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Global Warming is increasingly recognized as a severe threat to ecological health and human welfare 
over the coming century, and companies and development teams worldwide try to understand how best 
to reduce the Global Warming effects of materials and processes. The Global Warming potentials of 
common carbon-containing materials at their end-of-life phases are often inadequately understood by 
designers. For instance, the land-filling of paper in typical landfills can create almost as much Global 
Warming gas (pounds of carbon dioxide equivalent per pound of paper) as the production of the paper 
itself. This results largely from decomposition of the paper into methane gas in the landfill that can escape 
to the atmosphere, and has a Global Warming potential 25 times greater per unit weight than carbon 
dioxide (CO2). 
 
To approach this crucial topic, we review how international carbon reporting standards treat the carbon 
emissions from common materials. We model the Global Warming impacts of several common carbon-
containing materials in production and end-of-life treatments. We also evaluate the applicability of the 
available carbon footprint standards for design teams who are trying to model and reduce end-of-life 
carbon impacts in products and services. 
 
The Reality of Global Warming  
The dialogue on Global Warming has been fraught with conflict. Scientists in the 1990’s debated whether 
the Earth’s average atmospheric temperature was increasing and whether the increased average 
temperature was because of a dramatic increase in carbon dioxide and other greenhouse gases in the 
Earth’s atmosphere, or some other phenomenon. Throughout the 1990’s, the scientific community 
amassed information and data which required complex analysis. Wealthy fossil fuel industries financed 
think tanks, editorial pages and US politicians to distribute disinformation on a colossal scale. For 
instance, a random study of articles in influential US newspapers between 1991 and 2005 found that 53% 
of the articles stated a serious scientific doubt about whether humans were contributing to Global 
Warming, however the peer reviewed scientific literature during this period demonstrated the near 
unanimous agreement among scientists about this causality 1. 
 
After more than 18 years of intense analysis 2, the overwhelming consensus among the scientific 
community is that Global Warming (or Climate Change) is occurring and is the result of the release of 
gasses to the Earth’s atmosphere from the combustion of fossil fuels, destruction of carbon-storing 
forests, and other human activities. The Intergovernmental Panel on Climate Change (IPCC) stated in 
2005 that “Greenhouse gases are accumulating in the Earth’s atmosphere, as a result of human 
activities, causing surface air temperatures and surface ocean temperatures to rise”. A host of scientific 
bodies confer with this assessment, including the American Geophysical Union, the American Geological 
Society, the American Association for the Advancement of Science (AAAS).3, 4 and the U.S. National 
Academy of Sciences 5. The IPCC Third Assessment Report from 2001 6 warned of the many potential 
negative consequences of climate change:  

Increase incidence of human death and serious illness; 
Increase risk of damage to many food crops; 
Increased incidence of heavy precipitation resulting in greater flood, landslide, and avalanche damage; 
Increased frequency of drought causing decreased water resource quality and quality;  
Rise in sea level over the next 1000 years due to melting ice, long after greenhouse gases cease; 
Increased incidence of forest fire; 
Probable negative feedback processes – such as methane release from melting polar ice; 
and potential changes in ocean currents, with significant changes to terrestrial weather patterns. 



 
The 2008 PAS 2050 7, published by the British Standards Institute, published values for the Global 
Warming Potentials of various gas emissions (Table A). These values can be multiplied per pound (or 
kilogram) of equivalent gas; one pound of methane gas has the global warming potential of 25 pounds of 
CO2 gas. Likewise, the many fluorinated gases on the list have extremely high values, not only because 
they insulate heat and trap it in the Earth’s atmosphere, but also because the fluoride bond is exceedingly 
stable, and will not break for many hundreds or thousands of years.  
 

 
Table A:  
Global Warming Potentials of Gas Emissions 
(partial list)* per unit weight (100 year timeframe) 
 
Carbon dioxide (CO2) 1 

Methane (CH4) 25 

Nitrous oxide (N2O) 298 

CFC-12** 10,900 
CFC-13** 14,400 
CFC-113** 6,130 
CFC-114** 10,000 
CFC-115** 7,370 
Halon-1301 (CBrF3)** 7,140 

HFC-23 14,800 
HFC-236fa 9,810 
HFE-125 14,900 
HFE-134 6,320 
NF6 17,200 

PFC-116 12,200 
PFC-218 8,830 
PFC-3-1-10 8,860 
PFC-318 10,300 
PFC-4-1-12 9,160 
PFC-5-1-14 9,300 
SF5CF3 17,700 

SF6 22,800 
 
* 40 additional substances have Global Warming 
Potential less than 5000.  
**Substances controlled by the Montreal Protocol  
 

Fluorinated gases that are controlled (banned in most applications) by the international Montreal Protocol 
on protecting stratospheric layer ozone layer, are also noted in Table A. Ozone layer depletion is a 
separate environmental impact category that novice ecodesigners sometimes confuse with Global 
Warming. Chlorinated fluorocarbon compounds are the primary culprit gases for ozone layer depletion, 
many of which happen to also be Global Warming gases.  
 



