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Abstract
This study performed an environmental sustainability 
assessment of the wooden pallet industry in the United 
States using life-cycle assessment methodology. The scope 
of this study covered the cradle-to-grave life-cycle stages 
of the wooden pallet supply chain including sourcing of 
raw material, product manufacturing, transportation, and re-
use, repair, and final disposal of pallets. The product stage 
was composed of raw material supply Module [A1], raw 
material transport Module [A2], and pallet manufacturing 
Module [A3]. The use and repair stage was composed of 
use Module [B1] and repair–reuse Module [B2]. The end-
of-life was composed of Module [C]. Beneficially used 
coproducts and end-of-life material Module [D], which was 
beyond the system boundary, reported additional benefits. 
The average cradle-to-grave global warming (GW) impact 
for a functional unit (FU) of 100,000 lb (45.4 metric tons) of 
pallet loads of product delivered using wooden pallets was 
about 10.4 kg CO2e. For the product life-cycle stage,  
the contribution analysis showed that the raw material 
supply Module [A1] and manufacturing Module [A3] had 
the highest values for most of the impact categories. The 
manufacturing Module [A3] had about 35% contribution to 
greenhouse gas (GHG) emissions, followed by raw material 
supply Module [A1] with about 34% contribution. For 
Module [A1], most GHG emissions came from the sawing 
and kiln-drying processes for production of the lumber used 

to make pallet parts. At Module [A3], most GW impact 
came from the assembly process (specifically, the fasteners), 
followed by the wood preparation and board shaping 
processes. Nonrenewable fossil fuels comprised almost  
52% of total primary energy consumption of the total  
225 MJ/FU. Wooden pallets showed notable GHG benefits 
when potential environmental benefits were considered 
(Module [D]), such as when wood coproducts and waste 
wood generated at the end-of-life stage were used as an 
energy source to replace natural gas at boilers.

Keywords: life-cycle assessment, wooden pallet, 
environmental product declarations, product category rules, 
LCA, EPD, PCR
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Executive Summary
Study Goals
The primary goal of this study was to quantify the 
environmental impacts of the wooden pallet manufacturing 
and recycling industry in the United States. For this purpose, 
an industry-average cradle-to-grave life-cycle inventory 
(LCI) was developed and a cradle-to-grave life-cycle impact 
assessment (LCIA) was performed for the year 2018. 
Life-cycle assessment (LCA) is a cradle-to-gate or cradle-
to-grave analysis tool that can estimate environmental 
impacts associated with every stage of a product’s life 
from raw material extraction through materials processing, 
product manufacturing, distribution, use, and end-of-life. 
This LCA study was completed in accordance with the 
UL Environment product category rule (PCR) for wooden 
pallets and International Organization for Standardization 
(ISO) 14040 and 14044 standards.

Method
The scope of this LCA covered the life-cycle stages of 
wooden pallet manufacturing starting from forest resource 
activities through end-of-life. This study represents wooden 
pallet primary manufacturing in the United States including 
analyses of wooden pallets with different feedstock material 
(i.e., softwood and hardwood) and focusing on multi-use 
pallets because these products represent the wooden pallet 
markets in the United States. The four wooden pallet 
types selected represent the wide range of designs used in 
the wooden pallet supply chain in the United States: the 
stringer light duty (LD), stringer heavy duty (HD), block 
LD, and block HD pallets. The selected design was the 48- 
by 40-in. (190- by 160-mm) pallet that is typically used in 
the distribution of fast-moving consumer and retail goods. 
These pallets are referred to a “distribution” or “retail” style. 
This is industry terminology that refers to a pallet that has 
the 48- by 40-in. footprint and a typical arrangement of 
deckboards. This pallet is used heavily in the retail industry. 
Historically, these types of pallets have been referred to 
as Grocery Manufacturers Association (GMA) pallets but 
are now called retail- or distribution-style pallets. The 

analysis was performed using weighted average industrial 
data collected from the wooden pallet manufacturers in the 
United States.

The functional unit (FU) was selected as 100,000 lb (45.4 
metric tons) of pallet loads of product delivered using 
wooden pallets, in line with the wooden pallet PCR. This 
FU most aptly represents the task performed by a pallet 
as opposed to past ones, which were based on only trip 
numbers or pallets produced. Previous studies did not 
consider the load carrying capacity of the pallets analyzed. 
In this study, the load carrying capacity in the racked across 
the length (RAL) basis was used to take into account how 
the pallet was transported and stored. The number of pallets 
required to fulfill the selected FU was calculated using the 
load carrying capacity and reference service life of the pallet 
analyzed.

Life-Cycle Inventory
Cradle-to-grave LCI flows for manufacturing wooden 
pallets consists of three life-cycle stages, (1) product 
stage, (2) use and repair, and (3) end-of-life. Life-cycle 
stages consist of information modules. Product stage 
was composed of raw material supply Module [A1], raw 
material transport Module [A2], and pallet manufacturing 
Module [A3]; use and repair stage was composed of use 
Module [B1] and repair–reuse Module [B2]; and end-of-
life was composed of Module [C]. Module [D], which was 
beyond the system boundary, reported additional benefits 
of wood leaving the system boundary including coproducts 
from unit processes leaving the system at the production 
stage and grinding the wood material from unusable pallets 
and pallet boards for energy. Using mass allocation, the unit 
process modeling approach was followed for conducting the 
LCA using SimaPro LCA modeling software. Raw material 
supply Module [A1] was the most energy-intensive process. 
When lower heating values were used, the total cumulative 
primary energy consumption for cradle-to-grave production 
of wooden pallets was 225 MJ/ FU. Most energy came from 
fossil resources (52%), a small portion of energy needs 
came from nuclear (7%), and the remaining 41% came from 
renewable resources.
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Life-Cycle Impact Assessment
The following six impact categories were examined 
using the Tool for the Reduction and Assessment of 
Chemical and Other Environmental Impacts (TRACI) 
v2.1: global warming (GW (kg CO2-eq)), acidification 
(kg SO2-eq), eutrophication (kg N-eq), ozone depletion 
(kg chlorofluorocarbons-11-eq), photochemical smog 
(kg NOx-eq), and fossil fuel depletion (MJ surplus). The 
LCI also provided additional information such as the use of 
primary energy resources consumption [energy consumption 
from nonrenewable, renewable (wind, hydro, solar, and 
geothermal), and nuclear fuels, renewable and nonrenewable 
resource consumption], water use, and indicators describing 
waste.

Key Findings
The cradle-to-grave industry-average impact assessment 
for the entire life cycle identified where the environmental 
“hotspots” were found. For GW impacts, the total was 
10.4 kg CO2e per FU with manufacturing stage contributing 
the highest impact at 3.6 kg CO2e per FU followed by 
the raw material supplies [A1] (Table 1). Most of the 
greenhouse gases (GHGs) were derived from the sawing and 
(kiln) drying processes, which are part of the raw material 
supply Module [A1]. When accounted for, Module [D] with 
a value of –11.5 kg CO2e per FU offset the cradle-to-grave 
GHG emissions. Nonrenewable fossil fuels comprised 
almost 52% of total primary energy consumption of the total 
225 MJ/FU.

Sensitivity Analysis
A sensitivity analysis was completed per the ISO standards 
to model the effects. The selected parameters included the 

electricity input, amount of fasteners used, and amount of 
wood material input to the wooden pallet manufacturing 
system Module [A3]. Overall, the variations in the 
environmental impacts were from a 20% increase or 
decrease in electricity, amount of fasteners used, or amount 
of wood material input used to produce wooden pallets. The 
increase in wood material input had the greatest effect on 
the GW results, whereas a 20% increase in the other two 
parameters resulted in about a 2% to 3% change in the GW 
results.

Interpretation
This study presents a comprehensive industry-average 
environmental impact analysis of the wooden pallet 
manufacturing and recycling sector in the United States. The 
data were collected from wooden pallet facilities throughout 
the United States. The industry-average LCI developed was 
representative of the United States for an average wooden 
pallet produced. The scope and content of this report was 
in line with the wooden pallet PCR, which will be used 
to develop an industry-average environmental product 
declaration.

Raw material supply Module [A1] and manufacturing 
Module [A3] were the major contributors to the overall 
environmental impact. The raw material supply phase, 
which includes lumber production, constituted about 34% 
of the GHG emissions. Wooden pallets showed notable 
GHG benefits when potential environmental benefits were 
considered (Module [D]), such as wood coproducts and 
waste wood generated at the end-of-life stage being used as 
an energy source to replace natural gas at boilers.

The information provided by the contribution analysis 
allowed us to identify which life-cycle stage had the highest 

Table 1—Cradle-to-grave (Modules A1-C) and Module D life-cycle impact 
assessment results for 100,000 lb (45.4 metric tons) of pallet loads of  
product delivered

Units
Total 

(Modules A1-C)

Credits and burdens  
beyond the  

system boundary  
(Module D)

Impact category
 Global warming kg CO2e 10.39 –11.48
 Acidification kg CFC11e 6.30E–02 –8.60E–03
 Eutrophication kg SO2e 2.13E–02 –3.97E–04
 Smog creation kg Ne 1.46E+00 –1.55E–01
 Ozone depletion kg O3e 2.66E–07 2.37E–08
 Fossil fuel depletion MJ surplus 14.36 –26.64
Primary energy consumption
 Total MJ, NCVa 224.50 —
 Renewable primary energy MJ, NCV 2.61 —
 Renewable primary energy biomass MJ, NCV 89.59 —
 Nonrenewable primary energy (fossil) MJ, NCV 117.26 —
 Nonrenewable primary energy (nuclear) MJ, NCV 15.04 —
aNCV, net calorific value.
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contribution to the selected environmental indicators. The 
contribution analysis showed that the raw material supply 
stage Module [A1] was the major contributor to most of the 
impact categories.
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Definitions (UL Environment 2019a)
Load Carrying Capacity: The amount of weight that a pallet 
is capable of supporting for given performance criteria 
(MHI 2019). Three capacity types exist: rackable, static, and 
dynamic load carrying.

Reuse: Recycled pallet (without repairs), pallet that is 
reusable without any repairs.

Repairing (reconditioning): Recycled pallet (with repairs), 
pallet made usable by repairing, sorting, rebuilding pallet, 
using new components or reclaimed components from 
damaged pallets.

Remanufactured (reassembled) pallet: Pallet made 
entirely of recycled components or parts from damaged 
pallets (MHI 2019).

Reference Service Life (RSL): Service life of a product 
which is known to be expected under a particular set, i.e., 
a reference set, of in-use conditions and which may form 
the basis of estimating the service life under other in-use 
conditions. The RSL of a pallet is based on several types of 
tests to ensure the safety and durability of the product.

