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Abstract
Polylactic acid (PLA) is a compostable polymer that is produced by Cargill Dow. Cargill utilizes the tool of life cycle assessment to measure the environmental sustainability of the biobased production of PLA.  The environmental life cycle assessment is compared to the LCA studies of the petrochemical based polymers: Nylon 6 and polyethylene terephthalate (PET). The important key factors associated with the LCA studies for comparison of the biobased process to the petrochemical processes is the energy requirements and the Global Climate Change associated with each process. The environmental footprints of the three different processes are compared and the sustainability of the biobased process is analyzed. An important result of these comparisons is how the biobased process has the possibility of reducing greenhouse gas emissions and the dependence on nonrenewable resources.
1. Introduction

Sustainable development is recognized to be essential for the growth of the economy and industrial productivity (DOE, 1995). Global petroleum reserves are finite, so there is need for an additional new source of durable materials. The only known renewable resource of carbon is biomass.  Renewable materials from crops can provide many of the same chemical building blocks as petrochemical feedstocks (DOE, 1995). Bozell (1993) lists many of the many advantages for of integrating renewable feedstocks into the nation’s chemical production stream:

· Substituting renewable feedstocks for petroleum – based chemical intermediates could potentially lower crude oil demand, thus limiting economic downturns in the chemical industry due to oil price volatility

· Using biomass feedstocks can expand the options of the chemicals industry by increasing feedstock flexibility and by broadening the spectrum of potential chemical products.

· Because imports are reduced as biomass is substituted for fossil resources, the balance of payments deficit also decreases.

· Producing biobased chemicals may provide an acceptable answer to the current problems that the petroleum-based chemicals industry faces in terms of generating hazardous waster and responding to public and political pressure to protect the environment.

· Carbon dioxide is recycled when new biomass is grown to replace that harvested for producing chemicals, and there is not a significant contribution to carbon dioxide accumulation in the atmosphere.

· Advances in metabolic engineering, bioprocessing, and separations technologies currently provide an unprecedented opportunity to overcome the key technical and economic hurdles limiting industrial applications.

A new market demand can be created for biobased products based on the life cycle value and by identifying the needs of the consumer to drive the design of bioproducts. The U.S. Department of Energy states in their Biobased Products and Bioenergy Roadmap, “The returns to our nation will be great because of the enhanced energy security and environmental quality, stronger economics, and the new employment opportunities that biobased production technologies will offer to the global markets. Along with the policy framework and the federal government the market barriers to biomass and the benefits of biobased products will also contribute to the global economy” (DOE, 1995).

In contrast to the Department of Energy’s forecast, Gerngross judgmentally states, “The benefits of biobased processes have not been critically weighed against an overall inventory of materials and energy required to generate a given product” (Gerngross, 1999). In order to identify and maximize the advantages that may result from integrating renewable raw materials into the chemical production stream or if replacing conventional plastics with biodegradable polymers, the biobased processes need to be analyzed by process modeling. Currently, the one major commercial biobased projects of interest to assess these questions about the validity of bioprocesses and renewable feedstocks is the production of Lactic acid from glucose. By performing material and energy balances on these two processes and using that information to perform life cycle assessments one will can account for the environmental impacts associated with the bioproduction of these two products.  

1.1. Sustainability

Sustained economic growth depends on having a secure amount and sufficient source of raw materials. Since there are changes in consumer demands and rapid world growth, there is a need to find renewable resources for industrial production and energy needs. The use of crop- based resources can provide economical solutions that will meet the needs of the global economy.

The U.S. has a significant quantity of biomass resources such as forestry, rangeland, and the agricultural system (Patel, 2001). Corn is the leading U.S. crop in terms of acreage and production value. In the year 2000, the total corn production in the U.S. was approximately 215 billion tons.  In 2001 and 2002, the total crop production was lower than the production in 2000. The production totals were roughly 205 billion tons and 194 billion tons respectively (Cook, 2001). As the corn yield increases, the energy usage for producing it decreases; therefore, making corn as a feedstock more lucrative. Figure 1 shows the life cycle from corn to biodegradable product. The corn stover grain is milled into starch. The starch is then saccharified into glucose. The sugar ferments and then the product undergoes several separation steps until the final product purity is achieved and extracted. In the case of biopolymers the purified fermentation product is generally a monomer that is further processed, for example to increase optical purity.  The monomer may then be polymerized or combined with other chemicals to produce a final product with desired physical properties.  The polymer is then molded into the consumer product. Once the lifetime of the product has expired it is disposed. Depending on the processing sequence, biobased polymers may or may not be biodegradable.  A biodegradable product releases carbon dioxide and water vapor into the air while also undergoing biological decomposition. Growing biomass during photosynthesis may subsequently absorb the released carbon dioxide. The focus of the analyses of lactic acid is from growing of the corn to the final Polylactic acid product.   Within that section of the life cycle involves fermentation of glucose to the desired intermediate product.
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Figure 1: Life cycle of a biodegradable product made from renewable raw materials
Fermentation processes offer several advantages to over industrial processes involving biobased for producing polymer intermediates and polymer products. They involve aqueous processing environments, non-toxic waste and the use of renewable, nonfossil feedstocks (Gerngross, 1999). Microbial polymer intermediates made entirely from glucose in a fermentation process possess favorable material properties and are biodegradable. 
1.3. Life - Cycle Assessment

