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ABSTRACT

A COMPARATIVE LIFE CYCLE ASSESSMENT:
POLYETHYLENE AND STARCH FOAMS

By

Chisa Kandyda Brookes

Recent federal initiatives to support biomass R&D suggest the importance of having
viable alternatives to foreign oil be economically and environmentally attractive. This
thesis explores the environmental value of the bio-based starch foam and the
petrochemical-based PE foam via a comparative LCA while constructively commenting
on the methodological approach. This study follows the methodology outlined in the ISO
14040 standards. Data and models are gathered directly from or from collaborations
between Argonne, Cargill Dow, US EPA, NIST, and more. Eight impact categories are
covered, each normalized to the associated U.S. normalization value. The total energy
required for producing 17,000 ft* of PE and starch foam are 1.1E6 MJ and 1.02E5 MJ
respectively. This makes PE foam production an energy intensive process and, with
high energy prices, starch foams may be economically attractive. The impact
assessment results reveal PE foam to have the greatest domination with the ozone and
global warming potentials by being almost five times greater than the associated starch
value and being the only contributor, respectively. Starch foam dominates one of the
seven impact categories—the eutrophication potential—and only by 19%. From the
results, areas of improvement have been identified. Unfortunately, data is a limiting
factor and should be taken into consideration when reviewing the results. This study not
only provides a numerical record of a bio-based and petrochemical-based product, but it
discloses LCA as a viable benchmarking tool and as a guide for improving processes,

while providing constructive recommendations for future life cycle assessments.
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Chapter 1: Introduction

Finding alternatives to non-renewable natural resources has been an
ongoing effort to better the world’s environmental position. The Kyoto Protocol
[1], a world attempt to address concerns about the environment, has committed
countries into decreasing greenhouse gases that contribute to climate change.
The burning of fuel and coal, and the production of electricity, all contribute
significantly to the production of some greenhouse gases. To reduce the
greenhouses gases from these non-renewable resources, renewable resources
are being sought, and products, processes and technologies are being
developed to incorporate these renewable resources. In particular, the United
States is keenly aware of its undeniable reliance on foreign oil. Thus, there are
federal initiatives to support biomass research and development. In a recent
paper published by the Journal of Industrial Ecology, Duncan mentions the
enactment of Title 1l of the Agricultural Risk Protection Act (Public Law 106-224),
the Biomass Research and Development Act of 2000 [2]. This act is in place to
increase coordination across departments in the federal government in relation to
biomass research and development [2]. This effort is encouraging the effort to
convert biomass into bio-based products.

Bio-based materials are made from annually renewable biomass such as
corn, wheat and potatoes, and have been made as an alternative to some
petrochemical-based materials. Plastics are one area in which bio-based
materials are now being used as an alternative. Specifically, for polyethylene

(PE) foams, which are used in sporting products, building products and in



packaging, there is now an alternative. Starch foams made from corn can be
used in building products and in packaging and have also been the material used
to make innovative toy products [3]. Although starch foams seem to be more
environmentally friendly, as an alternative it is still necessary to evaluate the
environmental footprint of each product. Evaluating the environmental footprint
entails the investigation of the impact left on the environment as a result of that
product.

A tool used to quantify the environmental impact of a product is Life Cycle
Assessment (LCA). LCA takes into account the inputs and outputs of a product,
then classifies and converts harmful emissions into impacts such as global
warming, ozone depletion and acidification. While it is important to explore the
economical, social and environmental aspects of a product to determine the
holistic contribution of that product, LCA focuses mainly on the environmental
impact of the product.

This research intends to quantify and compare the environmental impacts
of both bio-based and petrochemical-based foams via life cycle assessment.
Foam is chosen as a result of great progress made to utilize foam made from
both biomass and fossil fuels in the same capacity. Most importantly, this work
intends to increase the understanding of, and critique the use of life cycle
assessment as a tool to quantify product environmental impacts. This research
allows for the creating of a numerical-based record of continuous progress
towards a cleaner environment, and it highlightss areas of improvement for both

foam production processes.



Chapter 2: Background and Literature Review

The use of more renewable resources to create products (corn to produce
foam) is supported by sustainable carbon cycling, which is explained in a Global
Carbon Cycling diagram from Narayan [4]. The diagram depicts the CO, cycle
as it relates to fossil fuel dependant plastics and as it relates to biomass
dependant plastics. On an annual basis, for both the fossil fuel and biomass
dependant plastics, CO. is consumed by biomass and bio-organics. After many
years, (on the order of 10°) fossil resources are generated below the earth’s
surface. Fossil fuel is then extracted, refined and sold as fuel or feedstock to
distributors or chemical and polymer plants. For biomass dependant products,
the biomass is used directly in the bio-chemical industry to be used in the
production of fuels, chemicals and polymers, without the long time period of 10°
years. Over about one to 10 years, the CO. from both fossil fuel and biomass
products is released into the atmosphere.

As discussed by Narayan, the rate at which the CO. is being dispensed
from the processed products is not balanced with the rate of CO, consumption
for fossil fuel formation [4]). Narayan also explains that the rate at which CO. is
dispensed can be balanced by the rate at which CO, is consumed by ensuring
that more biomass is planted to use the released CO. [4]. The fossil fuel route is
limited in that the resource is not being generated as fast as it is being
consumed.

Although a fossil fuel route is limited in that it will eventually be consumed

faster than it is generated, fossil fuel is still the main source for making many



products including polyethylene foams. Jimenez-Gonzalez mentions that life
cycle inventory from the refinery, is ubiquitously included in “virtually all life cycle
studies” [5]. While many products utilizing renewable resources are still in the
development stage, starch foams have moved towards commercialization [3].
However, starch foams still depend on fossil fuels indirectly through
transportation needs among others and sometimes even directly by using fossil
based products as fillers or additives. Thus, some life cycle inventory non-
renewable inputs, such as diesel oil, must be taken into consideration for starch
foams.

Both old and new products (e.i. polyethylene foam and starch foams) are
being studied to understand each product’s environmental impact. Bousted
produced much of the preliminary work of LCA’s by completing life cycle
inventories or eco-profiles of almost 50 plastics, polymers and chemicals
combined [6-7]. Much of his work is used as a reference, if not embedded, in
preliminary portions of many LCA’s. For example, the Cargill Dow study on
polylactide production uses the methodology, software and core databases of the
Bousted Consulting organization [8] to show a life cycle assessment of a
relatively new bio-based product.

Cargill Dow focuses on a triple bottom line, which amounts to making
economically, socially and environmentally beneficial products [8]. The company
is lead by this triple bottom line—incorporating economic, environmental and
social sustainability. In attempting to meet all of these criteria, the company also

strives to make a product that is comparable if not superior to its petrochemical



counterparts. A study of polylactide (PLA) using life cycle assessment was used
to benchmark PLA, the new bio-based product, to the existing petrochemical
polymers [8].

The relation between fossil energy use and global climate change for the
new bio-based product is of key interest in the Cargill Dow study compared to the
results from petrochemical polymers. Comparing engineering estimates of PLA
production fossil energy requirements to that of several other petroleum-based
polymers, PLA production uses 25-55% less fossil energy than that of the
petroleum-based products [8]. More specifically, the estimated fossil energy use
of PLA production is 25% less than that of the fossil energy use for LDPE [8]. In
future studies, Cargill Dow intends to move from a com-based feedstock
production run to a corn residue-based feedstock production run that utilizes
wind power to replace electricity inputs. The impact in relation to energy use is a
reduction of 90% when compared to petroleum-based polymers [8].

The life cycle assessment study of PLA by Cargill Dow also considered
the global warming impact of both PLA and other petrochemical polymers. The
study revealed that with the engineering estimates using corn as a feedstock
there is a “substantial advantage over most polymers” and that the bio-based
product is “comparable to several others” [8]. In terms of the PLA relation to
LDPE, although there was slightly more methane production from PLA, the
overall global warming effect was still greater for LDPE than for PLA. For the
case where corn residue is used as the feedstock and wind power replaces

electricity inputs, there are actually “greenhouse benefits” [8]. The greenhouse



gases are negative (due to CO, absorption by plants) when looking at the cradle-
to-gate life cycle.

The Cargill Dow study is one of the few, but not the only comparative
study on bio-based and petrochemical-based products. The LCA of biofibers
versus glassfibers for plastic reinforcements was another comparative study
completed by Gfeller B. Laban and others [9]. This study was more
comprehensive than the Cargill Dow study considering the clearly outlined format
of the report according to ISO 14040 standards, the number of impacts covered,
the cradle-to-grave life cycle with incineration as the end-point conducted, and
the alternative disposal methods examined.

The results in regards to energy use for the china reed fibers (biofibers)
versus the glass fibers showed that china reed fiber uses significantly less
energy than does the glass fibers. For both fibers, polypropylene (PP)
production is where the most energy is required. The china reed uses less
energy for PP production because there is more china reed and less PP used in
the china reed pallets [9]. This reduction in PP also accounts for the reduction in
weight of the pallet and thus a slightly lower fuel use requirement [9]. Also, the
study shows that the production for china reed fibers uses far less energy than
the production of glass fibers. All these factors account for the lower energy use
found with china reed versus glass fiber pallets.

There are eight impacts associated with the cradle-to-grave study
concerning china reed and glass fiber reinforced pallets. For the reference study,

of the eight impacts, eutrophication was the only one in which the glass fibers



outperformed the china reed fibers. The greenhouse and ozone gases were
higher for the glass fibers along with the other six impact categories. For the
study considering bioactive discharge instead of incineration, the bioactive
discharge pollutants far outweigh the incineration pollutants, making incineration
the better alternative of the two.

Martin Patel offers significant conclusions in his review of twenty life cycle
assessments, seven of which were in regards to starch polymer pellets and some
starch products such as films and loose fills [10]. For starch polymer pellets, the
scores are all better when compared to polyethylene pellets except in the case of
eutrophication. Patel mentioned that energy requirements for starch polymer
pellets were 25 — 75% less than the energy requirements for polyethylene
polymer pellets and that the emissions related to green house gases were 20 —
80% less as well. The ranges were as a result of differing starch and copolymer
blends [10].

