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Abstract
Packaging materials form a critical component of the shipping and logistics industry. The pallets
used for packaging—made of wood, plastic or corrugated paper—form a significant component of those
materials. There are over two billion pallets currently in circulation within the United States, a majority of
which are wood (NWPCA, 2010). The market share of plastic pallets is also currently on the rise. Thus, the
carbon footprint generated by pallets is becoming a critical concern. Plastic incurs a larger carbon footprint
owing to its raw materials and production process. Wooden pallets, primarily processed from sawn green
lumber (without kiln-drying), are prone to pest infestation and require treatment. Heat treatment and
methyl bromide fumigation are the two currently approved treatment methods used to kill pests in solid
wooden packaging materials (SWPMs). With the rise in global trade, the use of these treatment methods
has also increased. However, methyl bromide is a Class I ozone-depleting substance, and it affects the
atmosphere adversely. Heat treatment requires additional energy and generates a significantly large amount
of carbon footprint during the process. In contrast, wood-based packaging in the form of processed
composite materials that involve reconstitution through heat and pressure during manufacture do not have
the same risk of insect or other serious forest pathogens.
The research presented here involves the investigation and evaluation of the environmental
burdens incurred using a consequential life cycle analysis (LCA) that compares each of the life cycle stages
of both wooden and plastic pallets. Significant emphasis is placed on comparing heat treatment, methyl
bromide fumigation and radio frequency (RF) heating to determine the most effective, environmentally
clean, and economically viable treatment options. The objectives of this research are to demonstrate that
dielectric heating using RF technology is (1) equally if not more effective for killing pests in wood, and (2)
environmentally superior to the currently available treatments. The LCA study quantifies the resource
consumption, total energy requirements, solid wastes, and selected atmospheric emissions resulting from
the production, reuse, repair, recycling, and disposal of the standardized 48‖ x 40‖ pallets used in the
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grocery industry. Data collected from various pallet manufacturing companies and treatment companies is
analyzed using SimaPro v 7.1 LCA software designed specifically for life cycle assessment studies.
The research methodology combines LCA with a multi-objective dynamic programming
methodology to determine optimum pallet types at various stages of the product life cycle. The two foci of
the study are the minimization of carbon footprints generated and the minimization of costs incurred
throughout the pallet life cycle. Non-preemptive and preemptive goal programming methods are used to
solve the programming model. By combining LCA and dynamic elements, results are obtained that indicate
the most preferable pallet type and treatment option incurring the smallest carbon footprint and the lowest
cost throughout each life cycle stage.
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Chapter 1 Introduction

In the recent past, according to the literature, approximately 4,500 new insect and pathogen
species have been introduced into United States (Mumford, 2002). From 1906 to 1991, just 79 of these
species caused losses estimated to be at least $97 billion. Collectively, they affect natural systems such as
agriculture, forestry, industry, and human health. Most common pathways leading to the introduction of
foreign pests are in the form of ―unintended by-products‖ of international trade and commerce. Following
the detection of the Asian longhorned beetle (Anoplophora glabripennis) in New York in 1996, the
development of international standards to prevent the spread of pests has been considered of prime interest
by Animal and Plant Health Inspection Service (APHIS). A large number of these pests infest wood
packaging materials such as pallets, crates, and dunnage. Hence the treatment of wood packaging materials
to kill infested pests before use in global logistics is now mandated by the Food and Agriculture
Organization of the United Nations according to ISPM 15 (International Standard for Phytosanitary
Measures, Number 15). This research focuses on a life cycle analysis (LCA) study to compare various pest
treatment methods such as methyl bromide fumigation (MBF), conventional heat treatment (HT), radio
frequency (RF) heating and ―No treatment‖- in this case, specifically related to plastic pallets.
Wooden packaging materials such as crates and pallets are increasingly used with the rise in
global trade. Pallets are flat transport structures used in transport packaging by almost all industries,
including the shipping and transportation of groceries, beverages, drums, chemicals, etc. In the shipping
industry, goods and containers are strapped onto pallets and transported in bulk units. Forklifts can easily
lift pallets of different sizes, and hence pallets are well suited for moving goods around in automated
environments. Pallet sizes vary from continent to continent and from application to application. Different
sizes are used based on the racks and material handling devices native to each country or region. The EU
uses a ―EURO‖ pallet that is 1200mm x 1000mm, and it is the most common continental size. The most
commonly used pallets in the United States are 48‖ x 40‖ GMA pallets standardized by the Grocery
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Manufacturers Association (GMA). Other than wood, the pallets are made of plastic, metal and paper. Each
material has its own advantages and disadvantages. Wooden pallets require quarantine treatment to kill
pests before use, costing additional time and money. The other materials do not have this disadvantage but
are sometimes not as cost-effective or use-appropriate as wooden pallets. Estimates suggest that 93% of the
pallets in use today are wooden pallets, across both domestic and international export use (NWPCA, 2008).

1.1 Pallet Dimensioning and Classification

Pallets are classified on the basis of size, class, type, style, construction, and use. Pallet size is
expressed as ―pallet length‖ and ―pallet width.‖ Pallet class may be defined as either ―stringer‖ class or
―block‖ class. Stringer class pallets are made of rectangular stringers that run throughout the entire length
of the pallet, with the top deck nailed to the edges of the stringers, whereas block class pallets consist of
rectangular blocks that separate the top deck and the bottom deck. According to use category, pallets are
identified as either ―multiple-use‖ or ―limited-use‖ pallets. According to forklift entry type, pallets are
classified as either ―2-way‖ or ―4-way‖ pallets. The following definitions and figures are given by the
National Wooden Pallet and Container Association‘s classification document (NWPCA, 2007).
Pallet Length: The length of the stringers in a stringer pallet or the length of the top stringerboards in a block pallet.
Pallet Width: The length of the top deckboards is referred to as the width of the pallet. For paneldeck pallets, the width is the top panel deck dimension that is parallel to the pallet length.

Figure 1-1 Pallet Dimensions
Pallets are classified as ―two-way‖ or ―four-way pallets‖. Two-way pallets are designed in such a
way that they are lifted by their deckboards. Four-way pallets are used for heavier loads and are designed
to be lifted by their rigid stringers.
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Multiple Use Pallets: These pallets are capable and built to last for more than one round trip.
Generally pooled pallets are multiple use pallets that can make up to 14-15 trips without any need for
repair.
Limited Use Pallets: Limited use pallets are otherwise known as single use pallets that typically
are used only for one single unit load.
Pallets are also commonly classified according to their dimensions. The two dimensions measured
in a pallet are its stringer length and its deckboard length. The most commonly used pallet sizes are listed in
Table 1-1.

Table 1-1 Pallet Sizes Used in Various Geographical Regions (Wikipedia, 2009a)
Size (inches)

Region

48 x 40

North America

39.37 x 47.24

Europe, Asia

44.88 x 44.88

Australia

42 x 42

North America, Europe, Asia

43.30 x 43.30

Europe

Pallets are very commonly used in the grocery industry. These are standardly sized at 48‖ x 40‖
and are widely known as GMA (Grocery Manufacturers Association) pallets. Other applications of pallets
exist within industries such as telecommunications, dairy, automotive, etc. The percent of reported pallet
production in the U.S. based on number of units is shown in Table 1-2. The rank-wise usage of pallets is
shown in Table 1-3.
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Table 1-2 Production by Size (Remmey Pallets, 2009)
Size (inches)

Percent of Reported Production

48 x 40

26.9

42 x 42

4.8

40 x 48

5.3

48 x 36

1.5

37 x 37

1.6

48 x 48

4.3

48 x 42

3.7

48 x 45

2.1

Other

49.8

Table 1-3 Commonly Used Applications in North America (Wikipedia, 2009a)
Size (inches)

Commonly Used
Applications (Rank wise)

48 x 40

Grocery

42 x 42

Telecommunications, Paint

48 x 48

Drums

40 x 48

Military, Cement

48 x 42

Chemicals, Beverage

40 x 40

Dairy

48 x 45

Automotive

44 x 44

Drums, Chemicals

36 x 36

Beverages

48 x 36

Shingles

35 x 45.5

Military

48 x 20

Retail
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1.2 Types of Pallets

While most pallets manufactured and used around the world are wooden, other materials such as
plastic and paper are now being used to manufacture pallets. Depending on the type of application and the
industry, the materials differ. Roughly 90% of today‘s pallets are made from hardwood and/or softwood
lumber, while the remaining 10% are from a variety of other materials such as steel, HDPE, PVC, plywood,
OSB (Oriented Strand Board), strawboard, corrugated paper, honeycomb and composites (Clarke, 2002).
This section describes the various types of pallets used in the industry according to the type of material
used for their manufacture.

1.2.1 Wooden Pallets

Wooden pallets are generally manufactured from hardwood and softwood sawn lumber material.
Hardwood is primarily used in the northeastern part of North America, and softwood is generally preferred
in the south and west, owing to its local availability in these regions. The lumber used for new pallets is
either a by-product (pallet ―boards‖ or ―shook‖) of the sawmill industry or is directly manufactured from
pallet ―cants‖ (large wooden blocks produced at the sawmill) by the pallet producer (Remmery Pallets,
2009). Trees harvested as factory sawlogs are utilized to make premium lumber for products such as
cabinets and flooring; most pallets are from the lower quality cant portions of these sawlogs, the very
centers where the wood variations in coloration and the inclusion of knots make this log part unacceptable
for furniture or similar value-added production (Remmey Pallets, 2009).

Pallets at the end of their life are typically dismantled and recycled or made into other items.
Recycling can include pallet lumber conversion into reclaimed strip flooring. This wood biomass may also
be reused to manufacture industrial particleboard. The percentage of pallets sent to landfills is very low. A
pallet that cannot be repaired and resold is broken down to its basic components for parts to make recycled
(all used materials) or re-manufactured (a mix of new and used lumber) pallets. Those pallets which have
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no usable components are ground up for mulch and/or animal bedding or mixed with urban waste
collection.

Wooden pallets, before being put into use for shipment (currently international markets only),
need to be fumigated with methyl bromide or treated with heat so that the pests within them are killed. This
characteristic puts wooden pallets at partial disadvantage when compared to non-wooden pallets.

Figure 1-2 Wooden Pallet, Paper Pallet, Plastic Pallet (Wikipedia, 2009a)

1.2.2 Paper Pallets
Paper pallets, otherwise known as corrugated pallets, are made from corrugated paper or
cardboard. New construction methods and design procedures have improved their durability and strength.
Paper pallets are advantageous in that they are lightweight, disposable, easily recyclable, environmentally
friendly, clean, and dust free. Unlike wooden pallets, paper pallets needn‘t be fumigated as they are pest
free prior to use. However, paper pallets are vulnerable to moisture damage and have the least amount of
stiffness when compared to pallets made of other materials. These disadvantages limit the application of
paper pallets in various industries.
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1.2.3 Plastic Pallets
Plastic pallets are made from materials such as polyethylene, polypropylene, polyvinylchloride
(PVC), polychloridebutyrates (PCB) and acrylic butyrate styrenes (ABS). They have been used
increasingly as they are easily and fully recyclable, lightweight, resistant to attack of pests (and hence need
no phytosanitary treatment), and have a long life span. They are preferable for shipment applications in
which the pallet costs are of little or no consequence to the shipper. Processes used to make plastic pallets
are injection molding, structural foam molding, thermoforming, compression molding, rotational molding,
and profile extrusion. Plastic pallets are usually 4-way pallets (accessible from all four sides) which can be
easily stacked by forklifts. They have an outer moat to prevent bending under high loads. To achieve the
required fire retardancy levels in the U.S., plastic pallets must contain chemical additives such as decabromine, a controversial and potentially toxic fire retardant. The EPA classifies deca-bromine as a
―possible human carcinogen,‖ thus posing an unacceptable risk to human safety.

1.3 Phytosanitary Treatment of Pallets
Wood packaging material made of unprocessed raw wood can exacerbate the spread of pests,
leading to serious problems. In recent years, roughly 4,500 new insect and pathogen species have been
introduced into United States (Mumford, 2002). Between 1906 and 1991, a tiny portion (79) of these
introduced species caused losses estimated to be at least $97 billion (Windle, 1997). These introduced pests
affect natural systems such as agriculture, forestry, industry and human health.
Before they are put into use for packaging and transportation, pallets are treated to kill or eradicate
potentially invasive pests. Some of these pests as identified by ISPM 15 are the pinewood nematode
(Bursaphelenchus xylophilis), the Asian longhorned beetle (Buprestidae: Anoplophora glabripennis), the
bark beetle (Scolytidae), and the weevil (Curculionidae). The treatment of wood to kill these destructive
pests is known as phytosanitary treatment. Phytosanitary treatment measures are undertaken by
international pallet manufacturers and port authorities to treat pallets and restrict the transmission of pests.
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Probit 9 is a standard for quarantine treatment efficacy. The probit 9 approach focuses on a very
high mortality rate of the treated entities. Its standards attempt adequate quarantine safety by ensuring up to
99.9968% mortality rate/efficacy among the treated population. Probit 9 provides a high overkill, and thus
the probability of having a mating pair of pests in a treated specimen is infinitesimally small (Follet, 2007).
The Commission on Phytosanitary Measures (CPM), established by the FAO, has issued a
document titled International Standards for Phytosanitary Measures Publication No. 15 (ISPM 15) which
provides guidelines for the treatment of wooden pallets. The two treatment methods currently approved
under the ISPM 15 are methyl bromide fumigation and heat treatment.

1.3.1 Conventional Heat Treatment
Conventional heat treatment requires that wooden pallets to be heated to a specific temperature for
a specific time, in accordance with ISPM 15 (Remmey Pallets, 2009). Heat treatment can be achieved in as
little as 2 hours or as long as 15 hours, depending on the equipment used, the size and design of the pallets,
and the requirements of the customer. The heating chamber is monitored via a computer. Probes are drilled
into the pallets while they are in the chamber, measuring temperatures at the thickest part (the stringer).
When the coldest probe reaches 56°C/132°F, the timer starts and that specific temperature must be
maintained for at least 30 minutes. Typically, the warm-up and cool-down periods are the longest. In
general, conventional heating methods are less efficient as they only heat the surface of the wood and rely
on thermal conduction for heat to reach the deeper layers. This leads to excessive heating and potential
damage of the outer layers of the wood. Moreover, heat treatment uses large and expensive conventional
ovens and a combustion source which leads to the emission of atmospheric pollutants such as carbon
dioxide, carbon monoxide and other oxides of nitrogen.
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1.3.2 Methyl Bromide Fumigation
Fumigation is a pest control process in which chemical pesticides are sprayed to completely fill a
restricted area where the treatment specimens (in this case, wooden pallet) are kept. Methyl bromide
(MeBr) fumigation requires about 25 hours and involves the spraying of pressurized liquid MeBr, which
converts to the gaseous phase and thus is a chemical diffusion into the wood packaging materials. The
process leads to the emission of MeBr, considered an ozone depletion gas, and hence creates significant
environmental concerns (UNEP, 1994). Owing to its harmful effects on the ozone, the use of MeBr
fumigation has been phased out from all its applications except quarantine and pre-shipment purposes.
MeBr fumigation requires relatively low capital investment; however, it is not effective for large volume
pallet producers or for thick sawn lumber or large sized timbers (dunnage). Research studies concerning the
replacement of methyl bromide fumigation are actively supported by the U.S. Department of Agriculture‘s
Methyl Bromide Transitions Program.

1.3.3 Radio Frequency (RF) Heating
The use of dielectric heating methods to kill pests in wood products was investigated using
microwaves by Fleming et al. (2003, 2004, 2005). Dielectric heating methods provide volumetric heating
and are faster and more energy efficient than conventional heat treatment. Although microwave heating has
been proven to be effective against certain insects, it suffers from the limitation that microwaves cannot
penetrate beyond 20cm of the wood profile. However, radio frequency (RF) heating does not have this
limitation. RF heating instead penetrates more deeply and helps in selectively killing the pests while not
quite significantly heating the wood itself (Nelson, 1996). This reduces the damage caused to the wood
material, lowers the heating time, consumes less energy, incurs a smaller carbon footprint, and costs less
than existing treating methods. It has also been proven that heating rates of insects using the RF heating
method is at least three times faster. While microwave heating often suffers from ―blind spots‖ as it may
not heat every region in the wood profile, RF heating does not suffer from this disadvantage (Brindley,
2005). In addition, RF heating uses electrical energy and hence produces no combustion by-products. It is
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the best environmentally viable alternative among the existing methods for treating large-sized wooden
components.

1.4 Problem Description and Motivation

The issue of plastic versus wood in the manufacture and use of pallets has been a highly debated
topic. Plastic pallets are made from resins produced by the polymerization of monomers extracted from
organic sources such as crude oil and natural gas. Thus the production of plastics raises huge potential
environmental concerns, such as global warming. However, plastic pallets are known to be sturdy, often
built with reinforced materials that increase their longevity, load-bearing capacity, and performance.
Wooden pallets and their production processes are generally known to be less carbon-footprint intensive
and environmentally greener than plastic pallets, since they are manufactured from lumber that cannot be
used for furniture or other value-added products. However, wooden pallets are prone to pest infestation and
hence require phytosanitary treatment. Thus an environmental impact analysis is necessary to adequately
address the various environmental concerns of wooden and plastic pallets.
Comparative LCA analyses of wooden and plastic pallets have been done in the past by many
pallet companies to assess the environmental impacts of their products. For example, Franklin Associates
conducted an LCA to compare CHEP pallets with GMA exchange pallets and GMA single-use pallets
(CHEP, 2007). Intelligent Global Pooling Systems (IGPS) conducted an LCA study to compare the
performance of their pallets against GMA wooden pallets (ERM, 2008). Companies have used various
LCA studies to market their pallets and to claim advantages, thus paving the need for an unbiased
environmental study. Plastic pallet companies have often portrayed the absence of fumigation treatment
and the longevity of plastic pallets as advantages. However, wooden pallet companies have substantiated
their environmental advantages by comparing the carbon footprint generated during the manufacture of
plastic resin with the manufacture of wooden lumber. This thesis addresses a void in the studies by
presenting an unbiased comparative Life Cycle Analysis (LCA) study comparing plastic and wooden
pallets through the investigation of their environmental impacts and carbon footprints. This study compares
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the environmental impacts of methyl bromide fumigation, heat treatment and RF heating. It also presents a
comprehensive analysis of the resources (raw materials and emissions) exchanged between the pallet and
the environment and a detailed analysis of the environmental impacts incurred at each life cycle stage.

1.5 Problem Solving Methodology
The applied methodology consists of a comprehensive cradle-to-grave life cycle assessment of a
pallet, considering all life cycle stages including raw material acquisition, manufacture, treatment,
use/transportation, and disposal. To analyze the economics of a pallet life, a life cycle cost survey was
implemented for collecting and averaging cost information from various pallet manufacturers and handlers.
The selection of pallet type was determined to be dependent on two objectives: minimization of carbon
footprints and minimization of costs. A shortest path algorithm as a specific case of dynamic programming
was formulated for each objective to determine the pallet type optimizing both objectives. A multiobjective dynamic programming model was formulated that combines both objectives, solvable using
preemptive and non-preemptive goal programming methodologies.
The first step of the LCA study involved defining its goal, objectives and scope. Data for
modeling the system was obtained from industry experts, academicians, published journals and LCA
databases. Next, the LCA model was built using data from the life cycle inventory. As a third step, impact
assessment (IA) methods were applied to determine the environmental effects of all data collected in the
inventory. Results of the impact assessment were then analyzed and interpreted for the audience in the final
stage of the LCA study.
Impact assessment involves categorizing all data exchanges. Each impact category is defined by a
characterization factor. The impact of each data element in a particular impact category is multiplied by its
characterization factor to determine its impact on the environment. There are many methods of impact
assessment, and they are selected depending on criteria such as impact categories selected for a study, the
time period of results, the geographic nature of the study and the scientific quality of results.
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The software used for the environmental impact analysis is SimaPro LCA software v7.1. It offers
various impact assessment methods that can be used to evaluate the environmental impacts of each product
life cycle stage. The methodology applied here involves the calculation of the carbon footprint created and
the cost incurred within each life cycle stage of product development.

Because this study has two

objectives—determining the pallet option with the smallest carbon footprint and the lowest cost in each life
cycle stage—a multi-objective dynamic programming (MODP) method is used to determine the best pallet
choice at each life cycle stage with respect to carbon footprints and costs. Various algorithms are
considered to solve the MODP problem in order to determine efficient or non-inferior solutions. These
include the constraint method of solving MODP problems (Tauxe et al., 1979) and the use of goal
programming methods to solve dynamic programming problems with multiple objectives (Charnes et al.,
1989). In maximization problems, efficient or non-inferior solutions are those whose level of attainment of
objective function values cannot be increased without sacrificing at least one of the other objectives. The
MODP problem is solved for various constraints so as to generate optimal solutions in each life cycle stage.

1.6 Thesis Roadmap

The remainder of this thesis is organized as follows.

Chapter 2 provides a comprehensive

literature review of previously published articles, journal papers and other literary information pertaining to
pallets, LCA methodologies, LCA analyses, examples of LCA studies in wood and packaging scenarios,
and application of optimization methodologies.
Chapter 3 explains life cycle assessment and dynamic programming in detail, and describes how
they apply to the pallet type selection problem. An LCA is conducted on wood and plastic pallets, the pallet
selection problem is formulated as a shortest path problem, and, a multi-objective dynamic programming
model is formulated. Chapter 4 discusses the results of the LCA analysis and the results of the optimization
models. A comparative analysis of wood and plastic pallets is investigated, and the assumptions made in
the study are tested using sensitivity analyses.
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Chapter 5 concludes the thesis, reviewing the conclusions of the study. A comparative analysis of
the advantages and disadvantages of pallet types is provided, and suggestions for future research directions
are offered. Figure 1-3 illustrates the thesis roadmap.

Literature Review

Methodologies Used

Results obtained

Figure 1-3 Thesis Roadmap

Conclusions
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Chapter 2 Literature Review

This chapter presents a detailed literature review on the process of life cycle analysis (LCA), the
background information related to pallets, and how pallet selection decisions have been made in the
industry. A historic overview of the life cycle analysis methodology is presented, and a review of previous
LCA studies related to a comparison of wood and plastic pallets is also summarized.

