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Abstract

This paper analyses the effect of different emission metrics and metric values on timing and costs of

greenhouse gas mitigation in least-cost emission pathways aimed at a forcinglevel of 3.5 Wm™

2.
m

2100. Such an assessment is currently relevant in view of UNFCCC’s decision to replace the values
currently used. An emission metric determines the relative weights of non-CO, greenhouse gases in
obtaining CO,-equivalent emissions. For the first commitment period of the Kyoto Protocol, the
UNFCCC has used 100 year global warming potential (GWP) values as reported in IPCC’s Second
Assessment Report. For the second commitment period, the UNFCCC has decided to use 100 year
GWP values from IPCC’s Fourth Assessment Report. We find that such a change has only a minor
impact on (the optimal timing of) global emission reductions and costs. However, using 20 year or 500
year GWPs to value non-CO, greenhouse gases does result in a significant change in both costs and
emission reductions in our model. CO, reductions are favored over non-CO, gases when the time
horizon of the GWPs is increased. Application of GWPs with time horizons longer than 100 year can
increase abatement costs substantially, by about 20% for 500 year GWPs. Surprisingly, we find that
implementation of a metric based on a time-dependent global temperature potential does not neces-
sary lead to lower abatement costs. The crucial factor here is how fast non-CO, emissions can be
reduced; if this is limited, the delay in reducing methane emissions cannot be (fully) compensated for
later in the century, which increases total abatement costs.

1. Introduction

While carbon dioxide (CO,) has clearly the largest
contribution to anthropogenic climate change several
other gases also play a significant role, including
methane (CH,), nitrous oxide (N,O) and halocar-
bons. For several reasons, it is useful to express the
contribution of different greenhouse gases in a com-
mon metric. First of all, this enables monitoring
overall trends in greenhouse gas emissions and com-
paring the importance of different sources. Secondly,
such a metric allows for a determination of possible
(economic) trade-offs between reducing different
greenhouse gases as part of a multi-gas mitigation
strategy. The option to substitute between gases is
sometimes referred to as what-flexibility. It has been

shown that strategies that allow such flexibility can
reach climate objectives more cost-effectively than
single-gas mitigation approaches (van Vuuren
et al 2006b, Weyant et al 2006). This was, in fact,
already acknowledged by policy-makers in 1997, as the
Kyoto Protocol (UNFCCC 1998) was formulated in
terms of a multi-gas approach. In addition to the
reduction of CO,, the Kyoto Protocol covers methane,
nitrous oxide and a selection of F-gases.

Expressing the contribution of individual gases in
one metric is far from straightforward: there are nota-
ble differences in radiative properties and atmospheric
lifetime between gases. Moreover, many of these prop-
erties change over time, as they depend on the compo-
sition of the atmosphere. As a result, various metrics
have been proposed that all have their strengths and

©2015IOP Publishing Ltd
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weaknesses in representing the contribution of differ-
ent gases (see for an overview Fuglestvedt et al 2003).
The so-called global warming potential (GWP) is by
far the most used metric. However, the GWP is criti-
cized, among others because the value strongly
depends on the time span over which the potential is
calculated and the inconsistency of the GWP concept
with an overall long-term temperature target (Fugle-
stvedt et al 2000, Smith and Wigley 2000, Manne and
Richels 2001, Shine 2009, UNFCCC 2011). The latter
may imply that the use of GWPs does not lead to cost-
optimal solutions for achieving certain temperature
targets (Manne and Richels 2000, O’Neill 2003).
Despite the criticism, GWP forms the basis of most
multi-gas policies used today, such as the Kyoto Proto-
col (UNFCCC 1998). The global temperature poten-
tial (GTP) (Shine et al 2005) has been proposed as
alternative. Proponents of the GTP metric indicate
that its link to a temperature target implies that it bet-
ter relates to the objective of international policies.
However, also GTP values depend on particular
assumptions in the cause-and-effect chain from emis-
sions to temperature.

Some time ago, the UNFCCC called upon IPCC,
and indirectly the research community, to look sys-
tematically into the consequences of the use of differ-
ent metrics and metric values (UNFCCC 2011). The
UNFCCC also announced that in the second commit-
ment period of the Kyoto Protocol GWP values of the
IPCC ARA4 report (IPCC 2007, UNFCCC 2011) will be
used, whereas in the first commitment period the
GWP values of the IPCC SAR report (IPCC 1995)
were used. Several studies have analyzed the impact of
different metrics, including GTP and economic based
metrics (e.g. Shine et al 2005 Johansson 2012, Rei-
singer et al 2013). The paper by Reisinger et al (2013),
for instance, discusses the impact of using GTP instead
of 100 year AR4 GWPs on global mitigation costs.
They found that whereas a fixed 100 year GTP metric
would increase costs, time-varying GTPs would
reduce costs by about 5% compared to 100 year
GWPs. Others have studied metric impacts on costs
and emission profiles of multi-gas abatement strate-
gies and find in general small impact on global costs.
Smith et al (2013) found, using the GCAM Integrated
Assessment Model, that methane emissions vary by at
most 18% globally under a range of methane metric
weights (4-70) for a fixed carbon price, while global
costs increase by 4-23%. Johansson et al (2006) and
Aaheim et al (2006) concluded that an optimized
emission metric can reduce global costs by several per-
centage points, compared to an abatement strategy
using GWPs. Finally, Godal and Fuglestvedt (2002)
found that on a regional scale, the impact on the abate-
ment profile and costs can be significant.

