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A new indicator, the CEWN (Carbon Dioxide Equivalent Warming Number), is proposed as an alternative
to the GWP (Global Warming Potential). CEWN is a metric where the global warming by the emission of
gases is compared unifying the removal rate of each gas from the atmosphere, using carbon dioxide as a
reference. To comply with the basket system of the Kyoto Protocol, GWP is used with a 100-year time
horizon, making it unsatisfactory for the evaluation of long-lived compounds. As the removal rate from
the atmosphere depends on the lifetime, the CEWN presents a fair assessment of the relative global

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Since the rise in the global surface temperature is attributed to
the release of greenhouse gases caused by the economic activities
of humankind, restraints on the release of the greenhouse gases are
imperatively required to preserve the global environment. The
relation between the amount of greenhouse gas emissions and the
global surface temperature rise is a crucial assessment factor. The
UNFCCC (United Nations Framework Convention on Climate
Change) aims at the stabilization of atmospheric concentrations
of greenhouse gases. The IPCC (Intergovernmental Panel on
Climate Change) estimated changes in carbon dioxide emissions
and its concentration in the atmosphere, and issued a guideline for
reduction of carbon dioxide emissions in the future. In evaluation
of the warming effect of an industrial technology, the author has
introduced simplified methods that present graphically the total
intensity of warming effect of released amounts of diverse
greenhouse gases over time.

These methods indicated by radiative forcing (W) [1] and a
global surface temperature rise (AT) [2] are called TWPG (Total
Warming Prediction Graph) [3] and TTPG (Total Temperature
Prediction Graph) [4], respectively, and have been developed and
used for selecting suitable industrial technologies that emit
various greenhouse gases [5].
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On the other hand, the Kyoto Protocol adopts the basket system,
in which the assessment value is the total sum of the emission of
each gas multiplied by its respective 100-year GWP. In this system,
the intensity of the warming effect of each gas is evaluated using a
single value as the carbon equivalent or carbon dioxide equivalent.
This system is the favored method for the evaluation of industrial
technologies by LCA (Life Cycle Assessment) or LCCP (Life Cycle
Climate Performance).

The evaluation using 100-year GWP values has been widely
accepted, because of the simplicity of its design and the lack of
an adequate alternative method. However, from the point of
view of reducing global warming, its consistency with the
scenario of the stabilization of greenhouse gas concentrations
predicted along the time axis, the mitigation of climate change,
and the evaluation results of TWPG and TTPG, is ambiguous.
Specifically, in the case of long-lived gases, although they are
still present in the atmosphere and have warming effects even
100 years after their emission, evaluation using 100-year GWP
excludes warming effects for a period much longer than 100
years, and thus their warming effects are underestimated. In
contrast, in the case of short-lived gases, even though they are
not present in the atmosphere 100 years after their emission,
their warming effects are evaluated for the entire period of 100
years and the transition of their warming effects during that
period is ignored.

Whereas it is difficult for evaluation along the time axis to
assign a single warming value applicable to the basket system of
the Kyoto Protocol to each greenhouse gas, the evaluation using
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GWP that assigns a single value to each gas brings ambiguity over
the results.

Shine et al. have pointed out that the GWP does not represent
the relationship between climate impacts and the emission of
greenhouse gases adequately, and have proposed GTPp (Global
Temperature Change Potential) that is presented by global-mean
surface temperature change instead of time-integrated radiative
forcing with the view to represent the relation with the actual
climate impacts and the emission clearly [2]. However, GTPp shows
merely the temperature rise at a given period after a pulse
emission for each gas, and does not reflect the transition during
that period and the effects after that period. GTPs, proposed at the
same time, makes the evaluation adding to the GTPp concept a
scenario in which 1 kg of gas is emitted every year, and it cannot be
applied to the basket system of the Kyoto Protocol as the emission
scenario is different.