2.1 Life Cycle Analysis
Life Cycle Analysis (LCA) or Life Cycle Assessment (LCA) is an important environmental risk
analysis tool used in many industries to determine the environmental impact of a product or service during
its entire life cycle. It has been used as a framework for comparison across various material, processing,
and logistics options. The life cycle of every product is characterized by five stages: design, resource
extraction, product manufacture, use, and end of life (Pennington et al., 2004). An LCA study involves an
analysis and quantification of the various raw materials consumed or emissions released by the product or
service at each of its life cycle stages. The energy required for transportation of the materials at each stage
of the life cycle is also determined. The use of LCAs in decision making has been significant in product
improvement, design and development of new products, eco-labeling and the introduction or phase-out of
products (Guinee et al., 1992).
LCAs are used to:

evaluate the environmental impacts or risks associated with an existing or new product/service;
compare the environmental performances of new products/services;
evaluate the consequences of changes made to a product or system (Pennington et al., 2004); and
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mitigate the environmental wastes in the product‘s life cycle and for process system optimization
(Marano and Rogers, 1999).
The validity of any LCA study is bounded with respect to its data, and thus data collection is the
most crucial step in the LCA. Data needs to be accurate and as complete as possible. Types of LCAs
include the following:

Cradle-to-grave LCA is used to assess the environmental impact of a product throughout its life
cycle, from manufacture until disposal. For example, Perez-Garcia et al. (2005) conducted an LCA on
alternative building materials used in residential construction using a cradle-to-grave LCA (PerezGarcia et al., 2005).
Cradle-to-gate LCA is used to assess the environmental impact of a product from its manufacture to
its shipment or transportation to the end customer. In this type of LCA, the use and disposal phase are
not considered. A cradle-to-gate LCA has been conducted on residential wood building materials by
Puettman et al. (2005).
Cradle-to-cradle LCA is used to assess products that are recycled in their end of life stage and not
disposed. These include both plastic products and wood products.
Gate-to-gate LCA considers only one value-added process in the entire life cycle of a product. For
example, in the production of crude palm kernel oil, the gate-to-gate LCA considers the stages from
the procurement of palm kernel to the production of crude palm kernel oil (Vijaya et al., 2009).
Other types of LCA studies include the Economic Input/Output (I/O) LCA, the Regionalized LCA
(Mutel and Hellweg, 2009) and the Multi-Dimensional LCA (Huo and Saito, 2009).

16
2.1.1 Goal and Scope Definition

Here we identify the goals of the LCA study, the functional unit and the boundaries of the product
system. The functional unit defines the quantity or dimensions of the product and thus forms the basis of
the LCA study. In addition to quantity and dimensions, the functional unit considered can also be the
service delivered by the product (Pennington et al., 2004). Authors Jensen et al. (1997) define functional
unit as the ―reference to which input and output data are normalized‖ (p.55).

2.1.2 Life Cycle Inventory (LCI)

In the LCI stage of analysis, boundaries between the product system and other subsystems are set
(Guinee et al., 1992); this defines the relations between processes occurring in a given system. The two
types of data collected in the LCI phase are (1) resources used and (2) emissions released to the
environment. Emissions may be subdivided into airborne, water borne, and land emissions. An inventory
analysis provides a profile of emissions in each category, which is then used in the next stage to evaluate
their impacts on the environment. The availability and quality of data are highly critical to an LCA study. It
is important to use quality indicators and regularly update databases with most recent and current data so as
to remove any temporal anomalies that might compromise the study (Guinee et al., 1993).
Steps of a Life Cycle Inventory: The four steps of an LCI as defined in the EPA‘s 1993
document, ―Life Cycle Assessment: Inventory Guidelines and Principles‖ and its 1995 document,
―Guidelines for Assessing the Quality of Life Cycle Inventory Analysis‖ are as follows:

Step 1: Process Flow Diagram

A process flow diagram gives a pictorial view of the exchanges the product system or the
functional unit makes with the environment. It is prepared according to the boundaries selected at the goal
and scope definition stage, and its complexity often determines the accuracy and usability of results in an
LCA study (Curran, 2006).
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Step 2: Data Collection Plan

The key elements identified in (Curran, 2006) with respect to the data collection plan consist of
defining data quality indicators, data sources and data quality goals. Data quality indicators include the
desired time period, the region, system boundaries, and allocation principles among others. For this study,
the environmental exchanges that include resource consumption and emissions between the functional unit
and the environment can occur in different parts of the world; hence data sources need to be selected in
such a way that data quality goals can be met.

Step 3: Collection of Data

Once the process flow diagram is drawn and the data collection plan is completed, the analyst
starts collecting data. The time and resources needed to collect data are directly related to the complexity of
the processes, the system boundaries, the number of sub-systems and the desired extent of data quality
goals. Data collection involves site visits, literature reviews, and discussions with field experts. LCA
software packages are now available with databases that consist of information from previous LCA studies,
also useful for data collection (Curran, 2006).

Step 4: Evaluation and Documentation of Results

The final step in the LCI stage involves evaluation and documentation of inventory results. This
includes a description of methodologies used and system boundaries considered, a summary of the data
sources used, and a list of assumptions made. The results can then be presented according to the objectives
of the LCA and the audience of the study.

2.1.3 Life Cycle Impact Assessment (LCIA)

LCIA is an assessment of the environmental exchanges identified during the data collection stage
or life cycle inventory of the LCA study (Curran, 2006). It comprises the definition of impact categories,
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classification of data collected, characterization of values and valuation and weighting of results (Jensen et
al., 1997). LCIA involves the evaluation of environmental burdens due to all the resources and emissions
identified in the life cycle inventory (Marano and Rogers, 1999).
Impact Categories: According to Lindfors et al. (1995), completeness, practicality, independence
and relation to the characterization step should be considered while selecting impact categories. The three
main impact categories, also known as areas of protection (AoPs) as identified by Udo de Haes et al.
(1999), are resource use, human health consequences, and ecological consequences. The various impact
categories listed in Jensen et al. (1997) are: abiotic resources, biotic resources, land use, global warming,
stratospheric ozone depletion, eco-toxicological impacts, human toxicological impacts, photochemical
oxidant formation, acidification, eutrophication, and work environment.
Classification: The process of grouping resources and emissions under various impact categories
is known as classification (Pennington et al., 2004). Emissions and resources extracted are aggregated using
scientific knowledge with respect to their potential effects on the selected environmental indicators (Guinee
et al., 1993).
Characterization: Once the collected data have been classified, indicators corresponding to each
impact category are calculated from the inventory tables in a process known as characterization
(Pennington et al., 2004). This consists of relating each input and output to its respective impact category; it
is both a scientific and a quantitative step, requiring the estimation of the contribution from each input and
output (Jensen et al., 1997). According to Pennington et al. (2004), indicators can be calculated from the
LCI using characterization factors and are represented with the following equation:
Category Indicator =

Characterization factor can be expressed in terms of the following variables:
Characterization Factor(s, i, t) =

Eq. 2.1
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=

Eq. 2.2

where s denotes the chemical, i is the location of emission, j is the related location of exposure of the
receptor, and t is the time period during which the contribution to the impact is considered.
Normalization: After classification of data values and calculation of indicator results, the results
have to be normalized with respect to reference values; this process is known as normalization (Pennington
et al., 2004). It enables the comparison of values pertaining to different indicators (Curran, 2006).
Finnveden et al. (2002) indicated the aim of normalization is ―to broaden the LCIA results for comparison
and to have results with common dimensions.‖ To obtain the normalized value, we divide each indicator
result by a reference value as shown in Pennington et al., (2004), as such that

Nk =

Eq. 2.3

where, k denotes the impact category, N is the normalized indicator, S is the category indicator and R is the
reference value.
Grouping/Weighting: The results are weighted according to an order of priority set by the
decision makers, and the weighted data is then interpreted and offered for review and analysis. Grouping
sorts or ranks the results with respect to the various impact categories (Pennington et al., 2004). Finally, the
results are reported and explained to improve their understanding (Curran, 2006). Two methods developed
for grouping are the verbal-argumentative method developed by Giegrich and Schmitz (1996), and the
ranking method developed by Volkwein et al. (1996). Often weighting is done to calculate a final indicator
value that is reflective of the environmental impact indicator (Pennington et al., 2004) such that
EI or Environmental Indicator = Σ VkNk

Eq. 2.4

in which k is the impact category, Vk is the weight assigned to category k, and N represents the normalized
indicator. According to Finnveden et al. (1997) methods of weighting can involve (1) monetization, where
monetary factors are involved in deciding weights, (2) panel methods, where surveys are used to calculate
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weighting factors from a panel of people, or (3) distance to target methods. Weighting helps to express the
relative preferences of all stakeholders of the LCA study, to ensure that the LCA results are reportable and
based on existing information, and to help establish the importance of the study results (Jensen et al., 1997).

Impact Assessment Models in LCIA

Midpoint modeling and endpoint modeling are two techniques explained by Curran (2006).
Midpoint modeling helps to identify potential stressors at a midpoint in the cause-effect chain. Endpoint
modeling calculates the impact of each stressor to an end effect in the cause effect chain, such as global
warming, ozone depletion, etc. It is preferable to use endpoint modeling owing to its simplicity, minimum
assumptions, and reduced amount of required forecasting (Bare et al., 2003). However, it has been
suggested that it is important for LCA studies to be performed using more than one impact assessment
method (Daniel et al., 2004). This improves the effectiveness of the analysis and is often required by the
ISO standards. Rahimi and Weidner (2004) used assessment models based on multi-attribute value theory
(MAVT) making use of data from different impact assessment methods. LCIA options include Ecoindicator 99, EDIP 2003, Impact 2002+, EDP 2007, EPS 2000, and CML 2001.

2.1.4 Life Cycle Interpretation and Results

Life cycle interpretation is the fourth stage in an LCA study, wherein results from the LCI and
LCIA are quantified, evaluated and communicated (Curran, 2006). This component of the study includes
two elements: the valuation of the scores of the environmental profiles, and the analysis of the reliability of
results obtained (Guinee et al., 1993). Life cycle interpretation is a process that gives credibility to the
results obtained in the initial three phases of the LCA study (Jensen et al., 1997). Data quality and results
might be affected by lack of data availability, data collection inconsistencies, and varying sources
(Björklund, 2002), resulting in misleading perceptions that lead to incorrect decision making; hence the
reliability of LCA results are critical to the study. A sensitivity and uncertainty analysis is of utmost
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importance in any LCA study involving assumptions and conclusions. The goals of the LCI stage as
identified by the ISO are:

1.

Analyze and conclude findings and provide recommendations on the basis of the results obtained
in the previous stages of the LCA study. It is also important to report findings in a transparent
manner.

2.

Provide an easily understandable and clear presentation of the findings in the LCA study. It is
important that these findings are consistent with respect to the goal and scope defined in the study.
The objectives of the interpretation stage should focus on facilitating a decision-making process

by providing recommendations from the LCA study (Jensen et al., 1997). While presenting results, it is
important to include and explain the assumptions considered during the study, to enable easy understanding
and comprehension of the results obtained (Curran, 2006). The key steps as defined in the ISO standard
―Environmental Management - Life Cycle Assessment - Life Cycle Interpretation,‖ ISO 14043 (ISO
1998b) are:

1.

identification of important environmental issues with respect to the LCI and LCIA,

2.

evaluation of results, including completeness, sensitivity and consistency checks, and

3.

presentation/reporting of conclusions and results.
The first step in the interpretation stage is to identify the key environmental issues. The relevant

information thus identified is presented in a structured and transparent manner. This includes the results
from each phase, the methodologies and valuation methods used, and a representation of the roles of
different parties (Jensen et al., 1997). The second step involves a sensitivity analysis on the data collected
and results obtained, including a qualitative or quantitative analysis on what implications that changes
made to the input data have on the system (Jensen et al., 1997). Methods of sensitivity analysis include
tornado diagrams, one-way sensitivity analysis, factorial design, etc (Björklund, 2002). Sensitivity analyses
consist of a set of what-if scenarios designed to study the variation in outputs when the input parameters are
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varied. Consistency analysis checks for the consistency of methodologies applied and includes an analysis
of system boundaries, impact assessment methods, valuation/weighting methods, etc (Jensen et al., 1997).
Sensitivity and uncertainty analyses help in determining the outputs of the model and thus validating its
reliability (Björklund, 2002). In the life cycle interpretation stage, if the results from the LCI and LCIA do
not coincide with the goal and scope defined, then the analysis must be improved and changes made by
additional data collection and/or redefinition of system boundaries so as to meet the aspirations of the LCA
study (Jensen et al., 1997).

2.2 Review of Previous Work Done on LCA Studies and Packaging Systems

Lee and Xu (2004) used a Simplified-LCA (SLCA) to compare wooden pallets against their
plastic counterparts. According to the authors, an SLCA is ideal for comparative studies. The functional
unit in this study is the transportation of yoghurt bottles in a basic unit of transit packaging. LCA results
indicate that the T760 has a lesser environmental impact (four times less severe) owing to its lesser tare
weight, greater potential reusability of parts, and its long life. However, the authors did not discuss how
they have determined the life cycle of a pallet or the basis of the number of pallet round trips they used.
Suh and Huppes (2005) reviewed the various methods for life cycle inventory (LCI) compilation
of a product as well as the applications, advantages and disadvantages of each. These methods are the
process flow diagram approach, the matrix inversion method, the economic input output (IO)-based LCI,
the tiered hybrid analysis, the IO-based hybrid analysis, and the integrated hybrid analysis. According to
the authors, no single method can be chosen as the best method; hence practitioners should select an LCI
compilation method depending on the goal, scope and other resources available. Process analysis and
matrix inversion methods consume more time and resources compared to other methods as they require
process specific information; however, they have less data uncertainty.
For upstream system boundaries, IO-based methods show a greater level of completeness, while
process-based methods prove to be better for other system boundaries. With respect to computational
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efforts, IO-based and integrated hybrid analysis methods are more intensive than other methods (Sue and
Huppes, 2005). In terms of ISO compliance, IO-based methods hold less regard, owing to the absence of
use and disposal phases in the scope definition, and hence process flow diagrams and matrix representation
methods are aligned more closely to ISO standards (Sue and Huppes, 2005). However, combining LCI
results from other life cycle stages helps enhance the compatibility of IO methods with ISO standards.
Mutel and Hellweg (2009) discussed the importance of a regionalized life cycle assessment and a
site-dependent impact assessment to generate more definite and consistent results. The authors have
discussed a methodology to couple regionalized characterization factors into the databases, an attribute not
present in any LCA software. Site-dependent and site-generic characterization factors have been used in
this study. According to Mutel and Hellweg (2009), site-generic factors are those that are used over
extensive geographical regions, whereas site-dependent factors follow the boundaries of a particular region,
state or country. Site-specific factors are used for a particular location, factory or landfill.
Huo and Saito (2009) used a multi-dimensional LCA to analyze the technical, economic and
environmental performance of three types of molded-pulp production systems. The authors indicated the
overall scores or efficiency of the systems using a sustainability index. The impact assessment method used
was LIME (Life Cycle Impact Assessment Method using Endpoint Modeling) and involves 11 impact
categories such as global warming, ozone-layer depletion, acidification, eutrophication, photochemical
oxidant creation, urban air pollution, human toxicity, eco-toxicity, land use, resource consumption, and
wastes.
Björklund (2002) presented a comprehensive analysis of quantitative and qualitative approaches
for maintaining data quality and improve reliability of LCA results. Uncertainty in results arises from data
inaccuracy, data gaps, unrepresentative data, model uncertainty, spatial and temporal variability and
mistakes. Data quality can be improved by standardization, setting data quality goals, data quality
indicators, additional measurements, validation of data and critical review.
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Methods for sensitivity analysis include tornado diagrams, one-way sensitivity analysis, scenario
analysis, factorial design and ratio sensitivity analysis. Tornado diagrams compare the relative importance
of variables in a sensitivity analysis study by changing the sensitive variable while maintaining other
variables at a constant. Björklund (2002) presents two types of uncertainty analyses: qualitative and
quantitative uncertainty analysis. Methods for quantitative uncertainty analysis involve: (1) using tornado
diagrams (including known uncertainty values) and (2) calculating the correlation between model input and
total outcome, Crystal Ball® tool, etc (Björklund, 2002). Qualitative analysis requires less numerical data
and is often used to screen data.
Marano and Rogers (1999) developed a methodology using a linear programming model that
combines performance, inventory data and cost aspects to improve process systems and achieve LCA
impact improvement targets by minimizing cost. Azapagic (1999) emphasized life cycle analysis as a tool
to optimize system performance and to reduce waste emission across the entire life cycle of a product
system, rather than optimization at the manufacturing stage alone. This involves the formulation and
optimization of a multi-objective problem.
Heijungs and Kleijn (2001) described five numerical approaches used in life cycle interpretation:
contribution analysis, perturbation analysis, uncertainty analysis, comparative analysis, and discernability
analysis. The literature includes work by other authors who have investigated various multiple-attribute
decision analysis (MADA) methods in conjunction with LCA. For example, Seppala et al. (2002) described
a set of MADA methods and their application in LCIAs. The paper provided an overview of MADA
methods. The subject of this investigation involved various frameworks and tools developed using MADA
methodology in conducting LCIAs.
Daniel et al. (2004) used seven Impact Assessment (IA) methods—Analytical Hierarchy Process,
LCA Polygon, Ecopoints 1990, Ecopoints 1997, Eco-indicator 95, Eco-indicator 99 and EPS 2000—in an
LCA study of lead-acid batteries to quantify the environmental impacts produced during the batteries‘
recovery and disposal phase. According to their work, the factors that affect the results of an LCA study are
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the type of impact assessment method used, the amount of data available, and the assignment of weights
during the impact assessment stage.

2.3 Prior LCA Studies on Packaging Systems and Wood Products
Lee and Xu (2004) modeled and analyzed two types of packaging systems (a wooden pallet and a
plastic bulk transit packaging system known as Enviropak© T760) using a Life Cycle Analysis. Quoting a
few examples of LCA studies, the authors state that usage and disposal stages are dominant in the life cycle
assessment of the two transit packaging systems. In addition, the authors also affirm that recycle and re-use
strategies for plastic products reduce the overall environmental burden.
Bovea and Gallardo (2006) compared the environmental performance of packaging materials
(PVC, PE and Polypropylene) using five impact assessment methods including EDIP, CML 2 baseline
2000, Eco-Indicator95, Eco-Indicator99 and EPS. The authors insist on the need for applying more than
one method in order to validate the results obtained in an LCA study. According to the authors, making use
of a single score to indicate the environmental performance often includes large number of assumptions and
also decreases the transparency of LCA results.
Scheerer et al. (1996) discussed the use of substitute materials for grocery distribution. According
to a survey conducted by the authors, a vast proportion of these companies use solid wooden pallets for
distribution, and the grocery industry is one of the largest consumers of wooden pallets. According to the
authors, pallets logically travel from the manufacturing plant to the distribution center and then to the retail
store. As stated by plastic pallet manufacturers, plastic pallets offer a longer life and help offset pallet repair
costs. Scheerer et al. (1996) note that a relative initial cost of plastic pallets at $23 each with a lifespan of
about 75 trips and no repair costs may be compared to wooden pallets with an initial cost of $4 each and
repairs after every 5 trips.
Singh and Walker (1995) conducted an LCA analysis of eight different types of nested plastic and
wooden pallets. The authors developed a performance coefficient to compare the pallets. Those with the
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highest performance were proven to be the twin sheet thermoformed HDPE plastic pallets, while press
wood pallets had the lowest performance. Moreover, the plastic pallets were lightweight and nestable. The
objectives of the study were to identify pallets that were less expensive, could survive a high number of
trips without getting damaged, and that were lightweight and easily recyclable (Singh and Walker, 1995).
Corbière-Nicollier et al. (2001) evaluated the environmental impact of using reed fiber as a
substitute for glass fiber in reinforced plastics. The impact assessment method used was CML 92. The reed
pallets showed less environmental impact than the glass fiber reinforced pallets.
Milota et al. (2005) considered a gate-to-gate life cycle inventory of softwood lumber production,
based on the various processes such as planing, drying, and sawing used in its production. Bergman et al.
(2008) studied the life cycle inventory of hardwood lumber production. Material and energy flow analysis
was conducted for hardwood sawmills in the Northeast. The authors noted that while performing LCAs to
compare wood and non-wood products, it is critical to know the exact amount of material required for the
same use in both the wood and the non-wood product.
Ray et al. (2006) presented a cost benefit analysis on rental-pallet systems and purchased-pallet
systems used in the grocery industry. There were discrepancies in determining the best alternative in terms
of cost efficiency. The higher initial costs involved in purchased pallets, the leakage of pallets from the
supply chain, and other factors significantly contributed to cost efficiency, forcing pallet companies in
some cases to opt for rental pallet systems, which offer decreased pallet management cost to the
retailer/distributor at an improved quality and service The authors estimated the purchased pallet system
cost at an average of $4.00 per pallet trip, compared to $6.00 per pallet trip in a rental system.
Puettmann and Wilson (2005) presented a cradle-to-gate LCA study of residential wood building
products. The environmental impact of the resource extraction and production of wood products such as
glued-laminated timbers, kiln-dried and green softwood lumber, laminated veneer lumber, softwood
plywood and oriented strandboard was studied. The authors mention that one-third of the energy used in
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manufacturing wood products is obtained from renewable sources and the remaining from fossil fuels. The
authors conclude that environmental impact is reduced significantly when biomass fuel is used.
Brachfeld et al. (2001) conducted a study to quantify the environmental burdens of four different
yoghurt product delivery systems: those using high density polyethylene (HDPE) cups, those using
injection molding process, those using coated unbleached paperboard cups, and those using corn-based
polylactide (PLA) cups. It was found that large size containers (32oz) created the least environmental
impact. The authors also concluded that HDPE injection molded systems have a higher out flux of harmful
chemicals.
Barthel and Albrecht (2007) conducted an LCA to compare the environmental impacts of three
packaging systems—wooden and cardboard boxes and plastic crates—throughout their life cycles. The
scope of the study was limited to fruit and vegetable distribution in Europe. The impact assessment method
used was CML 2001. The aim of the study was to determine the best packaging solution under a suitable
set of conditions.
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2.4 Overview of Product Types Analyzed in Previous LCA Studies

All the papers reviewed are summarized in the following table. A detailed literature review shows
that no studies have been conducted to compare the environmental impacts of phytosanitary treatments and
GMA pallets.