This paper adds to the existing literature by
addressing not only the effect of GTP, but also the
immediate policy-relevant question of using 100 year
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GWP values from the different IPCC Assessment
Reports and GWPs calculated over different time
spans. The impact of different metrics and metric
values on both the level and timing of emission reduc-
tions of CO,, CH, and N,O and global abatement
costs are analyzed using the FAIR-SiMCaP integrated
assessment model, by considering (i) 100 year GWPs
from the SAR, TAR and AR4 IPCC reports, (ii) 20 and
500 year GWPs, and (iii) time-varying GTPs. In this
way we contribute to the request by UNFCCC (2011)
to assess the implications of the choice of metric used
to calculate the carbon dioxide equivalence of anthro-
pogenic emissions.

2.Methods

2.1. Modeling framework

The FAIR-SiMCaP model (Framework to Assess
International Regimes for the differentiation of com-
mitments—Simple Model for Climate Policy Assess-
ment) was used for the analysis (den Elzen et al 2007).
This model combines a greenhouse gas abatement cost
model with the MAGICC 6 climate model (Meinshau-
sen et al 2011) to calculate long-term emission path-
ways. FAIR-SiMCaP calculates emission pathways
from 2010 to 2100 that achieve climate targets at
lowest cumulative discounted abatement costs, using a
5% discount rate (for a sensitivity analysis see the
Online Material). The model determines a cost-
optimal mix of reduction measures across the emis-
sion sources of greenhouse gases covered by the Kyoto
Protocol. For this purpose the optimization procedure
employs a nonlinear, constrained, optimization algo-
rithm (the MATLAB FMINCON procedure). The
optimization procedure optimizes an emission path-
way over time, while the substitution metric deter-
mines the substitution among gases in any year by
multiplying the carbon price with the metric value.
The Online Material provides more information on
the optimization procedure.

Abatement costs are based on time-dependent and
regional information on baseline emissions (see
section 2.3) and a set of price-response curves, from
now on referred to as marginal abatement cost (MAC)
curves. For energy- and industry-related CO, emis-
sions, these curves are determined using the TIMER
energy model (van Vuuren et al 2007) by imposing a
carbon tax and recording the induced reduction in
CO, emissions. The behavior of the TIMER model is
mainly determined by the substitution processes of
various technologies based on long-term prices and
fuel preferences. These two factors drive multinomial
logit models that describe investments in new energy
production and consumption capacity. The demand
for new capacity is limited by the assumption that
capital goods are only replaced at the end of their tech-
nical lifetime. The long-term prices that drive the
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model are determined by resource depletion and tech-
nological development. Technological development is
determined using learning curves or through exogen-
ous assumptions. Emissions from the energy system
are calculated by multiplying energy consumption and
production flows by emission factors. A carbon tax
can be used to induce a dynamic response, such as an
increased use of low- or zero-carbon technologies,
energy efficiency improvements and end-of-pipe
emission reduction technologies. Negative emissions
can be achieved by a combination of the use of bioe-
nergy and carbon capture and storage.

FAIR-SiMCaP captures the time- and pathway
dependent dynamics of the underlying TIMER model,
that are caused by technology learning and inertia rela-
ted to capital-turnover rates, by scaling the MAC
curves based on the reduction effort in the previous
years. The model limits the MAC curves to 1500 $/tC-
eq (409 $/tCO;-eq), as the underlying TIMER model
provides little additional emission reductions above
this value.

For non-CO,, the MAC curves of Lucas et al
(2007) were used. These are based on MAC curves
from the EMF21 project (Weyant et al 2006), but
made time-dependent to account for technology
change and the removal of implementation barriers,
while consistency was ensured by using relative reduc-
tions rates compared to a business-as-usual emission
level. Moreover, the annual reduction in non-CO,
emissions are assumed to be limited to 2.5%-5% of
yearly baseline emissions for most sources, depending
on the source (van Vliet et al 2012). These limits are
implemented to model the inertia in non-CO, emis-
sion reductions and are based on an estimate of the
capital turn-over rate and practices in these sectors.
The Online Material provides more information on
the shape of the MAC curves and implementation of
non-CO; inertia.