Similar to the aforementioned LCA’s, starch and polyethylene foams will
be assessed to understand their individual environmental impact and to
understand how they compare to one another. This LCA will allow for a
segmental understanding of each production process, identifying areas that need

improvement or need to be studied further in order to model other segments.



Chapter 3: Methodology

The methodology used to complete this study came from the framework
developed by the International Organization for Standardization 14040 series [11
—14]. Under this framework, a goal and a scope is formulated, an inventory of
the inputs and outputs for the process or product being studied is compiled, the
outputs of the inventory phase are related to impact categories and the
interpretation phase discusses the results and conclusions along with providing
recommendations. The phases are shown in Figure 1 and a more detailed

overview of the LCA process can be found in Appendix A along with a developed

environmental decision model, which incorporates the LCA methodology.

/ Life Cycle Assessment Framework \

Direct
Applications

Product
Development &

p

Strategic
Planning

Public Policy
Marketing

Figure 1. Phases of a Life Cycle A as inISO
14040

The impact assessment phase calculations are governed by the equation below.

> m;x XP, = XPindex



In the equation above, i represents each emission in a specific impact, m is the
mass of emission i, XP is the impact potential characterization factor that relates
the emission, i to the impact X, XPindex is the total impact potential index. The
characterization factors XPi are numbers that give the emission’s potential value
regarding a certain impact. These factors are compiled in the technical manual
and user guide for Building for Environmental and Economic Sustainability
(BEES) [15]. Once the impact potential index is calculated, it is normalized by
values supplied by The Tool for the Reduction and Assessment of Chemical and
Other Environmental Impacts (TRACI) developed by U.S. Environmental
Protection Agency [16]. One important factor is that BEES was developed with
support from the U.S. EPA Office of Pollution Prevention and Toxics. Thus, the
impact assessment results will be specific to U.S. impacts and impact factors.
Also, each impact index will be normalized to U.S. normalization values. A
simple example for the calculation of the Global Warming Impact and its
normalization to the U.S. value can be found in Appendix B.

The format of this document will follow the framework developed by ISO.
A goal and scope will be formulated, followed by inventory then impact
assessment review and discussion. Finally a conclusion will be made along with
recommendations under interpretation. The references and appendices will

follow and conclude the document.



Chapter 4: Goal Formulation and Scope of Study

There are many products and processes whose environmental impact can
be studied to help improve the product or process’ impact on earth; one such
product is foam. Foam is a product commonly produced from a petrochemical
based feedstock. Thus, some of the emissions associated with extracting and
processing crude will be included in the environmental impact of petrochemical-
based foams. Similarly with corn-based foams, included in its environmental
assessment would be the emissions associated with corn cultivation and
processing. Comparing the environmental footprints of these two types of foam
will lead to an understanding of how we can improve the impact of foam on the
environment and it will provide numerical evidence for the ongoing discussion
regarding environmental contributions of petroleum-based products versus other

products.

41 Goal

The goal of this research is to improve our understanding of the
environmental impact of foam produced from two different feedstock sources via
conducting a comparative assessment. The objectives for study includes the
following:

(1) To perform a comparative life cycle assessment
(2) To compare a petrochemical-based foam to an agricultural-based foam

(3) To examine the methodology of the ISO standards on performing an LCA

10



This LCA is intended to support the petrochemical and bio-based product
producers to further examine various improvement opportunities. This study is

also intended for LCA practitioners.

4.2 Scope

The scope of this study entails the consideration of several components
as mentioned in the ISO 14040 series [11]. Figure 2 shows the progression
towards completing the scope of the study and it also shows the relationship of

the scope components to three phases of life cycle assessment.

SCOPE

Life Cycle
Impact Life Cycle
A Interpretation

Adjustments due to iterative nature of LCA

Figure 2. Scope components related to other phases in the LCA methodology

The intent of the scope section is to envision the how the LCA will be
performed. The scope adds structure to the overall process and is subject to
revision during the actual process of the LCA. In Figure 2 many components are

listed for each phase (other than the Goal & Scope phase) in an LCA. This

11



comparative LCA will attempt to cover the scope thoroughly, providing insight to

future work on polyethylene and starch foams.

4.2.1 Product Characterization

Foam has many uses in various areas. Some areas where foams are
used include agriculture for padding animals to prevent bruising, athletics for
equipment such as wall padding in wrestling, construction for insulation or sound
absorption purposes and packaging for protection of goods. Low-density
polyethylene foam used for packaging goods is used primarily for surface
protection among other things. Starch foam is successfully used in the toy and
packaging industry.

In this study, the two types of foam being studied are used in the
packaging of electronics, specifically laptops to protect from scratches and for
light cushioning. This study only takes into account the foam used to protect the
surface of the laptop, and does not take into account any other packaging. The
Dell Inspiron 8600 is used as the model laptop with the following weight and
dimensions given in Table 1. With the dimensions in Table 1, the amount of
foam (ft°) needed to cover a number of laptops and the weight of the foam
covering (kg) can be calculated. Thus a functional unit can be developed. An
approximate value of the dimensions is given to account for some give within the

sleeve used to cover the laptop.

12



Waeight Travel Module & 6.9 Ibs Approximate
Battery dimensions
Cd Drive & Battery 7.2 1bs

Dimensions Height 1.52 in. 3in.=0.25ft
Width 14.22 in. 16in. = 1.33 ft
Depth 10.87 in 12in. =1 ft.

Table 1. Specifications for model laptop used in study

4.2.2 Functional unit development

The functional unit for this study of petrochemical and bio-based foams is
to supply the foam packaging needed to pack 50,000 laptops with the specific
laptop dimensions given earlier. The amount of material needed to cover the

50,000 laptops is shown in Table 2 for an optimal density of 0.85 kg/ft® [17].

Foam (ft°) ~ 17000

Polyethylene and Starch (kg) ~ 14450

Table 2. Material and Foam requirements

The amounts shown in Table 2 show the functional flows of the system. The
seventeen thousand ft* of foam is the main reference flow.

A summary of the development of the functional unit and reference is
shown in Figure 3 as performed in ISO 14049 [14]. The product being studied is
identified along with examples of the various functions that are associated with
that product. The function of surface protection is chosen. The actual function

identified is to protect the surface of laptops in packaging. To quantify the

13




PRODUCT - FUNCTIONS

Sound absorption
FOAM Insulation

Surface protection

Shock protection

FUNCTION BEING STUDIED FOR THIS LCA

Foam surface protection of laptops

FUNCTIONAL UNIT

| To pack 50,000 laptops (1.3" x 1" x 0.25”)

PERFORMANCE OF THE PRODUCT

Foam density (kg/ft’): 0.85

REFERENCE FLOW

17000 Lbs of material

Figure 3. 1SO format for functional unit and
flow

function, the functional unit is developed. The functional unit is to supply the
foam needed to package 50,000 laptops with the dimensions given (1.3’ x 1’ x

0.25’). With the functional unit developed a standard measurement or



performance is given to determine the reference flow. Thus, with a foam density
of 0.85 kg/ft3, the reference flow would be 17,000 ft* of foam, which is

approximately how much foam is needed to cover 50,000 laptops.

4.2.3 Product Systems & Boundary Identifications
A. Polyethylene system

The whole life cycle of foam is delineated as shown in Figure 4.
Figure 4 includes the production, use and disposal phase encompassing an
entire life cycle. The actual portion of the cycle being studied will be shown

later.

Crude Extraction

A 4

Refinery 0
— ;

I ] e |

v Use of Foam in ; ‘
Olefins Plant Packaging ; é 5
(Ethylene Production) | :
[

A 4
' Transport to Consumer] e :
| | |
v ! |
: L
Polyethylene Plant ; Separation and
i Preparation for re-use

Transport .
L4 i | Transport I

: Recycle— - -

Figure 4. Process flow diagram for polyethylene foam
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Crude is extracted and goes through refining, processing and
polymerization via a refinery, olefins plant and polyethylene plant respectively.
All transportation associated with these processes is included. The polyethylene
is then transported to a foam production plant where the polyethylene undergoes
extrusion. In this study, the foam product is then transported to the company
where it is assumed that the cutting and shaping of the foam is performed. The
company then uses the foam in the packaging developed and sends the laptop to
the consumer. The consumer disposes of the packaging and from there the
polyethylene packaging can be sent to a landfill or an incinerator. In the case of
recycling, the polyethylene would be transported to a separation plant where the

PE foam is gathered and transported back to the foam manufacturer for reuse.

B. Starch Foam

Similar to the polyethylene foam system, the whole life cycle of foam was

Com Production
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Com Wet Mill g r v
’ ‘ Fackaging J Separation and Separation of Starch
. i Preparation for re-use Foam
l Transport J ‘Tmnsporl to Consumeri 1
Tarsson |
= Buwo
-
Recycle
L Figure 5. Process flow diagram for starch foam




delineated as shown in Figure 5. Figure 5 includes the production, use and
disposal phase encompassing an entire life cycle. Again, the actual portion of
the cycle being studied will be shown later.

In the case of starch foam the process begins with corn production where
corn seeds are planted and the products are harvested. The corn grain is
transported to a corn wet-mill, also referred to as a corn refinery. In this refinery
is where the corn is steeped and milled, and starch is separated. This process
produces four other products, which include germ, corn gluten meal, corn gluten
feed, and heavy steep water. After separation, the starch is transported to the
foam production plant and extruded. Similar to polyethylene foam production, in
this study the foam produced is transported to the company where it is assumed
that the cutting and shaping of the foam is performed. The company then uses
the foam in the packaging developed, and sends the laptop to the consumer.
The consumer disposes of the packaging and the starch foam is transported to a
site to be separated and recovered. The recovered starch foam is either sent
back to the foam manufacturer to be re-used (like polyethylene) or, unlike

polyethylene, sent to a composting site for biodegradation.

C. Starch and Polyethylene Systems studied

The starch and polyethylene system assessed in this life cycle is shown in
Figure 6 and Figure 7. These systems can be studied and compared because

they are equivalent. They use the same functional unit, the same performance
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characteristics, the same methodologies follow and they use the same system
boundaries. Because of the similarities of units within the product system, they
units are cancelled in both systems under the assumption that the unit would
contribute the same inputs and outputs to each system. Figure 8 show both

polyethylene and starch foam systems after units are cancelled out.