A crucial milestone occurred in February 2009, when the US Environmental Protection Agency moved to 
classify carbon dioxide as a pollutant, the first step for eventually controlling and reducing its emission 
through regulation 8, 9. There will be many vectors from which to try to address the tremendous challenges 
that Global Warming poses. Some of the approaches will be voluntary steps that companies and 
individual citizens can take 10, 11; others will involve regulations put into place by State, national and 
international agreements. The international standards reviewed in the following section provide basis to 
model and reduce Global Warming gases systematically and consistently.  
 
Carbon Reporting Standards 
Methods to adequately model Global Warming impacts, also referred to as “carbon foot-printing” by some 
practitioners, have evolved over the last decade. A carbon footprint is "the total set of GHG (greenhouse 
gas) emissions caused directly and indirectly by an individual, organization, event or product" 12. The PAS 
2050 carbon footprint standard outlines, in excruciating detail, rules for organizations to follow to account 
for the Global Warming impacts of products and services. These accounting rules mirror Life Cycle 
Assessment (LCA) methods in many respects, with the caveat that they model only one environmental 
impact category, Global Warming. LCA’s model multiple environmental and human health impact 
categories. 
 
PAS 2050 describes the process by which some carbon-containing materials are accounted in different 
ways than other materials. Certain types of carbon are given a value of zero in the accounting process, to 
encourage the value chain to adopt these practices. These “special case” carbon containing materials are 
referred to as “biogenic” – which means literally of biological origin, as opposed to being from fossil fuel 
(or anthropogenic) origin. Fossil fuel derived carbon (from petroleum, coal or natural gas) adds net carbon 
into the atmosphere. The “biogenic carbon” is treated differently because it is carbon that humans have 
deliberately removed, via the use of cultivated plants or organisms, from the environment. The term 
”biogenic” is actually a misnomer; a more appropriate term might have been “intentionally biogenic”. In 
this paper, we conform to the term ”biogenic”. PAS 2050 defines three primary rules that define whether a 
material can be designated with the “biogenic” carbon status: 
 
1)  Food crops are not referred to as biogenic because they are essential for human life and the 

accounting of the carbon in them is a more complex (and time consuming) process than the carbon in 
non-food crops. 

2) Material that contains biogenic carbon must hold the carbon for at least one year. This insures that 
accounting is only for materials that have a durable lifespan. 

3) Material that contains biogenic carbon must be intentionally created by people, and not a naturally 
occurring process. This credits actions that people take which extract carbon from the atmosphere, 
not naturally occurring processes that would occur without the intervention of people. It requires that 
land where biogenic materials are grown not be converted from the wild state where natural 
processes occur to a cultivated state because that would reduce the amount of naturally occurring 
carbon capture. To be explicit, cultivated organisms only qualify for the “biogenic” status if they are 
grown on land that has traditionally been cultivated. 

 
Several examples of materials that qualify and do not qualify for the “biogenic” exemption are shown in 
Table B. Food crops, organisms in the wild and fossil fuel derived carbon in materials does not qualify for 
the biogenic status. The portion of carbon which occurs in the lifecycle of the material that does come 
from biogenic sources does qualify. For most biogenic materials, like cultivated pine wood, there are 
some fossil fuels required for transportation or wood processing over the lifecycle of the cultivated wood. 
These portions of carbon in the lifecycle of the material do not qualify as being biogenic. Counting these 
emissions throughout the lifecycle of the material requires painstaking accounting. 
 



 
Table B:  
Biogenic designation of Carbon containing materials and processes 
 

 Life Cycle Stage Production End-of-life 

 Material  Production Recycling
Landfill & 
Composting  Incineration 

Wheat (or other food) not n.a. not not 
Wild pine wood (or other natural 
process) not not not not 
Cultivated pine wood biogenic* biogenic* biogenic* biogenic* 
Paper from cultivated pine biogenic* biogenic* biogenic* biogenic* 
Polyethylene (from fossil fuel) not not not not 
Polylactide (bioplastic)  biogenic* biogenic* biogenic* biogenic* 
 
* The portion of the greenhouse gases from biogenic sources is counted as biogenic and the portion of 
greenhouse gases to fossil fuels (from processing and transport) is counted as fossil fuel. 