2.2. Metricimplementation

The chosen metric in FAIR-SiMCaP impacts the
substitution across the different gases in a single year
as it changes the value of the gas vis-a-vis other case. In
the model, this is implemented by scaling the MAC
curve of each individual gas using the different
conversion factors from tons of a specific greenhouse
gas to C-equivalent emissions. A change of metric also
affects the optimization over time and may result in
different optimal emission pathways. For instance, an
increase in the methane GWP value from 21 to 25,
makes it more attractive to reduce methane. In this
example, the price for reaching a certain reduction
potential of C-equivalent methane emissions changes
by a factor of 21/25. As indicated in the introduction,
we have compared the 100 year GWP metric to the
time-varying GTP metric and other metrical GWP
values.
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Table 1. GWP values and lifetimes for CH, and N,O used in scenar-
ios, where SAR, TAR and AR4 refer to 100 year GWP values
(IPCC 1995,IPCC 2001, IPCC 2007).

AR4 AR4
AR4 SAR TAR  20yr 500 yr  Lifetime (yr)
CO, 1 1 1 1 1 —
CH,4 25 21 23 72 7.6 12
N,O 298 310 296 289 153 114

2.2.1. GWP metric

In this paper we use GWP values reported by
subsequent IPCC reports. GWPs are based on the
integrated radiative forcing over a specific time period
of a certain greenhouse gas resulting from a 1 kg pulse
emission. IPCC follows a methodology assuming an
atmospheric background of constant greenhouse gas
concentrations. Alternatively, GWP values can be
calculated assuming a dynamic atmospheric back-
ground concentration. These have the advantage that
more of the relevant dynamics are captured, but at the
cost of introducing an arbitrary element regarding the
development of future emissions.

For determining GWPs, two important inputs are
needed: the specific radiative efficiency of a green-
house gas and its atmospheric lifetime. GWPs are
usually expressed relative to the absolute GWP value
of CO,, so the ratio of these two numbers results in a
dimensionless GWP value. As there are large differ-
ences in the lifetimes of greenhouse gases, GWPs
strongly depend on the time span over which the
potential is calculated. To cover this, the IPCC Fourth
Assessment Report (AR4) quotes 20, 100 and 500 year
time spans. The warming potential of CH, relative to
CO, is a factor 9 higher with a 20 year time span than
with a 500 year time span (see table 1), due to the short
atmospheric lifetime of CH,.

Current policies mostly use the 100 year GWP
values from the Second Assessment Report
(IPCC 1995). To explore the potential impact of a
change in metric value, we consider the effects of dif-
ferences in 100 year GWP values between the three
IPCC reports SAR, TAR and AR4, but also look at the
impact of AR4 values based on a 20 and 500 years time
span (IPCC 1995,IPCC 2001, IPCC 2007).

2.2.2. GTP metric

The GTP is one of the most discussed alternative
metrics to the GWP (Fuglestvedt et al 2003, Shine
et al 2005). Instead of the integral of the radiative
forcing over some fixed time span, the GTP considers
the influence of the emission of a greenhouse gas at
time t on the global temperature at a certain predefined
future year. This effectively makes the GTP time
dependent, as the relative impact of different gases
varies over time, mostly as result of differences in their
atmospheric lifetime. Alternatively, one can also con-
sider a fixed GTP metric of which the associated metric
values are very similar to those of a 500 year GWP.
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Figure 1. Five year GTP(t) values of CH, and N,O for a time
horizon in the year 2100 based on Shine et al (2005),
calculated with IPCC (2007) data, compared to 100 year
GWP values from IPCC (2007).

The GTP values used in this paper are based on
calculations by Shine et al (2005). The dynamic nature
of the GTP values can be easily explained using a sim-

ple representation of the climate system
(equation (1)).
C% = AF — JAT. (1)
t

In equation (1), the heat capacity of the climate
system is indicated as C (in Jm > K™"), the tempera-
ture change as AT (in K), the climate sensitivity para-
meter as A, which entails climate feedback processes
(in Wm™K™") and the radiative forcing resulting
from each of the greenhouse gases as AF (in W m ).
The radiative forcing and temperature change vari-
ables are time dependent. Shine et al (2005) solved this
equation for AT, with a description for the radiative
forcing following a pulse emission of each relevant
greenhouse gas. This way absolute GTPs are obtained,
representing the change in temperature at time ¢ due
to an emission of 1 kg of a specific greenhouse gas. As
with the GWP, we assume a constant atmospheric
background and take the ratio between the GTP of
each greenhouse gas to that of CO, (see figure 1). Tak-
ing this ratio shows the relative temperature effect of
the non-CO, greenhouse gas with respect to CO,.

In our analysis of the GTP metric, we only sub-
stitute the metric values of CH, and N,O with GTP
values, as these gases are the most important in terms
of warming and therefore are the main focus of our
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analysis. For reasons of simplification, we use AR4 100
year GWP values for the other gases HFCs, PFCs and
SF¢ (note that the GWP scenarios do use the corre-
sponding metric values for all Kyoto gases).