Figure 8. Cancellations for both (a) PE foam and (b) starch foam
systems




4.2.4 Data Assessment
The data gathered for this study are for the following units shown in Figure

9. The dashed line indicates the various data groups that constitute the overall

E Tmn'spon ] Transport
E-3 B
[fransport n: Consu;naﬂ [fransport o Consumer|

(a) (b)

I Figure 9. System data groups for both (a) PE foam (b) starch foam

LCA. For polyethylene foam (a), data have been gathered for crude extraction
up until the polyethylene plant including all transportation. The foam production
data have been estimated based on foam extrusion procedures and from
literature. The transport portion is cancelled out under the polyethylene foam
system as for the starch foam (b), under the assumption that the transportation
inputs and outputs from the polyethylene plant and the corn wet-mill to the foam
production plant are equal. For starch foam the corn production data are

gathered also incorporating all transportation except for the transport of the grain
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to a corn wet-mill. A transportation module called the Greenhouse Gases,
Regulated Emissions, and Energy Use in Transportation (GREET) Model [18],
accounts for the transportation inputs and outputs associated with transporting
comn grain to the corn wet-mill. Starch production from the corn wet-mill is
gathered separately. Similarly to polyethylene foam, data for the extrusion of
foam from starch are estimated or from literature.

In relation to time, geographical and technological coverage Table 3 lists
the data categories and the time-related, geographical and technology coverage

associated with each. Polyethylene foam production data are gathered from

Data Specific Areas of Time- Geographical | Technology
Categories Data Use related Coverage Coverage
coverage
Polyethylene | Polyethylene 2003, Western Current
Foam production Bousted Europe,
North Sea
Foam production Literature U.sS. Current
based
estimations
Starch Foam | Corn growing 200x, us, Current
Cargill Dow Midwest
Transport to CWM 2004, uU.s. Current
GREET for
Cargill Dow
Corn Wet Mill 2004, us,, Current
(CWM) Cargill Dow Midwest
Foam production Literature uU.s. Current
based
estimations
Normalization | Normalization 2003, U.S. based  ——
Values BEES from
US EPA
Impact Ass. | Impact factors 2003, U.S. based -
BEES

Table 3. Time, technological and geographical coverage related to data
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reports completed by Bousted [7] for the Association of Plastic Manufacturers
(Plastics Europe), also known as APME. In both cases (polyethylene and starch)
the foam production data have been estimated using literature and research
information. For the case of starch foams, corn growing and corn wet milling
data have been gathered from Cargill Dow [19-21] along with the transportation
data for corn grain to the corn wet-mill. The transportation data from Cargill Dow
came as a result of the Greenhouse Gases, Regulated Emissions, and Energy
Use in Transportation (GREET) model. The GREET model was developed by
Center for Transportation Research at Argonne National Laboratory and was
sponsored by the U.S. Department of Energy [18].

All the data used in this study are Iéss than five years. The technology
used, related to the machinery and techniques, to supply this data corresponds
to current practices in the field today. In terms of geographical coverage, while it
would be ideal to have all the data from the U.S. or to have world data, this is not
yet practical. These data are only as good as the collection source. Thus, all the
uncertainties of the original data are present in this data. However, the sources
for data in this paper are accepted in the respective regions by credible
associations, companies and departments. Thus, the data provide a solid basis

for going forth with the assessment.

4.2.5 Allocation Procedures

Allocating inputs and outputs to multiple products is a common procedure

in many LCA’s because many have processes that produce multiple products
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(see more in Appendix A). Allocation is necessary in order to assign the
appropriate amount of inputs and emissions to the appropriate product. The data
gathered and used in this study, incorporates allocation procedures and attempts
to avoid allocation whenever possible by creating sub-processes.

The processes in which allocation is considered include polyethylene
production and corn wet milling. These processes produce products other than
polyethylene and starch and thus allocation is necessary. In the case of the
polyethylene production data, the inputs and outputs for units such as crackers
(responsible for multiple products) from various polyethylene plants in Western
Europe are averaged and allocated on a simple mass basis [7]. In the corn wet-
milling process allocation is based on the dry mass of the intermediate and/or
final product because the system is divided into sub-systems allowing for a better
understanding of how to allocate the resources and burdens to the appropriate
product [19]. Other allocation methods exist. However, the allocation methods

discussed above mainly pertain to the allocation procedures related to this study.

4.2.6 Impacts and Impact Methodology

Eight impact categories are considered in this study. All eleven impact
categories, some related emissions, and category indicators, are shown in the
Table 4. The first nine are considered, with human health as one impact. The
impact categories chosen are as a result of reviewing the TRACI and BEES
documentation [15-16]. Both are products of the United States and thus they

both take into consideration the impacts that are global as well as those that are
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U.S. specific and even those that are locally focused within the U.S. The TRACI

document considers eleven, but mentions twelve impact categories. Water use

ozone depletion CFCs, Halons, HFCs release CI, Br, CFC-11 TRACI -BEES

global warming CO,, CH,, N,O, CFCs, HFCs CO,, TRACI -BEES

acidification’ SO,, NO, to SO, NO;, HCL, HF, NH3 H', TRACI -BEES

eutrophication'? NO, and P to NOy, PO,*, PorN TRACI -BEES

smog’ NO,, VOCs, CO, CH, NO,, TRACI -BEES

human health cancer HTP of all toxic emissions HTP to Benzene TRACI -BEES

human health noncancer HTP of all toxic emissions HTP to Toluene TRACI -BEES
Disability Adjusted Life

human health criteria__| PMyo, PM; 5 and SO,, No, to SO,*, NOy, Years (DALY) TRACI -BEES

2-2-Dichlorophenoxy
ecotoxicity HTP of all toxic emissions AceticA TRACI -BEES

Energy input/consumption
fossil fuel use Indenti of fuel/unit of product | TRACI

land use' i ied TA&E density
water use i ilability | direct inventory (volume) | TRACI -BEES

Table 4. Impact and and

is the only impact category that isn’t characterized by TRACI. Water use is
assessed by the use of inventory data [16]. Also, in TRACI, the human health
impact category is divided into human health: cancer and human health: non-
cancer impact categories, which is not the case in BEES.

In terms of the categories, the BEES document contains much of the
same impact categories, as does the TRACI document, seeing as the impact
assessment methodology in BEES is taken from TRACI with few exceptions.
The impact category of indoor air quality is specific to buildings and is assessed
in the BEES [15]. Also the impact categories of human health: cancer and

human health: non-cancer are grouped under human health. Although there are
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many impact assessment methods, BEES follows the methods derived in TRACI.
The collaboration of the two documents is the source of the eleven impact
categories discussed in this study and shown in Table 4.

In summary, the emissions from the life cycle inventory are classified into
impact categories like global warming or acidification as shown in Figure 10. The
emissions are then related to the category indicator by a characterization factor
(or the potential of that emission to perform as the category indicator) developed
by the impact assessment methodology used. The summation of all the
emissions characterized in a particular impact category yields the impact
potential index, such as the global warming potential or acidification potential.
Figure 10 shows the relation of changing emission values to an impact index.

Calculate Final Impact Index

> m, x XP, = XPindex

LCI Emissions

Assign Emissions to Find potential of assigned

Impact Categories emissions using equivalents
PR

[(0zone Depletion | OP: CFC-11

[ Photochemical smog | [[sP:nox ]
[Human Heattn Cancer | [[HTP 10 Benzene |
[[Human Health Nencancer | [H7P 10 Toluene |

[ Human Healtn Crieria |

[ cP: Disabilty Adjusted Lite Yoars |

[Human Health Criteria |

Fossil Fuel Use

LCI based Emissions/Consumptions

Figure 10. Impact

[P 2, 4-Dichiorophenoxy Acnw:AJ

[ Ecotoxiciy |

[[FP: Murconsump of fueliunit o prod. |

[ Fossil Fuel Use |

TED: T&E density
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4.2.7 Interpretation

With the impacts assessed, each category is expressed in specific units.
The numbers from one assessment are helpful in comparison to another
assessment, but only if each assessment is comparable. The numbers
themselves, however, do not give much information in relation to a larger picture.
The results of an impact assessment mean nothing on their own; they are just
numbers. Thus, normalization data developed by TRACI and used in BEES
allow for a relation between the results gathered in this study and the current
U.S. environmental position for each impact category. By dividing the study
results by the normalization values, the results are measured against U.S.
positions, thereby creating an avenue for comparison to the overall U.S. picture.
For more on normalization please refer to the Life Cycle Assessment Summary

(Appendix A).

4.2.8 Assumptions and Limitations
The following points indicate various assumptions and/or limitations to this
life cycle assessment.
= Only the direct production of the polyethylene foam and starch foam along
with diesel, gasoline, natural gas, and liquid petroleum gas production
were included in this LCA. The production and/or resources due to
infrastructure, machinery and the like were not included due to the
assumption that infrastructure and machinery and even people and office

supplies are all common in production arenas and thus can be left out.
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Justification from the PriceWaterhouseCoopers [22] study shows that
these segments do not need to be included.

The production of and any production related to the laptops referred to in
this study was not accounted for. Similar to the TV production in the
PricewaterhouseCoopers study on expanded polystyrene, the production
of laptops is not specifically related to the production of polyethylene and

starch foams.
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Chapter 5: Life Cycle Inventory

This phase of the LCA incorporates all the data to produce the aggregate
emissions for each unit based on the functional unit of packaging 50,000 laptops.
The section discusses (1) the systems studied using more detail, (2) the data
layout in the LCI phase, and (3) the data collection and calculation procedures
specific to polyethylene foam and starch foam respectively. The starch foam
portions of this segment discuss the topics of corn growing and corn wet milling

separately.

