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In this paper, we use a ten-regionmodel of theworld economy to analyze the economic and environmental out-
comes that are likely to result from the Paris Climate Agreement. To construct our modeling scenario, we first
convert the Agreement's disparate Nationally Determined Contribution (NDC) pledges into equivalent reduc-
tions in CO2 emissions relative to a baseline scenario without the Agreement. We then model the Agreement
by solving for a CO2 price path in each region that would gradually fulfill the region's NDC pledge by its target
date. The resulting paths are quite different across regions, indicating significant differences in marginal abate-
ment costs.We alsofind that if all regions achieve their NDCs, the Agreement significantly reduces CO2 emissions
relative to baseline. However, global emissions would not decline in absolute terms relative to 2015 levels,
let alone follow a path consistentwith a 2 °C stabilization scenario.We then construct additional scenarios to ex-
plore how the outcomes of the Agreement would change if particular countries (the United States, China, and
Australia) were to unilaterally withdraw from it without undertaking alternative climate policies. We find that
leaving the Agreement raises GDP for the country that leaves, but it also sharply reduces the domestic co-
benefits the country receives as a side effect of controlling CO2. For each country we consider, the net effect of
withdrawing is negative: the loss of co-benefits exceeds the gain in GDP. That is, we show that when co-
benefits are considered, it is in each country's self-interest to remain in the Agreement.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The Paris Climate Agreement (the Agreement), adopted by the
Parties to theUnitedNations Framework Convention onClimate Change
(UNFCCC) in 2015, has been signed by 197 countries and went into
force in November of 2016. It is arguably the first truly global climate
change agreement and aims to put theworld on track to eventually sta-
bilize greenhouse gas (GHG) emissions at a level that would avoid dan-
gerous climate change, although the commitments made in 2015 are
not enough to achieve that goal on their own.

Before and during the Paris conference, countries submitted national
plans to the UNFCCC that explain what GHG or related targets they plan
to achieve. Following through on these Nationally Determined Contri-
butions (NDCs) will create a range of environmental and economic
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consequences for the participants over the coming decades. This paper
uses G-Cubed, a multi-country, multi-sector model of the global econ-
omy to project those outcomes. We simulate policies that would
achieve the commitments of countries in each of the regions in the
model and estimate how much global carbon dioxide (CO2) emissions
would fall relative to what would happen without those policies. We
also estimate the economic results of the policies in each region, such
as how they affect GDP growth, trade, and investment flows. These re-
sults allow us to characterize how environmentally and economically
ambitious the NDCs are in both absolute terms and relative to each
other.

The paper also explores how environmental and economic out-
comes would change if particular countries unilaterally withdraw
from the Agreement without undertaking alternative climate policies.
For example, in light of the Trump Administration's announcement
that the United States will withdraw from the Agreement by 2020, we
run scenarios with and without participation by the United States. We
also repeat the simulations with and without China, the world's largest
GHG emitter, and with and without Australia, an important fossil fuel
exporter.

There is an emerging literature exploring the economic impacts of
the Agreement based on modeling exercises. Our contributions are
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Table 1
Regions in the G-Cubed model.

Region Region description

Australia Australia
China China
Europe Europe
India India
Japan Japan
OPEC Oil-exporting developing countries
ROECD Rest of the OECD, i.e. Canada, New Zealand and Iceland
ROW Rest of the World
Russia Russian Federation
USA United States
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broadly two-fold, one on themodeling framework and the other on the
focus of the analysis. First, our model is different from other dynamic
general equilibrium models used for examining the Agreement in sev-
eral respects. The model incorporates important short-run rigidities
such as adjustment costs in physical capital accumulation, wage sticki-
ness and central bank monetary policy rules, and thus allows us to cap-
ture short- and medium-term adjustment impacts which cannot be
analyzed using long-term models. The model also has a full menu of fi-
nancial assets, the valuation of which in the face of policy changes can
have impacts on the real economy in the short run. The electricity sec-
tors in each country and region are highly disaggregated and consist
of different electricity generation technologies, which makes the
model particularly suitable for analyzing energy and climate policies.
The model also incorporates heterogeneity in households and firms by
modeling households and firms following a mix of both forward-
looking and backward-looking behavior. This deviation from fully
forward-looking optimizing behavior creates additional dynamics com-
pared to other representative agent models. These model features are
discussed in more detail in Section 4.1

Second, we examine not only the economic impacts of the Agree-
ment but also the environmental outcomes, particularly the co-
benefits from climate policies. In addition to the scenario with all re-
gions participating in the Agreement, we also investigate the results of
unilateral withdrawal by key countries. We find that when the co-
benefits are included in evaluating the Agreement, all countries are bet-
ter off staying in the Agreement than exiting unilaterally.

The paper proceeds as follows. Section 2 outlines the NDCs of the re-
gions in the model and presents our equivalent CO2 targets. Section 3
summarizes other studies of the Agreement with coverage divided
into two sections: global studies and national studies of China and the
United States. Section 4 presents an overview of the G-Cubed model
and outlines the baseline scenario, which projects future economic
and environmental outcomes without the Agreement. Section 5 pre-
sents our analysis of the Agreement in two parts. The first presents de-
tailed results for the case when all regions participate and fulfill their
NDC pledges. The second considers the emissions and macroeconomic
outcomes that would occur if individual regions withdraw from the
Agreement. Section 6 concludes.
2 There are alternative assumptions about the relationship between CO emissions and
2. Representing NDCS in modeling scenarios

TheNDCs vary considerably across countries. Differences include the
range of GHGs covered by targets, the sectors of the economy to which
targets apply; the base year used to establish targets; the year in which
the target is to be reached; and the metrics of the targets themselves.
We begin our analysis by converting the NDCs to a common basis: the
paths they imply for each participant's future CO2 emissions. We then
aggregate the results, where needed, so that they are suitable for use
with the level of geographic detail available in G-Cubed, as shown in
Table 1. We follow the approach in McKibbin et al. (2011), which com-
pared commitments in the Copenhagen Accord.

Converting NDC targets into emissions paths appropriate for the
model is a complex task. In some cases, the targets are straightforward
emissions levels in a particular year relative to an historical base year,
but we must still specify an emissions path for the years before the tar-
get date. In other cases, such as China and India, the targets are
expressed as emission intensities (i.e. emissions per unit of GDP). The
calculation of emission intensities requires an estimate of projected out-
put which can then be used to calculate the implied level of emissions.
Adding to the complexity, where countries in the G-Cubed model are
aggregated into regions, we must calculate a region-wide target. The
calculation of region-wide targets is most difficult for the Rest of the
1 In addition, Appendix C examines the sensitivity of the model's results to several of
these features.
World (ROW) region, which amalgamates countries with emission tar-
gets, intensity targets, and no targets.

One limitation of this study is that G-Cubed only includes CO2 emis-
sions from fossil energy combustion, not other GHGs or CO2 from indus-
trial processes. Thus, to convert targets into the modeling simulations,
we assume that NDC pledges to reduce broader CO2-equivalent emis-
sions will result in proportional reductions in CO2 emissions from fossil
fuels.2 For example, the United States NDC pledges a 26% reduction in
the full U.S. GHG inventory, so we simulate a 26% reduction in U.S.
energy-related CO2. Thus, the results are approximate estimates of the
economic adjustments under the Agreement.

Table 2 summarizes our representation of the NDCs for the regions
in the model. For countries that offered alternative targets that would
be more stringent under certain circumstances, such as assistance
fromdeveloped countries, wemodel the target without such conditions
(hence the term “unconditional reduction target” in column 7). For
countries that offered a range of emissions targets, we chose the least
stringent. Regions such as OPEC, ROECD and ROW involved significantly
more analysis and require more detailed descriptions; we discuss them
in Appendix A and omit them fromTable 2. The reduction target column
shows the proposed decline in the applicable NDC's metric from the
NDC's base year to the target year. For example, India committed to a
33% decline in all GHG emissions per unit GDP from 2005 to 2030.

Table 3 reports the CO2 emissions targets for each region as we have
approximated them for the modeling scenario.

The second column of Table 3 reports the 2015 level of CO2 emis-
sions in the region in millions of metric tons, as generated by the
model. The third column is the target year of the NDC. The fourth col-
umn reports emissions in the target year under the baseline scenario,
which we also refer to as the business as usual (BAU) or reference sce-
nario. The fifth column contains the targeted level of emissions in the
target year, as we have calculated it per the discussion in Appendix A.
The sixth column contains the ratio of projected emissions in the base-
line in the target year (2025 for the U.S. and 2030 for all others) relative
to emissions in 2015. The emissions figure reflects the projected growth
in emissions without new policies. For example, without new climate
policies, the model projects Chinese CO2 emissions would grow by
about 91% by the target year, and European CO2 emissions would
grow by only 7%.

The seventh column shows the ratio of the target to baseline emis-
sions in the target year. This ratio puts in common terms the policy per-
formance needed to hit the NDC targets. That is, the change in emissions
in the target year relative to the emissions that would have occurred
without the policies to implement the NDCs provides one measure of
the economic ambition of each target. The ratios of the target to baseline
emissions in column seven vary from 0.57 for Japan, reflecting the
greatest percent emissions reduction relative to BAU, to 0.90 for oil-
2

GHG emissions in the literature. For example, Chen andHafstead (2019) consider different
scenarios of non-CO2 emissions projections and thus have different CO2 emissions targets
given the same GHG emissions target.