Table 2-1 Overview of Previously Published LCA Studies
#

1

2

3

4

5

6

7

8

9

Title of Study
A Simplified Life Cycle
Assessment of Reusable and
Single-Use Bulk Transit
Packaging
Aggregating and Evaluating
the Results of Different
Environmental Impact
Assessment methods
Evaluation of Two
Simplified Life Cycle
Assessment Methods
Life Cycle Assessment
Study of a Chinese Desktop
Personal Computer
Environmental Impact of
Producing Hardwood
Lumber Using Life Cycle
Inventory
Gate-To-Gate Life Cycle
Inventory of Softwood
Lumber Production
Gate-To-Gate Life Cycle
Inventory of Softwood
Plywood Production
Gate-To-Gate Life Cycle
Inventory of Laminated
Veneer Lumber Production
Life Cycle Inventory of
Wooden pallet Systems

Reference

Comparison/LCA of

Methodology

Lee and Xu (2004)

Wooden pallet and
plastic bulk transit
packaging systemEnviropak© T760

Simplified LCA (SLCA)
using EPS 2000 impact
assessment method

Daniel et al. (2004)

Starter lead-acid
batteries

Application of various
impact assessment methods

Hochschorner and
Finnveden (2003)

Electric cars and cars
with combustion fuel

Duana et al. (2009)

Personal desktop
computer

Bergman and
Bowe (2008)

Hardwood lumber
production

Manufacturing process of
hardwood lumber using
SimaPro 7.1

Milota et al. (2005)

Softwood lumber
production

Life cycle inventory
analysis using SimaPro

Wilson and
Sakimoto (2005)

Softwood plywood
production

Life cycle inventory
analysis using SimaPro

Wilson and Dancer
(2005)

Laminated veneer
lumber Production

Life cycle inventory
analysis using SimaPro

Prepared for CHEP
Americas, by
Franklin Associates
(2007)

CHEP wooden pallet,
GMA wooden pallet,
GMA one way pallet

LCI of three wooden pallet
systems

Comparison of two SLCA
methods: ERPA and
MECO methods
Eco-indicator '99 impact
assessment method, CML
method for sensitivity
analysis
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Table 2-2 Overview of Previously Published LCA Studies (cont.)
#

Title of Study

Reference

Comparison/LCA of

Methodology

10

Methods for Life Cycle
Inventory of a Product

Suh and Huppes
(2005)

LCI compilation
methods

Comparison of various LCI
compilation methods

11

Multidimensional Life
Cycle Assessment on
Various Molded Pulp
Production Systems

12

13

Supply Chain System Costs
of Alternative Grocery
Industry Pallet Systems
Regionalized Life Cycle
Assessment: Computational
Methodology and
Application to Inventory
Databases

14

The Use of Substitute
Material Pallets for Grocery
Distribution

15

A Semi-Quantitative
Method for the Impact
Assessment of Emissions
Within a Simplified Life
Cycle Assessment

16

17

18

Life Cycle Assessment of
the Stonyfield Farm Product
Delivery System

The Sustainability of
Packaging Systems for Fruit
and Vegetable Transport in
Europe based on Life Cycle
Analysis
The Influence of Impact
Assessment Methods on
Materials Selection for Ecodesign

Huo and Saito
(2009)

Pulp production
systems

Ray et al. (2006)

Cost benefits of
rented Vs. purchased
pallet systems

Mutel and Hellweg
(2009)

Steel production

Scheerer et al.
(1996)

Fleischer et al.
(2001)

Brachfeld et al.
(2001)

Analysis of use of
plastic/wooden
pallets for grocery
distribution
Production of a
lightweight container
from the two
aluminum and carbon
fiber reinforced
epoxy
Systems using HDPE
cups, injection
molding process,
coated unbleached
paperboard cups and
corn-based
polylactide (PLA)
cups

Multidimensional LCA
using LIME impact
assessment methods and a
sustainability index to
measure performance
Financial cost benefit
analysis of rented and
purchased pallet systems
Regionalized LCA of steel
production using EDIP and
exceedance IA methods

Quantitative assessment of
energy-related processes,
as well as a semiquantitative assessment of
non-energy related
emissions
LCA of four product
systems, distribution and
use phase of the systems
are not considered in the
LCA

Barthel and
Albrecht (2007)

Wooden boxes,
cardboard boxes and
wooden crates

Impact assessment of three
packaging systems using
CML 2001

Bovea and
Gallardo (2004)

Polymer materials:
PVC, Polyethylene,
Polypropylene used
for packaging

Analysis of five IA
methods applied on LCA
of packaging materials
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Table 2-3 Overview of Previously Published LCA Studies (cont.)
#

Title of Study

Reference

Comparison/LCA of

Methodology

19

Life Cycle Analysis of
Nestable Plastic and
Wooden pallets

Singh and Walker
(1995)

Eight different types
of nestable pallets

Use of life cycle tests and
calculation of performance
coefficient for each pallet

20

Life Cycle Assessment and
its Application to Process
Selection, Design and
Optimization

Azapagic (1999)

Three gas
desulphurization
processes: wet
limestone, double
alkali and dry sodium
carbonate processes

LCA
with
optimization

21

Life Cycle Assessment of
Bio Fibers Replacing Glass
Fibers as Reinforcement in
Plastics

Corbière-Nicollier
et al. (2001)

China reed fiber and
glass fiber in plastics

LCA using critical surfacetime method (CST95),
CML 92 and Eco-indicator
95

22

Life Cycle Analysis of
Wood Products: Cradle-toGate LCI of Residential
Wood Building Materials

Puettman and
Wilson (2005)

23

Streamlined LCA of the
IGPS Pallet, the Typical
Pooled Wooden Pallet, and
the Single-Use Wooden
Pallets

Prepared for IGPS
LLC, by
Environmental
Resources
Management

24

Survey of Approaches to
Improve Reliability in LCA

Björklund (2002)

25

Process System
Optimization for Life Cycle
Improvement

Marano and Rogers
(1999)

26

Numerical Approaches
Towards Life Cycle
Interpretation, Five
Examples

Heijungs and
Kleijn (2001)

Five numerical approaches
used in life cycle
interpretation

27

Aggregating and Evaluating
the Results of Different
Environmental Impact
Assessment Methods

Daniel et al. (2004)

Seven impact assessment
methods to determine
environmental impacts
during recovery and
disposal

Glulam, softwood
lumber, laminated
veneer lumber,
softwood plywood,
and oriented strand
board
3 types of 48x40
GMA compliant
pallets: IGPS plastic
pallet, single use and
pooled multi use
wooden pallet

process

Cradle-to-gate LCIs of
glulam, softwood lumber,
laminated veneer lumber,
softwood plywood, and
oriented strand board

Streamlined LCA using
CML impact assessment
method
Comprehensive analysis of
quantitative and qualitative
approaches for improving
reliability of LCA results
LP model that combines
performance, inventory
data and cost to achieve
LCA impact improvement

Lead acid batteries
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2.5 LCA of Wooden pallet Systems and Emerging Needs
Previous studies have shown that LCAs have been conducted for wood products, packaging
systems and pallets to analyze their environmental impacts and/or cost benefits. The CHEP study (2007)
consisted of an LCA study to compare CHEP pallets against GMA pallets and GMA one-way pallets, and it
included the upstream processes (acquisition of raw materials, fabrication, and transportation) as well as
downstream processes (use and disposal and/or reuse). Singh and Walker (1995) conducted an LCA on
eight types of pallets to study their performance during the use phase. Lee and Xu (2004) conducted an
LCA that included the raw materials extraction, manufacturing, transport, use, recycle and disposal phases
of a single use wooden pallet and a plastic packaging system, Enviropak® T760.
After a detailed review of past LCA studies and existing literature, it can be seen that no LCA
study has been conducted to investigate or compare the environmental impacts of various quarantine and
pre-shipment treatment methods of wooden pallets.

2.6 Emerging Phytosanitary Needs
Wood packaging material made of unprocessed raw wood is prone to infestation by pests. Before
being put into use for packaging and transportation, pallets must be treated to kill the various pests, fungi
and nematode that may be contained in them. Invasive organisms and pests are often a threat to ecosystems
and pose serious concerns to agriculture, human health and the environment (Mumford, 2002). The
treatment of wood to kill these pests is known as phytosanitary treatment, a measure undertaken by all
manufacturers and ports to treat pallets and restrict the transmission of pests.
The use of wood packaging materials has been on the rise since the advance of globalization and
international trade. Wooden pallets are often susceptible to invasion by pests which, if overlooked or not
treated, may be exported to other countries and hamper foreign eco-systems. The study conducted by
Pimentel et al. (2000) shows that billions of dollars in damages, losses and control costs are caused in the
U.S. by non-indigenous pests each year.
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With the rise in global trade, the use of treatment methods has increased. An increase in the use of
methyl bromide, a Class I ozone-depleting substance, affects the atmosphere adversely. Similarly, the
increased use of heat treatment requires energy and increases costs. In recent years, researchers have started
to focus on dielectric methods such as microwave heating and radio frequency (RF) heating methods in
order to develop them as suitable alternative treatment methods. Research has shown that microwaves are
capable enough of killing several species of cerambycids such as the Asian longhorned beetle and
pinewood nematodes of various sizes and species (Fleming et al., 2003, 2004, and 2005). However,
microwave heating may suffer from ―blind spots‖ as it may not heat every region in the wood profile. This
current research introduces RF heating as an alternative phytosanitary treatment method. RF heating
penetrates deep into the wood profile, thus killing the pests more effectively and more quickly than
microwaving (Nelson, 1996). Also, RF heating provides differential heating of wood, ensuring that pests
are selectively heated (Nelson, 1996). RF heating is fast and uses electrical energy, thus having reduced
energy consumption and environmental burdens. Overall, the research here aims at analyzing the
environmental impacts of each treatment method.
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Chapter 3 Methodology

The proposed methodology in this research consists of a life cycle analysis (LCA) to evaluate both
the environmental impacts of wooden and plastic pallets and the various pest treatment methods. More
precisely, the LCA study is used to obtain information about the amount of carbon footprint created during
each life cycle stage of wooden and plastic pallets. The carbon footprint and cost information thus obtained
is applied to a shortest path problem model in order to select the pallet type that minimizes each of the
objectives. Both objectives are then combined under a multi-objective dynamic programming model. Goal
programming is next used to solve the multi-objective dynamic programming model in order to optimize
pallet and treatment type decisions in each life cycle stage, according to the priorities assigned to the
objectives by the decision maker.

Figure 3-1 Elements of the Research Methodology
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3.1 Life Cycle Analysis (LCA)

Life Cycle Analysis (LCA) is an environmental risk analysis tool used to determine the
environmental impacts of a product throughout its life cycle. An LCA study considers the resources used
and emissions issued from a product during its life cycle, and then applies impact assessment methods to
evaluate the environmental burdens of all exchanges occurring in the product system. The four components
of an LCA are: goal and scope definition, life cycle inventory (LCI), life cycle impact assessment (LCIA)
and interpretation of results.

3.1.1 Goals of the LCA Study:

Goals of the LCA as part of this research are outlined as provided below:


Conduct a life cycle analysis study to determine and compare the environmental impacts incurred by
each life cycle stage of a wooden and plastic pallet of 48‖ x 40‖ GMA specifications.



Conduct a consequential LCA to understand the relative environmental burdens of each phytosanitary
treatment method.



Establish baseline information pertaining to the energy and resource requirements and the
environmental burdens caused by the product/process systems being analyzed.



Support the policy makers in framing policies with respect to the treatment of pallets and inform the
industry and other decision makers about the environmental hazards of heat treatment and methyl
bromide fumigation.



Rank the relative contribution of each life cycle stage towards the total environmental burden.

Motivation: This LCA study is conducted to determine the best phytosanitary treatment method of pallets
with respect to the environmental burden it causes. The treatment methods that are being compared in the
study are: heat treatment, methyl bromide fumigation, radio frequency (RF) heating, and the ―no treatment‖
case. In this study, the ―no treatment‖ case is plastic pallets.
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Intended Application: The results of the LCA are intended to test the usability of RF heating as an
environmentally sound phytosanitary treatment method. It is also intended to substantiate the Methyl
Bromide Transition program with sufficient data so as to support a formal submission to the International
Plant Protection Convention (IPPC) for the approval of RF heating as an alternative to MeBr fumigation for
treatment of wooden packaging material and other wood commodities.
Intended Audience: The results of the LCA study are intended to be discussed at a peer review forum and
presented to the IPPC for consideration and approval as an alternative phytosanitary treatment. The results
are also intended for the perusal of wood and plastic pallet manufacturers and customers to help them
identify pallet life cycle stages that produce maximum environmental impact and take necessary steps to
mitigate them. It will also aid pallet users in determining the most suitable pallet type and treatment option
in order to reduce costs and carbon footprints.
Comparative Assertions: Comparisons in the LCA study on the basis of material type of the pallet are:
 48‖ x 40‖ GMA block type wooden pallet made with Southern Yellow Pine lumber
 100% virgin HDPE plastic pallet produced using injection molding
A 100% virgin HDPE plastic pallet is considered in the study instead of recycled plastic, as pallets
made from recycled plastic have not been demonstrated to carry equivalent loads for multiple trips.
Recycled plastics may also have unacceptable levels of contamination and variations in compositions.

3.1.2 Definition of Scope:

This section describes the system boundaries and the process maps of wooden and plastic pallets
considered in the study. A detailed description of the product systems (wooden pallets, plastic pallets)
functional unit, data quality requirements, allocation procedures and impact assessment methods are also
given.
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3.1.2.1 Characterization of Wooden Pallets
Figure 3-1 shows the process map depicting the life of wooden pallets. The map has been adapted
from the LCA study conducted for pooled wooden pallets by the Commonwealth Handling Equipment Pool
(CHEP) Company (CHEP, 2007). It has been assumed that the pallet has a life of 15 trips without repair
and that 20% of the wood from each pallet is used to repair damaged pallets. The round trip travel distance
of the wooden pallets is assumed as 200 miles. A sensitivity analysis is conducted on both these
assumptions and results are discussed in Chapter 4.

Figure 3-2 Process Map of Wooden Pallets (Adapted from CHEP, 2007)
Extraction of Raw Materials: The raw materials or pallet building components needed for the
manufacture of wooden pallets are hardwood/softwood lumber, steel (alloy) nails, paint/varnish, electricity
and fuel (for energy). This LCA study considers the production of hardwood/softwood; however, the
production of related raw materials such as steel nails, paint, electricity and extraction of energy is not
considered (refer to Figure 3-2). Wooden pallets are generally manufactured from hardwood and softwood.
Hardwood is primarily used in the northeastern part of North America, and softwood is generally used in
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the southern and western parts of the continent. The lumber used for new pallets is a by-product of the
lumber industry. Most pallet stock is manufactured from the cant of the tree, the very center where the
grain is too tight for furniture manufacturing (Remmey Pallets, 2009).
Manufacture of Wooden Pallets: The process of manufacturing pallets involves the cutting of
lumber to produce planks, and the nailing of planks to produce pallets as the final product. Cants or lumber
are procured from sawmills and sorted according to their sizes before being used for production. Pallet
production lines are arranged according to the size of the pallets to be produced. A gang-saw is used to cut
the lumber into planks of required sizes and is efficient enough to cut lumber according to various heights
and thicknesses. Waste products such as wood chips, sawdust and shavings produced during the process of
cutting lumber can be used as fuel to augment some of the energy requirements in the process, such as the
thermal energy for conventional HT phytosanitation (Associated Pallet Inc., 2009).
Cut lumber required for each pallet is procured from storage and sent to nailing machines. These
are programmed to nail together planks to produce pallets of required dimensions. Nailing machines have a
capacity of producing up to 300 pallets an hour, requiring an average power rating of 110 volts and
approximately 15-20 amperes of current (Pallet Chief Manufacturing, 2009). Manufactured pallets are
carried on conveyor belts to storage areas for stacking. Pallets are then fork-lifted and transported to trucks
to be loaded and sent to the customer.
Phytosanitary Treatment of Pallets: After the pallets are manufactured, they are often treated to
kill pests that infest wood lumber. These treatments are known as phytosanitary treatments. Certain pests
include pine wood nematodes (Bursaphelenchus xylophilis), Asian longhorned beetle (Anoplophora
glabripennis), bark beetles (Scolytidae), and weevils (Curculionidae). Phytosanitary treatments must follow
the International Standard for Phytosanitary Measures (ISPM) standards. The two methods approved by the
IPPC for quarantine and pre-shipment purposes are methyl bromide fumigation and heat treatment.
Methyl bromide fumigation involves decontaminating a chamber filled with wooden pallets using
methyl bromide (MeBr). It takes about 25 hours and involves spraying of MeBr on the wooden material
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(JC Ehrlich, 2009). Heat treatment is conducted in heat chambers or conventional ovens, heating until the
interior profile of the wood material reaches a temperature of 56 °C, and is maintained at this temperature
for a period of 30 minutes (Remmey Pallets, 2009). Heat treatment requires the use of fossil fuels and emits
harmful emissions into the atmosphere.
Considering the disadvantages of both the above processes, increasing impetus is being given to
develop alternative treatment methods that would kill pests effectively and suppress the environmental
impacts incurred during the process. Dielectric heating methods have proved to be environmentally clean
and effective for the treatment of pallets. Two methods currently being developed involve microwaves and
RF dielectric heating (Brindley, 2005). This research focuses on the RF heating method, owing to its higher
efficacy rate in comparison with microwaves and the other existing methods, while heating lumber in large
volumes.
Use/Transportation of Pallets: Pallets, after they are manufactured and treated, are sent to the
customer. They are usually loaded onto trailer trucks having an average capacity of 500-600 pallets. Once
the pallets reach the customer, the customer then loads goods onto them and transports them to a
distribution center. At the distribution center, the goods are unloaded from the pallets and typically loaded
onto another set of pallets in preparation for transport to the retailers. Since a different set of pallets are
used to carry goods from the distribution center to the retailer, this part of the transportation is not
considered within the system boundary (Remmey Pallets, 2009). The pallets that were unloaded at the
distribution center are then sent to an inspection center, where they are examined to check if repairs are
needed. If the pallets are not damaged, then they are returned to the manufacturers, from where they can be
shipped again to the customers. Pallets that require repair are fixed using wood lumber. If the cost of repair
is estimated to be larger than the cost of a new pallet, then the pallet is dismantled and sent for recycling
(Power Pallet Inc., 2009)
Disposal of Wooden Pallets: Once they reach their end of life, wooden pallets are dismantled.
While dismantling, good lumber pieces are used to repair pallets, and damaged lumber pieces are either
made into mulch, animal bedding, sent to landfills, or incinerated to produce energy. Steel nails from the

39
wooden pallets are typically modeled to be sent to a landfill. The process map shown in Figure 3-2 provides
the approximate percentage allocation of pallets that are reused, repaired and recycled. The proportion of
pallets reused, dismantled and sent for recycling varies largely across companies. It should be noted that the
variation in proportions highly influence the carbon footprint and costs associated with it. The Life Cycle
Inventory on pallets conducted by CHEP (2007) considers that of the total amount of wood unsuitable for
reuse, 80% is chipped for mulch and 20% is disposed as municipal solid waste (MSW). However, the
report does not provide much information on the proportion of the pallets that are reusable without repair,
or the proportion of dismantled pallets that can be used to repair other pallets. According to an article
published in Pallet Enterprise (Bush and Araman, 2009), 590 production facilities participated in a study to
provide data that gave added insight into the proportion of pallet recovery and repair and the various waste
streams of unusable wooden pallets. Data reported were average statistics according to business activity in
the year 2006. This data is used to model the life cycle of wooden pallets in SimaPro software v7.1.
Table 3-1 Use of Cores Received in the U.S. Wooden Pallet and Container Industry in 2006 (Bush and
Araman, 2009)
Core Use
Reused without repair
Used for repair
Un-nailed
Ground or chipped
Landfilled
Other

Core Use
(% based on number of cores)
10.0
67.0
15.7
6.0
0.2
1.1

Table 3-2 Use of Un-nailed Cores Received in the U.S. Wooden Pallet and Container Industry in 2006
(Bush and Araman, 2009)
Core Use

Core Use
(% based on number of cores)

Reused or used for repair

83.3

Ground or chipped

15.2

Other

1.5
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3.1.2.2 Characterization of Plastic Pallets

Figure 3-3 shows the process map depicting the life of plastic pallets. The process map has been
adapted from the LCA study conducted for pooled plastic pallets by the IGPS Pallet Company and
Environmental Resources Management (ERM, 2008). The pallet lifetime used in the IGPS study was 100
trips. The round-trip transportation distance is assumed as 350 miles. The number of plastic pallet
manufacturing depots is smaller than their wooden counterparts in the U.S., and hence plastic pallets travel
longer distances than wooden pallets. A sensitivity analysis is conducted to test both these assumptions and
results are discussed in Chapter 4.

Figure 3-3 Process Map of Plastic Pallets (ERM, 2008)
Extraction of Raw Materials: Plastic pallets are increasingly being used as they are easily and
fully recyclable, resistant to the attack of pests and hence need no phytosanitary treatment, have a long life
span, and are lightweight and hence more preferable for shipment purposes. The raw materials used in the
production of plastic pallets include 100% virgin high density poly ethylene (HDPE) resin, steel, electricity
and other fuel sources for energy requirements. The raw materials used in the production of HDPE resin are
crude oil and natural gas (TMF Corporation, 2009b). HDPE is a type of polyolefin produced from olefin
(alkene) monomers. These monomers have a reactive double bond that combines with thousands of other
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monomer units to produce polymers. The monomer in the production of HDPE is ethylene. Co-monomers
such as butane and hexane help in adjusting the density and other physical properties of the product. The
production process of HDPE resin can be depicted as shown in Figure 3-4. The two co-products produced
during the production of HDPE are flue-gas and off-gas. The two methods of producing HDPE resin are
slurry polymerization and gas phase polymerization.
a) Slurry Polymerization: HDPE resin is produced using a saturated hydrocarbon medium, with
temperature settings at 70 - 110°C and pressure maintained low at 1 – 5 MPa units. The polymer is
formed as a suspension or slurry, and hence the name of the process. The polymer once formed is then
separated from the medium and mixed with stabilizers before being extruded into HDPE pellets (HDPE,
2008).
b) Gas Phase Polymerization: This process makes use of a gas phase reactor which consists of a fluidized
bed consisting of dry polymer entities stirred at high speeds. Pressures are maintained approximately at
around 2 MPa and temperatures at 70 - 110°C. The resultant material is then extruded into pallets
(HDPE, 2008).

Figure 3-4 Manufacture of HDPE Resin (Franklin Associates, 2009)
Manufacture of Plastic Pallets: Plastic pallets are manufactured from various types of resins
such as high density polyethylene (HDPE), low density polyethylene (LDPE), linear low density
polyethylene (LLDPE), etc. The methods used to produce the mold are injection molding, rotational
molding, thermoforming, etc. Rotational molding is typically used in the case of LDPE resins (Stratis
Pallets, 2009). HDPE is processed in an injection molding technique to produce a mold which is then made
into the form of a plastic pallet. A stream of NO2 gas is also passed through the mold. The entire process
takes typically 2-3 minutes per pallet (TMF Corporation, 2009b). The manufactured pallet is then passed
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through a UV stabilizer meant to enhance the life of the pallets. The pallet is also coated with a fire
retardant, which is essentially a resin of melamine formaldehyde.
Use/Transportation of Pallets: The use phase of plastic pallets is similar to their wooden
counterparts. However, here the distance between the manufacturer and the customer is expected to be
slightly larger than that for wooden pallets, and hence this is reflected in the SimaPro model. The use phase
includes the transportation of pallets from the manufacturer to the customer and then further to the
distribution center. Once the pallet reaches its end of life, it is sent to the recycler, where it is completely
dismantled and recycled.
Disposal of Plastic Pallets: Plastic pallets have a longer lifetime than wooden pallets do. Once
they reach their end of life, the plastic pallets are dismantled to separate HDPE from other components of
the pallet. Most of the HDPE is then recycled. Recycled HDPE is used to make various articles including
(perhaps not surprisingly) pallets. Pallets that are made from recycled plastic are often very durable and
strong. The remaining amount of resin is either sent to a landfill or incinerated.