5.1 System and unit descriptions
5.1.1 Polyethylene System

Going from fossil fuels to polyethylene pellets to polyethylene foam
requires a combination of various processes. The process for producing
polyethylene foam begins with crude extraction as shown in Figure 11. Fossil
fuels must first be located and extracted from the ground and this stage is often
referred to as the exploration and production stage. The crude is extracted and
transported by barge or pipeline to a refinery. At the refinery the crude is distilled
and cracked to produce various products based on the volatility of the products in

the crude.
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Figure 11. Pictorial process flow for polyethylene foam

As shown in Figure 12 (a), the light gases come off the top of the
distillation tower and it contains gases from methane to butane. For this study,
the key product produced in distilling and cracking, which is separated out with
the light gases is ethane. The light gases are transported by pipeline to a nearby

ethylene production plant or an olefins plant as feed. Through a series of

Light Ends Ethaneo Ethylane°
slka it
(b) ‘E P P }2}

Heavy Ends M n

Polyethylene

Natural Gas "
-

Figure 12. (a) Simple separation tower (b) Reaction of ethane to PE
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distillation towers, ethane is separated out from other light gases. Once ethane
is separated, it is then cracked to form ethylene as shown in Figure 12 (b). The
ethylene is then transported by truck to a polyethylene plant. Polymerization of
ethylene at the plant produces polyethylene resin or pellets as shown in Figure
12 (b). They are then transported by rail or truck to foam manufacturers. Foam
manufactures mix the polyethylene resin with various additives amounting to
about 2% of the feed [17] and extrude the polyethylene resin, injecting a blowing
agent as the feed is heated and mixed traveling down the length of the barrel.
The mixture is forced through a die at the end of the extruder and the foam
process begins as the blowing agent expands the polyethylene due to the drop in
pressure. Most of the blowing agent escapes as the foam leaves the die,
expanding the polyethylene and thus producing foam. The rest of the blowing
agent leaves the foam material over time as air fills the pockets that were initially

filled by the blowing agent.

5.1.2 Starch-based system

Similar to polyethylene foam production, starch foam production comes as
a result of a combination of processes—growing the corn, corn wet milling and
starch extrusion. Figure 13 shows the picturesque process flow of starch foam
production with the incorporated unit cancellations. To get starch pellets from
corn, corn must be grown and Figure 14 shows more details in regards to the

corn growing and corn wet milling process.
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Figure 13. Pictorial process flow for starch foam

A. Corn Growing Process
To grow corn, the land is tilled using machinery in order to level the
ground, loosen the soil and tear up unwanted weeds. Once the ground is ready,

machinery is used again to plant the seed at an optimal distance, maximizing the

Starting
here

Planting Seeds

Figure 14. Corn Production and the corn wet-milling process
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growth and yield of the crop. As the corn is growing, machinery is used to control
weed growth, loosen the soil for oxygen to get to the roots, and to add water and
chemicals to the soil. Finally, the comn is harvested and the kernels are removed

from the corn and transported by truck to a nearby corn wet-milling facility.

B. Corn Wet-Milling Process

To begin the process of corn wet-milling the corn received from farmers is
first cleaned of all extraneous material mixed in with the corn. The kernels of the
com is then steeped in dilute sulfuric acid bath for about 20 to 36 hours (Cargill
Dow Paper) and prepared for the next step—milling. The remaining steep water
is used in other areas such as fermentation or in animal feed. In milling, the corn
is simply grinded. Then the germ is separated from the mixture, and washed and
dried to be sold. The germ is the inner part of the kernel. The germ of the corn
is used to produce corn oil and the residue from this process is also used for
animal feed. After the germ is separated the fiber, starch and gluten meal of the
kernel remains. They are separated (fiber and starch) and the fiber is used as
animal feed while the starch and gluten meal mixture go through another
separation. Once the starch and gluten meal is separated, starch is washed and
prepared to be sold.

Similar to polyethylene, the starch is transported to a foam manufacturer
to produce foam starch, and is subjected to the same process steps as
polyethylene. Additives are mixed with the starch. The mixture continues to be
mixed and begins to melt, being heated down the length of the extruder. Water,

the blowing agent in this case, is injected into the mixture traveling through the
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extruder barrel. The mixture is then released from the extruder via a die. Once
the product hits the ambient air, liquid water undergoes a phase transition to
steam and the rapid expansion swells the product, producing foam. Figure 15

shows an example of such an extruder—specifically a single-screw extruder. A

Feed ho
pr= pper Extruder barrel

Starch Foam

Screw \
Heaters

Figure 15. Common single-screw extruder
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[7]. Figure 16 shows the grouping of the data groups
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collected data. The actual data within the life cycle inventory phase that will be
included are as follows:

1. Energy data (by segments, by energy type, by fuel type and in total) for

both the polyethylene and foam extrusion data

2. Input data for both the polyethylene and foam extrusion data

3. Emissions for the production of low density polyethylene (LDPE)

4. Emissions for the production of foam via extrusion

5. Emissions from the entire LDPE foam production process

For starch foams the majority of the data came from Cargill Dow [19-21].

Figure 17 shows the grouping of the collected data and also represents how the
data will be presented. The actual data within the life cycle inventory phases that

will be included follows: | |

1. Energy data (by T — =
Mo | ﬁ
various categories) for | EERABsRONTE | §\_Transport

both starch production
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f |
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Figure 17. Starch system data groups
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5.3 Polyethylene Foam LCI Data
5.3.1 Energy Data

To produce polyethylene foams energy from various sources (ex. Coal,
lignite, sulfur) were necessary. While various types of fuel were used in the
production of polyethylene foams, the data presented in Bousted's LCI divide the
data into the following categories:

> Feedstock Energy

> Transport Energy

> Fuel Energy

> Fuel Production and Delivery Energy
Feedstock energy incorporates all the energy stored in materials used for the
feed. To describe the feedstock energy Bousted explains, “whereas true fuels,
once burned, are gone for good, the feedstock energy for materials is simply
‘borrowed’ and is rolled up within the product” [6]. Transport energy largely
depends on the type of transport used. The type of transport used to move
materials and products depends on location. Thus the energy used in transport
is location dependant and, for the polyethylene data in this study, the location is
West and Northern Europe. Another location-dependant energy category is fuel
production and delivery. This category is dependant on the type of fuels used,
the age of the plant, and the method of distribution of energy [6]. While some
countries rely on oil for electricity production and distribution, others depend on
coal or on gas and others rely on a proportion of various fuel types. Thus, some
variation will be present when calculating energy contributions, for example, in

Venezuela versus Western Europe. Fuel energy is the energy actually utilized by
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the process industries. Bousted refers to this category as the technology-
dependant portion of the process [6]. The amount of fuel energy used will
depend on the overall efficiency of the process industries.
These energy categories (feedstock, transport, fuel, and fuel production)
were then further divided into fuel type. The fuel types used are listed below:
> Electricity
> Oil Fuels
» Other Fuels
Electricity is in its own category due to the high production energy caused by low
efficiency in the industry [6]. The oil fuels category includes all fuel derivatives of
crude oil. Finally, the other fuels category contains all other forms of fuel
providers such as coal, wood, lignite, sulfur and more. However the main make-
up of the ‘other fuels’ group is attributed to natural gas [6].
The energy data for each type of foam (starch and polyethylene) will be
presented separately. It is important to keep in mind the variation in energy
production techniques and the dependency of other energy data on certain

technology or varying geography.

5.3.2 All Other Data

The data, outside of the energy data, used for polyethylene production
incorporate all material inputs and all outputs. The outputs are separated into air,

water and solid emissions and all inputs and outputs are given in mg/kg of LDPE.
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The emissions, whether air, water or solid, are divided into the five sub
categories listed below:

> Fuel production

> Fuel use

> Transport

> Process

> Biomass

Emissions related to each of these categories are listed and finally

summed for the total emissions released for low-density polyethylene. While the
first three subcategories have been touched on before the process and biomass
categories have not been discussed. Process refers to the outputs associated
with the actual production that leads to polyethylene. Biomass refers to the
outputs associated with the use of biological materials. Biomass is included in
the study to account for any CO, credits that amount from accounting for

biomass inputs and outputs.

5.4 Data Calculation Procedures for Polyethylene LCI

The data for polyethylene were taken from Bousted and placed in the
format shown in Figure 18. The format shown is specifically for the output data.
The input data have the same format in terms of segments (polyethylene and
foam extrusion), but there is no separation into subcategories (transport,

process, biomass etc...).
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The first column contains the actual emission name given by Bousted.
The second column creates a cross-reference relating the emissions
automatically to the emissions used in the LCIA phase. Poylethylene production
data are in a segment of its own, and the inputs to each subcategory (transport,
process, biomass etc...) are still separated. The following column is the foam
extrusion outputs. The last column is a total of all outputs. This format also
keeps the emissions separated by air, water and solid.

The process to prepare the polyethylene data involves the three major

steps listed below.

1. Unit conversions

38



2. Functional Unit relation
i. Foam density determination

3. Scale-up Calculations
These steps are applied to the energy, input and output data. All the
polyethylene output data are converted to g/kg LDPE and the input data are
converted to kg/kg LDPE. In addition to having all the data converted to the
respective units, the data are also related to the functional unit of the study,
which is to provide material to cover 50,000 laptops. The relation is found via the
foam density, which incorporates the reference flow of 17000 ft*. With a density
of 0.85 kg LDPE/ft3, the data are scaled to the functional unit of 17000 ft>.

To accommodate the iterative process of life cycle assessment, a small
program made in Microsoft Visual Basic is developed to automate the scale-up
calculations for polyethylene. By clicking on the scale button located in the LDPE
input spreadsheet, the energy, input and output data are scaled by the desired
factor leaving all energy, input and output data on a per 17000 ft> basis. The
data are presented in this manner (in relation to the reference flow that is based

on the functional unit of this study).

5.5 Starch Foam LCI Data

Starch foam data collection varied immensely from polyethylene data
collection. The data provided by Cargill Dow include spans over sixteen
spreadsheets. The main inputs such as corn seeds, fertilizers, pesticides,
electricity and fuel are accounted for several Midwest states. The study also

accounts for the carbon dioxide credit gained from photosynthesis.
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The data collected from Cargill Dow [19-21] are from two different data
groups. One data group is for corn growing and, the other, for corn wet milling.
The corn growing data list the total inputs (including land, corn seeds, the CO,
credit, nitrogen emission from the field, and the yield among other things)
associated with each Midwest state in the study within one worksheet. The
information associated with the production of the main inputs to corn growing
such as, fertilizers, pesticides, electricity, fuel (diesel, propane, gasoline and
natural gas) are in a separate worksheet detailing all the inputs, outputs and
energy associated with its production. In addition to this, the fuels also had a
separate worksheet detailing the inputs, outputs and energy associated with the
burning or use of the fuel.