Table 3
Targeted CO2 emissions from energy use for regions.

1 2 3 4 5 6 7

Region 2015 emissions
(MMt)

Target
year

Baseline emissions
in target year (MMt)

Target (MMt) Ratio of baseline emissions
in target year to 2015 emissions

Ratio of target to baseline
emissions in target year

Australia 377 2030 457 297 1.21 0.65
China 9610 2030 18,319 13,340 1.91 0.73
Europe 3809 2030 4086 2540 1.07 0.62
India 1982 2030 3864 2908 1.95 0.75
Japan 1206 2030 1526 876 1.27 0.57
OPEC 2525 2030 3550 3212 1.41 0.90
ROECD 590 2030 742 456 1.26 0.61
ROW 5894 2030 8780 7246 1.49 0.83
Russia 1798 2030 1933 1541 1.08 0.80
USA 5359 2025 5921 4440 1.10 0.75

Table 2
NDCs for the regions in the G-Cubed model.

Region GHG Coverage Sectoral coverage Metric NDC Base year NDC Target year Unconditional reduction target

Australia All GHGs All sectors Emissions 2005 2030 −26%
China CO2 Energy Emissions per unit GDP 2005 2030 −60%
Europe All GHGs All sectors Emissions 1990 2030 −40%
India All GHGs All sectors Emissions per unit GDP 2005 2030 −33%
Japan All GHGs All sectors excluding terrestrial carbon Emissions 2013 2030 −26%
OPEC See Appendix
ROECD See Appendix
ROW See Appendix
Russia All GHGs All sectors Emissions 1990 2030 −25%
USA All GHGs All sectors including terrestrial carbon Emissions 2005 2025 −26%
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exporting countries. By this standard, OPEC offers a significantly less
ambitious pledge than other regions. The United States is on par with
China and India, and Europe and the rest of the OECD are only slightly
less ambitious than Japan. However, as the modeling results will
show, this measure does not fully capture the relative macroeconomic
impacts of the Agreement on different countries.

In addition to the targets in Table3, themodelingscenariomust spec-
ify the policies that regions adopt to achieve their targets, and the emis-
sions paths those policies will follow from 2015 to the target year. For
simplicity,wemodel eachG-Cubed regionasachieving its emissions tar-
get by imposing prices on CO2 emissions from fossil fuel use. Revenues
from the fees return to households in the region in an annual lump
sum rebate. We impose linearly declining annual emissions targets and
calculate the CO2 prices necessary each year to achieve them.3

3. Other studies of the Paris Agreement

The literature on the Agreement is enormous, so here we focus on
studies likeours thatuse large-scale computationalmodels.A table sum-
marizing the relevant studies appears in Appendix B. Somewere under-
taken in the lead-up to theParis negotiations to informnegotiators about
proposed NDCs. Most aremore recent, having been completed since the
Agreement. These studies either analyze announced policies andmea-
suresor assume, aswedo, illustrative policies implemented tohit partic-
ular targets. The modeling studies of the Agreement are not directly
comparable with each other or with ours because: (1) they assume dif-
ferent targets and different policies to reach those targets; (2) they use
different modeling approaches with different assumptions and model
structures; or (3) they focus on different aspects of the Agreement.
3 This approach does not minimize the intertemporal cost of the emissions reductions
achieved. For that, the price would need to start at a much higher value in 2020 than in
our runs and then rise at the real rate of interest. Our prices start lower but risemuchmore
quickly: typically 15% to 20% per year. A cost-minimizing approach would thus have
greater reductions in the near term and smaller reductions in the long term than our
policies.
Modeling studies include both global analyses of the Agreement and
single-country studies, particularly of the U.S. and China. The global
studies fall into threemainmodeling strands: (1) the first uses dynamic
computable general equilibrium (CGE) models, often focusing on mac-
roeconomic outcomes; (2) the second strand uses integrated assess-
ment models (IAMs), which often include an environmental system in
addition to economic and social components; and (3) the third strand
uses partial-equilibrium or reduced-form energy models, which often
provide more detail in energy sectors. Comparison studies help explain
the implications of different modeling approaches and identify which
results are robust and which are not.

For example, among global studies several common insights arise.
First, the Agreement reduces global emissions relative to business as
usual, but it does not put the world on track to stabilize concentrations
or limit warming to 2 °C. Second, across all of the studies the costs of
complying with the pledges in the Agreement, either in terms of GDP
or consumption, are small. Third, emissions trading can, in principle, sig-
nificantly reduce global costs. Fourth, the impacts of theAgreement vary
across countries: energy-exporting countries bear the greatest burden,
followed by industrialized countries with relatively ambitious targets,
and costs are lowest for developing countries with relatively loose
targets.

Important differences across the studies also arise. Rogelj et al.
(2016) examine eleven global studies reporting the implications of
NDCs for global emissions by 2030 and find a wide range of baseline es-
timates of future emissions. Liu et al. (2017) survey recent modeling
scenarios about China's carbon emissions in twelve global models and
also find that baseline emissions vary significantly, with China's overall
emissions growth between 2010 and 2030 varying between 21% and
119%. Partly due to these differences in baseline emissions, the models
report very different CO2 taxes are needed to achieve the NDCs. For ex-
ample, Babonneau et al. (2018) compare CO2 tax rates consistent with
achieving the NDCs across seven models4 and find that in 2030, the
4 Themodels include GEMINI-E3,WITCH, DEN21+, GCAM,MERGE, GEM-E3, and EPPA.
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U.S. CO2 tax varies from $40 to $109 per ton of CO2, the tax for
Europe varies from $45 to $177, and that for China varies from almost
zero to $33.

Differences such as these arise in other policy simulations. Stegman
and McKibbin (2013) compare long-term projections across global
models and show that even using similar methodology, projections
can vary considerably, particularly for developing regions over long-
time horizons. This highlights the importance of alternative model
structures and assumptions in the differences in model projections.
Rogelj et al. (2016) identify another four factors contributing to the dif-
ferences: incomplete country and sector coverage, uncertain projec-
tions due to ambiguous targets (relative to business-as-usual
scenarios), different approaches to accounting for land-use-related
emissions, and estimation uncertainty of historical emissions and vari-
ous metrics of translating GHG emissions into CO2-equivalence.

Among single-country papers, studies about China are the most nu-
merous. Liu et al. (2017) show how long-term projections of China's
economy and CO2 emissions differ across 11 global models and note
that most project baseline emissions increasing through 2050.
Mischke and Karlsson (2014) review 18 models developed by Chinese
institutions and show that the growth of baseline emissions from
2010 to 2030 varies from 50% to 100%. Baseline emissions heavily de-
pend on baselineGDP projections. In these Chinesemodels, GDP growth
varies from 200% to 350% by 2030 relative to 2010 across models, with
average annual growth rates varying from 5.6% to 7.8% over the period.
The models suggest a gradual long-term transition towards a low-
carbon economy in China, with no emissions peak or stabilization pe-
riod before 2040 in the baseline. Some other studies also show strong
emissions growth in baseline scenarios. McKibbin et al. (2015b) and
Qi et al. (2016) both project that China's emissions will grow by about
120% from 2010 to 2030. There are, however, a few studies at the
other end. For example, Timilsina et al. (2018) project that emissions in-
tensity falls by 58.7% by 2030 relative to the 2005 level in their baseline,
and unsurprisingly their tax rates to achieve the NDC target are very
small. All these studies also contain results of policy simulations but it
is hard to compare themdirectly due to differences in the policy scenar-
ios examined and the presentation of the results. For example, Qi et al.
(2016) solve for a tax rate of $26 per ton of CO2 emissions by 2030 to
achieve China's carbon intensity targets. McKibbin et al. (2015b) first
convert China's emissions intensity target into emissions levels and
then solve for a tax rate. Instead of achieving emissions intensity targets,
Liu et al. (2017) implement a given profile of CO2 taxes and then com-
pare emissions paths across models.

There are also studies of U.S. climate policies. The Energy Modeling
Forum (EMF) provides a series of comprehensive modeling exercises
examining U.S. energy and climate policies. McFarland et al. (2018)
and Barron et al. (2018) summarize results from 11 models in the
EMF32 project onU.S. carbon tax scenarios. Although the EMF32 project
did not focus on the Agreement per se it provides insights on the design
and impact of carbon taxes in the U.S. For example, carbon prices cause
significant reductions in CO2 emissions across all models, with the vast
majority of the reductions occurring in the electricity sector. Economic
costs, in terms of either GDP or welfare, are modest but vary across
models, and these costs are offset by benefits from avoided climate
damages and health benefits from reductions in air pollution. Emissions
reductions do not significantly depend on the rebate or tax cut used to
return revenues to the economy. Authors of the papers caution that
model uncertainties are large beyond 2030. A few other studies are di-
rectly relevant to the U.S. NDC. Larsen et al. (2017) show that the U.S.
emissions would fall by 15–19% by 2025 relative to 2005 under current
policy, which is short of its 26–28% reduction commitment. Chen et al.
(2018) assess the impacts of the U.S. withdrawal from the Agreement
and argue that, without U.S. participation, increased reduction efforts
required for the rest of theworld to achieve the 2 °C goal result in signif-
icantly higher global cumulative mitigation costs from 2015 to 2100.
Chen and Hafstead (2019) show that the carbon tax and economic
cost of achieving the 28% reduction commitment by 2025 are modest,
with a constant carbon tax of $43 starting in 2019 and a real GDP loss
of 0.45% in 2025. They also show that delaying action increases the tax
rate required to meet the target to $47 if the policy is delayed to 2021,
and to $53 if delayed to 2023.