3.1.2.3 System Boundary

System boundaries define the extent to which environmental impacts are investigated in a
product‘s life cycle. System boundaries determine which processes need to be included in the life cycle
analysis. Setting of system boundaries is done during the scope phase of an LCA. Boundaries may be
defined with respect to time period, geographical preferences, production of capital goods, etc (Tillman et
al., 1994). The system boundaries of the wooden and plastic pallet product systems are detailed as follows:
Wooden Pallets: The system boundary for the LCA study includes the following processes:


Production of hardwood lumber required for the manufacture of wooden pallets



All manufacturing stages of the wooden pallet, such as cutting of lumber and nailing



Phytosanitary treatment process of the manufactured wooden pallets
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Application of methyl bromide (for Me Br fumigation method), process of heating (for heat treatment
method), application of radio frequency heat waves (for RF heating method)



Transportation of treated pallets between the customer and the distribution centers



Transportation of pallets from the distribution center to repair centers if repair needed



Process of dismantling pallets that have reached their end of life period



Recycling of pallets into mulch, animal bedding and land-filling of remaining pallets

Plastic Pallets: The system boundary for the life cycle analysis includes the following processes:


Transportation of raw materials (plastic resin) to the manufacturing plant



Manufacturing stages such as mold preparation, coloring and UV stabilization



Transportation of pallets from the distribution center to repair centers if repair is needed



Process of dismantling pallets that have reached their end of life period



Recycling of end of life pallets into recycled plastic

Exclusions: The following processes were excluded from the system boundary:


All processes and raw materials involved in the manufacture of pallet building components



Transportation of raw materials to the manufacturing facility



Manufacture and maintenance of phytosanitary treating equipments and other capital equipments



Manufacture of vehicles involved in transportation and equipments for recycling



Transportation of pallets and all other transportation requirements within the customer‘s or
distribution center‘s premises

3.1.2.4 Product System
The product system analyzed in this study is a pallet made of wood or plastic material. The life
cycle stages analyzed in the study are: (1) the manufacture of raw materials and the pallet, (2) treatment to
kill pests, (3) use of the pallet and (4) disposal/end of life. Each product system is characterized according
to the type of material used in manufacture, pallet weight and pallet life time. The functions of the product
system are provided below:
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 The product system analyzed in this study is a pallet, made of wood or plastic.
 Wooden pallets require treatment so as to kill the pests infested in them; however plastic pallets
needn‘t be treated. The treatment methods are heat treatment, methyl bromide fumigation and RF
heating.
 Each product system (wood/plastic) is intended to carry goods for transporting them from the
distributors to the wholesalers and/or the retailers.
 Each pallet (wood/plastic) has a certain life after which it suffers damage and needs to be repaired or
disposed of.
Functional Unit: When deciding the functional unit for an LCA study to compare product
systems, the basis of comparison should be the service provided by the product system. In this LCA study,
the functional unit is the number of wooden or plastic pallets required for a certain number of trips. Thus,
for a certain number of trips, the environmental impacts produced due to the required number of wooden
and plastic pallets are compared.
Allocation Procedures: Most product systems produce more than one product; these are known
as co-products. The process of splitting the environmental burdens among all co-products in order to
ascertain the exact contribution of raw materials and resources towards the main product is known as
allocation. ISO recommends the following methods of allocation to be followed in an LCA study:
 Avoid allocation by splitting the process into multiple processes, each producing a particular coproduct, and considering only that sub-process which produces the main product to be studied.
 Extension of system boundaries, so as to include the co-products in such a way that, if the co-product
can be reused in the system, then its environmental load can be deducted from the total environmental
load of the system. These co-products will be known as ―avoided‖ co-products.
 Allocation of environmental load on the basis of physical causality of outputs, such as mass or energy
content.
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 ISO also recommends allocation on the basis of economic value, known as socio-economic
allocation. For example, if a co-product generates 30% of the value of the final product, then 30% of
the environmental load is allocated to this co-product.
Allocation in this LCA study follows the second and third points mentioned above. During the
manufacture of wooden pallets, sawdust and other wood waste is generated, which is often used as fuel in
the manufacturing facility, thus replacing the need for purchasing other off-site commodities to satisfy fuel
needs. Also, sawdust is produced as a by-product as a percent by mass of the total wood input, and hence
allocation by mass is used to separate environmental loads of co-products.

3.1.2.5 Impact Categories
Every item identified in the life cycle inventory of a product system has potential environmental
and health impacts. Each of these impacts is grouped under impact categories. Impact categories are the
resulting impacts of resources and emissions occurring in the system. Prior to the selection of impact
categories, it is necessary to define and determine the ―endpoints‖ of environmental impacts. Endpoints are
end-level impacts caused by the emissions from a product system. Endpoints are environmental issues such
as human health, extinction of species, sea water level, dying forests, availability of resources in the future,
etc. The impact categories selected in a study have to be clearly linked to the endpoints selected. A general
structure of an impact assessment method with midpoints and endpoints is depicted in Figure 3-5.
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Figure 3-5 Structural Overview of an Impact Assessment Method (Adapted from SimaPro User's Manual)

The following environmental issues are considered relevant in an LCA study comparing pallet life
cycles and treatment types:

Ozone depletion effects
Global warming effects due to the use of fossil fuels
Acidification, eutrophication effects
Toxic effects on humans and ecosystems
Land use needed for transportation, manufacturing, disposal
Effects due to the use and depletion of existing resources such as fossil fuels, minerals
Particulate emissions from diesel engines

Considering the above environmental issues, the following impact categories are selected to evaluate
the impacts during the life cycle of wooden and plastic pallets:
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Table 3-3 Impact Categories Selected
Impact Category

Characterization Factor

Global Warming

Global Warming Potential

Stratospheric Ozone Depletion

Ozone Depleting Potential

Acidification

Acidification Potential

Eutrophication

Eutrophication Potential

Human Health

LC50*

Resource Depletion

Resource Depletion Potential

Terrestrial Toxicity

LC50

Aquatic Toxicity

LC50

Land Use

Land Availability

Water Use

Water Shortage Potential

* Lethal Concentration – A standard measure of toxicity that will kill half of the population of a specific
sample in a specific duration within a specific medium.

3.1.2.6 Impact Assessment Methods

While selecting an Impact Assessment (IA) method for this study, the following criteria were considered:
 More emphasis was given to assessing environmental indicators separately and preferably at the
midpoint level. This is because indicators closer to the inventory results (midpoint modeling) have less
uncertainty and involve a smaller number of assumptions.
 Since the LCA study involves a comparison of product systems, less emphasis was given to obtaining
single score values to denote the environmental performance.
 Some IA methods use a short-term perspective and some, a longer term. In this study a short-to-medium
time perspective is considered.
 As for the geographical preference, worldwide validity and recognition was considered to be important,
owing to the contribution of pallets to global logistics.
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 Those IA methods that use state-of-the-art and advanced modeling techniques were considered, owing
to the high scientific quality of results that are obtained.
 IA methods that do not consider the above methods were neglected; in fact most IA methods consider
the classic list of human and eco-toxicity, acidification, eutrophication, climate change, ozone layer
depletion and resources.
 In the selection of IA methods, the environmental issues related to global warming, climate change,
toxic effects on humans and eco-systems, effects on natural resources and impacts of using fossil fuels
were considered relevant.
Based on the above criteria, the following impact assessment methods from the SimaPro software
were chosen for the study:
CML 2000: The CML 2000 impact assessment method follows a midpoint modeling approach.
The impact categories are grouped into obligatory impact categories (used in most LCA studies), additional
impact categories (not used frequently in LCA studies) and other impact categories that are impossible to
include quantitatively in LCA studies. The impact categories defined in the method are: ozone layer
depletion, human toxicity, aquatic eco-toxicity, terrestrial eco-toxicity, global warming, acidification,
photochemical oxidation and eutrophication. This method includes characterization and normalization, but
no weighting (Pré Consultants, 2009).
Impact 2002+: The Impact 2002+ impact assessment methodology combines midpoint and
endpoint modeling approaches. It links all life cycle inventory exchanges to four endpoint categories using
14 midpoint categories. It involves new methodologies for comparative assessment of the human toxicity
and eco-toxicity categories. Impact 2002+ includes some midpoint categories that are adapted from Ecoindicator 99 and CML 2002. Normalization is done at the midpoint or endpoint level (Pré Consultants,
2009).
Eco-Indicator 99: The eco-indicator method is used by designers and product managers to
improve products. The methodology uses a ―top down‖ re-engineered impact assessment method in
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contrast with the ―bottom up‖ approach used by traditional methods. In this method, weighting is simplified
by using only three damage categories that consequently enables easy stakeholder participation. Ecoindicator method uses endpoint modeling (Pré Consultants, 2009).

3.1.2.7 Data Requirements
The following criteria for collecting data for the LCA study were followed:
 First-hand and recent data (time period: 1999 and later) from experts, with respect to the consumption of
resources and emissions occurring in each stage of the product system.
 Focus on collecting wood and plastic pallet industry data, without being specific to one type of
company, manufacturing facility or operation.
 More emphasis on data pertaining to geographical areas such as North America, South and Central
America and Europe, owing to the global use of pallets in logistics.
 Allocation: physical causality, with type of data being taken from processes using the best available
technology.

3.1.3 Life Cycle Inventory

The collection of data for the LCA study was made in close reference to the various processes
involved in each life cycle stage of the wooden and plastic pallets. Data sources used for the study include
SimaPro v7.1 software databases, published journal articles, and data from similar processes of pallet
manufacturing companies. Data collection was specifically narrowed down to the system boundaries
identified in Section 3.1.2.3 and block pallets of 48‖ x 40‖ GMA type, pertaining to North America.

3.1.3.1 Life Cycle Inventory of a Wooden Pallet

Concerning wooden pallets, the most significant environmental impacts are bound to arise during
the transportation of pallets (use phase) and the final disposal of pallets that have reached their end of life,
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as opposed to plastic pallets, which generate significant environmental burdens during the production of
HDPE resin and transportation. Also, one of the most important goals of the study includes the comparison
of phytosanitary treatment methods. Thus, data collection of all the life cycle stages has been thoroughly
pursued in order to maintain quality of results and accountability. Inventory data is given in Table 3-2.

 Production of Hardwood/Softwood Lumber
Hardwood Lumber: Life cycle inventory for hardwood lumber was obtained from Bergman and
Bowe (2008). Production of dry hardwood lumber had a hardwood log volume conversion of 43.7%.
Electrical energy and thermal energy requirements were determined to be 608 MJ/m 3 and 5800 MJ/m3. The
four processes involved in the production of hardwood lumber are sawing, drying, planing, and energy
generation from wood wastes. To produce 1m3 of hardwood lumber, 1.43 m3 of wood is needed. Total CO2
emissions of 447 kg, volatile organic compound (VOC) emissions of 1.2 kg, particulate emissions of 1.21
kg were determined to be emitted during the production of one unit of planed dry lumber.
Softwood Lumber: Life cycle inventory data for the production of softwood lumber was obtained
from Milota et al. (2005). In the paper, data was collected from companies in western and southern U.S., to
produce 1.623 m3 (1mbf) of planed, dry lumber from logs. Total energy required to produce 1.623 m 3 of
planed dry lumber was 6407 MJ. The effect of drying is significant. Since pallets are generally
manufactured from planed green lumber, the energy requirement is significantly reduced. While conducting
the analysis in SimaPro the energy required was taken as one-tenth of the total energy which is
approximately equivalent to 600 MJ, this estimate corroborates with the estimates provided in Milota et al.
(2005). This included the use of natural gas, hydroelectric power, and energy from coal, crude oil and
wood fuel. The net input of logs to produce 1.623 m 3 of softwood lumber was 3.92 m3. This produced
1.972 m3 of sawn lumber, which was then dried and then planed to produce 1.623 m 3 of softwood lumber.
Co-products such as bark, hog fuel, sawdust, and chips produced during the process were combusted to
produce energy. As process emissions, 574 kg of CO2 was emitted for every 1.623 m3 of planed dry lumber
produced. Solid emissions comprised ash generated in the boiler and wastes in the log yard.
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 Manufacturing of Pallets

Life cycle inventory for the manufacture of pallets is obtained from a pallet company based in
northeastern U.S., data with respect to the amount of energy, material inputs required for the manufacture
of one pallet was surveyed and collected by the company. The company used natural gas and electricity for
the manufacture of wooden pallets, and diesel for the transportation of pallets to customers using trailers.
Fifteen planks and 84 steel alloyed nails were considered in the manufacture of a wooden pallet. The GMA
stringer type pallet considered had the following specifications (shown in Figures 3-6 and 3-7).

Figure 3-6 GMA Wooden Pallet (Stringer) Dimensions (Remmey Pallets, 2009)

Figure 3-7 GMA Wooden Pallet Specifications (Remmey Pallets, 2009)
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 Treatment of Pallets
Heat Treatment of Pallets: Heat treatment of wooden pallets is carried out in heat treatment
chambers. Data pertaining to heat treatment is collected from pallet heat treating companies, with fuel
being mostly either natural gas or propane. The heating system is capable of modulating heat from 50,000
Btu/hr to 2,000,000 Btu/hr (System model: Pest heat chamber Model # EC-300). The capacity of this
chamber is given to be 308 pallets of 48‖x42‖ type. Pallets are placed into the chamber using forklifts.
According to data received from KilnDirect, a treating chamber manufacturer, one pallet requires fuel
inputs of 1/20th of a gallon of LPG. Each gallon of LPG produces an output of 95,475 Btu, thus each pallet
requires 4775 Btu (KilnDirect, 2009).
Methyl Bromide Fumigation: Methyl Bromide Fumigation is carried out in closed chambers by
spraying a fumigant (Methyl Bromide) onto a set of stacked pallets for duration of up to 24 hours
(according to ISPM 15 standards) to kill pests. Typical MeBr application rates are 3-4lbs/1000 cu ft. for
ISPM-15 standards. Most applications require fumigations at 3lb/1000 cu ft. Each 1000 cu. ft. of space
would contain approximately 120 pallets with average dimensions of 4ft wide x 4ft height x .5 ft height (JC
Ehrlich, 2009). According to UNEP (1994), up to 88% of MeBr applied on durables such as timber is
emitted into the atmosphere. MeBr has a global warming potential (GWP) of 5, and the equivalent kg CO 2
can be calculated accordingly.
Radio Frequency Heating: Life cycle inventory on RF heating was obtained from RF heating
equipment manufacturers in the U.S. Each wooden pallet is assumed to have a moisture content of 19%
(Pallet Design System – Pallet Specification Sheet). Thus the heat energy required is proportional to the
amount of wood content as well as the moisture content. The amount of heat needed to heat the wood
specimen is calculated as: Heat wood + Heat water, where Heatwater refers to heating of the water content in the
wood specimen.
Heat wood = mass of wood * change in temperature * specific mass gravity

Eq. 3.1

= 2.2 lbs * (150 – 70) °F * 0.3 = 56.1 Btu
Heat water = mass of water in sample * change in temperature * specific mass gravity

Eq. 3.2
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= 0.418 lbs * (150 – 70) °F * 1.0 = 35.53 Btu
Total heat requirement = 91.63 Btu
Electrical energy requirement = 0.0268 kwh
Electrical energy requirement at 60% efficiency (PSC RF Heat, 2009) ~ 0.04 kwh
 Use / Transportation of Wooden Pallets
Once the pallets are manufactured and treated, they are transported to the customer in trailers. The
transportation distances were obtained from the Remmey Pallet Company. At the customer‘s end, the
pallets are unloaded, palletized with goods and then transported to distribution centers. At the distribution
center, the palletized goods are unloaded and the pallets are returned to the pallet manufacturer‘s depot,
where they are inspected to check for strength and durability.

 End of Life Treatment of Wooden Pallets
Once pallets have reached their end of life, they are dismantled. According to CHEP (2007), some
portion of the dismantled pallets consists of good lumber which can be used for repair of pallets. Of the
remaining dismantled pallets, 20% of it is sent as municipal solid wastes (MSW) and 80% is made into
wood mulch. Some of the wood is also made into wood pellets and used as wood fuel (CHEP, 2007). The
following disposal scenario was used in the SimaPro life cycle model: 15% (reused), 5% (landfill), 30%
(mulch), 40% (pellets), and 10% (burnt for fuel).
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Table 3-4 Life Cycle Inventory of a Wooden Pallet

Process Type

Type

Raw materials

Output
Inputs

Airborne emissions

Emissions

Waterborne Emissions

Emissions

Solid Emissions

Emissions

Energy Consumptions

Inputs

Manufacturing

Output
Inputs

Manufacturing

Output
Inputs

Material
Planed Softwood Lumber
Logs
Water
Natural gas
Coal
Crude Oil
Limestone
Wood/wood wastes
Methyl Bromide (for fumigation)
CO2 (biomass - onsite)
CO2 (biomass - offsite)
CO2 (fossil)
CO2 (total)
CO
SOx
NOx
Methane
VOC
Particulates
Particulates (unspecified)
Phenol
Particulates (PM10)
Formaldehyde
Dissolved solids
ClSuspended solids
Oil
Chemical oxygen demand
Biological oxygen demand
Solid waste
Paper/packaging
Wood
Natural gas
LPG (Heat treatment)
Hydro energy
Coal
Crude Oil
Uranium
Energy (undefined)
Wood and bark for fuel
Wooden Planks
Sawdust/wood wastes
Softwood Lumber
Wooden Pallet
Wooden Planks
Steel Nails
Diesel
Electricity

Amount

Unit

Source

1.624
2.08
317
7.32
23.8
3.54
1.37
21.1
15
493
5
77
574
3.3
0.7
0.6
159
848
46
61
9.4
12
2.9
0.4
18
44
6.9
5.6
0.4
14.6
600
40
377
4775
7
667
158
276
13
4909

m3
m3
kg
kg
kg
kg
g
g
g
kg
g
kg
kg
kg
kg
kg
g
g
g
g
g
g
g
kg
g
g
g
g
g
kg
g
g
MJ
btu
MJ
MJ
MJ
MJ
MJ
MJ

Gate-To-Gate LifeCycle Inventory of
Softwood Lumber
Production
Milota et al. (2005)

1.5
0.07
1.6 E-3

kg
kg
m3

1
15
80
0.048
0.95

p
p
p
gal
kWh

Pallet manufacturing
company (USA)
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3.1.3.2 Life Cycle Inventory of a Plastic Pallet

In the life cycle of plastic pallets, the most significant environmental impacts are bound to arise
during the production of HDPE resin and the transportation of plastic pallets. HDPE resin is made from
crude oil and other raw materials, including natural gas and oil. Production of HDPE plastic pallets is done
using an injection molding process. As compared to transportation of wooden pallets, transportation of
plastic pallets generates more environmental burden, owing to the smaller number of pallet manufacturing
stations and collection depots.


Production of HDPE Resin
The life cycle inventory of production of HDPE resin is obtained from “Cradle-To-Gate Life

Cycle Inventory of Nine Plastic Resins and Two Polyurethane Precursors – Revised Final Report”
(Franklin Associates, 2009). Data for this was collected from three leading producers of HDPE in North
America. The average energy required to produce 1,000 kilograms of HDPE resin is given to be 68.9 GJ.
Raw materials used are natural gas and petroleum. Dominant energy sources used for transportation are
petroleum based fuels, along with other energy sources such as hydropower, coal, nuclear power, and wood
based fuel to satisfy energy requirements in the process. Total airborne emissions of 1,478 kg for the
production of 1,000 kilograms of HDPE include 1,057 kg of CO2 (fossil), 415 kg of methane, 6.33 kg of
nitrous oxide and minute amounts of chloroform, CFC/HCFC, methyl chloride, and methyl bromide. Total
waterborne emissions amount to 335 kg, which include considerable amounts of sodium, suspended solids,
lithium, magnesium, and chlorides.


Manufacture of Plastic Pallets – Injection Molding
Plastic pallets are manufactured through the process of injection molding. The life cycle inventory

of injection molding is obtained from Thiriez and Gutowski (2006). The authors analyzed three types of
injection molders: hydraulic, hybrid and all-electric. The HDPE polymer is first sent to a compounder
having a specific energy consumption (SEC) value of 5.51 MJ/kg, with total emissions of 296.35g/kg of
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polymer. A large part of the emissions is CO2 which amounts to 284.25g. The injection molder unit has an
average energy consumption of 14.92 MJ/kg. Total emissions in the process are approximately 784.42 g
per kg of HDPE, which is mainly made up of CO2 (750.49g), sulfur dioxide (3.32g) and methane (27.24g).
The plastic pallet built has the following specifications and is as shown in Figures 3-8 and 3-9 (TMF
Corporation, 2009a).

Specifications:
Entry: Four-way
Width: 40 in
Length: 48 in
Height: 5.12 in
Standard Weight: 42 lbs

Figure 3-8 Front and Back Dimensions

Fire Retardant Weight: 43.8 lbs
Maximum Static Load: 30,000 lbs
Maximum Dynamic Load: 4,000 lbs

Figure 3-9 Side Dimensions


Transportation of Plastic Pallets
Once the pallets are manufactured and treated, they are transported to the customer in trailers. The

transportation distances are greater than those for wooden pallets, owing to the small number of plastic
pallet manufacturers. At the customer‘s end, the pallets are unloaded, palletized with goods and then
transported to distribution centers. At the distribution center, the palletized goods are unloaded and the
pallets are returned to the pallet manufacturer‘s depot, where they are inspected to check for strength and
durability. The total distance covered by plastic pallets is assumed to be about 150 miles greater than that
for wooden pallets, due to the lower number of plastic pallet return depots.
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Table 3-5 Life Cycle Inventory of a Plastic Pallet
Process Type

Energy Source
(for process and HDPE
material production)

Solid emissions

Atmospheric emissions

Waterborne emissions

Raw materials
Airborne emissions

Type

Material

Output
Inputs

HDPE Resin (manufactured in USA)
Natural gas
Petroleum
Coal
Hydropower
Nuclear
Other
Energy recovered
Emissions Landfilled
Incinerated
WTE
Emissions CO2 (fossil)
Methane
Nitrous oxide
Methyl bromide
Methyl chloride
Trichloroethane
Chloroform
Methylene chloride
Carbon tetrachloride
CFC-012
HCFC/HFC (1)
Emissions Barium
BOD
Bromide
Calcium
Chlorides (unspecified)
COD
Dissolved solids
Hardness
Lithium
Magnesium
Metal (unspecified)
Oil
Sodium
Strontium
Sulfates
Suspended solids

Output
Inputs

Injection molded HDPE resin
HDPE resin
Electricity
Carbon dioxide
Sulfur dioxide
Nitrogen oxides
Methane
Mercury

Amount Unit
1
57.8
12.4
2.48
0.11
0.59
0.12
4.58
32.1
3.82
0.027
1.057
415
6.33
2.0E-08
2.1E-07
4.1E-06
4.4E-08
2.8E-04
1.7E-04
3.8E-04
0.0017
2.81
1.09
1.34
20.1
226
1.85
279
61.9
5.54
3.93
18.7
0.13
63.7
0.34
0.51
6.35

1
1.006
1.492
400
2.06
0.84
16.92
0.01

Source

kg
MJ
MJ
MJ
MJ
MJ
MJ
MJ
g
g
g
kg
g
g
g
g
g
Cradle-to-Gate Life Cycle
g
g Inventory of Nine Plastic Resins
g and Two Polyurethane Precursors
Franklin Associates (2007)
g
g
g
g
g
g
g
g
g
g
g
g
g
g
g
g
g
g

kg
kg
MJ
g
g
g
g
g

An Environmental Analysis of
Injection Molding
Thiriez and Gutowski (2006)
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End of Life Treatment of Plastic Pallets
Once plastic pallets have reached their end of life, they are dismantled. According to an LCA

study by IGPS Company LLC., pallets are recycled, and the recycled plastic can be used again in the
manufacture of plastic pallets. Any remaining portion of plastic pallets is sent as municipal solid waste
(80%) and 20% is disposed as waste-to-energy (WTE). Inventory data for plastic pallets is given in Table
3-3.