Environmental life-cycle assessment (LCA) analyzes and assesses the environmental impacts of a system related to production, use, and disposal of a product or service. The four phases of LCA are shown by in Figure 2. The first phase depicts defining the Goal and Scope of the assessment. It is defined as the purpose and extent of the study. It also contains the description of the study. An important part of the goal and scope is the functional unit. The functional unit of a product or service delivered serves as the basis for comparison with different systems. Inventory analysis consists of data collection and analysis. Emissions, land use, and resource use are examples of data collection items. The data collected is connected to each process and is accompanied by a process flow diagram. The third phase, impact assessment, evaluates the significance of the environmental interventions contained in a life – cycle inventory. An inventory contains a list of all emissions and the purpose of impact assessment is to determine the relative importance of each inventory item. This assessment identifies those processes that contribute to the overall impact. The fourth phase, interpretation, evaluates the study to make recommendations and conclusions.


[image: image2.emf]Goal and

Scope

Inventory

Anaylsis

Impact

Assessment

Interpretation


Figure 2: LCA Framework

The LCA framework has been applied to the biobased production of PLA. Cargill Dow has used this tool extensively in their production of PLA and compared its processing energy and environmental impacts to that of producing other polymers from fossil fuels.
2.  Polylactic Acid

Polylactic acid is an aliphatic compostable polymer derived from 100% annually renewable resources. It is a novel material that is capable of functions similar to those of conventional plastics, and is safely biodegradable in the composting process. Figure 3 shows the molecular structure of lactic acid and Table 1 shows some properties of lactic acid. Unlike other plastics that are derived from fossil fuels, polylactic acid is available from plant resources, and is expected to reduce various problems associated with environmental waste disposal. The literature states that polylactic acid requires 20-50% less fossil fuel resources than comparable petroleum-based plastics (Kawashima, 2002). When growing the feedstock for polylactic acid, carbon dioxide is removed from the atmosphere and returned to the Earth when polylactic acid is degraded. Because of the carbon recycle, the polylactic acid process has the potential to reduce atmospheric carbon dioxide levels (Freeman 1996). The land mass needed for feedstock is minimal and producing 500,000 tones of polylactic acid requires less than 0.5% of the annual US corn crop (Kawashima, 2002). Since corn is an inexpensive sugar source, the current feedstock supply is more than adequate to meet foreseeable demands (Gerngross, 1999).  
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Figure 3: Molecular Structure of Lactic Acid

Table 1: Properties of Lactic Acid
	 Property                                                                              Value                              Units



	 Molecular Weight                                                              90.08

 Boiling Temperature                                                        122                                       C

  Free Energy of formation                                               -519.56                              kJ/mol

  Specific gravity                                                                    1.2




The lactic acid 
is generated by the fermentation of starch and saccharides available from corn. If about 5% (equal 6.8 million tones) of the worldwide annual plastics production were to be replaced by polylactic acid, the theoretical requirement for saccharides would be 9.9 million tons (Gruber, 2002). The annual output of major plant resources in the world that can produce saccharides is about 3900 million tons, and the quality of saccharides obtained from them is estimated to be about 1400 million tons (Gruber, 2002). This suggests that 5% of the world’s annual output of plastics can be replaced with polylactic acid by utilizing about 0.7% of the major plant resources (Kawashima, 2002). 

The recent formation of Cargill Dow in 1997 brought focus to the development of polylactic acid. The new company is significantly reducing production costs while expanding the use of polylactic acid beyond biomedical applications (Gruber, 2002). Cargill Dow has a patented low–cost, continuous process for the production of lactic acid–based polymers. The process is currently in operation at a 6000 ton per year market development facility in Minnesota. Cargill Dow announced  the start–up of a commercial scale polylactic acid plant in 2001 in Blair, Nebraska producing 140,000 tones per year with plans to construct an addition plant in Europe in the near future (Gruber, 2002).