The studies summarized here use a wide variety of modeling ap-
proaches and focus on several global and national issues related to the
Agreement. This paper fits into the strand of global studies that use dy-
namic CGE models. We make three contributions. First, we apply a
global macroeconomic model that uniquely incorporates short-run ri-
gidities, financial markets, transitional responses of central banks, and
international capital flows driven by intertemporal savings and invest-
ment decisions. Importantly, a proportion of firms and households
have forward-looking expectations, and this anticipation of NDC poli-
cies significantly affects short-run dynamic adjustments. Second, we
consider the implications of unilateral withdrawal from the Agreement
by the United States, China, and Australia. Third, we present a broader
set of measures of the economic and environmental outcomes of the
Agreement. Using this approach, we calculate the economic outcomes
and welfare effects of the NDC policies, as other studies have done.
However, we also estimate the monetized domestic co-benefits of re-
ductions in fossil energy use and the global climate benefits (through
2030) contributed by each participating region in the model. Including
monetized benefits allows us to calculate the net domestic benefits of
the Agreement to each region.

Several caveats apply to our study, as they would to many others of
this kind. The caveats primarily involve necessary simplifying assump-
tions. First, as noted above we only examine the impact of reducing
CO2 from fossil energy use. To the extent that a country has significant
baseline shifts in land-use emissions, non-CO2 GHGs, and the like, the
stringency of the target we estimate could be higher or lower than
would apply in practice. Likewise, countries may have abatement
costs for other sources that are importantly higher or lower than those
for energy-related CO2. Second, for simplicity, we assumed countries
achieve their NDC targets with a stylized policy: a CO2 price that applies
to all fossil fuels with the revenue rebated to households in a lump-sum
fashion. If countries adoptmuch less efficient policies or use carbon rev-
enue differently, the macroeconomic outcomes could be different. For a
modeling study of how revenue use matters, see the EMF32 project de-
scribed in McFarland et al. (2018).

To construct a policy scenario, we must make assumptions about
what actions are taken in the years other than those of the Agreement
targets. For each region, we assumed that the corresponding govern-
ment imposes a sequence of annual CO2 prices, starting in 2020, that
produces a linear decline in emissions levels from 2020 baseline levels
to the NDC target in the target year. After the target year, we assumed
CO2 prices stay at their target year levels.

A key element of the Agreement is theprospect of increasing the am-
bition of commitments every five years. The anticipation of these future
more-stringent commitments could affect the emissions levels and eco-
nomic outcomes we report here. Finally, in Article 6, the Agreement al-
lows for the international transfer of “mitigation outcomes”, suggesting
the potential for some form of emissions trading that could lower over-
all costs. We assume each region achieves its target unilaterally. We do,
however, compare our results to the implementation of the Agreement
with a common carbon price across countries as an illustration.

4. Modeling approach and baseline projections

4.1. The modeling approach

The G-Cubed model is documented in McKibbin and Wilcoxen
(1999, 2013). For this paper we extended the model by adding new
country coverage for India and the Russian Federation, as well as a re-
vised regional aggregation for Europe, which now includes both West-
ern and Eastern European economies consistent with the Agreement
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groupings. The complete list of geographic regions in themodel appears
in Table 1.

The electricity sector in G-Cubed was also recently revised and now
includes eight specific generation technologies: coal, natural gas, oil, nu-
clear, wind, solar, hydro and other (largely biomass and other renew-
ables). A technical discussion of recent modeling improvements
appears in McKibbin et al. (2015b). Table 4 contains the full list of sec-
tors in the model.

Several features of G-Cubed are worth highlighting here. First, the
model completely accounts for stocks and flows of physical and finan-
cial assets. For example, budget deficits accumulate into government
debt, and current account deficits accumulate into foreign debt. The
model imposes an intertemporal budget constraint on all households,
firms, government, and countries. Thus a long run stock equilibrium ob-
tains through the adjustment of asset prices, such as the interest rate for
government fiscal positions or real exchange rates for the balance of
payments. However, the adjustment towards the long-run equilibrium
of each economy can be slow, occurring over much of a century.

Second, agents in G-Cubed must use money issued by central banks
for all transactions. Central banks in the model set short term nominal
interest rates to target macroeconomic outcomes (such as inflation, un-
employment, exchange rates, etc.) based on Henderson-McKibbin-
Taylor monetary rules. These rules are designed to approximate actual
monetary regimes in each country or region in the model. They tie
down the long-run inflation rates in each country as well as allowing
short term adjustment of policy to smooth fluctuations in the real
economy.

Third, nominal wages are sticky and adjust over time based on
country-specific labor contracting assumptions. Firms hire labor in
each sector up to the point that the marginal product of labor equals
the real wage defined in terms of the output price level of that sector.
Any excess labor enters a pool of unemployed workers. Unemployment
or, alternatively, excess demand for labor, causes the nominal wage to
adjust to clear the labor market in the long run. In the short-run unem-
ployment can arise due to structural supply shocks or changes in aggre-
gate demand in the economy.

Fourth, rigidities prevent the economy from moving quickly from
one equilibrium to another. These rigidities include nominal stickiness
caused by: wage rigidities; lack of complete foresight in the formation
of expectations; costs of adjustment in investment by firms with phys-
ical capital that is sector-specific in the short run; and the behavior of
monetary and fiscal authorities who follow particularmonetary and fis-
cal rules. Short term adjustment to policy changes like the Agreement
Table 4
Sectors in the G-Cubed model.

Number Sector name Notes

1 Electricity delivery Energy sectors other than generation
2 Gas utilities
3 Petroleum refining
4 Coal mining
5 Crude oil extraction
6 Natural gas extraction
7 Other mining Goods and services
8 Agriculture and forestry
9 Durable goods
10 Nondurables
11 Transportation
12 Services
13 Coal generation Electricity generation sectors
14 Natural gas generation
15 Petroleum generation
16 Nuclear generation
17 Wind generation
18 Solar generation
19 Hydroelectric generation
20 Other generation
can be very different from the long-run equilibrium outcomes of the
policy. The focus on short-run rigidities is important for assessing the
impact of a major policy change over the initial decades of the policy's
implementation.

Fifth, households and firms are represented asmixtures of two types
of agents: one group which bases its decisions on forward-looking ex-
pectations and the other group which follows simpler rules of thumb
which are optimal in the long run, but not necessarily in the short
run.5 This heterogeneity in both households and firms distinguishes
the model from other representative agent models.
4.2. The baseline scenario

We first solve themodel from 2016 to 2100 to develop a baseline, or
business as usual (BAU) scenario. This scenario assumes that regions
continue policies they have already adopted and do not undertake
new policies to achieve their NDCs. McKibbin et al. (2007) outline our
approach to generating a baseline projection (which is complex in a
model with rational expectations).

The key inputs to the baseline are the initial dynamics leading into
2016 (that is, the evolution of the economy from2015 to 2016) and sub-
sequent projections from 2016 forward for labor force growth and pro-
ductivity growth by sector and by country. We take labor force growth
from the United Nations Population Projections (2018). Our productiv-
ity projections follow the approach of Barro (1991) and as updated in
Barro (2015). Over long periods, Barro estimates that the average rate
at which individual countries catch up to the world-wide productivity
frontier is 2% per year.We use the Groningen Growth and Development
database (2018) to estimate the initial level of productivity in each sec-
tor of each region in the model. Given this initial productivity, we then
take the ratio of this to the equivalent sector in the United States,
which we assume is the frontier. Given this initial gap in sectoral pro-
ductivity, we use the Barro model to generate long term projections of
the productivity growth rate of each sector within each country.
Wherewe expect that regionswill catch upmore quickly to the frontier
due to economic reforms (e.g. China) ormore slowly due to institutional
rigidities (e.g. Russia), we vary the catchup rate over time. The calibra-
tion of the catchup rate attempts to replicate recent growth experiences
of each country and region in the model. These sectoral productivity
growth rates, together with the economy-wide growth in labor supply,
are the exogenous drivers of sector growth for each country. The growth
in the capital stock in each sector in each region is determined endoge-
nously within the model.

In some cases we find that this procedure produces economic
growth and energy-related CO2 emissions for some regions that deviate
from the EIA's Annual Energy Outlook (EIA, 2018) and other national of-
ficial forecasts. In those cases, to generate a BAU scenario that is closer to
official projections, we adjust sectoral productivity to more closely ap-
proximate the AEO and other official projections.

Finally, in addition to assumptions about monetary policy rules, fis-
cal rules, and other institutional rigidities in the model, we assume no
further adoption of climate policies in the baseline beyond those that
existed in 2015 (prior to the Agreement).

Fig. 1 shows the model's BAU projections from 2015 to 2030 for
global CO2 emissions from energy use across the major regions in the
model. These projections do not include the NDC pledges that countries
made as part of the Agreement. Importantly, they also do not include
any impacts on the global economy of climate disruption, and neither
do the modeling results for the policy scenarios. G-Cubed does not in-
clude the economic impact of climate damages, but later in the paper,
we monetize the climate benefits from the policies we model using an
estimate of the social benefit of reducing each ton of CO2.
5 Appendix C examines the impact of alternative assumptions about the fraction of
agents with foresight.



