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Abstract 
New furniture products often source more renewable materials for manufacturing, promising a new “sustainable” 

lifestyle without change in lifestyle. Such products claim to be sustainable, but the truth is often more nuanced. 

The Sustainable Furnishings Council (SFC) commissioned a Life Cycle Assessment (LCA) to quantify the 

environmental impacts between petroleum-based flexible polyurethane (PU) foam and soy based bio-hybrid foam 

for use in furniture manufacturing. Sustainability claims for soy-based polyols, one ingredient in PU foams, are 

supported by existing LCAs comparing soy- and polyurethane-based chemicals. Commissioned by agriculture and 

chemical giants Cargill and Dow Chemical, these reports have several classified sections, raising questions of bias. 

Furthermore, the LCAs do not consider the impact of the soy-based polyols on the entire PU foam product.  The 

intent of this LCA is to provide an independent investigation into the claims made by bio-hybrid foam 

manufacturers. 

An evaluation was produced using SimaPro and PlasticsEurope database inputs. The scope of this LCA looks at 

cradle-to-gate of 1 kg of blown foam product. Use and disposal phases were ignored due to similar use phases and 

recycling rates across the compared products. Three models were developed for comparison: PU foam and bio-

hybrid foam with either US- or Brazil-sourced soybeans. 

Contrary to existing literature, the analysis produced mixed results. The bio-hybrid foam does have less 

environmental impact in terms of greenhouse gases and energy demands as previously claimed, but it contributes 

to higher acidification and eutrophication impacts as a result of agriculture inputs. Brazil-sourced soybeans 

exaggerate these deleterious effects even more, primarily due to land conversion factors. A sensitivity analysis 

attempts to capture variability in soy polyol inputs and farming models. 

Conclusions drawn from this LCA must be qualified by the large uncertainty due to insufficient manufacturing data 

due to confidentiality issues. Modeling the bio-hybrid product hinged upon an assumption given by Cargill that the 

manufacturing processes are equivalent. Parameter estimation was based largely on existing data for polyols and 

soy production from third-party sources or SimaPro. This lack of primary-source information makes hard-and-fast 

conclusions impossible in this report; a truly fair comparison would require unprecedented levels of transparency 

from industrial companies such as Cargill and Dow Chemical. 
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Introduction 

The objective of this Life Cycle Assessment (LCA) is to determine the environmental impacts between petroleum-

based flexible polyurethane (PU) foam and soy based bio-hybrid foam to be used primarily in furniture 

manufacturing. Bio-hybrid foam has been introduced and marketed as a greener alternative to the current offering 

of products. The intent of this LCA is to determine whether bio-hybrid foam achieves the claim of being a superior 

foam product that has a positive impact on the environment compared to the traditional petroleum-based foam. 

This LCA was commissioned by the Sustainable Furnishings Council (SFC) to provide an independent voice for its 

members on the environmental effects of the home furnishing industry’s products. There have been previous LCAs 

commissioned by producers of soy-based polyols, such as Cargill and Dow Chemical, in which the results indicate 

that the bio-hybrid polyol has less of an environmental impact as compared to the traditional petroleum polyol. In 

our LCA, we attempt to determine if the bio-hybrid foam is in fact a better alternative and to bridge the gap in 

providing information that other LCAs do not disclose. Additionally, we expand the scope one step beyond polyol 

production to foam processing to fully understand soy-based polyol’s impact on bio-hybrid foam. 

As part of the LCA, we will discuss the Life Cycle Inventory (LCI) and Life Cycle Impact Assessment (LCIA). The LCI 

describes the background information and processes on which we base our assumptions. In our LCIA, we used 

SimaPro software as a modeling tool and the Eco Indicator 95 methodology to analyze selected environmental 

impact categories.  

Scope and System Boundary 
The overall process flow for a bio-hybrid foam product is shown in Figure 1 below.  

 

Figure 1: Overall System Boundary 
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We have narrowed the scope of our LCA down to a cradle to gate model (Fig 2 & 3), comparing a conventional 

petroleum based polyurethane foam and a soy based bio-hybrid foam, from extraction of materials to 

manufacturing of blown foam (Fig 2). This system boundary is based on the key assumptions that the conventional 

polyurethane foam and bio-hybrid foam are structurally and functionally equivalent; the lifespan and durability are 

identical; the recyclability is unaffected by incorporation of a soy polyol and the transportation models of the two 

foams are also equivalent. Although other similar LCA’s have ended their analysis at the polyol level, we chose to 

expand the scope up to the production of the foam since this brings the product as close to the furniture 

manufacturing as possible, thus incorporating all of the environmental impacts associated with manufacturing 

foam.  

  
 

Figure 2: System Boundary: Polyurethane Foam 

 

Figure 3: System Boundary: Bio-hybrid Foam 

 

 

 

 

In our LCA, we examine the differences between soybean oil cultivated and produced within the US versus within 

Brazil. Although currently industry leaders report that a majority of soybean oil for bio-polyol production is 

produced within the US, soy cultivation in Brazil is an expanding industry with critical environmental implications 

that will be addressed in this paper.
1
 

The functional unit used in the LCA is one kilogram of blown foam. This is based on the assumption that the PU and 

bio-hybrid foam are structurally and functionally equivalent per unit mass and have equivalent durability and 

lifespans, which is corroborated by industry practice. In our analysis, we use an 80:20 ratio of petroleum polyol to 

soy polyol based on current industry standards. 

