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Abstract 
 
Almost all environmental problems have been discovered in hindsight, years to decades after a new technology or 
chemical has been introduced.  Examples of environmental issues discovered in hindsight include the introduction of 
DDT and subsequent population crash of birds of prey [1], widespread use of chlorofluorocarbons (CFCs) that were 
found to destroy the ozone layer [2], and use of fluorocarbons (CFs) that were then found to contribute to global 
warming [3].  This instructional module discusses how to estimate global warming potentials using different levels 
of intermediate published data.  A spreadsheet for rapid evaluation of chemicals is included that offers students a 
way of predicting global warming potentials with minimal data. 
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Module Educational Level: 
 
Senior chemical engineers or environmental scientists; graduate students in engineering or the environmental 
sciences.  Homework assignments are stand alone assignments that can be typically solved by students working 
independently in 3-9 hours.  The only prerequisites required are freshman chemistry, some familiarity with computer 
spreadsheet applications, calculus II, and exposure to how to use their computer library systems. 
 
Definition of Global Warming Potential (GWP): 
 
The GWP of a chemical substance is a relative value that describes how many pounds of carbon dioxide, the 
reference substance, would need to be released to cause the same atmospheric warming of the troposphere above the 
earth as one pound of the chemical substance [4].  In mathematical terms: 
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where GWPi is the global warming potential of chemical i.  ai is the radiative forcing of chemical i, where this is the 
energy absorbed by the molecule for a 1 ppbv concentration as infrared (IR) energy attempts to leave the earth.  The 
units of ai are energy per (area * concentration), W m-2 ppb-1.  xi(t) is the time dependent concentration of species i 
after an initial pulse of release, which is determined by the removal of chemical i in the atmosphere due to  
degradation in the atmosphere, removal by dissolution into water droplets and subsequent rain-out, deposition onto 
dry particles, or any other mechanism for reducing the chemical load in the atmosphere.  Based on extensive work of 
many, it is recommended that one base the time dependent concentration of chemicals on the kinetics of hydroxyl 
radical abstraction of hydrogen atoms from the parent species [5].  Finally, TH is an arbitrary time horizon chosen 
for evaluation of the global warming potential of a species.  Typically, values of 20, 100, and 500 years are used [6]. 
 
For practical purposes, one often converts the concentration profile into more readily used terms of atmospheric 
lifetimes where:   
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Atmospheric lifetimes of species, τlifetime,i, can be obtained by multiplying the global atmospheric lifetime of a well-
characterized reference compound like CH3CCl3 by the ratio of the OH reaction rate constant at a given T, typically 
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277 K, to the one for a new species [14, 15].  In this work, the data from DeMore [16], et al., was used to get 
= 6.7 x 10( KCClCHOHk 27733+ )

-15 cm3 molecule-1 sec-1 [14], the rate constant of CH3CCl3 at 277 K.  For the 

atmospheric lifetime of the reference compound,
33, CClCHlifetimeτ , it is recommended that one use a value of 5.7 years 

[17].  Many techniques for measuring OH radical concentrations have given differences of 20 to 30% for this 
parameter [18], suggesting that atmospheric lifetimes may have similar differences, leading to differences in GWPs.  
The reference species, CH3CCl3 was chosen by original researchers because it is one of the few atmospheric 
contaminants that is purely anthropogenic, few companies manufactured it, it has a long life in the atmosphere, and 
clear records indicate how much was manufactured.  Based on these factors, the atmospheric lifetime of CH3CCl3 
has been well characterized and is regarded as being reliable. 
  
Using the above definition of atmospheric lifetime allows one to reduce equation 1 to: 
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Where AGWP is the absolute global warming potential at a given time horizon. 
 
It should be noted that all GWPs in our earlier work [7-9] have been scaled by an explicit comparison to the GWP of 
CO2.  While the AGWP of CO2 may vary by up to 20 percent depending on the model used, we followed the work 
of Wuebbles and used GWPs of CO2 equal to 0.235, 0.768 and 2.459 W yr m-2 ppmv-1 at TH's of 20, 100, and 500 
years, respectively [10].  A more recent set of values became available from the World Meteorological Organization 
in 2007 [4] with values at the same time horizons of 0.192, 0.676, and 2.223 W yr m-2 ppmv-1.  It is recommended 
that these values be used as they are the most recently validated ones in the literature. 
 