Racked Across the Length: Shows the pallet is supported 
only at its ends, either in a rack system or conveyor.
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1 Introduction
Packaging is an important component of the complex 
global supply chain of many products. Currently, in the 
United States, more than 1.8 billion pallets are in service 
and are used for transportation of a variety of goods each 
day (NWPCA 2020). About 90% of these pallets are made 
from wood. This trend is expected to increase 1.9% annually 
(NWPCA 2016; PR Newswire 2015; Freedonia Group 
2015, 2020). According to Gerber and others (2020), more 
than 513 million new wooden pallets were produced in 
2016. Increasing public awareness of environmental issues 
has led to demand for better environmental performance 
from products in conjunction with maintaining the best 
cost option for consumers. It is critical for manufacturers 
to document their environmental performance to satisfy 
customer demand for environmentally sound and low 
impact products (Bergman and Taylor 2011, Ritter 
and others 2011). To achieve this, a comprehensive 
environmental assessment of U.S. wooden pallet production 
is required. This LCA study was completed in accordance 
with the UL Environment product category rule (PCR) for 
wooden pallets (UL Environment 2019a) and ISO standards 
14040 and 14044 (ISO 2006a, 2006b).

1.1 Study Goals and Applications
1.1.1 Goals of the Study
The key goal of this study was to quantify the environmental 
impacts of the wooden pallet primary manufacturing and 
recycling in the United States. For this purpose, an industry-
average cradle-to-grave LCI was developed and a cradle-to-
grave LCIA was performed for the year 2018.

1.1.2 Intended Uses
The expected outcomes included an environmental 
performance assessment of the current state of U.S.  
wooden pallet manufacturing for domestic and international 
consumption using up-to-date data. The outputs can be 
used for identification of environmental hotspots and 
areas of improvement in the wooden pallet sector that 
would further enhance existing efforts toward sustainable 
manufacturing and help create value for customers. This 
study can be used by pallet manufacturers to benchmark 
comparisons of environmental performance. Using the LCA 
developed in this project, a wooden pallet environmental 
product declaration (EPD) will be created by the NWPCA 
for a generalized pallet. This wooden pallet EPD will 
provide independently verified, comparable, and objective 
information on environmental performance of wooden pallet 
production and use in the United States (ISO 2006c).

1.1.3 Intended Audience
The findings will be useful to wood product manufacturers, 
LCA researchers, policy makers, and consumers concerned 
with the environmental aspects and the sustainability of 

the product. This work can support industry members 
and decision makers that seek opportunities to enhance 
environmental sustainability of pallet operations, use, and 
disposal. Also, wooden pallet EPDs that provide transparent, 
verified, and comparable data based on objective facts will 
be produced. This will allow customers to compare products 
based on their environmental performance under the same 
PCR (UL Environment 2019a, ISO 2006c). Other intended 
audiences include product manufacturers that use wooden 
pallets in their supply chain to transport goods.

1.1.4 Comparative Assertions
This LCA report does not include comparative assertions. 
Because future studies may perform product comparisons, 
this LCA study is consistent with the guidelines and 
principles of ISO standards 14040 and 14044 and is 
compliant with the wooden pallet PCR (UL Environment 
2019a).

1.2 Scope of the Study
The scope of this LCA study covers the life-cycle stages of 
wooden pallet manufacturing starting with forest resource 
activities and continuing through end-of-life. This study 
represents wooden pallet primary manufacturing in the 
United States, including analyses of wooden pallets with 
different feedstock material (i.e., softwood and hardwood) 
and focusing on pallets that may be used multiple times, 
because these products represent the wooden pallet market 
in the United States (HMR 2017, 2018). The analyses were 
performed from cradle-to-grave including raw material 
supplies and transportation, product manufacturing, product 
transportation, re-use, recycling, recovery, and disposal 
of pallets (Fig. 1). The infrastructure and manufacturing, 
maintenance, and disposal of production equipment used 
in the system were not considered within the scope of this 
study, which was in line with the PCR. The product use 
phase, which includes transportation of goods using wooden 
pallets, is subject to high variability and uncertainty. 
Therefore, it was also left outside the scope of this study 
(UL Environment 2019a, Anil and others 2020). In 
compliance with the PCR, environmental impacts associated 
with the use phase are quantified as additional information 
and presented in Section 3.2. Transportation of raw 
materials, primary pallets, recovered pallets, and disposed 
pallets were accounted for.

There are two main categories of wooden pallet designs 
used in the United States: stringer class (Fig. 2) and block 
class (Fig. 3) assembly. The major functional difference 
between stringer and block pallets is the number of openings 
that accept handling equipment. Block pallets are designed 
to have access for full four-way entry by forklifts and pallet 
jacks. Alternatively, stringer pallets are designed for access 
on two sides. However, stringer pallets can be converted to a 
partial four-way entry pallet by notching the stringers.
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Figure 1. Life-cycle of generic wooden pallet production in the United States.

Figure 2. Schematic diagram of a stringer pallet (notched).

1.2.1 Representativeness of the Facility Data
In 2016, total estimated wood pallet production was 
about 513 million new pallets and 326 million repaired or 
remanufactured pallets (Gerber 2018, Gerber and others 
2020). Two different surveys were sent to NWPCA facilities. 
One was to collect data for new pallet manufacturing. The 
second survey was sent to repaired–remanufactured pallet 
producers to model the pallet repair phase. Participating 
facilities are distributed across the United States and 
represent overall production from new-pallet and repair–
remanufacturing facilities. For data collection from new-
pallet facilities, the greatest contribution was from the 

southern United States with 18 respondents, followed by 
the northeastern United States with 10 facilities responding. 
Nine facilities in the Midwest responded, and three in the 
western United States responded. The pallet manufacturing 
inventory was developed based on primary (foreground) 
data collected from 40 new-pallet manufacturing facilities 
and more than 35 repair–remanufacturing facilities. Annual 
pallet production of the participating facilities was about 
49,790,000 for new pallet production and 37,950,000 for 
repaired–remanufactured pallets, which was about 10% and 
12% of the total production in 2018, respectively.



Research Paper FPL–RP–707

6

Figure 3. Schematic diagram of a block pallet.

1.2.2 System Boundary
This project considered the cradle-to-grave system boundary 
analyzing the whole life cycle of a wooden pallet from 
resource extraction (cradle) to disposal (grave). The wood 
flow of a generic wooden pallet is presented in Figure 4. 
The system boundary showing the wood flow was 
established to represent current production in the United 
States to cover different manufacturing processes. The 
system boundary begins with forest regeneration and ends 
at the end-of-life stage of a wooden pallet. Wooden pallets 
are generally manufactured from either hardwood (HW) or 
softwood (SW) rough sawn lumber and precut lumber. The 
common species used in pallet manufacturing in the United 
States are listed in Appendix A. The raw material acquisition 
stage includes site preparation and planting seedlings, forest 
management including fertilization and thinning, harvesting, 
transportation of saw logs to the lumber manufacturing 
facility, and lumber production itself. Lumber production 
includes mainly production of rough sawn SW and HW 
lumber from incoming saw logs with some kiln-drying of 
SW lumber. In addition to HW and SW lumber use, a small 
amount of plywood and oriented strandboard (OSB) were 
reported by some facilities.

A variety of wooden pallets are produced in the United 
States differing in their size, design, and function. The 
pallet manufacturing phase covers common processes of 
pallet production, i.e., wood preparation and board shaping 
(cutting of lumber to appropriate size and notching), 
assembly, heat treatment, painting, and stamping at the 
pallet manufacturing facility. Cutting of lumber to size 
may be performed at the lumber manufacturing facility, 
yet it is considered in the pallet manufacturing system 
boundary. Depending on the desired use of the product, 
some additional processes may be included in the system 
boundary such as heat treatment or stamping. Heat treatment 

or chemical treatment may be used to comply with 
International Standards for Phytosanitary Measures No. 15 
(ISPM 15) (FAO 2009) if pallets are used for international 
consumption or by customer request.

Use of wood in pallet manufacturing has environmental 
benefits because it is a renewable material, i.e., it may be 
recycled or reused. After the use phase and an inspection, 
some pallets are reused by consumer product manufacturers. 
Although roughly 13% of the pallets produced in 2016 
were received by solid waste disposal facilities, only about 
5% of these pallets were eventually landfilled because of 
diversion practices such as grinding for use as mulch or fuel 
(Shiner 2018, Gerber 2018, Gerber and others 2020). The 
other 87% were received by the repairing–remanufacturing 
facilities. At the repairing–remanufacturing facilities, about 
53% of the recovered pallets were repaired and about 
12% were reused without repair. This number was lower 
in Park and others (2017), who reported 84% of damaged 
stringer (GMA-style) pallets received were repaired for 
reuse excluding pallets reused as is. Block pallets were 
not considered by Park and others (2017), which would 
probably affect this 84% value. Pallets are repaired through 
the refastening of connections or replacement of damaged 
pallet components. Sometimes, pallets are dismantled and 
used for repairs and remanufacturing. About 31% that 
could not be reused or repaired were dismantled for reuse 
in reconditioned pallets or ground for other uses. The rest 
of the pallets, about 4%, were ground and used for other 
purposes. Wood from dismantled pallets displaced the virgin 
material coming into the pallet manufacturing supply chain. 
This displacement offset the environmental burden resulting 
from producing lumber along with forest management 
and harvesting operations by extending the service life of 
the pallet and pallet parts. The rest of the wood material 
that could not be used in repairs were ground and used for 
applications such as fuel, mulch, or animal bedding.
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Figure 4. Solid wooden pallet process wood fl ow diagram.

The environmental burdens resulting from transportation 
of raw materials to a pallet production facility, the reuse, 
recovery, and recycling manufacturing operations, and 
product disposal were considered in this study.

1.2.3 Cut-Off Rules
In accordance with the wood pallet PCR, a process or 
activity that contributes less than 1% of the total mass or 
energy may be omitted from the inventory. In this study, no 
cut-offs were used in the analysis.