 
Table B also indicates that at the end-of-life stages (which include recycling, land-filling, composting or 
incineration) the rules for biogenic status are consistently applied. The treatment of methane in landfills is 
crucial because, as mentioned earlier, methane is created by the decomposition of carbon containing 
materials (wood, paper, plastic and so forth) in landfills. Methane has a Global Warming Potential 25 
times greater than CO2, which is also a product of carbon decomposition in landfills. Some landfills 
capture methane that they produce, and burn it. If they burn it without using the energy the combusted 
methane produces, this is referred to “flaring”. If they use the energy from the burned methane for a 
purpose (such as to power an engine or convert it in a fuel cell) this is referred to as energy recovery.  
 
PAS 2050 defines rules for Global Warming Potential implications for methane in landfills, as are 
delineated in Table C.: 
1) Burning methane from decomposed fossil fuel based materials reduces the global warming potential 

of the methane (by converting it to carbon dioxide) by a factor of 25. This applies regardless if the 
energy created by the combustion is used for a useful process. 

2) Methane created by the decomposition of “biogenic” materials in landfills is given a Global Warming 
Potential of zero, regardless of whether it is burned. In most cases, local regulations encourage the 
burning of methane (biogenic and fossil fuel) to reduce the Global Warming effects of the methane. 
But in the accounting procedure, non-combusted biogenic methane from a landfill is still given a 
Global Warming Potential of zero. 

 
 
Table C.  
Global Warming Potentials of Methane from Landfills or Compost 
 
  Methane not combusted Methane combusted 
Fossil fuel portion of methane GWP = 25 GWP = 1 
Biogenic portion of methane GWP = 0 GWP = 0* 
 
*The Global Warming Potential for biogenic methane is zero, regardless of whether the methane 
is combusted or the energy derived from the combustion is used for a productive purpose. 

 
Modeled end-of-life Global Warming impacts 
Now we apply life cycle assessment (LCA) methods to model end-of-life global warming impacts (in 
pounds of CO2 equivalent/pound of material) of common carbon-based materials. This model 
characterizes production and waste treatment processes (incineration, and land-filling and composting) 



using 100-year timeframe models as defined by Eco-Invent process inventory data 13. Assumptions and 
boundaries that underlay the model are described to conform to ISO 14040 series LCA standards. 
 
Scope and Objectives 
This comparison models global warming impacts in production and end-of-life stages because we are 
primarily trying to demonstrate how these life cycle stages affect Global Warming gas emissions. 
Common carbon containing materials are modeled, namely cultivated pine wood, white paper made from 
100% cultivated wood, high density polyethylene (HDPE) and Polylactide (PLA) biopolymer. In this study 
we assume that products made from these materials will last at least 100 years. We do not model the 
processing of the materials (such as injection molding) or the transport of the materials among various 
stages in the life cycle because we focus on the contrast between Global Warming impacts before and 
after “biogenic” CO2 exemptions are applied. We do not model material recycling because these impacts 
are not part of the end-of-life stage, but represent the production stage of the next life cycle of the 
materials.  
 
The boundary of the process inventory data stops at the built infrastructure. The data do not attempt to 
account for the emissions from buildings, roads, personnel or other infrastructure, but do include data 
from the direct chemical, fuel, and electricity inputs required for the production of the materials, as well as 
the emissions to soil water and air that occur from the stage of extracting materials form nature- through 
to material production, and the emissions associated with land-filling, or incineration. The landfill and 
incineration data was modeled according to Swiss conditions described in the Eco-invent database. 
Swiss sanitary landfills and municipal incinerators employ exemplary quality control. The data does not 
include emissions from materials (such as methane that is converted to energy within the landfill plant), 
but only those emissions which are estimated to emit from landfills and incinerators over a 100 year 
timeframe.  
 
Process inventory data and characterization method 
Table D outlines the source of the process inventory data for materials. Eco-Invent data is thoroughly and 
consistently documented; it provided most of the process inventory data. The Global Warming 
characterization method used, TRACI, which was developed by the US EPA 14, is similar to other Global 
Warming characterization methods. The quantity of each material is one pound, and the resulting 
characterized impact is in units of pounds CO2 equivalent per pound of material. 
 

 
Table D  
Process inventory data sources 
   
Process Data Source 

Pitch Pine production, cultivated 
 

Delft Univ. of 
Technology, The 
Netherlands 

Paper production, 100% from cultivated wood, 
European average Eco-Invent, Switzerland 
High Density Polyethylene production,   
European average Eco-Invent, Switzerland 
Polylactide polymer production, Biopolymer 
from corn (Natureworks) Eco-Invent, Switzerland 
Wood in municipal incinerator, Switzerland Eco-Invent, Switzerland 
Paper in municipal incinerator, Switzerland Eco-Invent, Switzerland 
Polyethylene in municipal incinerator, 
Switzerland Eco-Invent, Switzerland 
Wood in sanitary landfill, Switzerland Eco-Invent, Switzerland 
Paper in sanitary landfill, Switzerland Eco-Invent, Switzerland 