In this report, a new GWP-alternative indicator, CEWN
(Carbon Dioxide Equivalent Warming Number), is proposed
for the global warming values of individual gases that are
applicable to the basket system of the Kyoto Protocol. The CEWN
is a metric that allows the comparisons of warming effects of
gases from a scientific and fair point of view by assigning a
single warming value incorporating a time-dependent evalua-
tion based on the atmospheric lifetime of gas to each
greenhouse gas.

2. Experimental
2.1. Calculation of removal rates from the atmosphere

The CEWN(X) of gas A is derived by dividing the cumulative
global-mean radiative forcing of gas A from when 1 kg of gas A is
emitted into the atmosphere to when X% of the emission is
removed from the atmosphere (ACEWN(X)s) by that of the
reference gas, carbon dioxide (ACEWN(X)co, ).

The calculation of removal rate from the atmosphere of the
carbon dioxide was carried out using both the coefficients of
concentration response function quoted from the IPCC report
and that from Shine’s report, and the two calculations were
compared. In principle, the same response function is used in
both cases, but the function of IPCC is a trinomial and based on a
revised version of the Bern Carbon Cycle model [6,1], whereas
Shine’s function is a quadrinomial and the coefficients used are
calculated by Joos (personal communication between Joos and
Shine, 2003) using the Bern Carbon Cycle model [7,2]. The
quantity of gas A remaining in the atmosphere following the
emission was calculated using the lifetime of gas A according to
the common concentration response function. These equations
are shown below. The lifetimes of greenhouse gases were
quoted from IPCC 2007 (personal communication between Joos
and Shine, 2003).

The concentration response of carbon dioxide at time t
following a 1-kg pulse emission at time t =0, R(t)c, is given by

R(tc = a+ S arexp () (1)

where t is in years, and the coefficients for the equation used in
IPCC 2007 are as follows:

ao=0217, a;=0259, a,=0.338,
a1 =172.9years, o, = 18.51years,

as; = 0.186,
a3 = 1.186years

and the coefficients for the above equation used in Ref. [2] are as
follows:

ap =0.1756, a; =0.1375, a, =0.1858, a3 = 0.2423,
a1 =421.093years, o, =70.5965years, o3 =21.4216years,

Fig. 2(a) and (b) presents the concentration response curves of
carbon dioxide. The removal rate of carbon dioxide, X, is given by

Xc[%] = (1 - R(t)c) x 100 (2)

For the majority of greenhouse gases, the concentration response at
time t following a 1-kg pulse emission at time t = 0, R(t),, is given by

R(t), = exp (;—D (3)

where a4 is the lifetime of the gas A and both a4 and t are in years.
The removal rate of greenhouse gas A, Xa, is given by

Xa[%) = (1 —R(t),) x 100 (4)

2.2. Calculation of CEWN

The CEWN(X) value relative to carbon dioxide was derived by
dividing the time-integrated global-mean radiative forcing of gas A,
which was yielded by integrating the values obtained by multiplying
its quantity remaining in the atmosphere by its radiative efficiency
over the period between the emission of gas A and the time when X%
of the emission is removed from the atmosphere, by the time-
integrated forcing of carbon dioxide calculated in a similar way. For
both cases, IPCC and Shine, the radiative efficiency per kilogram of
carbon dioxide used was 1.805 x 107> Wm 2 kg~! which was
obtained from the radiative efficiency calculated by IPCC based on the
background CO, mixing ratio of 378 ppm,0.01413 W m~2 ppm™'[1],
the mean molecular weight of air, 28.96 kg kmol~!, and the total
mass of atmosphere, 5.15 x 10'® kg[2]. For the radiative efficiency of
greenhouse gases, the values of IPCC 2007 were used. The equation
used for the calculation of CEWN is as follows.