1.3 Functional Unit
The FU is a measure of the function of the service or 
product generated by the studied system. It is used to 
normalize the material inputs and outputs and environmental 
impacts of the system based on the function of the product. 
The FU was selected as 100,000 lb (45.4 metric tons) of 
pallet loads of product delivered using wooden pallets, in 
line with the PCR. The number of pallets required to fulfill 
the selected FU was calculated using the load carrying 
capacity and reference service life (RSL) of the pallet 
analyzed:

Number of pallets required  1
100,000 lb (45.4 metric tons) of product deliveredumber of pallets required  1umber of pallets required  1100,000 lb (45.4 metric tons) of product deliveredumber of pallets required  1100,000 lb (45.4 metric tons) of product delivered

RSL number of load bearing capacity
umber of pallets required  1umber of pallets required  1

   
umber of pallets required  1

   
umber of pallets required  1

trips lb   trips lb
umber of pallets required  1

trips lb
umber of pallets required  1

   
umber of pallets required  1

trips lb
umber of pallets required  1

RSL number of load bearing capacity   RSL number of load bearing capacitytrips lbRSL number of load bearing capacitytrips lb   trips lbRSL number of load bearing capacitytrips lb
      

trips lb
   

trips lbRSL number of load bearing capacity   RSL number of load bearing capacityRSL number of load bearing capacity   RSL number of load bearing capacitytrips lbRSL number of load bearing capacitytrips lb
   

trips lbRSL number of load bearing capacitytrips lb   
   
   trips lb   trips lb
   

trips lb   trips lbRSL number of load bearing capacity   RSL number of load bearing capacity   RSL number of load bearing capacity   RSL number of load bearing capacitytrips lbRSL number of load bearing capacitytrips lb   trips lbRSL number of load bearing capacitytrips lb
   

trips lbRSL number of load bearing capacitytrips lb   trips lbRSL number of load bearing capacitytrips lbRSL number of load bearing capacityRSL number of load bearing capacity   RSL number of load bearing capacityRSL number of load bearing capacitytrips lbRSL number of load bearing capacitytrips lb


trips lbRSL number of load bearing capacitytrips lb
   

trips lbRSL number of load bearing capacitytrips lb


trips lbRSL number of load bearing capacitytrips lb
   pallet trip   pallet trip   
   
   RSL number of load bearing capacity   RSL number of load bearing capacity
   

RSL number of load bearing capacity   RSL number of load bearing capacity
pallet trip   pallet trip   pallet trip   pallet trip

RSL number of load bearing capacity
pallet trip

RSL number of load bearing capacity   RSL number of load bearing capacity
pallet trip

RSL number of load bearing capacity
   

RSL number of load bearing capacity
pallet trip

RSL number of load bearing capacity   RSL number of load bearing capacity
pallet trip

RSL number of load bearing capacity

(1)

The RSL is the estimated number of trips a wooden pallet 
can make until the end-of-life phase. The pallet design, 
use phase, and handling and loading conditions have a 
significant impact on pallet durability and trip numbers. 
In this study, the FasTrack test protocol (developed and 
used at the Center for Unit Load Design of Virginia 
Tech University, Blacksburg, Virginia, USA) was used 
to quantify average number of trips up to the first repair 
(component replacement) using 30 replicate tests for each 
pallet type investigated (Cao 1993; ASTM 1998, 2017; VT 
2018, 2019). The Pallet Design System (PDS) (NWPCA, 
Alexandria, Virginia, USA) methodology was used to 
identify the number of trips a pallet can make after the first 
repair or component replacement (NWPCA 2019). It was 
assumed that the pallet was repaired only once. The number 
of replacements can be determined by the PDS protocol as 
outlined in the guidance provided in the PCR, Section 3.1.1. 
However, as a prediction tool, PDS is generally understood 
to be a conservative estimate of pallet durability but is 
currently the only available source for reliable durability 
estimation. See Appendix B for design details and pallet 
dimensions.

Wooden pallets are produced in various designs differing 
in size and dimensions of pallet components. For industry-
average LCA analysis, the four most commonly used 
wooden pallet types were selected representing the wooden 
pallet supply chain in the United States (NWPCA 2014, 
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Brindley 2006). The selected, most typical, designs were 
48 by 40 in. (19 by 16 cm) retail- or distribution-style 
stringer LD, stringer HD, block LD, and block HD pallets 
(see Appendix B for technical specifications). The design 
specifications and RSL data for the four different pallet 
types and FUs are provided in Table 2. Load carrying 
capacity and RSL of the pallets were used to calculate 
the amount of pallets required to satisfy the selected FU 
(Table 2).

As noted, the load carrying capacity is vitally important in 
determining the FU of a pallet. The load carrying capacity 
of a pallet can vary greatly depending on the intended usage 
and should therefore be clearly stipulated. For this study, the 
RAL basis was used for loading capacity values, because it 
is typically the most aggressive support condition a pallet 
may encounter. As expected, HD pallets lasted longer and 
were heavier than LD pallets for both stringer and block.

The design specifications and FU for the industry-average 
pallet used for the analysis are provided in Table 3.

1.4 Allocation Rules
Allocation is required for multi-output systems where two 
or more functions are delivered (ISO 2006b). For the life-
cycle phases including multifunctional processes, economic 
allocation can be used depending on the value of product 
and coproducts. However, for this study, mass allocation 
was used (UL Environment 2019a). Mass allocation has 
become the preferred approach for wood products given the 
uncertainty and poor availability of pricing data especially 
for coproducts (Taylor and others 2017, UL Environment 
2019b). The system process was divided into unit processes, 
and allocation occurred at the wood preparation and board 
shaping unit processes. Producing pallet boards from 
cants and lumber coming in produces wood coproducts. 
The energy and material inputs of the downstream unit 
processes, including assembly–nailing, heat treatment, 
and stamping–painting, were not allocated to coproducts 
because they were consumed after the coproducts were 
produced.

Table 2—Specifications, predicted reference service life (RSL), and functional units 
of wooden pallet designs

Pallet type

Overall 
predicted 

service life 
(trips)

Load capacitya 
(racked “across  

the length”)  
(lb)b

Average 
board feet 
per pallet

Average 
weight 

(lb)

Number of pallets 
required to transport 

100,000 lb  of 
product

Stringer light duty 10 1,000 (454) 10.9 31 10
Stringer heavy duty 38 1,500 (680) 14.4 41 1.75
Block light duty 16 1,500 (680) 14.2 44 4.07
Block heavy duty 66 2,500 (1,134) 22.1 67 0.61
aThe Pallet Design System (National Wooden Pallet and Container Association, Alexandria, Virginia, USA) 
incorporates a safety factor of 2 to 2.5 in all loading capacity estimations. 
bEquivalent values in kilograms are given in parentheses.

Table 3—Specifications and functional units of the 
industry-average wooden pallet
Specification Value

Average weight (kg) at 12% moisture content 18.57
Average weight (oven-dry kg) at 12% moisture content 16.58
Average actual board feet per pallet 14.069
Load supported during the life of the pallet (racked 
“across the length”) (lb)

46,986

Number of pallets required to transport 100,000 lb  
(45.4 metric tons) pallet loads of product

2.13

1.5 Life-Cycle Impact Assessment 
Methodology and Types of Impacts
The impact categories examined in this study included 
GW (kg CO2-eq), acidification (kg SO2-eq), eutrophication 
(kg N-eq), ozone depletion (OD) (kg chlorofluorocarbons-
11-eq), smog formation (kg O3-eq), and fossil fuel depletion 
(FD) (MJ surplus).

Among the available methods for the LCIA, TRACI v2.1 
was used in this study (Bare 2011). TRACI is a midpoint 
level impact assessment model developed by the U.S. 
Environmental Protection Agency and is specifically 
representative for the United States using input parameters 
consistent with U.S. conditions.

The LCIA phase establishes links between the LCI results 
and potential environmental impacts. The LCIA calculates 
impact indicators, such as GW and smog. These impact 
indicators provide general, but quantifiable, indications 
of potential environmental impacts. The target impact 
indicator, the impact category, and means of characterizing 
the impacts are summarized in Table 4. The six impact 
categories reported were consistent with the requirement of 
the wood pallet PCR (UL Environment 2019a).

1.6 Biogenic Carbon Calculations
The carbon accounting was performed by taking into 
account the biogenic carbon content of wood, which is a 
biobased material. The calculations were performed in line 
with the wooden pallet PCR and conform to ISO 21930 
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Table 4—Selected impact indicators, characterization models, and impact categories
Impact indicator Characterization model Impact category

Greenhouse gas emissions Calculate total emissions in the reference unit of CO2
equivalents for CO2, methane, and nitrous oxide.

Global warming

Releases to air decreasing or thinning of 
ozone layer

Calculate the total ozone forming chemicals in the 
stratosphere including CFCs,a HCFCs,b chlorine, and 
bromine. Ozone depletion values are measured in the 
reference unit of CFC equivalents.

Ozone depletion

Releases to air potentially resulting in acid 
rain (acidification)

Calculate total hydrogen ion (SO2) equivalent for 
released sulfur oxides, nitrogen oxides, hydrochloric 
acid, and ammonia. Acidification value of SO2 mole 
equivalents is used as a reference unit.

Acidification

Releases to air potentially resulting in smog Calculate total substances that can be photo-
chemically oxidized. Smog forming potential of O3
is used as a reference unit.

Photochemical smog

Releases to air potentially resulting in 
eutrophication of water bodies

Calculate total substances that contain available 
nitrogen or phosphorus. Eutrophication potential of 
N-eq is used as a reference unit.

Eutrophication

Extraction of nonrenewable primary 
resources (fossil) at a rate higher than the 
replacement rate

Calculate the quantities of natural gas, oil, and 
coal resource consumed at rates greater than nature 
replenishes them (MJ surplus).

Fossil fuel depletion

aCFC, chlorofluorocarbons.
bHCFC, hydrochlorofluorocarbons.

(ISO 2017). ISO 21930 Clause 7.2.2 suggests biogenic 
carbon entering the product system is considered as removal 
from the natural environment and is characterized as a 
negative emission. Biogenic carbon that leaves a system 
as product, and coproducts, and is emitted directly to the 
atmosphere when combusted was considered and accounted 
for as emitted CO2. Note 2 of ISO 21930, Section 7.2.11, 
states that forests are considered as sustainably managed 
forests if the forest carbon stocks are identified as stable 
or increasing. Because U.S. forest stock volumes are 
increasing, U.S. forests are considered to be sustainability 
managed forests (FAO 2015, Oswalt and others 2019, 
Hoover and Riddle 2020).

2 Life-Cycle Inventory Analysis
The data were collected in line with the data quality 
requirements addressed by ISO 14044 to ensure quality and 
reliability. Also to ensure the reliability and accuracy of the 
data used in the analyses, mass and energy balances were 
developed from survey data. In addition, sensitivity and 
scenario analyses were conducted to address completeness, 
consistency, and uncertainty issues relevant to the data used. 
The methodology used, the process input and output data, 
and the LCI generated in this study are provided in detail 
to allow other LCA practitioners to reproduce the results 
presented in this study.