In corn wet milling the inputs and outputs for each segment are recorded,
and only those segments that are related to starch are included in the inputs and
outputs for starch. In corn wet milling four other products are made. Thus, for
the segments or processes used to contribute to the four other products, the
inputs and outputs are allocated. Starch drying data were estimated based on

drying data of other products from corn wet milling.
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5.5.1 Energy Data

From corn growing, energy contributions to starch foams came from the
production of the fertilizers, pesticides, electricity and fuel. Most inputs produced
had the associated energies below.

> Feedstock

> Fuel

> Non-renewable

> Renewable

> Total energy
The feedstock energy pertains to the energy within the raw materials used in that
particular production process. Fuel energy pertains to the energy of the actual
fuel (coal, gas, wood etc...) used in the production process. Non-renewable
energy is the energy that comes from resources that are being depleted faster
than they can be restored. Renewable energy pertains to the energy that comes
from a source that has the ability to be restored at the same rate that it is being
depleted. The total primary energy is the sum of the feedstock and fuel energy
or the sum. of the non-renewable and renewable energy [23].

The worksheets containing inputs and outputs related to the use of fuels
provides a fuel and feedstock energy for the use of that fuel. These energies
cancel out in the use phase. The fuel energy is converted to feedstock energy,
which, in turn, is combusted.

For energy associated with corn wet milling, data were gathered directly
from the segments. Energy related to the corn wet milling was dominated by

electricity use and natural gas consumption. Most of the natural gas
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consumption comes from steam production and drying of products. There is
energy recovered and re-used in this process. Thus, the energy is cancelled out

and not reported in the energy data presentation.

5.5.2 All Other Data

The remaining data (outside of the energy data) from starch production
are collected in a manner similar to that of the energy data collection. For
fertilizers and pesticides and under corn growing, the inputs and outputs
correspond to 1 kg of the particular fertilizer or pesticide. Similarly for the
production of diesel, gasoline, natural gas and propane, the inputs and outputs
are gathered for 1 kg of the respective fuel. More input and output data are
available for the aforementioned fuels, but this time corresponding to a specific
amount of energy. For example to produce roughly 8 MJ of energy from diesel
would take 0.197 kg of diesel and there is a set amount of each emission
associated with the combustion of diesel fuel. Only for electricity is the input and
output data corresponding to the production of 1 MJ (versus 8 MJ) of electricity
given.

For input and output of materials from the corn wet milling process, the
data are gathered in much the same way as the energy data are gathered. Data
are gathered directly from the segments. Material inputs and outputs related to

the corn wet milling are collected for each segment.
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5.6 Data Calculation Procedures for Starch Foam LCI

The data for starch foam are gathered in four spreadsheets, two for corn
growing and two for corn wet-milling respectively. The data are formatted similar
to Figure 18 shown earlier. In addition to these two spreadsheets, another
spreadsheet with the totals from the Midwest states (which included the main
inputs, some outputs and a CO, credit) is used for the base analysis for starch
foam production. A cross-reference sheet is made separate from the main data
collection sheets. To calculate emissions the following steps were followed:

> Consolidate data in input and output spreadsheet
o CG: Utilize functions and formulas to extract data from over
sixteen spreadsheets from Cargill Dow
o CWM: Perform data entry of all data from Cargill Dow
technical paper
> Functional unit relation (same as before—using a 0.85 kg/ft* density)
> Primary unit conversions
o CG: Allinputs were in kg and all outputs in grams. No initial
conversions required due to program development, which
incorporates automatic changing of the kg inputs to gram
inputs.
o CWM: Data retrieved as kg input/day or kg output/day.
Thus a conversion is necessary to change inputs and
outputs to grams/day. Also, electricity is converted from
kWh to MJ.

> Data Analysis — See Appendix C for example of calculations
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o Corn Growing (CG)
= Calculate weighted averages of main inputs, nitrogen
emissions and CO; credits from the various states
= Perform secondary unit conversions
e (kg(input) or g(output))/(kg or MJ X) to
(kg(input) or g(output))/ft® where X could be a
fertilizer, a pesticide, or a fuel
e Change inputs in analysis sheet from
(kg input/ha) to (factor/ft®)
= For the fuels the weighted average of fuels (MJ) is
used to scale-up the input and output data from the
fuel use spreadsheet and data from that sheet will be
used to scale up data from the fuel production sheet
= Develop transportation data using model developed
by GREET
o Comn Wet Milling (CWM)
= Perform allocation on inputs and outputs based on
mass
o Develop two separate programs to automate the scale-up
process for corn growing and corn wet milling
The data are consolidated into two worksheets (input and output) for corn
growing and into two worksheets (input and output) for corn wet-milling. For corn

growing data, formulas are written in the corn growing input and output



worksheets to pull data from the sixteen spreadsheets from Cargill Dow. For the
corn wet-milling process, data from a Cargill Dow technical paper [19] are
entered manually, in segments. The next step relates the starch data to the
functional unit of the study incorporating the foam density basing the data on the
same functional unit as polyethylene foam. All units for corn growing and for
corn-wet milling input and output data are converted via the automation program
developed for scaling up or are incorporated within the sheet.
The next step was data analysis. For the corn growing data various steps
were taken as shown below in more detail.
1. Calculate the weighted average of land use, yield, inputs (seeds,
fertilizers, pesticides, fuels), nitrogen emissions and CO; credits.
2. Perform secondary unit conversions
a. Convert all the data to reflect kg input/ft® foam or g output/ft®
foam by doing the following:
i. Convert weighted averages in the analysis spreadsheet
from kg/ha or MJ/ha to per kg/ft* or MJ/t
i. Use the above conversion of kg/ha to kg/ft® to change all
fertilizer and pesticide inputs and outputs to kg input/ft® or
g output/ft®
iii. Use the above conversion of MJ/ha to MJ/ft? to change
all fuel use inputs and outputs to kg input/ft3 or g

output/ft®
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iv. Use the kg input/ft® from the fuel use spreadsheet in the
fuel production spreadsheet to convert the inputs and
outputs to kg input/ft® or g output/it®

For the corn wet-mill inputs and outputs, the data analysis performed includes
allocation by a mass basis, of the input and output contributions from starch
production.

Finally, to accommodate the iterative process of life cycle assessment, a
small program made in Microsoft Visual Basic is developed to automate the
scale-up calculations for corn growing and corn wet-milling. For corn growing a
more sophisticated program is developed to scale-up the factors to be used
throughout the respective spreadsheets instead of directly scaling-up the actual
values in the spreadsheet. The scale-up program developed for the corn-wet
milling process was similar to the polyethylene scale up process in that the scale-
up is performed directly on the values in the spreadsheet. Regardless, by
clicking on the scale button located in the com growing input spreadsheet and in
the corn wet-milling input spreadsheet, the energy, input and output data are
scaled by the desired factor. This leaves all energy, input and output data on a
per 17000 ft* basis. The data will be presented in this manner—in relation to the

reference flow that is based on the functional unit of this study.

46



Chapter 6: Life Cycle Impact Assessment

All energy data and impact results presented in this section are based on
the functional unit of providing the foam necessary to cover 50,000 laptops for
packaging. This corresponds to producing about 17000 ft* of foam, which is the
reference flow. While each production segment isn’t separated due to how the
data is received, portions of the production process that could be shown in
segments are presented accordingly. To recap the origins of the data sets or
systems involved in this study, review Table 3 or Figure 8 respectively. The
results presented in this section are from the specific data sets mentioned and
covers the particular system being investigated.

6.1 Energy Data Results

6.1.1 Polyethylene Foam

Table 5 represents the energy associated with producing polyethylene

foam based on the functional unit of this study. The reference flow is located in

Final Total by |

For production of 17000 ft* foam | Ejectricity | Oil fuels |Other fuels|  energy type
Feedstock Energy 0.00E+00 | 4.13E+05 | 3.32E+05 7.45E+05
Transport Energy 7.87E+03 | 1.21E+03 | 2.80E+02 9.36E+03
Fuel Energy 5.79E+04 | 9.19E+04 | 8.71E+04 2.37E+05
Fuel Prod. & Delivery Energy 1.27E+05 | 2.26E+03 | 4.50E+03 1.33E+05
LDPE Production Total 1.92E+05 | 5.08E+05 | 4.24E+05 1.12E+06
Foam Extrusion 2.61E+03 | 0.00E+00 | 0.00E+00 2.61E+03

L ToM) BY.eChBe o | L9SEF05 | 5.0RE05 | 4 24E 08T 5.

Table 5. Summary of energy (MJ) related to PE foam production

47




the upper left comer. The lower right corner represents the total energy from the
entire system. The totals associated with LDPE production are bolded in the
lower half of the table. Totals by fuel type (electricity, oil fuels and other fuels)
are shown in the last row and totals by the type of energy are shown in the last
column.

From the results, it is clear that polyethylene production dominates the
energy consumption in the overall process. Foam extrusion is only 0.2% of the
total energy consumed in the process. Comparison by fuel types lead to fuels
derived from crude contributing the most to energy consumption. The oil fuels
group is followed by the other fuels group (mostly natural gas, but also coal,
wood, sulfur etc...) and electricity turns out to be the lowest contributor to energy
consumption according to the data. Comparison by types of energy points to the
feedstock energy as the highest contributor to energy consumption followed by
fuel energy, fuel production and delivery energy and transport energy in that
order. Figure 19 depicts the latter comparison and relates the types of energy to
fuel types. While oil fuels are the greatest contributor to energy consumption in
general, oil fuels only dominate in the feedstock energy and fuel energy
categories. On the other hand with electricity being the least contributor to
energy consumption, it dominates in the fuel production and delivery energy and
the transport energy. Figure 20 shows the percent distribution of the types of
energy by fuel types that supports the previous statement. The fuel energy
category utilizes from about 18 to about 30 percent of each fuel type category.