Before going into detail about how one can obtain data from the published literature to predict global warming 
potentail, a short discussion of relative magnitudes and values for atmospheric abundance, emissions, atmospheric 
lifetime and GWPs will be useful to put this work into context.  Table 1 shows some results from the 
Intergovernmental Panel on Climate Change Assessment Report from 2001 [11]: 
 
Table 1 - Data for common gases that have substantial global warming potentials. 
Chemical Species Formula Abundance (ppt) Annual 

Emissions 
(gigatons) 

Atmospheric 
Lifetime 
(years) 

100-year GWP 

Methane CH4 1,745 600,000 8 23 
Nitrous oxide N2O 314 16,400 120 296 

Perfluoromethane CF4 80 15 50,000 5,700 
Perfluoroethane C2F6 3 2 10,000 11,900 

Sulphur 
hexafluoride 

SF6 4 6 3,200 22,200 

HFC-23 CHF3 14 7 260 12,000 
HFC-134a CF3CH2F 8 25 14 1,300 
HFC-152a CH3CHF2 0.5 4 1 120 

 
A few points can be made after looking at this data.  First, although methane has a lower atmospheric lifetime of 8 
years compared to fully fluorinated species, its impact on global climate change is substantial because it's annual 
emissions dwarf those of all other gases combined.  Recall that GWPs are relative contributions to global warming 
compared to CO2 per ppb of concentration.  Since 1750, the concentration of methane in the atmosphere has 
changed by more than 1 ppb, while that of perfluoromethane has increased by 0.04 ppb.  It is the combination of 
concentration, the atmospheric lifetime and radiative forcing (not shown here) that lead to the potential for global 
climate change.  Also not shown in the table is the fact that annual emissions of CO2 that are not taken up by the 
oceans or plant life are about 3.4 gigatons per year.   
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A complex non-linear optimization problem would need to be solved in order to make good trade-off decisions 
about policies to implement in order to reduce climate change effects because switching from one chemical to 
another may lead to externalities like increased energy needs during the use phase even if end of life global warming 
potential due to emissions are reduced.  This evaluation would be conducted as part of a life cycle assessment and is 
outside the scope of this work.  Now that some representative values were shown, we turn now to consideration of 
each data piece that can lead to the prediction of GWPs.  
 
Sources of Radiative Forcing Values:   
 
There are several large sets of radiative forcing data available in the literature for different compounds, although this 
paper will highlight how to use results from computational chemistry to predict these values when data are missing.  
The World Meteorological Organization (WMO) has aggregated large sets of radiative forcing values for many 
compounds [4], including CFCs, hydrochlorofluorocarbons (HCFCs), hydrofluorocarbons (HFCs), chlorocarbons, 
bromocarbons, fully fluorinated compounds, and halogenated alchols and ethers.   
 
In addition to the world organization reports, there are also independent researchers that have extended the databases 
of radiative forcing values.  Large summaries of data are reported in Sihra, et al's., work [12], and by Jain, et al., [13], 
Christidis, et al. [14], Gohar, et al. [15], Highwood, et al. [16] Myhre, et al. [17], Naik, et al. [18], Oyaro, et al. [19], 
Papasavva, et al. [20], and Pinnock, et al. [21], among others.  Individual papers have appeared by other researchers 
detailing results for one or a few chemicals at a time.  For instance, Jain, et al. [22], report values for CF3OCHFCF3 
and Forster for CH3CF3 [23].  A search of available literature will reveal many more values than these short lists 
here. 
 
It is possible to also measure the necessary data experimentally in an undergraduate chemistry laboratory, as 
described by Elrod [24].  Here, one experimentally measures the IR spectra and converts it to values of absorption 
cross section.  These absorption cross sections can then be integrated with Pinnock's binning method [21] described 
below to yield radiative forcing values as demonstrated in Elrod's work.  If one has good experimental equipment 
and the ability to integrate experiments into their courses, Elrod's method of obtaining values for new substances 
could be a good application of experimental work for predicting sustainability. 
 
Molecular modeling and computational chemistry approaches have enabled researchers and students to evaluate 
chemicals for environmental issues for almost a decade now [25 and references therein].  Papasavva and others 
worked to develop methods of obtaining radiative forcing from computational chemistry methods [20, 26-28], which 
are very efficient and eliminate the need for even having an experimental sample available for analysis.  This work 
built on the earlier gross binning method of Good, et al. [29].  Blowers, et al., extended this work by Papasavva, 
increased the range of frequencies included in the binning method, and populated a database of radiative forcing 
values for hydrofluoroethers (HFEs) [7-9].  Details about how to evaluate computational methods for their validity 
appear in those references, but a sample calculation will be done here using CHFCl2 as the chemical species of 
interest. 
 