2.1 Industry-Wide Data Calculation Rules
The facilities reported the number of pallets produced 
in 2018. Data collected were weight-averaged using the 
following equation (missing data were not averaged as 
zeros):

1
weighted

1

  2  21  21
weighted  2weighted

n
i i  2i i  2i  2i  2n
ii

P x1P x1 i iP xi iP
x1x1

  2  2


  2  2


(2)

Where P̅  is the weighted average of the values reported 
by the facilities, Pi is the reported mill value, and xi is 
the fraction of the mill’s value to total production for that 
specific value. Because the surveyed mill data varied 
between facilities, a statistical analysis was conducted. In 
this study, the weighted coefficient of variation (CoVw) was 
calculated (NIST ITL 1996). The weighted coefficient of 
variation (CoVw) is the weighted standard deviation (sdw) 
divided by the weighted mean (P̅ weighted):

  
 

2
1

w
1

sd  3
 

sd  3
 

sd  3sd  3sd  31sd  31
wsd  3w

 1 

N  i w  
sd  3

 i w 
sd  3

 isd  3isd  3Nsd  3Nsd  3
ii

 x x  i w x x i w 
N w1N w1N w N w  1 N w 1  NN wN

iN wiiN wi
N

sd  3sd  3
   N w  N w 

sd  3sd  3
 N w  N w 



 x x  x x  i w x x i w  i w x x i w sd  3sd  3
N wN w

(3)

w
w

weighted

sdCoV  4CoV  4CoV  4wCoV  4w
wCoV  4w

sdCoV  4sd
PweightedPweighted

CoV  4CoV  4 (4)

Where wi is the weight of the ith observation, N is the 
number of nonzero weights, and xw is the weighted mean 
of the observations. SimaPro version 9 (PRé Consultants 
2019) was used as the accounting program to track all 
the environmental inputs and outputs crossing the system 
boundary.

2.2 Primary Data Sources
Primary (foreground) data were collected using survey 
questionnaires sent to wooden pallet manufacturing and 
recycling–remanufacturing facilities in the United States. 
All measurable data on raw material and energy inputs, 
product and coproduct outputs, emissions to water, air, 
and land, and waste generated were collected for the unit 
processes included in the current wooden pallet production 
facilities in the United States. Material and energy flows 
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of the wooden pallet primary production, recycling–reuse–
repair, and disposal were generated based on the operational 
data for core processes, the raw data, and emissions 
on yearly operation of the manufacturers in year 2018, 
which was supplied by the facilities. Site visits were also 
conducted at various times and locations.

2.3 Forestry Operations and Lumber 
Production (A1)
Primarily, HW lumber including precut and SW lumber 
including precut are used at wooden pallet manufacturing 
facilities, followed by plywood and OSB, although these 
are used in very small quantities. Some SW lumber 
was kiln-dried during lumber production depending on 
customer specifications. Forestry operations data including 
growing seedlings, regeneration, site preparation, planting, 
thinning, fertilization, and final harvesting were embedded 
in the lumber production adopted from Consortium for 
Research on Renewable Industrial Materials (CORRIM) 
reports representing U.S. operations. This stage, [A1], is 
also referred to as the raw material supply in this report. 
The LCI of SW and HW lumber production in the United 
States was retrieved from CORRIM reports (Milota 2015a, 
2015b; Hubbard and others 2020). In addition to HW and 
SW lumber use, small amounts of plywood and OSB were 
used at some facilities, LCI data of which were adopted 
from CORRIM datasets (Oneil and others 2010; Puettmann 
and Kaestner 2016a, 2016b, 2016c). Table 5 presents 
the weighted-average wood material inputs used in the 
production of 1 m3 of wooden pallet.

2.4 Material Transportation (A2)
The wood raw material was delivered to the pallet 
manufacturing facilities using rail and truck transportation. 
The weighted average transportation of wood raw material 
is presented in Table 6. The majority of the materials were 
delivered by truck although some of the SW lumber and 
plywood were delivered by rail.

2.5 Wooden Pallet Manufacturing (A3)
The raw material inputs included HW and SW lumber 
and included precut lumber. In addition, some facilities 
had limited amounts of engineered wood product inputs 
(plywood and OSB). The primary product output of new 
wood pallet manufacturing systems was wooden pallets. 
Coproducts included sawdust, hogged material, wood chips, 
scrap wood, and shavings. About 68% of the lumber used by 
the manufacturers was SW.

To perform the mass balance, mass of the pallet output was 
calculated based on the volume of wood that constitutes a 
pallet. Where facilities did not report the value for pallet 
volume, it was assumed that a generic wooden pallet in the 
United States constituted 15 actual board foot (bf) (0.04 m3) 
of wood material (Gething 2018). This value was higher 
than was reported by Kočí (2019) at 12 bf (0.03 m3) per 

Table 5—Wood resources used per cubic 
meter wooden pallet manufactured
Wood material Unit Weighted average

Hardwood lumber m3 4.56E–01
Softwood lumber (green) m3 2.10E–01
Softwood lumber (dry) m3 4.99E–01
Plywood m3 9.41E–03
Oriented strandboard m3 7.40E–04

Table 6—Weighted-average transportation 
by mode for materials to wooden pallet 
manufacturing facility per cubic meter pallet 
manufactured

Material Unit Mode
Weighted 
average

Precut hardwood lumber tkm Truck 5.33E+01
Precut softwood lumber tkm Truck 1.56E+02
Hardwood lumber tkm Truck 6.19E+01
Softwood lumber tkm Truck 1.60E+02
Softwood lumber tkm Rail 3.14E+01
Plywood tkm Rail 5.66E–02
Plywood tkm Truck 7.99E–01
Oriented strandboard tkm Truck 3.75E–02

pallet for central–eastern European block pallets. However, 
other studies reported that the wood content in a pallet 
ranged from 8.6 to 17.6 bf (0.02 to 0.04 m3) (McKeever 
and others 1986, Carrano and others 2014, Park and others 
2017, Kočí 2019). In the United States, it is common to 
report wood use in actual bf for pallet production unlike 
most other wood products. Manufacturers reported the 
information on the species used and the region the lumber 
was sourced from and if it was green (freshly cut) or dry. 
Wood flows in the gate-to-gate pallet manufacturing system 
were determined on an oven-dry (OD) kilogram basis. The 
results of the weight-averaged mass balance are provided in 
Table 7. The overall mass balance difference was less than 
3%. A mass balance difference of less than 10% is good for 
wood product production, and a difference of less than 5% 
is excellent (Bergman and Bowe 2008).

The wooden pallet manufacturing system considered 
three unit processes: wood preparation and board 
shaping, assembly–nailing, and supplementary processes. 
Supplementary processes included treatment, stamping, 
and painting. Inputs and outputs of each process based 
on weighted-averaged data from new wooden pallet 
manufacturing facilities is provided in detail in Tables 8 
and 9. Unit process flows are presented in per 100,000 lb 
(45.4 metric tons) of pallet loads of product delivered. 
(see Appendix C for LCI per pallet manufactured). Wood 
material (primarily lumber) entering the pallet production 
system was converted on a mass basis into pallets at a rate 
of 82% with the remaining wood out being sawdust, hogged 
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Table 7—Mass balance of new wooden pallet manufacturing

 Unit
Weighted  
average

Mass  
(%)

CoVw  
(%)

Wood input     
 Hardwood precut lumber OD kg/pallet 1.68 8.0 200
 Hardwood lumber OD kg/pallet 5.04 24.0 115
 Softwood precut lumber OD kg/pallet 1.67 7.9 189
 Softwood lumber OD kg/pallet 12.45 59.2 84
 Plywood OD kg/pallet 0.15 0.7 413
 Oriented strandboard OD kg/pallet 0.02 0.1 736
 Total input OD kg/pallet 21.01   
Wood output     
 Sawdust OD kg/pallet 1.45 6.8 94
 Hogged material OD kg/pallet 0.92 4.3 155
 Wood chips OD kg/pallet 1.10 5.2 190
 Scrap wood OD kg/pallet 0.01 0.0 1,552
 Shavings OD kg/pallet 0.29 1.4 473
 Pallet OD kg/pallet 17.50 82.3 101
 Total output OD kg/pallet 21.25   

material, wood chips, scrap wood, and shavings. Electricity 
consumption for the precut lumber received by the facilities 
was accounted for in the gate-to-gate system boundary and 
was adopted from Bergman and Bowe (2011).

The wooden pallet boards produced were assembled using 
fasteners at the assembly–nailing unit process. Fasteners 
used in the facilities include staples, nails, bolts, and screws.

Some additional processes may be included in the 
manufacturing of the wooden pallet depending on the 
desired final product. These optional processes include heat 
treatment, painting, and stamping. Primarily, natural gas and 
propane were used as heat treatment fuel, and about 21% 
of the new pallets produced were heat-treated. Weighted 
industry-average inputs and outputs of the additional 
processes are provided in Table 10.

2.6 Use Stage and Pallet Repair–
Remanufacturing (B1, B2)
These informational modules cover the time from when 
the pallet leaves the production stage [A3] until it reaches 
end-of-life [C]. Use stage [B1] of wooden pallets for 
transportation and warehousing of goods is subject to high 
variability and uncertainty. Therefore, in line with the PCR 
because no primary data were collected, it was not included 
in the system boundaries. Regardless, we presented GHGs 
from the use phase using hypothetical data in Section 3.2 
Additional Environmental Information. The GW impacts 
resulting from the use phase were calculated assuming (1) 
an average of 50 km, (2) a low of 25 km, and (3) a high of 
100 km.

For the repair and reuse stage [B2], Table 11 presents the 
gate-to-gate process flows developed for the pallet repair–
remanufacturing. Transportation to the facility from the user 

was accounted for in the analysis. The data collected from 
the facilities showed that the weighted-average distance that 
the pallets were transported was about 65 km. Based on data 
reported from the repair–remanufacturing survey, a majority 
of the pallets were repaired (about 53%, at the facility). For 
the remaining 47%, about 12% were reused without repair, 
31% were dismantled, and 4% were used for other purposes. 
About 37.3% of the boards from the dismantled pallets were 
recovered and used for repairs and remanufacturing. The 
rest of the dismantled pallets that could not be reused were 
ground and repurposed as mulch, fuel, or animal bedding.