Fig. 2. BAU CO2 emissions for other regions.

Fig. 3. Annual BAU emissions growth rate for each region.

Table 5
BAU renewable electricity by region, percent of total generation.

Region Renewable
electricity in 2015

Renewable
electricity in 2030

BAU change in renewable
electricity 2015–2030

Australia 9.8 30.4 20.6
China 12.8 18.1 5.3
Europe 44.8 48.9 4.1
India 12.6 23.1 10.5
Japan 24.5 25.8 1.3
OPEC 2.8 2.7 −0.1
ROECD 67.8 65.3 −2.5
ROW 21.4 21.6 0.2
Russia 5.3 5.5 0.2
USA 28.4 42.7 14.3

Fig. 1. Global BAU CO2 emissions.

6 There is a large literature on the importance of revenue recycling. See McKibbin et al.
(2015a) for a summary and an analysis with the G-Cubed model.
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Fig. 2 presents the BAU projections for the regions in the model la-
beled as “Other” in Fig. 1, thewedge in orange. Fig. 2 illustrates the rising
levels of emissions from emerging economies included in ROW and the
increasing importance of India in global emissions.

Fig. 3 reports the emissions data from the previous figures as annual
growth rates by region. The rates of growth in China and India, the two
highest curves, stand out. While CO2 emissions per capita are low in
these regions, their annual growth rates are high compared to the
others.

These results suggest that without the implementation of the Paris
NDCs, growth in global CO2 emissions from energy use would be large
and inconsistent with stabilizing atmospheric GHG concentrations. We
also observe an increasingly large impact from emerging countries, par-
ticularly China and India.

Clearly, economic projections out to 2100 are highly uncertain. In
particular, enormous uncertainty surrounds technological innovations
that may occur in end-use energy efficiency, renewable electricity gen-
eration, electricity storage and transmission, biofuels, and fossil fuel
supplies. Some innovations, particularly in renewable electricity gener-
ation, could lower BAU emissions and reduce the cost of reaching any
given climate target. Our results thus rely to a significant extent on the
assumptions used in constructing the BAU scenario. As indicated in
Table 5, our baseline includes a significant amount of non-fossil energy
penetration (including wind, solar, hydro, nuclear and other renew-
ables) over the coming decades, especially in Australia, India and the
United States. These results are driven by the interaction between as-
sumptions we make regarding the rate at which costs decline and
endogenous price-driven responses by energy users in the model. If
the costs of renewables fall faster than assumed, the Paris NDCs will
be easier to achieve and the impacts of the Agreement (both economic
and environmental) will be smaller than we report. On the other hand,
if our projections for renewables are too optimistic and costs fall more
slowly, impacts of the Agreement would be larger.

As discussed in Section 3, long-term projections of economic growth
and CO2 emissions often differ significantly from onemodel to another.
Mischke and Karlsson (2014) show that China's emissions growth from
2010 to 2030 varies from 50% to 100% in 18 Chinese models, and Liu
et al. (2017) summarize that the emissions growth from 2010 to 2030
varies from 21% to 119%. Our baseline emissions for China increase by
90% from2015 to 2030, and are thus at thehigh endof these projections.
5. Outcomes of the Paris Agreement

Weassume that in 2016—when theAgreement entered into force—
each region explicitly announces that starting in 2020, it will impose a
policy sufficient to achieve its Paris pledge. Each region reduces its emis-
sions linearly from its baseline level in 2020 to its target level in the tar-
get year as shown in Table 3 by imposing a series of year-by-year prices
on CO2 emissions. Revenue from the CO2 price is returned to households
via lump-sum rebates.6 We solve for the requisite price path and exam-
ine the economic and emissions outcomes. This “Paris” scenario is our
central set of results in the figures and tables below.

Although in practice countries may use any number of policies to
reach their NDC goals, we apply CO2 prices with lump-sum recycling



Fig. 5. Change in CO2 emissions growth rate under Paris relative to BAU.
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for three reasons. First, by imposing a common approach we can exam-
ine how differences in outcomes are determined by differences in the
pledges and economies of the regions rather than on differences in pol-
icy design. Second, a price on CO2 is the most straightforward of a wide
range of carbon pricing policies, including taxes, emissions trading, or
hybrid policies. There is broad agreement in the economics literature
that carbon pricing would have the lowest economic costs among poli-
cies that would achieve any given emissions target. Third, solving for an
emissions price provides a direct and transparent way to measure the
marginal cost of each region's target.

In addition to examining the full Agreement, we explore the implica-
tions of unilateralwithdrawal by three regions: theUnited States, China,
and Australia. Considering withdrawal by individual countries illus-
trates interesting aspects of different regions in implementing the
Agreement. We choose the United States in light of its announcedwith-
drawal from the Agreement by 2020; China because of its role as the
world's largest emitter, and because it has a high BAU path of emissions;
and Australia because fossil fuels are one of its major source of income
through exports. In all three cases, we assume that the regions remain-
ing in the Agreement adjust their policies as needed to continue to hit
their Paris targets.

Importantly, the non-participation cases only illustrate the eco-
nomic and emissions impact of participating or not in the Agreement,
all other things equal. They are not in any sense policy proposals or pre-
dictions. Moreover, they do not include international political conse-
quences or any economic retaliation against countries that withdraw,
so in that sense they are likely to be overly optimistic about the benefits
to non-participants of withdrawing.

Finally, we discuss the sensitivity of the model's results to key pa-
rameter values in Appendix C. In particular, we examine the impact of
alternative assumptions about the degree to which consumers and
firms have forward-looking expectations. We find that changes in
these assumptions largely cause parallel changes in themodel's baseline
and Paris Agreement trajectories: they have relatively small effects on
the policy impacts of the Agreement relative to the baseline.

5.1. Full participation

Fig. 4 shows the path of global CO2 emissions from energy use under
five scenarios: BAU, Paris, and the three scenarios with a single non-
participant (“US out,” “AUS out,” and “CHI Out”). The Agreement signif-
icantly reduces emissions relative to BAU; emissions are lower than
baseline by 13 billion tons by 2030. However, emissions do not decline
in absolute terms, let alone follow a path consistent with a 2 °C stabili-
zation scenario.

Fig. 4 also shows that among the three opt-out scenarios, the biggest
increase in emissions would result from the departure of China. Almost
Fig. 4. Global CO2 emissions levels under Paris and other scenarios.
half of the reduction in global emissions comes from China's participa-
tion, so China's withdrawalwould dramatically reduce the effectiveness
of the Agreement. Section 5.2 discusses the further implications of the
opt-out scenarios.

Fig. 5 shows the change in the growth rate of emissions in each re-
gion under the Agreement. Emissions begin to change in 2016 in antic-
ipation of the CO2 prices that will take effect beginning in 2020. We
assume the CO2 prices remain constant after the target year, which is
2025 for the United States and 2030 for all other regions. Once carbon
prices stabilize, economic growth causes each country's emissions
growth to revert gradually to its baseline rate, although the level of
emissions remains permanently below BAU. Two regions with unusual
trajectories are the United States, which has an earlier target year than
the others, and China, whose existing policies under BAU begin sharply
reducing the growth of emissions after 2020 even without additional
policies to hit its NDC target.

The reduction in the growth rate in emissions ranges from a low of
1% for OPEC to nearly 6% for Japan. The absolute reduction in emissions
differs enormously across regions because of the scale of each country's
emissions, as shown in Fig. 6. The biggest reduction in emissions is from
China, followed by the United States.

Fig. 7 shows the percentage change in emissions under the Agree-
ment relative to the BAU scenario. Note that this is not the change rela-
tive to a historical year's emissions (which is the formulation of many
NDCs) but rather the percentage change relative to what emissions
would have been without the emissions control policy. The anticipation
of the prices starting in 2020 causes declines in fossil fuel CO2 between
Fig. 6. Change in CO2 emissions under Paris relative to BAU.



Fig. 7. Percent change in CO2 emissions under Paris relative to BAU.

Fig. 8. CO2 prices under Paris.

Fig. 9. CO2 price vs. percent reduction in emissions.

Fig. 10. Change in real GDP under Paris relative to BAU.
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2016 and 2020, particularly in Australia. By 2030, emissions reductions
mirror the target-to-baseline figures in column seven of Table 3. For ex-
ample, OPEC emissions fall by about 10% relative to BAU, and Japanese
emissions fall by almost half. U.S. emissions are down by about 25% by
its target year of 2025 and remain constant after that.

Fig. 8 shows the CO2 price trajectory for each region. For reference,
we also include a uniform global CO2 price (shown as a sequence of
small triangles) that would achieve the same overall reduction relative
to the global BAU emissions as the Agreement. We express all prices
and values in this paper in constant 2015 dollars. Owing to the anticipa-
tion of the policy change, by 2020 emissions in almost all regions are al-
ready below BAU, and therefore their initial CO2 prices in 2020 are zero.
The initial price is not zero for the United States, however, because fi-
nancial capital flows into the United States at rates above BAU between
2016 and 2020 as returns on investment in the United States go up rel-
ative to other regions. The U.S. price is, therefore, positive in 2020: $US
2. In all regions, the price increases over time until the target year, at
which point it levels off by design. By 2030, CO2 prices vary by signifi-
cantly across regions, from $US 5 in Russia and Australia to $US 44 in
India.With only five years of policy implementation before its 2025 tar-
get year, the U.S. price is higher than in other regions, leveling off at $US
26 per ton of CO2.