2.3. Scenarios

As baseline scenario for the analysis, the IMAGE
implementation of the OECD Environmental Outlook
2012 is used (OECD 2012). Greenhouse gas emissions
in this scenario are driven by factors such as popula-
tion growth, industrial activity, land-use change and
technological development. In the first 30 years, the
baseline roughly follows the IEA (2010) baseline
scenario; after this period, the baseline follows med-
ium assumptions for population, income and technol-
ogy development. The scenario results in a rapid
increase in greenhouse gas emissions in the next 50
years—followed by a more modest increase later on,
reaching a radiative forcing level of 6.7 W m™>in 2100.

The mitigation scenarios are based on a radiative
forcing target of 3.5W m™> in 2100, with a corre-
sponding global temperature change of 2.2 °C relative
to pre-industrial, where the same temperature is
reached for all metric scenarios, under an equilibrium
climate sensitivity of 3 °C. The forcing target covers
the contribution of all major greenhouse gases and
aerosols as represented in the MAGICC model. This
target was chosen as it is a commonly studied policy
target, while there is also sufficient flexibility in emis-
sion pathways towards this target to assess the impor-
tance of different metrics (see also van Vuuren and
Riahi 2011). In reaching the long-term target, we allow
for an overshoot in the period 2010—2100. To analyze
the sensitivity of targets and overshoot on the results,
we have performed several sensitivity runs—the
results of which are provided in the Online Material.

In our analysis, we focus on CO,, CH, and N,0,
but all Kyoto gases are included in the model calcula-
tions. In the mitigation analysis, we use the 100 year
GWP values from AR4 as reference scenario and com-
pare those to the scenarios with the alternative metrics.

Because in the FAIR model, mitigation costs in a
certain year depend in a nonlinear way on the mitiga-
tion pathway, the model can yield different emission
pathways that achieve the 3.5 W m ™ target at nearly
the same cumulative costs. For instance, an early
action profile profiting from learning may achieve the
same target at similar costs as a profile with some delay
profiting from discounting. The nonlinearity and
pathway dependencies imply that the optimization
routine may report local minima. To account for this,
the optimization is run 64 times for every scenario
using randomized initial conditions. Some of these
runs may yield infeasible solutions due to infeasible
starting conditions. We report the results of the set of
runs that are within 0.5% of total cumulative dis-
counted costs of the cheapest run (see table 2). In this
way, flexibility in the choice of early action versus late

4
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Table 2. Number of runs within 0.5% of cumulative discounted
costs of the cheapest run for each scenario.

AR4 AR4
AR4 SAR TAR  20yr 500yr  GTP
#runs 19 18 18 11 22 13

response—with similar costs over the whole period—
is accounted for. This results in a range of emissions
that accounts for the different possible strategies in
emission reduction. The emissions range can there-
fore be interpreted as an indication of flexibility in the
most optimal reduction pathway.

3. Results

3.1.Baseline

As shown in figure 2, both CH, and N,O emissions
increase in the baseline scenario, but only modestly as
the growth of main drivers of these emissions (agricul-
tural production, production of fossil fuels) slow down
(van Vuuren et al 2006a). The different metric values
of GWPs lead to large differences in total C-eq
emissions. The time-dependent GTP value leads to a
change of relative importance of CH, and N,O with
respect to CO, and to each other over time. In order to
compare emission reductions of different greenhouse
gases over time between scenarios, the rest of the paper
describes emissions of CH, and N, O in tons of gas.

3.2. Mitigation scenario

3.2.1. Results for different GWP values (SAR, TAR and
AR4—and 20, 100 and 500 years)

Changing between SAR, TAR and AR4 100 year GWP
values leads to very small differences in global CO,,
CH, and N,O emissions in the mitigation scenario
(see left panels of figure 3). The (small) difference in
the emissions of methane can be readily understood:
since methane has a higher GWP value in AR4 than in
SAR and TAR, methane emissions are lowest for AR4
GWP values. As for the impact on emissions, also the
impact on global cumulative costs and carbon price
are small (see left panel figure 4).

Using 20 year or 500 year GWP values instead of
the 100 year GWP values leads to much larger changes
in the global CH, reduction strategy (right panel of
figure 3(b)). As expected, reducing methane becomes
more attractive for the 20 year GWP values. For the
500 year GWP values, the opposite is true. Reductions
in N,O emissions exhibit less variation over the differ-
ent scenarios than methane emissions (right panel of
figure 3(c)), as N,O has a relatively smaller variation in
the GWP value than CH,. The AR4 500 year GWP
value for N,O forms an exception, as it is merely half
of the 100 year GWP value (see table 1), resulting in
higher N,O emissions throughout the larger part of
the century.

M van den Berget al

The large difference in impacts on emissions, in
particular methane, between 20, 100, and 500 year
GWP values not only leads to a different substitution
among gases, but also to a change in the overall timing
of emission reductions. The early cuts in methane
emissions in the 20 year GWP scenario lead to some
delay in CO, emission reductions of 5-10 years, with
emissions about 1 GtC/year higher during the 2035
—2060 period. By the end of the century more inten-
sive reductions are required in CO, emissions in the
500 year GWP scenario to compensate for the lower
reduction of methane. Consequently, CO, emissions
are clearly lower than in the 100 year GWP scenario.