2.7 End-of-Life Phase and Potential 
Environmental Benefits (C, D)
At the end-of-life (after the use phase), about 13% of 
pallets were sent to solid waste disposal facilities, where 
only about 5% of this total were actually landfilled because 
of diversion practices. For the rest of the pallets, 37.3% 
of them were dismantled and the remaining pallets were 
ground and beneficially used for mulch, animal bedding, 
or energy. The end-of-life analysis was performed based on 
the weighted average of the four pallet types (Table 12). For 
the recyclable material, the cut-off method was used for the 
impact assessment analysis. Beneficially used coproducts 
and end-of-life material were calculated and presented 
under Module [D]. Module [D] represents the potential 
avoided production of primary materials in the technosphere 
by beneficial use of material outputs from the product life 
cycle. In this study, beneficial use wood coproducts from 
Module [A3] and product disposed at [C3] were accounted 
for. This included the reuse of dismantled boards replacing 
virgin lumber coming in and wood fuel used in boilers 
replacing natural gas. For wood fuel used in wood boilers 
to replace natural gas, the boiler efficiencies were assumed 
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Table 8—Inputs and outputs for the wood preparation and board 
shaping unit process for 100,000 lb (45.4 metric tons) of pallet 
loads of product delivered

 Unit
Weighted 
average

Allocation 
(%)

Products/coproducts    
 Wood boards, at pallet facility p 2.13 82.3
 Sawdust OD kg 3.08 6.8
 Hogged material OD kg 1.95 4.3
 Wood chips OD kg 2.33 5.2
 Scrap wood OD kg 0.01 0.0
 Shavings OD kg 0.62 1.4
Materials/fuels
 Wood resources, average, at pallet facility m3 1.96E–04  
 Greases g 2.48E–01  
 Motor oil g 7.23E–01  
 Hydraulic fluid g 1.52E+00  
 Lubricating fluid g 1.00E+00  
 Plastic wrapping g 6.37E–01  
 Cardboard packaging g 4.79E–01  
 Natural gas L 2.64E+01  
 Diesel L 7.57E–02  
 Gasoline L 7.71E–04  
 Liquefied petroleum gas L 3.47E–03  
 Wood fuel OD kg 1.96E–03  
 Diesel, forklift L 2.35E–02  
 Diesel, truck L 1.03E–02  
 Gasoline, truck L 1.05E–04  
 Propane, forklift L 7.42E-02  
Electricity/heat
 Electricity kWh 1.56E+00  
Waste
 Steel scrap g 41.844  
 Plastic wrap g 0.980  
 Cardboard packaging g 10.648  
 Hydraulic fluid g 0.160  
 Motor oil g 0.023  
 Greases g 0.003  
 Lubricants g 2.087  
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Table 9—Inputs and outputs for the pallet assembly–
nailing unit process for 100,000 lb (45.4 metric tons) of 
pallet loads of product delivered

 Unit
Weighted 
average

Allocation 
(%)

Products/coproducts    
 Wood pallet, assembled p 2.13 100
Materials/fuels
 Wood boards, at pallet facility p 2.13E+00  
 Fasteners g 5.58E+02  
 Greases g 2.32E–01  
 Motor oil g 6.20E–01  
 Hydraulic fluid g 2.42E+00  
 Lubricating fluid g 1.07E+00  
 Plastic wrapping g 1.46E–02  
 Cardboard packaging g 1.40E–01  
 Natural gas L 1.17E+01  
 Liquefied petroleum gas L 3.47E–03  
 Diesel L 5.82E–03  
 Gasoline L 7.10E–04  
 Wood fuel OD kg 1.96E–03  
 Diesel, forklift L 2.35E–02  
 Diesel, truck L 1.03E–02  
 Gasoline, truck L 1.05E–04  
 Propane, forklift L 7.42E–02  
Electricity/heat
 Electricity kWh 6.96E–01  
Waste
 Cardboard packaging g 3.549  
 Hydraulic fluid g 0.160  
 Motor oil g 0.023  
 Greases g 0.003  
 Lubricants g 2.087  

Table 10—Inputs and outputs for the treatment–stamping–
painting for 100,000 lb (45.4 metric tons) of pallet loads of 
product delivered

 Unit
Weighted 
average

Allocation 
(%)

Products/coproducts    
 Wooden pallet final, pallet facility p 2.13 100
Materials/fuels
 Wood pallet, assembled p 2.13E+00  
 Natural gas L 4.15E+00  
 Liquefied petroleum gas L 5.56E–02  
 Fungicide g 1.12E–01  
 Paint g 4.90E+00  
 Ink g 1.62E–03  
Electricity/heat
 Electricity kWh 0.05  



Research Paper FPL–RP–707

14

Table 11—Gate-to-gate process inputs and outputs based on 
weighted-average data from pallet repair–remanufacturing facilities 
per pallet repaired (SimaPro inputs, mass allocation)

 Unit
Weighted 
average

Allocation 
(%)

Products/coproducts
 Pallet p 1.00E+00 90.1
 Sawdust OD kg/pallet 2.67E–02 0.0
 Hogged material OD kg/ pallet 4.98E–01 0.5
 Wood chips OD kg/ pallet 5.62E+00 9.3
 Scrap wood OD kg/ pallet 6.11E–02 0.1
 Wood fuel OD kg/ pallet 0.00E+00 0.0
Materials/fuels
 Hardwood lumber kg/pallet 2.31E–01 —
 Softwood lumber m3/pallet 1.10E–04 —
 Natural gas L/pallet 9.94E+00 —
 Diesel L/pallet 9.30E–05 —
 Propane L/pallet 5.12E–03 —
 Diesel, forklift and trucks L/pallet 2.40E–04 —
 Propane, forklift L/pallet 2.62E–02 —
 Truck transportation–lumber metric tons.km/pallet 1.26E–02 —
 Transportation–pallet t.km 1.21E+00 —
 Staples g/pallet 2.54E–02 —
 Nails g/pallet 2.87E+01 —
 Paint g/pallet 1.66E–01 —
 Lubricating fluid g/pallet 1.11E+00 —
Electricity/heat
 Electricity kWh/pallet 1.42E–01 —
Waste
 Steel scrap g/pallet 1.77E+01 —
 Plastic wrap g/pallet 2.59E–01 —
 Cardboard packaging g/pallet 1.06E+01 —
 Lubricants g/pallet 3.69E–01 —

Table 12—End-of-life treatment stage data for 
100,000 lb (45.4 metric tons) of pallet loads of 
product delivered

Typea
Percentage 

by mass Unit Value

Recovered boards 37.3 OD kg 13.18
Landfill 5.0 OD kg 1.76
Fuel 17.3 OD kg 6.11
Mulch and animal bedding 40.4 OD kg 14.25
Total 100.0 OD kg 35.30
aWood material in use is 12% moisture content (wet basis), which is 
accounted for.
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to be 80% and 74% for natural gas and wood boilers, 
respectively (FPL 2004, Puettmann and Milota 2017). The 
environmental burdens of generating the coproducts were 
accounted for by calculating the GWP credit. Electricity 
consumed for grinding the pallet parts used as fuel at the 
end-of-life was accounted for in this module. Electricity 
consumption for the grinder was assumed to be 13.3 kWh/
OD t (Spinelli and others 2012). Transportation of wood fuel 
to users was taken into consideration and was assumed to 
be 50 km. In addition, the potential environmental benefits 
of recycled steel used in Module [A3] was calculated using 
data generated by the World Steel Association (2011).

2.8 Secondary Data Sources
Secondary data sources for raw material inputs, ancillary 
materials and packaging, transportation of materials and 
resources, fuels and energy for manufacturing, water 
sources, and waste streams used in this LCA study are 
shown in Table 13. Secondary data on fuels and electrical 
grid inputs were taken from the U.S. LCI Database and 
European datasets modified specifically to be representative 
of U.S. operations (DATASMART) (LTS 2017).

3 Life-Cycle Impact Assessment
3.1 Cradle-to-Grave Life-Cycle Assessment
LCIA results are presented in this section along with the 
information on end-of-life indicators used in the analysis 
(Table 14). The end-of-life stage began when the pallet 
left the use phase and describes the treatment options of 
wood pallets. These indicators showing waste and resource 
recovery were reported per UL Environment PCR clause 
6.2 based on survey data. The pallet end-of-life treatment 
corresponded to the mass of 2.13 pallets (35.30 OD kg), and 
the various output flows showed the wood went where the 
highest output was wood material used for recycling.

Inventory and impact results for cradle-to-grave production 
of wooden pallets are presented in Table 15. Impact 
assessment results were presented for the weighted-average 
impact assessment for the four pallet types analyzed in this 
study. It was assumed that 78% of the pallets were stringer 
pallets and 22% were block pallets in line with the 2016 
production data (Gerber 2018, Gerber and others 2020). In 
addition, it was assumed that 50% of the pallets produced 
were HD for both the stringer and block pallets.

Table 15 shows the summary results for the inventory 
analysis and impact assessment from cradle-to-grave 
along with Module [D]. For GW impact, the total was 
10.4 kg CO2e per FU for which raw material supply and 
manufacturing were the major contributors. Most of the 
GHGs were derived from the sawing and (kiln) drying 
processes at the raw material supply module (Bergman 
and Bowe 2008, 2011, 2012; Milota and Puettmann 2017; 
Hubbard and others 2020). A negative sign refers to 

environmental benefits, and Module [D] offset these GHG 
emissions when the environmental benefits were accounted 
for. Renewable biomass energy comprised about 40% of 
total primary energy consumption.

Table 16 presents the potential environmental benefits of 
beneficially used coproducts and end-of-life material. All 
core mandatory impact indicators were negative overall 
but the greatest opportunities for credit (i.e., negative 
environmental impacts) changed depending on the indicator 
and the material and energy recovery scenario assessed.

3.2 Additional Environmental Information
This section provides additional indicators related to life 
cycle of a wooden pallet including the environmental 
impacts from the use phase and biogenic carbon accounting 
results. The use phase for wooden pallets is subject to high 
variability and uncertainty. Therefore, scenario analyses 
were performed to calculate the resulting impact conforming 
to the PCR (Table 17). The emission factor for wooden 
pallet transportation was assumed at 0.0946 kg CO2 eq/t.km 
(UL Environment 2019a).

A biogenic carbon balance was performed for the cradle-
to-grave system boundary showing the biogenic carbon 
removal and emissions of wooden pallet life-cycle stages 
(Table 18). Biogenic carbon associated with the product 
recycled is reported in Module [C]. About 79.36 kg CO2e 
were removed in Module [A1] in the pallets used to deliver 
100,000 lb (45.4 metric tons) of pallet loads of product, 
whereas 76.63 kg CO2e were emitted in Modules [A3]  
and [C].

4 Interpretation
In this section, the contribution analysis, completeness, 
sensitivity analysis, and consistency of the LCI results, 
conclusions, limitations, and recommendations are provided.

