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Abstract

Evaluations methods of global warming are presented by considering the direct warming effect of chemical compounds and of decomposed
compounds, warming effect due to the formation of troposphere ozone, and the cooling effect due to the decomposition of stratosphere ozone. It is
easy to take account the stabilization of global warming gases concentration in the atmosphere, as those methods can conduct the time variations
analysis. The methods are named Total Warming Prediction Analysis (TWPA) and Composite Warming Potential (CWP). The evaluation of
Mobile Air Conditioning refrigerant is presented as an example of application of our method.
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1. Introduction

Global warming is the most pressing environmental
problem affecting human beings [1]. To solve this problem,
it would be necessary to achieve stabilization of the
concentration in the atmosphere of warming compounds. In
Intergovernmental Panel on Climate Change (IPCC) 2001 [2],
a stabilization scenario for concentration of carbon dioxide is
discussed based on atmospheric model calculations, but
atmospheric model calculations are complex and difficult to
apply to industrial activities with diverse characteristics. On
the other hand, in the quest to achieve the reduction of global
warming, it is common to use the GWP (global warming
potential, 100 years value) of warming compounds to calculate
the warming effect of industrial activities [3]. In order to
determine the stabilization of the concentration in the
atmosphere it is necessary to carry out an analysis of the
time variation of the concentration of warming compound, but
the GWP (100 years value) cannot be used because it uses a
fixed value for 100 years. It could be possible to analyze
the time variation using a GWP (x years value) [4], but as
the warming effect of carbon dioxide, which is used as the
standard value, depends on the time, simultaneous time
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variation of both the GWP value and the warming effect makes
it difficult to establish any comparison. In the case of a
compound with a long atmospheric life like CF,, assessment of
the global warming effect using GWP (100 years value) gives a
result for 100 years although its atmospheric lifetime is 50,000
years. In the same way, although carbon dioxide is known to be
the cause of global warming and its atmospheric life [5] is long,
current assessments for only 100 years seem to be too small. In
the case of compounds with long atmospheric life, it is still
more necessary to assess the stabilization of concentration in
the atmosphere in the time [1].

The present report introduces total warming prediction
analysis (TWPA) and composite warming potential (CWP) as
methods for assessment of time variation of global warming
effect. These methods are the first to incorporate four warming
effects. An example of application of the methods developed is
presented.

2. Results and discussion
2.1. Calculation of TWPA and CWP

TWPA indicates the changes with time of the remaining
amount of a compound that has decomposed after being

released into the atmosphere. There are two ways to record this
variation, TWPA (kg) which indicates the weight of the


mailto:akira-sekiya@aist.go.jp
http://dx.doi.org/10.1016/j.jfluchem.2007.04.024

1138

chemical compound remained in the atmosphere, and TWPA
(W m™~?) which indicates the amount of chemical compound
remained in the atmosphere in terms of warming amount
W rn72). TWPA results can be presented using TWPG (total
warming prediction graph), which displays the results
from TWPA in form of graph, and TWPT (total warming
prediction table) which displays the results from TWPA in a
table. TWPG and CWP assume that the current atmosphere
conditions will continue under the premise of a sustained
development society.

The most important element in the study of the behavior of a
warming gas present in the atmosphere is the speed at which a
given compound decomposes and decreases in the atmosphere.
TWPA (kg) represents this value. For 1 kg of a compound that
is released into the atmosphere, TWPA (kg) represents how
much of this compound will remain in the atmosphere some
years later. The graphic representation of the relationship
between time and remaining amount constitutes the TWPG
(kg). The table representing this relationship is the TWPT (kg).
Fig. 1 shows the TWPG (kg) for CO, and HFC-134a and the
contrast with the time variation of GWP.

Next, the variation with the time of the warming effect of
1 kg of gas released into the atmosphere is presented.

The warming effect in the atmosphere of a single
compound, gas A, is complex. In order to achieve an accurate
evaluation, the present report attempts to combine the essential
elements involved in warming, evaluating the following four
effects [6]:

(1) Direct warming effect (DWE)
The warming effect of compound A itself.
(2) Warming effect of decomposed compounds (WEDC)
The warming effect of decomposition of compound A
into warming gases is calculated. For example, compound
A decomposes into carbon dioxide, the time of A to
decompose to carbon dioxide is also taken into account to
assess warming effect.
In the case of HFC-134a, it is well known that HFC-134a
is decomposed in the atmosphere yielding around 7-30% of
trifluoroacetic acid (TFA) [7,8]. Although the balance of

A. Sekiya/Journal of Fluorine Chemistry 128 (2007) 1137-1142

natural TFA amount has still not been explained clearly [9],
the calculation of WEDC uses the balance that 80% of
HFC-134a is decomposed into carbon dioxide and 20% of
HFC-134a is converted to TFA.