When the elapsed years, after 1 kg of gas A and 1 kg of carbon
dioxide are emitted at the beginning until X% of their emission is
removed from the atmosphere denoted by tx, and tx., respectively,

CEWN(X) of gas A is given by
_ ACEWN(X),
" ACEWN(X)c
R ARR(E)pdE

%€ AcR(t)dt!
Ancia[1 — exp(—tx, /oa)]
Aclaotx. + > iai0i(1 — exp(—tx. /)]

CEWN(X)

where Aa and Ac is the radiative efficiency due to 1 kg increase in
atmospheric abundance of gas A and carbon dioxide, respectively,
and the coefficients, ag, a; and ¢; are the same as in Eq. (1). Partial
results are shown in Fig. 1, and Tables 1 and 2.

2.3. Calculation of CEWN,

The CEWN(X) of gas A including the warming effect of carbon
dioxide, which is a decay product of gas A, was calculated and
denoted by CEWN,(X). When every carbon atom included in gas A
decomposed is assumed to change into carbon dioxide, as the
CEWN is the value relative to carbon dioxide, the CEWN
attributable to the decay product, CO,, is simply derived from
the carbon number of gas A and the ratio of molecular weights of
carbon dioxide to that of gas A, and the CEWN, is given by

B Mc X
CEWN (X) = CEWN(X) + Ca x € % 755 (6)

where C, is the carbon number of gas A, and Mc and M, are
molecular weights of carbon dioxide and gas A, respectively.

as = 0.2589,
a4 = 3.4154 years
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Fig. 1. (a) Values of CEWN at the given removal rate in the case where coefficients
for concentration response function of CO, are the same as Shine [2]. (b) As (a) butin
the case where the coefficients are the same as IPCC 2007. The radiative efficiency of
CO,, used for the calculation is 1.805 x 10~ Wm 2 kg1

3. Results and discussion
3.1. Calculation of CEWN

The CEWN(X) of compound A is a value obtained by dividing the
accumulated warming effects due to pulse emission of 1kg of
compound A until X% of A is removed from the atmosphere by that
of 1 kg of the reference gas, carbon dioxide, until X% of CO, is
removed. Eq. (5) shows this calculation.

As the behavior in the atmosphere differs from gas to gas, the
time required for the removal of X% of compound A, tx,, is
obviously different from the time required for the removal of the
reference, carbon dioxide, tx., in Eq. (5).

Fig. 1(a) shows the relations between the value of CEWN and
the removal rate from the atmosphere for CFC-11, HFC-134a, and
NF3 calculated using the coefficients for concentration response
function of Shine [2]. Fig. 1(b) shows a graph calculated in the same
way as Fig. 1(a) but using coefficients quoted from IPCC 2007 [1].

In these figures, as the decay of greenhouse gases in the
atmosphere is given by Eq. (3), when the concentration response
function of carbon dioxide is the same, those gases should show
homothetic curves. Therefore, the ratio of the years until individual
greenhouse gas decreases by the given removal rate to the lifetime
of each gas becomes the same when the removal rate is fixed. These
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Fig. 2. (a) Concentration response of long-lived gases and carbon dioxide in the case
where coefficients for concentration response function of CO, are the same as Shine
[2]. (b) As (a) but in the case where the coefficients are the same as IPCC 2007. The
radiative efficiency of CO, used for the calculation is 1.805 x 10~"* W m2kg~".

values that depend on the removal rate are shown in Tables 1 and
2. For carbon dioxide, as its behavior in the atmosphere is different
from other gases, the years until CO, decreases by the given
removal rate are shown in Tables 1 and 2.

Comparing Fig. 1(a) and (b), at low removal rates, the CEWN
value calculated using the IPCC coefficients is almost twice the
value of the CEWN by the Shine’s coefficients. This is because up to
a removal rate of 6%, carbon dioxide decreases more rapidly from
the atmosphere in the case of using the IPCC coefficients than that
of Shine’s coefficients. When the removal rate is low, the time
required to reach the same removal rate differs by coefficients used
by nearly half the time, then the warming effects of carbon dioxide
calculated as the integration value during that time differs by half,
and consequently results are obtained of a difference of almost
twice the CEWN value that takes this integration value as the
denominator. The CEWN calculated using IPCC coefficients shows
an L-shaped curve against the removal rate. This is attributed to the
inversion of the decrease rate of carbon dioxide in the vicinity of 6%
of removal rate between the case of using IPCC coefficients and that
of Shine’s coefficients. At low removal rates, the IPCC value does
not correspond to the Shine value well.