4.1 Life-Cycle Phase Contribution Analysis
The contribution analysis provided information on which 
life-cycle stage had a greater contribution to the selected 
environmental indicators. The product stage was composed 
of raw material supply Module [A1], raw material transport 
Module [A2], and pallet manufacturing Module [A3]. The 
use and repair stage was composed of Module [B1] and 
repair–reuse Module [B2]. The end-of-life was composed 
of Module [C]. Module [D], which was beyond the system 
boundary, reported additional benefits. Table 19 presents 
the results of the contribution analysis for five modules 
analyzed. The contribution analysis showed that the raw 
material supply Module [A1] and manufacturing Module 
[A3] were the major contributors to the impact categories 
investigated. Lower environmental impact can be achieved 
through improved performance of raw material processing 
Module [A1] and transportation Module [A2]. At the 
raw material supply Module [A1], kiln-drying is a major 
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Table 13—Secondary (background) data sources
Inputs LCI data process and source Geography Year Data quality assessment

A1 – raw material supply
Wood raw material CORRIM datasets: Sawn lumber, 

hardwood, green, rough, NE/NC 
USA, U 
Sawn lumber, softwood, rough, 
kiln-dried, at kiln, m3 / SE_US 
Sawn lumber, softwood, green, 
rough, at sawmill, m3 / SE_US 
Softwood lumber from dryer, m3 / 
dry / PNW_US 
Sawn lumber, softwood, green, 
rough, at sawmill, m3 / PNW_US 
Sawn lumber, softwood, rough, 
kiln-dried, at kiln, NE-NC NREL/
RNA U 
Sawn lumber, softwood, rough, 
green, at sawmill, NE-NC/kg 
NREL/RNA U 
Plywood final, softwood, plywood 
mill, US, SE Plywood final, 
softwood, plywood mill, US, PNW 
OSB, packaged, at OSB plant, 2012

North 
America

2010–2018 Technology: very good; process models 
region-specific technology 
Time: good; data are less than 10 years 
old 
Geography: North America – 
Region specific; very good; data are 
representative of regional production

Electricity Ecoinvent 3.5: Electricity, low 
voltage {US}| market group for | 
Cut-off, U

North 
America

2018 Technology: very good; process models 
average electricity technology specific to 
regional grids 
Time: very good; data are less than 
5 years old  
Geography: very good

A2 – transportation
Trucking DATASMART (US EI 2.2): 

Transport, combination truck,  
diesel powered NREL/US U

North 
America

2017 Technology: very good; process models 
average North American technology 
Time: good; some data are less than 
5 years old
Geography: very good; data are 
representative of North American 
trucking

Rail DATASMART (US EI 2.2): 
Transport, train, diesel powered 
NREL/US U

North 
America

2017 Technology: very good; process models 
average North American technology.  
Time: good; some data are less than 
5 years old
Geography: very good; data are 
representative of North American rail 
transport

A3 – product manufacturing
Electricity Ecoinvent 3.5: Electricity, low 

voltage {US}| market group for | 
Cut-off, U

North 
America

2018 Technology: very good; process models 
average electricity technology specific to 
regional grids 
Time: very good; data are less than 
5 years old 
Geography: very good

Lubricating oil, grease DATASMART (US EI 2.2): 
Lubricating oil, at plant/US-  
US-EI U

North 
America

2017 Technology: very good; process models 
average North American technology 
Time: very good; data are less than 
5 years old
Geography: very good; data are 
representative of North American 
processes
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Table 13—Secondary (background) data sources—con.
Inputs LCI data process and source Geography Year Data quality assessment

Plastic wrapping DATASMART (US EI 2.2): 
Polyethylene, HDPE, granulate, at 
plant/kg/RER

North 
America

2017 Technology: very good; process models 
average North American technology
Time: very good; data are less than 
5 years old 
Geography: very good; data are 
representative of North American 
processes

Cardboard packaging DATASMART (US EI 2.2): 
Corrugated board, mixed fiber, 
single wall, at plant/RER with US 
electricity U

North 
America

2017 Technology: good; data are based on 
European producers and represent 
average of presently used technology 
with US electricity 
Time: very good; data are less than 
5 years old 
Geography: fair; data are based on 
European producers

Natural gas DATASMART (US EI 2.2): Natural 
gas, combusted in industrial 
equipment NREL/RNA U

North 
America

2017 Technology: very good; process models 
average North American technology
Time: very good; data are less than 
5 years old 
Geography: very good; data are 
representative of North American natural 
gas production and combustion

Natural gas DATASMART (US EI 2.2): Natural 
gas, combusted in industrial boiler 
NREL/RNA U

North 
America

2017 Technology: very good; process models 
average North American technology 
Time: very good; data are less than 
5 years old 
Geography: very good; data are 
representative of North American natural 
gas production and combustion

Diesel DATASMART (US EI 2.2): Diesel, 
combusted in industrial equipment 
NREL/US U

North 
America

2017 Technology: very good; process models 
average North American technology 
Time: very good; data are less than 
5 years old 
Geography: very good; data are 
representative of North American diesel 
production and combustion

Gasoline DATASMART (US EI 2.2): 
Gasoline produced and combusted, 
at equipment/US U

North 
America

2017 Technology: very good; process models 
average North American technology 
Time: very good; data are less than 
5 years old 
Geography: very good; data are 
representative of North American 
gasoline production and combustion

Liquid propane DATASMART (US EI 2.2): 
Liquefied petroleum gas, 
combusted in industrial boiler 
NREL/US U

North 
America

2018 Technology: very good; process models 
average North American technology 
Time: very good; data are less than 
5 years old 
Geography: very good; data are 
representative of North American 
liquefied petroleum gas production and 
combustion

Woody biomass energy CORRIM database: wood-fired 
boiler 

North 
America

2015 Technology: very good; process 
represents combustion of woody biomass 
in an industrial boiler 
Time: good; data are within 2 years 
Geography: good, representative of 
North American wood boilers



Research Paper FPL–RP–707

18

Table 13—Secondary (background) data sources—con.
Inputs LCI data process and source Geography Year Data quality assessment

Fasteners (nails, staples, 
bolts, screws)

World Steel Association Dataset Global 2018 Technology: very good; process 
represents steel products manufacturing 
Time: very good; data are less than 
5 years old 
Geography: very good; process models 
average global technology

Fungicide Fungicides, at regional storehouse/
US- US-EI U

North 
America

2017 Technology: good; data are based on 
European producers represents average 
of presently used technology with US 
electricity 
Time: very good; data are less than 
5 years old 
Geography: fair; data are based on 
European producers

Waste landfilling Ecoinvent 3.5: Process-specific 
burden, sanitary landfill {RoW}| 
processing | Cut-off, U

Global 2016 Technology: good; process models 
average global technology 
Time: very good; data are less than 
5 years old 
Geography: good; data are 
representative of global practice

Paint Alkyd paint, white, 60% in solvent, 
at plant/US- US-EI U

Global 2017 Technology: very good; process models 
average North American technology 
Time: very good; data are less than 
5 years old 
Geography: very good; data are 
representative of North American 
production

Ink Ecoinvent 3.5: Chemical, organic 
{GLO}| production | Cut-off, U

Global 2018 Technology: good; process models 
average global technology 
Time: very good; data are less than 
5 years old 
Geography: good; data are 
representative of global production

B2 – repair/reuse
Wood raw material CORRIM datasets: Processes North 

America
2010–2018 Technology: very good; process models 

region-specific technology 
Time: good; data are less than 10 years 
old 
Geography: North America – 
region specific; very good; data are 
representative of regional production

Natural gas DATASMART (US EI 2.2): Natural 
gas, combusted in industrial boiler 
NREL/RNA U

North 
America

2018 Technology: very good; process models 
average North American technology 
Time: very good; data are less than 
5 years old 
Geography: very good; data are 
representative of North American natural 
gas production and combustion

Diesel DATASMART (US EI 2.2): Diesel, 
combusted in industrial equipment 
NREL/US U

North 
America

2018 Technology: very good; process models 
average North American technology 
Time: very good; data are less than 
5 years old 
Geography: very good; data are 
representative of North American diesel 
production and combustion
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Table 13—Secondary (background) data sources—con.
Inputs LCI data process and source Geography Year Data quality assessment

Liquid propane DATASMART (US EI 2.2): 
Liquefied petroleum gas, 
combusted in industrial boiler 
NREL/US U

North 
America

2018 Technology: very good; process models 
average North American technology 
Time: very good; data are less than 
5 years old 
Geography: very good; data are 
representative of North American 
liquefied petroleum gas production and 
combustion

Fasteners (nails, staples, 
bolts, screws)

World Steel Association Dataset Global 2018 Technology: very good; process 
represents steel products manufacturing 
Time: very good; data are less than 
5 years old 
Geography: very good; process models 
average global technology

Paint Alkyd paint, white, 60% in solvent, 
at plant/US- US-EI U

North 
America

2017 Technology: very good; process models 
average North American technology 
Time: very good; data are less than 
5 years old 
Geography: very good; data are 
representative of North American 
production

Lubricating oil, grease DATASMART (US EI 2.2): 
Lubricating oil, at plant/US- US-
EI U

North 
America

2018 Technology: very good; process models 
average North American technology 
Time: very good; data are less than 
5 years old 
Geography: very good; data are 
representative of North American 
processes

C – end-of-life-stage
Waste landfilling Ecoinvent 3.5: Process-specific 

burden, sanitary landfill {RoW}| 
processing | Cut-off, U

Global 2016 Technology: good; process models 
average global technology 
Time: very good; data are less than 
5 years old 
Geography: good; data are 
representative of global practice

D – recovery and recycling potential
Woody biomass energy CORRIM database: wood-fired 

boiler 
North 

America
2015 Technology: very good; process 

represents combustion of woody biomass 
in an industrial boiler  
Time: good; data are within 2 years 
Geography: good, representative of 
North American wood boilers

Table 14—Indicators describing end-of-life treatment and end-
of-life output flows for 100,000 lb (45.4 metric tons) of pallet 
loads of product delivered
Indicator Unit Value

Inputs
 Pallet end-of-life treatment OD kg 35.30
Outputs
 Components for reuse OD kg 13.18
 Materials for recycling OD kg 14.25
 Materials for energy recovery OD kg 6.11
 Exported energy (materials for energy recovery)a MJ, NCV 103.79
 Hazardous waste generated kg 0.00
aWood fuel net calorific value (NCV), 17 megajoule (MJ) per oven-dry (OD) kg 
(Puettmann and Milota 2017): 6.11 × 17 = 103.79.
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Table 15—Results summary for cradle-to-grave inventory analysis and impact assessment of 100,000 lb  
(45.4 metric tons) of pallet loads of product delivered with wooden pallets, mass allocation