Polyethylene in sanitary landfill, Switzerland Eco-Invent, Switzerland 
 
Graph A and Table E show the pounds of CO2 equivalent of each material, adding production (below) to 
end-of-life treatment (above). The left of each column shows the Global Warming potentials as are 
typically reported in LCA’s and to the right shows these impacts after the CO2 exemptions for “biogenic 
carbon” were subtracted. Because we assumed that the products in this example lasted 100 years, all of 
the global warming impact is deducted. If the products were to last only a few years, theses reductions 
would be much lower and would require more complex calculations, as are required by the PAS 2050 
standard. End-of-life data for the polylactide are unavailable, so we do not include these values for the 
biopolymer, but only compare the values prior to and after “biogenic” carbon is deducted 15.  
 

 
 

 
Table E. 
Production & End-of-life Global Warming emissions of Carbon containing materials,  
Pounds CO2 equivalent per pound material 
  

 

  Production 
Sanitary landfill 
or composting 

Municipal 
incineration 

Production            
(-biogenic CO2) 

Sanitary landfill    
or composting       
(-biogenic CO2) 

Municipal 
incineration           
(-biogenic CO2) 

0.354 0.081     Pine wood, 
land-filled    0.175 0.012  

0.354  1.467    Pine wood, 
incinerated    0.175  0.011 

1.750 1.261     Paper, land-
filled     1.010 0.016  

1.750  1.481    Paper, 
incinerated    1.010  0.024 



1.918 0.106     HDPE, land-
filled    1.903 0.024  

1.918  2.990    HDPE, 
incinerated    1.903  2.990 

3.201      PLA 
bioplastic    2.124   

 
Assessment Interpretation 
This was not an exhaustive survey of carbon-containing materials that can be universally applied to all 
carbon containing materials; however the CO2 footprints of these common materials indicate carbon 
trends in these materials. By comparing the lower values (production CO2) of each column to the upper 
values (end-of-life CO2), several observations can be made.  
1) The amount of CO2 eq. created by the land-filling of these materials is less than that created by the 

incineration of these materials. This indicates that some of the methane gas in the landfills escapes 
from the Swiss landfills – whereby when the materials are incinerated, there is no methane created, 
only carbon dioxide from the combustion of the materials. 

2) Paper from 100% wood pulp creates almost as much CO2 equivalent when land-filled (72% of the 
production CO2) as when incinerated (84% of the production CO2). 

3) HDPE (produced primarily from fossil fuels) creates significantly less CO2 equivalent when land-filled 
than when incinerated. 

 
By comparing the left side (with complete CO2 reporting) of the columns to the right side (subtracting 
exempted “biogenic carbon”), additional observations are drawn.  
4) In the production of materials produced with substantial amounts of biogenic carbon, the subtraction 

of biogenic from the production shows a significant reduction in reported Global Warming effect (44% 
for pine wood, 58% for paper, and 66% for PLA). 

5) Likewise, in the end-of-life treatment of materials produced with substantial amounts of biogenic 
carbon, the subtraction of biogenic carbon from the end-of-life stage shows a much larger (almost 
complete) reduction in reported carbon footprint.(15% for land-filled pine wood, 1% for incinerated 
pine wood, 1% for land-filled paper and 2% for incinerated paper) 

6) The production of the polylactide biopolymer creates greater CO2 equivalents, both before and after 
biogenic carbon exemption, than the HDPE production. This does not imply that all biopolymers are 
worse for global warming than fossil fuel polymers, but in this case it is. 

The behavior of carbon containing materials in landfills which are not as tightly controlled as in the Swiss 
process inventory data that was used for this study. Further assumptions about shorter lived products and 
other boundary conditions 16 could deliver landfill and incineration carbon footprints which are 
considerably different than in this model. 
 
Carbon foot-printing in the Product Development process 
This paper gives an initial glimpse of the complexity of applying the PAS 2050 Carbon Footprint 
standards. Several conclusions are apparent: 
 
a) The PAS 2050 carbon footprint standard offers substantial CO2 discounts to durable products made 

from carbon containing materials that were grown on previously cultivated land.  
b) Applying PAS 2050 with a product LCA is extremely complex, and requires explicit assumptions to be 

made about the duration of CO2 eq. emissions and storage of materials and processes. It is probably 
beyond the practical capacity of product development teams to apply this carbon footprint standard in 
the product development cycle of most products. 

c) Other carbon accounting methods (ISO 14067 “Carbon Footprint of Products” 16 and the “Greenhouse 
Gas Protocol” by the World Resource Institute and the World Business Council for Sustainable 



Development) will be finalized and published over the next two years. The design and business 
community will ascertain whether these approaches are simpler and easier to use than PAS 2050, 
and may provide an international basis for widespread carbon footprint accounting for products and 
services, possibly integrated in user-friendly software. 
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