One only needs to have infrared (IR)  peak locations and their predicted intensities from computational chemistry in 
order to evaluate radiative forcing for a chemical.  Radiative forcing can be obtained by combining a series of other 
works to build a radiative forcing estimate from density functional calculations using the predicted information.  
Pinnock, et al., [21] created a simplified model for radiative forcing where one can directly translate absorption 
cross sections, as discussed above from experimental measurements, to radiative forcing without doing the complex 
atmospheric modeling previously needed.  They created the following formula: 
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where the IR spectra from 0 to 2500 cm-1 has been separated into 10 cm-1 bins, σi is the measured infrared (IR) cross 
section, and F(νi) is the radiative forcing for the species in that bin.  
 
Papasavva, et al. [20], followed up on the simplified model from Pinnock and created an extension that uses 
computational chemistry data to replace the experimentally determined absorption cross sections as shown here: 
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where Ak is the IR intensity evaluated for peak k.  Papasavva [20] used the MP2/6-31g** method to find that results 
with this simplified methodology were within 3 percent of the complete method of Pinnock [21].    
 
A short aside at this point may be useful on the nomenclature of computational chemistry.  In the above paragraph, 
MP2 refers to the Moller-Plesset second order method, while 6-31g* indicates the basis set that was used to describe 
where electrons can be on each atom and the orbitals available for computing molecular properties.  Typically, the 
larger the basis set is, with more characters and modifiers (like 6-311++g(3df,2p)), the more accurate the results are.  
However, the computational time needed to complete the calculation goes up dramatically.  The computational 
method, MP2, is an ab initio method that is slightly more expensive than Hartree-Fock (HF), while B3LYP is a 
density functional method that is much cheaper for larger molecules of interest.  Students who are interested in more 
details about computational chemistry should refer to online materials at www.gaussian.com or a variety of other 
sources.  Related to the computations needed for IR frequency predictions, all methods do fairly well, even with 
small basis sets like 6-31g* in representing experimental data. 
 
A concrete example will show how to use equation 5 for CHFCl2, Table 2 shows the frequencies and intensities 
predicting using the B3LYP/6-31g* level of theory.  As discussed in previous papers, a scaling factor is needed for 
some computational methods to shift frequencies to be empirically closer to expected experimental values.  Students 
may, in most cases, assume a scaling factor of 1 which will yield fairly accurate results within about 15 percent of 
experimentally based radiative forcing values.  This is very close to the expected experimental errors of about 14 
percent [30].  Scaling factors are available in several papers [31, 32] for a variety of computational methods if 
students would like to improve their results. 
 
Computations were run for CHFCl2, which is an HCFC that is due to be removed from use by the Montreal Protocol 
due to its potential to cause ozone depletion.  The B3LYP/6-31g* computational level was used to predict the IR 
spectrum through a molecular geometry optimization followed by a frequency calculation.  This leads to the 
predicted peaks and intensities in Table 2. 
 
Table 2: Predicted Frequency Peak Locations (cm-1) and IR Intensity (km mol-1) for CHFCl2 at the B3LYP/6-31g* 
Level of Theory. 

Freq # Peak 
cm-1

Intensity 
km mol-1

Freq # Peak 
cm-1

Intensity 
km mol-1

Freq # Peak 
cm-1

Intensity 
km mol-1

1 273.42 0.2120 4 726.8023 49.11 7 1284.30 71.12 
2 361.52 0.1242 5 766.0780 277.33 8 1357.17 26.06 
3 450.07 2.5087 6 1137.1506 190.03 9 3176.22 8.51 

 
In our case, since we used the B3LYP/6-31g* results, we know we can scale the frequency by a factor of 0.9613 
[32] so we multiply all the frequencies by that value.  A series of spreadsheets is included in the educational 
materials to enable instructors and students to follow this example.  The initial spreadsheet is shown on the next 
page.   
 
Column A contains the bins created by Pinnock [21], Column B contains the transmittance values Pinnock modeled, 
Column C contains the appropriate calculated intensities from the computational results, and Column D contains the 
individual radiative forcing contribution from that specific bin, which is the product of columns B and C with some 
other unit conversions included to get the units to be in the correct form.  The black box on the right with the green 
bar will contain the sum of the individual radiative forcing values for each bin from the bottom of Column D.  The 
unit conversions needed to convert Elrod's initial sheet over to being able to use computational results are shown 
here: 
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Figure 1 - Sample screenshot of fresh Excel sheet for evaluating radiative forcing. 