3.1.4 Life Cycle Impact Assessment

The life cycle analysis of wooden and plastic pallets has been used to calculate the environmental
impacts of the two pallet types. The calculations have been made using the TRACI, Eco-Indicator and
Impact 2002+ methods in the SimaPro v7.1 LCA tool. The environmental impact categories selected for the
study were:

1. Global warming is the phenomenon of an increase in the Earth‘s average temperature, due to the
property by which the atmosphere reflects certain radiations back to the earth. Global warming is
potentially increased by the emissions of major greenhouse gases such as water vapor, carbon
dioxide, methane and ozone (National Weather Service Glossary, 2010).
2. Ozone depletion is the slow and steady decline of the protective ozone layer due to its catalytic
destruction by halogen atoms such as chlorine and bromine. The main source of emissions of
halogen atoms are chlorofluorocarbon (CFC) compounds and bromofluorocarbon compounds.
Ozone depletion leads to the formation of ozone holes that allow higher levels of harmful UV
radiations to enter the atmosphere, causing harmful effects on skin and agricultural crops (EPA,
2010).
3. Acidification is the phenomenon by which the emission of acids and their compounds into the
atmosphere eventually leads to its deposition on soil and in water, thus increasing the degree of
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acidity in the environment. This adversely affects vegetation and aquatic life and also enhances
corrosion of buildings and metals (Wikipedia, 2009b)
4. Eutrophication is a gradual and drastic increase in the level of chemical nutrients in an ecosystem,
caused by the release of sewage effluents and fertilizers and thus increasing its primary productivity.
Increased eutrophication causes dense blooms of algae and bacteria that adversely affect aquatic life
and other animal populations in an ecosystem (Wikipedia, 2009c).
5. Human health and toxicity: Human health refers to the total impact on human health due to the
emissions of the product system into air, soil and water. When substances that are not bio-degradable
reach higher concentrations in the atmosphere, the toxins that are produced adversely affects humans
and ecosystems. The complexity of chemicals present in the environment adds to the difficulty in
modeling of toxicity (Vestas, 2005).
6. Resource depletion refers to the quantity of minerals and fossil fuels used up by the product system.
It is measured by the characterization factor called resource depletion potential (Wikipedia, 2009d)
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3.2 Carbon Footprint Calculation

A carbon footprint is the total amount of greenhouse gases emitted during a single process over a
specified amount of time. Greenhouse gases absorb radiation and reflect thermal infra-red radiations back
to the earth‘s surface. The main greenhouse gases contained in the atmosphere of the earth are water vapor,
carbon dioxide, methane, nitrous oxide, and ozone. A carbon footprint is quantified using an indicator
known as Global Warming Potential (GWP), which is defined as “the ratio of heat trapped by one unit
mass of the greenhouse gas to that of one unit mass of CO2 over a specified time period” (EPA, 2009).
This section describes the carbon footprint information of wooden and plastic pallets.

3.2.1 Carbon Footprint of a Wooden Pallet

Wooden pallets are manufactured from hardwood and softwood lumber. Lumber is first harvested,
sawed, dried, and planed to produce lumber necessary for the manufacture of pallets. Pallets are
manufactured according to various dimensions depending upon the end customers‘ needs and demands, and
then shipped to the customers. The life span of wooden pallets is measured as the number of trips for which
it can be used throughout its lifetime. Prior to use for international trade, pallets are treated in accordance
with the ISPM 15 standards using either heat treatment or MeBr fumigation. During their life span, pallets
tend to get damaged, depending on use. When a pallet is damaged and its perceived repair cost is greater
than the cost of a new pallet, it is sent for recycling. However, if repairing is cost effective, then pallets are
repaired using ―treated‖ lumber or repaired using new lumber and the repaired pallet is treated once again.
Life span of a pallet varies according to use, load carried, structural properties, etc. Pallet Design
System (PDS) is software that provides an estimate of the life span of every pallet designed. For carbon
footprint calculations, the life cycle of a wooden pallet is assumed to be an average of 15 trips. This has
been confirmed in other life cycle analyses (e.g., Environmental Resources Management, 2008).
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From SimaPro Model:
SimaPro v7.1 is the life cycle analysis software used for the study. The life cycle inventory data
obtained for the wooden pallet from the sources mentioned in Section 3.1.3.1 is fed into the software and
analyzed. The impact assessment method used is the IMPACT 2002+ method. This offers several results
across several impact categories. However, specifically assessed in this section are the global warming
impacts of each life cycle stage of the pallet. The IMPACT 2002+ method provides these measures in terms
of kg CO2 eq. The following global warming impact values (kg CO2 eq.) are obtained by analyzing the
model using the IMPACT 2002+ method. The values suggest that transportation incurs the most
environmental impacts during a wooden pallet‘s lifetime, due to the use of fossil fuels and emissions. The
impacts produced during the manufacture of pallets correspond to the use of electricity, energy and fuel.

Manufacture of Wooden Pallet: 7.86 kg CO2
Transportation (For 15 trips, 200 miles each): 8.58 kg CO2
Disposal/End of life treatment: 2.03 kg CO2

Average Cost of a GMA pallet = $9.5 to $11 + additional charges for treatment (Remmey Pallets, 2009)

3.2.1.1 Carbon Footprint of Heat Treatment of Wooden Pallets
Conventional heat treatment of pallets is carried out in pallet kilns and requires a very specific
heating technique. Pallet kilns are available with holding capacities ranging from 300 to 800 pallets.
Greenhouse gases are emitted during the heating of wooden pallets in the form of carbon dioxide, methane
and other hydrocarbons. Each of the emissions is converted to carbon dioxide equivalents and indicated in
the form of GWPs.
Heat treatment typically requires about 15 hours, and the chamber can be monitored via a
computer (Remmey Pallets, 2009). Probes are drilled into the pallets while in the chamber, into the thickest
part of the wood (the stringer). When the coldest probe reaches 56 °C, the timer starts and the temperature
must be maintained for 30 minutes. This sterilization schedule meets the IPPC and FAO regulations
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adopted in 2002. The system is set up to be paperless – the stamp on the pallet is all that is needed for
proof of treatment. The stamp must include the logo of the IPPC; then going clockwise around the stamp
are the two-letter ISO country of origin code, the heat treatment facility‘s mill designation number, the
American Lumber Standards (ALS) inspection agency logo, and ―HT‖ for heat treatment signifying the
type of treatment method (Remmey Pallets, 2009). Conventional heating methods are less efficient as they
only heat the surface of the wood and rely on thermal conduction for heat to reach deeper layers. This leads
to excessive heating and potential damage of the outer layers of wood. Heat treatment uses large and
expensive conventional ovens and a combustion source which leads to the emission of atmospheric
pollutants such as carbon dioxide, carbon monoxide and other oxides of nitrogen.

Cost Information: The average cost of heat treating pallets is approximately 80 to 90 cents per
pallet. According to IFCO Pallets, it will cost $125 to heat treat a load of 200 stringer pallets. Disposal
charges for pallets at landfills incur up to $1.50 per pallet. Following are additional pallet heat treating costs
incurred (KilnDirect, 2009):
Pallet heat treatment energy costs: 10 cents per pallet
Estimated average labor costs per pallet (for loading and unloading pallets): 11 cents per pallet
Estimated average labor costs per pallet (for stamping): 5 cents per pallet
Leasing costs of heat treatment kilns: $450 - $1200 (Monthly)
Carbon Footprint Calculation: Pallets are heat treated in heat treatment kilns. These kilns are
powered by thermal energy obtained from the combustion of fossil fuels such as LPG. The emission of
combustion gases is dependent upon the condition (leakiness) of the treatment kilns. The carbon footprint is
calculated as follows:
Amount of energy (Btu) contained in 1 gal. of LPG (Kilndirect, 2009) = 95,475 Btu
Amount of Btu used by 1 pallet (approx.) = 1/20th of a gallon = 4775 Btu
CO2 emitted (lbs/106 Btu) for LPG = 139 lbs/106 Btu =0.000139 lbs/Btu
For 1 Pallet using 4775 Btu, amount of CO2 emitted

= 0.695 lbs CO2 = 0.315 kg CO2
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From SimaPro Model: Life cycle inventory data collected for heat treatment is analyzed using
SimaPro LCA software. The impact assessment method used is IMPACT 2002+ method provided by
SimaPro. Impact 2002+ provides the environmental impacts in various impact categories, however
only the global warming impact category values are expressed here. The total carbon footprint (CF)
due to heat treatment of one pallet is provided below.

CF from heat treatment of wood: 0.609 kg CO2
CF due to heat from LPG: 0.657 kg CO2
CF due to electricity required for the operation of ovens: 0.924 kg CO2
Therefore, total carbon footprint: 2.2 kg CO2

3.2.1.2 Carbon Footprint of Methyl Bromide Fumigation

Methyl bromide fumigation is carried out in closed chambers by spraying a fumigant (methyl
bromide) onto a set of stacked pallets for duration of up to 24 hours (according to ISPM 15 standards) to
kill pests. MeBr Fumigation leads to the emission of MeBr which is considered to be an ozone depletion
gas and hence carries environmental concerns. For the same reason, MeBr is not very often used by
manufacturers. MeBr is an extremely toxic and odorless vapor. In humans methyl bromide, when inhaled
and absorbed through the lungs, can be lethal. The effects of MeBr inhalation range from skin and eye
irritation to death. Most fatalities and injuries occur when methyl bromide is used as a fumigant. Owing to
its harmful effects among humans and the atmospheric ozone, use of MeBr fumigation has been
transitioned out from all its applications except quarantine and pre-shipment purposes.
Cost Information: The following cost information was obtained from various companies for
methyl bromide fumigation of wooden pallets (Clark Pest Control, 2010):
Pricing depends on the volume of pallets to be fumigated, the number of pallets to be fumigated at a
time, the location of the customer and whether stamping is required. Average price per pallet for
MeBr fumigation would be in the range of 75 cents to $1.50 per pallet.
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$275 for a load of about 200 pallets will cost an average of $1.30 per pallet.
MeBr fumigations for international trade require ISPM-15 stamping and pricing is predicted on the
size of the load to be fumigated (container cubic footage) and manpower time for placement of the
service stamp insignia on two opposite sides of each pallet. In a 53-foot tractor trailer load of
pallets, this could equal about 300-375 pallets (Clark Pest Control, 2010).
Up to 20-foot long container or box truck (approx. 1600 cu ft) : $550 plus $85 /hr for stamping
21-foot container – 40-foot container (approx. 3200 cu ft): $630 plus $85/hr stamping
41-foot - 53-foot container /trailer (approx. 4200 cu ft): $680 plus $85/hr stamping
Fumigation chamber (approx. 3000 cu ft): $650 plus $85/hr stamping*
*

An hourly fee for stamping is used because number of pallets and labor involved can vary.

Table 3-6 Methyl Bromide Application Costs
Source

JC Ehrlich, 2009

Marks Pest Control,
2009
Clark Pest Control,
2009

Volume/Load

Units

Rate

No. of
pallets

Avg. price
Quoted

1600

cu ft.

$550.00

200

$2.75

3200

cu ft.

$630.00

400

$1.58

4200

cu ft.

$680.00

525

$1.30

3000

cu ft.

$650.00

375

$1.73

1 pallet

$1.30

$1.30

200 pallets

$275.00

$1.50
Average

$1.69

MeBr Application Rates: The amount of methyl bromide used on each fumigation job varies
according to the temperature and size of the container, condition (leakiness) of the container, and volume of
space (in cubic ft) which will be used for the fumigant containment. Generally concentrations vary from 1.5
lbs/1000cu ft to 4 lbs. /1000cu ft. A general average of 3 - 4 lbs/1000 cu ft is typical. A 53-foot trailer may
require from 8.5 lbs to 12.5 lbs of methyl bromide (Ehrlich, 2009).

Carbon Footprint Calculation: According to the emissions data in the Executive Summary of
the Montreal Protocol document, the proportions of MeBr emitted to the atmosphere was estimated as 80%
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of the applied dosage for durables which includes pallets (UNEP, 1994). Also, the amount of fumigant that
escapes after the prescribed treatment time of 24 hours is approximately 70-80% (Marks Pest Control,
2010).
From SimaPro Model: Life cycle inventory data collected for fumigation is analyzed using the
SimaPro LCA software. Impact assessment method used here is IMPACT 2002+. From the data received
from fumigators, the consumption of MeBr per kg of wood is calculated as 0.0013 lbs. During the process
of fumigation, emission of MeBr occurs, which subsequently creates ozone depletion and global warming
impacts. The global warming impact values are specifically considered here. SimaPro provides the global
warming impact values in terms of kg CO2 equivalents, when IMPACT 2002+ is used. The total carbon
footprint (CF) due to the fumigation of 1 pallet is obtained from the SimaPro model as 5.53 kg CO2.

3.2.1.3 Carbon Footprint of Radio Frequency Heating
Radio frequency heating is more beneficial in comparison to conventional heating methods. It
provides heating of the material from within and not from the outer layers, as is the case in conventional
heating methods. RF heating provides faster drying speeds, more consistent moisture levels, and lower
drying temperature as well as operation using smaller equipment. RF systems use electrical energy to heat
the wood. RF heating is much faster than conventional methods and uses less energy since only the wood
is being heated and not the surrounding environment. The heat load is calculated using basic heat
calculations of ―mass x temperature change x specific heat.‖ The RF waves heat water which then heats
the wood specimen via conduction. Hence, the heat load calculations include heating of both wood and
water. The key component in calculations is the size of wood, the moisture content, and the target
temperature.
To determine the power consumption rate, the efficiency of the overall RF system needs to be
estimated. The overall RF efficiency (total power into the RF system compared to the power into the work)
is typically 60-65%, including some power for the controls, fans, and other elements (Wilson, 2010). Thus,
60% can be a conservative estimate. Hence, if the work into the wood is 60 kW, estimated power usage
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would be at 100 kW. Cost for heating is derived by the cost per kwh which gives the electricity cost per
hour.
Carbon Footprint Calculations: RF heating is relatively clean, and hence any carbon footprint
generated is attributed to the consumption and usage of electricity needed in the heating system. The energy
requirements for heating 1kg of softwood with specific heat capacity of 1420 J/Kg °K and 19% moisture
from 70°F to 155°F can be calculated as follows.
Total heat required to heat wood: Mass of dry wood x change in temperature x specific heat of wood
Heat wood = 1.78 lbs x (155-70) °F x (1420/4186.8) lbs-1°F-1 = 51.4 Btu

Eq. 3.3

Heat water = 0.42 lbs x (155-70) °F x 1 lbs-1°F-1 = 35.53 Btu

Eq. 3.4

Therefore, total heat needed to heat 1 kg of wood = 51.4 + 35.53 = 86.93 Btu
1 Btu = 0.000293 kwh
Therefore, total equivalent electrical energy = 0.025 kwh
Considering an efficiency of 60%,
Total electrical energy needed to heat 1 kg of wood = 0.04 kwh

From SimaPro: The inventory data collected for RF heating is analyzed using SimaPro LCA
software. The Impact 2002+ assessment method is used here. The amount of RF heat needed to heat 1 kg of
wood is 87 Btu or an equivalent of 0.09 MJ of energy. The electricity requirements of 0.04 kwh is also
added. Coal based electricity is considered in the model, since it is the most common form of electricity
used in north east USA. It must be noted that the environmental impacts will reduce if alternative energy
sources such as hydro-electricity based energy is used. These requirements data are applied during the life
cycle modeling of RF Heating method in SimaPro. No process emissions occur during the RF heating of
wood. All environmental impacts arise during the extraction of electrical energy used in the process. Total
carbon footprint or global warming impacts due to the RF heating of 1 pallet = 0.62 kg CO2 eq.
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3.2.2 Carbon Footprint of a Plastic Pallet

Plastic pallets are made from materials such as polyethylene, polypropylene,

and

polyvinylchloride (PVC) by methods such as by injection molding, structural foam molding,
thermoforming, compression molding, rotational molding, and profile extrusion. Plastic pallets have
increasingly been used as they are easily and fully recyclable and are resistant to attack of pests and hence
need no phytosanitary treatment. They have a long life span and a light weight. Plastic pallets must contain
chemical additives such as deca-bromine, a controversial and potentially toxic fire retardant (EPA, 2010).
The EPA classifies deca-bromine as a ―possible human carcinogen‖, and the FDA has a zero tolerance
stance against deca-bromine coming into contact with food. Deca-bromine poses an unacceptable risk to
human safety and the environment, making these plastic pallets unsuitable for use in the food industry,
among others (Sjodin et al., 2003; Darnerud 2003). The cost of a plastic pallet is approximately $23
(Scheerer, 1996), and is bound to rise higher for customized pallets. The majority of environmental burdens
from plastic pallets are created during the manufacture of high density polyethylene (HDPE), one of their
main raw materials. It has, however, been said that the addition of recycled HDPE into the plastic pallet
helps in negating these environmental burdens (ERM, 2008). The manufacture of a 100% virgin HDPE
plastic pallet involves 4.5 kg of steel, 15.2 kg of virgin HDPE and 1.5 kg of fire retardant, and the lifetime
of such a plastic pallet is considered to be 100 trips (ERM, 2008).

Figure 3-10 Life Cycle of a Plastic Pallet (ERM, 2008)
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Carbon Footprint Calculations from SimaPro Model
The plastic pallet life cycle according to the above shown figure is modeled in the SimaPro LCA
software. Life cycle inventory data corresponding to emissions and material requirements are used to model
the life cycle. Environmental impacts pertaining to various impact categories are analyzed using the Impact
2002+ method. The global warming impact category values of a plastic pallet in its various life cycle stages
are provided below. SimaPro provides the global warming impact values in terms of kg CO2 equivalents.
Transportation contributes the maximum, owing to the load weight and the use of fuels. The manufacture
of plastic pallets produces significantly larger environmental impacts than does the manufacture of their
wooden counterparts, owing to the burden produced during the extraction and production of plastic resins.
Manufacture of plastic pallet from 100% virgin HDPE resin: 50 kg CO2
Transportation (For 70 trips, 350 miles each): 71 kg CO2
Disposal/End of life treatment: 5.76 kg CO2

3.3 Optimization

The following sections describe the formulation of the pallet selection problem using the shortest
path formulation methodology, an adaptation of the concept selection problem in Okudan and Shirwaiker
(2006). The methodology, a form of dynamic programming (explained in Section 3.4), is chosen as the
optimization technique for this problem as the decision maker (DM) may need to know how a decision
regarding pallet type affects each life cycle stage as some DMs may be interested only in certain life cycle
stages. The goal of the optimization problem is to determine the pallet type that minimizes both the total
life cycle cost and the carbon footprint incurred.
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3.3.1 Formulation of Pallet Selection Problem as a Shortest Path Problem

The objective of a shortest path problem is to determine the path with the shortest distance. This is
adapted to the treatment selection problem in order to determine the pallet type that incurs the least cost and
smallest carbon footprint throughout the various life cycle stages of a pallet. Hence, a multi-stage decisionmaking approach using dynamic programming is applied to the problem as described in Okudan and
Shirwaiker (2006), where the authors apply this technique to determine the best configuration of ―concepts‖
to incorporate in the design of an ink-pen. In Table 3-7, the adaptation of the shortest path problem
definition for the problem at hand is provided.
Table 3-7 Formulation of Pallet Selection as a Shortest Path Problem
Meaning while solving the shortest
path
A transition from a city to an adjacent
city (n)

Meaning while solving the best treatment
synthesis
A transition from a LC stage to the next LC
stage (n)

State

A city (n, i)

A treatment (n, i)

Action

Taking a particular route from a city (k)

Stage

Return
Optimal
value of a
state

Distance from a city to an adjacent city
r(n ,i, k)
Distance from the corresponding city to
the terminal city under optimal plan f(n
,i)

Selecting a particular treatment type or pallet
material (k)
Carbon footprint / cost incurred by selecting a
treatment r(n, i, k)
Carbon footprint / cost incurred from a life
cycle stage to the final stage under optimal plan
f(n, i)

f(n,i) can be calculated as: f(n,i) = Min [r(n,i,k) + f(n-1,t(n,i,k))]

Eq. 3.5

The life cycle stages (functional areas) are Production, Treatment, Transportation, and End of Life. The
pallet life cycle network with carbon footprint and cost values for 15 trips and 100 trips are shown in
Figures 3-11 and 3-12, respectively.

70

Figure 3-11 Pallet Life Cycle Network Values for 15 Trips

Figure 3-12 Pallet Life Cycle Network Values for 100 trips
Tables 3-8 and 3-9 show the total carbon footprint and costs incurred in the case of wooden and
plastic pallets for 15 and 100 trips. The results of the shortest path problem formulation are explained in
section 4.5.1. It can be seen that in the case of 15 trips, wooden pallets are more preferable; however, in the
case of 100 trips, plastic pallets fare better in terms of carbon footprint and costs incurred. This is due to the
fact that just one plastic pallet is required for 100 trips as opposed to seven wooden pallets, given that a
wooden pallet‘s life is assumed to be 15 trips and a plastic pallet‘s is assumed to be 100 trips.
The optimum pallet type decision changes with the number of trips and the weights of importance
given to each of the objectives (carbon footprint and cost). Thus a multi-objective dynamic programming
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(MODP) model is formulated to determine the optimum pallet type for a given number of trips and a
certain set of weights for each objective. This MODP model is described in section 3.4.

Table 3-8 Carbon Footprint and Cost Information for 15 Trips

Number of trips considered

Heat Treat / Me Br
Fumig. / RF Heating
15

Plastic
Pallets
No
Treatment
15

Number of pallets required

1

1

Production

7.86

50

Transportation

9
RF
0.62
2.03

9

5.76

19.51

64.76

$11.00

$23.50

1.225

1.225

$1.63

$4.90

Wooden pallets
Parameter

Carbon
Footprint
(kg CO2 eq.)

Treatment

HT
2.2

MB
5.53

End of Life
Total Carbon Footprint
Total Pallet
Cost
Cost
Information Transportation
($)
Cost
Recycling Cost
Treatment Cost
Total Cost ($)

21.09

24.42

0

HT
$1.00

MB
$1.69

$0

$14.86

$15.55

$29.63
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Table 3-9 Carbon Footprint and Cost Information for 100 Trips

Heat Treat / Me Br Fumig.
/ RF Heating

Plastic
Pallets
No
Treatment

Number of trips considered

100

100

Number of pallets required

7

1

55.02

50

60
RF
4.34

60

Wooden pallets
Parameter

Production
Carbon
Footprint
(kg CO2
eq.)

Transportation
Treatment

HT
15.40

MB
38.71

End of Life
Total Carbon Footprint
Total Pallet
Cost
Transportation
Cost
Information Cost
Recycling Cost
($)
Treatment Cost
Total Cost

144.63

HT
$7.00
$104.51

167.94

MB
$11.83
$109.34

0.00

14.21

5.76

133.57

115.76

$77.00

$23.50

$9.10

$1.30

$11.41

$4.90
$0
$29.70

3.4 Multi-Objective Dynamic Programming

This research focuses on selecting a pallet option that produces the smallest carbon footprint and
the lowest cost. It also emphasizes on the selection of the best phytosanitary treatment for pallets. Both the
carbon footprint and cost minimization objectives are modeled as a MODP problem to be solved for each
pallet life cycle stage. Dynamics are introduced into the system by the presence of various stages in the life
cycle: manufacturing, treatment, transportation and disposal. The dynamic nature of the selection problem
may be explained as follows. For each life cycle stage of the pallet, the decision maker (DM) needs to
identify the pallet type that best meets the objectives. In the manufacturing stage, the DM decides the
number of wooden and/or plastic pallet to satisfy the number of trips; in the treatment stage, the DM selects
the best treatment type; in the transportation stage, the DM decides the best transportation scenario for the
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pallets selected in Stage 1; and finally, in the disposal stage, the DM selects the best disposal scenario for
the pallets.