(3) Warming effect of created ozone (WECO)

If compound A is cause of the formation of troposphere
ozone, this warming effect is calculated in time. For
example, in the case of a compound A with short
atmospheric life, NOx promotes formation of troposphere
ozone [10] through its decomposition in the atmosphere.
Troposphere ozone oxidant is not only the cause of
photochemical smog, but also has an effect as warming
compound. This warming effect is calculated in time.

(4) Cooling effect of ozone layer destruction (CEOLD)

The cooling effect caused by destruction of the ozone
layer [11] by compound A is calculated in time. For
example, if compound A contains chlorine, which causes
decomposition of the stratosphere ozone, cooling of the
troposphere caused by this decomposition is estimated in
time.

The results of combining the above (1)—(4) are expressed as
TWPA (W m?) in the form of graph and table.

Table 1 corresponds to the TWPT (W m~2) for 1kg of
compound A released. Fig. 2 shows the TWPG (W m~?) for the
release of 1kg per year of a warming gas. Assuming
sustainability of the industry, it is possible to observe how
the concentration in the atmosphere changes if the same amount
is released each year.

As observed in Fig. 2, carbon dioxide accumulates in the
atmosphere, whereas concentration of HFC-134a stabilizes and
stops increasing. For short atmospheric life, the amount
released into the atmosphere is equivalent to the amount that
decomposes in the atmosphere, and the concentration in
atmosphere stabilizes.

Table 1 shows TWPT (kg) and TWPT (W mfz) correspond-
ing to 1 kg of several chemical compounds that have elapsed at
1, 100, 500 and 1000 years after releasing.

CWP shows the warming effect brought by 1kg of a
chemical compound A released into the atmosphere until
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Fig. 1. GWP, TWPG (kg) and CWP evaluation for 1 kg release of HFC-134a and CO,. (a) The relative direct warming effect values of HFC-134a and CO, by GWP
evaluation. (b) The residual amount of HFC-134a and CO, in the atmosphere for 1500 years by TWPG (kg) analysis. (c) The relative integrated warming effect,

TWPG (W m~2), of HFC-134a and CO, by CWP evaluation.
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Table 1
Example of TWPT (kg), TWPT (W m’z) and CWP
Year Carbon dioxide HFC-134a" HFC-245fa PFC-14 PFC-116 Nitrogen Propane Carbonyl Methane
(CO») (CFsCFH,)  (CF;CH,CF,H) (CFy) (C,Fg) trifluoride (NF3) (CsHg) fluoride (COF,) (CH,)
TWPT (kg)
0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
100 324 x 107! 713 x107% 929 x 1077 998 x 107! 990 x 107" 874 x 107! 0 0 240 x 107
500 2.15 x 107! 1.84x 107" 693 x 1073 990x 107" 951 x 107" 509 x 107! 0 0 8.02 x 107"
1000 1.79 x 107! 338%x 1072 480x 107" 980 x 107" 9.05x 10" 259 x 107! 0 0 6.44 x 1077
TWPT (W m?)
0 210x 107 940x107"% 125x 107" 550x107"% 1.10x 107" 1.10 x 107! 3.80 x 10712 1.40 x 1071 1.71 x 10713
100 681 x107'%  6.69x 107" 699 %x107'¢ 543x107"% 1.12x 107" 9.58 x 107'2 2.04 x 1071 454 x 10716 1.99 x 10713
500 451x107'  313x107'° 445x 107  539%x107'% 1.07x107'"" 558 x 10712 135 x 1075 3.01 x 107'° 1.24 x 1071°
1000 377 x 107 261 x 1071 372 %x 10710 534x107'% 1.02x 107" 2.84 x 107'? 1.13x 10715 251 x 1071¢ 1.04 x 10715
CWP
0 0.000 0 0 0 0 0 0.0 0.0 0.0
100 1.000 1,301 951 5,700 10,000 10,800 5.1 0.67 25.5
500 3219 1,303 953 28,386 47,017 41,968 11.7 2.1 31.7
1000 5.388 1,304 955 56,490 87,233 63,322 18.2 3.6 37.7

1 kg of each compound is compared.

* Degradation effects of HFC-134a is included in TWPT(W m2) and CWP calculation. 80% of HFC-134a is decomposed into carbon dioxide and 20% is

decomposed into trifluoroacetic acid.

reaching a given time. This concept is equivalent to the concept
for GWP, except for the following points.