For foam extrusion all energy is consumed via electricity.
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6.1.2 Starch Foam

The energy data shown in Table 6 is for starch foam. The energy is based

on the functional unit of this study. The data in Table 6 represents the energy

associated with corn growth, corn wet-milling and foam extrusion. Table 6

incorporates energy from various fertilizers, pesticides and fuel types. To

accommodate the length of the table, it has been split into the two pieces. The

second half of the table is shown right below the first. Again, the reference flow

is located in the upper left corner, and the lower right corner of the lower table

represents the total energy from the entire starch production system. The totals

For production of 17000 ft° foam

N P K

Herbicide

Insecticide|

Lime

E Feedstock Energy

9.32E+03

9.77E+03

7.21E+00

1.01E+03

4.04E+01

3.86E+01

[E Fuel Energy

1.16E+04

1.92E+03

1.29E+03

2.80E+03

1.41E+02

3.46E+02

E Non Renewable Energy

2.08E+04

1.17E+04

1.28E+03

3.75E+03

1.78E+02

3.83E+02

E Renewable Energy

8.97E+01

7.39E+00

1.90E+01

5.47E+01

3.00E+00

1.41E+00

Corn Growing Totals

2.09E+04

1.17E+04

1.30E+03

3.80E+03

1.81E+02

3.85E+02

Com Wet Milling

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

[Foam Extrusion

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

0.00E+00

Btarch Final Tofal

P 20 Vi Tie comt

D ARTTVPA BT YN

Z.Q9E¥04

T17E+04

1.81E+02
s TS W e

Diesel

Electricity

Gasoline

Natural Gas

LPG

Totals

9.29E+03

1.13E+00

1.29E+03

5.75E+02

2.77E+03

3.41E+04

1.56E+03

1.33E+03

3.35E+02

1.23E+02

3.65E+03

2.50E+04

1.08E+04

1.30E+03

1.62E+03

6.98E+02

6.42E+03

5.89E+04

1.03E+01

3.76E+01

1.85E+00

1.24E-01

3.27E+00

2.28E+02

1.09E+04

1.33E+03

1.62E+03

6.98E+02

6.43E+03

5.92E+04

0.00E+00

5.51E+03

0.00E+00

2.21E+04

0.00E+00

2.77E+04

0.00E+00

1.56E+04

0.00E+00

0.00E+00

0.00E+00

1.56E+04

T.09E+04.

RNt ™

2.25E+04°

_1:62E403;

§ 2:28E+04

6.43E+03

1.02E+05

Table 6. Summary of energy (MJ) related to starch foam production
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associated with corn growing are bolded in the lower half of the table. Totals by
main inputs are shown in the last row of the entire table and are shaded gray.
Totals by the type of energy are in the last column of the lower table.

The energy data for starch foam shows that corn growing dominates the
energy consumption followed by corn wet-milling and foam extrusion in that
order. Of all the fertilizer inputs, nitrogen production contributed the most with
about 21K MJ of energy followed by phosphorous and potassium production.
Comparing pesticides and/or additives, herbicide is the largest contributor to
energy consumption followed by insecticide, then lime respectively. Lastly,
comparing all the fuels, diesel by far is responsible for the largest energy
consumption. Liquified petroleum gas (LPG) followed by electricity, gasoline
then natural gas follow diesel in energy consumption.

Focusing on corn growing, the fertilizers and pesticides and the respective

2.50E+04

[mE FuelEnergy ‘
B E Feedstock Energy |
2.00E+04 =

1.50E404 {— —

1.00E4+04 1 — -

Energy (MJ)

5.00E+03

0.00E+00

N P K Herbicide  Insecticide Lime

Corn Growing Contributors

Figure 21. Starch foam corn growing phase energy (fertilizers and herbicides)

51




fuel and feedstock energy in Figure 21. The feedstock energy only has a
significant presence in nitrogen, phosphorous and herbicide production, while
fuel energy is present in significant portions in all of the fertilizers and in almost
all of the pesticides. On the contrary, Figure 22 below shows that feedstock

energy is present in all fuel types except electricity, while fuel energy is present in

:

B E Fuel Energy ——
|BE Feedstock Energy|

8000

Energy (MJ)
§ &

g

Diesel Electricity Gasoline Natural Gas LPG
Corn Growing Contributors

Figure 22. Starch foam corn growing phase energy (fuels)

all of the fuel types and dominates only in the electricity and the LPG categories.
With the focus still on corn growing, Figure 23 below shows the non-
renewable energy for all major inputs (fertilizers, pesticides, fuels). The key non-
renewable, energy consumption contributors are nitrogen, phosphorous, diesel
and LPG. Of all the main inputs, nitrogen production consumes the most non-
renewable energy, followed by phosphorous, then diesel, then LPG production.

Taking notice of the energy scale in Figure 23 displaying the non-renewable
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Figure 23. Non-renewable energy from starch foam corn growing phase

energy associated with each major input in corn growing, the renewable energy
portion is only a small percentage. However, when the renewable energy for

each major input is compared the results can be seen in Figure 24.
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Figure 24. Renewable energy from starch foam corn growing phase

Interestingly, the key players in renewable energy are now nitrogen,
herbicide, electricity and potassium in that order. Compared to each other, the
production of these inputs contributes significantly to renewable energy. The
only major input that did not contribute any renewable energy is the fuel, natural
gas.

Table 6 (first table under starch foam) shows that the corn wet mill and
foam extrusion processes are small contributors to energy consumption once
compared with the corn growing process. However, taking a look at the
distribution of fuels in corn growing, corn wet-milling and foam extrusion

separately shows which fuels made major contributions to each segment.
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Figure 25. Energy from starch foam production by segments and fuel type

Figure 25 shows the only contributor to foam extrusion is electricity. For corn
wet-milling the only two contributors are electricity and natural gas of which
natural gas is responsible for the largest energy consumption in this segment.
Corn growing contributions to energy have been discussed.

Overall, both foams contribute significantly to energy consumption based
on the given functional unit. Table 7 shows the total energy consumed based on,
not only the functional unit, but also on the system studied for both starch and
polyethylene foams. The starch foam final energy total is over one order of

magnitude less than that of the low-density polyethylene foam final energy.

For production of 17000 ft” foam | Total Energy
Starch Final Total 1.02E+05
LDPE Final Total 1.13E+06

Table 7. Total energy (MJ) for starch and PE foam production
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6.2 Impact Assessment Results

The impacts covered in this study can be found in the goal and scope

segment of the thesis. Abbreviations are used to simply the presentation of the

graphs. Below are the abbreviations used and the corresponding potential.

> GWP: Global Warming Potential

vV ¥V Vv VvV V VvV V

SP: Smog Potential

'OP: Ozone Potential

AP: Acidification Potential

EP: Eutrophication Potential

HP: Human Health Potential

CP: Ciriteria Air Pollutant Potential

ECP: Ecological Toxicity Potential

The order in which the potentials are listed here are the same way they are listed

in the graphs.

6.2.1 Polyethylene Foam

The overall results for the impact assessment, based on the functional unit

Production of 17000 ft” foam

GWP AP EP cP HP SP oP ECP
Normalization Values 2 558E+07| 7.800E+08] 1.921E+04 | 1.920E+04| 1.588E+08| 1.515E+05| 3.402E+02| 8. 165E+04
PE Foam (PF) 2.783E+07| 5.660E+06 | 2. 189E+03| 1.102E+03} 1.818E+08| 6.116E+04| 1.307E+01] 8.009E+03
Normalized PF Values 1.088E+00| 7.257E-03| 1.139E-01 | 5.737E-02 | 1.145E+00| 4 037E-01 | 3.841E-02 | 9.809E-02
PE Piant/Extrusion (PEP) '2.773E+07 5.546E+06 | 2.166E+03| 1.075E+03] 1.818E+08| 6.047E+04 | 1.307E+01 8.009E+63
Normalized PEP Values 1.084E+00[ 7.110E-03 | 1.128E-01 | 5.599E-02 | 1.145E+00| 3.991E-01 | 3.841E-02 | 9.809E-02
SN S AT
Transport (Trans) 1.005E+05| 1.144E+05] 2.238E+01| 2.647E+01| 0.000E+00} 6.937E+02| 0.000E+00| 0.000E+00
Normalized Trans Values 3.927E-03 | 1.466E-04 | 1.165E-03 | 1.379E-03 | 0.000E+00| 4.579E-03 | 0.000E+00 | 0.000E+00

Table 8. Summary of impact assessment for PE foam production

56



related to producing 17000 ft* of polyethylene foam, can be seen in table 8. The
normalization values developed by EPA and NIST are in the second row. The
polyethylene (PE) original values are divided by the normalization values and the
resulting, normalized value is shown under each original value, respectively. In
most cases, the normalization value was greater than the calculated PE foam
values. However, in two cases the PE foam values were actually greater than
the normalization values (GWP and HP).

The impact results from assessing the LCI for polyethylene foam lead to
the normalized results in Table 8 and also Figure 26. Figure 26 gives a graphical
view of the LCI data from PE foam production. The potentials that carry the most

weight in regards to polyethylene production include global warming, human

1.20E+00
1.00E+00 {— f 4
: &
S B8.00E-01 —F A
; B
c .
(] S
E 6.00E-01 1— | : :
§ 4.00E-01 1 f —
[+
z B I
2.00E-01 - °
0.00E4+00 -
cP SP oP ECP
Impact Categories

Figure 26. Normalized impact assessment results for PE foam production
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health, and smog potential. The potential carrying the least weight is the
acidification potential. The remaining potentials fall in between.

To gain a better understanding of how the impacts are distributed on a
percent basis Figure 27 is shown below. Compared to all the impacts, the
human health potential makes up 39% of the impact of PE foam on the
environment, while the global warming potential from producing PE foam, with
37%, follows closely. The next major contributor responsible for 14% of the total
impact from PE production is smog potential. The remaining potentials follow
accordingly with the next being the eutrophication potential (4%), the ecological
toxicity potential (3%), the criteria air pollutant (2%), the ozone potential (1%) and

finally the acidification potential (almost 0%).