Life Cycle Inventory 

Data collection was primarily obtained through SimaPro and industry sources. Three foam products have been 

modeled in SimaPro as outlined below: 

(1) Conventional petroleum-based polyurethane foam. (Herein called “pPU Foam”) 

(2) Soy Based Bio-hybrid Foam (20% soy polyol, 80% petroleum based polyol) with soybean cultivation and 

soy bean oil processing in the US (Herein called “bio-hybrid (US) foam”) 
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(3) Soy Based Bio-hybrid Foam (20% soy polyol, 80% petroleum based polyol); soybean cultivation and soy 

bean oil processing in Brazil. (Herein called “bio-hybrid (BR) foam”) 

Modeling the three products in SimaPro rests on the assumption that the manufacturing process for both the 

polyol and foam are equivalent for PU and bio-hybrid foams. Petroleum-based polyol and foam were included as 

part of the SimaPro database, providing a reasonable baseline for producing alternative products. The soy-based 

polyols took the conventional product inputs and replaced 20% of the fossil fuel feedstock energy with soybean oil. 

Below we discuss the various extraction and material processes required for PU and bio-hybrid foam 

manufacturing, including soy farming and land conversion, soybean oil processing, crude oil extraction and process 

impacts, polyol processing for petroleum and soy, and the foaming process. 

Soy Farming and Land Conversion 
Industrial-scale soy farming is an intensive process requiring significant inputs in terms of energy, fertilizer and 

water use. Farm equipment used for soy production consumes fossil fuel and emits carbon dioxide (CO2) and other 

greenhouse gases directly to the atmosphere. Non-organic soy farming requires extensive use of Phosphorus (P) 

and Nitrogen (N) fertilizers resulting in both CO2 and nitrous oxide (N20) emissions, a greenhouse gas that has 298 

times the impact of CO2 for global warming potential. The SimaPro model of soybean farming includes the use of 

diesel, machines, fertilizers and pesticides in the cultivation of soybeans and the resulting emissions to air, water 

and soil as a result of these activities. The emissions to air and water associated with land transformation are also 

included in the model for soy farming in Brazil. Major inputs included in the SimaPro LCA model are listed in Tables 

1 and 2. 

Table 1: Fertilizer Inputs in SimaPro Model 

Fertilizer Inputs  
(per 1kg Bio-hybrid Foam – 20% soy polyol) 

Soy Farming: US 

Inputs (g) 

Soy Farming: Brazil 

Inputs (g) 

Nitrogen (Urea, Ammonium Nitrate, Ammonia) 0.2104 0.0655 

Phosphorus (Diammonium Phosphate P2O5, Superphosphates, 

Phosphate Rock) 

0.6803 1.2454 

Potash Fertilizer 1.0373 1.3109 

Quick Lime 0.9283 - 

 

Table 2: Energy Inputs in SimaPro Model 

Energy Inputs 
(per 1kg Bio-hybrid Foam – 20% soy polyol) 

Soy Farming: US 

Inputs (g) 

Soy Farming: Brazil 

Inputs (g) 

Tillage, plowing 0.2699 0.31664 

Tillage, harrowing, by spring tine harrow 0.1468 0.17222 

Application of plant protection products, by field sprayer 0.0498 0.05843 

Fertilizing, by broadcaster 0.0314 0.03691 

Sowing 0.0865 0.10149 

Combine harvesting 0.3931 0.46119 

TOTAL 0.9778 1.14689 

The SimaPro model includes additional energy inputs for transportation. 
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The disturbance of soil, such as with the plowing of agricultural fields, produces CO2 when the turning of the soil 

stimulates microbes to degrade organic material in the soil. Disturbance of organic matter in soil during land 

conversion is an additional factor which produces significant amounts of CO2 when the biomass carbon stored in 

the soil is released. The SimaPro model used for soy farming includes factors for land transformation shown in 

Table 3. 

Table 3: Land Transformation Classifications in SimaPro 

Land Classification 
(per 1kg Bio-hybrid Foam – 20% soy polyol) 

Soy Farming: US (m
2
) Soy Farming: Brazil (m

2
) 

Transformation, from arable, non-irrigated 0.4209 0.4185 

Transformation, from forest, intensive, clear cutting - 0.0069 

Transformation, from shrub land, sclerophyllous - 0.0115 

Transformation, to arable, non-irrigated 0.4209 0.4369 

Carbon, in organic matter, in soil - 0.0085 (kg) 

 

As can be seen from the table, the SimaPro model for soy farming in Brazil includes additional factors for land 

transformation as compared to the US soy farming model. Rapid and large scale land conversion due to agricultural 

expansion has taken place in the Brazil since the early 1970’s. Most soybean agriculture in Brazil currently takes 

place in the cerrado – savanna areas of central Brazil ranging from woodlands to scrub and grasslands, an often 

underappreciated region that supports a high level of biodiversity and plays a significant role in the global carbon 

cycle.
 2

 Soy farming has also been indirectly linked with contributing to deforestation of the Amazon rainforest by 

displacing cattle ranchers who are then pushed further into the Amazon area.
3
 

Carbon sequestration during the soy plant production is considered to decrease the CO2 emissions associated with 

soy production. Although not specifically stated in SimaPro, it is assumed that the rate of sequestration is factored 

in based on the specific allocation percentages for soybean oil and meal. Thus, the total amount of carbon 

assumed to be sequestered is limited to only the mass associated with the soy oil that is required to produce the 

polyol.  