Fig. 9 compares the regions by plotting the CO2 price from Fig. 8
against the percentage reduction in emissions from Fig. 7. The curves
are trajectories over time and not, strictly speaking, marginal abate-
ment cost curves. However, they are a convenient way to characterize
the relative difficulty of driving down CO2 emissions in different
regions. Several results are of interest. First, the three regions where
percentage reductions in emissions are the most difficult—in the
sense that they require the largest CO2 prices—are OPEC, ROW (devel-
oping countries not included elsewhere), and India. Second, CO2

prices in China and the US are in the middle of the pack in both prices
and percentage reductions in emissions and are similar to one an-
other. Third, the regions where percentage reductions are easiest—
in the sense of requiring the lowest prices—are Australia, Europe,
Russia, and Japan. Fourth, among emerging economies, China's per-
centage emissions reduction is about the same as that of India but
its CO2 price is only about half as large.

These sharp variations between regions are driven by several factors,
including the carbon intensity of each fossil fuel, the values of different
fuels in each region's energy mix, baseline price levels, the relative
shares of different fossil fuels in electricity generation, and the sectoral
patterns of production and consumption.

Fig. 10 shows the change in GDP relative to BAU for all regions. Recall
that in G-Cubed, neither the baseline nor the policy scenario accounts
for the economic effects of climatic disruption.Owing to the anticipation
of the policy, GDP falls for some regions beginning in 2016 even though
the actual CO2 prices do not take effect until 2020. GDP is below BAU for
all regions between 2020 and 2030, and it falls most for OPEC and
Russia, which rely heavily on fossil fuels as both a domestic energy
source and as an export. In the period before 2020, Australia experi-
ences relatively large GDP declines owing to anticipation of its policies
and those of the rest of the world. However, over time, the increased
penetration of renewables and lower use of fossil fuels along



Fig. 11. Change in private consumption under Paris relative to BAU. Fig. 12. Equivalent variations as a percent of baseline wealth under the Paris simulation.

8 See Parry et al. (2014) for details of estimates of external costs by country, fuel, and
type of damage.

9 There is an emerging literature on co-benefit estimation such as Creutzig and He
(2009), Mayrhofer and Gupta (2016), Markandya et al. (2018), Ortolano (2018), Vandyck

9W. Liu et al. / Energy Economics 90 (2020) 104838
Australia's baseline path reduce its losses relative to other regions (see
Fig. 3, where Australia's emissions growth is among the lowest of the re-
gions during the years between about 2024 and 2030). The United
States experiences a decline of about one half of 1% of GDP in its target
year of 2025 relative to its baseline real GDP growth from 2015 to
2025 of over 20%.

The impact on consumption is important to welfare results; thus
in Fig. 11, we show the change in private consumption relative to
BAU. Initially, consumption rises (except in Russia and Australia)
and then gradually falls. Three main factors drive this. First, revenue
from the CO2 price goes back to households via lump-sum rebates.
In the model, only 30% of consumers are forward-looking (i.e., 70%
are liquidity constrained), and therefore the additional household in-
come from rebates raises consumption for several years (until the CO2

price is high enough to slow the economy significantly). While this
appears like a double dividend (lower emissions with higher con-
sumption), it is a result that disappears by 2030.7 Second, the CO2

price reduces investment because the after-tax return on capital in
fossil fuel sectors falls. Even though investment in renewables rises,
the investment decrease in fossil fuel sectors and fossil-fuel-
intensive activities dominates that in the short run, so total invest-
ment falls. As investment declines, firms reduce retained earnings
and hence provide relatively larger dividends to households, which
helps to boost consumption further. Third, the fall in real interest
rates causes forward-looking households to discount their future in-
come at a lower rate, which tends to raise wealth, and thus consump-
tion, in the near term.

The welfare effects of the Paris scenario appear in Fig. 12. We
measure the effects by computing an intertemporal equivalent vari-
ation (EV) for each region: that is, the change in wealth, at baseline
prices, that is equivalent to the policy's impact on households'
intertemporal utility in each region. To put the EVs in context, we re-
port each as a percent of baseline wealth. Fig. 12 shows that partic-
ipating in the Agreement creates positive economic welfare benefits
for China, India, Japan, ROW, and the United States, but negative
economic welfare effects for Australia, OPEC, the rest of the OECD,
and Russia. Europe is largely unaffected. The figure shows that the
economic welfare effects range from −1.7 to +0.8% of baseline
wealth.

Aswith the other economic outcomes shown so far, the EVs in Fig. 12
do not account for the benefits of reduced climatic disruption or local
environmental and other benefits that result from the decline in fossil
7 We undertook a great deal of sensitivity analysis including the share of forward- and
backward-looking consumers but this resultwas not sensitive to this assumption.We also
undertook sensitivity analysis on the revenue recycling assumptions for the Energy
Modeling Forum 32 published in McKibbin et al. (2018).
fuel combustion. These domestic ancillary effects, also known as co-
benefits, vary by fuel and location. For coal and natural gas, co-
benefits are primarily reductions in mortality risks from air pollution.
For gasoline and road diesel, co-benefits also include reduced road con-
gestion, traffic accident risk, and road damage. Other policies maymore
efficiently achieve these benefits, but to the extent that they arise from
the CO2 prices, they are relevant constituents of the overall net effects of
pricing CO2 emissions.

Parry et al. (2015) enumerate the domestic non-climate external
costs associated with fossil fuels in countries around the world. The au-
thors estimate a price on CO2 that would be in countries' own interest,
i.e., the price that would internalize those external costs. The authors
apply estimates of country-level non-climate damages by fossil fuel
product, using simple rules of thumb for the responsiveness of fuel
use to CO2 pricing.8 Their estimates primarily reflect: (1) health co-
benefits from reduced air pollution, especially those associated with
fine particulate matter from stationary sources such as coal plants;
and (2) benefits from reductions in automobile externalities including
air pollution, traffic congestion, accidents and road damage.9 The esti-
mates vary across countries in part due to variations in the populations
that benefit from the improvements and in part due to pre-existing fuel
taxes and subsidies. For example, estimated co-benefits from CO2 pric-
ing in China are high because almost all of its CO2 reductions come
from reductions in coal use. That reduces fine particulates substantially,
and the population that benefits from the reduction is large. Table 6 re-
ports the per-ton domestic co-benefit values we apply below, which in
some cases are rough aggregations of the Parry et al. (2015) values to
match the regions in the model.

We apply the per-ton dollar values in Table 6 to the reductions in
CO2 emissions in each year through 2030 to approximate the streams
of co-benefits in each region or country.10 We then take the present
value of each region's stream to obtain co-benefit measures that we
can add to the EVs in Fig. 12. Fig. 13 shows each of the following in bil-
lions of 2015U.S. dollars: the EVs of theNDC policies; the present values
of the domestic co-benefits; and the sumof the two (in blue). The figure
shows that for most regions, thewelfare effects of the emissions control
policy are small (positive or negative) relative to the domestic co-
et al. (2018) andXie et al. (2018). The estimates can significantly vary across studies due to
different benefit scope, sector coverage, estimation approaches, etc.
10 As noted earlier, this calculation is a first-order approximation that does not account
for interactions between changes in environmental conditions and decisions about pro-
duction and consumption. Moreover, it is driven entirely by non-climate externalities, so
it is a lower bound on the overall benefits from reducing emissions.



Table 6
Values of domestic co-benefits from reduced fossil fuel use.a

Region Co-benefits, $ per metric
ton of CO2 abated

Notes

Australia $11.50 Australia
China $63 China
Europe $52 Rough average of European countries
India $30 India
Japan $35 Japan
OPEC $57.50 Average for large emitters
ROECD $25 Based on Canada
ROW $30 Rough average of developing countries
Russia $85 Russia
USA $36 United States

a After Parry et al. (2015), Fig. 7.

Fig. 13. Economic and ancillary domestic welfare effects under Paris relative to BAU
through 2030.

Table 7
Alternative measures of stringency of the NDCs.

Region CO2 price
in 2030,
$US

Change
in 2030
emissions, %

Change
in 2030
GDP, %

EV, % of
baseline
wealth

Net impact, %
of baseline
wealth

Australia 5 −37 −2.6 −0.6 −0.5
China 26 −27 −1.0 0.8 7.3
Europe 10 −40 −0.7 0.0 0.2
India 44 −25 −0.9 0.2 2.2
Japan 17 −46 −0.9 0.1 0.3
OPEC 36 −9 −3.6 −0.7 −0.5
ROECD 23 −39 −2.1 −0.1 0.1
ROW 33 −18 −1.1 0.1 0.3
Russia 5 −21 −4.5 −1.7 0.1
USA 26 −27 −0.4 0.4 0.5
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benefits. All regions except Australia and OPEC experience positive net
benefits from participating in the Agreement.

The domestic co-benefits shown in Fig. 13 do not include the value of
decreased climate change. Climate change benefits are captured in
Fig. 14, which shows the global benefits produced by each region's re-
duction in CO2 emissions using an illustrative social cost of carbon
equal to $US 42. To be clear, these are global benefits, not the benefits
to individual regions: the value for the United States, for example, indi-
cates that its emissions reductions contribute about $370 billion in ben-
efits to the global community. The benefits produced by China's
Fig. 14. Global CO2 benefits generated by each region under Paris.
participation are the largest of all at $896 billion and account for about
40% of the total.