(1) GWP is based on the warming effect of carbon dioxide for a
given evaluation period, whereas CWP is based on the
warming effect of carbon dioxide for a period of 100 years,
and it does not changes with the evaluation time, making it
possible to carry out an evaluation changing the period of
time. The difference between CWP and GWP can be
observed in equations of Fig. 3.

(2) GWP estimates the direct effect of the chemical compound,
whereas CWP consider the four combined warming effects.
It also leaves open the possibility of incorporating new
evaluation criteria in the future.

Table 2 presents the calculated values for HCFC-141b by
classifying the four effects.

Fig. 1 shows curves for CWP of carbon dioxide and HFC-
134a. Table 1 shows the value for CWP and TWPT.
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2.2. Evaluation of warming effect of automobile air
conditioning using TWPA and CWP

Evaluation of warming effect of automobile air conditioning
based on the Life Cycle Climate Performance (LCCP [12]) data
of Japan Automobile Manufacturers Association (JAMA) [13]
was carried out using TWPA and CWP. For calculation
purposes, this assessment considers production time, use time,
leakage disposal time and leakage due to accidents as direct
effect of the HFC-134a refrigerant, and energy consumption
during use as indirect effect. A period of use of 10 years for
each automobile is assumed. TWPG evaluation is presented in
terms of one automobile produced each year for 50 years and
each automobile is disposed after 10 years use. In the same way,
CWP analysis is presented for the case of one unit produced
each year for 1500 years and of one unit disposed after 10 years
use. Based on this evaluation, Fig. 4 shows the results from
TWPG analysis in the case of collection and no collection of the
refrigerant.
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Fig. 2. TWPG (W m™2) analyses. The warming effect by TWPG(W m™?) analyses when 1 kg of HFC-134a or CO, is released every year for 1500 years.
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Fig. 3. Difference between CWP and GWP. CWP: composite warming poten-
tial, DWE: direct warming effect, WEDC: warming effect of decomposed
compounds, WECO: warming effect of created ozone, CEOLD: cooling effect
of ozone layer destruction.

As shown in Fig. 4, HFC-134a, a refrigerant with a high
warming index of GWP (100 years) but a high-energy
efficiency, is more effective than carbon dioxide with poor
energy efficiency as refrigerant in reducing the warming effect.
The HFC-134a, which has short atmospheric life, does not
accumulate in atmosphere, whereas because of its low
efficiency carbon dioxide is released in large amounts and
accumulates in the atmosphere, resulting in a large warming
effect. As HFC-134a does not accumulate in the atmosphere
after use, it does not have a large effect on the warming, even
though it is not recovered as refrigerant. For one automobile
analysis in time span of 1500 years in Tokyo, use of 0.5 kg of
HFC-134a as refrigerant results in a 10,000 fold reduction of
the warming effect compared to the use of carbon dioxide for a
time span of 100 years.
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Table 2

Composite warming potential (CWP) of HCFC-141b

ITH [y] 100 500 1000 1500 00 GWP
DWE* 700.000  700.015  700.015  700.015  700.000 700
WEDC" 0.700 2.388 4.026 5.434 42.001
WECO® 0.005 0.005 0.005 0.005 0.005
CEOLD? —493.000 —493.011 —493.011 —493.011 —493.011

CWP 207.705  209.398  211.035  212.444  248.995

CWP = DWE + WEDC + WECO + CEOLD
 Direct warming effect.
° Warming effect of decomposed compounds.
¢ Warming effect of created ozone.
4 Cooling effect of ozone layer destruction.

3. Experimental
3.1. Calculation of TWPA

3.1.1. Calculation of TWPA (kg)

For 1 kg of a compound that is released into the atmosphere,
TWPA (kg) indicates how much of this compound will remain
in the atmosphere a number of years later. The graphic
representation of the relationship between time and remaining
amount constitutes the TWPG (kg). The table representing this
relationship is the TWPT (kg). For the TWPG (kg) of carbon
dioxide, the equation for remaining amount in the atmosphere
from the carbon cycle model WMO 1998 [14] was directly
used. For HFC and similar compounds, the value was calculated
based on the atmospheric life calculated from the reaction rate
constant of the compound with OH radicals present in the
atmosphere. From their theoretical reaction speeds, there is
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Fig. 4. Comparison between HFC-134a and CO,. TWPG (W m ) analyses and CWP of mobile air conditioning refrigerant in Tokyo. Production and the use of the

refrigerant are the same every year for the first 50 years.
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relative decomposition of HC and HFC in the atmosphere.
Partial results are shown in Fig. 1 and Table 1.