Soybean Oil Processing 
Soybean oil processing first involves drying, mechanical cracking and dehulling of the beans. Typically, the 

soybeans are then cut into flakes and immerged with a solvent, normally hexane. The soybean oil is then separated 

and further purified, typically by the addition of phosphoric acid as a degumming agent. A centrifuge is then used 

to separate any remaining solids from the raw degummed soy oil.
4
 By-products of soy oil processing are soy hulls, 

which are typically incinerated on site to produce steam and electricity to power the processing plant. The co-

product is soy meal (from the residual press cake after oil extraction), which is typically used as animal feed. 

The SimaPro analysis used to model soy oil processing includes the transport of the soybeans to the mill and the 

processing of soybeans to soybean oil and meal. Factors for electricity in the US as compared to Brazil are included 

in the respective processes. The SimaPro model allocates inputs, outputs and emissions to the soybean oil as 

compared to the soy meal (Table 4). 
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Table 4: SimaPro Model Allocations 

 Oil - 

Allocation % 

Meal – 

Allocation % 

Allocation Basis 

Soybean Oil (USA) 34.5% 65.5% Economic allocation. Allocation is done according to 

carbon balance for CO2 emissions. 

Soybean Oil (Brazil) 40.7% 59.3% Economic allocation. Allocation is done according to 

carbon balance for CO2 emissions. 

 

Crude Oil Extraction and Process Impacts 
Crude oil is a hydrocarbon that exists naturally in the Earth’s crust; its composition varies by percentage of carbon, 

hydrogen, oxygen, nitrogen, and sulphur.  The oil must be removed from reservoirs that permeate rock formations 

below the surface.  This is a very energy intensive process as it requires heavy machinery operating systems well 

above atmospheric pressure
5
.   

Oil reserves are under capped pressure until tapped, and this pressure allows for primary recovery at the initial 

phase without much energy input.  The primary recovery eventually drops the reservoir’s pressure to a point 

where water must be pumped in to continue the upward flow of oil.  This injection of water is called secondary 

recovery, and involves significant water use and energy input.  The crude oil that comes to the surface is heavily 

saturated with water, and must have a demulsifier added to separate the liquids.  After recovery and separation, 

the oil must be transported to a refinery.  The refining process has many energy inputs and emissions, the two 

largest volumes are CO2 a greenhouse gas and NMHC (non-methane hydrocarbons) a tropospheric ozone creator
6
.  

The refined oil is then ready for transformation into petroleum polyol.  

Polyol Process 
Petroleum-Based 

Polyol is a key component of polyurethane foams.  Polyols are any molecule (either small molecule or polymer) 

containing more than one hydroxyl group (-OH).  They are conventionally formed from a petroleum-based 

chemical.  For example, the most common method is through the catalytic polymerization of ethylene oxides 

(derived from ethylene, a product of petroleum cracking) into poly(ethylene glycol).  To support the polyol 

production process, additional raw materials are included (Fig 2).  Glycerine, for example, serves as an initiator for 

the polymerization reaction
7
.  In SimaPro, the entirety of the polyol production process has been previously 

modeled. 
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Figure 4: Inputs to petrochemical polyol production

8
 

Bio-Based 

A renewable alternative is using a naturally-derived polyol, also known as natural oil polyol (NOP) or biopolyol (Fig 

3).  NOPs are derived from vegetable-based oils (triglycerides) such as castor oil or soybean oil.  Castor oil was a 

popular natural source of polyol as it does naturally have -OH groups, but it is relatively expensive and not 

produced domestically in many industrialized countries.
8
 Therefore, companies such as Cargill and Dow have 

focused on using soybean oil.   

Because the triglycerides in soybean oil do not have multiple -OH groups, they must be synthetically added to the 

molecule.  This can be accomplished in a variety of chemical treatments.  One example is forming an epoxide 

within the triglyceride, which can be opened using an acid.   

In the early iterations of NOPs, consumers complained of a “French fry” smell coming from bio-hybrid foams.  The 

smell arose from the NOPs because they will oxidize in air, eventually releasing smaller aromatic molecules.  With 

new technologies, Dow Chemical claims this is no longer a concern
9
. 