Since a large part of the non-CO, reductions is
relatively cheap, the carbon price dynamics in the first
part of the century can be readily understood through
the achieved CO, reductions: delayed reductions are
associated with a delayed increase of the carbon price.
The differences in global discounted costs between the
scenarios are small, except for the AR4 500 year sce-
nario. This scenario has 20% higher costs than all the
other scenarios, while the other five scenarios only dif-
fer by a maximum of 6% (see figure 4). In the 500 year
GWP scenario, the lower non-CO, reductions (or
equivalently, the higher CO, weight) imply extra CO,
reductions especially in the second half of the century.
These additional reductions drive up the carbon price
and therefore increase costs substantially. The carbon
price path shows a pathway that reflects, among oth-
ers, the underlying dynamics in the energy system rela-
ted to inertia and learning dynamics, model
comparison shows that the carbon price pathways
across models can vary between simple exponentially
increasing pathways, more linear pathways to even
stabilizing ones.

3.2.2. Results of using GTP values

The GTP scenario values methane reductions in
particular by the end of the century. The results seem
to be a cross-over scenario between the 20 and 500 year
GWP scenarios with small methane emission reduc-
tions in the period 2010—2050 and a more rapid
emission reduction rate for methane in the second half
of the century (figure 3(b), right panel). Despite the
rapid reduction rate at the end of the century, the CH,
emission level in 2100 is still higher than in the
reference GWP scenario. This is compensated by lower
emission levels of N,O and CO, at the end of the
century.

Contrary to the result of Reisinger et al and the
common assumption that using GTP results in achiev-
ing climate targets at lower costs, our GTP scenario
results in slightly higher costs than the AR4 100 year
GWP scenario. The main reason for this is our
assumed restriction on the annual reduction rate of
CH, emissions by sector. This results in less CH,
reductions by 2100 with a GTP metric than with the
100 year GWP, even though the CH, emissions are
valued higher with GTP in equivalent terms at the end
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of the century. As CH, emission reductions are lower
using the GTP metric, additional CO, reductions are
required in this scenario, which (slightly) increases
overall costs. Without the restriction on the annual
CH, reduction rate (compared to the previous year)
and other non-CO, reductions, the GTP scenario is
slightly cheaper than the 100 year GWP scenario, in
line with the Reisinger et al result (see Online Mate-
rial). The FAIR simulation model represents current
policies, the abatement of CH, and CO, is coupled via
the CO,-eq price—and in addition governed by iner-
tia dynamics. The model will not invest in CH, abate-
ment before it becomes economic to do so. This is
different from a full optimization model that could,
depending on the set-up, invest in CH, abatement
early independent from CO, abatement to profit from
itlater in the century.

All scenarios reach a temperature of 2.2 °C by 2100
under a radiative forcing target of 3.5W m . The
transient temperature and forcing levels over the cen-
tury are very similar, with a maximum difference of
0.1°C and 0.19W m™? in all years for all different
metrics.

As a sensitivity analysis, we performed the 100 year
GWP and GTP scenarios under different climate tar-
gets (both forcing and temperature targets), which are
presented in more detail in the Online Material. The
scenario under a temperature target of 2.2 °C with a
GTP emission metric leads to very similar costs and
emissions as the same scenario under a radiative for-
cing target of 3.5 W m 2. The 100 year AR4 GWP and

GTP scenarios exhibit similar behavior for different
climate targets. For a forcing target of 2.8 Wm 2, a
3.5 W m? target without the option of an overshoot
and a temperature target of 2 °C, the GTP scenario
shows higher costs, while the emission dynamics are
similar to a 3.5 W m ™2 scenario, albeit with different
emission levels. A more ambitious climate target (i.e. a
2°C and a 2.8 W m™~ target) leads to smaller differ-
ences in CO, emissions between the two scenarios
compared to a 3.5 W m™~ target, whereas the inability
to overshoot the climate target during the century
induces earlier reductions. Also, scenarios under dis-
count rates of 3% and 7% show similar dynamics to
the scenario under a discount rate of 5%, although
emission and cost differences are smaller between 100
year AR4 GWPs and GTP:s for the lower discount rate
(see Online Material).

4. Conclusions and discussion

4.1. The choice of the metric mostly impacts the time
profile of methane reductions

As different GWP values assign a different value to
CH, emissions, the change of metric also changes the
emission reductions of this gas. Obviously, these
changes become relevant if the differences between
the metric values are substantial enough. In our
study, this is the case for the AR4 20, 100 and 500 year
GWPs and the GTP scenario. These changes in CH,
emissions also affect the timing and depth of CO,
reductions. However, indirect reductions in CH, due
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Figure 3. (a)—Emissions of CO, (including land-use emissions). (b)—Anthropogenic emissions of CH,. (c¢)—Anthropogenic
emissions of N,O. Emissions are shown for six scenarios, using 100 year SAR, TAR and AR4 GWP values (left panel) and using 20, 100
and 500 years GWP and GTP values (right panel). Emission range is reported for all scenarios within 0.5% of costs of the cheapest run.

to efforts to mitigate CO, emissions, for instance a
decrease in coal use, are not included in the calcula-
tions. This type of interaction can lessen the impact
of a change of metric value, as discussed in Smith
etal (2013).