3.1.2. Calculation of TWPA (W m?)
TWPA (W m2) was calculated adding the four warming
effects described below.

3.1.2.1. Calculation of the direct warming effect
(DWE). This calculation represents the greenhouse effect of
1 kg of a chemical compound released into the atmosphere and
the decrease with time of this greenhouse effect. radiative
forcing (RF) calculated according to the atmospheric model is
converted to weight units and multiplied by TWPA (kg) to
calculate TWPA (W mfz). The RF value used was the value
established by IPCC [15].

3.1.2.2. Calculation of the warming effect of decomposed
compound (WEDC). There are several warming substances
produced from decomposition of a compound A in the
atmosphere, and not all of them can be identified. Carbon
dioxide, which is the most common compound formed when
carbon-containing compounds react with the OH radicals in the
atmosphere, was used for the calculations. How many
kilograms of carbon dioxide are produced from compound A
(1 kg) was estimated from chemical stoichiometric equations,
and this value was used to calculate the gradual release of
carbon dioxide as the chemical compound A decomposes in the
atmosphere. Taking into account the release and decrease of
carbon dioxide in the atmosphere, the TWPA (W mfz) of
decomposed compounds was established.

In the case of HFC-134a, the theoretical amount of released
carbon dioxide by decomposition of HFC-134a in the
atmosphere over time is assumed to be 0.8 of its stoichiometric
amount, as 20% of HFC-134a is converted to TFA [7,8].

3.1.2.3. Calculation of the warming effect of created ozone
(WECO). The value for RF of troposphere ozone was 0.34 W/
m2as reported in several works [5]. For the total world amount of
troposphere ozone, 250 Tg (1998) was used for the calculation,
which gives a RF value for ozone of 1.36 x 10~'* W/m?kg. On
the other hand, the amount of troposphere ozone produced by a
compound A was calculated using the Carter Equation [16,17]. In
other words, the amount in kg of 0zone produced from compound
A (1 kg) was calculated from the UMIR (upper limit maximum
incremental reactivities). For TWPG (W rnfz) related to the
formation of troposphere ozone, this RF is used and an
atmospheric life of 20 days is assumed to calculate the time
variation of the remaining amount in the atmosphere.

3.1.2.4. Calculation of the cooling effect of ozone layer
destruction (CEOLD). 1t is well known that the destruction of
ozone layer has affected the cooling of the troposphere [18]. In
the case of these chemical compounds, this effect is estimated as
net-GWP. As the difference between the upper and lower limits
of the cooling effect is large, in the case of chemical compounds
that have been reported in the literature [11], RF of the cooling
effect is calculated using the average value of the upper and lower

limits. On the other hand, for chemical compounds that are not
reported, the RF of the cooling effect was calculated based on the
estimation of the net-GWP from the graphs of the cooling effect
of a set value of released chlorine and their atmospheric life. The
amount of chlorine released during decomposition of chlorine
containing chemical compound A (1 kg) was calculated. It was
assumed that the cooling effect is proportional to the extent of
depletion of the ozone layer, which is proportional to the amount
of chlorine that reaches the stratosphere, which is proportional to
the amount of chlorine released by decomposition of compound
A. For a set of calculations, time variation of the cooling effect
(Wm™2) was calculated according to the TWPA (kg) in
atmosphere of chemical compound A.

3.1.2.5. Calculation of TWPA (Wm™2). The four effects
calculated (DWE, WEDC, WECO, and CEOLD) were added
in the time to complete TWPA (W m™2). A part of the results is
presented in Table 1.

3.2. Calculation of CWP

CWP corresponds to the value of integration of TWPG
W m_z), which incorporates the four effects. Integration time
horizon (ITH) of the warming effect becomes the total sum of
these effects.

In actual calculation, after integrating each four effects
separately, the obtained values were added to calculate CWP.
Table 2 shows an example of HCFC-141b for each of the four
effects. Table 1 presents some values for CWP.

3.3. Evaluation of mobile air conditioning by TWPG and
CWP

The Japan Automobile Manufacturers Association (JAMA)
presents [13] the LCCP evaluation of automobile air condition-
ing. The data is converted to TWPG and CWP shown in Fig. 4.
Evaluation was based on the combination of the warming gases
released during the use of automobile air conditioning and
analyses of the TWPG and CWP for 1 kg of the previously
calculated compound such as carbon dioxide and HFC-134a.

4. Conclusion

The most important objective for global warming strategies
is the stabilization of the warming gases present in the
atmosphere. This objective has been incorporated into the
Framework Convention on Climate Change (FCCC). The
present evaluation methods, TWPA and CWP are considered to
be effective to achieve this objective. It was also possible to
incorporate the four warming effects into a general index.
These evaluation results can be applied to a large number of
guidelines for strategies to stop global warming.
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