 
 
It should be noted that freeze panes was enabled on the saved version of the Excel sheet to allow for better flow 
through the example discussion.  The first bin in Cell A7 lists a value of 5.  In Pinnock's usage, this indicates the 
center value of the 10 cm-1 bin for frequencies.  So, that first bin would be used to represent peaks that were between 
0 and 10 cm-1.  The next bin in Cell A8 would represent frequencies between 10 and 20 cm-1.  Users of the 
spreadsheet would look to Table 2, using a scaled frequency of 261.88 and then place the intensity in the appropriate 
bin.  This bin is shown in Figure 2 on the next page.  
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Figure 2 - The first bin for data from computational results, highlighted in orange. 

 
To account for the peak, students would place the calculated intensity from Table 2, 0.212, that matches that peak in 
Cell C33.  The students can then continue down through the data set to fill in the other 8 intensities in their 
appropriate bins in order to then end up with the Excel sheet included with these instructional materials labeled 
"chfcl2-filledbins.xls".  Figure 3 shows a screenshot of the final results after all the bins are filled. 
 
Figure 3 - Predicted radiative forcing for CHFCl2 using computationally based results. 

 
 
We find a predicted value of 0.148 W m-2 ppbv-1.  The WMO reports a value for this chemical of 0.14, leaving us 
with an error of only 5.7 percent.  Keep in mind that even the best experimentally based values are not expected to 
be in better agreement with each other than plus or minus 25 percent [30]. 
 
The example case is pretty straightforward as there are no frequencies that are close to each other.  However, if two 
or more frequencies are close enough to each other to both fall in the same bin, then their intensities are summed and 
that total intensity is placed in Column C for that bin.   
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Students can envision limits to how applicable the spreadsheet is to extreme cases.  For instance, very large species 
with many atoms have more frequencies as the number of frequencies is equal to 3N-6 for non-linear polyatomics, 
where N is the number of atoms in the chemical.  Some very large species in the published work, like HFE 7500,  
have 84 frequencies.  It would be very tedious to scale all the frequencies by hand and then put them in all the 
appropriate bins.  This could be an appropriate place to write a VisualBasic program that automatically puts all the 
aggregated intensities into the correct bins.  There can be other complications when more than one conformational 
structure of a chemical is possible and one needs to weight the canonical ensemble of conformers to find the 
experimentally expected radiative forcing value.  Some of our papers discuss that approach in detail [33, 34].   Now 
that we have successfully reported a radiative forcing value, we turn to obtaining atmospheric lifetime data for 
completing the GWP predictions. 
 
Sources Atmospheric Lifetime Data: 
 
Like for radiative forcing, the WMO and other organizations have aggegated some data of atmospheric lifetimes for 
many substances [4, 6].  It has been standard to use a temperature of 277 K, as shown in equation 2 to estimate 
atmospheric lifetimes in the troposphere as this is regarded as being the best overall temperature in the layer of the 
atmosphere where global warming and atmospheric degredation through hydrodroxyl radical occur [9]. 
 
If direct atmospheric lifetime values are not available for a chemical compound, students can turn to the wide and 
extensive body of literature of kinetic rate constants.  Compilations of data appear at NIST webbook [35], in the JPL 
estimate reports [36], and in older versions of JANAF tables [referred to in reference 32].  Other specialized sets of 
data are available through literature searches in local computer library databases to find rate constants for specialty 
chemicals that have not been included in the aggregated databases yet.   
 
While rate constants can also be obtained through computational chemistry approaches and transition state theory, 
that is outside the scope of this work.  However, students can use estimates from computational chemistry for k's 
that have been published in the peer literature.   
 
We'll follow up with our prior example of CHFCl2 to complete the GWP estimates.  The WMO reported the 
atmospheric lifetime of this chemical to be 1.7 years.  This information can be plugged into equation 3 with an 
arbitrary time horizon of 20 years to yield: 
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It should be noted that the MWs of both species are present to convert from molar concentrations of ppbv and ppmv 
to have GWPs that are in units of kilograms of CO2 emitted for the same GWP impact as 1 kg of the chemical 
species i.  Here the MW of CO2 is 44.0095 g mol-1 and the MW of CHFCl2 is 102.9224 g mol-1.  In our specific case, 
the final predicted value using computed radiative forcing value is 559.5 kg CO2 (kg CHFCl2)-1.  Note, care should 
be taken to reconcile the ppb and ppm units in the GWP equation.  At 100 and 500 year THs, the results are 158.9 
and 48.3, respectively.  It should be noted that these results are slightly higher than the result reported in the most 
recent WMO report of 530, 151, and 46 because our predicted radiative forcing value is slightly higher than the 
WMO.  Finally, as discussed earlier, the most recent AGWP values for CO2 from the WMO [4] were used in this 
work.   
 