Table 7 presents several measures of the economic impact of the
NDCs across regions: the price in 2030, which reflects the marginal
cost of the NDC; the percent reduction in emissions relative to BAU,
which shows the proportional contribution to the overall goal of reduc-
ing emissions; the percent reduction in GDP relative to BAU, which is a
roughmeasure of the average cost of thepolicy; the equivalent variation
as a percent of baseline wealth, which indicates the welfare impact of
the CO2 price alone; and the net impact, including domestic co-
benefits, also expressed as a percent of baseline wealth. Bold figures in-
dicate the most ambitious (or least favorable) row in each column.

The relative ranking of regions from most to least stringent varies
considerably with the measure used and is not at all apparent from
theNDCs in Table 2. India's CO2 price in 2030, for example, is the highest
by far, but its reduction in GDP is towards themiddle of the group. After
accounting for domestic co-benefits, India has one of the best overall
outcomes. In contrast, Russia experiences the largest reduction in GDP
and has the worst EV outcome, but is still better off overall after ac-
counting for co-benefits. The country gaining the most from the Agree-
ment is China, which has a positive EV and, after accounting for
domestic co-benefits, has the largest overall net gain by far. The only re-
gions that experience an overall loss are Australia and OPEC, where co-
benefits are relatively small and do not offset the negative EV associated
with the Agreement.

Our net impact results are encouraging but it is important to note
two caveats. First, the country-level co-benefit rates per unit of carbon
abated are imprecisely known and could be lower than the values
used here. As mentioned above, estimates vary significantly across
Fig. 15. Change in CO2 emissions under Paris andwithdrawal scenarios in 2030 relative to
BAU.



Fig. 16. Change in real 2030 GDP relative to BAU under policy scenarios.
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studies.Moreover, co-benefits per unit of carbonmay decrease as abate-
ment increases and the environment becomes cleaner.

The second caveat is that the marginal costs of emissions reductions
are likely to be convex: larger as the policy becomes more stringent. If
so, welfare costs would be expected to rise faster than linearly as abate-
ment increases. Co-benefits, in contrast, would increase linearly at best.
In our simulations, the abatement levels and tax rates for theAgreement
are relatively small, resulting in a tax rate around $30 or less by 2030 for
most regions, and domestic co-benefits exceed the welfare costs for
most regions. However, more ambitious policies beyond 2030 could
cause welfare costs to increase more rapidly than co-benefits. If so, our
positive net impact results would no longer hold.

In addition, the presence of substantial ancillary benefits, even from
modest carbon prices, raises an important question: Why have coun-
tries not already adopted policies to reduce those external costs?
Some of the costs, such as conventional air pollution and traffic conges-
tion, can be abated cost-effectively by other policies, and Table 6 sug-
gests some countries are leaving large non-climate benefits on the
Fig. 17. Real GDP relative to 2015
table. Nonetheless, to the extent that countries commit to particular cli-
mate goals, a complete accounting of the ensuing benefits and costs is
warranted.

5.2. The impacts of withdrawals by individual countries

This section explores the impacts of selected regions withdrawing
from the Agreement. As described above, the regions that are the
focus of this section are China, the United States, and Australia. Each re-
gion is assumed to withdraw unilaterally, with all other regions achiev-
ing their NDC targets.

Fig. 4 indicates the effect of each region'swithdrawal on global emis-
sions of CO2. China has a major impact; its withdrawal reduces the im-
pact of the Agreement by about half. The United States also has a large
impact, but it far smaller than that of China. Australia's domestic emis-
sions, in contrast, are small relative to China and the United States.
Since its exports of fossil fuels are subject to a carbon price whether or
not Australia itself participates in theAgreement, Australia'swithdrawal
has little impact on global emissions.

Fig. 15 shows the emissions outcomes from each region under the
four different policy scenarios. Note that by assumption, regions that
stay in the Agreement continue to meet their NDCs even when one re-
gion withdraws.

Fig. 16 shows GDP impacts in 2030 by region under the Agreement
and the three withdrawal scenarios. For all three countries, withdraw-
ing from the Agreement still results in lower GDP than the baseline.
For China and the United States, the resulting change is small: non-
participation comes close to eliminating the GDP impact. For Australia,
however, the Agreement still has a significant impact on GDP, even
when Australia does not participate. These losses occur because
Australia's exports of fossil fuels are still subject to the CO2 price in
other regions, and the revenue is collected outside Australia.

Importantly, the values in Fig. 16 are changes in the level of GDP rel-
ative to BAUmore than a decade in the future (2030), and they are gen-
erally small: about a typical year's GDP growth or less. To put these
values in perspective for our selected countries, Fig. 17 shows their
real GDP levels relative to 2015 under the BAU (Base), Paris, and
values for selected regions.



Fig. 18. Equivalent variations relative to wealth under policy scenarios. Fig. 20. Total PV of CO2 benefits through 2030 by policy scenario.
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withdrawal scenarios. Thefiguremakes clear that the economic impacts
of the Agreement are small compared to the underlying growth in GDP
in all three economies. There is little to be gained in terms of GDP for
each region by withdrawing from the Agreement. More importantly,
we show below that a more complete accounting framework that in-
cludes environmental co-benefits indicates that participating in the
Agreement is in the self-interest of almost all regions—that is, that coun-
tries withdrawing from it make themselves worse off.

Fig. 18 shows the equivalent variations by region through 2030
under the Agreement and the alternative withdrawal scenarios. The
results for the Agreement scenario reframe the results shown in
Fig. 13 from billions of dollars to the percent of baseline wealth.
Fig. 18 allows a comparison of the relative welfare effects of the policy
scenarios, not counting the domestic co-benefits shown in Fig. 13 or
global climate benefits. Even abstracting from those important bene-
fits, all three countries are better off participating in the Agreement
than withdrawing. The welfare effects of the NDC policies are small
for most regions: increases or decreases of less than one half of 1%
of baseline wealth.

Fig. 19 adds the present value (through 2030) of the domestic co-
benefits of achieving the NDCs to the EV values in Fig. 18. Once we
add in the domestic co-benefits, nearly all of the policy outcomes are
positive, with the exception of Australia and OPEC. Note the difference
in the scales of the vertical axes of Figs. 18 and 19. Accounting for do-
mestic co-benefits increases the estimated benefits of achieving the
NDCs for some regions by one to two orders of magnitude, particularly
for China, India, and Russia. Also, this addition does not change the
Fig. 19. EVs and domestic co-benefits relative to wealth under policy scenarios.
result that none of the three regions is better off if it unilaterally
withdraws.

Fig. 20 shows the present value of CO2 benefits for the world under
each policy scenario. The figure adds the benefits of emissions abate-
ment through 2030 relative to the no-policy baseline. Under the Agree-
ment, the present value of environmental benefits globally is around
$US 2.25 trillion. The largest environmental gains come from the partic-
ipation of China and the rest of the world (the green bars labeled
“Other”). The unilateralwithdrawal of theUnited States has a higher en-
vironmental cost to the world than the economic gains to the United
States of withdrawing. More importantly, the gain in GDP for the
United States fromwithdrawal is smaller than the environmental bene-
fits foregone by withdrawing.
6. Conclusion

This study explores the global economic and environmental implica-
tions of the NDCs that form the basis of the Agreement on climate
change. Although the NDCs as a group fail to stabilize global emissions,
they do have significant implications for the emissions and economic
outcomes of the individual regions. In particular, we find that the differ-
ential targets across regions correspond to very different levels of im-
pact, whether measured by the CO2 price required or the effects on
GDP and welfare that result.

Perhaps more importantly, we observe that co-benefits from reduc-
tions in conventional pollutants are sufficiently large that even without
accounting for reductions in climate change, every region receives a net
benefit from participating in the Agreement. We also show that the
globe's two largest CO2 emitters, China and the United States, are both
better off participating in the Agreement than withdrawing from it
even before accounting for co-benefits: in both countries, the equivalent
variation of participating is larger than that of withdrawing. Finally, we
end by observing that the climate benefits produced by the Agreement
are large, even though the NDCs do not stabilize emissions. Assuming
the social value of ametric ton of CO2 abated is $42US, the global climate
benefit of the Agreement through 2030 is $2.25 trillion in present value.
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Appendix A. NDC aggregation for G-Cubed

Table 2 contains the targets calculated for each region in the G-
Cubed model. The targets for OPEC and ROW depend on the G-Cubed
baseline because most of OPEC countries and some of ROW countries
set their NDCs relative to 2030 BAU and thus we assume the G-Cubed
baseline as their BAU emissions (see more details below).

We calculate the NDC targets by making a number of assumptions.
We start with the NDCs each country submitted to the UNFCCC. For
each NDC,

(1) We assume that all countries targeting GHGs will reduce their
energy-related CO2 proportionally to the overall scope of emissions
pertinent to their targets.We do not adjust for expected changes in
other GHG sources and gases, so our estimated targetsmay bemore
or less stringent than they will be in practice owing to baseline
trends in non-energy sectors.

(2) We source all emissions data over the period from 1990 to 2015
from the U.S. Energy Information Administration.

(3) We target the unconditional NDCs or the least ambitious target in a
range of proposed targets. If any country does not have an uncondi-
tional NDC, we assume the conditional NDC as the target.
For individual countries in the G-Cubed model, Table 3 in the

text reports the NDC we calculate. Estimated targets for Australia,
Japan, and the United States require only the above three assump-
tions. Other countries and regions involve more complicated or
subjective analysis.