Moreover, as warming at the early stage is overestimated at low
removal rates, the fairness of the comparison is poor. When
comparing greenhouse gases by CEWN in which carbon dioxide is

Table 1(a)

Carbon Dioxide Equivalent Warming Numbers for some GHGs in the case where the coefficients for concentration response function of CO, are the same as IPCC 2007.
Common name Chemical formula Lifetime [years] CEWN(70) CEWN(75) CEWN(78) GWP;go?
Years until CO, decreases by the given removal rate 196 356 770 -
Years until gas X decreases by the given removal rate/lifetime of gas X 1.20 1.39 1.51 -
Carbon dioxide CO, - 1 1 1 1
Methane® CH4 12 10.6 7.37 4.32 25
CFC-11 CCI5F 45 2249 1558 913 4,750
HFC-134a CH,FCF5 14 603 418 245 1,430
HFC-43-10mee CF3CHFCHFCF,CF; 15.9 693 480 281 1,640
Nitrogen trifluoride NF3; 740 60,117 41,635 24,410 17,200
PFC-14 CF4 50,000 1,560,558 1,080,802 633,658 7,390

The radiative efficiency of CO, used for the calculation is 1.805 x 10" Wm2kg~ .
2 Quoted from IPCC 2007.

b The CEWN values for methane have been multiplied by 1.4 to account for the indirect forcing following GWP for methane in IPCC 2007.
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Table 1(b)

Carbon dioxide Equivalent Warming Numbers for some GHGs in the case where the coefficients for concentration response function of CO, are the same as Shine [2].
Common name Chemical formula Lifetime [years] CEWN(75) CEWN(80) CEWN(82) GWP;g0?
Years until CO, decreases by the given removal rate 279 728 1449 -
Years until gas X decreases by the given removal rate/lifetime of gas X 1.39 1.61 1.71 -
Carbon dioxide CO, - 1 1 1 1
Methane ° CH4 12 9.43 4.96 3.00 25
CFC-11 CCI5F 45 1993 1048 634 4,750
HFC-134a CH>FCF3 14 534 281 170 1,430
HFC-43-10mee CF3CHFCHFCF,CF; 15.9 614 323 195 1,640
Nitrogen trifluoride NF3 740 53,267 28,017 16,955 17,200
PFC-14 CF4 50,000 1,382,736 727,285 440,140 7,390

The radiative efficiency of CO, used for the calculation is 1.805 x 10~ ">Wm ?kg .

@ Quoted from IPCC 2007.

> The CEWN values for methane have been multiplied by 1.4 to account for the indirect forcing following GWP for methane in IPCC 2007.

used as a reference, we recommend comparing at high removal
rates.

Fig. 2 shows concentration response to a pulse emission for
long-lived gases such as CFy4, C;Fg, C3Fg, and carbon dioxide. Results
for carbon dioxide according to the IPCC function are shown in
Fig. 2(a), and those for Shine’s function are shown in Fig. 2(b).

As shown in these figures, carbon dioxide due to a pulse
emission decreases to a certain removal rate, and then shows no
further changes. This means that the concentration response
function can hardly express the removal of carbon dioxide from the

atmosphere after a certain period of time. Therefore, if the removal
rate is set at too high a value, the scientific basis related to the
removal of carbon dioxide from the atmosphere becomes poor. The
period of the years elapsed for the carbon dioxide concentration
response used for CEWN calculation is assumed to be limited to
between 700 and 1000 years according to the IPCC function, and
from 1400 to 2000 years according to Shine’s function. These limits
shown in terms of removal rate result in slightly over 78% in the
case of IPCC function and slightly over 82% in the case of Shine’s
function, as shown in Fig. 2.