Abbreviation Unit Totala A1 A2 A3 B2 C D

Core mandatory impact indicator
Global 
warming 
potential

GWP kg CO2eq 10.39 3.58 2.42 3.60 0.78 0.01 –11.48

Acidification 
potential

AP kg SO2eq 6.30E–02 3.12E–02 1.39E–02 1.48E–02 3.10E–03 8.88E–05 –8.60E–03

Eutrophication 
potential

EP kg Neq 2.13E–02 1.91E–03 8.88E–04 1.68E–02 1.74E–03 1.27E–05 –3.97E–04

Smog creation 
potential

SP kg O3-eq 1.46E+00 6.95E–01 4.00E–01 2.93E–01 6.83E–02 2.51E–03 –1.55E–01

Ozone 
depletion 
potential

ODP kg CFC11eq 2.66E–07 1.12E–07 4.04E–09 1.25E–07 2.33E–08 1.48E–09 2.37E–08

Fossil fuel 
depletion

FD MJ surplus 14.36 5.21 4.55 3.48 1.10 0.02 –26.64

Use of primary resources
Total  MJ, NCVb 224.50 135.99 30.81 46.43 11.13 0.15  
Renewable 
primary 
energy

RP MJ, NCV 2.61 1.198 0.054 1.166 0.187 0.001 —

Renewable 
primary 
energy 
biomass

RPRB MJ, NCV 89.59 88.527 0.011 0.306 0.746 0.000 —

Nonrenewable 
primary 
energy (fossil)

NRPRF MJ, NCV 117.26 39.230 30.301 38.482 9.111 0.135 —

Nonrenewable 
primary 
energy 
(nuclear)

NRPRN MJ, NCV 15.04 7.035 0.439 6.472 1.087 0.010 —

Material resources consumption (nonfuel resources)
Renewable 
materials

RM kg 43.29 43.29 0 0 0 0 —

Nonrenewable 
materials

NRM kg 0 0 0 0 0 0 —

Fresh water 
resources

FWR m3 2.55E–01 9.59E–02 2.79E–03 1.37E–01 1.91E–02 6.66E–05 —

aTotals included Modules A–C.
bNCV, net calorific value.

Table 16—Module D: 100,000 lb (45.4 metric tons) of pallet loads of product delivered with 
wooden pallets
Core mandatory 
impact indicator Unit Total

Coproducts-
energy recoverya

End-of-life 
energy recoverya

Boards 
reusedb

Steel 
recycled

GWP kg CO2eq –11.48 –2.72 –7.09 –1.62 –0.05
AP kg SO2eq –8.60E–03 4.43E–03 1.24E–03 –1.41E–02 –1.30E–04
EP kg Neq –3.97E–04 3.45E–04 1.23E–04 –8.66E–04 —
SP kg O3-eq –1.55E–01 1.14E–01 4.64E–02 –3.15E–01 —
ODP kg CFC11eq 2.37E–08 3.33E–08 4.14E–08 –5.09E–08 —
FD MJ surplus –26.64 –7.07 –17.20 –2.36 —
aThermal energy generated substituted natural gas at boiler.
bBoards replaced virgin wood input.
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Table 17—Scenario analysis for global warming impact of  
use phase on wooden pallet transportation for 100,000 lb  
(45.4 metric tons) of pallet loads of product delivered with 
wooden pallets
 Low Average High

Distance (km) 25 50 100
Transport metrica (t.km) 9.88E–01 1.98E+00 3.95E+00
GHGs per functional unitb (CO2eq) 9.35E–02 1.87E–01 3.74E–01
aUsed pallets transported by diesel tractor trailers.
bEmission factor is 0.0946 kg CO2 eq/t.km

Table 18—Biogenic carbon inventory indicators
Additional inventory parameters Unit Total A1 A2 A3 B2 C

Biogenic carbon removal from product kg CO2 –79.36 –79.36 — — — —
Biogenic carbon emission from product kg CO2 76.63 — — 14.65 — 61.99
Biogenic carbon removal from packaging kg CO2 –1.13 — — –1.13 — —
Biogenic carbon emission from packaging kg CO2 1.13 — — — 1.13 —
Biogenic carbon emission from combustion 
of waste from renewable sources used in 
production

kg CO2 0.00 — — 0.00 — —

contributor to the GW impact of lumber manufacturing. 
Adoption of new drying technologies [i.e., the progressive 
(continuous flow) dryers] can lead to greater environmental 
performance (Bergman 2021, Bond and Espinoza 2016). 
The disposal (end-of-life) stage [C], which includes the 
portion of wooden pallets disposed to landfills, has minor 
contribution to overall environmental impacts.

4.2 Uncertainty and Sensitivity Analysis
Sensitivity analysis is performed to identify the parameters 
that have great influence on the environmental impact of the 
system. Defining sensitive parameters may help mitigate 
the potential sources for uncertainties. In this study, the 
sensitivity analysis was performed by altering the selected 
parameters by 20%. The selected parameters included the 
electricity input, amount of fasteners used, and amount of 
wood material input to the wooden pallet manufacturing 
system [A3]. The results of the sensitivity analysis are 
presented in Table 20. The increase in wood material input 

had the greatest effect on the GWP results, about 12% 
output variance. Conversely, a 20% increase in other two 
parameters resulted in a small variation in the GWP impact 
of about 2% to 3%.

4.3 Limitations
The industry-average LCA was performed in this study 
using weight-averaged primary data from U.S. wooden 
pallet manufacturers. The wide variety of wooden pallets 
manufactured in the U.S. industry makes development of 
the industry-average wooden pallet LCI a complex task. 
Focusing on the highest production pallet, the GMA-
style pallet with the 48- by 40-in. footprint, the RSL and 
load carrying capacity of four pallet types were used to 
calculate the FU. Therefore, weight load capacity and 
durability had great influence on the overall environmental 
performance. Including the repair–remanufacturing stage 
to perform cradle-to-grave analysis requires accounting 

Table 19—Cradle-to-grave life-cycle impact contribution 
analysis for 100,000 lb (45.4 metric tons) of pallet loads of 
product delivered
Core mandatory 
impact indicator Unit

Total 
(%)

A1 
(%)

A2 
(%)

A3 
(%)

B2 
(%)

C 
(%)

GWP kg CO2eq 100 34 23 35 7 <1
AP kg SO2eq 100 49 22 23 5 <1
EP kg Neq 100 9 4 79 8 <1
SP kg O3-eq 100 48 27 20 5 <1
ODP kg CFC11eq 100 42 2 47 9 <1
FD MJ surplus 100 36 32 24 8 <1
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for the extended service life after repair. A conservative 
approach was used in the study by assuming a pallet can 
only be repaired a single time; typically, wooden pallets can 
be repaired multiple times. Accounting for multiple repairs 
would probably decrease the environmental impacts for a 
cradle-to-grave analysis because less virgin wood material 
would be needed and RSL will be longer. Data for the 
volume of wood material per pallet were not available at 
all facilities because a typical pallet facility manufactures 
pallets in a wide variety of sizes. The study evaluated the 
most commonly used pallets in the sector, the GMA-style 
pallet (about 35% of total production in 2016). Specialty 
pallets constituted a large portion of the manufactured 
pallets, about 39% (Gerber 2018, Gerber and others 2020).

4.4 Conclusions and Recommendations
This study presents a comprehensive industry-average 
environmental impact analysis of the wooden pallet 
manufacturing and recycling sector in the United States. The 
data were collected from wooden pallet facilities throughout 
the United States. The industry-average LCI developed was 
representative of the United States for an average wooden 
pallet produced. The scope and content of this report was 
in line with the wooden pallet PCR, which will be used to 
develop an industry-average EPD.

Raw material supply Module [A1] and product 
manufacturing Module [A3] were the major contributors to 
the overall environmental impact. The raw material supply 
phase, which includes lumber production, constituted about 
34% of the GHG emissions. Wooden pallets showed notable 
GHG benefits when potential environmental benefits were 
considered [D], such as waste wood being used as fuel to 
replace natural gas at boilers.

Conducting a cradle-to-grave analysis is a complex task 
for many products. It is especially complex for wood 
pallets because of the many wood species used, types and 
sizes of pallets produced, highly dispersed production, and 
vertical integration of some production facilities handling 
both new and repaired–remanufacturing pallets. However, 
without the cradle-to-grave analysis, the full measure of the 
environmental benefits of the industry itself would not be 
captured including the increasing number of pallets being 

repaired or remanufactured (Gerber and others 2020, Shiner 
2018). It is likely that a future sectoral analysis would show 
improved environmental performance because producers 
will have a more accurate picture of their environmental 
impacts across the whole supply chain.

Wood pallets and their components are easy to repair. This 
study considered a single repair, which was conservative 
and thus probably overestimated the environmental impacts 
of a sectoral analysis as indicated by the repair and reuse 
stage [B2]. If more repairs were considered, less virgin 
wood material would be required in addition to extending 
the RSL, which would probably have a substantial positive 
environmental impact because of how much the wood 
material inputs affected the GHG profile. This would be 
consistent with what was found on the recovered flooring 
and framing lumber LCA analysis (Bergman and others 
2013).

Tracking pallets during the use phase could help lower the 
uncertainty and variability. However, the pallet industry 
does not control which goods are transported or warehoused 
using their pallets. Some wood pallet pooling organizations 
have recorded these data, but they are highly confidential 
given the economic advantage this information has (Ren and 
others 2018). A sectoral analysis would be needed to capture 
enough high-quality data and to be representative of the 
wood pallet industry.

5 Report Review
A review of this LCA report was conducted to ensure that 
the study methodology, data collection, and analyses were 
scientifically sound and in conformance with internationally 
accepted standards and the PCR. In most cases, technical 
and editorial comments provided by the reviewers were 
incorporated into the final document. Internal reviews for 
this report were provided by Dr. Steve Hubbard, USDA 
Forest Service; Dr. Brad Gething, National Wooden Pallet 
and Container Association; and James Salazar, Coldstream 
Consulting.