If the WMO had not reported an atmospheric lifetime for CHFCl2, then one could have turned to the published 
literature to find k estimates.  In this case, the JPL database from NASA reports the rate constant for CHFCl2 for 
hydrogen abstraction by hydroxyl radical to be: 
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where T is in Kelvin and k has units of cm3 molecule-1 sec-1.  Using this empirical correlation from experimental 
data and a temperature of 277  K, we estimate k to be 2.26x10-14 cm3 molecule-1 sec-1.  To use equation 2, we also 
need the rate constant of CH3CCl3 degradation by OH radical at 277 K and we use the JPL data again where k is: 
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And k is 6.62x10-15 cm3 molecule-1 sec-1 at T = 277 K. 
Using equation 2, we find a new estimated atmospheric lifetime of 1.67 years.  This could be combined with our 
predicted radiative forcing value of 0.148 W m-2 ppbv-1 to yield GWPs of 546, 155, and 47 at the 20, 100 and 500 
year THs. 
 
This concludes the example and short introduction to estimating sustainability of chemicals through consideration of 
their GWPs.   
 
Note: The sample spreadsheet is available for download at:  http://blowers.chee.arizona.edu/research/chfcl2-
example-freshsheet.xls 
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Suggested HW problems 
 
1) Students should use their library reference search engines to find the auxilary information appended to the paper 
by Blowers, et al., regarding radiative forcing estimates published in 2007 in the Journal of Geophysical Research-
Atmospheres.  Find the published IR intensities and infrared frequencies for CH3OCF3 at the B3LYP/6-31g* level of 
theory in that auxilary material.  Use the Excel spreadsheet available on the sustainability site to predict the radiative 
forcing value for this species.  Compare your reported value to the computed value in the paper by Blowers, et al.  
Find a published value in one of the radiative forcing compendia refered to in the sustainability article discussed 
above.  Finally, find a published atmospheric lifetime of this species and then use it to compute GWPs at the 20, 100, 
and 500 year time horizons. 
 

Instructional Objectives:   
Students will learn how to use the spreadsheet to compute radiative forcing values from published data 
referred to in this work.  Students will learn how to use the appropriate library resources available at their 
institution.  Students will learn how to compute GWPs using the published data in the appropriate databases. 

 
2) Students should find a radiative forcing estimate for Halon-1201 from a published source.  Students should then 
find rate constant data for the reaction of this species with hydroxyl radical in order to calculate an atmospheric 
lifetime before computing GWPs at the 20, 100, and 500 year time horizons.  Compare these results to published 
results in another source while giving citations to all information. 
 

Instructional Objectives:   
Students will learn how to use the appropriate library resources available at their institution.  Students will 
learn how to compute GWPs using the published data in the appropriate databases.  Students will reinforce 
their citation skills. 

 
3) There is a publication with predicted IR information about C8H2 a polyyne that may contribute to global warming 
on Titan, one of the moons of the outer planets.  Table 1 of that paper has some data relevant to estimating the GWP 
of a gas.  Report the frequencies and intensities you find in that paper, along with the full citation to that work.  
Report the radiative forcing for C8H2.  You look for kinetic data for the degradation of C8H2 when it reacts with OH, 
but you can't find any.  So, instead, assume you are near the collisional limit of two representative reactants and that 
the rate constant for the C8H2 + OH reaction is 7.8x10-12 cm3 molecule-1 sec-1.  With this assumption, estimate the 
atmospheric lifetime of C8H2.  Report that value and the GWPs of the species at 20, 100, and 500 year time horizons.  
Finally, are emissions of this species are a concern regarding GWP's or not? 
 

Instructional Objectives:   
Students will learn how to use the appropriate library resources available at their institution.  Students will 
learn how to compute GWPs using the published data in the appropriate databases.  Students will reinforce 
their citation skills. 

 
Other homework assignments could be created by extending any of the above with new species or to new data that 
becomes available in the literature. 
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