3.4.1 Dynamic Programming Approach
Often, strategic decision-making problems involve approaching decisions at multiple stages. Each
stage consists of multiple states in which the system could be at a given time. From any stage, the system
transitions from one state Sn to the next state Sn+1 depending upon the decision made by the DM. In each
state, the DM has a set of available decisions from which one must be selected. Every decision has a
relative worth defined by a decision benefit equation, also known as the return function rn. The return
function depends on the state of the system and the decision made at stage n. The best decision or the most
optimal decision in stage n is the one which maximizes the return obtained for a particular state Sn. A
simple illustration of an n-stage dynamic programming problem is shown in Figure 3-13.

Figure 3-13 Illustration of an N-stage Dynamic Programming Problem

A set of optimal decisions at each stage of the problem makes up the optimal policy. The
transition of the system from one state to another is governed by a transformation function tn(Sn, dn). The
recursive relation for a single objective maximization dynamic problem can be written as:
fn(Sn)

=

opt{ rn(dn, Sn) + fn-1(Sn-1) } (Ravindran, 2008)

Eq. 3.6

As shown, fn-1(Sn-1) is the accumulated returns through stage n. Dynamic programming models
may be either deterministic or stochastic; a deterministic DP model will be used in modeling the pallet and
treatment selection problem.

74
3.4.2 Multi-Objective Dynamic Programming (MODP)

Operations research problems often involve the modeling of more than one objective which needs
to be maximized or minimized, depending on the problem description, and are known as multi-objective
problems. Solutions to these problems are classified as inferior and non-inferior (or efficient) solutions. In
maximization problems, non-inferior solutions are those whose level of attainment of objective function
values cannot be increased without a sacrifice in at least one of the other objectives. Algorithms used to
solve multi-objective problems revolve around the determination of non-inferior solutions.
MODP incorporates multiple objectives into the dynamic programming model so as to determine
non-inferior solutions to nonlinear problems (Tauxe et al., 1979). This provides the DM with the necessary
trade-off information so as to help with decision making and to obtain optimal values for every objective.
Various methods and algorithms have been used to solve MODP problems. The three basic approaches to
solve multi-objective programming problems as outlined in Zhu et al. (1993) are: (1) finding the preferred
function directly using the utility function approach, (2) weighing or prioritizing objectives and thus
converting the multi-objective problem to a single-objective problem, and (3) generating a set of noninferior solutions and providing them to the decision maker.
Various dynamic programming algorithms have been used to solve multi-objective optimization
problems. Mine and Fukushima (1979) proposed an algorithm to determine non-inferior solutions of
multiple criteria problems in mathematical programming. Tauxe et al. (1979) applied the ε-constrained
method to solve a water resources MODP model with multiple non-commensurable objectives. Abo-Sinna
and Hussein (1995) presented an algorithm to generate non-inferior solutions for a multi-objective problem
using the principle of optimality. Caballero et al. (1998) presented a multi-objective dynamic programming
problem solved using goal programming, which provided the DM with added control over the objectives in
every planning horizon. Chankong (1981) made use of the Surrogate Worth Trade-off (SWT) method and
the Butcher-Haimes-Hall (BHH) approach to solve multi-objective capacity expansion problems. Caplin
and Kornbluth (1975) made use of the MODP methodology to solve a multi-objective investment planning
problem.
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Goal programming (GP), developed by Charnes et al. (1961) has been used in many operations
research problems having multiple objectives. Dynamic multi-objective programming models can be
solved using the GP approach, in which objectives are prioritized by the DM and solved with respect to the
priorities assigned. Charnes et al. (1989) implemented this technique using a dynamic GP algorithm for
planning food self-sufficiency. Goal programming is suitable in situations where objectives may not be
achieved if formulated as a constraint, but may be achieved near to its target or goal. In an n-goal
preemptive GP problem, the DM assigns a priority level to each of the goals. The algorithms used to solve
the pallet selection MODP is described in the following sections.

3.4.3 Model Formulation

Goals:
1. Minimize Carbon Footprint
2. Minimize Costs
Dynamic GP Model Variables:
lw = life of a wooden pallet
lp = life of a plastic pallet
x = number of trips to be satisfied by selecting appropriate number of pallets
w = x / lw = number of wooden pallets
p = x / lp = number of plastic pallets
k = type of pallet, plastic (p) / wooden (w)
h = number of wooden pallets heat treated
mb = number of wooden pallets fumigated
r = number of wooden pallets RF heated
di k = number of pallets of type k used in the disposal scenario i, where i = 1, 2, 3, 4
Carbon Footprint Variables:
Fmk = carbon footprint due to the manufacture of one pallet (k = wooden/plastic type)
Fhtk = carbon footprint due to the heat treatment of one pallet (k = wooden type)
Fmbk = carbon footprint due to the MeBr fumigation of one pallet (k = wooden type)
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Frf k = carbon footprint due to the RF heating of one pallet (k = wooden type)
Fti k = carbon footprint due to transportation scenario i, where i = 1, 2, 3, 4 (k = wooden/plastic type)
Fdi k = carbon footprint due to disposal scenario i, where i = 1, 2, 3, 4 (k = wooden/plastic type)
Cost Variables:
Cmk = cost incurred due to the manufacture of one pallet (k = wooden/plastic type)
Chtk = cost incurred due to the heat treatment of one pallet (k = wooden type)
Cmbk = cost incurred due to the MeBr fumigation of one pallet (k = wooden type)
Crfk = cost incurred due to the RF heating of one pallet (k = wooden type)
Cti k = cost incurred due to transportation scenario i, where i = 1, 2, 3, 4 (k = wooden/plastic type)
Cdi k = cost incurred due to transportation scenario i, where i = 1, 2, 3, 4 (k = wooden/plastic type)
Carbon Footprint:
Carbon footprint during manufacture, CF manufacture: Fmw. w + Fmp. p
w

w

Carbon footprint during transportation, CF transport:

w

Eq. 3.7
w

Carbon footprint during treatment, CF treatment: Fht . h + Fmb . mb + Frf . r
Fti . x +
Fdi w.di w +

Carbon footprint during disposal, CF disposal:

Eq. 3.8

p

Fti . x

Eq. 3.9

Fdip. dip

Eq. 3.10

Total carbon footprint = CF manufacture + CF treatment + CF transportation + CF disposal

Eq. 3.11

Total carbon footprint =
[Fmw. w + Fmp. p] + [Fhtw. h + Fmbw. mb + Frfw. r] + [

Fti w. x +

Ftip. x] + [

Fdip. dip]

Fdi w.di w +
Eq. 3.12

Cost:
Cost during manufacture, Cost manufacture: Cmw. w + Cmp. p
w

Eq. 3.13

w

w

Cost during treatment, Cost treatment: Cht . h + Cmb . mb + Crf . r
Cti w. x +

Cost during transportation, Cost transport:
Cost during disposal, Cost disposal:

w

w

Cdi .di +

Eq. 3.14

Cti p. x
p

Cdi . di

Eq. 3.15

p

Eq. 3.16

Total cost = Cost manufacture + Cost treatment + Cost transportation + Cost disposal

Eq. 3.17

Total cost =
[Cmw. w + Cmp. p] + [Chtw. h + Cmbw. mb + Crfw. r] + [
Cdip. dip]

Cti w. x +

Ctip. x] + [

Cdi w.di w +
Eq. 3.18
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3.4.4 Multi-Objective Dynamic Programming Models Using Pre-emptive Goal Programming
Approach

The pre-emptive GP approach is a more general approach than a weighted or non-preemptive
approach and it preserves the convexity properties, unlike the min-max GP algorithm (Caballero et al.,
1998). Convexity is a critical aspect when optimizing a function. If the function is non-convex, then it will
not have a global minimum. Convex functions, on the other hand, have a global minimum, or have no local
minima that are not global. The goal programming using pre-emptive approach (Non-Archimedean GP)
can be formulated as:
Min Z =
Subject to:

Pi

Eq. 3.19
Pi = devi (fi )
Cj xj ≤ bj
fi (xi ) + devi- - devi + = gi

(absolute constraints)
i = 1, 2… m

(goal constraints)

xj, devi-, devi + ≥ 0
where m is the number of objectives in the problem, k is the number of absolute constraints, j represents the
jth constraint, Pi is the priority assigned to objective i, and devi (fi ) measures the deviation of the function
value from its goal, devi-, devi + are the negative and positive deviations of the objective function from its
goal. Goals at a higher priority rank above lower priority goals and must be satisfied first. The multiobjective GP problem is thus reduced to a set of single-objective optimization problems. The pre-emptive
approach can be applied to the pallet type selection problem as follows. Consider the network in Figure 314 to be used in the MODP model, where each arc is denoted as xab, where a and b are any two nodes.
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Figure 3-14 Pallet Life Cycle Network Model

Case 1: P1 >> P2
Objective Function: Z = Minimize P1 + P2

Eq. 3.20

Subject to
P1 = d1+ + d3+ + d5+ + d7+
P2 = d2+ + d4+ + d6+ + d8+
Goal Constraints:
Fmw. w + Fmp. p + d1- - d1+ = 0
-

(Stage 1 Constraints)

w

p

+

w

w

w

-

+

w

w

w

-

+

―

Cm . w + Cm . p + d2 - d2 = 0
Fht . h + Fmb . mb + Frf . r + d3 - d3 = 0

(Stage 2 Constraints)
―

Cht . h + Cmb . mb + Crf . r + d4 - d4 = 0
w

Fti . x +
w

Cti . x +
w

w

w

w

Fdi .di +
Cdi .di +

p

-

+

p

-

+

Fti . x + d5 - d5 = 0
Cti . x + d6 - d6 = 0

di w = w
dip = p

p

-

+

p

p

-

+

Fdi . di + d7 - d7 = 0
Cdi . di + d8 - d8 = 0

Absolute Constraints:
h + mb + r = w

p

―
―

(Stage 3 Constraints)
―

―

(Stage 4 Constraints)
―

―
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Shortest Path Formulation Constraints:
x1-2 + x1-3 = 1

(Stage 1 Constraints)

x1-2 - x2-4 - x2-5 - x2-6 = 0
x1-3 - x3-7 = 0
x2-4 - x4-8 - x4-9 - x4-10 = 0

(Stage 2 Constraints)

x2-5 - x5-8 - x5-9 - x5-10 = 0
x2-6 - x6-8 - x6-9 - x6-10 = 0
x3-7 - x7-11 - x7-12 - x7-13 = 0
x4-8 + x5-8 + x6-8 - x8-14 - x8-15 - x8-16 = 0

(Stage 3 and 4 Constraints)

x4-9 + x5-9 + x6-9 - x9-14 - x9-15 - x9-16 = 0
x4-10 + x5-10 + x6-10 - x10-14 - x10-15 - x10-16 = 0
x7-11 - x11-17 - x11-18 - x11-19 = 0
x7-12 - x12-17 - x12-18 - x12-19 = 0
x7-13 - x13-17 - x13-18 - x13-19 = 0
w, p, di -, di + ≥ 0
xab = 0 or 1
Case 2: P2 >> P1
Objective Function: Z = Minimize P2 + P1

Eq. 3.21

Subject to
P2 = d1+ + d3+ + d5+ + d7+
P1 = d2+ + d4+ + d6+ + d8+
Goal Constraints:
Fmw. w + Fmp. p + d1- - d1+ = 0

(Stage 1 Constraints)

Cmw. w + Cmp. p + d2- - d2+ = 0

―

w

w

w

-

+

w

w

w

-

+

Fht . h + Fmb . mb + Frf . r + d3 - d3 = 0
Cht . h + Cmb . mb + Crf . r + d4 - d4 = 0
Fti w. x +
w

Cti . x +
Fdi w.di w +
w

w

Cdi .di +

Ftip. x + d5- - d5+ = 0
p

+

Cti . x + d6 - d6 = 0
Fdi p. di p + d7- - d7+ = 0
p

p

-

+

Cdi . di + d8 - d8 = 0

Absolute Constraints:
h + mb + r = w

-

―

(Stage 2 Constraints)
―

―

(Stage 3 Constraints)
―

―

(Stage 4 Constraints)
―

―
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di w = w
dip = p
Shortest Path Formulation Constraints:
x1-2 + x1-3 = 1

(Stage 1 Constraints)

x1-2 - x2-4 - x2-5 - x2-6 = 0
x1-3 - x3-7 = 0
x2-4 - x4-8 - x4-9 - x4-10 = 0

(Stage 2 Constraints)

x2-5 - x5-8 - x5-9 - x5-10 = 0
x2-6 - x6-8 - x6-9 - x6-10 = 0
x3-7 - x7-11 - x7-12 - x7-13 = 0
x4-8 + x5-8 + x6-8 - x8-14 - x8-15 - x8-16 = 0

(Stage 3 and 4 Constraints)

x4-9 + x5-9 + x6-9 - x9-14 - x9-15 - x9-16 = 0
x4-10 + x5-10 + x6-10 - x10-14 - x10-15 - x10-16 = 0
x7-11 - x11-17 - x11-18 - x11-19 = 0
x7-12 - x12-17 - x12-18 - x12-19 = 0
x7-13 - x13-17 - x13-18 - x13-19 = 0
w, p, di -, di + ≥ 0
xab = 0 or 1
The results of the preemptive goal programming MODP model are discussed in section 4.6.1.

3.4.5 Multi-Objective Dynamic Programming Models Using a Non-Preemptive Goal Programming
Approach

Most MODP problems can be converted to a single-objective optimization problem or a scalar
objective DP problem, if the objectives can be expressed with priorities (Abo-Sinna, 2004). The weights for
each objective can be obtained from the decision maker; alternatively, other methods can be used to
determine weights, such as ranking methods, rating methods, Borda count, or AHP. In the parametric
approach of solving multi-objective problems, the weighted sum of all objectives is either minimized or
maximized depending on the problem description. Weights are such that their sum should add up to one.
Using Charnes et al. (1989), the non-preemptive approach can be mathematically modeled as:
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Minimize

wi devi (fi )

Eq. 3.22

Cj xj ≤ bj

Subject to:

(absolute constraints)

fi (xi ) + devi- - devi + = gi

i = 1, 2… m

(goal constraints)

wi = 1,
wi , xi, devi-, devi + ≥ 0
where m is the number of objectives in the problem, k is the number of absolute constraints, wi is the weight
assigned to objective i, j represents the jth constraint and devi (fi) = |fi (t) – gi (t)| which measures the
deviation of the function value from its goal. devi -, devi + are the negative and positive deviations of the ith
objective function from its goal. Weights are assigned to each goal and are decided by the decision maker.
The multi-objective goal programming problem is thus reduced to a single-objective optimization problem
(Charnes et al., 1989).
The non-preemptive approach can be applied to the pallet type selection problem as follows. As
mentioned before, the problem has two goals: (1) minimize carbon footprint and (2) minimize costs. The
weights on each goal can vary from 0 to 1. The sum of weights should equal to one. The variables
considered in the formulation are w (the number of wooden pallets), p (the number of plastic pallets), x
(number of trips), di (1,2…) indicating the deviation from the goal set at each stage and T, indicating the
total number of life cycle stages. In addition, w1 and w2 are the weights on carbon footprint and costs,
respectively. The formulation is as follows:
Objective Function: Z = minimize

wi (t) devi [fi (t)]

T = 4, m = 2
Eq. 3.23

Subject to
Goal Constraints:
Fmw. w + Fmp. p + d1(1)- - d1(1)+ = 0
-

(Stage 1 Constraints)

w

p

+

w

w

w

-

+

w

w

w

-

+

Fti . x +

p

-

―

Cm . w + Cm . p + d2(1) - d2(1) = 0
Fht . w + Fmb . w + Frf . w + d1(2) - d1(2) = 0
Cht . w+ Cmb . w + Crf . w + d2(2) - d2(2) = 0
w

+

Fti . x + d1(3) - d1(3) = 0

―

(Stage 2 Constraints)
―

―

(Stage 3 Constraints)
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Cti w. x +

Ctip. x + d2(3)- - d2(3)+ = 0

Fdi w.w +

Fdip. p + d1(4)- - d1(4)+ = 0

w

Cdi .w +

p

-

+

Cdi . p+ d2(4) - d2(4) = 0

―

―

(Stage 4 Constraints)
―

―

Shortest Path Formulation Constraints:
x1-2 + x1-3 = 1

(Stage 1 Constraints)

x1-2 - x2-4 - x2-5 - x2-6 = 0
x1-3 - x3-7 = 0
x2-4 - x4-8 - x4-9 - x4-10 = 0

(Stage 2 Constraints)

x2-5 - x5-8 - x5-9 - x5-10 = 0
x2-6 - x6-8 - x6-9 - x6-10 = 0
x3-7 - x7-11 - x7-12 - x7-13 = 0
x4-8 + x5-8 + x6-8 - x8-14 - x8-15 - x8-16 = 0

(Stage 3 and 4 Constraints)

x4-9 + x5-9 + x6-9 - x9-14 - x9-15 - x9-16 = 0
x4-10 + x5-10 + x6-10 - x10-14 - x10-15 - x10-16 = 0
x7-11 - x11-17 - x11-18 - x11-19 = 0
x7-12 - x12-17 - x12-18 - x12-19 = 0
x7-13 - x13-17 - x13-18 - x13-19 = 0
w, p, di -, di + ≥ 0
xab = 0 or 1

The results of the non-preemptive goal programming MODP model are discussed in section 4.6.2.
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Chapter 4 Results

This chapter discusses the results of the life cycle analyses conducted on wooden pallets and
plastic pallets. As the final step in this LCA study, the discussion will include the interpretation of impact
assessment results, an evaluation of assumptions made, and an analysis of the uncertainty of results
obtained. Impact assessment results are directly tied into aiding product and process improvements to
reduce environmental impacts. The three impact assessment methods used are Eco Indicator 99, IMPACT
2002+ and CML 2000. The discussion will include a detailed analysis of the various phytosanitary
treatment methods. This chapter also presents the results of the shortest path problem formulation for the
pallet type selection problem. Also included in the discussion are the MODP model results that help in
providing optimized decisions for each life cycle stage of the pallets.

4.1 Life Cycle Assessment of Wooden Pallets
This section presents the results of the life cycle analysis of wooden pallets. The four stages
involved are manufacturing, treatment, transportation and disposal. Data for the analysis is provided by two
pallet manufacturers and pallet recyclers based in the northeastern U.S. The material considered in the
study is softwood, and the pallet is a GMA block-type wooden pallet having the dimensions 48‖ x 40‖.
Results using IMPACT 2002+ are shown in Figures 4-1 and 4-2, and the results using Eco-Indicator 99 and
CML 2000 are shown in Appendix A. All methods suggest that the manufacturing, transportation and
disposal of wooden pallets generate the greatest carbon footprint in the life cycle of a wooden pallet.
According to the results, manufacturing a wooden pallet produces 7.86 kg eq. of CO2. It also impacts
terrestrial eco-toxicity and aquatic toxicity with units of 203 kg TEG in soil and 1022 kg TEG in water,
respectively. This is largely due to the processing of softwood and the heating of green lumber. Wooden
pallet transportation produces up to 20.053 kg eq. of CO2, due to the use of diesel fuel. The number of trips
assumed in the life of a wooden pallet in the model is 15, and the transportation distance is assumed as 200
miles. A sensitivity analysis is conducted to analyze both these assumptions.
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The sanitization of wooden pallets using fumigation incurs the maximum carbon footprint among
phytosanitary treatment methods. The global warming potential (GWP) of fumigation was found to be 5.53
kg CO2 per pallet, greater than the GWP for either conventional heating or RF heating. This is mainly due
to the methyl bromide. The GWP values for conventional heating and RF heating are 2.2 kg CO2 eq. and
0.62 kg CO2 eq. respectively. Methyl bromide has a high ozone depletion potential of 0.51, making it a
Class I substance (an ozone depletion potential > 0.2) and much harmful than RF heating.
Disposal of wooden pallets produces a total equivalent emission of 2.03 kg CO 2. This is attributed
to the recycling of unusable pallets into wood pellets for heating purposes. Electricity consumption takes up
a major portion of the environmental impacts as most of the electricity production in the U.S. is from coal.
Reuse of wooden planks lowers the overall environmental burden produced during the manufacturing
phase. The manufacture and disposal phases of wooden pallets contribute positively in negating climate
change and global warming effects. This is mainly because some of the wood from the pallets is modeled
as reusable either for heating purposes (thus reducing the energy requirements) or for manufacturing new
pallets (thereby reducing the need to produce new planks). As may be seen from the impact assessment
results, the manufacturing and transportation of wooden pallets produce a significant impact on ozone layer
depletion, eco-toxicity, acidification, eutrophication and global warming. This mainly arises from the use of
electricity and the production of softwood lumber for manufacturing wooden pallets.

Impact Assessment Results and Network Flow Diagram (IMPACT 2002+ Method):

After the life cycle inventory data were entered into SimaPro, the environmental impacts of the
product system were analyzed using the software‘s network flow diagram feature. This diagram shows a
pictorial view of the source of environmental impacts of each life cycle stage and each sub-system of the
product. The network flow diagram obtained using Impact 2002+ method is shown in Figure 4-1.
Environmental impacts of each life cycle stage are represented by the variation in the thickness of the red
lines.
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Figure 4-1 Network Flow Using Impact 2002+
In Figure 4-2, the environmental impacts corresponding to each impact category are shown. All
impact category values are normalized to 100, and the environmental burden of each life cycle stage is
marked proportionally. It is evident that the manufacture and transportation stages incur most of the
impacts across all categories.

Figure 4-2 Impact Assessment Results Using Impact 2002+
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Table 4-1 provides the numerical values of the environmental impacts for each of the impact categories.

Table 4-1 Impact Assessment Results Using Impact 2002+

Impact category

Unit

Total

Manufacture

Transportation

Heat
Treatment

Disposal

Carcinogens

kg C2H3Cl eq

0.587

0.362

0.005

0.062

0.158

Ozone layer depletion

kg CFC-11 eq

6.2E-06

2.1E-06

4.0E-06

2.7E-08

9.8E-08

Aquatic eco-toxicity

kg TEG water

1021.896

421.530

312.794

82.633

204.938

Terrestrial eco-toxicity

kg TEG soil

202.203

102.841

45.471

14.513

39.377

Terrestrial acid

kg SO2 eq

0.758

0.268

0.433

0.019

0.038

Land occupation

m2org.arable

2.628

2.103

0.010

0.002

0.513

Aquatic acidification

kg SO2 eq

1.6E-01

6.6E-02

6.8E-02

7.3E-03

1.4E-02

Aquatic eutrophication

kg PO4 P-lim

1.4E-04

8.3E-05

1.4E-05

7.7E-06

3.5E-05

Global warming

kg CO2 eq

20.053

7.862

8.577

1.581

2.033

Non-renewable energy

MJ primary

180.139

82.642

39.842

20.489

37.165

Mineral extraction

MJ surplus

0.272

0.260

0.003

0.002

0.007

4.1.1 Sensitivity Analysis

Sensitivity analyses are used to test the assumptions made in the LCA study. They help to
understand the variation of environmental impacts with respect to changes in the assumptions. The two
assumptions made in this study concern pallet life and the transportation distance covered in the life cycle
of each pallet type. The following sections present a sensitivity analysis to test both these assumptions in
the case of wooden pallets.