Table 2

CEWN(82) and GWP;o for major GHGs.
Common name Chemical formula Lifetime [years] CEWN(82) GWP1g0?
Years until CO, decreases by the given removal rate [years] 1449 -
Years until gas X decreases by the given removal rate/lifetime of gas X 1.71 -
Substances controlled by the Montreal Protocol
Carbon dioxide CO, - 1 1
Methane® CHy 12 3.00 25
Nitrous oxide N,O 114 60.8 298
CFC-11 CCI5F 45 634 4,750
CFC-12 CCl,F, 100 2050 10,900
CFC-113 CCI,FCCIF, 85 1054 6,130
Carbon tetrachloride CCly 26 170 1,400
Methyl bromide CHsBr 0.7 0.57 5
Methyl chloroform CH5CCl3 5 17.4 146
HCFC-22 CHCIF, 12 215 1,810
HCFC-123 CHCI,CF5 1.3 9.22 77
HCFC-124 CHCIFCF5 5.8 724 609
HCFC-141b CH3CCl,F 9.3 86.2 725
HCFC-142b CH3CCIF, 17.9 276 2,310
HCFC-225ca CHCI,CF,CF3 1.9 14.5 122
HCFC-225¢cb CHCIFCF,CCIF, 5.8 70.8 595
Hydrofluorocarbons
HFC-23 CHF3 270 5676 14,800
HFC-32 CH,F, 4.9 80.3 675
HFC-125 CHF,CF3 29 431 3,500
HFC-134a CH,FCF3 14 170 1,430
HFC-143a CH;CF3 52 623 4,470
HFC-152a CH3CHF, 14 14.8 124
HFC-227ea CF3CHFCF3 34.2 405 3,220
HFC-236fa CF3CH,CF3 240 3424 9,810
HFC-245fa CHF,CH,CF; 7.6 123 1030
HFC-365mfc CH3CF,CH,CF5 8.6 94.5 794
HFC-43-10mee CF3CHFCHFCF,CF3 15.9 195 1,640
Perfluorinated compounds
Sulphur hexafluoride SFg 3200 88,259 22,800
Nitrogen trifluoride NF3 740 16,955 17,200
PFC-14 CF4 50,000 440,140 7,390
PFC-116 CyFs 10,000 145,942 12,200
PFC-218 CsFg 2600 27,853 8,830
PFC-318 c-C4Fg 3200 39,658 10,300

The radiative efficiency of CO, used for the calculation is 1.805 x 10~ > Wm~2kg~. The coefficients for concentration response function of CO, are the same as Shine [2].

2 Quoted from IPCC 2007.

> The CEWN value for methane has been multiplied by 1.4 to account for the indirect forcing following GWP for methane in IPCC 2007.
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Table 3

CEWN(82) and CEWN,(82) for some GHGs.
Common name Chemical formula Lifetime [years] CEWN(82) Effects of CO, on CEWN CEWN,(82) GWP;go?
Carbon dioxide CO, - 1 - 1 1
Ethane CyHg 0.21 0.17 2.40 2.57 1.46
Propane CsHg 0.041 0.02 2.45 2.48 0.19
Pentane CsHpa 0.01 0.00 2.50 2.51 0.04
HFC-152a CH3CHF, 14 14.8 1.1 159 124
HFC-23 CHF; 270 5676 0.5 5677 14,800

The radiative efficiency of CO, used for the calculation is 1.805 x 10~ "> Wm~2kg ™. The coefficients for concentration response function of CO, are the same as Shine [2].
2 Quoted from IPCC 2007 except for the values of ethane, propane and pentane which are calculated in accordance with the procedure for calculating GWP in IPCC 2007

using lifetimes quoted from IPCC/TEAP 2005 [8].