Method 1 “Soy Polyol” SimaPro Model 

Lacking the proprietary manufacturing data needed for a more accurate model, various assumptions of both inputs 

and outputs had to be made (the impact of these assumptions is discussed later).  The model began with the 

petroleum-based polyol process in SimaPro.   From PlasticsEurope data on polyol production (Table 5, See 

Appendix A for data), feedstock inputs were subtracted from the SimaPro process and replaced with soybean oil 

inputs.  Therefore, 0.424kg of soybean oil was added as an input. 
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Figure 5: Dow Chemical’s inputs to soy polyol production
10

 

Table 5: Polyol Production Feedstock Inputs for 1kg of Polyol 

Fuel Type Feedstock 

energy (MJ) 

Feedstock 

energy (kg) 

Coal 0.01 0.0004 

Oil 19.19 0.424 

Gas 16.05 0.371 

  

This method simplifies the differences between the processes shown in Figures 2 and 3.  Additionally, output 

emissions from the petroleum-based polyol production process were not altered in the soy-based case due to lack 

of information.  However, because the emissions from the soy polyol production are actually a small portion of 

overall emissions, variation from this assumption do not change the overall conclusions, as discussed in the 

sensitivity analysis section. 

Foaming Process 
A polyurethane can be any polymer (a long chain of repeated monomers) whose monomers (the molecule unit 

that is repeated to form the polymer) are joined by a urethane (-NH(C=O)O-) group.  The urethane bond is formed 

by reacting a monomer which has two isocyanate groups (-N=C=O) (called a polyisocyanate) with a second 

monomer that has at least two alcohol groups (-OH) also called a "polyol" or "diol" (if there are only 2 -OH 

groups)
12

.  The most common polyisocyanate used is toluene diisocyanate (TDI), used in 90% of PU foams
7
. 

PU foam is formed using reactive foaming techniques.  Polyol and TDI react to form the urethane bonds, which 

provide the structural integrity of the foams.  TDI reacts with water and releases CO2 as a blowing agent.  The CO2 

gas expands and creates the voids that form the flexible foam structure seen in cushioning.  PU foaming is a 

sensitive process and varying content ratios will alter the foam properties
7
.  When replacing a fraction of polyol 

with an NOP, we assumed a one-to-one replacement by weight since the NOP would be processed to have similar 

functionality (number of reactive –OH groups) to petro-based polyol
13

. 
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End of Use Recycling 
The United States end-use market consumes 11,977 kg of polyurethane foam per year, so there is a huge potential 

to recycle or reuse this material.
14

 Unfortunately, the foam is often found in very limited quantities in end products 

such as furniture, clothing, and packaging.  This makes recycling labor intensive and costly.  Foam that is recovered 

can be mechanically or chemically recycled.   

The mechanical recycling process involves shredding and separation into preferred particle sizes.  A major 

environmental concern of this process is the burning of the particles (fabrics, metals, non-PU plastics, etc.) that are 

rejected from the shredding process.  These shredded pieces can be used in a variety of products such as carpet 

padding, sound dampening materials, automotive housings and covers.
15

 

Chemical recycling must first pass through the most refined mechanical shredding and separation techniques to 

get pure foam particles.  This pure foam is then subjected to either a hydrolysis or glycolysis process.  Hydrolysis 

(reaction with water) is capable of turning used polyurethane foam into polyols and amines.  Glycolysis (Fig 4) adds 

scrap foam to glycols and sodium hydroxide, then heats the mixture and filters the product to form polyol 

initiators.   

 

Figure 6: Glycolysis process during chemical recycling
13

 

Biofoams can be mechanically shredded and recycled the same way that traditional foams are today.  However, 

the chemical recycling process for biofoam remains untested.  An additional point is that while the soy polyol is 

biodegradable and non-toxic, the resulting PU foam is not biodegradable due to the chemical processing.
16

  

Life Cycle Impact Assessment 

SimaPro software was used as a modeling tool with the Eco Indicator 95 methodology chosen to analyze 

environmental impact categories. The network diagrams generated from SimaPro highlight the similarities and 

differences of the three PU foams being compared (Figs 5,6,7).  Figures 8 and 9 show an overview of our results.  

The significant impact categories are further discussed below. 

Figures 10 and 11 show the characterized and normalized impacts of the different products over all categories. The 

bio-hybrid (US) foam has less of an environmental impact than the pPU foam in the Greenhouse and Energy 

Resources impact categories.  The pPU foam has less of an environmental impact in the Ozone Layer, Acidification, 

Eutrophication and Carcinogens impact categories. The bio-hybrid (BR) foam has more of an environmental impact 

in all categories (other than Energy Resources) due to the environmental implications of land transformation. Only 

the Greenhouse, Eutrophication, Acidification, and Energy Resources categories will be discussed as they illustrate 

the most important differences among the products. 
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Figure 7: pPU Foam – Network Process 

 

Figure 8: 20% Bio-hybrid Foam, US 
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Figure 9: 20% Bio-hybrid Foam, Brazil 

 

  
Figure 10: Comparison of Impact Categories, Characterization 

 

Figure 11: Comparison of Impact Categories, Normalization 
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Greenhouse Gases 
Greenhouse gases are those gases which absorb thermal radiation and re-emit the radiation in all directions.  As a 

result of human activity, there has been a steady increase of greenhouse gases in the atmosphere (primarily CO2).  