(1) Russia expresses its NDC target relative to 1990, but Russian emis-
sions data starts from 1992, so we substitute its 1992 data for 1990.

(2) China has a target in terms of emissions intensity of GDP, and we
calculate its emissions target as follows:
(a) China aims to double its real GDP by 2020 from 2010, and the

National Energy Administration of China assumes for energy
consumption forecasting that Chinese GDP will grow at 5.5%
each year from 2021 to 2030.

(b) China targets to reduce its carbon intensity by 60% by 2030 rel-
ative to 2005.

(c) Given China's GDP and total CO2 emissions in 2005, we calcu-
late China's emissions intensity in 2005 and then the target
emissions intensity in 2030.

(d) Given China's GDP target, we calculate the implied emissions
target in 2030.

(3) India also has a target in terms of emissions intensity of GDP, butwe
don't have official forecasts for GDP, so we solve in the G-Cubed
model for the CO2 tax rates required to achieve the targeted emis-
sions intensity in 2030 and obtain the projected emissions level in
2030.

(4) Europe consists of all countries in the European Union, and Norway
and Switzerland. The European Union submits its NDC target as a
whole. We calculate its emissions target as follows:
(a) For eight countries without emissions data in the reference

year (1990) including Croatia, Estonia, Germany, Latvia,
Lithuania, Slovakia, Slovenia and Switzerland, we use their
earliest data for their 1990 emissions. As the earliest data for
those countries are available in either 1991, 1992 or 1993, so
this approximation would not have much bias.

(b) We calculate the emissions target for the European Union,
Norway and Switzerland respectively, and add them up to get
the target for the region.

(5) ROECD consists of three countries and each has a straightforward
NDC target relative to a historical year, so we calculate the emis-
sions target for each country and then add themup to get the target
for the region.

(6) OPEC countries fall into two groups: one group has NDCs, and the
other has no NDCs.

(a) All countries with NDCs set their targets relative to 2030 BAU,
so we use the G-Cubed baseline emissions as their BAU
emissions.

(b) We disaggregate the aggregate OPEC BAU emissions in 2030
across all countries based on their emissions shares in 2015.

(c) We calculate each country's target given their BAU emissions in
2030, and keep unchanged the emissions of those countries
without NDCs, and then added them up.

(7) ROW consists of all countries that are not included in the above re-
gions, and its target calculation is complicated.

(a) We first categorize all ROW countries into three groups:

• Type 1 - Countries that set their NDCs relative to 2030 BAU;
• Type 2 - Countries that set their NDCs in levels relative to historic
years;

• Type 3 - Countries that set their NDCs in terms of emissions intensity
of GDP relative to historic years;

• Type 4 - Countries without NDCs.

(b) We use actual emissions in 2015 to calculate the share of each
above group in total ROW emissions.

(c) We disaggregate the total 2030 emissions of ROW in the G-
Cubed baseline for the four groups based on their shares in
2015.

(d) For Type 1 countries, we calculate their targets based on their
2030 BAU emissions.

(e) For Type 2 countries,we calculate their targets given the histor-
ical data,

(f) For Type 3 countries (Chile, Malaysia and Singapore), we have
different treatments.Wedirectlyobtainanestimateof emissions
for Chile fromClimateAction Tracker. ForMalaysia,we assume a
constant growth rate of GDP (4%) over the period from 2016 to
2030 based on its recently historical growth rates, to give an es-
timate for GDP in 2030, and then calculate emissions given the
intensity target. We exclude Singapore from ROW because its
official emissions data is not consistent with the EIA data.

(g) For Type 4 countries, we assume the BAU emissions to be their
target emissions.

We add up emissions targets of the four types of countries to get the
target for the region.
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Appendix B. Other studies of the Paris Agreement
Table A1
Global studies of the Paris Agreement.

Global studies Models Main conclusions

Type 1: dynamic computable general equilibrium models
W. McKibbin, 2015; W
McKibbin, 2015

G-Cubed • The agreement has small negative impacts on GDP by 2030 with a loss of 0.1% for the U.S., 0.02% for Japan, 0.2%
for Europe, 0.8% for Canada, 0.45% for China, and 0.58% for Australia.

• The impacts are sensitive to the future costs of new energy technologies.
Vandyck et al. (2016) JRC-GEM-E3 and JRC-POLES • The NDC and 2 °C scenarios both lead to small global GDP losses (0.42% and 0.72%, respectively).

• The commitments of some regions are not ambitious with their targets close to or higher than their baseline
levels in 2030.

• A substantial gap remains between the global emissions in the NDC and 2 °C scenarios in 2030.
• The agreement has little impact on global oil and gas demand but reduces coal demand by 15% in 2030.
• Energy demand reduction and decarbonization of power sectors are important contributors to overall emission
reductions.

Fujimori et al. (2016) AIM • The global welfare loss of achieving NDCs in terms of consumption change in 2030 is 0.47% without emissions
trading and falls significantly to 0.16% with emissions trading.

• The global welfare loss of achieving the 2 °C target is 1.4–3.4% without emissions trading depending on
burden-sharing schemes and falls to 1.4–1.7% with emissions trading.

Kompas et al. (2018) Dynamic GTAP • The agreement slows global warming to around 2 °C by 2100, while global mean temperatures could increase up
to 4 °C without any countervailing action to reduce emissions.

• The global GDP loss of temperature increase by 2 °C and 4 °C is around 2% and 7% in 2100, respectively,
indicating that the global GDP gain of the agreement is around 5% in 2100.

Babonneau et al. (2018) GEMINI-E3 • The agreement is not in line with the 2 °C target.
• The global welfare cost in terms of consumption change in 2030 is 0.8% without emissions trading and falls to
0.3% with emissions trading.

• Energy exporting countries suffer the most due to loss of energy exporting revenues, and industrialized coun-
tries have welfare losses driven by abatement costs, while China and India have welfare gains due to limited
commitments and gains from terms of trade.

Type 2: integrated assessment models
Fawcett et al. (2015) GCAM and MAGICC • The agreement reduces the probability of temperature change exceeding 4 °C in 2100 by 75% compared with the

no-policy scenario, but it has only a chance of 8% to limit warming to 2 °C.
Akimoto et al. (2017) DNE21+ • The marginal abatement cost is high for Japan and Europe ($378 and $210 per ton CO2 respectively), and is close

to zero for China, India, South Africa and Russia, with the U.S in the middle ($85 per ton CO2).
• The agreement is not consistent with the 2 °C goal, and the size of the gap depends on climate sensitivity.

Hof et al. (2017) IMAGE • Abatement costs are sensitive to socio-economic assumptions.
• Among the ten major emitting economies, Brazil, Canada and the U.S. have the highest costs as share of GDP
while the costs for Japan, China, Russia and India are relatively low.

• International emission trading could substantially decrease global costs by half.
• Abatement costs of achieving emissions consistent with 2 °C pathways are three times higher than the costs of
NDCs.

Kaya et al. (2015) DEN21+ and MAGICC • The agreement is not on track for the 2 °C target with climate sensitivity of 3 °C but is compatible with the target
with climate sensitivity of 2.5 °C.

Type 3: partial-equilibrium or reduced-form energy models
Kitous and Keramidas
(2015)

JRC-POLES • The agreement results in global emissions peaking in 2035 with unconditional NDCs and in 2030 with condi-
tional NDCs, and results in a global temperature increase of around 3 °C by 2100.

Parry et al. (2018) A reduced-form energy model• Given CO2 taxes rise linearly from $5 per ton in 2017 to $70 by 2030 among G20 countries, seven countries meet
or exceed their commitments, six countries need further reductions of up to 10%, and another six need further
reductions of above 10%. This dispersion reflects both differences in target stringency and price responsiveness
of emissions across countries.

• The welfare costs in terms of consumer surplus changes net government revenues are less than 0.8% of GDP in
2030 in all but three countries (China, India and South Africa) whose costs are 1–1.6% of GDP.

• The net domestic welfare gains including local environmental benefits (but not global warming) are quite large
for some countries: 0.7% of GDP in Korea, 2.3% in India, 3.7% in Russia and 6.7% in China, suggesting that many
G20 countries can move unilaterally with carbon pricing.

Type 4: model comparison
Aldy et al. (2016) Four IAMs: DNE21+, GCAM,

MERGE and WITCH.
• Wealthier countries pledge to undertake greater emissions reductions with higher costs.
• The marginal abatement costs vary across countries by two orders of magnitude, illustrating that large efficiency
gains are available through joint mitigation efforts and carbon price coordination.

Rogelj et al. (2016) Eleven global studiesa • There is a wide range of estimates of future emissions across studies, and four key factors contribute to the
differences: incomplete coverage, uncertain projections, land-use-related emissions, and historical emissions
and metrics.

• The agreement lowers emissions compared to current policies, but still implies median warming of 2.6 to 3.1 °C
by 2100.

a Climate Analytics, Ecofys, NewClimate Institute, and PIK (2015), Admiraal et al. (2015), IEA (2015), Boyd et al. (2015a,b), Meinshausen and Alexander (2015), DEA (2015), Climate
Interactive (2015), Fawcett et al. (2015), UNFCCC (2015), Kitous and Keramidas (2015), den Elzen et al. (2015).



Table A2
Country studies of the Paris Agreement.

Country studies Models Main conclusions

United States
Larsen et al. (2017) National Energy Modeling

System
• The U.S. GHG emissions would fall by 15–19% by 2025 under current policy, which is short of its 26–28%
commitment.