1% 3%

BGWP
HAP
OEP
ace
mHP
mSP
mOP
B ECP

Figure 27. Percentage distribution of each impact category in PE production
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6.2.2 Starch Foam

The overall results for the impact assessment, based on the functional unit
related to producing 17000 ft* of starch foam, can be seen in table 9. The

normalization values developed by EPA and NIST are, again, shown below in the

Production of 17000 ft” foam | Gwep AP EP cpP HP sP oP ECP
Normalization Values 2 558E.+07 | 7.800E+08] 1.921E+04] 1.920E +04] 1.58BE.+08 1.515E+05] 3 402E 02| B.165E+04
Starch Foam (SF)

I Normalized SF 2 369E-01| 2 177E-03| 1.

ot n

6.060E+06| 1.698E+06 | 2.709E+03] 9.170E+02] 1.285E+08 | 2.106E+04| 1.702E-02 | 1.781E+03
10E-01] 4.776E-02 | 8 093E-01 | 1.390E-01 | 5.004E-05 2.181E-02|

v S, L R

Com Growing (CG) 4.534E+06 | 1.495E+06 | 2.464E+03| 8.585E+02| 1.284E+08| 1.480E+04] 1.702E-02 | 1.516E+03
Normalized CG Values 1.772E-01] 1.917E-03 | 1.282E-01 ] 4.471E-02 | 8.086E-01 | 9.766E-02 | 5.004E-05 | 1.857E-02

o i s e

Corn Wet MilVExtrusion (CWM) 1.185E+06 | 3.531E+04 | 7.386E+01 | 3.960E+01 | 0.000E+00| 1.086E+03 | 0.000E+00 | 0.000E+00
Normalized CWM Values 4 631E-02 | 4.527E-05 | 3.844E-03 | 2.062E-03 | 0.000E+00| 7.167E-03 | 0.000E+00 | 0.000E+00
B e U0 B il we?"”.- Y H T _‘ - FTEN RO B L o Rty
Transport (Trans) 3.415E+05| 1.671E+05( 1.711E+02] 1.891E+01| 1.028E+05| 5.176E+03] 0.000E+00| 2.651E+02
Nommalized Trans Values 1.335€-02 | 2.143E-04 | 8.904E-03 | 9.848E-04 | 6.476E-04 | 3.416E-02 | 0.000E+00| 3.247E-03

[orAty

Table 9. Summary of impact assessment for starch foam production

second row. The starch foam original impact values are divided by the
normalization values and the resulting, normalized value is shown under each
original value respectively. In all cases the normalization value was greater than
the calculated starch foam values. The human health potential value from
producing starch foam is the closest to the respective U.S. normalization value
being the lesser value by about 0.3 units.

The impact results from assessing the LCI for starch foam lead to the
normalized results in Table 9 and also Figure 28. Figure 28 gives a graphical
view of the LCI data from starch foam production. The ozone and acidification
potentials from starch foam production are, for all practical cases, non-existent.
All the other potentials are around or below the 0.2 mark in relation to the study

guidelines and the U.S. normalization values. By far, the potential carrying the
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most weight in regards to starch foam production is the human health potential.
The normalization value for the human health potential is slightly over 0.8, which
is still below the U.S. normalization values. Notice that the same scale used to

show the normalization values for PE foam is used for starch foam.

1.00

0.60 —_— =

040 | - ————

Normalized Values

GwWP AP EP cP HP SP oP ECP

Impact Categories

Figure 28. Normalized impact assessment results for starch foam production

To gain a better understanding of how the impacts are distributed on a
percent basis Figure 29 is shown below. Compared to all the impacts, the
human health potential makes up 58% of the impact of starch foam on the
environment, while the global warming potential, with 17%, trails behind. The
next contributors responsible for 10% each of the total impact from starch
production are the eutrophication and smog potential. The criteria air pollutants

and the ecological toxicity potentials follow with 3% and 2% respectively. The



other potentials (ozone and acidification potentials) do not contribute significantly

under this assessment. They make up virtually 0% of the total impact.

Figure 29. Starch production % distribution of each impact category

6.2.3 Polyethylene and Starch Foam

Considering the systems studied and based on the information gathered,
polyethylene and starch foams both contribute to the environmental impacts
studied, but in different magnitudes. The normalized values of both polyethylene
and starch foam are shown below, side by side, in Figure 30. In PE foam
production, the normalized values confirm that all the potentials studied impacted
the environment. From greatest to least contributor is the global warming,

human health, smog and eutrophication, ecological toxicity, criteria air pollutants,
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ozone and acidification potentials. In starch foam production, the normalized

values confirm that all but one of the potentials studied contributes to the

environment. From greatest to least contributor is the human health, global

warming, eutrophication, smog, criteria air pollutant, ecological toxicity and

acidification potentials. The ozone potential, in all practicality did not impact the

environment from starch foam production. The impact from the acidification

potential is also almost non-existent.

1.20
B PE Foam (P!
1.00 Bh L
B Starch Foam (SF) |
£ om0
s
E 0.60
E 0.40 -
z
0.20
GWP AP EP cpP HP SP oP ECP
Impact Categories
Figure 30. Normalized impact results for PE and starch foams

Of the eight impact categories covered in this study, seven are dominated

by PE foam production. The ozone potential is only existent because of

polyethylene foam production. The global warming potential is almost 5 times

greater than the global warming potential of starch foam. The human health

potential follows by contributing about 30% more via PE foam production when
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compared to starch foams. The smog and ecological toxicity potentials for PE
foam are roughly 67% and 78% larger, making them about three and over four
times larger than the normalized values for starch foam production, respectively.
In terms of the criteria air pollutant potential, PE foam production continues to
dominate by being 20% larger than starch foam production normalized value.
Taking a closer look at the relatively small acidification potential, PE foam
manages to be 71% or over 3 times greater than the associated starch
production value. The only potential that PE foam production does not dominate
is the eutrophication potential, and while starch foam production dominates the
potential, it is only by 19%.

Figure 31 displays percentages for each product impact contribution on a

100% basis when the total impact for a particular category is considered. The

GWP AP EP CcP HP SP oP ECP )
Impact Categories

Figure 31. PE and starch foams % distribution of impact
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domination of starch foam production or polyethylene foam production in each
impact category can be easily seen. Even when normalized to the total form
each impact category for starch and polyethylene production, the starch foam
production only dominates in one of the eight impact categories—the

eutrophication potential.



Chapter 7: Life Cycle Interpretation

The life cycle interpretation phase of the LCA provides conclusions and
recommendations based on the goal set forth in the beginning. To recap, the
goal of the research is to gain insight on the environmental performance of
polyethylene and starch foam by performing a comparative life cycle
assessment. The completion of the assessment, allows for recommendations
regarding the LCA methodology used. This segment covers discussions
regarding energy and impact results, any corresponding limitations, and

recommendations relating to the study and to the LCA methodology.

7.1 Life Cycle Impact Assessment Results and Limitations

The energy result of this study is particularly interesting. The results
shows that to produce 17000 ft* of polyethylene foam with a 0.85 kg/ft® density to
package 50,000 laptops, almost eighteen times the amount of energy required by
starch, under the same conditions, would be required for PE foam. The
feedstock energy used to produce the polyethylene foam is truly where most of
the energy use came from, accounting for roughly 66% of the total energy for
polyethylene foam production. Furthermore, the fuels derived from oil made up
over 50% of the total feedstock energy. The results indicate that polyethylene
foam production is a very energy-intensive process. Considering that starch
foam production takes a significantly lower amount of energy to produce, itis a
very financially attractive option in terms of energy, being that energy prices are

at an all-time high.
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Another area in which the price can be high is in environmental fines if key
emissions are not kept at a desired level set by EPA. Equally important,
although less visible, is the environmental impact left by the production of
polyethylene and starch foam. In relation to United States standards (via
normalization) starch foam production is lower in all categories, indicating the
values are below 1. In relation to polyethylene foam production, starch foam only
dominates in the eutrophication potential and not by much. In addition, the
overall impact category potential is still significantly less than the U.S. associated
normalization value. Emissions such as ammonia, nitrous oxides, and nitrogen
oxides are the key emissions that caused starch foams to dominate in this
category. There is a spike in nitrogen oxides because in the case of both
polyethylene and starch foam, they are generated via diesel production and
diesel use in transportation. However, starch foam production also generates
nitrogen oxides from fertilizers and pesticides. This additional source of
emissions is responsible for the eutrophication potential results. Besides the
eutrophication impact category, all the other impact categories are dominated by
polyethylene foam production.

Polyethylene foam production dominates the seven other impact
categories. At the root of PE foam production is oil production. Most of the
resulting emissions can be attributed to fuel related segments in the overall PE
foam production. Polyethylene pellet production is tied to the major contribution
of crude production to energy and impact results, along with the associated

emissions. Any ability to decrease the amount of PE used to make the same
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product would greatly benefit the impact resulting from polyethylene foam
production.

These results show that both polyethylene foam and starch foam have
room for environmental improvement. The ability to identify exactly why impacts
are a certain value is related to the ability to identify where emissions were
generated. The modular format used by Cargill Dow [19-21] to record data is
truly valuable in being able to identify areas of the process that need to be
improved. The results show that while there are impact advantages to both
polyethylene and starch foams, there are disadvantages to both as well.
However, polyethylene foam dominates seven of the eight impact categories,
being the only contributor to the ozone depletion impact category while starch
foam only dominates one of the eight impact categories. Thus based on the
study parameters, starch foam is by far a better product for the environment than
polyethylene foam.

Notwithstanding, continuous improvement on the starch foam production
process is key to truly moving towards making an environmentally friendly
product. Finding alternative fertilizers and pesticides or improving upon the
fertilizers and pesticides that are available are simple ways to continue to
improve the starch foam production process. Paying attention to the data
collected leads to improvement, but closer attention to the data itself, is required.