The subsequent warming has negative repercussions on sensitive ecosystems, weather patterns, and more.  The 

greenhouse gases are measured in units of global warming potential (GWP) respective to CO2 over a specified time 

horizon.
 17

  

The bio-hybrid (US) foam has the least amount of impact in terms of greenhouse gas emissions as compared to 

either the pPU foam or the bio-hybrid (BR) foam (Fig 10). The bio-hybrid (BR) foam has a higher impact due to the 

increased greenhouse gas emissions associated with land transformation factors included in the SimaPro soy 

cultivation model for Brazil.  Although the SimaPro models for both the US and Brazilian soy bean cultivation 

consider a decreased greenhouse gas impact due to carbon sequestration (with relative allocations for the soy oil 

and soy meal), the sequestration for the Brazilian based foam does not make a significant enough impact to result 

in better performance as compared to the petroleum based polyol. Other sources of greenhouse gas emissions for 

the two bio-hybrid foams are energy inputs into the soy cultivation process (i.e. diesel emissions from farming 

equipment). 

Eutrophication 
Eutrophication is the over-fertilization of surface bodies of water with nutrients (specifically nitrogen and 

phosphorous) that were previously not present or scarce.  The influx of new nutrients changes the environment to 

provide niches for new organisms that affect the local ecosystem.  Such effects include poisoning of the native 

aquatic life or reduction of biodiversity as well production of toxic chemicals that prevent use of the water for 

consumption, industry, agriculture, or recreation.
18,19,20

   

The pPU foam has the least impact in terms of eutrophication potential as compared to the soy based bio-hybrid 

foams (Fig 12). The increased eutrophication potential for both of the bio-hybrid foams is due to the use of 

nitrogen and phosphorus fertilizers during soy cultivation. Excess fertilizer that is not broken down by bacteria and 

consumed by the soy plants is leached into the groundwater and eventually ends up in surface water bodies 

leading to abnormal fertilization, increased aquatic growth and eutrophication. The bio-hybrid (BR) foam has a 

slightly higher eutrophication potential as compared to the bio-hybrid (US) foam due to the additional factors for 

land transformation in the model. This increased eutrophication is most likely not a result of the land 

transformation itself, but rather of the reduced ability of forest ecosystems to uptake and absorb nutrients, 

leading to an increase in nutrients leaching into the groundwater and eventually to surface bodies of water. 

Acidification 
Acidification is the increase in the acidity of a water or soil environment. The effect of this change in pH is similar 

to eutrophication, where the environment is changed and native species, including plants and animals, are 

farmed.
21,22,23

 The pPU foam has the least impact through acidification (Fig 13). The primary cause for higher 

acidification levels in the soy-based foams comes from farming processes. Soybean cultivation, which relies heavily 

on machinery, produces higher SOx emissions. 

Energy Resources 

The pPU foam has the greatest amount of impact in terms of energy resources as compared to either of the bio-

hybrid foams (Fig 15). This is due to the fact that the polyol is fully petroleum based, while the bio-hybrid foams 

are made from polyols consisting of 80% petroleum based polyols and 20% soy oil based polyols.
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Figure 12: Greenhouse impacts by process Figure 13: Eutrophication impacts by process 

 
Figure 14: Acidification impacts by process Figure 15: Energy resources impact by process 
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Life Cycle Economic Analysis 
Understanding the economic costs of product alternatives can shed light on why one is favored over another. In 

the case of foam, the prices for pPU and soy based polyols are equivalent despite cost differentials in the raw 

materials.
 28

 Given the complexity of subsidies and cost drivers for commodities like crude oil and soy, it is difficult 

to pinpoint the reason that the two polyols are equivalent in price. The costs for production are comparable for 

the soy-based and polyurethane formulations.  

Based on market research, soy-based foam products are typically marked up 11% over equivalent traditional foam 

products. This markup most likely comes from the additional marketing costs and reduced market share for these 

nominally eco-friendly products. This analysis shows that there are currently no economic drivers for the foam 

products. Future fluctuations in price for raw materials (particularly crude oil) will likely change the situation within 

twenty years.
29

 

Sensitivity Analysis  
There were various assumptions made in the creation of this LCA.  The assumptions with the greatest uncertainty 

are discussed here and include assumptions in developing the soy polyol model in SimaPro and the variability of 

soybean farming models.   

A summary of the impacts of each of these categories is shown below.  Greenhouse gas emissions were used for 

the case where bio-hybrid foams are better than conventional foam (Fig 16, values in Appendix C), and 

eutrophication was used for the case where bio-hybrid foams are much worse than conventional foam (Fig 17, 

values in Appendix C). 

Additionally, the effect of increasing or decreasing the percentage of soy polyol incorporation (o% through 100%) 

is also included since the goal of current bio-hybrid foam manufacturers is to continue to increase the amount of 

NOPs used.  In Fig 16, the minimum value of greenhouse gas emissions in this category is due to the 100% soy 

polyol case, while the maximum value is due to 0% soy polyol content (pPU foam).  Increasing soy polyol content 

to 100% would further reduce greenhouse gas emissions 10%.  In Fig 17, these are reversed, since bio-hybrid foam 

has a larger impact in eutrophication than pPU foam.  In terms of eutrophication, increasing soy polyol content to 

100% would lead to 32% more eutrophication effects. 