Chen et al. (2018) GCAM and MAGICC

• The U.S. withdrawal is assessed in two scenarios: a temporary delay until 2025 and a complete stop after 2015 in
mitigation actions.

• The probability of achieving the 2 °C goal would decrease by 6–9% even if the U.S. resumes mitigation efforts for
achieving its NDC after 2025.

• Without U.S. participation, increased reduction efforts required for the rest of the world to achieve the 2 °C goal
result in significantly higher global cumulative mitigation costs from 2015 to 2100.

Chen and Hafstead
(2019)

• Carbon taxes and economic costs of achieving the U.S. 28% emissions reduction by 2025 relative to 2005 are modest,
with a constant economy-wide carbon tax of $43 starting in 2019 and a real GDP loss of 0.45% in 2025.

• Different methods of tax revenue recycling do not much affect carbon price paths, but they significantly affect the
costs of carbon taxes. The welfare costs (equivalent variation) of carbon taxes fall 35% and 55% under individual
income tax or corporate income tax cuts relative to lump-sum rebates.

• The delay of carbon taxes increases the tax rate required to meet the target by 2025. The rate increases from $43 to
$47 if the policy is delayed from 2019 to 2021, and increases to $53 if the policy is delayed to 2023.

McFarland et al.
(2018)

Energy Modeling Forum 32
(model comparison)

• Carbon prices lead to significant reductions in CO2 emissions across all models, with the vast majority of the
reductions occurring in the electricity sector.

• Emissions reductions do not significantly depend on the rebate or tax cut used to return revenues to the economy.
• Economic costs in terms of either GDP or welfare are modest, but vary across models. The costs are offset by benefits
from avoided climate damages and health benefits from reductions in conventional air pollution.

• Carbon prices at $25 or even lower levels cause significant shifts away from coal as an energy source with responses
of other energy sources highly dependent upon technology cost assumptions.

• CO2 taxes must increase at a fairly high rate (5% every year) to sustain reductions in emissions.
• When the U.S. adopts CO2 taxes unilaterally, international CO2 leakage does not significantly undermine the emis-
sions reducing objective.

China
Fu et al. (2015) PECE, Renmin University and

NCSC
• Carbon intensity of GDP decreases quickly in the NDC scenario from an annual rate of 3.9% over 2005–2020 to 4.4%
over 2020–2030, followed by 6.3% and 9.2% in the following two decades respectively.

• China faces challenges in achieving its NDC targets, including the stage of economic and social development, the
economic structure, the energy structure, technological capacity, institutional and policy constraints, etc.

McKibbin et al.
(2015b)

G-Cubed • Achieving China's commitment of emissions peaking in 2030 implies a substantial departure from baseline
emissions, even after accounting for large baseline reductions in China's emissions intensity.

• Two policies are considered: economy-wide and electricity-sector emissions trading. Both policies operate mainly
through reducing coal. The reductions are spread throughout the economy under the economy-wide trading system,
while concentrated in the electricity sector under the electricity-sector trading policy.

• Both policies have similar impacts on real GDP and its components, with real GDP lower by 1.5% than the baseline in
2030.

• China's policies to control emissions have little effect on emissions elsewhere.
Qi et al. (2016) China-in-Global-Energy Modela • The combination of low-carbon energy policies and extending emissions intensity targets through 2050 reduces

emissions significantly by 43% in 2050 relative to the no-policy reference, but China's emissions still increase by over
60% between 2010 and 2050.

• China's goal of peaking emissions by 2030 requires CO2 taxes higher than $25.
Weng et al. (2018) China-in-Global-Energy Model • Achieving China's commitments requires a price floor path of $4 before 2020, $8 between 2021 and 2025 and $12

between 2026 and 2030.
Parry et al., 2016 A reduced-form energy model • Among a wide range of policies, carbon and coal taxes are the most effective policies for meeting environmental and

fiscal objectives as they comprehensively cover emissions and have the largest tax base.
Timilsina et al.
(2018)

Dynamic CGE model of China • An increasing carbon tax that starts at a small rate in 2015 and rises to a level to meet the NDC target in 2030 would
cause smaller GDP loss than the carbon tax with a constant rate would do.

• The GDP loss due to the carbon tax would be smaller when the tax revenue is utilized to cut existing distortionary
taxes than when it is transferred to households as a lump-sum rebate.

Liu et al. (2017) Comparison of 12 global
modelsb

• China's emissions will continue to grow until 2040–2050 and will double its 2010 level without additional policy
intervention.

• The emissions estimates by 2030 vary significantly across models with the growth rate ranging from 21% to 119% in
2030 relative to 2010, with the median value of 77%.

• Peaking emissions around 2030 requires the annual emissions growth rate to be reduced by 2% below the baseline
level, and the emissions reduction will largely depend on penetration of renewable energy.

Mischke and
Karlsson (2014)

Comparison of 18 Chinese
modelsc

• There is a wide range of estimates in the baseline: from 2010 to 2030, GDP growth varies from 200% to 350%, energy
demand increase varies from 50% to 125%, and carbon emissions increase varies from 50% to 100%.

• The models suggest a rather gradual and long-term transition towards a low-carbon economy in China, and there is
no an emissions peak or stabilization period before 2040 in the baseline.

a See the model at https://globalchange.mit.edu/publication/16001.
b These include six models mentioned before (AIM, DNE21+, GCAM, IMAGE, JRC-POLES, PECE), and another six models China-MARKAL, DDPP, ERI-3E, GEM-E3, MESSAGE and WEM.

See more details in their paper.
c SeeMischke and Karlsson (2014) for the list ofmodels. This comparison is not directly relevant to the Paris Agreement, but it provides an extensive review about China's GDP growth,

energy demand and carbon emissions over 2010–2050 based on representative Chinese economic and energy models.
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Appendix C. Sensitivity tests

To assess the robustness of themodel's resultswe carried out sensitiv-
ity testswithrespect to twoof themodel'skeyparameters: the fractionsof
households and investors who make fully forward-looking decisions. In
the standard version of the model, both of these parameters are set to
0.3meaning that 30%of each group is forward-looking and the remaining
70%aremyopic. In the sensitivity testswechangedeachparameter, oneat
a time, to 0.8, making 80% of each group fully forward-looking. We then
Fig. C1. Sensitivity of GDP and emiss

Fig. C2. Sensitivity of consumption and in
recomputed the model's baseline and Paris trajectory. When computing
the Paris trajectories we held the carbon taxes at their values from the
body of the paper; that is, we did not compute new tax rates to bring
the revised trajectories into compliance with the NDCs of the regions.

Figs. C1 and C2 show the model's results for four key variables for
the United States: real GDP and carbon dioxide emissions (Fig. C1)
and real consumption and investment spending (Fig. C2). Each fig-
ure shows six runs: the standard baseline and Paris simulations
(“Std”); a baseline and Paris simulation when the household
ions to the degree of foresight.

vestment to the degree of foresight.
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foresight parameter is set to 0.8 (“Alt C”); and a baseline and Paris
run with the investment foresight parameter set to 0.8 (“Alt I”). As
shown by the GDP panel of Fig. C1, the parameters can have signifi-
cant effects on the baseline but have little effect on the impact of the
tax (the difference between the baseline and Paris trajectory). In
particular, raising the degree of foresight by investors raises the
baseline GDP trajectory substantially, and the Paris trajectory rises
along with it. Raising the degree of foresight by consumers also
raises the baseline and Paris trajectories but to a much smaller de-
gree. In both alternative cases, the difference between the baseline
and the corresponding Paris trajectory is very similar to that for
the standard version of the model.

Fig. C2 narrows the focus to the two components of GDP that are
most strongly affected by the foresight parameters: aggregate consump-
tion and investment. The results for consumption again emphasize that
the parameters can have significant impacts on the baseline but have lit-
tle impact on the deviation between the baseline and the Paris results.
Both the baseline and Paris curves are substantially higher in the long
run with greater foresight by investors but in all three cases the con-
sumption curves with and without Paris are nearly indistinguishable.

The results for investment, in the right panel of Fig. C2, are the
most interesting. Increasing the degree of foresight by households
raises baseline and Paris investment quite a bit in the near term
but by 2025 the difference is small. Raising the degree of foresight
by investors, in contrast, sharply lowers investment for the first
few years of the simulation and then raises it substantially relative
to the standard version of the model starting around 2018. That is,
greater foresight by households causes them to defer consumption
slightly, raising investment, while in contrast more foresight by in-
vestors causes them to defer investment. In both cases, however,
the differences between the baseline and Paris trajectories are
small.

In terms of welfare, raising the household foresight parameter in-
creases the equivalent variation slightly: it goes from 0.4% of baseline
wealth under the standard parameter set to 0.5%. In contrast, increasing
the degree of foresight by investors causes the Agreement's impact on
consumption to be less favorable in the short run, andmore unfavorable
in the long run, than under the standard parameters. The effect is large
enough to change the sign of the equivalent variation, which becomes
−0.3%.

We conducted similar tests for other model parameters, including
two parameters in thewage equation, the parameters governing the de-
gree of adjustment costs in investment, the elasticities of substitution
between foreign and domestic goods, the risk premium on wealth, the
marginal propensity to consume out of income, and the parameters
governing the rate at which non-forward-looking agents update their
expectations. The foresight parameters discussed above had the largest
impact on the results.
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