While there are many limitations to life cycle assessments, data is the
main limitation in the study. The most significant limitation from this study is, not

surprisingly, the lack of data. Although providing detailed and ample data is
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great for completing an LCA, providing this data also increases the probability
that impacts for processes providing ample data may be greater than impacts for
other processes where much data was not available. In this case, it is unrealistic
to conclude that one process or product is better than the other. Data limitations
may also call for estimations based on research, or the technical knowledge of
the practitioner. This can also add to the inability to make conclusions on the
results. One other limitation related to data is not being able to extract

information due to the way the data is collected and recorded.

7.2 Recommendations: Study and LCA methodology related

Recommendations as a result of the study range from nationwide
initiatives to more research to methodology improvements. They are listed
below.

1. Polyethylene foam production can benefit by finding environmentally and
economically attractive fillers. By introducing fillers the amount of PE used
could be reduced, thereby reducing the contribution from fuel production
and fuel use, resulting in an overall decrease in various impacts.

2. Modifying and/or eliminating fertilizers and pesticides to assist in reducing
nitrogen oxide emissions and energy consumption can improve starch
foam production.

3. To improve eutrophication results of starch foam consider improving
processes connected to corn growing:

a. Reduce the ammonia contribution mainly in nitrogen production.

68



b. Reduce nitrogen oxide contribution by using alternative fuels such
as bio-diesel.

¢. Reduce nitrous oxides by limiting N2O emissions coming directly
from the field.

4. Continue research on the results, taking a closer look to identify other
improvement opportunities that may not be as apparent.

5. Study results if different composition combinations of a starch-
polyethylene foam is used.

6. ldentify transportation contributions to each system.

7. Incorporate end-life stages into the study to account for a cradle-to-grave
assessment because much of benefit of starch foam is in its ability to
decompose via composting.

8. Incorporate recycling and/or re-use as an after-use segment and study the
effects on the overall results.

9. Develop nationwide initiative to gather basic data from different industries
anonymously to aid in the development of highly reliable LCA’s.

10.Define key emissions that should be included separately in the data
collection phase to reduce the grouping of emissions into larger categories
such as hydrocarbons versus methane, ethane and butane.

11. Incorporate modular recording and reporting in LCA procedure to assist

with identifying improvement opportunities.
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Appendix A

Life Cycle Assessment Overview Introduction

Research on using LCA to understand the environmental impact of a
product is gaining acceptance. The first ISO standard on LCA was developed in
1997. These ISO standards inform the reader that the standards developed only
serves as a guide to performing LCA’s.

Life Cycle Assessment serves many purposes and it encompasses a lot of
information. The main purpose of an LCA is to examine the environmental
portfolio of a product and report findings in a fair, accurate and concise manner.
Embodying a cradle-to-grave ideology—incorporating inputs and outputs ranging
from raw material acquisition to transportation contributions to final disposal of
the product—is an important aspect of examining a products impact on the
environment. Thus, the inputs and outputs gathered along with other information
must be managed appropriately. Another purpose of LCA is to assist in making
decisions. It is not the basis for making a decision. The iterative nature of an
LCA allows for continuous incorporation of new data as it becomes available, and
shows the evolving nature of the assessment while encouraging the idea of
having additional factors to make a decision. LCA is also useful to benchmark a
product to another product or to accepted standards to gain an understanding of
the relative position of the studied product. Furthermore, LCA is a tool to guide
the environmental process improvements of a product.

There are many steps to complete before an LCA may be used to assist in
decision-making. The diagram below highlights the various phases of an LCA

as described in ISO 14040.
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/ Life Cycle Assessment Framework \

Direct
Applications

Product
Development &

Strategic
Planning

Public Policy
Marketing

Figure 1: Phases of a Life Cycle Assessment as demonstrated in ISO 14040

As identified by the ISO 14040 standard, the framework of an LCA shown in
Figure 1 includes the four main components listed below.

1. The definition of a goal and scope

2. Life cycle inventory analysis

3. Life cycle impact assessment

4. Life cycle interpretation
Each of these components is discussed in detail in the ISO 14040 series (1997 —
2000). For the purpose of this study, synopses of these components are

discussed succinctly.
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Appendix A
Goal & Scope

Defining the goal and scope of the study is the first phase of an LCA. The
goal of the study is intended to address why the study is being performed along
with whom the study is directed toward. The scope delves deeper and considers
all the details necessary to meet the stated goal.

The scope of the study incorporates several areas, and these areas are
mentioned briefly. A product’s function(s) and functional unit must be identified
and derived respectively. A functional unit, as defined by ISO Standard 14040, is
the quantified performance of a product system for use of defining reference unit
in an LCA study. The product system and system boundaries must also be
drafted under the scope. The types of environmental impacts being considered
in the study, as well as assumptions and limitations must be concisely included

under the scope. These are the main areas of discussion included in the scope.

Life Cycle Inventory (LCI)

The LCI phase involves the gathering of data from sources and/or by
calculations. Having the system boundaries defined, any significant inputs of
resources such as land, material, energy, electricity, water, or fuel must be
identified. Similarly, outputs such as product(s), or emissions to the air, water or
land, must be identified. Allocating energy and/or materials to products that are
not the focus of the study along with system expansions are both common

activities to perform in this segment of the life cycle assessment.
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Allocation and System Expansion:

When comparing two systems, the systems must be equal in terms of
what is being produced. Allocation becomes necessary when there are multiple
products in a process. The environmental burden associated with the system
inputs must be allocated to all products that are formed as a result. The product
being studied should not retain the entire burden of the system, but instead the
outputs should be dispersed on a basis that fairly accounts for the contribution of
one product relative to the others.

There are several bases for allocation. There can be an economic basis,
which would then incorporate the fluctuating economic market prices and the
associated economic values of products. One can allocate based on moles,
volume, conductivity and more. Most commonly, however, allocation is done on
a simple mass basis. For example, if product A makes up 60% by mass of all the
products (B, C, and D) that came as a result of the production then 60% of all the
inputs and outputs associated with the system would go to product A. One
drawback to this method is that all the inputs and outputs may not have been
related to product A.

To avoid allocation, system expansion is encouraged. System expansion
is where the process in broken down into the most simple units and each unit
input and output is allocated to the appropriate product. If the simplest unit still
produces more than one product, then allocation is, again, considered and/or

performed.
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LCl importance to Life Cycle Impact Assessment (LCIA):

Once the data has been gathered, and allocations and/or system
expansions are performed as necessary, the next component of life cycle
assessment can be conducted. It is from the life cycle inventory data that the
next phase is carried out. This data must be compiled in a concise manner

making sure that all data sources are documented.

Life Cycle Impact Assessment

The data from the life cycle inventory is used along with the impact
categories decided upon in the scope. This is where emission data is related to
specific environmental phenomena such as global warming or acidification.
Figure 2 shows some examples of emissions and the corresponding

environmental impacts.

Acidification NO,, SO,
Ecotoxicity NO,
Enhanced Greenhouse Gas Effect CO,, CH4, N,0,

Eutrophicatiol 9 NO,
NO,, SO,, CH4

Emissions to
Air, Land &
Water

Figure 2: Example of Impact Categories and associated emissions
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The methodology in this phase of the LCA as defined by ISO Standard 14042
follows the list shown below.
1. Selection of groups
a. Impact categories — class representing environmental issues of
concemn
b. Category indicators — quantifiable representation of an impact
category; the category indicator may have units
c. Characterization models — model applied to convert the assigned
LCI results to the common unit of the category indicator
2. Assignment of LClI results to the impact categories (classification)
3. Calculation of category indicator factor to get impact category results
Once the potential impact category values are calculated, they are normalized
to U.S. standards. The U.S. has compiled environmental values based on
overall U.S. production for eleven impact categories. When the calculated value
being studied is normalized to the U.S. value (by division), a value less than one
indicate that the product environmental contribution has not exceeded the U.S.
standards. Respectively, when the calculated value being studied is normalized
to the U.S. value (by division), a value greater than one indicates that the
product’s environmental contribution has exceeded U.S. standards. After
normalization, in a comparative study, products being studied are compared to

one another
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Sensitivity Analysis:

After the impact assessment results are calculated, performing sensitivity
analyses is a common procedure. Sensitivity analyses entails studying the effect
on the end results when key parameters are changed by some percentage. For
example, if a certain input has a range of values, a sensitivity analysis can be
performed to understand how sensitive the results are to that input by using the

high and low values in a sensitivity analysis.

Life Cycle Interpretation (LCI)

The life cycle interpretation component of the LCA framework involves (1)
the analysis of results, (2) the formation of conclusions, incorporating limitations
and (3) the making of recommendations based on findings of both the impact
assessment and inventory analysis. It is important that this interpretation is

consistent with the goal and scope defined initially and/or modified subsequently.

Concluding Life Cycle Assessment Overview:

LCA is a strong tool to environmentally evaluate old and new products. It
is key to understanding a product’s environmental contribution. More
importantly, and less obvious is the ability of LCA to be used for benchmarking
and process improvement.

LCA is an iterative approach to understanding a product’s environmental
impact. After completing a phase it may have to be modified and this affects all

the other phases. While each component can be completed independently of the
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another, these components are very much intertwined. Overall, the defined
approach set out by ISO Standards is only a guide and any opportunities to

improve the assessment should be considered.
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Identify Impact Pkinny, aid
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Sample calculation show emission to impact

Assumptions
- All emissions are already converted to CH, equivalents except methane

- Corn growing is the phase being considered
- An average amount of fertilizers, pesticides, fuel and electricity is known

- Global warming is the impact category being considered

Note: CHg is found only in the global warming impact

CHaFROM | [ CHyFROM 1| ¢\ ooy

ION|

)RODUCTION | |PROD!

CHyFROM || CHyFROM || CHqFROM
FERTILIZER PESTICIDE E FUEL
| FUELUSE | foRopuCTION] [PRODUCTION USE

ELECTRICITY | | TRANSPORT

CHs TOTAL FOR CORN GROWING PHASE

CH4 TOTAL FOR CORN GROWING PHASE X

Amount of CHy or that would have the
same impact as CO; on global warming.
(23)

== ==

CHg CONTRIBUTION TO GLOBAL

ALL OTHER RELATED EMISSIONS
- CONTRIBUTION TO GLOBAL WARMING

TOTAL GLOBAL WARMING IMPACT
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