4.1.1.1 Life of Wooden Pallets

The life of a wooden pallet depends on the type and grade of material used, manufacturing
process, number of handlings, types of machinery used in handling, maintenance services, etc. The
National Wooden pallet and Container Association (2009) defines pallet life as ―the period during which
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the pallet remains useful, expressed in units of time or in number of one-way trips.‖ The Pallet Design
System (PDS) used to model wooden pallets provides a ―Pallet Service Life Analysis‖ which provides an
estimate of the predicted cycles until first repair and of total pallet life. Accordingly, the total predicted life
of a GMA block-type wooden pallet is 33 cycles. Each handling cycle is an average of 15 pallet handlings.
Each handling is a single lifting, movement, and set down, assuming medium duty loads (2000 lbs).

During the modeling, the life of a wooden pallet is assumed to be 15 trips. A sensitivity analysis
was conducted and results were obtained by varying the life quantity to between 10 and 30 trips. Table 4-2
shows the results of the sensitivity analysis conducted for each impact category. Figure 4-3 represents the
analysis graphically. It can be seen that varying pallet life largely affects impact categories such as aquatic
eco-toxicity, terrestrial nitrification, aquatic acidification, global warming and non-renewable energy.
Change in pallet life doesn‘t equitably impact categories such as carcinogens, ozone depletion, land
occupation or mineral extraction.

Table 4-2 Sensitivity Analysis to Compare Wooden Pallets with Various Lifetimes
Impact category

Unit

10trips

15trips

20trips

25trips

30trips

Carcinogens

kg C2H3Cl eq

0.585

0.587

0.588

0.590

0.592

Ozone layer depletion

kg CFC-11 eq

0.000

0.000

0.000

0.000

0.000

Aquatic eco-toxicity

kg TEG water

917.588

1021.831

1126.074

1230.317

1334.561

Terrestrial eco-toxicity

kg TEG soil

187.039

202.193

217.347

232.501

247.656

Terrestrial acid

kg SO2 eq

0.614

0.758

0.902

1.046

1.190

Land occupation

m2org.arable

2.624

2.628

2.631

2.634

2.637

Aquatic acidification

kg SO2 eq

0.133

0.156

0.179

0.202

0.224

Aquatic eutrophication

kg PO4 P-lim

0.000

0.000

0.000

0.000

0.000

Global warming

kg CO2 eq

17.193

20.051

22.909

25.768

28.626

Non-renewable energy

MJ primary

166.852

180.130

193.408

206.686

219.964

Mineral extraction

MJ surplus

0.271

0.272

0.273

0.274

0.275

Figure 4-3 Sensitivity Analysis to Compare Wooden Pallets with Various Lifetimes
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4.1.1.2 Transportation Distances
The transportation distance assumed in the wooden pallet life cycle model is a round-trip distance
of 200 miles. This includes the distances between the manufacturer, the customer, the distribution center,
the retail store and the recycler or a pallet collection center. A sensitivity analysis was conducted varying
this distance between 100 miles and 350 miles. It can be seen that altering the transportation distance does
not affect impact categories such as carcinogens and terrestrial eco-toxicity, but it does affect the ozone
layer depletion, global warming, acidification, eutrophication and non-renewable energy categories greatly.
Table 4-3 and Figure 4-4 illustrate the results of the sensitivity analysis.
Table 4-3 Sensitivity Analysis to Compare Various Transportation Distances
Impact category

Unit

100miles

150miles

200miles

0.585

0.586

0.587

250miles

Carcinogens

kg C2H3Cl eq

Ozone layer depletion

kg CFC-11 eq

0.000

0.000

0.000

0.000

0.000

0.000

Aquatic eco-toxicity

kg TEG water

865.447

943.658

1021.896

1100.004

1178.189

1256.375

Terrestrial eco-toxicity

kg TEG soil

179.460

190.829

202.203

213.558

224.924

236.290

Terrestrial acid/nutria

kg SO2 eq

0.542

0.650

0.758

0.866

0.974

1.082

Land occupation

m2org.arable

2.623

2.625

2.628

2.630

2.633

2.635

Aquatic acidification

kg SO2 eq

0.122

0.139

0.156

0.173

0.190

0.207

Aquatic eutrophication

kg PO4 P-lim

0.000

0.000

0.000

0.000

0.000

0.000

Global warming

kg CO2 eq

15.763

17.907

20.053

22.194

24.338

26.482

Non-renewable energy

MJ primary

160.211

170.173

180.139

190.087

200.046

210.005

Mineral extraction

MJ surplus

0.271

0.272

0.272

0.273

0.274

0.275

0.588

300miles
0.589

350miles
0.590

Figure 4-4 Sensitivity Analysis to Compare Various Transportation Distances
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4.1.2 Uncertainty Analysis
Life cycle models always consist of data with a certain level of uncertainty. The three main types
of uncertainty are those related to the data collected, those related to the correctness of the model, and those
related to the completeness of the model (SimaPro User‘s Manual). A Monte Carlo analysis was used to
analyze the uncertainty of this LCA model. This type of analysis is used to calculate the uncertainty range
of an inventory result based on given uncertainty information. The parameters required in the analysis
include the amount/units of the product system, the impact assessment (IA) method used, and the number
of Monte Carlo runs to be made. The parameters are as follows: 1) unit of product system: one wooden
pallet; 2) IA method: Impact 2002+; and 3) number of runs: 50. The results are shown in Figure 4-5.
Data bars corresponding to each impact category are normalized to 100%. The red limits on each
bar indicate the level of uncertainty of each impact category. It can be seen that carcinogens, noncarcinogens, eco-toxicity, land occupation and non-renewable energy have large levels of uncertainty,
whereas ozone depletion, eutrophication, respiratory organics, acidification and global warming have lesser
levels of uncertainty.

Figure 4-5 Uncertainty Analysis Conducted on Wooden Pallets
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4.2 Life Cycle Assessment of Phytosanitary Treatment Methods
The life cycle analyses of three phytosanitary methods were conducted using SimaPro LCA
software. Data for all treatment methods were obtained from pallet companies, fumigators and heating
equipment manufacturers. Data was modeled using the Eco invent and Franklin USA databases contained
in SimaPro. It should be noted that none of the existing databases contained any information regarding RF
heating and fumigation. The analysis of both these methods was conducted using input data received from
fumigators and radio frequency equipment manufacturers.
The impact assessment results using Eco Indicator 99 is shown in Figure 4-6. Table 4-4 presents
the impact assessment results for each impact category. The functional unit used for comparison was
treatment of one pallet made of softwood lumber. It can be seen that fumigation and heat treatment incurred
the maximum environmental burden with global warming potentials of 5.53 kg CO 2 eq. and 2.2 kg CO2 eq.
per pallet, respectively. In certain categories, RF heating incurs more environmental burden as compared to
methyl bromide fumigation due to the use of electricity generated by coal. It must be noted that methyl
bromide, a Class I ozone-depleting substance, has an ozone depletion potential (ODP) of 0.51, and is being
phased out by the Methyl Bromide Transition program of the U.S. Department of Agriculture, making it a
less preferred option than RF heating. Results are provided in Table 4-4 and Figure 4-6.
Table 4-4 Impact Assessment Results of Treatment Methods for One Wooden Pallet
Impact category

Unit

Heat Treatment

Fumigation

RF heating

Carcinogens

kg C2H3Cl eq

0.062

0.004

0.037

Ozone Layer Depletion

kg CFC-11 eq

2.7E-08

3.4E-03

1.6E-08

Aquatic eco-toxicity

kg TEG water

81.962

5.588

49.327

kg TEG soil

14.395

0.935

8.192

Terrestrial eco-toxicity
Terrestrial acid/nutria
Land occupation
Aquatic acidification
Aquatic eutrophication

kg SO2 eq

1.9E-02

1.1E-03

9.3E-03

m2org.arable

2.3E-03

1.6E-04

1.4E-03

kg SO2 eq

7.3E-03

4.4E-04

3.9E-03

kg PO4 P-lim

7.7E-06

5.0E-07

4.5E-06

Global warming

kg CO2 eq

2.20

5.528

0.559

Non-renewable energy

MJ primary

20.323

1.051

9.298

Mineral extraction

MJ surplus

1.9E-03

1.3E-04

1.1E-03

Figure 4-6 LCA of Treatment Methods Using Eco Indicator 99

95

96
4.3 Life Cycle Assessment of Plastic Pallets

This section presents the results of the life cycle analysis of plastic pallets. The three stages
involved are manufacturing, transportation and disposal. As compared to wooden pallets, plastic pallets do
not require treatment for pests. Data for the analysis was obtained from the Eco Invent database and the
U.S. Life Cycle Inventory database. Plastic pallets are made using low-density as well as high-density
polyethylene resins; the material type considered in this study is high-density polyethylene (HDPE). As
with the wooden pallet LCA, impact assessment was carried out using three methods: Impact 2002+, Eco
Indicator 99 and CML 2000. Results using IMPACT 2002+ are shown in Figure 4-7; those using EcoIndicator 99 and CML 2000 are shown in Appendix B. It can be seen that the manufacturing and
transportation of plastic pallets produces a maximum carbon footprint. The manufacture of a plastic pallet
has a global warming potential (GWP) of 50 kg CO2 eq. A large part of this is attributed to the production
of the HDPE resin and the plastic mold which is used during the injection molding process. Production of 1
kg of plastic mold produces a GWP of 2.04 kg CO2 eq., and production of 1 kg of HDPE resin has a GWP
of 1.19 kg of CO2.
The pallet life assumed in the LCA model of the plastic pallets is 100. Transportation distance is
assumed to be 350 miles, due to the longer distances necessitated by fewer plastic productions outlets. Fuel
used for transportation is diesel. A sensitivity analysis was conducted to test the transportation distance and
pallet life assumptions. Disposal of plastic pallets produces a GWP of 5.76 kg CO 2 eq. The use of
electricity and natural gas in the recycling of HDPE resin largely contributes to this. The disposal scenario
of plastic pallets is such that 80% of the plastic is recycled, about 15% is land-filled, and the remaining is
incinerated. The impact assessment results are shown in the following sections. Results suggest that plastic
pallet manufacturing and transportation are responsible for a large portion of the environmental impacts,
with the disposal phase producing the smallest carbon footprint and environmental burden. These findings
are substantiated by all three impact assessment methods.
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Impact Assessment Results (Impact 2002+ Method)

The impact assessment results obtained from the LCA of plastic pallets using Impact 2002+
method are shown in Figure 4-7. As mentioned earlier, all impact values are normalized to 100 and the
contribution of the environmental burden at each life cycle stage is marked proportionally.

Figure 4-7 Impact Assessment Results Using Impact 2000+
The production of plastic resin contributes the most to almost all impact categories. Exceptions are
transportation‘s impact on ozone layer depletion and on terrestrial acidification/nutriphication. The
numerical values of the environmental impacts for each impact category are provided in Table 4-5.
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Table 4-5 Impact Assessment Results Using Impact 2000+
Impact category

Unit

Total

Manufacture

Transportation

Disposal

Carcinogens

kg C2H3Cl eq

87168.847

87168.710

0.038

0.098

Ozone layer depletion

kg CFC-11 eq

3.62E-05

2.86E-06

3.27E-05

5.89E-07

Aquatic eco-toxicity

kg TEG water

57877.718

51586.480

2552.630

3738.608

Terrestrial eco-toxicity

kg TEG soil

1527.494

1143.079

371.080

13.334

Terrestrial acid/nutria

kg SO2 eq

4.919

1.339580

3.530137

0.048892

Land occupation

m2org.arable

0.210

0.129087

0.078639

0.002470

Aquatic acidification

kg SO2 eq

1.405

0.828979

0.557935

0.017790

Aquatic eutrophication

kg PO4 P-lim

0.002

0.001551

0.000112

0.000064

Global warming

kg CO2 eq

129.324

50.572

69.992

5.760

Non-renewable energy

MJ primary

733.501

334.768

325.139

73.594

Mineral extraction

MJ surplus

0.433

0.408

0.025

0.001

4.3.1 Sensitivity Analysis
As noted in Section 4.1.1, sensitivity analyses are used to test the assumptions in an LCA study.
The two assumptions in this study concern pallet lifetime and transportation distance. In the LCA model
formulated for plastic pallets, pallet life is assumed as 100 round trips and pallet transportation distance as
350 miles per round trip. The following sections present the sensitivity analyses for both these assumptions.

4.3.1.1 Life of Plastic Pallets
Plastic pallets made using molded plastic last much longer than wooden pallets. This is because
plastic pallets, unlike wooden pallets, do not break or get damaged easily, and the best quality ones might
travel more than 200-250 round trips before being taken out of service (Stratis Pallets, 2009). According to
information received from the manufacturers, plastic pallets are made of sturdy, hardened material often
consisting of steel components and are thus built to last longer. The pallet life assumed for this study is 100
trips. A sensitivity analysis was conducted to determine the change in environmental impacts given a
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change in pallet life. The results of the analysis are shown in Figure 4-8 and Table 4-6. Results show that
varying pallet life largely affects ozone layer depletion, effects of eco-toxicity, acidification, global
warming and non-renewable energy, but leaves carcinogens and other categories rather less affected.

Table 4-6 Sensitivity Analysis to Compare Plastic Pallets with Various Lifetimes
Impact category

Unit

70trips

100trips

150trips

200trips

250trips

Carcinogens

kg C2H3Cl eq

87168.847

87168.863

87168.890

87168.917

87168.945

Ozone layer depletion

kg CFC-11 eq

3.62E-05

5.02E-05

7.36E-05

9.70E-05

1.20E-04

Aquatic eco-toxicity

kg TEG water

57879.014

58973.600

60797.855

62622.111

64446.373

Terrestrial eco-toxicity

kg TEG soil

1527.682

1686.804

1951.999

2217.195

2482.391

Terrestrial acid/nutri

kg SO2 eq

4.920

6.434

8.957

11.480

14.003

Land occupation

m2org.arable

0.210

0.244

0.300

0.356

0.413

Aquatic acidification

kg SO2 eq

1.405

1.644

2.043

2.442

2.840

Aquatic eutrophication

kg PO4 P-lim

1.73E-03

1.78E-03

1.86E-03

1.94E-03

2.02E-03

Global warming

kg CO2 eq

129.359

159.372

209.393

259.413

309.433

Non-renewable energy

MJ primary

733.666

873.088

1105.451

1337.815

1570.179

Mineral extraction

MJ surplus

0.433

0.444

0.461

0.479

0.497

Figure 4-8 Sensitivity Analysis to Compare Plastic Pallets with Various Lifetimes
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4.3.1.2 Transportation Distances
The transportation distance assumed in the plastic pallet LCA study is 350 miles. As plastic pallet
manufacturing depots are fewer in number than their wood-related counterparts, plastic pallets often travel
longer distances between the manufacturers and customers. A sensitivity analysis was conducted varying
the transportation distance from 100 miles to 400 miles round trip. The results are as shown in Table 4-7
and Figure 4-9. Altering the transportation distance significantly affected impact categories such as, ozone
depletion, global warming, non-renewable energy, acidification, and eco-toxicity.

Table 4-7 Sensitivity Analysis to Compare Various Transportation Distances
Impact category

Unit

100 miles

150 miles

200 miles

250 miles

300 miles

350 miles

400 miles

Carcinogens

kg C2H3Cl eq

87168.819

87168.825

87168.830

87168.836

87168.841

87168.847

87168.852

Ozone layer depletion

kg CFC-11 eq

1.28E-05

1.75E-05

2.22E-05

2.68E-05

3.15E-05

3.62E-05

4.09E-05

Aquatic eco-toxicity

kg TEG water

56054.791

56419.642

56784.493

57149.351

57514.195

57879.040

58243.897

Terrestrial eco-toxicity

kg TEG soil

1262.491

1315.530

1368.569

1421.609

1474.648

1527.686

1580.726

Terrestrial acid/nutri

kg SO2 eq

2.398

2.902

3.407

3.911

4.416

4.920

5.425

Land occupation

m2org.arable

0.154

0.165

0.177

0.188

0.199

0.210

0.221

Aquatic acidification

kg SO2 eq

1.006

1.086

1.166

1.246

1.325

1.405

1.485

Aquatic eutrophication

kg PO4 P-lim

1.65E-03

1.66E-03

1.68E-03

1.70E-03

1.71E-03

1.73E-03

1.74E-03

Global warming

kg CO2 eq

79.340

89.344

99.348

109.352

119.356

129.360

139.364

Non-renewable energy

MJ primary

501.307

547.779

594.252

640.726

687.197

733.669

780.143

Figure 4-9 Sensitivity Analysis to Compare Various Transportation Distances
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4.3.2 Uncertainty Analysis
As noted in Section 4.1.2, uncertainty analyses are conducted to determine the uncertainty level in
data and the completeness/correctness of the model. A Monte Carlo analysis was used in this study. The
parameters in the analysis are amount/units of the product system, impact assessment method used, and the
number of runs to be made. The parameters used are as follows: 1) one plastic pallet, 2) Impact 2002+ IA
method and 3) 50 Monte Carlo simulation runs. All category values are normalized to 100, with the red
limits indicating the level of uncertainty in each impact category. It can be seen that carcinogens, ecotoxicity, land occupation and non-renewable energy have high levels of uncertainty when compared to the
other impact categories that are more certain. Results are shown in Figure 4-10.

Figure 4-10 Uncertainty Analysis Conducted on Plastic Pallets
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4.4 Comparison of LCA Results of Wooden and Plastic Pallets

Table 4-8 presents the global warming impacts (kg CO2 eq.) for a wooden pallet and a plastic
pallet. All values are for one pallet in kg CO2 eq. per pallet. The wooden pallet mileage is assumed as 200
miles, and the plastic pallet is considered to travel 350 miles per trip. The stage-by-stage carbon footprint
values for each pallet are displayed in Fig. 4-11.

Table 4-8 Carbon Footprint Information

Heat
Treatment

Me-Br
Fumigation

RF
Heating

Plastic
Pallets
No
Treatment

Production

7.86

7.86

7.86

50

Transportation (per trip)

0.6

0.6

0.6

1.1

Phytosanitary Treatment

2.2

5.53

0.6

0

End of Life

2.03

2.03

2.03

5.76

Total

12.69

16.02

11.09

60.46

Wooden pallets

60

End of Life

Treatment

Transportation

Production

Emissions (Kg CO2 Eq.)

50
40
30
20
10
0
Heat
Treatment

Me-Br
Fumigation

RF Heating

Plastic Pallets
No Treatment

Treatment Type
Figure 4-11 Carbon Footprint Information
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Figure 4-12 shows the carbon footprint values of the three treatment methods: heat treatment,
methyl bromide fumigation and RF heating. Owing to its high ozone depletion potential, the fumigation
treatment is the most environmental invasive, and RF heating is the least invasive. The results of the life
cycle analysis and cost survey are presented in Table 4-9.

Emissions in Kg CO2 Equivalent

6
5
kg CO2 eq.
4
3
2
1
0
Heat Treatment Me-Br Fumigation
Treatment Type

RF Heating

Figure 4-12 Carbon Footprint Information of Treatment Methods

Table 4-9 Carbon Footprint and Cost Summary
Wooden pallets

Plastic
Pallets

Heat Treat / Me Br Fumig /
RF Heating

No Treatment

Number of trips considered

15

15

Number of pallets required
Carbon
Production
Footprint

1

1

7.86

50

0.6

1.1

RF
0.62

0

2.03

5.76

11.11

56.86

$11.00

$23.50

Parameter

(Kg CO2 eq.)

Transportation (per
trip*)
Treatment

HT
2.2

MB
5.53

End of Life
Total Carbon Footprint (kg CO2)

12.69

16.02

Cost
Information

Average Cost per
pallet

($)

Transportation Cost
per pallet

1.225

1.225

Recycling Cost per
pallet

$1.63

$4.90

Treatment Cost
Total Cost ($)

HT
$1.00

MB
$1.69

RF
---

$0

$14.86

$15.55

---

$29.63
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4.5 Dynamic Programming Results
Dynamic Programming is used as the optimization technique here, since the decisions regarding
pallet type changes with respect to each life cycle stage. This shortest path formulation, a special case of
dynamic programming, is used in the pallet type selection problem. The goal of the optimization problem is
to determine the pallet type that minimizes both the total life cycle cost and the carbon footprint incurred.
The following section presents the results of the shortest path problem formulation. Later sections describe
a multi-objective optimization problem that selects the best pallet type in terms of cost and carbon footprint
for each life cycle stage.

4.5.1 Shortest Path Problem Formulation
The shortest path problem formulation is used to determine the shortest distance between two
nodes in a network. It is used in the pallet and treatment selection problem to determine the pallet and
treatment type that incurs the smallest carbon footprint and the lowest cost. Two shortest path problem
formulations are carried out: one to determine the path with the least cost, and the other determine the path
with least carbon footprint. Following are the assumptions considered:
Life of a wooden pallet = 15 trips
Life of a plastic pallet = 100 trips
One round trip = 200 miles (Wooden Pallets); 350 miles (Plastic Pallets)
Since the pallet life of both pallet types is different, the problem formulation for cost and carbon
footprint is carried out for both 15 trips and 100 trips. Following are the results obtained.
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Case 1: For 15 trips (wooden pallet life = 15; plastic pallet life = 100):
Table 4-10 Carbon Footprint and Cost Calculations for 15 Trips
Carbon Footprint
Stage

State

Action

Value (kg CO2 eq.)

1

1

1

7.86

1

2

1

2

1

2

Cost
Best
Option

Stage

State

Action

1

1

1

11.00

50

1

2

1

23.50

1

7.86 + 2.2 = 10.06

2

1

1

1.00 + 11.00 = 12.00

2

1

7.86 + 5.53 = 13.39

2

2

1

1.69 + 11.00 = 12.69

2

3

1

7.86 + 0.62 = 8.48

2

4

1

50.0 + 0.0 = 50.0

2

4

1

0.00 + 23.50 = 23.50

3

1

1

9 + 10.06 = 19.06

3

1

1

1.30 + 12.00 = 13.30

3

1

2

9 + 13.39 = 22.39

3

1

2

1.30 + 12.69 = 13.99

3

1

3

9 + 8.48 = 17.48

Wood

3

2

1

1.30 + 23.50 = 24.80

3

2

1

9 + 50.0 = 59

4

1

1

2.03 + 17.48 = 19.51

Wood

4

1

1

1.63 + 13.30 = 14.93

4

2

1

5.76 + 59 = 64.76

4

2

1

4.9 + 24.80 = 29.70

Wood

Value ($)

Best
Option
Wood

Wood

No cost information for RF Heating

Wood

Wood

Wood

From Table 4-10, it can be seen that among all the options, an RF-heated wooden pallet has the
smallest carbon footprint and the lowest cost. Its total carbon footprint is calculated to be 19.51 kg CO2 eq.
and its total cost is $14.93. The transportation costs are per pallet. Similar results are obtained for per trip
costs. Since RF heating is still in the experimental stages and not yet used in the industry, cost information
wasn‘t available for inclusion in results. The cost information for all other processes was obtained from
companies involved in pallet manufacturing, treatment, transportation and disposal. Carbon footprint
information was obtained from the global warming potential values of the LCA model analyzed using
SimaPro.
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Case 2: For 100 trips (Wooden pallet Life = 15; Plastic Pallet Life = 100):
Table 4-11 Carbon Footprint and Cost Calculations for 100 Trips
Carbon Footprint
Stage

State

Action

Value (kg CO2 eq.)