Variations of +/- 10% of the two major inputs of pPU foams were also included to show the sensitivity of the 

impact categories.  TDI and polyols make up 70% by weight of pPU foam inputs.  Though 20% variations are often 

more common in sensitivity analyses, in actuality, TDI and polyol content would remain relatively consistent due to 

the strict foaming reaction requirements.  Because soybean farming has much more impact on eutrophication than 

greenhouse gas emissions, eutrophication is more sensitive to variations in polyol content than TDI, whereas the 

variation is similar for greenhouse gas emissions. 

In general, both greenhouse gas emissions and eutrophication indicate that the results are sensitive to the error in 

our assumptions as well as natural variation in input quantities.  Therefore, it is important that more accurate data 

be acquired to lead to a less sensitive result. 

Soy Farming Model 
Previous LCAs on polyols noted significant changes depending on the farming model applied

8
.  In particular, Helling 

and Russell noted a 45.2% variation in greenhouse gas emissions when applying a 20% variation to the National 
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Institute of Standards and Technology (NIST) model.  Additionally, very different results were seen when 

comparing the NIST model to another model developed by the National Renewable Energy Laboratory (NREL) for a 

biodiesel LCI (Fig 18).   The PlasticsEurope data refers to the petroleum-based polyol.   

 

 

Figure 17: Sensitivity analysis of greenhouse gas emissions 

 

 

Figure 18: Sensitivity analysis of eutrophication impact 
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As stated previously, in our soy polyol model, there is an inherent overcounting in our assumptions which accounts 

for the large difference between our values for soy polyol emissions (2.544 kg CO2 eq) and those of NIST and NREL 

(1.2 and 0.05 kg CO2 eq, respectively).  The difference in NIST and NREL is due to the omission of N2O field 

emissions from the NREL model.  NREL considered the N2O field emissions data to be unreliable and 

indistinguishable from non-farmed lands.  Still, because soy polyol (and thus soybean farming) is currently just a 

small component of bio-hybrid foam, the impact of farming model choice is on the same order as basic variations 

in amount of polyol or TDI content (Fig 16 and 17).   

Data for differences on eutrophication were not provided, though were implied to be similar, so were not 

included.  Instead, a +/- 20% variation was applied and showed similar sensitivity to polyol and TDI (Fig 17). 

 

Figure 19: Impact of soy farming model on greenhouse gas emissions of polyols
30

 

Soy Polyol Modeling 
Method 2 “Soy Polyol Glycerine”   

To be more accurate with the differences in the petroleum-based and soy-based polyol production processes, the 

Soy Polyol Glycerine method was created.  General changes that should be made to the petroleum-based polyol 

process to reach a soy-polyol process in SimaPro were categorized by comparing Figures 2 and 3.  Values for these 

changes were determined by approximating values in each material category in Figure 19 and comparing them to 

PlasticsEurope data.  Specific changes are outlined in Table 7.  Values for inorganics, carbon monoxide and 

hydrogen were unable to be determined so were left unchanged.  To determine values for methanol inputs, the 

“glycerine production from soybean oil” process was added which includes soybean oil production and fatty acid 

methyl ester production. Small amounts of carbon monoxide are also produced as a byproduct in glycerine 

production.  Because the glycerine production would occur in the same plant as the polyol production, the 

“glycerine plant” was removed from the glycerine production process.   

In this method, fossil feedstocks are not completely eliminated (due to a small level of ethylene oxide use) so the 

emissions will be slightly higher than Method 1.  This method is used as the maximum value of greenhouse gas 

emissions possible for the soy polyol production process (Figure 20). 
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Table 6: SimaPro modeling for Soy Polyol Glycerine 

Unit Process Action PlasticsEurope 

Material Category 

SimaPro 

Petro- Value 

SimaPro Soy 

Value 

Ethylene Oxide Production (Fossil 

Feedstocks) 

Reduce by 

75% 

Oil 

Natural Gas 

0.424 kg 

0.371 m^3 

0.106 kg 

0.093 m^3 

Sodium Chloride  Remove Sodium Chloride 1.9 kg 0 kg 

Sugar/Sucrose Production 

Animal Fat Production 

Remove Biomass 3.707 MJ 0 MJ 

Methanol/ Methyl Esther/ 

Soybean Oil Production (SimaPro: 

Glycerine Production from 

Soybean Oil) 

Add 0.7 kg 

soybean oil 

N/A 0 kg 0.784 kg 

(scaled up to 

achieve 0.7 kg 

SBO input) 

 

Figure 20: Raw material unit ratios for petroleum-based polyol (PlasticsEurope) and soy-based polyol (NREL)
31

 

Method 3 “Soy Polyol Bottom Up” 

Because method 1 and 2 must have some level of overcounting of emissions since emissions from new materials 

were added to the polyol process, but emissions of removed materials were not removed, a third method was 

created.  This method puts together ethylene oxide production from ethylene (0.2 kg ethylene oxide) and glycerine 

production from soybean oil (0.784 kg glycerine) to form the soy polyol process.  This method undercounts 

emissions as only 70% of the mass inputs are accounted for and does not include emissions in the monomer 

production process.  This method serves to depict the minimum greenhouse gas emission values possible in the 

soy polyol production process. 