3. PLA and the Carbon Cycle
Cargill Dow, LLC is building a global market of sustainable and versatile polymers made entirely form renewable resources (Vink et al 2003).  One of their tools for assessing environmental sustainability is life cycle assessment. Environmental sustainability is about making products that serve useful market and social functions with less environmental impact than currently available alternatives (Vink et al 2003).  As a primary target for their biobased PLA, is for it to be an environmentally sustainable product that provides the equivalent function as products it replaces. Plastics and polymers have become an essential element of modern life and can play a key role in global progress towards sustainability. It is estimated that 150 million tons of polymers are produced from fossil fuels today, and that production is increasing at a rate of approximately 4-5% per year (Vink et al 2003). The advantages of plastics and their use also lead to some of the greatest concerns about fossil fuel based materials. Use of fossil fuels for polymers will increasingly compete with use of fossil fuels for transportation and industrial purposes, especially as exploration and production costs of fossil fuels rise due to the finite nature of the resource (Vink et al 2003). Fossil fuels are also the dominant global source of anthropogenic greenhouse gases, rising concentrations of which are widely understood to drive global warming with what a growing majority of the scientific community believes will lead to an unstable and unpredictable climate. Global climate change has been identified as perhaps the most important environmental issue of this century (Vink et al 2003). The main greenhouse gas contributors CO2, CH4, and N2O do occur naturally in the atmosphere, but their recent atmospheric buildup appears to be largely the result of anthropogenic activities (Takle 1). This growth may affect future global climate. Since 1800, atmospheric concentrations of carbon dioxide have increased by more than 25 per cent, methane concentrations have more than doubled, and nitrous oxide concentrations have risen approximately 8 percent (Takle 1). 
To view the impact of energy and greenhouse gas emissions on Global Climate Change, Cargill Dow looked at several petrochemical polymer LCA studies for comparison with their biobased production of PLA. Their conventional biobased process of PLA has a gross fossil energy use (GFEU) 54.1 MJ/kg of PLA (Vink et al 2003). In Cargill Dow’s study, Vink (2003) demonstrates that the production of Nylon 6 requires about 120 MJ/kg of Nylon 6 and PET (polyethylene terephthalate) requires about 80 MJ/ kg of PET. In comparison to the biobased production of PLA, the biobased process seems to be favorable to the petrochemical process. These comparisons can also be viewed by analyzing their environmental footprint. In comparing greenhouse gas emissions, PLA contributes just less than 2 kg CO2 equivalents. /kg of PLA the Global Climate Change, while Nylon6 and PET contribute 8 kg of CO2 equivalents/kg polymer and 5 kg of CO2 equivalents/kg polymer, respectively (Vink et al 2003). The Global Warming Potential is based on a 100-year time horizon. This comparison also confirms that the biobased production is favorable to the petrochemical production of the other polymers. Since petroleum products account for 44% of the total U.S. energy related carbon dioxide emissions, then the biobased process would definitely cut down on the amount of GHG emissions (Takle 1). The feedstock for the biobased production of PLA is not a fossil fuel, like the feedstocks for Nylon 6 and PET. Of the 120 MJ/ kg of Nylon 6 required, 40 MJ/kg of Nylon 6 is energy associated with the feedstock (Vink et al 2003). This means just by using a renewable feedstock for the biobased process, there is already a major reduction in energy and GHG emissions. With carbon dioxide contributing 61% to the Global warming potential (Takle 2), it would seem reasonable to suggest that a biobased process would be a better choice as an alternative to fossil fuel based products because biobased process have the potential to close ‘the loop’ in the carbon cycle (see Figure 1).

4. Conclusion
Polymers from renewable resources can lower greenhouse gas emissions and fossil energy use today as compared with conventional petrochemical based polymers.  As Vink (2003) demonstrated, the LCA for the PLA production from corn has the potential to close the carbon cycle loop and reduce the dependence on fossil fuels. These are important benchmarks for biopolymer production and the broader use of renewable feedstock for the production of chemicals.  LCA’s of biopolymers will inform the on-going debate over the desirability of producing chemicals from biomass feedstock.  More importantly, the development of models of the production processes integrated into a life-cycle model will allow for process improvements that may improve the efficiency and reduce the impacts of these production pathways.
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