Nitrous oxide emission reductions show less varia-
tion than methane reductions when applying different

GHG weights, as a result of the smaller relative differ-
ences among N,O metric values compared to those
for CHy.

The radiative forcing target as chosen in this study
(3.5 W m™?) allows for some flexibility in the timing of
emission reductions; for more stringent climate tar-
gets this flexibility can be less (see Online Material).
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Figure 4. (a)—Climate policy camulative discounted costs for the cheapest run of each of the six scenarios, using 100 year SAR, TAR
and AR4 GWP values (left panel) and using 20, 100 and 500 years GWP and GTP values (right panel). The discount rate was set to a
value of 5%. (b)—Carbon price for six scenarios, using 100 year SAR, TAR and AR4 GWP values (left panel) and using 20, 100 and 500
years GWP and GTP values (right panel). The carbon price has units of 2005 US$ per ton C-equivalent. Price range is reported for all
scenarios within 0.5% of costs of the cheapest run.

4.2. The global mitigation profile and associated
global costs are found to be not very sensitive to the
changes in metric values of CH, and N,O as
reported in SAR, TAR and AR4
The most important reason for this is that the
differences between the metric values reported in the
subsequent IPCC reports are relatively small: the
largest difference is about 20% for the GWP of
methane. The Fifth Assessment Report states an
increase in GWP metric values for CH, and a
decrease for N,O (IPCC 2013). This will in principle
lead to somewhat higher CH, and lower N,O reduc-
tions. The changes in metric values are expected to
have a minor impact on emission reductions and costs,
although the change in N,O GWP values is somewhat
larger than between previous assessment reports.
Additionally, the CH, abatement cost curve as
used in our model plays a role: as a considerable
amount of the reductions is relatively cheap, differ-
ences in CH, mitigation only slightly affects total

abatement costs. Moreover, at the high end of the
curve a considerable part of the methane emissions
cannot be reduced (as a result of lack of abatement
potential); here also the abatement decision is inde-
pendent of the metric choice. The small differences in
emissions among these scenarios result in minor glo-
bal cost differences.

4.3. Using GWP values calculated over different time
spans has a moderate impact on global costs

The difference in impact of using 20 and 100 year
GWP values on global costs is relatively small (up to
4%). However, the 500 year GWP values lead to
significantly higher costs (of 18%), as non-CO, GHGs
are given such low weights that considerable addi-
tional CO, reductions are necessary. In other words,
the importance of CO, for reaching a radiative forcing
target at the end of the century is so large that the
exploitation of the CH, mitigation potential is much
lower than in the other GWP scenarios, leading to

8



I0OP Publishing

Environ. Res. Lett. 10 (2015) 024001

higher costs. Reisinger et al (2013) also find higher (up
to 10%) costs for their fixed GTP scenario, which uses
a CH, weight comparable to a 500 year GWP weight.

4.4. The impact of different metric values on
temperature is very small

All scenarios yield the same temperature change
relative to pre-industrial of 2.2°C in 2100. The
differences in temperature change and radiative for-
cing during the century among the scenarios are small
(up to a maximum temperature difference of 0.1 °C).

4.5. Implementing a time-varying GTP metric does
not necessarily lead to lower costs, depending on
inertia and other nonlinear impacts on the methane
reduction rate

Using a GTP metric leads to higher CH, emissions at
the end of the century compared to the 100 year GWP
scenario, due to limitations to the annual reduction of
non-CO, emissions implemented in the FAIR model,
even though in the GTP scenario methane has a higher
associated weight at that time. Without these limita-
tions on annual reductions, GTP does lead to lower
costs than 100 year GWPs, confirming the results by
for instance Reisinger et al (2013). Although it is
uncertain how large the inertia in reducing non-CO,
emissions is, the addition of inertia in reducing non-
CO, emissions leads to higher costs in general, and
specifically when using the GTP metric. So the
advantage, or disadvantage, of a GTP metric depends
on the speed by which methane can be reduced. Future
work on the speed by which non-CO, emissions can
be reduced is therefore warranted.

4.6. In this paper we focus on global results only.
Regional impact of different metrics or metric
values might diverge from global results, depending
on the relative contribution of non-CO, GHGs to
total emissions and emission trading

Some regions have particular large shares of CH,
emissions. For these regions, more substantial impacts
for regional costs can be expected. The impacts are
likely to be strongly dependent on the climate policy
regime: different metric values will not only change
relative abatement costs, but also the allocation of
emission permits and resulting emission trading.