As shown in Figure 20, these methods result in very different results when compared to each other.  For instance, 

it becomes clearer what emissions are primarily the result of the final stages of polyol production, which are not 

captured in Model 3.  These include greenhouse gas emissions, heavy metals, acidification, smog, and some of the 

energy resources.  In contrast, the glycerine production contributes strongly to greater effects on ozone layer 

depletion and carcinogens.  When extending the impact to the foam level however, the sensitivity to polyol 

method is on the order of variations in polyol content itself. 
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Figure 21: Comparison of impact categories, Characterization 

Key Impact Drivers 
The source for soybeans plays an important role in the overall environmental impact of the bio-hybrid foam 

product. The Brazil-sourced bio-hybrid foam shows the highest impact in almost all categories, due to the effects 

of land transformation in a critical ecological area. This variety of bio-hybrid product unquestionably contributes to 

greater environmental damage. Therefore, it is important that consumers and manufacturers pay close attention 

to where and how the soy is cultivated when comparing the environmental benefits of the bio-hybrid foams.  

The political and social climate may also impact the decision. Concerns over greenhouse gas emissions and energy 

security are both hot-button issues. These issues raise the appeal of bio-hybrid foam through its incorporation of 

renewable feedstocks. New regulations on greenhouse gas emissions will tip the scales toward bio-hybrid foam 

products. However, the rebound effect from increased acidification and eutrophication could produce long-range 

damaging effects on regional ecosystems. 

Regulations on soybean cultivation will become increasingly important if demand within the furnishings industry 

exceeds US capacity; the SimaPro analysis of Brazil soy production assumes no rainforest deforestation, which is 

still a pressing issue in the country. The indirect link between soy cultivation and deforestation raises a reasonable 

concern. It is impossible to causally demonstrate that soy demand from bio-hybrid products would lead to 

rainforest deforestation, though the possibility is real. Regulations on and certification for Brazil soybeans would 

be an important future consideration to limit the agriculture inputs for bio-hybrid products. 

Future commodity prices will place a crucial role in the overall system. Many crude oil forecasts predict prices 

upwards of $186 per barrel by 2030. Considering the well-documented dwindling oil supply and concerns over 

peak oil, energy resources will likely factor a larger role in future comparisons. 
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Conclusions & Recommendations 
The results as demonstrated through the SimaPro analysis offer a mixed message. The pPU and bio-hybrid foam 

products generate an approximately equivalent environmental impact (overall difference in impact of 1.2%). Bio-

hybrid foam offers an advantage in greenhouse gas and energy reduction, but contributes more to acidification 

and eutrophication. Each product has unique tradeoffs; it is therefore difficult to identify one product as “better” 

than the other.  The decision to use one over the other will be dependent on which impacts are more important to 

the consumer or manufacturer at that time.   

Both pPU and bio-hybrid foams require reductions in environmental impacts to be more sustainable. Several areas 

for improvement can be pursued.  Post-consumer scrap recycling rates currently lag behind industrial percentages; 

implementation of municipal programs for recycling of pPU foam would improve recycling rates.
33

 Less impactful 

blowing agents and foaming techniques should be investigated to reduce the impact of pPU foam.
34

  Increasing the 

soy polyol content would further reduce greenhouse gas emissions from bio-hybrid foams – albeit simultaneously 

increasing eutrophication and acidification.  Soy bio-hybrid foam should be compared to latex foam and castor oil 

bio-hybrid foams to evaluate the potential for better alternative bio-hybrid foams; these materials were displaced 

by polyurethane and soy for various reasons, but further analysis could yield more insight into the validity of these 

decisions.   

Future third-party LCAs should strive to obtain accurate manufacturing data of soy polyols in particular, given the 

sensitivity in results generated from this uncertainty. Parameter estimation was based largely on existing data for 

polyols and soy production from third-party sources or SimaPro. A fair comparison would require more primary-

source information, given the small margin in advantages offered by each product.  