Table 1 shows CEWN values in three removal rates for some
greenhouse gases. Table 1(a) corresponds to those for the case of
the IPCC function, whereas Table 1(b) corresponds to those for the
case of Shine’s function.

From analyses of data in Table 1 and the concentration response
function of carbon dioxide, it was thought that a high degree of
scientific fairness in CEWN values could be achieved, when the
removal rate in the case of IPCC is 78% and that in the case of Shine
is 82%. The optimal point set for the removal rate is higher in the
case of Shine than IPCC, and consequently it is possible to calculate
the decrease of carbon dioxide according to Shine’s function for a
longer period of time. As a higher removal rate is desirable, the
CEWN(82) value calculated using the Shine’s concentration
response curve for carbon dioxide is considered to be the optimal
CEWN value. Table 2 shows those values.

3.2. Calculation of CEWN,

The CEWN,(X) of gas A is the value that adds the warming effect
of a decay product of gas A, carbon dioxide, to CEWN(X). Eq. (6)
shows this calculation. CEWN, values for some greenhouse gases
are shown in Table 3.

4. Conclusions
The CEWN presents the following feature compared to the GWP.

(1) Comparison between greenhouse gases are carried out at equal
quantities.

In the case of GWPyqo, although the emission of gas is 1 kg as
CEWN, the warming effect caused by gas remaining after 100
yearsisignored. That is, for a gas 50% of which has been removed
from the atmosphere by 100 years later, the warming effect of
the remaining 0.5 kg is not taken into account, therefore it
cannot be said that the effect of 1 kg of the gas was evaluated. Of
course, for a gas that has been 100% removed for up to 100 years,
the evaluation covers the whole 1 kg. Therefore, it is not an
equivalent quantity evaluation. On the other hand, in the case of
CEWN, as the quantity of the gas to be evaluated is always
equivalent by unifying the removal rate from the atmosphere,
the scientific fairness is higher than in the case of GWP.

(2) The concept of atmospheric lifetime has been introduced.

The 100-year GWP value conventionally used represents
the warming effect uniformly during a period of 100 years
following the emission, whereas the CEWN equalizes the
removal rates of gases to be compared, and the short-lived gas
is evaluated during a short period of time, and the long-lived
gas is evaluated during a long period of time. Therefore, the
CEWN has actuality and higher fairness.

(3) As prolonged evaluation as possible may be carried out by
CEWN within the range where the behavior of carbon

dioxide in the atmosphere is unambiguous by setting an
upper limit on the removal rate of carbon dioxide from the
atmosphere as shown in Fig. 2. The behavior of carbon
dioxide in the atmosphere over long periods is still not well
understood. However, a comparison including extremely
long-lived gases such as PFCs will not be accomplished
unless a quite long-term evaluation is carried out. In the case
of GWPg9, the long-term evaluation for these gases is
impossible. On the other hand, in the case of CEWN, which
employs the evaluation at the same removal rate, the long-
term evaluation for extremely long-lived gases, in which
their respective lifetimes are reflected, is possible within the
range where the removal rate of carbon dioxide is clear, thus
the CEWN is a fairer metric.

The CEWN presents the following characteristics compared to
the GTP.

(1) While the GTPp represents the global-mean surface tempera-
ture change and its relation with the climate impact is clear, the
relation between the CEWN and climate change is harder to
understand, as the CEWN gives great importance to the fairness
of the comparison of warming effects. However, the CEWN has
an advantage in the comparison of the total global warming
effects.

(2) The GTPp corresponds to a value after a given period of time has
elapsed, whereas the CEWN corresponds to an integrated value
until a given removal rate has been reached. Accordingly, when
applying to the evaluation by the basket system, the CEWN is a
more adequate indicator for the evaluation of warming effects
with reference to carbon dioxide.

(3) As GTPs carries its own emission scenario, it does not comply
with the prediction of warming effects based on other
scenarios. Meanwhile, as the CEWN has no own emission
scenario, it is a possible alternative to the GWP.
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