Acknowledgments

This paper has been written as part of the COMBINE
(grant agreement no.: 226520) and PEGASOS (grant
agreement no: 265148) projects, both funded by the
European Commission within the Seventh Frame-
work Programme.

M van den Berget al

References

Aaheim A et al 2006 Costs savings of a flexible multi-gas climate
policy Energy J. 27 485-501

den Elzen M GJ et al 2007 Multi-gas emission envelopes to meet
greenhouse gas concentration targets: costs versus certainty of
limiting temperature increase Glob. Environ. Change 17 260-80

Fuglestvedt] S et al 2000 Climate implications of GWP-based reductions
in greenhouse gas emissions Geophys. Res. Lett. 27 409-12

Fuglestvedt ] S et al 2003 Assessing metrics of climate change—current
methods and future possibilities Clim. change 58 267-331

Godal O and Fuglestvedt ] 2002 Testing 100 year global warming
potentials: impacts on compliance costs and abatement
profile Clim. Change 52 93—127

IEA 2010 World Energy Outlook 2010 (Paris, France: International
Energy Agency)

IPCC 1995 Climate Change 1995, IPCC Second Assessment (Cam-
bridge, UK: Cambridge University Press)

IPCC 2001 Climate Change 2001.The Science Of Climate Change
(Cambridge, UK: Cambridge University Press)

IPCC 2007 Climate Change 2007: The Physical Science Basis.
Contribution of Working Group I to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change
(Cambridge and New York: Cambridge University Press)

IPCC 2013 Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change (Cambridge
and New York: Cambridge University Press)

Johansson D] A 2012 Economics- and physical-based metrics for
comparing greenhouse gases Clim. Change 110 12341

Johansson D J A et al 2006 The cost of using global warming
potentials: analysing the trade off between CO,, CH, and
N,O Clim. Change 77 291-309

Lucas P et al 2007 Long-term reduction potential of non-CO,
greenhouse gases Environ. Sci. Policy 10 85-103

Manne A S and Richels R G 2000 A multi-gas approach to climate
policy. With and without GWPs The Global Carbon Cycle:
Integrating Humans, Climate, and the Natural Word ed
C B Field and M R Raupach (Washington DC: Island Press)

Manne A S and Richels R G 2001 An alternative approach to establishing
trade-offs among greenhouse gases Nature 410 675-7

Meinshausen M et al 2011 Emulating coupled atmosphere-ocean and
carbon cycle models with a simpler model, MAGICC6: I. Model
description and calibration Atrmos.Chem. Phys. 11 1417-56

O’Neill B C 2003 Economics, natural science and the costs of global
warming potentials Clim. Change 58 251-60

OECD 2012 OECD Environmental Outlook to 2050: The Conse-
quences of Inaction (Paris: Organisation for Economic Co-
operation and Development)

Reisinger A et al 2013 Implications of alternative metrics for global
mitigation costs and greenhouse gas emissions from agricul-
ture Clim. Change 117 1-14

Shine K P 2009 The global warming potential-the need for an
interdisciplinary retrial Clim. Change 96 467—72

Shine K P et al 2005 Alternatives to the global warming potential for
comparing climate impacts of emissions of greenhouse gases
Clim. Change 68 281-302

Smith SJ et al 2013 Sensitivity of multi-gas climate policy to
emission metrics Clim. Change 117 66375

Smith SJ and Wigley T M L 2000 Global warming potentials: I.
Climatic implications of emission reductions Clim. Change
44 445-57

UNFCCC 1998 Kyoto Protocol to the United Nations Framework
Convention on Climate Change. (Bonn: United Nations
Framework Convention on Climate Change)

UNFCCC 2011 Greenhouse Gases, Sectors And Source Categories,
Common Metrics To Calculate The Carbon Dioxide Equiva-
lence Of Anthropogenic Emissions By Sources And Removals By
Sinks, And Other Methodological Issues (Durban: United
Nations Framework Convention on Climate Change)

van Vliet ] et al 2012 Copenhagen accord pledges imply higher costs
for staying below 2 °C warming: a letter: a letter Clim. Change
113 551-61