1

1

1

55.02

1

2

1

50.00

2

1

1

2

2

2

Cost
Best
Option

Stage

State

Action

Value ($)

1

1

1

77.00

1

2

1

23.50

15.4 + 55.02 = 70.42

2

1

1

7.00 + 77.00 = 84.00

1

38.71 + 55.02 = 93.73

2

2

1

11.83 + 77.00 = 88.83

3

1

4.34 + 55.02 = 59.36

2

4

1

0.00 + 50.0 = 50.0

3

1

1

3

1

3

Plastic

Best
Option

Plastic

No cost information for RF Heating
Plastic

2

3

1

0.00 + 23.50 = 23.50

60 + 70.42 = 130.42

3

1

1

9.1 + 84.00 = 93.10

2

60 + 93.73 = 153.73

3

1

2

9.1 + 88.83 = 97.93

1

3

60 + 59.36 = 119.36

3

2

1

60 + 50 = 110.0

3

2

1

1.30 + 23.50 = 24.80

4

1

1

14.21 + 116.42 = 133.7

4

1

1

11.41 + 93.10 = 104.51

4

2

1

5.76 + 110 = 115.76

4

2

1

4.90 + 24.80 = 29.70

Plastic

Plastic

Plastic

Plastic

Plastic

The results of the formulation for 100 trips are shown in Table 4-11. It can be seen that for 100
trips, plastic pallets emerge as a better option than wood in terms of reducing both carbon footprints and
costs. The total carbon footprint for a plastic pallet is 115.76 kg CO2 eq. and it has a life cycle cost of
$29.70. Again, the transportation costs are per pallet, however, the formulation yields similar results for a
per trip transportation cost.

4.5.2 Summary

The results are summarized in Table 4-12, where three factors are presented: number of pallets
required, cost incurred and carbon footprint. To determine the total cost associated with each pallet and
number of trips, the cost equivalent of a carbon footprint is determined using the Social Cost of Carbon
(SCC). SCC is defined as the cost incurred due to the emission of one unit of carbon dioxide. For
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calculations, the mean value of $83/tCO2 or $0.083/kg CO2 used in the United Kingdom from Ackerman
and Stanton (2010) is used.
Table 4-12 Summary of Results
Trips

Number of

Cost

Carbon Footprint

Social Cost of Carbon

Total Cost

Pallets required

($)

(kg CO2 eq.)

(per kg CO2)

Equivalent

Wood

Plastic

Wood

Plastic

Wood

Plastic

15 trips

1

1

$14.93

$29.70

19.51

64.76

100 trips

7

1

$104.51

$29.70

133.7

115.76

Wood

Plastic

$0.083

$20.74

$67.22

$0.083

$115.61

$39.31

For 15 trips, it was determined that wooden pallets incur the smallest carbon footprint and the
lowest costs throughout their entire life cycle. However, for 100 trips, it was seen that plastic pallets are
more cost efficient and cause less environmental burden. Thus a multi-objective dynamic programming
model was formulated to determine the optimum pallet type decision for various numbers of round trips.

4.6 Multi-Objective Dynamic Programming Results

The multi-objective nature of the pallet and treatment type selection problem is solved using a
multi-objective dynamic programming (MODP) formulation. The two objectives of the problem are the
reduction of carbon footprints and a reduction of costs. The MODP problem is solved using a goal
programming methodology. The absolute constraint in the problem is the number of trips as required by the
user. Goal constraints are applied to minimize carbon footprints and costs. The MODP is solved using both
non-preemptive as well as preemptive goal programming. The results are presented in the following
sections. Assumptions: As a conservative estimate, wooden pallet life is assumed to be 20 trips in the
model and plastic pallet life as 70 trips, without need for repair. This is to account for the loss that would
occur in the supply chain of plastic pallets (ERM, 2008). Considering a loss rate of 30%, the plastic pallet
life is assumed as 70 trips.
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4.6.1 Multi-Objective Dynamic Programming Using Preemptive Goal Programming
Priorities are assigned to each goal in pre-emptive goal programming. The programming model
then tries to achieve the best results for the high priority goals before satisfying the lower priority goals.
Consider the network model in Figure 4-13.

Figure 4-13 Network Diagram
Arc Information: The four stages are shown in the Figure. Three modes of transportation and
disposal are considered. The programming model selects the option that produces the smallest carbon
footprint and the lowest cost according to the shortest path problem algorithm. Cost and carbon footprint
information obtained from the SimaPro model is presented in Table 4-13.
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Table 4-13 Arc Information
Stage

Arcs

CF

Cost

x1-2

7.86

x1-3

Stage

Arcs

CF

Cost

11.0

x8-14

2.9

1.5

50

23.5

x9-14

2.9

1.5

x2-4

2.2

1.7

x10-14

2.9

1.5

x2-5

5.53

1.3

x8-15

2.3

1.63

x2-6

0.6

1.0

x9-15

2.3

1.63

x3-7

0.00

0.0

x10-15

2.3

1.63

x4-8

0.6

1.5

x8-16

2.03

1.3

x5-8

0.6

1.5

x9-16

2.03

1.3

x6-8

0.6

1.5

x10-16

2.03

1.3

1

2

4
x4-9

0.74

2.1

x11-17

5.9

4.5

x5-9

0.74

2.1

x12-17

5.9

4.5

x6-9

0.74

2.1

x13-17

5.9

4.5

x4-10

0.84

1.3

x11-18

5.3

4.63

x5-10

0.84

1.3

x12-18

5.3

4.63

x6-10

0.84

1.3

x13-18

5.3

4.63

x7-11

1.3

1.5

x11-19

5.1

4.3

x7-12

1.1

2.1

x12-19

5.1

4.3

x7-13

0.6

1.3

x13-19

5.1

4.3

3

A higher priority is first assigned to carbon footprint (CF) and then to cost. The goal programming
model determines the smallest carbon footprint incurring option, using a shortest path algorithm from the
network model. The results are provided in Table 4-14. The table shows the number of wood/plastic pallets
required for each number of trips and the total CF and cost incurred. It can be seen that when the priority on
CF is greater than cost, the CF incurred is less than that when priority on cost is greater than CF, and viceversa.
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Table 4-14 Preemptive Goal Programming Results
Priority (CF) > Priority (Cost)
Wooden
pallets

Trips

Plastic
Pallets

Priority (Cost) > Priority (CF)

CF

Cost

Trips

Wooden
pallets

Plastic
Pallets

CF

Cost

100

5

2

144.7

75.5

100

5

2

177.4

58.2

200

10

4

289.4

151

200

10

4

296.1

87.3

300

15

5

434.1

226.5

300

15

5

473.5

145.5

400

20

7

578.8

302

400

20

7

592.2

174.6

500

25

9

723.5

377.5

500

25

9

769.6

232.8

600

30

10

868.2

453

600

30

10

888.3

261.9

700

35

12

1007

528.5

700

35

12

1007

291

800

40

14

1157.6

604

800

40

14

1338.8

584

900

45

15

1302.3

679.5

900

45

15

1303.1

378.3

1000

50

17

1447

755

1000

50

17

1480.5

436.5

4.6.2 Multi-Objective Dynamic Programming Using Non-Preemptive Goal Programming

In non-preemptive goal programming methodology, weights are assigned to each goal, thus
converting the problem to a single-objective optimization problem. The weights on each goal can be varied
from 0 to 1. The results are provided in Table 4-15.
Table 4-15 Non-Preemptive Goal Programming Results
Carbon Footprint Values
CF
Weight/Trips
50
100
150
200
250
300
350
400
450

1
80.4

2
144.
7
225.
12
289.
4
369.
82
434.
1
503.
5
578.
8
659.
22

Cost Values

0.8

0.6

0.4

0.2

0

80.42

88.7

88.7

88.7

88.7

144.7

144.7

144.7

177.4

225.12

225.12

266.1

296.1

296.1

296.1

369.82

384.8

384.8

CF
Weight/Trips

1

0.8

0.6

0.4

0.2

0

50

45.3

45.3

29.1

29.1

29.1

29.1

177.4

100

75.5

75.5

75.5

74.5

58.2

58.2

266.1

266.1

150

120.8

120.8

87.3

87.3

87.3

296.1

296.1

200

87.3

87.3

87.3

87.3

87.3

196.3

116.4

116.4

116.4

116.4

226.5

145.5

145.5

145.5

145.5

145.5

145.5

145.5

145.5

145.5

174.6

174.6

174.6

174.6

174.6

203.7

203.7

203.7

203.7

203.7

384.8

384.8

250

434.1

473.5

473.5

473.5

473.5

300

503.5

503.5

503.5

503.5

503.5

350

592.2

592.2

592.2

592.2

592.2

400

659.22

680.9

680.9

680.9

680.9

450

120.
8
151
196.
3
226.
5
145.
5
302
347.
3
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Table 4-15 shows that as the weight on CF reduces, the weight on cost increases, thus selecting a
pallet option that lowers costs and increases CF. Figure 4-14 represents the change in carbon footprint
values with changes in costs, and Figure 4-15 represents the change in carbon footprint values and cost
with respect to changes in weights for 100 trips.
200

Carbon Footprint

173

CF…

168
163
158
153
148

Carbon Footprint / Cost

178

180
160
140
120

CF

100

Cost

80
60
40
20
0

143

1
56

61

66

Cost

71

76

Figure 4-14 Change in CF with Costs

0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1

0

Carbon Footprint weight

Figure 4-15 CF and Cost with Change in CF Weight

Wooden pallet
Plastic Pallet

Figure 4-16 Change in CF with Change in # of Trips and CF Weights
Figure 4-16 shows the change in carbon footprint values with changes in the number of trips and
changes in CF weights for a wooden pallet life of 20 trips and plastic pallet life of 70 trips. The number of
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trips ranges from 50 to 600. The striped bars represent wooden pallets and the solid bars represent plastic
pallets. It can be seen that for lower carbon footprint weights, the optimums shift from wooden pallets to
plastic pallets. Figure 4-17 shows the change in cost values with changes in number of trips and changes in
CF weights for a wooden pallet life of 20 trips and plastic pallet life of 70 trips. It may be seen that as the
weight on CF decreases, the weight on cost increases, while the pallet type decision changes from wood to
plastic and the life cycle cost shrinks significantly.

Wooden pallet
Plastic Pallet

Figure 4-17 Change in Costs with Change in # of Trips and CF Weights
The preference towards plastic pallets for lower costs can be attributed to the longer pallet
lifetimes that lower their total life cycle cost. Thus, it can be said that increasing a wooden pallet‘s life will
lower its life cycle cost. This is demonstrated in Figure 4-18, where the system assumptions of plastic
pallets are maintained, but the life of the wooden pallets is increased from 20 to 25 trips.
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Wooden pallet
Plastic Pallet

Figure 4-18 Change in CF with Change in # of Trips and CF Weights with Increased Wooden Pallet life
Figure 4-18 shows that when the wooden pallet life is increased to 25 trips, the MODP model
chooses mostly wooden pallets. This implies that increasing wooden pallet life improves the cost
effectiveness of its supply chain. Wooden pallets that are more sturdy and heavier tend to last longer.
CHEP estimates its pallet can provide up to 30 trips, thus lowering its life cycle cost considerably.
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4.7 Predictor Model

Using the carbon footprint and cost data obtained from the MODP model, a predictor model was
generated using regression analysis that indicates the carbon footprint (CF) and cost values for a given
pallet type, number of trips, and CF weight. In the following model formulation, we consider a as the
number of trips, b as the weight of the carbon footprint factor, and c as the pallet type, where c is defined as
‗1‘ if pallet type = ―plastic‖ and ‗0‘ if pallet type = ―wood‖. The weight of the cost factor is 1-b. The data
used in the regression analysis was obtained by running the MODP model for different values of trips and
weights. It should be noted that this data and predictor model assumes a wooden pallet life of 20 trips and a
plastic pallet life of 70 trips without repair, taking into consideration the loss rate.

4.7.1 Regression Analysis of Carbon Footprint

The predictor equation obtained by regressing carbon footprint against a, b and c is as shown. The
regression results and residual plots are shown in Figures 4-19 and Fig. 4-20. The model and the predictors
are significant with an R-sq (adj) of 99.5% at a significance level of 0.05%.
Carbon Footprint = 12.8 + 1.45a - 10.3b + 10.1c

Figure 4-19 Regression Results

Eq. 4.1
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The fit of a regression equation is proved by constant variance and normality of its residual errors.
The residual plots show that errors are normally distributed, and the Brown-Forsythe test showed that the
errors have a constant variance.
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Figure 4-20 Residual Plots
4.7.2 Regression Analysis of Cost

The regression equation governing the relation of cost with number of trips, carbon footprint
weight and pallet type is given below. The regression results are shown in Fig. 4-21. During the analysis it
was concluded that the CF weight predictor at a significance level of 0.05 wasn‘t a significant contributor
to the model (as its p-value was less than alpha = 0.05) and hence it is omitted from the regression
equation.

The residual plots are shown in Figure 4-22. The plot of residuals versus fits does seem to show a
slight non-constancy of variance. Hence the Brown-Forsythe test, a modification of the Levene test, was
conducted to ascertain whether the error terms have a constant variance.

Cost = 7.67 + 0.750a - 0.327ac

Eq. 4.2
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Figure 4-21 Regression Results
The Brown-Forsythe t-statistic was calculated and at an ―α‖ risk of 0.05. The p-value obtained was
0.707 (p-value > α). Thus, it was concluded that the error variance is constant and is not affected with the
varying levels of the predictors. Also, from the probability plot in Figure 4-22, it can be seen that the errors
follow a normal distribution.
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90

100 110 120

120

Chapter 5 Conclusion

A life cycle analysis (LCA) study consists of a comprehensive assessment of the environmental
impacts of the entire product life cycle that consists of raw material sourcing and acquisition,
manufacturing processes, energy use, emissions into air, water and land, and its disposal pattern. A detailed
review of the existing literature on the LCA of wood products and packaging materials reveals that these
analyses have been used by companies to gauge and establish the environmental advantages of their own
products or as product improvement tools to quantify and minimize their carbon footprint at various stages.
The various advantages and disadvantages of wooden and plastic pallets have been purported by pallet
companies in the past, including an LCI analysis conducted by CHEP (2007) and the LCA comparison of
wooden and plastic pallets conducted by IGPS (ERM, 2008). Accordingly, LCA studies analyzed and
published in the literature have been found to be biased for marketing purposes and are company-specific.
Environmental impacts produced by a product throughout its life cycle is dependent on the type
and source of raw materials, mode of use, impacts due to transportation and mode of disposal. Wooden
pallets are made from wood lumber that cannot be used in the manufacture of furniture, require less energy
to produce, and are less process intensive (Remmey Pallets, 2009). The major disadvantage of plastic
pallets is that they require the manufacture of plastic resins, thus creating an environmental burden due to
the extraction of crude oil (Brindley, 2010). Wooden pallets, on the other hand, require treatment to kill
pests that infest wood lumber, since wood may serve as a carrier of quarantined pests, if left untreated.
Treatment methods such as heat treatment and methyl bromide fumigation are carbon footprint intensive,
thus substantiating the fact that plastic pallets fare better in a way, as they do not require treatment. Plastic
pallets are, however, treated with deca-bromine, a chemical fire retardant, that has raised serious
environmental and health concerns (Sjodin et al., 2003; Darnerud 2003). The most critical factor that
determines the impacts of a pallet throughout its life cycle is its pallet life or trip rate (Brindley, 2010).
Pallet life is the total number of round trips a pallet makes before it is broken down and disposed of.
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The research methodology in this LCA study consisted of a cradle-to-grave environmental impact
assessment of a GMA wooden pallet and a plastic pallet of 48‖ x 48‖ dimensions used in the grocery
industry. It was found that plastic pallets incur large carbon footprints during the manufacturing phase, as
opposed to wooden pallets that are relatively greener. Among the three treatment methods, methyl bromide
fumigation incurred the maximum impact on global warming and ozone layer depletion. In all other
categories, heat treatment turned out to be the most impact-intensive method, and RF heating was seen to
be an environmentally less intensive treatment method. LCA results showed that a newly manufactured and
treated wooden pallet produces seven to eight times less impact than a newly produced plastic pallet.
Although plastic pallet manufacture was shown to be carbon footprint intensive, its trip rate information as
obtained from companies are reportedly four to five times that of wooden pallets, thereby reducing the
plastic pallet average life cycle cost in the long run.
A dynamic programming model was formulated to include both the carbon footprint and the cost
minimization objectives in the form of a multi-objective dynamic programming model and was solved
using goal programming. The MODP model was programmed to accept the number of trips, pallet life and
the weights of importance on each objective. For a wooden pallet life of 20 trips and plastic pallet life of 70
trips, it was seen that the model selected wooden pallets when the weight on CF was the highest, but
selected mostly plastic pallets as the weight on CF dropped, thus showing the cost effectiveness created due
to higher longevity of plastic pallets. When the wooden pallet life was increased to 25 trips from 20 trips,
this increased the number of times that wooden pallets were selected by the model.
Future research work may be aimed at widening the scope of the life cycle analysis study to
include pallets made from other materials such as paper, cardboard or galvanized steel. Also, broadening
the scope to include more than just GMA pallets could be beneficial to other industries such as
pharmaceuticals, chemicals, beverages, etc. An analysis of the environmental impacts of pallets moving
across a global supply chain might also be considered. Pallet life and transportation distances are critical
factors in the LCA study. Improving the accuracy of estimation of pallet life and transportation distances
will increase the accuracy of the LCA results significantly.
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Appendix A

Impact Assessment Results of Wooden Pallets
Impact Assessment Results Using Eco Indicator 99 Method – Network Flow Diagram

Figure A-1 Network Diagram Using Eco Indicator 99

Figure A-2 Impact Assessment Results Using Eco Indicator 99
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Impact Assessment Results (Eco-Indicator 99 Method)
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Table A-1 Impact Assessment Results Using Eco Indicator 99
Heat
Treatment

Impact category

Unit

Total

Manufacture

Transportation

Carcinogens

DALY

5.57E-07

2.4E-07

2.01E-08

6.66E-08

2.31E-07

Resp. organics

DALY

1.61E-07

1.36E-07

2.84E-08

1.19E-09

-4.6E-09

Resp. inorganics

DALY

2.22E-05

8.85E-06

1.16E-05

5.79E-07

1.19E-06

Climate change

DALY

-4.3E-06

-3.8E-06

1.81E-06

3.38E-07

-2.7E-06

Radiation

DALY

3.28E-08

1.03E-08

1.55E-09

5.9E-09

1.51E-08

Ozone layer

DALY

6.49E-09

2.16E-09

4.21E-09

2.7E-11

9.81E-11

Ecotoxicity

PAF*m2yr

3.349704

2.858122

0.161874

0.216382

0.113327

PDF*m2yr

0.788993

0.278753

0.450312

0.019882

0.040047

Land use

PDF*m2yr

2.94165

2.344379

0.010503

0.007705

0.579062

Minerals

MJ surplus

0.530949

0.5015

0.00303

0.005688

0.020731

Fossil fuels

MJ surplus

13.89004

5.843074

5.297727

1.256816

1.492421

Acidification/

Disposal

Eutrophication
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Impact Assessment Results Using CML 2000 Method – Network Flow Diagram

Figure A-3 Network Diagram Using CML 2000

Figure A-4 Impact Assessment Results Using CML 2000
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Impact Assessment Results (CML 2000 Method)
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Table A-2 Impact Assessment Results Using CML 2000
Impact category

Unit

Total

Manufacture

Transportation

Heat Treatment

Disposal

Abiotic depletion

kg Sb eq

0.083637

0.038541

0.018809

0.009497

0.01679

Acidification

kg SO2 eq

0.143244

0.064763

0.055956

0.007719

0.014806

Eutrophication

kg PO4--- eq

0.018384

0.00681

0.009951

0.000359

0.001265

Global warming
(GWP100)

kg CO2 eq

-20.3778

-17.9876

8.63242

1.609818

-12.6325

Ozone layer depletion
(ODP)

kg CFC-11 eq

6.17E-06

2.05E-06

4E-06

2.56E-08

9.32E-08

Human toxicity

kg 1,4-DB eq

6.814328

5.172565

0.719695

0.295954

0.626114

Fresh water aquatic
ecotox.

kg 1,4-DB eq

1.007251

0.590893

0.150905

0.070666

0.194787

Marine aquatic ecotoxicity

kg 1,4-DB eq

2015.894

873.9209

508.5993

182.4645

450.9096

Terrestrial eco-toxicity

kg 1,4-DB eq

0.030406

0.018191

0.002526

0.002797

0.006892

Photochemical
oxidation

kg C2H4

0.060364

0.059408

0.002871

0.000296

-0.00221

137

Appendix B
Impact Assessment Results of Plastic Pallets
Impact Assessment Results Using Eco Indicator 99 Method – Network Flow Diagram

Figure B-1 Network Flow Diagram Using Eco Indicator 99

Figure B-2 Impact Assessment results Using Eco Indicator 99
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Impact Assessment Results (Eco-Indicator 99 Method)
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Table B-1 Impact Assessment results Using Eco Indicator 99
Impact category

Unit

Total

Manufacture

Transportation

Disposal

Carcinogens

DALY

2.68E-06

2.15E-06

1.64E-07

3.63E-07

Resp. organics

DALY

3.02E-07

6.65E-08

2.32E-07

3.55E-09

Resp. inorganics

DALY

1.50E-04

5.41E-05

9.45E-05

1.61E-06

Climate change

DALY

2.97E-05

1.36E-05

1.48E-05

1.37E-06

Radiation

DALY

1.13E-07

1.01E-07

1.26E-08

2.07E-10

Ozone layer

DALY

3.79E-08

2.90E-09

3.44E-08

6.18E-10

Ecotoxicity

PAF*m2yr

14.004

12.002

1.321

0.681

Acidification/ Eutrophication

PDF*m2yr

5.120

1.395

3.675

0.051

Land use

PDF*m2yr

0.287002

0.202627

0.085716

-0.001341

Minerals

MJ surplus

0.617719

0.591047

0.024726

0.001947

Fossil fuels

MJ surplus

65.878

18.363

43.233

4.282
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Impact assessment results using CML 2000 Method – Network flow diagram

Figure B-3 Network Flow Diagram Using CML 2000

Figure B-4 Impact Assessment Results Using CML 2000
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Impact Assessment Results (CML 2000 Method)
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Table B-2 Impact Assessment Results Using CML 2000
Impact category

Unit

Total

Manufacture

Transportation

Disposal

Abiotic depletion

kg Sb eq

0.355

0.174

0.153

0.027

Acidification

kg SO2 eq

1.425

0.950

0.457

0.019

Eutrophication

kg PO4--- eq

0.099

0.017

0.081

0.001

Global warming (GWP100)

kg CO2 eq

143.212

66.118

70.447

6.647

Ozone layer depletion (ODP)

kg CFC-11 eq

3.60E-05

2.75E-06

3.27E-05

5.88E-07

Human toxicity

kg 1,4-DB eq

59.242

51.518

5.873

1.851

Fresh water aquatic ecotox.

kg 1,4-DB eq

19.641

15.424

1.231

2.986

Marine aquatic eco-toxicity

kg 1,4-DB eq

62480.732

55051.076

4150.541

3279.115

Terrestrial eco-toxicity

kg 1,4-DB eq

5.952

5.921

0.021

0.011

Photochemical oxidation

kg C2H4

0.073

0.049

0.023

0.001