Table 20—Sensitivity of parameters on overall impact for 100,000 lb (45.4 metric tons) of pallet loads of 
product delivered

Core mandatory 
impact indicator

Electricity Fastener Wood material input
Unit Base case –20% +20% –20% +20% –20% +20%

GWP kg CO2eq 10.4 10.1 10.7 10.1 10.6 9.2 11.59
AP kg SO2eq 6.30E–02 6.21E–02 6.38E–02 6.22E–02 6.37E–02 5.40E–02 7.20E–02
EP kg Neq 5.00E–03 4.74E–03 5.26E–03 4.98E–03 5.02E–03 4.44E–03 5.56E–03
SP kg O3-eq 1.46E+00 1.45E+00 1.47E+00 1.45E+00 1.47E+00 1.24E+00 1.68E+00
ODP kg CFC11eq 2.66E–07 2.44E–07 2.89E–07 2.66E–07 2.66E–07 2.43E–07 2.90E–07
FD MJ surplus 14.4 14.2 14.6 14.3 14.5 12.4 16.32
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Appendix A—Wood Species
Common wood species used in wooden pallet manufacturinga

Class number Class name Species

North American hardwoods
1 High-density eastern hardwoods American beech 

Ash (green, white) 
Birch (sweet, yellow) 
Black cherry
Black locust 
Dogwood
Elm (rock, slippery) 
Hickory
Maple (black, red, sugar) 
Persimmon
Tan oak

2 Bigleaf maple 
Oregon ash

3 Medium-density eastern hardwoods Ash (black, pumpkin) 
Hackberry 
Maple (silver, striped) 
Magnolia
Paper birch 
Sweetgum 
Sycamore
Tupelo

4 Western hardwoods California black oak 
Cascara 
Chinquapin 
Madrone
Myrtle
Oregon white oak

6 Red alder
7 Low-density eastern hardwoods American basswood 

Aspen (bigtooth, quaking) 
Buckeye
Butternut 
Catalpa
Cottonwood (balsam, black)
Eastern poplar

21 Eastern oaks Red oak 
White oak

29 Yellow poplar
North American softwoods

11 Douglas-fir Douglas-fir (coast, interior west,
 interior north, interior south)
Western larch

12 Hem–Fir Fir (California red, grand, noble, 
 Pacific silver, white)
Hemlock (western, mountain)

13 SPF Baldcypress 
Eastern hemlock
Fir (balsam, subalpine)
Pine (eastern white, jack, lodgepole, 
 Monterey, Norway, Ponderosa, sugar, 
 western white)
Redwood
Southern pine (pitch, pond) 
Spruce (black, Engelmann, red, sitka, 
 Virginia, white) 
Western redcedar
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Common wood species used in wooden pallet manufacturinga—con.
Class number Class name Species

North American softwoods—con.
14 Low-density softwoods Cedar (Alaska, Atlantic white, eastern 

 red, incense, northern white, Port 
 Orford)

22 SYP Southern yellow pine (loblolly,
 longleaf, shortleaf, slash)

European species
31 Imported hardwoods Kapur

Keruing 
Menqkulanq

32 Dense European hardwoods Ash 
Beech 
Oak
Plane

33 Dense European softwoods Douglas-fir
Larch (European, Japanese) 
Pine (jack, maritime, Scots)

34 Medium dense woods Dutch elm 
Hyrbrid larch
Pine (Corsican, lodgepole) 
Poplar (black Italian, grey) 
Redwood
Silver fir

35 Whitewood English elm
Sitka spruce (Canada)
Whitewood

36 Common European softwoods Radiata pine
Spruce (black, Norway, white,
 Sitka)
White willow

37 Hybrid poplar
South American and other species

41 Radiata pine (Chile)
42 Gmelina arborea (Costa Rica)
43 Pinus caribaea (Venezuela)
44 Pinus elliottii
45 Pinus taeda
46 Eucalyptus grandis (Uruguay)

aMHI (2019).
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Appendix B—Pallet Design System Specifications  
of the Pallets Analyzed

	

	

The following pallet design systems have been used with permission from the National Wooden Pallet & Container 
Association (NWPCA).



Cradle-to-Grave Life-Cycle Assessment of Wooden Pallet Production in the United States

29

	

	



Research Paper FPL–RP–707

30

	

	



Cradle-to-Grave Life-Cycle Assessment of Wooden Pallet Production in the United States

31

	

	



Research Paper FPL–RP–707

32

	

	



Cradle-to-Grave Life-Cycle Assessment of Wooden Pallet Production in the United States

33

	

	



Research Paper FPL–RP–707

34

	

	



Cradle-to-Grave Life-Cycle Assessment of Wooden Pallet Production in the United States

35

	

	



Research Paper FPL–RP–707

36

	

	



Cradle-to-Grave Life-Cycle Assessment of Wooden Pallet Production in the United States

37

	

	



Research Paper FPL–RP–707

38

	

	



Cradle-to-Grave Life-Cycle Assessment of Wooden Pallet Production in the United States

39

	

	



Research Paper FPL–RP–707

40

	

	



Cradle-to-Grave Life-Cycle Assessment of Wooden Pallet Production in the United States

41

	

	



Research Paper FPL–RP–707

42

	

	



Cradle-to-Grave Life-Cycle Assessment of Wooden Pallet Production in the United States

43

	

	



Research Paper FPL–RP–707

44

	

	



Cradle-to-Grave Life-Cycle Assessment of Wooden Pallet Production in the United States

45

	

	



Research Paper FPL–RP–707

46

	

	



Cradle-to-Grave Life-Cycle Assessment of Wooden Pallet Production in the United States

47

	

	



Research Paper FPL–RP–707

48

	

	



Cradle-to-Grave Life-Cycle Assessment of Wooden Pallet Production in the United States

49

	

	



Research Paper FPL–RP–707

50

	

	



Cradle-to-Grave Life-Cycle Assessment of Wooden Pallet Production in the United States

51

	

	



Research Paper FPL–RP–707

52

	

	



Cradle-to-Grave Life-Cycle Assessment of Wooden Pallet Production in the United States

53

	

	



Research Paper FPL–RP–707

54

	

	



Cradle-to-Grave Life-Cycle Assessment of Wooden Pallet Production in the United States

55

	

	



Research Paper FPL–RP–707

56

	

	



Cradle-to-Grave Life-Cycle Assessment of Wooden Pallet Production in the United States

57

	

	



Research Paper FPL–RP–707

58

	

	



Cradle-to-Grave Life-Cycle Assessment of Wooden Pallet Production in the United States

59

	

	



Research Paper FPL–RP–707

60

	

	



Cradle-to-Grave Life-Cycle Assessment of Wooden Pallet Production in the United States

61

	

	



Research Paper FPL–RP–707

62

	

	



Cradle-to-Grave Life-Cycle Assessment of Wooden Pallet Production in the United States

63

	

	



Research Paper FPL–RP–707

64

	

	



Cradle-to-Grave Life-Cycle Assessment of Wooden Pallet Production in the United States

65

	



Research Paper FPL–RP–707

66

Appendix C—Gate-to-Gate Life-Cycle Inventory per Pallet 
Manufactured

Unit
Weighted
average

Allocation 
(%)

Wood preparation and board shaping per pallet
Products—coproducts    
 Wood boards, at pallet facility p 1.000 82.3
 Sawdust OD kg 1.448 6.8
 Hogged material OD kg 0.915 4.3
 Wood chips OD kg 1.095 5.2
 Scrap wood OD kg 0.005 0.0
 Shavings OD kg 0.291 1.4
Materials—fuels
 Wood resources, average, at pallet facility m3 9.21E–05  
 Greases g 1.17E–01  
 Motor oil g 3.40E–01  
 Hydraulic fluid g 7.12E–01  
 Lubricating fluid g 4.72E–01  
 Plastic wrapping g 2.99E–01  
 Cardboard packaging g 2.25E–01  
 Natural gas L 1.24E+01  
 Diesel L 3.56E–02  
 Gasoline L 3.62E–04  
 Liquefied petroleum gas L 1.63E–03  
 Wood fuel OD kg 9.22E–04  
 Diesel, forklift L 1.10E–02  
 Diesel, truck L 4.85E–03  
 Gasoline, truck L 4.93E–05  
 Propane, forklift L 3.49E–02  
Electricity—heat
 Electricity kWh 0.734  
Waste
 Steel scrap g 19.661  
 Plastic wrap g 0.460  
 Cardboard packaging g 5.003  
 Hydraulic fluid g 0.075  
 Motor oil g 0.011  
 Greases g 0.002  
 Lubricants g 0.981  
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Unit
Weighted
average

Allocation 
(%)

Pallet assembly—nailing per pallet
Products—coproducts    
 Wood pallet, assembled p 1.000 100.0
Materials—fuels
 Wood boards, at pallet facility p 1.00E+00  
 Fasteners g 2.62E+02  
 Greases g 1.09E-01  
 Motor oil g 2.91E-01  
 Hydraulic fluid g 1.14E+00  
 Lubricating fluid g 5.04E-01  
 Plastic wrapping g 6.86E-03  
 Cardboard packaging g 6.57E-02  
 Natural gas L 5.51E+00  
 Liquefied petroleum gas L 1.63E-03  
 Diesel L 2.73E–03  
 Gasoline L 3.33E–04  
 Wood fuel OD kg 9.22E–04  
 Diesel, forklift L 1.10E–02  
 Diesel, truck L 4.85E–03  
 Gasoline, truck L 4.93E–05  
 Propane, forklift L 3.49E–02  
Electricity—heat L 1.10E–02  
 Electricity kWh 0.327  
Waste L 4.93E–05  
 Cardboard packaging g 1.668  
 Hydraulic fluid g 0.075  
 Motor oil g 0.011  
 Greases g 0.002  
 Lubricants g 0.981

Treatment—stamping–painting per pallet
Products–coproducts    
 Wooden pallet final, pallet facility p 1.000 100.0
Materials—fuels g 0.075  
 Wood pallet, assembled p 1  
 Natural gas L 1.95E+00  
 Liquefied petroleum gas L 2.61E–02  
 Fungicide g 5.27E–02  
 Paint g 2.30E+00  
 Ink g 7.63E–04  
Electricity—heat
 Electricity kWh 0.026  
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Appendix D—Grid Mix

Grid mix for Ecoinvent 3.5 process: Electricity, low voltage {US}| market 
group for | Cut-off, U
Product Value Unit

 Electricity, low voltage {US}| market group for | Cut-off, U 1 kWh

Inputs from technosphere   

 Electricity, low voltage {ASCC}| market for | Cut-off, U 0.001451 kWh

 Electricity, low voltage {FRCC}| market for | Cut-off, U 0.056358 kWh

 Electricity, low voltage {HICC}| market for | Cut-off, U 0.002314 kWh

 Electricity, low voltage {MRO, US only}| market for | Cut-off, U 0.064258 kWh

 Electricity, low voltage {NPCC, US only}| market for | Cut-off, U 0.060511 kWh

 Electricity, low voltage {RFC}| market for | Cut-off, U 0.241316 kWh

 Electricity, low voltage {SERC}| market for | Cut-off, U 0.253861 kWh

 Electricity, low voltage {SPP}| market for | Cut-off, U 0.030021 kWh

 Electricity, low voltage {TRE}| market for | Cut-off, U 0.100159 kWh

 Electricity, low voltage {WECC, US only}| market for | Cut-off, U 0.189751 kWh
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Appendix E—Survey Questionnaire

Appendix E—Survey Questionnaire 
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