This LCA reveals the complexity and challenges of developing sustainable products on an industrial level.  Contrary 

to popular belief, replacing petroleum based feedstock with renewable alternatives will not necessarily translate to 

a more sustainable product, given the strain it places on less discussed – albeit still critical – aspects of the 

environment. 
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Appendix A: Calculation of Soy Polyol Inputs 

 
Conversion Factors and Physical Constants 

1055 MJ = 1 million BTU 

138 million BTU = 1000 gallons crude oil (Franklin Associates) 

264.2 gal = cubic meter 

850 kg crude oil = cubic meter crude oil (averaged data from http://www.simetric.co.uk/si_liquids.htm) 

1.16 million BTU = 1000 cubic ft natural gas (Franklin Associates) 

35.32 cubic ft = cubic meter 

PlasticsEurope Data for Production of 1 kg Polyol 

PRIMARY FUELS & 
FEEDSTOCKS 

Fuel type 
Fuel 

prod'n 
Energy 
content Fuel use Feedstock Total 

  & delivery of delivered in energy energy 

  energy fuel transport     

  (MJ) (MJ) (MJ) (MJ) (MJ) 

Coal 4.25 3.72 0.11 0.01 8.10 

Oil 1.18 15.36 0.46 19.19 36.18 

Gas 2.92 18.35 0.10 16.05 37.41 

Hydro 0.35 0.20 <0.01 - 0.56 

Nuclear 4.60 2.14 0.07 - 6.81 

Lignite 0.13 0.30 <0.01 - 0.44 

Wood <0.01 <0.01 <0.01 0.01 0.01 

Sulphur <0.01 <0.01 <0.01 0.02 0.02 

Biomass (solid) 0.49 1.09 <0.01 <0.01 1.58 

Hydrogen <0.01 0.72 <0.01 - 0.72 

Recovered energy <0.01 0.91 <0.01 - 0.91 

Unspecified <0.01 <0.01 <0.01 - <0.01 

Peat <0.01 <0.01 <0.01 - <0.01 

Geothermal 0.03 0.01 <0.01 - 0.04 

Solar <0.01 <0.01 <0.01 - <0.01 

Wave/tidal <0.01 <0.01 <0.01 - <0.01 

Biomass (liquid/gas) 0.04 0.01 <0.01 - 0.06 

Industrial waste 0.07 0.03 <0.01 - 0.10 

Municipal Waste 0.10 0.05 <0.01 - 0.15 

Wind 0.04 0.02 <0.01 - 0.06 

Totals 14.20 42.92 0.76 35.27 93.15 

 

 

 

 

RAW MATERIALS 
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Raw material 
Input in 

mg 

Air 310000 

Animal matter <1 

Barytes 480 

Bauxite 1600 

Bentonite 89 

Biomass (including water) 190000 

Calcium sulphate (CaSO4) 9 

Chalk (CaCO3) <1 

Clay 5 

Cr 9 

Cu <1 

Dolomite 430 

Fe 1400 

Feldspar 770 

Ferromanganese 1 

Fluorspar 29 

Granite <1 

Gravel 5 

Hg 2 

Limestone (CaCO3) 550000 

Mg <1 

N2 110000 

Ni <1 

O2 120000 

Olivine 13 

Pb 3 

Phosphate as P2O5 2500 

Potassium chloride (KCl) 13000 

Quartz (SiO2) <1 

Rutile <1 

S (bonded) <1 

S (elemental) 2100 

Sand (SiO2) 2300 

Shale 25 

Sodium chloride (NaCl) 2000000 

Sodium nitrate (NaNO3) <1 

Talc <1 

Unspecified <1 

Zn 1 
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Appendix B: Additional SimaPro Generated Figures 
 

 

Figure 22: Comparison of Products by Single Score 

 

Figure 23: Carcinogen impacts by process contribution 
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Figure 24: Ozone impact by process contribution 
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Appendix C: Sensitivity Analysis Values and Calculations 
 

Table 7: Sensitivity analysis for GHG 

Unit of Measure: Greenhouse Gas Emissions per kg polyurethane foam 

Base: 4.287252 (using method 1) 

Indep Variable Min Max Delta Min Max 

Percentage of Soy Polyol 3.867402 4.392583 0.52518 10% 2% 

Total Polyol Content (+/- 10%) 4.06385 4.510654 0.446804 5% 5% 

Soy Polyol Method 3.920808 4.341487 0.420679 9% 1% 

Farming Model 3.93061 4.287252 0.356642 8% 0% 

Toluene Diisocyante (+/- 10%) 4.124527 4.449977 0.325449 4% 4% 

 

Addt'l Values from SimaPro kg CO2 eq Weight 

Soy Polyol Contribution 2.5444 0.143 

TDI Contribution 1.627246   

Petro-Polyol Contribution 3.281 0.57 

Total Polyol Contribution 2.23402   

 

Table 8: Sensitivity analysis for eutrophication 

Unit of Measure: Eutrophication (kg PO4) per kg polyurethane foam 

Base: 0.005204 (using method 1) 

Independent Variable Min Max Delta Min Max 

Percentage of Soy Polyol 0.00444 0.006861 0.002421 15% 32% 

Total Polyol Content (+/- 10%) 0.004825 0.005583 0.000759 7% 7% 

Soy Polyol Method (US) 0.004926 0.005521 0.000595 5% 6% 

Farming Model (+/- 20%) 0.005053 0.005355 0.000303 3% 3% 

Toluene Diisocyante (+/- 10%) 0.005085 0.005323 0.000238 2% 2% 

 

Addt'l Values from SimaPro kg PO4 eq Weight 

Soy Polyol Contribution 0.00959 0.143 

TDI Contribution 0.00119   

Petro-Polyol Contribution 0.00425 0.57 

Total Polyol Contribution 0.003794   
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