and 
accuracy of data so that policy impacts can be estimated with a degree of 
confidence. Findings in our study indicate that results differ across 
countries and regions with and without the inclusion of non-CO2 emis-
sions in the database. We thus recommend future studies include both 
non-CO2 and CO2 emissions in models. 

To support researchers in collecting such data, we suggest countries 
maintain national GHG inventories. Such inventories are relatively weak 
in low- and middle-income countries due to financial constraints. Hence, 
support from international organisations, such as the World Bank or the 
International Monetary Fund, are important to help countries set up 
carbon markets with adequate measurements. Having adequate data 
and accurate impact assessments is important for policy design and 
implementation vis-à-vis ensuring sustainable development. Specif-
ically, once impacts are assessed accurately, industrial sectors can 
identify suitable strategies for development with appropriate resource 
utilisation. Governments will also have an ability to identify suitable 
supporting policies and subsidies to avoid severe impacts on industrial 
and private sectors. Above all, resource allocation efficiency will be 
enhanced whilst making progress towards sustainable development. 

Our results indicate impact deviations of the carbon tax with and 
without inclusion of non-CO2 emissions are relatively small in developed 
nations. In addition, these countries experience relatively small impacts 
on their economies. Hence, developed nations should have relatively 
high carbon tax rates to lower their emission levels relative to tax rates 
in developing nations. This is in line with the context that developed 
nations are mainly responsible for climate change, and need to take 
stronger actions to limit GHG emission releases.8 

7. Conclusions 

This article hypothesised that inclusion of non-CO2 emissions in 
addition to CO2 emissions will distort the results of climate change 
policies. This was placed in the context via the fact that many studies 
only include CO2 emissions when examining impacts of climate change 
policies. We employed a version of a climate change policy CGE model 
(GTAP-E-PowerS) extended by Nong [6] to examine how the impacts of 
the carbon tax of US$15 per tonne of CO2e are different across world 
regions. We selected the 20 most major polluting nations for such an 
experiment. 

8 https://www.cgdev.org/media/who-caused-climate-change-historically 
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There are several key findings and policy implications arising from 
our research. First, developing countries, which experience relatively 
low production costs due to cheap labour, capital and natural resources, 
suffer relatively high emission costs from a uniform carbon tax rate of US 
$15. Our modelling found these countries tended to cut production 
levels to reduce emission levels, which in turn led to higher economic 
contraction in relative terms. Specifically, when all industries and both 
non-CO2 and CO2 emissions were included in the carbon tax policy 
modelling, real GDP reductions were 5.11% in Iran, 4.27% in 
Kazakhstan, 3.70% in South Africa, and 2.33% in both China and India. 
In contrast, reductions of only 0.23% were found for France, 0.43% for 
the United Kingdom, 0.49% for the United States, 0.70% for Canada, and 
0.81% for Australia. 

Second, large polluting nations tend to have low marginal abatement 
costs – viz. China, the United States, India, and Russia – because they 
exhibit the ability to cut large volumes of CO2 emissions at the same 
carbon tax rate applying to all regions. 

Third, inclusion of non-CO2 emissions shows significantly higher 
negative impacts of a carbon tax policy compared to a case which ex-
cludes such emission accounts. Differences in the impacts become larger 
when economic costs increase (e.g., more sectors involved or higher 
carbon tax rates). At a carbon tax rate of US$15, Iran experiences a 
reduction in the real GDP by 1.52 percentage points higher in the full 
GHG emission scenario than in the CO2 emission only scenario. It is 1.0 
for Kazakhstan, 0.8 for Indonesia, and 0.75 for India. This indicates that 
limiting CO2 emission levels in climate change policy analysis will 
significantly underestimate the real impacts of policy. In addition, 
depending on the levels of taxes or climate change policy, differences of 
impacts will be different across sectors and countries (i.e. positively 
correlated to levels of climate change policies). Hence, in order to pro-
vide more accurate and insightful impacts of climate change policies, we 
recommend future studies include both non-CO2 and CO2 emissions in 
models. 
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