http://dx.doi.org/10.1016/j.gloenvcha.2006.10.003
http://dx.doi.org/10.1016/j.gloenvcha.2006.10.003
http://dx.doi.org/10.1016/j.gloenvcha.2006.10.003
http://dx.doi.org/10.1029/1999GL010939
http://dx.doi.org/10.1029/1999GL010939
http://dx.doi.org/10.1029/1999GL010939
http://dx.doi.org/10.1023/A:1023905326842
http://dx.doi.org/10.1023/A:1023905326842
http://dx.doi.org/10.1023/A:1023905326842
http://dx.doi.org/10.1023/A:1013086803762
http://dx.doi.org/10.1023/A:1013086803762
http://dx.doi.org/10.1023/A:1013086803762
http://dx.doi.org/10.1007/s10584-011-0072-2
http://dx.doi.org/10.1007/s10584-011-0072-2
http://dx.doi.org/10.1007/s10584-011-0072-2
http://dx.doi.org/10.1007/s10584-006-9054-1
http://dx.doi.org/10.1007/s10584-006-9054-1
http://dx.doi.org/10.1007/s10584-006-9054-1
http://dx.doi.org/10.1016/j.envsci.2006.10.007
http://dx.doi.org/10.1016/j.envsci.2006.10.007
http://dx.doi.org/10.1016/j.envsci.2006.10.007
http://dx.doi.org/10.1038/35070541
http://dx.doi.org/10.1038/35070541
http://dx.doi.org/10.1038/35070541
http://dx.doi.org/10.5194/acp-11-1417-2011
http://dx.doi.org/10.5194/acp-11-1417-2011
http://dx.doi.org/10.5194/acp-11-1417-2011
http://dx.doi.org/10.1023/A:1023968127813
http://dx.doi.org/10.1023/A:1023968127813
http://dx.doi.org/10.1023/A:1023968127813
http://dx.doi.org/10.1007/s10584-009-9647-6
http://dx.doi.org/10.1007/s10584-009-9647-6
http://dx.doi.org/10.1007/s10584-009-9647-6
http://dx.doi.org/10.1007/s10584-005-1146-9
http://dx.doi.org/10.1007/s10584-005-1146-9
http://dx.doi.org/10.1007/s10584-005-1146-9
http://dx.doi.org/10.1007/s10584-012-0565-7
http://dx.doi.org/10.1007/s10584-012-0565-7
http://dx.doi.org/10.1007/s10584-012-0565-7
http://dx.doi.org/10.1023/A:1005584914078
http://dx.doi.org/10.1023/A:1005584914078
http://dx.doi.org/10.1023/A:1005584914078
http://dx.doi.org/10.1007/s10584-012-0458-9
http://dx.doi.org/10.1007/s10584-012-0458-9
http://dx.doi.org/10.1007/s10584-012-0458-9

I0P Publishing Environ. Res. Lett. 10 (2015) 024001

van Vuuren D and Riahi K 2011 The relationship between short-

term emissions and long-term concentration targets Clim.

Change104793-801

van Vuuren D P et al 2006a Long-term multi-gas scenarios to
stabilise radiative forcing—exploring costs and benefits
within an integrated assessment framework. energy
journal, multi-greenhouse gas mitigation and Energy J. 27

201-34

M van den Berget al

van Vuuren D P et al 2006b Multigas scenarios to stabilise radiative
forcing Energy Econ. 28 102-20

van Vuuren D P et al 2007 Stabilizing greenhouse gas concentrations
atlow levels: an assessment of reduction strategies and costs
Clim. Change 81 119-59

Weyant] P et al 2006 Overview of EMF—21: multi-gas mitigation
and climate change Energy J. multi-greenhouse gas mitiga-
tion and climate policyEnergy J. 27 1-32

10


http://dx.doi.org/10.1007/s10584-010-0004-6
http://dx.doi.org/10.1007/s10584-010-0004-6
http://dx.doi.org/10.1007/s10584-010-0004-6
http://dx.doi.org/10.1007/s10584-006-9172-9
http://dx.doi.org/10.1007/s10584-006-9172-9
http://dx.doi.org/10.1007/s10584-006-9172-9
http://dx.doi.org/10.1007/s10584-006-9172-9
http://dx.doi.org/10.1016/j.eneco.2005.10.003
http://dx.doi.org/10.1016/j.eneco.2005.10.003
http://dx.doi.org/10.1016/j.eneco.2005.10.003
http://dx.doi.org/10.1007/s10584-006-9172-9
http://dx.doi.org/10.1007/s10584-006-9172-9
http://dx.doi.org/10.1007/s10584-006-9172-9

	1. Introduction
	2. Methods
	2.1. Modeling framework
	2.2. Metric implementation
	2.2.1. GWP metric
	2.2.2. GTP metric

	2.3. Scenarios

	3. Results
	3.1. Baseline
	3.2. Mitigation scenario
	3.2.1. Results for different GWP values (SAR, TAR and AR4&#x02014;and 20, 100 and 500 years)
	3.2.2. Results of using GTP values


	4. Conclusions and discussion
	4.1. The choice of the metric mostly impacts the time profile of methane reductions
	4.2. The global mitigation profile and associated global costs are found to be not very sensitive to the changes in metric values of CH4 and N2O as reported in SAR, TAR and AR4
	4.3. Using GWP values calculated over different time spans has a moderate impact on global costs
	4.4. The impact of different metric values on temperature is very small
	4.5. Implementing a time-varying GTP metric does not necessarily lead to lower costs, depending on inertia and other nonlinear impacts on the methane reduction rate
	4.6. In this paper we focus on global results only. Regional impact of different metrics or metric values might diverge from global results, depending on the relative contribution of non-CO2 GHGs to total emissions and emission trading

	Acknowledgments
	References



